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ABSTRACT

Cotton's unique qualities, such as hydrophilicity, biodegradability, durability, high dye-ability,
and comparatively low cost, make it a popular textile fabric. However, in contemporary times,
people desire cotton fabric to possess multifunctional qualities that can provide safety based
on the work place environment and weather conditions. The demand in the market has shifted
towards flame retardant, UV protection, self-cleaning, antibacterial, permanently stiff textiles,
and extensive studies are being conducted in these fields. Nanoparticles (NPs), for example,
zinc oxide (Zn0O), titanium dioxide (TiO2), magnesium oxide (MgO), copper oxide (CuO),
carbon nanotubes, silicon dioxide (Si0O2), and silver (Ag), exhibit remarkable functional
properties. Among the various nanoparticles, zinc oxide (ZnO) emerges as the most
environmentally friendly and relatively cost-effective option. ZnO can be applied to diverse
substrates, including textile polymers and fabrics. Researchers have utilized different
approaches for the deposition of ZnO NPs onto the fabric surface, such as in-situ synthesis
and ex-situ deposition. However wash durability of the coated fabric is of great concern,
moreover environmentally friendly, ecological functionalization of fabrics is the main demand

of the present era.

The aim of the present research work is to develop a halogen and formaldehyde free
ecological and durable flame retardant fabric along with multifunctional properties and to find
the optimal conditions and parameters. In this research work, ZnO NPs were grown onto 100
% cotton fabric using the sonochemical method. Zinc acetate dihydrate
(Zn(CH3C0O0)2.2H20) and sodium hydroxide (NaOH) were used as precursors. After ZnO
NPs growth N-Methylol dime-thylphosphonopropionamide (MDPA) flame retardant was
applied in the presence of 1, 2, 3, 4-butanetetracarboxylic acid (BTCA) as a cross linker and
sodium hypophosphite (SHP) as a catalyst by conventional pad dry cure method. Induced
coupled plasma atomic emission spectroscopy (ICP-AES) was used to determine the
deposited amount of Zn contents % and phosphorous (P) contents %. Scanning electron
microscopy (SEM), X-ray powder diffraction (XRD), and Fourier-transform infrared
spectroscopy (FTIR) were employed to determine the surface morphology and

characterization of developed samples. Furthermore, the thermal degradation of untreated

Vi



sample and treated samples was investigated by thermo gravimetric analysis (TGA).
Furthermore, the vertical flame retardant test, limiting oxygen index (LOI), ultraviolet
protection factor (UPF), antibacterial activity, self-cleaning ability, and wash durability of
samples were examined. The developed samples showed excellent results for self- cleaning,
flame retardancy (i.e. 39 mm char length, 0 second after flame time, 0 second after glow
time), 32.23 LOI, 143.76 UPF, 100 % antibacterial activity. The developed samples showed
good wash durability. Additionally, the bending rigidity, air permeability and tensile strength
of the developed samples were measured. The developed samples showed an increase in
bending rigidity while a decrease in air permeability and tensile strength. Statistical analysis
of obtained data revealed that all process parameters have a significant effect on the properties

of the developed samples.

Keywords: Flame retardants, antibacterial, ZnO, nanoparticles, metal oxide
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ABSTRAKT

Jedine¢né vlastnosti baviny, jako hydrofilita, biodegradabilita, trvanlivost, dobréa barvitelnost
a relativné nizka cena, z ni Cini oblibenou textilii. V soucasné dob¢ vsak lidé touzi po tom,
aby bavInéna tkanina méla multifunkcéni vlastnosti, které mohou poskytnout vétsi komfort na
zdklad€ pracovniho prostiedi a povétrnostnich podminek. Poptavka na trhu se posunula
smérem k nehoflavosti, UV ochrané, nemackavosti, samocisticim a antibakterialnim
vlastnostem - v téchto oblastech probihaji rozsahlé studie. Nanocastice (NP), naptiklad oxid
zine¢naty (ZnO), oxid titani¢ity (TiO2), oxid hofecnaty (MgO), oxid médnaty (CuO),
uhlikové nanotrubice, oxid kfemicity (SiO2) a stiibro (Ag), vykazuji pozoruhodné funkéni
vlastnosti. Mezi rliznymi nanocasticemi se vyuziti oxidu zinec¢natého (ZnO) jevi jako
nejekologictéjsi a nejekonomictéjsi moznost. Zaroven jej Ize aplikovat na rtizné substraty
veetn¢ textilnich polymerti a tkanin. Védecké prace popisuji rtizné ptistupy k depozici
nanocastic oxidu zine¢natého na povrch taniny, jako naptiklad syntéza in-situ a depozice ex-
situ. Hlavnim pozadavkem dnesni doby je ekologicka a piirodu nezatézujici funkcionalizace

tkanin a u povrchové upravenych tkanin je dulezita I stalost v prani.

Cilem této vyzkumné prace je vyvinout ekologicky upravenou a trvale nehoflavou tkaninu
bez obsahu halogenii a formaldehydu s multifunkénimi vlastnostmi a nalézt optimalni
podminky a parametry. V této vyzkumné praci byly nanocastice oxidu zinecnatého vyvijeny
na 100% bavinéné tkaniné pomoci sonochemické metody. Jako prekurzory byly pouzity
dihydrat octanu zine¢natého (Zn(CH3COO)2.2H20) a hydroxid sodny (NaOH). Po rlstu
nanocastic ZnO byl metodou pad-dry aplikovan zpomalova¢ hotfeni N-
methyloldimethylfosfonopropionamid (MDPA). Jako zesit'ujici ¢inidlo byla pouzita 1, 2, 3, 4-
butantetrakarboxylova kyselina (BTCA) a jako katalyzator fosfornan sodny (SHP). Pro
stanoveni mnozstvi procentudlniho obsahu zinku a fosforu byla pouzita atomova emisni
spektroskopie s indukovanym vazanym plazmatem (ICP-AES). Pro charakterizaci vyvinutych
vzorkli a sledovani povrchu byly pouzity rastrovaci elektronova mikroskopie (SEM),
praskova rentgenova difrakce (XRD) a infracervena spektroskopie s Fourierovou transformaci
(FTIR). Dale byla zkoumana tepelnd degradace neupravené¢ho vzorku a oSetfenych vzorka

termogravimetrickou analyzou (TGA). Byly téz provedeny vertikalni testy retardéru hoteni, a



stanoveno limitni kyslikové ¢&islo (LOI), byl zkouman UPF faktor (ochrana proti
ultrafialovému zafeni), antibakteridlni aktivita, samocistici schopnost a stilost v prani.
Vyvinuté vzorky vykazovaly vynikajici vysledky pro samocisténi, zpomaleni hoteni (tj. 39
mm délka spaleného vzorku, 0 s doba dohoteni, 0 s doba dosvitu), 32,23 LOI, 143,76 UPF,
100% antibakterialni aktivita. Vyvinuté vzorky vykazovaly i1 dobrou stalost v prani. Déle byla
meétena tuhost v ohybu, propustnost vzduchu a pevnost v tahu vyvinutych vzorkd. Bylo
prokazano zvyseni ohybové tuhosti pfi sou¢asném sniZeni propustnosti vzduchu a pevnosti v
tahu. Statisticka analyza ziskanych dat ukézala, ze vSechny parametry procesu maji vyznamny

vliv na vlastnosti vyvinutych vzork.

Klic¢ova slova: Zpomalovace hoteni, antibakterialni, ZnO, nanocastice, oxidy kovi
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Development of Flame Retardant Cotton Fabrics with Multifunctional Properties

CHAPTER 1

Introduction

Fire has claimed more deaths in the United States than all other natural incidents combined.
The National Fire Protection Association (NFPA) disclosed that there were 1.35 million fires
in the United States in 2009, which resulted in 3010 fatalities, 17,050 human injuries, and a
$12.53 billion loss of assets. Surprisingly, residential structures accounted for 28% of all fires
and caused the majority of the damage[1]. According to reports, furniture with upholstery,
mattresses, and bedding fires caused 70% of the fatalities associated with household smoking
material flames[2]. Thus, the flame retardant coating of textile-based items can greatly help to

save lives as well as property in residential buildings[3], [4].

Cotton fiber is among the most plentifully used fibers all over the world. It is comfortable,
cozy, and breathable when used in garment form [5], [6]. However, it is one of the most
combustible and very susceptive to thermal decomposition. It exhibits a very lower limiting
oxygen index (approximatelty 17-18), as well as it is a highly flammable fiber. It burns very
quickly with a hot flame and little spark [7], [8]. Moreover, with flammability and
combustibility, cotton fabric provides an indigent defence to human skin against UV radiation
and bacterial growth. Wearable cotton textile goods effectively absorb perspiration, sebum,
and other skin secretions, a property that makes it easier for bacterial growth. This bacterial
breeding is directly linked to a number of newly developing infections or diseases that are
currently gaining attention in the global public health arena. Therefore these are the
fundamental problems for the cotton fabric, limiting its use in industrial work wear, housing,

and technical applications [9], [10].

Flame retardant treatment on textile fabrics has gained significant importance because flame
retardant fabrics can be used as safety work wear in industry, firefighting wears, in hospitals,
and as in household upholstery [11], [12]. Various chemical applications are involved in
producing flame retardant fabrics, but most of the flame retardant chemicals contain halogen
compounds that are not environmentally friendly [13], [14]. Halogen-based compounds

produce hazardous fumes and gases that affect the endocrine system. The findings of some



Development of Flame Retardant Cotton Fabrics with Multifunctional Properties

studies caused the manufacturing of two main classes, notably polybrominated diphenyl
ethers (PBDEs) and polybrominated biphenyls (PBB), to be banned in the EU and the USA.
All of this occurred as a result of increasing findings that PBDEs accumulate in biological
organisms and remain in the environment. Additionally, toxicological tests revealed that these
compounds may be hazardous to the neural systems and cause deleterious effects on the
thyroid, and liver. PBBs have been reported to be carcinogenic to the liver of mice and rats.
As per the findings of the Department of Health and Human Services (DHHS) PBBs could be
harmful to human health in terms of cancer. Phosphorous based durable flame retardant
chemicals are alternatives to halogen compounds. These phosphorous based compounds are
ecological, environmentally friendly and economical for cotton textile applications [15]. In a
study Cheema et al. treated cotton fabric with N,N-dimethyl di(acryloyloxyethyl)
phosphoramide (DMDAEP), a halogen free phosporous and nitrogen based chemical for
flame retardancy. They achieved excellent flame retardancy along with increased char
formation[7]. In one more study Gall ef al. fabricated cotton, cotton/polyester, and
cotton/polyamide surfaces by coating water soluble cyclophosphazene as a flame retardant
finish and reported the increase in flame retardancy, increase in limiting oxygen index, as well
as the formation of the glassy insulating layer on the substrate [8]. In an other study Zhang et
al. achieved improved flame retardancy of cellulose fibers by grafting zinc ion along with
N,N-dimethylformamide (DMF) application[11]. Li et al. synthesized a halogen free flame
retardant for cotton fabric containing —P—-O—NH4" groups and achieved excellent results for
flame retardancy|[16]. Chen ef al. synthesized poly lactic acid (PLA) and phosphazene/triazine
bi-group composite along with doping of zinc oxide nanoparticles (ZnO NPs) and achieved

excellent flame retardancy, higher limiting oxygen index, and increased char residues[17].

N-methylol dimethyl phosphonopropion amide (MDPA) is one of the most promising and
ecological flame retardant compounds due to its durability, low toxicity, environmentally
friendly nature and convenient application. When it is applied along with a cross linker onto
the cotton fabric, it makes the covalent bond with a hydroxyl group of cotton cellulose, hence

enhancing its durability[18], [19].

Nanotechnology is another most important field that has been utilized successfully and

efficiently in the industry to achieve desired fruitful results. Nanomaterials in the textile
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industry have earned great importance due to their multipurpose uses [20]. Nanomaterials in
the form of nanoparticles are being used in the textile industry for antibacterial textile [21],
UV protection, to increase flame retardancy, self-cleaning, electromagnetic shielding (EMI),
conductive textiles, etc. [22]-[24]. Among the nanoparticles used in industry, metal oxides are
of the great importance because of their multipurpose properties [25]. Zinc oxide (ZnO) and
titanium dioxide (TiO2) are the most commonly used inorganic metal oxides in the textile
industry. TiO2 has just been categorized as an IARC group 2B carcinogen, probably harmful
to humans, by the International Agency for Research on Cancer (IARC). The IARC findings
are based on data demonstrating that exposure to large concentrations of pigment-grade and
ultrafine TiO2 dust results in cancer of the respiratory tract in rats. The discoveries were
deemed relevant to humans by the IARC because several biological processes that result in
lung cancer in rats appear to be similar to those that occur in people who work in dusty
environments. However, ZnO is "generally identified as safe" by the US Food and Drug
Administration (FDA). ZnO is n-type semiconductor white in color, having a high refractive
index with a wide band gap of 3.37 eV [26], [27]. Along with UV protection, antibacterial,
and self-cleaning properties, zinc oxide nanoparticles (ZnO NPs) are being used in flame
retardant coating [28], [29]. ZnO NPs are used as co-catalyst in flame retardant finishing and
are very effective in char formation during the burning of fabric [14]. Researchers showed
that ZnO NPs as co-catalyst increase the flame retardancy of cotton fabric by forming a
protective layer on the fabric and restricting the supply of oxygen to the fabric which is

necessary for burning, as well as it also increases the durability of flame retardant [30], [31].

The main challenges in the flame retardant/ZnO NPs system are the use of formaldehyde free
cross linker, homogeneous, even, and stable deposition of ZnO NPs. BTCA is a
formaldehyde free cross linker that can be used for cotton flame retardant systems[32]. Javed
et al. reported that sonochemical is an advanced and economical method for the in-situ
synthesis of ZnO NPs onto the cotton fabric[33]. This technique controls the nanoparticle
size, as well as ultrasonic waves disperse and deposit the nanoparticles onto the fabric more

stably, homogeneously and evenly[34].

Among all properties, the integration of UV protection on flame retardant surfaces is of great

concern in the present work. This is because the risks of UV radiation to induce acute and
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chronic illnesses when they interact with skin increased significantly in recent years. UV
radiations in sunlight are a natural threat to human skin and can result in major medical issues.
Additionally, certain artificial medical lights produce UV radiation. Human body exposed to
UV radiation without protection can suffer from major health issues such as melanoma (skin
cancer), rash, erythema (skin redness), and skin ageing. Moreover, industrial workwears along
with flame retardancy, also require UV protection and protection against various bacteria.
Workers related to welding are exposed to hazardous radiation along with flame sparks.
During arc welding, strong ultraviolet radiations (UVR) are released into the air. These
radiations contain ultraviolet radiations A (UVA), ultraviolet radiations B (UVB), and
ultraviolet radiations C (UVC). Human skin is harmed worsely by the exposure to ultraviolet
radiations A (UVA), ultraviolet radiations B (UVB), and ultraviolet radiations C (UVC) from
a short distance in the absence of a barrier. So there is a need to develop protective work wear

with multifunctional properties[35], [36].

In this research study, ZnO NPs were in-situ synthesized onto the cotton fabric by ultrasonic
irradiation method. After that, MDPA flame retardant in the presence of formaldehyde free
ecological cross linker BTCA was applied onto the cotton fabric by pad dry cure method. The
main goal of the present work is to find the optimized parameters for in-situ sonochemical
synthesis of ZnO NPs, and investigate the role of ZnO NPs in flame retardant finishing and

their influence on functional properties.

To the best of the author’s knowledge, this is the first study on the flame retardant application
in combination with MDPA along with formaldehyde free cross linker, and ZnO NPs by
sonochemical method. The finding of this study could be beneficial for application in safety

textiles (welding work wear, electrical work wear, industrial work wear etc.).
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CHAPTER 2

Aim and Objectives

The production of flame retardant fabrics on a wide scale using affordable, simple, and
environmentally friendly methods still faces several difficulties. Research on environmentally
friendly preparation techniques should be prioritized, along with studies on textile durability
and mechanical stability. The general goal of this research project is to utilize halogen and
formaldehyde free ecological phosphorous based chemical N-methylol dimethyl
phosphonopropion amide (MDPA) and deposition of ZnO NPs on cotton textiles to create
flame retardant textiles with additional capabilities (such as UV protection, self-cleaning,

antibacterial, etc.).
The specific objectives are as follows;

» Deposition of ZnO NPs by ultrasonic irradiation method to achieve increased flame
retardancy and multifunctional properties.

» Application of N-methylol dimethyl phosphonopropion amide (MDPA) to modify the
surface of fabric.

» Different parameters, such as precursor concentrations and sonication time,
significantly affect the deposition of ZnO NPs on the fabric. Furthermore,
concentration of N-methylol dimethyl phosphonopropion amide (MDPA) affects the
flame retardancy. The purpose is to optimize process parameters and to evaluate the
effect of process parameters and conditions upon flame retardancy as well as other
functional properties.

» Content analysis of coated fabrics by induced coupled plasma atomic emission
spectrometer (ICP AES).

» Evaluation of surface morphology of nanoparticles coated fabrics by scanning electron
microscopy (SEM).

» Characterization of coated fabrics by X-ray diffraction (XRD) and the fourier
transform infrared spectroscopy (FTIR)

» Evaluation of thermal stability of coated fabrics by thermo gravimetric analysis.
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Evaluation of flame retardant properties from vertical flame test and limiting oxygen
test (LOI).

Evaluation of antibacterial efficacy of coated cotton fabrics against gram positive and
gram negative bacteria.

Evaluation of UV protection of coated cotton fabrics.

Evaluation of photo catalytic self-cleaning ability by degradation of coffee stain under
UV light.

To do the statistical analysis of obtained results.

Evaluation of coated cotton fabric against washing.
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CHAPTER 3

Literature Review

3.1. Prologue

This section provides a general review of the area of research, including background, basic
theories, and current study. The readers will become acquainted with the experimental

methodologies in the next part.
3.2. Textile fibers

Polymers with a variety of structural configurations make up textile fibers, giving them a wide
range of mechanical, chemical, physical, thermal, and biological characteristics[37], [38]. To
create yarns, threads, textiles, and a variety of textile items, thin, flexible, spinnable strands
or filaments known as textile fibers are utilized. They are the fundamental building units of
textiles and can be either natural, man-made (synthetic or regenerated), or a combination of
both[39], [40]. Individual textile fiber can range in diameter from 10 to 50 micrometer.
Filaments are continuous (very long) having indefinite length, while the staple fibers have
significantly shorter lengths[41]. The length of natural fibers differs based on their source[42].
In general, filaments are joined and then twisted to create yarns, whereas staple fibers are
spun to produce yarns[43]. Fabrics are typically created by weaving or knitting yarns.
Numerous fibers make up each piece of fabric. One small swatch of thin cloth, for instance,
may have nearly 100 million fibers in it[44]. Despite the fact that there are many different
types of fibers in nature, only those fibers that have ability to be spun into yarns are
acceptable for use in the production of textile fabrics. Natural fibers and man-made fibers are
the two primary categories of textile fibers. Cellulosic fibers like cotton; and protein fibers
like wool are the most significant types of natural fibers[42]. Man-made fibers, on the other
hand, can be further broken down into regenerated fibers such as rayon and synthetic fibers

such as polyester. Figure 1 shows the classification of essential textile fibers[40].
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Classification of Textile Fibers
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Figure 1. Classification of textile fibers.

3.3. Cellulose

The fundamental structural unit in the cell wall of plants is cellulose, a very complex
carbohydrate. With a water contact angle of about 20 to 30 degrees, cellulose is hydrophilic,
tasteless, and odorless. It is a naturally occurring organic compound and has the chemical
formula (CsH10Os)n. It is a kind of linear polymer made up of glucose units connected by 1,4-
glycosidic linkages. The polymerization degree of cellulose exhibits significant variation and
is roughly 10,000 glucose units to 15,000 units[45], [46]. The lengthy, fibrous chains that
cellulose forms are insoluble in water and give plant cells stiffness and strength. Hydrogen

bonds between cellulose chains help to generate microfibrils, which can then come together to
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form longer fibers. These hydrogen linkages enable the chains to form highly ordered
molecular structures, which lead to a variety of structured crystalline configurations. The
higher cellulose crystallinity is due to structural order, uniformity, symmetry, and hydrogen

bonds. Plant tissues are stabilized and strengthened by these cellulosic structures[47], [48].

Cellulose belongs to a class of natural biodegradable polymers and can be decomposed by
various environmental bacteria and enzymes. This characteristic makes cellulose an
environmentally friendly material and adds to the natural carbon cycle. Numerous applicable
uses for cellulose can be found in various industries[49], [50]. Cellulose fibers are treated and
made into sheets, which are then used to make paper and cardboard. Additionally, cellulose is
used in the production of textiles made from plant materials like rayon, acetate, and lyocell.
Cotton, linen, and jute fibers are examples of naturally occurring cellulose fibers, that are used
in the production of textile products[51]. Cellulose in cotton is notable for having a high level
of crystallinity and degree of polymerization. Crystallinity shows that the molecules in cotton
fiber are parallel to each other and very closely packed, and a higher levels of degree of
crystallinity and polymerization correspond to stronger fibers. The main constituents in the
cotton cellulose polymer chain are -1, 4-D glucopyranose and are connected by 1, 4- glucodic
linkages. Steric effects prevent the anhydrogluco-pyranose C-O-C bond from freely rotation.
Each anhydroglucose has three hydroxyl groups connected to it. Three groups are joined at C-
2, C-3, and C-6, separately. There are several additional bonds possible because of the

hydroxyl groups that are present and the polymer chain shape[52].

In alkaline conditions, carbon disulfide is the most significant solubilizing agent for cellulose.
Other solubilizing substances are N-methylmorpholine N-oxide, Schweizer's reagent, and also
lithium chloride in the presence of dimethylacetamide. Generally speaking, these substances
modify the cellulose, making it soluble. Additionally, cellulose is soluble in a variety of ionic
liquids. Various reagents can be used to partially or completely react with the hydroxyl groups
(OH) of cellulose to produce derivatives with beneficial qualities, most notably cellulose

esters and cellulose ethers[53], [54]. Figure 2 shows the structure of cellulose.
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Figure 2. Structure of cellulose[55].

3.4. Cotton

Humans have been using cotton for thousands of years, and its history is broad and complex.
Around 3000 BC, cotton was being grown in India, where it is thought to have been started
across the valley of the Indus river in present-day Pakistan. Ancient Egyptians also grew
cotton, which they used to create fabrics and garments. Cotton was first brought to Europe
during the Middle Ages and quickly became a prominent crop in countries like Spain and
Italy. Cotton was introduced to the American continent by European invaders in the 1600s,
and it quickly established itself as a significant crop across the southern areas of the United
States. Although cotton consumption decreased after the advent of man made fibers in the
20th century, it is still a significant crop in several countries in the present day. Overall,
cotton's history is strongly connected to the evolution of global civilization, the expansion of
the world’s economic status, and the political and cultural disputes that have driven these

changes[56], [57].

10
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Natural, flufty, and silky cotton fiber develops in the cotton plant's seed pods (Figure 3). It is
a significant commodity crop and one of the most popular natural fibers in the world. The
shrub-like plant is indigenous to many tropical as well as subtropical areas of the world,
inclusive of the American areas, Africa, Egypt, Pakistan, and India. Most types of wild cotton
are found in Mexico, with Australia and Africa coming in second and third. Cotton has four

commercially produced species, all of which were domesticated in antiquity[58], [59]:

Gossypium hirsutum, which is alternatively referred to as Upland cotton is a native of Central
America, many parts of Mexico, the Caribbean islands, and also southern Florida and

accounts for 90% of global production[60].

Gossypium barbadense, a tropical South American native and producer of 8% of the world's

cotton, is also called extra-long staple fibre cotton[61].

Tree cotton, known as Gossypium arboreum is only 2% endemic to the subcontinent (India

and Pakistan)[62].

Gossypium herbaceum, sometimes known as Levant cotton, accounts for less than 2% is

indigenous to southern Africa and the Arabian Peninsula[63].

Each individual cotton fibre represents a fully formed cell that originates in the outermost
layer of the cotton seed. These fibres consist of several distinct components: cuticle, primary
wall, secondary wall, and a lumen (depicted in Figure 4 b). The cuticle, known as the
'outermost' or 'skin' layer of the cotton fibre, is composed of a layer of cotton wax that
possesses a waxy nature. The lumen, on the other hand, is a hollow canal that extends
throughout the length of the fibre and serves as a conduit for supplying essential nutrients
during the plant's growth phase. Depending on the stage of maturity, the lumen's dimensions
can vary significantly. In mature fibres, the secondary wall contains a substantial amount of
cellulose, resulting in a relatively small lumen, whereas immature fibres possess a thin wall
structure and a larger lumen. The dimension of cotton fiber exhibits a reasonably consistent
pattern, fluctuating within the range of 12 to 20 um. The configuration of cotton fiber, in
general, is commonly alluded to as possessing a structure resembling that of a kidney (Figure

42)[64].

11
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Cotton fibers generally measure 20 to 30 mm in length and 20 microns in diameter[65]. They
are comprised of essentially pure cellulose, a durable and complex carbohydrate. The primary
wall, cuticle, secondary wall, and lumen make up cotton fiber (Figure 4). Whereas, the
secondary wall is the predominant source of cellulose in nature, with the primary wall and
cuticle containing roughly 55 percent lower molecular weight cellulose[66], [67]. Single fiber
tensile strength ranges from around 127.5 to 313.7 mN (Tex)[68]. Cotton fiber, unlike most
other textiles, acquires strength as humidity increases. The surface gets smoother as the
temperature rises, while fiber strength diminishes[69]. The twisted, ribbon-like configuration
of the fibers provides them their distinctive flexibility and strength. The number of twists
present in the fiber and the direction of convolution are important factors in fiber strength.
Cotton fibers have between 3.9 and 6.5 twists per millimeter of length and have a change in a
spiral reversal from 1-3 times per millimeter of length. The angle of convolution has been
observed to vary with variety. There are differences in reversal frequency between cotton
varieties and different species, between lint and fuzz obtained from the same ovule, as well as
within a single fiber. In the cotton fiber structure, molecular density differs greatly. As
compared to other locations, it has been observed that the molecular packing is particularly
thick close to the reversal. The shape of cotton fiber is tapered. In comparison to the bottom, it
is thinner at the top. Another important factor is cotton fiber maturity, which the end
user takes very seriously. The cell wall's proportion to the total area of a circle, which is equal
to an un-collapsed fiber, is a measure of cotton's maturity. Its ratio of 0.85 is adequate. If this
number is less than 0.5, it means that there is a lot of immature cotton available, which makes
it difficult to produce high-quality goods. When grading cotton, parameters like fiber length,
cotton fineness, and cotton fiber maturity level are taken into consideration[65], [70]. Figure 5

shows the microscopic images of cotton fibers.

Cotton is an excellent choice for clothes along with various textile based products because of
being breathable, durable, porous, and absorbent[71], [72]. Additionally, It is extremely
versatile, as it has compatibility to be blended with many other fibers like polyester, linen,
spandex, or rayon to enhance performance attributes like flexibility and/or moisture

wicking[73]-[76].

12
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Figure 3. Open cotton fiber boll [77].

Secondary wall

(a)

Primary wall

Lumen

Secondary wall

Cuticle
Outer wall

Figure 4. Structure of cotton fiber. (a) cross-section of fiber, (b) vertical section of fiber [64].
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Figure 5. Microscopic views of cotton fibers[65].

3.5. Functional cotton fabrics

Among the most popular and commonly utilized natural organic fibers all over the world is
cotton. Cotton's use has expanded from clothing to technical applications in textiles because
of its superior absorption properties, large specific surface area, porous structure, lower cost,
as well as biodegradability[78]. However, certain traits, such as the hydrophilic nature,
ineffective antibacterial activity, high flammability, lower strength, and very poor defence
against UV radiation, limit their range of applications, particularly in several high-end fields
for medical, use in personal healthcare, as functional textile, safety clothing and self-
cleaning[79]—-[82]. Because of their potential for application in physical defense, thermal
protection, biological shielding, and medical safety, as well as to satisfy the constantly

changing demand from end users for innovative products, the functionalization of cotton has

14
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attracted significant scientific, industrial, and commercial attention. Cotton serves more than
just aesthetic purposes; value-added cotton textiles are now the foundation for several
industrial and technological uses[83]. Recently, research has focused on cotton fabrics with
functional properties. Numerous studies have looked into various techniques for giving cotton
textiles particular qualities.The term "functional cotton fabric" relates to cotton textile fabrics
and clothings that have undergone various functional finishing processes to improve their
performance characteristics. These finishes could possess resistant to stains, anti-bacterial
efficacy, anti-static capability, protection against UV radiations, water-repellency, flame
retardancy and moisture-wicking properties[84]. Fabrics that have undergone a treatment
process to enhance their level of ease in care have been specifically formulated to exhibit
resistance against the formation of wrinkles, shrinkage, and fading, thereby endowing them
with the highly desirable qualities of being low-maintenance and possessing increased
durability[85]. Another technique utilizes fluorescent molecules to give cotton fabrics
hydrophobic and fluorescent properties. One example of such a dye is 1,8-naphthalimide
fluorescent dye[86]. Additionally, inorganic additives and sol-gel-based treatments have been
investigated as potential means of improving the flame-retardant behaviors of cotton
textiles[87]. Cotton textiles can be engineered to offer improved thermal insulation, which
enables them for usage in cold climates. This is accomplished by the incorporation of
insulating materials or technology[88]. Certain textiles are treated with fragrances that are
microencapsulated and release gradually during wear, leaving a delicate and subtle scent. This
may enhance the sensory experience in textile fabrics[89]. Cotton possesses inherent
breathability; however, specific treatments or interlacing techniques may augment this
attribute, thereby stimulating improved air circulation and ventilation[90]. Fabrics specifically
engineered for active or sports-oriented purposes have the potential to undergo a treatment
process that expedites the drying process, effectively aiding in the regulation of perspiration

and moisture levels while engaging in physical activities[91].

Because of their versatility, excellent performance and developed characteristics, functional
cotton fabrics are getting more and more popular. They have a wide range of uses, including
in bedding, apparel, safety clothing, upholstery, and other areas[92]. Figure 6 shows some

types of functional finishing of cotton fabrics.
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Figure 6. Types of functtional finishing of cotton fabrics.

3.6. Fire resistance

Cotton is recognized as a highly combustible substance with low flame resistance since it
burns easily[93]. To create appropriate flame resistance, it is critical to comprehend the
chemical and physical transformations that occur during the burning of cellulose. Cellulosic
materials burn with certainty because cellulose is made up of carbon and hydrogen, which
serve as fuel, and oxygen, which supports burning. By taking into account two quite different
processes, flaming combustion and smoldering combustion, the burning of cellulosic

materials might be associated with a flame or glow[94].
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Fabric that loses its ability to support a flame when the ignition source is removed is referred
to as flame retardant fabric. When an ignition source is removed, a fabric is said to be glow

resistant if it doesn't burn through smoldering or glowing processes[95].

3.7. The thermal decomposition of cellulose

When a fire happens at elevated temperatures, polymers break down into combustible and
incombustible species and components through physical and chemical changes[96]. The
breakdown kinetics and end products are influenced by the chemical composition, structure of
polymeric materials, rate of heating and the quantity of available oxygen. Degradation
generally starts in the bonds with the lowest dissociation energy and in the more accessible
areas[97]. Polymers, both natural and synthetic undergo heat degradation via processes such
as chain fragmentation, chain elimination, and chain stripping. Instead of melting, cellulosic
materials behave similarly to thermoset materials, undergoing irreversible chemical
alterations during their decomposition[98]. Using thermal gravimetric analysis, a technique
that measures changes in weight as a function of heat, a great number of research have been
published on the process and mechanisms of cellulose decomposition and pyrolysis[99]. A
moderate temperature of 200-300 °C wusually results in a decline in the degree of
polymerization of cellulose, leading to the generation of volatiles like levoglucosan, or 1,6-
anhydro-B-D-glucopyranose, and a liquid pyrolysate. As the temperature rises to 400-600 °C,
cellulose continues to degrade, giving rise to flammable gases and highly boiling compounds.
A polymeric substance needs to first degrade and split down into free radicals and lower
molecular weight combustible volatiles in order to experience ignition and burning. These
breakdown products burn with air oxygen at high temperatures (above the point of ignition) or
in the vicinity of a source of ignition. We must first look into the decomposition of cellulose
in order to find out why it is combustible[100]. According to Shafizadeh et al., cellulose
breaks down into a species known as "activated" cellulose, which is a reactive intermediate. It
has been proposed that this activated" cellulose is created during the first stage of degradation,
during which there is no loss in mass but a decrease in the degree of polymerization[101]. An
advanced mechanism for the creation and subsequent assessment of the activated cellulose
throughout cellulose burning was proposed by Liu et a/[102]. Price et al. also investigated the

degradation of cellulose via activated cellulose containing species. This activated cellulose
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stage further degrades as the temperature rises[103]. Physical and chemical parameters like
temperature, atmosphere type, crystallinity, impurities being present, and cellulose sample
size and texture all affect the thermal degradation pathway and the chemical structure of the
products that result from degradation[104]-[106]. It is commonly acknowledged that there are
two distinct processes by which cellulose degrades: dehydration and depolymerization (also
known as decomposition). Anhydrocellulose and water are formed during the degradation
processes of dehydration (300400 °C). During degradation process, aliphatic char is formed.
This aliphatic char is converted to aromatic char by further oxidation along with the
successive release of carbon monoxide and carbon dioxide (400-600 °C). Up to 800 °C, this
aromatic char shows thermal stability. Levoglucosan is produced through an unzipping
mechanism where the chain separation of acetal linkages of the glycosidic groups results in
the creation of levoglucosan. The depolymerization happens in both crystalline and
amorphous regions. Levoglucosan undergoes further degradation to produce low molecular
weight compounds, such as furan and its derivatives[107]-[109]. Figure 7 shows the thermal

and thermo-oxidative cellulose degradation process.

Aliphatic Char Aromatic Char

Dehydration + +
Anhydrocellulose —> Gases — Gases
[CO, CO,, H,0] [CH,, CO, CO,, H,0]
Cellulose — > Activated Cellulose
Tar Volatile lowM,, products
—
Depolymerization (Levoglucosan) +
Gases

[COJ COZ ] HZO]

Figure 7. Diagram showing the thermal and thermo-oxidative cellulose degradation process. From left to
right, the temperature is rising[110].

3.8. Combustion theory

The chemical reaction among substances that typically involves oxygen and produces light

and heat in the shape of flames is known as combustion. It is a quick, exothermal (heat
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evolving), and redox (oxygen adding) chemical process. In this reaction the fuel must be
heated to a temperature higher than the ignition point. The steps involved are as follows: first,
the substrate is heated, and moisture evaporates; after that, more heating causes the substrate
to break down and generate small in size, organic compounds (volatile in nature). Finally
these small size compounds are burned, and char is produced. When there is a balance
between the total thermal energy of both reactants and products, the combustion process

comes to anend[111], [112].

The most common kind of combustion is an open flame fire. The fuel must be in its gaseous
condition for this chemical reaction to occur with an oxidizing agent. Since the reaction is gas
to gas, the fuel, whether solid or liquid must first experience a phase transition or chemical
change to turn into a gas in order to participate in an exothermic combustion process. In the

event of a flame fire, there must be at least 10% oxygen present as an oxidizer[113], [114].

Smoldering combustion (also known as glowing combustion) is the one more form of
combustion. This kind of combustion is a solid-to-gas chemical reaction that results in the
direct oxidation of the combustible solid's surface, chars, and other nonvolatile breakdown
products without the production of flames. Sustainable glowing combustion requires a lower
proportion of oxygen. This typically happens at temperatures below the substrate's ignition

temperature[ 1 15]-[117].

3.9. Polymer combustion

The process of polymer combustion is started by heating and involves endothermal
decomposition[118]. As the combustible gases are produced, they combine with oxygen gas
in the atmosphere to form a mixture that is ignited, which encourages the spread of flames
(exothermic reactions) and the production of heat. Endothermic processes are involved in the
heating, degradation, and pyrolysis of polymers; exothermic reactions are started upon
ignition, which is followed by thermal feedback that strengthens the polymer's decomposition.
Flame propagation is supported by highly energetic H and OH radicals[119]. Figure 8 shows
the exothermic and endothermic processes involved in polymer combustion, while the

polymer combustion cycle is depicted in Figure 9.
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Figure 8. Exothermic and endothermic processes involved in polymer combustion[120].

The use of textile and polymeric products, which are mostly made of organic compounds and
have been produced with both conventional and modern techniques, is restricted due to their
flammability[121]. It has been found through research on polymer combustion that both
chemical and physical processes play a role in this complicated procedure. These occurrences
happen in the transition between the gaseous and condensed phases, and polymer pyrolysis
produces flammable volatiles. The volatiles subsequently undergo oxidation in the presence
of oxygen, and the resultant thermal degradation products produce a significant amount of

heat[122].

Enough heat must be applied to the polymer to break it down and ignite the by-products of
pyrolysis in order for the combustion cycle to be self-sustaining, as well as the proper amount
of heat to be returned to the matter to support the burning cycle and induce additional
degradation. Depending on the flammable species, multiple byproducts from the combustion
process are obtained. Water vapor (H20), carbon dioxide (COz), and carbon monoxide (CO)
are produced when polymers are burned. Ash and carbon (C) make up the residual solid

residue[123].
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Figure 9. Polymer combustion cycle[124].

Since the two subsequent decomposition and oxidation reactions have a cyclic relationship
(Figure 10), there is another model to characterize the combustion of polymers that is based
on the kinetics of those reactions. Thus, there is a mutual influence between these two
reactions. Polymer pyrolysis yields volatile substances that influence the pace of oxidation-
combustion. Additionally, through the generation of heat during the combustion phenomenon,
this oxidation-combustion influences pyrolysis. A non-charring polymer's combustion can be
schematically represented (equations 1 and 2) as two successive overall reactions that take

place in the condensed and gas phases[125].

k
PSS G (1)

kox

G+ 0, — 0X ()
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In the above equations k and kox represent, respectively, the total specific rates of the

oxidation and pyrolysis of polymer molecules (P) to create volatile compounds (G).

0, ox
Kox
Fuel Heat
k
° Heat
Polymer dispersion

Figure 10. The cyclic fire loop[125].

3.10. Flame retardants

It is important to understand the meaning of "flame retardants" in order to properly label
products that extinguish or suppress flames when tested in standard laboratory conditions.
"The agents that, when combined with combustible material, postpone the material's ignition
and decrease its flame spread when subjected to flame source"[126]. Flame retardants can be
defined as substances that impede or even inhibit or decelerate the process of combustion, by
altering the chemical reactions of degradation or oxidation involved in the burning

process[122]. Flame retardants can function chemically or physically to achieve their desired
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effects. These processes can take place in the condensed phase or, in some cases, in the gas
phase. They are especially relevant when radicals are trapped or when they dilute flammable
gasses, particularly when their actions trap radicals or dilute flammable gasses[127]. As
previously indicated, the combustion procedure encompasses many stages; the introduction of
flame retardant additives may impede this procedure at a specific stage or processes, such as

heating, degradation, ignition, pyrolysis or breakdown, and propagation of flame[122].
Flame retardant materials work physically in the following ways:

e Since heat is consumed during the endothermic breakdown of some additives, they
influence the pyrolysis process by cooling. As a result, the temperature drops and the
substrate or media for reaction cools to a temperature lower than what is required to
keep the burning process going. Water vapor is released by some flame retardants at
approximately 200°C to 550 °C[128], [129].

e By the emergence of gaseous or solid protective layer which inhibits the release of
flammable species and separates the process of combustion and thermal
decomposition phase[16], [130], [131].

e Fuel is diluted in both the gaseous and solid phases. Certain flame retardants produce
inert gases during their breakdown, for example H2O, CO2, NH3, etc., which dilutes

the flammable gaseous mixture[132].

The term "chemical actions" describes how flame retardants affect the combustion processes
chemically and alter the fire process[133]. Condensed and gaseous phases are possible for
them to act in. With an approach of radical trapping, flame retardants can impede the free
radical mechanism during the burning process. As the combustion process progresses, free
radicals might interact with the flame retardant chemicals. Less reactive compounds are
created when flame retardants in the gas phase release certain radicals, like Br or Cl, and

combine with extremely reactive radicals, such He and OH<[127], [128], [134].

When a polymer or textile is subjected to a flame or other heat source, flame retardants can
cause two different types of chemical reactions that inhibit the combustion process: they can
generate an intumescent protective layer or a char (carbon-based) layer on the surface of the

material. This char serves as a solid physical insulating barrier and divides the gas phase from
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the condensed phase. Certain flame retardants also exhibit another chemical mechanism that
includes the breaking of polymer chains at a faster rate. This causes the polymer to drip and
escape the flame action region[135]-[137]. Mechanism of thermal transfer during materials

combustion is depicted in Figure 11.

Energy conducted
into char
¢ Burning surface
1 |
Energy conducted v Energy conducted
by decomposition through char
gases passing
through char
|
Char layer
Thermal
Decomposition accumulation decomposition
......................... — -
Energy stored in Energy conducted through
unchanged material unchanged material

Unchanged ¢
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I
Energy loss

from rear face
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Figure 11. Mechanism of thermal transfer during materials combustion [128].

Reactive and additive flame retardants are two categories into which they can be

divided[138].

The term "reactive flame retardants"” refers to substances which are combined into the chains
of polymers. These can be added chemically during polymer production or through post-

reaction procedures, such as chemical grafting[136].
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During the polymer transformation process, additive flame retardants can be physically added
to the polymer. However, during combustion, when the temperature reaches a certain point,
the flame retardant reacts with the polymer. This class includes hybrids and mineral

fillers[139].

3.11. Intumescence

Intumescence is the mechanism by which materials retard the flames. These intumescent
materials have the ability to swell, expand and create a carbonized layer when exposed to a
heat source or fire. This expanded layer acts as a barrier to insulate against heat while
simultaneously reducing fuel transfer and restricting the diffusion of oxygen into the

material[140], [141].

A carbonizing or char-forming agent, an acid source that encourages the production of char,
and a blowing agent (foaming agent) are needed for the development of intumescent
materials. This blowing agent decomposes and releases gas, resulting in the creation of a

swollen multicellular layer[142].

3.12. Types of flame retardants

Mineral flame retardants, halogenated flame retardants, phosphorus-based flame retardants,
nitrogen-based flame retardants, silicon-based flame retardants, and nanoparticles are

examples of widely used flame-retardant additives[128].

3.12.1. Mineral flame retardants

Mineral-based compounds called "mineral flame retardants" are included in materials to
lessen their flammability and increase their resistance to fire. These compounds function by
either physically interfering with combustion or they break down endothermically at higher
temperatures, absorbing energy in the process. Additionally, they produce non-flammable
molecules (CO2, H20), which can help to form a protective vitreous or ceramic coating and

dilute combustible gasses[143].

Aluminum hydroxide and magnesium hydroxide are one example of minerals used as flame

retardant. Heat causes these minerals to emit water vapor, which cools the surrounding
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environment and dilutes flammable gasses. Aluminum hydroxide and magnesium hydroxide
may potentially exert a catalytic influence on the process of burning of the carbonized
residues that are generated. The observed incandescence phenomena witnessed in various
flame retardant tests can be explained by this[129]. The following equations (3 and 4) show
the water emission mechanism of aluminum hydroxide and magnesium hydroxide upon

heat[128].
2Al(OH); — Al,05;+ 3H,0 (1050Fk]/kg) (3)
2Mg(OH), —» 2MgO + 2H,0 (1300 kJ/kg) 4)

Borates represent an additional category of inorganic additives that possess flame retardant
characteristics. Among this group, zinc borates, exemplified by 2Zn0O-3B203-3.5H20, are the
most commonly employed. Through their endothermic decomposition (503 kJ/kg) that occurs
within the temperature range of 290 to 450 °C, water, boric acid, and boron oxide (B203) are
released. The B203 that emerges subsequently softens at temperature 350 °C and exhibits a
propensity to flow at temperatures surpassing 500 °C, thereby giving rise to the creation of a
protective vitreous layer. In situations where polymers contain oxygen atoms, the presence of
boric acid induces dehydration, which in turn fosters the generation of a carbonized layer.
This particular layer serves to safeguard the polymer against the influences of both heat and
oxygen. Consequently, the liberation of combustible gases is mitigated as a result[128], [144],

[145].

Hydroxycarbonates is one more example of mineral based flame retardants[128], [146]. All
carbonates discharge CO: at elevated temperatures; however, solely magnesium carbonates
and calcium carbonates discharge it under 1000 °C, whereby magnesium carbonate exhibits
the most minimal temperature of release (550 °C). Although hydroxycarbonates are less
extensively utilized in comparison to other conventional flame retardants, they persist as a
substitute for metal hydroxides. Furthermore, in addition to the emission of water, both
natural magnesium carbonate and synthetic magnesium hydroxycarbonate degrade
endothermically owing to the release of CO: at elevated temperatures[128], [147]. The
following equations (5-7) describe the thermal decomposition of magnesium

hydroxycarbonate in air[128].
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4MgC05;.Mg(OH),.4H,0 — 4MgC05;.Mg(OH), + 4H,0 (5)
4MgC05.Mg(OH), - 4MgC05.MgO + H,0 (6)
4MgC05.MgO - 5Mg0 + 4CO0, (associated heat = 800 kJ/kg) (7)

Magnesium hydroxycarbonate liberates both water and carbon dioxide within the temperature
range of 200 °C to 550 °C, thereby implying a potential comparable or superior flame

resistance efficacy in comparison to aluminum trihydrate and magnesium hydroxide[128].

3.12.2. Halogenated flame retardants

Flame retardants containing halogen elements, like chlorine or bromine, are known as
halogenated flame retardants. These chemicals are frequently employed to increase the flame
resistance of a variety of products, such as electronics, polymers, textiles, and plastics[148].
In order to prevent flames from igniting, halogenated flame retardants release radicals that
obstruct the chemical processes that lead to burning. The primary factor influencing the
effectiveness of halogen based flame retardants can be attributed predominantly to the
cleavage of the carbon-halogen bond. The efficacy of halogen based flame retardants relies
on the specific halogen utilized[122], [149]. Fluorine and iodine containing compounds are
not employed due to their lack of interference with the combustion process of polymers.
Fluorinated compounds exhibit greater thermal stability than the majority of polymers and do
not generate halogen radicals within the same range of temperature or below the pyrolysis
temperature of the polymers. lodine containing compounds, on the other hand, possess lower
thermal stability as compared to the majority of commercial polymers, thus leading to the
release of halogen containing species during the processing of the polymer. Bromine and
chlorine, due to their diminished bonding energy with carbon atoms, can be easily liberated
and participate in the process of combustion, particularly in conjunction with the
aforementioned gas-phase free-radical mechanism. Thermal decomposition of polymers
results in the generation of highly reactive species (free-radical), for example He and OHe.
These species effectively support the combustion process in the gaseous phase through a
cascading chain mechanism. Halogen based flame retardants have the ability to react with
these reactive species, thereby halting the decomposition of the chain and subsequently

extinguishing the polymer combustion[122], [150], [151]. The following equations (8-11)
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show the reaction mechanism of halogen based flame retardants with highly reactive species

(free- radical)[149].

RX - R* +X° (X can be Br or Cl) (8)
X*+R'H->R"™ +HX )
HX+H* - H,+ X° (10)
HX +OH® - H,0 + X* (11)

Tetrabromobisphenol A (TBBPA) represents the prominent halogenated flame retardant
employed in a broad range of applications. Its primary use lies in its function as a reactive
flame retardant, particularly in epoxy resins[152]. In terms of halogenated flame retardant
families, the polybromodiphenylether (PBDE) compounds rank second in terms of popularity.
Up to ten bromine atoms bound to a diphenyl ether molecule can be found in the
polybromodiphenylether (PBDE) compounds. These polybromodiphenylethers compounds,
which have been developed as flame retardant additives, include penta- (5), octa- (8), and
deca- (10) bromodiphenylethers[153], [154]. Figure 12 illustrates the chemical structure of
tetrabromobisphenol A (TBBPA) and polybromodiphenylether (PBDE) compounds.

H3C CHj
Br Br / O \
L wWE T 1 e
HO OH X =
Br Br

(a) (b)

Figure 12. Chemical structure of halogen containing flame retardants (a) TBBPA (b) PBDE [128], [155].
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Halogenated flame retardants, although effective in improving fire resistance, have given rise
to apprehensions regarding the environment and health. Upon reaching the end of their life
cycle, products containing these flame retardants pose a potential threat of chemical leaching
into the surrounding environment. Certain halogenated flame retardants exhibit persistence
and have the capability to accumulate within organisms, thereby giving rise to the possibility
of long-lasting ecological and health consequences. As a result of these concerns, there has
been a notable transition towards the development of substitute flame retardants that exhibit

reduced detrimental effects on both the environment and human well-being[146], [156].

3.12.3. Nitrogen-based flame retardants

Nitrogen compounds constitute a relatively modest yet swiftly growing assemblage of flame
retardants (FR), which have attracted substantial public attention owing to their eco-
friendliness[157]. These substances are currently mostly used as dicyandiamide, melamine, or
melamine phosphates in polyolefins; melamine cyanurate in nylons; and melamine for
polyurethane flexible foams along with other intumescent paints. In addition, guanidine
phosphates are used in fabrics, while guanidine sulfamate is used in wall coverings[158].
Melamine-based flame-retardant additives function similarly to a combination of inorganic
and halogenated flame-retardants when they degrade over heat. Melamine's crystalline
structure is thermally stable and experiences endothermic sublimation at temperatures around
350°C, which lowers the temperature during the combustion process[159]. The melamine
breaks down at high temperatures, releasing non-flammable volatiles like ammonia that dilute
the mixture of combustible gases and cause thermally stable condensates to form. In addition,
melamine salts also function as flame-retardants in the condensed phase[160]. One of the
notable advantages of nitrogen-based flame-retardants is their inherent low toxicity, low
emission of smoke, and their ability to be recycled. They are frequently employed in
conjunction with other flame-retardants, such as phosphorus-based flame-retardants[161].

Figure 13 shows the structural formula of melamine.
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Figure 13. Structural formula of melamine [128].

3.12.4. Phosphorus-based flame-retardants

There is an enormous variety of phosphorus-based flame retardant compounds available, such
as red phosphorus, phosphates, phosphonates, phosphinates, and phosphate oxides. These
phosphorated flame retardants, which have been proven to be effective in the condensed
and/or vapor phase, can be added to other substances or integrated into the polymeric chain
during its production[162], [163]. The flame retardants that are based on phosphorus display a
high level of efficacy in a condensed phase when used with polymers that are composed of
oxygen, such as polyesters, polyamides, and cellulose. In the case of the majority of these
flame retardants, the process of thermal decomposition results in the generation of phosphoric
acid. This acid has a propensity to readily condense, thereby giving rise to the formation of
pyrophosphate structures and the release of water[135]. The reaction mechanism of the
formation of pyrophosphate structure through condensation of phosphoric acid is shown in

Figure 14.

(|)H (l)H Li)H
2 HO—P—OH — HO—P—0O—P—O0OH + H,0
Il | Il
0 0 o)
Figure 14. Formation of pyrophosphate structure through condensation of phosphoric acid[128].
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The liberation of water leads to the dilution of the oxidizing gas phase. Additionally, the
dehydration reaction of the terminal alcohols, resulting in the creation of carbocations and
carbon—carbon double bonds, can be catalyzed by phosphoric acid and pyrophosphoric acid
(Figure 15). This, in turn, at elevated temperatures, can subsequently lead to the production of

crosslinked or carbonized structures[135], [162].

) )
R—.lc—.lc—ou +H* > R—ti:—CH2++ H,0
H H H

|
R—.lc—CH; - R—C= CH, + H*
H H

Figure 15. Formation of double carbon—carbon bonds after dehydration of alcohol end groups. [128]

At elevated temperatures, ortho- and pyrophosphoric acids undergo a transformation into
metaphosphoric acid "(O)P(O)(OH)" and their associated polymers "(PO3H).". Subsequently,
the phosphate anions (pyro- and polyphosphates) engage in char formation alongside the
carbonized residues. This resulting carbonized layer, known as char, acts as a shield,
effectively insulating and safeguarding the polymer from the flames while also impeding the
diffusion of oxygen. Additionally, the presence of char hinders the volatilization of fuel and

serves as a barrier against the generation of new free radicals[128].

Phosphorus containing compounds are also capable of undergoing volatilization and into the
gaseous state, thus leading to the creation of active radicals (such as POz, POe, and HPO¢)
and serve as scavengers for He and OHe radicals. Volatile phosphorated flame retardant
compounds are regarded as some of the most potent inhibitors of combustion due to the fact
that, on average, phosphorus containing radicals are 5 times more efficacious than bromine

radicals and ten times more efficacious than chlorine radicals. Phosphorus containing flame
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retardants exhibit a significantly enhanced efficacy in polymers that contain either oxygen or
nitrogen. Consequently, the presence of oxygen or nitrogen atoms within the polymer's
molecular structure is of utmost importance. In instances where the polymer lacks suitable
reactive groups that can contribute to the charring process, it becomes crucial to introduce a
co-additive alongside the phosphorus-based flame retardant to facilitate highly efficient
charring[130], [131]. This co-additive can potentially take the form of a polyol, for example
pentaerythritol. Moreover, certain polymers like polyamides or polyurethanes can also serve

as effective charring agents within intumescent flame retardant systems[164].

Ammonium polyphosphate (APP) (Figure 16) is a compound that consists of an inorganic salt
formed from polyphosphoric acid and ammonia[165]. The length of the chain in this
polymeric compound, whether it is branched or unbranched, can vary. The value of the chain
length, denoted as "n," can exceed 1000. APPs with shorter, linear chains (known as
crystalline form I or APP I) have a greater sensitivity to water (hydrolysis) and exhibit lower
thermal stability in comparison to APPs with longer chains (known as crystalline form II or
APP II), which have a chain length greater than 1000. APP II also displays very poor water
solubility, measuring less than 0.1 grams per 100 milliliters. It is commonly known that APP
is incorporated into oxygen and/or nitrogen possessing polymers such as polyesters,
polyamides, and polyurethane is widely recognized as leading to the charring of the polymer.
Upon thermal breakdown, APP generates free acidic hydroxyl groups, which undergo thermal
dehydration to produce a crosslinked ultraphosphate and a highly crosslinked polyphosphoric
acid. The polyphosphoric acid then interacts with the oxygen or nitrogen possessing
polymers, catalyzing their dehydration reaction and promoting the formation of char[128],

[166], [167]

2 19 19
HO—P—O-P—01-P—OH
o, |o, |o,
°NH, [°NH, [°NH,

-n

Figure 16. Structure of ammonium polyphosphate[128].
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Despite the fact that numerous organic phosphorus derivatives exhibit flame-retardant
characteristics, the quantity of those possessing commercial significance is constrained by the
temperature at which processing occurs and the inherent properties of the polymer that is to be
altered. Moreover, organic phosphorus derivatives have the capability to function as additives
or as reactive (co)monomers/oligomers. The primary classifications of organophosphorus
compounds encompass phosphate esters, phosphonates, and phosphinates (Figure 17)[128],
[168].

0) 0) 0
Ry— O— P—O0—R, R,— p—O0 —R, R,—— P —R,
0] 0] 0]
R, R, R,
(a) Organic Phosphate (b) Phosphonate (c) Phosphinates

Figure 17. Chemical structures of some phosphorus based flame retardant[128].

N-methylol dimethylphosphonopropionamide (MDPA) is organophosphorus based durable
flame retardant compound for cellulose fabrics[168]. Huong ef al. conducted an assessment
on the efficacy of an innovative flame retardant system comprising of N-methylol
dimethylphosphonopropionamide (MDPA), citric acid, and sodium hypophosphite catalyst on
cotton fabric. They discovered that a rise in the concentration of N-methylol
dimethylphosphonopropionamide (MDPA) resulted in an escalation of the limiting oxygen
index (LOI) and a reduction in char length values. Collectively, MDPA has demonstrated
potential as an additive for flame retardancy in diverse applications. Figure 18 indicates the

chemical structure of MDPA[18].
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Figure 18. Chemical structure of MDPA[169].

3.12.5. Silicon-based flame-retardants

Silicon-based compounds that are appropriate for use as flame retardants include silica,
silicones, organosilanes, silicates, and silsesquioxanes[170]. Because silicon is plentiful and
may be modified to have desirable qualities for particular applications, silicon-based flame
retardants are appealing. They may appear in the shape of copolymers or be incorporated as
fillers into the polymer. When silicones with high heat resistance and excellent thermal
stability break down, a small amount of harmful gasses is released[128]. Silicones were used
in polycarbonate (PC) as flame retardants. Because of the combined effect of polysiloxane
and condensed aromatic compounds, they are easily distributed in polycarbonate and migrate
towards the surface after combustion to generate a highly persistent char[171]-[173]. The
flame-inhibiting principle for additives that retard flames in silicon-based materials involves
the movement of silicone derivatives towards the surface of the material as it degrades during
the process of combustion. This movement results in the creation of a partially protective char
layer that is thermally stable, and that provides some level of protection to the underlying
material. The formation of this char layer is primarily influenced by the viscosity of both the

degrading polymer and the flame-retardant complex that is based on silicon[174].

Silica, a naturally found compound comprised of silicon and oxygen (SiO;), is frequently
employed as a flame inhibiting filler in various substances. When subjected to elevated
temperatures, silica has the ability to facilitate the creation of a stable char layer, which
functions as a barricade against flames[175]. Figure 19 shows the chemical structure of

silicon dioxide.
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Figure 19. Chemical structure of silicon dioxide[176].

Siloxanes are substances that encompass silicon-oxygen (Si-O) bonds. Certain siloxanes have
undergone examination due to their flame-restraining attributes. These compounds may
potentially operate via the emission of water vapor during combustion, which aids in the
cooling of the material and the dilution of combustible gases[177], [178]. Chemical structure

of siloxane is shown in Figure 20.

]]C 5] 0— SI_}—D SI CH
H— ‘? H CH, H- c~n
! H

Figure 20. Chemical structure of siloxane[179].

3.12.6. Nanoparticles as flame retardants

Nanoparticles are currently under investigation for their potential application as flame
retardants on account of their distinct characteristics and potential advantages. The rationale

behind the utilization of nanoparticles as flame retardants lies in capitalizing on their
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diminutive dimensions and extensive surface area, which can result in improved efficacy in
diminishing flammability. Numerous categories of nanoparticles have been examined for their

flame retardant attributes[180], [181].

Nanoparticles of metal oxides, namely zinc oxide (ZnO), magnesium oxide (MgQO), aluminum
oxide (Al203) and titanium dioxide (TiOz2), have been the subject of extensive investigation
due to their inherent flame-retardant properties[182]-[185]. Metal oxides act as a physical
barrier and have the potential to promote the formation of a substantial char layer when the
polymer is combusted, thereby impeding the material's exposure to thermal sources and
enabling the apprehension of the smoke produced during the burning process, creating a
labyrinth effect, and suppressing molecular mobility. Consequently, these metal oxides act as

a safeguard, shielding the interior substances from combustion[186], [187].

Carbon nanotubes (CNTs) and other structures composed of nanotubes has been the subject of
investigation due to their properties as flame retardants. These materials are capable of acting
as physical obstacles, thereby restricting the entry of oxygen to the substance. Furthermore,

they have the potential to augment the generation of char[188], [189].

Non-combustibility constitutes a pivotal characteristic of nano-clays. The incorporation of
nano-clays into polymers has been observed to diminish the flammability of said polymers.
The substitution of conventional halogen-containing flame retardants with nano-clays has
become prevalent due to their cost-effectiveness, wide accessibility, environmentally friendly
nature, and enhanced physical properties. The mechanism underlying the non-combustibility
properties of nano-clay-based materials involves the creation of a carbonaceous layer that
shields the underlying material during combustion. The non-flammable nature of nano-clays
holds great promise in a multitude of contemporary applications, including aerospace,

automotive, textile, electronic, construction, and environmental domains[190]-[192].

3.13. Zinc oxide nanoparticles (ZnO NPs)

Zinc oxide (ZnO) is a powder, white in color that can be synthesized from the rarely found
mineral zincite, available in nature or produced from several precursors[193]. Zinc oxide

(Zn0O) is classified as an n-type semiconductor with excellent electron mobility, possessing a
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direct and broad band gap (>3.37 eV) located near the UV spectrum region[194], [195]. It
comprises Zn>" and O* ions bound together with a significant degree of ionicity and a lower
degree  of covalency[23]. In general, ZnOhas been found in three
primary crystalline structures: cubic rocksalt structure, cubic zinc blende, and wurtzite
hexagonal crystalline structure. Of these, the wurtzite hexagonal crystalline form is the most
abundant because it is thermally stable in ambient environments[196]. Zinc oxide (ZnO) has
been widely acknowledged as a chemical agent for the functionalization of textiles due to its
distinctive physical and chemical attributes, ecological compatibility, biocompatibility, and
economical cost[33], [197]. The primary benefit of this material is found in the aspect that the
US Food and Drug Administration (FDA) have generally acknowledged bulk ZnO as a

substance that is safe for consumption[197].

There are mainly two approaches for producing ZnO nanoparticles: the top-down method,
also known as the metallurgical procedure, involves roasting the precious mineral zincite.
Second approach is the bottom-up method employs a range of physical and chemical
synthesis techniques, such as mechanochemical, electrochemical techniques, sonochemical,
hydrothermal process, solvothermal, ultrasonic irradiation, microwave irradiation, sol-gel
method, microemulsion, coagulation processes, and controlled precipitation methods[23],
[33], [193], [198]. ZnO can generally be applied as a ZnO salt solution or suspension that has
already been manufactured, or it can be applied by creating ZnO nanoparticles (ZnO NPs) in-
situ onto a textile substrate[199], [200]. ZnO nanoparticles (ZnO NPs) are among the most
effective photocatalytic self-cleaning, antibacterial, and UV-protective agents due to their
exceptional photocatalytic activity, chemical stability during the exposure of UV radiation,
thermal stability, and ability to absorb a wide range of UV radiation. Moreover, ZnO NPs
have recently been incorporated into textile fibers to enhance their hydrophobicity, electrical
conductivity, moisture management, thermal stability, and flame retardancy[193], [201]-
[211]. Due to their photocatalytic qualities, ZnO NPs can also be employed as degradation
reagents for various contaminants, including dyes and surfactants found in effluent from the

textile sector[212], [213].
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3.13.1. Flame retardancy of ZnO NPs

A condensed phase mode of action through the heat barrier effect has been suggested as the
foundation for flame retardancy of ZnO NPs[124]. Due to exceptional thermal stability, ZnO
NPs can shield the insulating layer on the surface of the fiber, minimizing the amount of heat,
fuel, and oxygen that are transferred from the flame to the fibers and, as a result, lowering the
intensity as well as rate of burning. Additionally, ZnO is already classified as a substance that

suppresses the production of smoke[214].

The research on ZnO NPs based flame-retardant fabrics is quite limited[215]. The researchers
applied ZnO NPs either alone or jointly with phosphorus containing organic compounds to
cotton, polyester, or a blend of cotton and polyester; nevertheless, for technical purposes, sisal
and jute fibers containing textile substrate were also utilized[204], [216], [217]. The outcomes
demonstrated that replacing bulk ZnO with ZnO NPs greatly increased the flame retardancy
of the ZnO NPs loaded cellulosic fibers[204]. ZnO NPs suppressed smoke, lowered the rate
of heat release, and enhanced the limiting oxygen index of the cellulosic fibers[31], [204],
[217]. Furthermore, ZnO NPs greatly enhanced the amount of char residue, decreased the char
length, and reduced the after flame time as well as afterglow time[201], [214], [215].
However, ZnO NPs coating was unable to achieve the self-extinguishing properties of

cellulose fiber, even at excessive mass loadings[214].

3.13.2. Photocatalytic self-cleaning properties of ZnO NPs

Because of its electrical structure, zinc oxide (ZnO) exhibits extraordinary multifunctional
features, including photocatalytic activity[218]. When exposed to radiation with energy
equivalent to or higher than the band, excitable electrons in ZnO migrate to the conducting
band (e’cB), while holes remain behind in the valence band (h"vs)[219]. At the top surface of
ZnO0, two different photochemical processes occur simultaneously when water and oxygen are
present. The initial process involves oxidation, where photo-induced holes participate, while
the subsequent process involves reduction, with the participation of photo-induced electrons.
These reactions lead to the formation of reactive oxygen species (ROS), specifically *OH" and
*O72, which play a pivotal role in the efficient photocatalysis of ZnO. Conversely

photocatalytic efficiency of ZnO is reduced by the recombination of the photo-excited
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negative electrons present within the conduction band with the photo-induced positive holes
present within the valence band, which causes heat to be dissipated [193]. When ZnO NPs
exist on the top of textile fabrics, ZnO NPs has the ability to react and degrade different
organic dirt stains, both colorful and colorless[220]. In this scenario, the organic compounds
can undergo direct photo-oxidation through a reaction with h'vs, as well as indirect photo-
oxidation through a reaction with reactive oxygen species (ROS). As a result, organic
chemicals breakdown and are removed from textile fabrics[221]. This phenomenon is known
as photocatalytic self-cleaning since it cleans the textile surface without the need for washing

procedures[193].

3.13.3. Antibacterial properties of ZnO NPs

The antibacterial efficacy of ZnO is ascribed to the production of reactive oxygen species
(ROS) via ZnO photocatalysis and the liberation of Zn** cations from the surface of ZnO
nanoparticles[222]. Despite extensive investigation conducted in this domain, the precise
mechanism underlying the antibacterial effectiveness of ZnO NPs remains incompletely
comprehended. The divergence in findings is likely attributable to the utilization of distinct
zinc precursors, variances in synthesis conditions, differing concentrations of ZnO NPs,
structures of ZnO crystal, sizes, shapes, dissimilar surface textures, various types of defects,
and functionalization, all of which exert an influence on the antibacterial mechanism[193].
Under visible as well as ultraviolet exposure, it is thought that the photocatalytic production
of ROS, particularly H202 and *OH, is essential for antibacterial action of ZnO NPs. ZnO NPs
have the ability to adsorb directly to the surface of bacterial cells; thereafter, they can cause
disruption of the cell wall (Figure 21). The membrane of bacterial cells can be readily
penetrated by the highly reactive ROS produced, leading to oxidative stress and the
deterioration of cellular constituents (i.e. proteins, lipids, and DNA). Moreover, Zn>" cations
that are liberated by ZnO dissolution have the ability to enter bacterial cells and stop
respiratory enzyme activity there. Under conditions of low light intensity, the antibacterial
effectiveness of ZnO NPs is hypothesized to be less dependent on the production of reactive
oxygen species (ROS). Instead, it is primarily associated with the adherence of ZnO NPs to
the walls of bacterial cells, as well as the accumulation of higher amount of Zn** ions within

the cytoplasm of these bacteria[223]-[225].
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Figure 21. Mechanism of antibacterial activity of ZnO NPs[193].

3.13.4. UV protection of ZnO NPs

The spectrum of sunlight encompasses ultraviolet (UV) radiations, which can be classified
into three primary types: ultraviolet A, B, and C radiation, denoted as UVA, UVB, and UVC,
respectively. UVC radiation spans the wavelengths ranging from 100 to 280 nm, while UVB
radiation covers the range from 280 to 315 nm, and UV A radiation extends from 315 to 400
nm[23]. It is important to note that UVC radiation is predominantly absorbed by the ozone
layer in the atmosphere and, therefore, does not reach the surface of the earth. Among the
mentioned types, UVA radiation poses the greatest risk, leading to skin cancer, sunburn, acne,
and deoxyribonucleic acid (DNA) damage[226]. The fabric's capacity to shield the skin
against harmful radiation is measured by the UV protection factor (UPF). The UPF value
quantifies the extent to which the fabric transmits UV rays[227]. The Australian
Standardization Institute has established UPF values and protection categories for different

fabrics, which are presented in Table 1[228].
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Table 1. UPF value and protection category of the fabric categorized by The Australian Standardization

Institute.
UPF value Protection level
Below 15 Not good
15-24 Good
24-39 Very good
40 and above Excellent

Zinc oxide (ZnO) 1is renowned for its remarkable ultraviolet (UV) protection
characteristics[229]. These attributes arise from its exceptional chemical resilience when
exposed to UV radiation and its remarkable efficacy in obstructing both UVA and UVB rays.
Zinc oxide nanoparticles possess the capability to absorb ultraviolet (UV) radiation, primarily
within the UVA and UVB spectra. When exposed to UV rays, ZnO NPs absorb the
corresponding energy through the interaction with their electrons, impeding the penetration of
such radiation from the fabric into the skin. This absorption phenomenon plays a pivotal role
in safeguarding the integrity of DNA within skin cells, thereby reducing the likelihood of both
sunburn and long-lasting skin harm[230]. Apart from absorption, ZnO NPs also disperse UV
radiation via the process of scattering. This scattering effect disperses UV rays in diverse
directions, thus preventing their penetration from the surface of fabric to the skin.
Consequently, this scattering effect contributes significantly to the comprehensive UV
protection offered by ZnO NPs against both UVA and UVB rays[231]. Furthermore, ZnO
NPs exhibit reflective attributes within the UV range, effectively deflecting a proportion of
the incident UV radiation away from the surface of the fabric. This reflective mechanism

imparts an additional layer of protection against harmful UV exposure[193].
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CHAPTER 4
Materials and Methods

4.1. Materials

The 100 percent cotton fabric with a plain weave texture, 155 g/m? density, 52 ends/inch, 28
picks/inch, and 20 tex warp count, 20 tex filling count, was acquired from the Technical
University of Liberec, Czech Republic. Citric acid CeHsO7, zinc acetate dihydrate
(Zn(CH3C00)2.2H20), sodium hydroxide (NaOH), sodium hypophosphite (SHP), and 1, 2, 3,
4-butanetetracarboxylic acid (BTCA) chemical reagents were procured from Merk, Prague,
Czech Republic. N-Methylol dimethylphosphonopropionamide (MDPA) was obtained from
the Huntsman Corporation. Acramin SW acrylic-based binder was obtained from Tanatex
Chemicals, The Netherlands. All the obtained chemical reagents were of analytical grade and

utilized as purchased without further purification.

4.2. Surface activation of cellulose

To obtain maximum adherence of ZnO NPs and MDPA on the cellulosic structure of the
cotton fabric, the cotton fabric was pretreated with a 0.5% aqueous solution of citric acid in
the presence of 0.5% sodium hypophosphite as a catalyst for cellulosic surface activation. As
the citric acid and cotton fibers were added to deionized water, both were ionized, as shown in
equations (12) and (13). In a further reaction, carboxylic groups of citric acid were easily

attached to the hydroxyl groups on the cotton fabric, as shown in equation (14).

CeHgO, + H,0 & C4H,05; + H;0% (12)
Cellulose-OH + H,0 < Cellulose-0 + H;0% (13)
CeH,07 + Cellulose-OH + H,0 < Cellulose-CA+ H;07 (14)

4.3. In-situ sonochemical synthesis of ZnO NPs on cotton fabric

ZnO NPs were synthesized and stabilized onto the cotton fabric concomitantly by hydrolysis

of zinc acetate dihydrate (Zn(CH3C0OO)2.2H20) and sodium hydroxide (NaOH) in deionized
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water. Table 2 shows the experimental variables used in this research. Full factorial
experimental design was applied to develop the samples. The precursors, zinc acetate
dihydrate (Zn(CH3COO)2.2H20) and sodium hydroxide (NaOH) with different molar
concentrations, were dissolved separately in deionized water under vigorous magnetic stirring
(300 rpm) conditions. After that, the cotton fabric piece was dipped into the zinc acetate
dihydrate solution for 10 min under vigorous magnetic stirring (300 rpm). After 10 min, the
NaOH solution was poured dropwise into that solution at ambient temperature and under
vigorous magnetic stirring (300 rpm). For absolute completion of the reaction mechanism, the
obtained solution containing the immersed cotton fabric piece was sonicated for different
sonication times (Table 2). The Branson sonication probe (20 kHz, 50% efficiency, 150 W)
was utilized in this experimental procedure. The reaction temperature was maintained at 80
°C by utilizing a hot plate. Then, the treated fabric pieces were washed thoroughly with
deionized water to remove any impurities. Eventually, the obtained fabric pieces were placed
in an air oven at 90 °C for 120 min. In order to compare the sonochemical process and to
accentuate the critical influence of ultrasound irradiation waves, one sample was developed
using a conventional magnetic stirring method using the same precursor concentrations (0.1
M Zn(CH3COO)2.2H20, 0.3 M NaOH) and temperatures (80 °C) as the optimized sample
(will be discussed in next section), under vigorous magnetic stirring (300 rpm) for 90 min. In

this research work, this sample was named sample A.

Equations (15—17) show the proposed mechanism of ZnO NPs synthesis on the cotton fabric.

Table 2. Experimental variables for the synthesis of ZnO NPs.

Zinc acetate dihydrate Sodium hydroxide Sonication time
™M) ™M) (minute)
0.05 0.1 30
0.1 0.2 60
0.15 0.3 90
120
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Zn(CH5C00),.2H,0 + 2NaOH — 2CH;COONa + Zn* + 20H™ + 2H, O (15)
Zn* +20H- - Zn(OH), (16)
Zn(0H), - Zn0 + H,0 (17)

4.4. Extraction of solid powder

After removing the fabric, the solution was centrifuged at 5000 rpm for 3 min to separate the
solid ZnO NPs from the liquid. The centrifuged solid was thoroughly washed with deionized

water to remove any impurities and finally dried in an air oven at 90°C for 120 min.

4.5. MDPA application

MDPA application was performed with the help of a laboratory padder (Werner Mathis AG
Switzerland) at 80% wet pick up. The bath formulation used 300 g/ MDPA, 60 g/ BTCA
crosslinker, 50 g/L SHP catalyst, and 5 g/L acramin SW binder. Various preliminary trials
were conducted to determine the best compatible concentrations of MDPA and BTCA with
optimized ZnO NPs loaded samples. ZnO NPs loaded samples were impregnated in MDPA
and BTCA solution, padded and dried at 110 °C for 3 min, and cured at 150 °C for 2 min. In
order to determine the crucial role of ZnO NPs in flame retardancy, a cotton fabric sample
was treated with MDPA and BTCA without ZnO NPs treatment. In this research work, that

sample was named sample B.

Figure 22 shows the schematic diagram for surface activation of cellulose; in-situ synthesis of
ZnO NPs on the cotton fabric and MDPA application and the Figure 23 indicates reaction
mechanism of MDPA and BTCA with cellulose.
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Figure 22. Schematic diagram for surface activation of cellulose, in-situ synthesis of ZnO NPs on the
cotton fabric and MDPA application.
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Figure 23. Reaction mechanism of MDPA and BTCA with cellulose.
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4.6. Characterization and testing

4.6.1. Content analysis

The induced coupled plasma atomic emission spectrometer (ICP AES, Optima7300 DV,
Perkin-Elmer Corporation, Waltham, MA, USA) was utilized to analyze the Zinc (Zn)
contents and phosphorous (P) contents. The developed fabric sample of weight 0.1 g was
treated with 8 mL of concentrated nitric acid (HNO3) (65 %) until the fabric was wholly
dissolved. Then the obtained solution was shifted to a volumetric flask of 100 mL capacity,

and finally, dilution was done with deionized water.

4.6.2. Add-on %

The add-on % (uptake) was calculated according to equation (18).

wf-wi

Add on% = "= % 100 (18)

In equation (18)
wit= final weight of the developed sample
wi= initial weight of the untreated sample

4.6.3. Surface morphology

The surface of the pristine cotton and developed samples was visualized using a Quanta 200
FEG scanning electron microscope (SEM) (FEI Company, Hillsboro, OR, USA). The
specimens underwent a process of gold sputter coating in order to enhance the electrical

conductivity of their surface.

4.6.4. Particle size analysis

The particle size of the synthesized ZnO NPs was examined by employing dynamic light
scattering (DLS) technology using the Malvern zeta sizer (Malvern Panalytical Ltd, United
Kingdom). Extracted solid ZnO NPs from the synthesis solution were dispersed in deionized

water with the help of an ultrasonic probe. Eventually, the DLS technique was employed.
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4.6.5. XRD analysis

The XRD patterns were measured using an X-ray diffraction system (Powder X-ray
diffraction system, ARL, X,TRA, Thermo Scientific USA). The measurements were recorded
in the range of diffraction angle 20=10°-70°, with step size 0.02, and scan rate 2 [°/m], and

0.6 integration duration.

4.6.6. FTIR analysis

The fourier transform infrared spectroscopy (FTIR) was employed on the developed samples
and pristine cotton to investigate the surface chemical structure. The measurements were
performed at room temperature with the help of a Perkin Elmer spectrometer equipped with
Thermo Scientific Nicolet IS50 FT-IR USA attenuated total reflectance (ATR) technology.
The spectra were recorded in the range of 4000 to 400 cm™ using ZnSe crystal at a resolution

of 4 em™! with 32 scans.

4.6.7. Thermogravimetric analysis

The thermal stability of the developed and untreated samples was examined with the help of
thermo gravimetric analysis (TGA) using a TGA/SDTA 851 METLER TOLEDO analyzer.
The untreated and developed samples were subjected to heat in a synthetic air atmosphere
from 30 °C to 700 °C with a 10 °C/min heating rate. Finally, the weight loss percent of the

samples was measured.

4.6.8. Vertical flame test

To evaluate the flammability of untreated cotton samples and developed samples, vertical
flame test (ASTM D6413-2015) was employed. This particular methodology aims to ascertain
the reaction of textile materials when exposed to a prescribed source of ignition. It intends to
derive quantitative data regarding the duration of after flame, after glow, and the length of the
resulting char. Samples with dimensions (300 x 70 mm) that have been cut from the fabric for
the purpose of testing are affixed to a frame, which is suspended in a vertical position within
the flame chamber. Subsequently, a regulated flame 38 mm in size is directed towards the
sample for a predetermined period of time (i.e. 12 seconds). Following the removal of the
burner, the duration for which the material continues to burn, known as the after flame time, is

documented. Additionally, the length of time the material continues to emit a glow after the
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flame has been extinguished, referred to as the after glow time, is also recorded. Lastly, the
specimen is torn apart using weights, allowing for the measurement of the char length. This
refers to the distance from the fabric's exposed edge, which was subjected to the flame, to the

end of the area that has been impacted by the flame.

4.6.9. Limiting oxygen index

The LOI values were recorded for untreated and developed samples according to the standard
test method ASTM D2863-97. In this method, sample is ignited with combustible flame in an
oxygen/nitrogen environment. The LOI measurement is conducted on specimens with
dimensions (80 x 10 mm), which are positioned vertically within a glass chimney at its center.
In order to achieve homogenization, the gas mixture is passed through layers of glass beads as
it moves upstream through the chimney. Following a 30 seconds column purge, the
specimen's upper part is ignited, resembling the lighting of a candle. Then the oxygen
concentration in the oxygen/nitrogen environment is decreased until the flame is extinguished.
The minimum concentration of oxygen which supports the combustion is recorded. LOI is

expressed as volume percent and calculated according to the following equation (19).

4.6.10. UV protection

Pristine cotton sample and treated samples were analyzed for their UV protective properties
on a Varian CARY 1E UV/VIS spectrophotometer equipped with a DRA-CA-301 integration
sphere and solar screen software. The samples were measured in the UV range 280 nm to 400
nm. The transmittance measurements and calculations of the UPF were carried out in

accordance with the AATCC 183-2000 standard. The UPF value was calculated according to

equation (20).
400nmE S A
UPF — 280nm EA°2A8A 20
Yaaomm EASAT A4, (20)

Ex= solar spectral irradiance
Six= relative erythemal spectral response

A)= measured wavelength interval in nanometers

48



Development of Flame Retardant Cotton Fabrics with Multifunctional Properties

Th= average spectral transmittance from the sample

4.6.11. Antibacterial activity

The quantitative method AATCC 100-2012 was used to analyze the antibacterial
performances of the samples. According to this standard, 1 mL of bacterial inocula was taken
in a conical flask, and fabric pieces (4.8+0.1 cm diameter) were added into that flask and let
to remain in contact with bacterial inocula for 24 hours. After that, the solution was subjected
to serial dilution up to 10”7 in nutrient broth. Then, the 0.1 mL of the dilution was transferred
to the agar plate and finally incubated for the duration of 24 hours at a temperature of 37 °C.
The no. of bacterial colonies that appeared were counted. The bacterial reduction % was

calculated according to the following equation (21).
R% = "2 x 100 1)

Where

R= bacterial reduction %

A= no. of bacterial colonies appeared from the untreated sample
B=no. of bacterial colonies appeared from the treated sample

4.6.12. Self-cleaning

The photocatalytic self-cleaning activity of the untreated and chemically modified samples
was determined based on the photodegradation of a coffee stain under UV light. For this
purpose, the samples were immersed in coffee (10 g ground coffee/100 mL water) for 30 s;
the stained samples were irradiated under the UV light of Philips TL 6W UV tubes (315-400
nm) and the stain degradation performance was evaluated as a function of exposure to UV
light. Later, the fabric surfaces discolored after the tests were scanned with 300 dpi and the

scanned images were analyzed to calculate the color intensity by Image J software (Figure

24).
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Figure 24. Method to calculate color intensity by ImageJ.

4.6.13. Bending rigidity

Bending rigidity was measured using the TH-7 instrument. This equipment produces a
bending force from which we can compute bending rigidity. The measuring range of this
device for bending force is 40 mN to 4000 mN. This device is identical to the standard
Kawabata KES-FB 2 device, which is used for assessing low stress mechanical properties.

The mean of five readings for each sample was calculated.
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4.6.14. Air permeability

The Textest FX 3300 equipment was used to assess the air permeability of untreated and
developed samples in accordance with CSN EN ISO 9237 standard. The measuring principle
relies on the measurement of the airflow passing through the fabric at a specific pressure. The
airflow passing through at 200 Pa pressure on an area of 20 cm? at a range of 6 was measured.
Five measurements were taken at various sites for each sample, and their averages were

computed.

4.6.15. Tensile strength

Tensile strength of the samples was measured according to the test method ASTM D5034.
The procedure outlined in the ASTM D5034 test method pertains to the determination of the
maximum force at break for textile fabrics utilizing a grab method. The grab test, which is a
form of tensile strength assessment, involves clamping the center of the specimen using
mechanical clamps. Subsequently, force is applied, and the force at which the sample breaks

is recorded. The Zweigle F-425 tensile tester was utilized in this research work.

4.6.16. Wash durability

The home laundering washing durability of the treated samples was examined as per ISO 105-
CO6 standard. Each wash cycle of this method is equal to five home laundering. The treated
samples were washed at 50 °C for 45 minutes with 4 g/L. washing detergent. Finally, the
washed samples were rinsed and then dried at 80 °C. Eventually, the washed samples were

investigated for their functional properties.
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CHAPTER 5

Results and Discussion
All the results present in this research study are the mean of five replications.
5.1. Content analysis

The ICP-AES technique was employed to analyze the Zn and P contents of the developed
samples and tabulated in Table 3. Zn contents analysis was done to decide the most
productive and optimized sonication time and concentrations of chemical reagents. It can be
seen from Table 3 and Figure 25 (3D surface plots) that with an increased sonication time of
up to 90 minutes the synthesized mass of Zn contents also increased. However, after 90
minutes the synthesized mass of Zn contents decreased. After a critical time of 90 minutes,
ultrasonic waves might be led to remove the ZnO NPs from the fabric. While the higher molar
concentration of NaOH leads to the higher synthesized amount of Zn contents. In the case of
zinc acetate with increased concentration up to 0.1 M zinc acetate synthesized mass of Zn
contents also increased. However, at 0.15 M zinc acetate synthesized mass of Zn contents
tends to decrease. The maximum synthesized mass of Zn contents was achieved for sample
23, which exhibited Zn contents of 13.14 %. So, the optimal sonication time for this
experiment is 90 minutes, and the optimal concentrations of the reagents are 0.1 M zinc
acetate, and 0.3 M NaOH. Table 3 shows that optimized sample 23 has 3.44 phosphorous (P)
contents % and 30.47 add on %. Furthermore, it can be seen from Table 3 that add on %

shows the same trend as Zn contents %.

Equation (22) shows the regression model for the prediction of Zn contents %. R-squared
value can be used to evaluate how well the model fits the data; the R-squared value presented
in the model summary shows that the fitted model could explain 73.58 % of total variations ,
while the p-value = 0.00 and F-value = 80.30 presented in the model summary indicate that

the model is significant.
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Table 3. Experimental results for Zn contents, P contents, and add-on %.

Zinc acetate Sonication time | MDPA Zn contents P contents Add on
Sample o [NROHODL o nutes) @) | @) | 5% | @0 | S| (%) | std. dev.
dev. dev.
1 0.05 0.1 30 300 | 1.69 | 007 |3.88] 008 | 1692 | 0.15
2 0.05 0.1 60 300 | 1.84 | 004 |3.86] 007 | 17.11 | o012
3 0.05 0.1 90 300 | 213 | 009 | 383|006 | 1745 | 0.5
4 0.05 0.1 120 300 | 191 | 008 |3.84] 007 | 1722 | o0.16
5 0.05 0.2 30 300 | 283 | 011 |3.81|008| 1831 | o018
6 0.05 0.2 60 300 | 3.19 | 009 |3.79| 005 | 1861 | 0.14
7 0.05 0.2 90 300 | 334 | 013 |378] 009 | 1891 | 022
8 0.05 0.2 120 300 | 327 | 007 |379] 006 | 1878 | o0.14
9 0.05 0.3 30 300 | 464 | 010 | 375 005 | 2038 | 0.7
10 0.05 0.3 60 300 | 4.86 | 006 |3.73] 008 | 2070 | 0.3
1 0.0 0.3 90 300 | 509 | 0.10 {372 006 | 2096 | o0.15
12 0.05 0.3 120 300 | 501 | 005 |3.72| 006 | 2084 | 0.3
13 0.1 0.1 30 300 | 534 | 007 |371 005 | 2123 | 0.12
14 0.1 0.1 60 300 | 547 | 008 |370] 007 | 2143 | o0.16
15 0.1 0.1 90 300 | 565 | 005 |3.70 | 0.06 | 2160 | 0.12
16 0.1 0.1 120 300 | 553 | 005 |3.70 | 006 | 2151 | o.11
17 0.1 0.2 30 300 | 878 | 007 |3.63] 007 | 2532 | o0.16
18 0.1 0.2 60 300 | 9.07 | 006 |3.61]005]| 2565 | o0.14
19 0.1 0.2 90 300 | 931 | 004 | 358005 2548 | 0.19
20 0.1 0.2 120 300 | 917 | 007 |3.60] 007 | 2577 | 020
21 0.1 0.3 30 300 | 1123 | 006 |3.50 | 0.04 | 2824 | o0.16
22 0.1 0.3 60 300 [12.09 | 007 |347| 003 | 29021 | 0.8
23 0.1 0.3 90 300 | 13.14 | 006 |3.44 | 006 | 3047 | 0.2
24 0.1 0.3 120 300 | 12.54 | 005 | 346|005 | 2979 | o.11
25 0.15 0.1 30 300 | 539 | 006 |3.72| 006 | 2131 | 0.3
26 0.15 0.1 60 300 | 561 | 007 |3.69| 004 | 2154 | 0.10
27 0.15 0.1 90 300 | 573 | 004 |3.69]005]| 2172 | o011
28 0.15 0.1 120 300 | 557 | 005 |370] 007 | 2152 | 013
29 0.15 0.2 30 300 | 889 | 005 |362] 005 ]| 2542 | o011
30 0.15 0.2 60 300 | 921 | 002 |3.59] 003 | 2582 | 0.08
31 0.15 0.2 90 300 | 943 | 004 |3.55] 004 | 2611 | o0.10
32 0.15 0.2 120 300 | 929 | 003 |3.58| 006 | 2591 | o0.11
33 0.15 0.3 30 300 | 9.63 | 006 | 354002 2631 | 0.09
34 0.15 0.3 60 300 | 991 | 003 |3.53] 003 | 2665 | 0.09
35 0.15 0.3 90 300 [ 1013 | 005 | 352005 | 2691 | 0.12
36 0.15 0.3 120 300 | 997 | 008 |3.53 004 | 2657 | 0.14
A 0.1 0.3 90 (magnetic 300 | 7.83 | 0.10 |3.67] 0.06 | 2409 | 0.8
stirring)
B - ; ; 300 ; - 392 00 | 1493 | 093
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Figure 25. 3D surface plots the relative synthesized amount of Zn contents %.

Zn contents % = — 1.45 + 36.2 zinc acetate (M) + 14.69 NaOH (M) + 0.00001sonication
time (minutes) + 66.4 zinc acetate (M) x NaOH (M) — 0.0049 zinc acetate (M) x
sonication time (minutes) + 0.0289 NaOH (M) x sonication time (minutes) (22)

Model summary of Zn contents %

S=1.7058 R-squared = 73.58% R-squared (adj) = 72.66% R-squared (pred) = 71.69%
F-Value =80.30  p-value = 0.0000
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The analysis of variance subjected to data regarding the synthesized amount of Zn contents %
under the effect of zinc acetate (M), NaOH (M), and sonication time (minutes) are presented
in Table 4, which revealed highly significant effects for all the variables and there interactions

upon the synthesized amount of Zn contents % with p-value <.001.

Table 4. Analysis of variance for the synthesized amount of Zn contents %.

Source of variation Sum of squares df S:flj\:e F-value p-value
A-Zinc acetate (M) 1126.181 2 563.091 107854.55 | <.001
B-NaOH (M) 671.350 2 335.675 64295.32 <.001
&?ﬁ;ﬁ’;ﬁon time 8.959 3 | 2.986 571.97 <001
AxB 92.845 4 23.211 4445.88 <.001
AxC 1.139 6 .190 36.35 <.001
BxC 1.627 6 271 51.94 <.001
AXBxC 2.587 12 216 41.29 <.001
Error 0.752 144 | .005

Total 1905.440 179

The main effects plots for fitted mean values of the synthesized amount of Zn contents %
under different experimental variables are shown in Figure 26. The plots elaborate that all the
values are distinct from one another. In the case of zinc acetate (M) the maximum mean value
of the synthesized amount of Zn contents % is 8.94 which is obtained at 0.1 molar
concentration of zinc acetate, while for the NaOH (M) the maximum mean value of
synthesized amount of Zn contents % is 9.02 which is obtained at 0.3 molar concentration of
NaOH. The plots show that the maximum mean value of Zn contents % for sonication time

(minutes) is 7.11 which is obtained at 90 minutes of sonication time.
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Figure 26. Main effects plots for Zn contents %.

5.2. SEM analysis
SEM Images were measured to investigate the surface morphology of the pristine cotton
fabric and ZnO NPs coated samples. It can be seen from Figure 27 (a) and Figure 27 (b) that
pristine cotton has a clean and smooth surface. Figures 27 (c¢) and 27 (d) show the SEM
images for optimized sample 23, which reveals that after optimized sonochemical treatment

ZnO NPs are spread onto the cotton fabric surface homogeneously, finely, and evenly.
Figures 27 (c) and 27 (d) show that the surface of the fabric is entirely covered by the ZnO
NPs. The deposition of ZnO NPs onto the cotton fabric surface results from attractive forces
between cellulosic functional groups and ZnO NPs [232]. SEM images show that the
deposition of ZnO NPs created roughness on the surface of fibers. Figure 27 (f) SEM image
for sample A indicates that there is a deposition of ZnO NPs onto the cotton fabric surface
after the conventional magnetic stirring method, but as compared to the sonochemical
method, the ZnO NPs are not spread smoothly, finely and homogeneously. Figure 27 (e)
shows the SEM image for optimized sample 23 at high resolution, showing that ZnO particles
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are deposited onto the cotton surface at a nano scale with narrow size distribution. Moreover,

Figure 27 (e) reveals that most of the ZnO NPs have round and spherical shapes.

(a)

S00 nm

po—
s )
]

Figure 27. SEM images (a,b) pristine cotton, (c,d,e) sample 23 and (f) sample A.

5.3. Particle size

Figure 28 shows the particle size distribution of sonochemical in-situ synthesized ZnO NPs
(optimized sample 23). It can be seen from Figure 28 that nanoparticle size distribution is uni-
modal with an average particle size of 30.89 nm. At the nano scale the particles have
increased surface areas, allowing the nanoparticles to be utilized in many technical
applications [233], [234]. Dodd et al. reported that a decrease in particle size results in an
augmentation of the specific surface area. Consequently, this augmentation also leads to an

increase in the quantity of active surface sites. These sites facilitate the reaction between the
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photogenerated charge carriers and absorbed molecules, thereby giving rise to the formation

of hydroxyl and superoxide radicals[235].
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Figure 28. Particle size distribution sample 23.

5.4. XRD analysis

XRD diffractograms of pristine cotton fabric and optimized sonochemically treated sample 23
are presented in Figure 29. It is evident from Figure 29 that the pristine cotton fabric has only
the characteristic peaks of cellulose (at 20= 14.8, 16.5 and 22.7) (JCDPS No0.03-0226) [236].
While the sample 23 has some additional peaks (at 26= 32.1, 34.7, 36.5, 47.8, 56.7, 63.1,
68.1, 69.2) in the diffraction planes (100), (002), (101), (102), (110), (103), (200), and (112).
These are characteristic peaks of ZnO NPs (as per diffraction standard No.36-1451 defined by
the joint committee on powder diffraction standard (JCDPS)) [237]. The additional peaks are
evidence of the presence of crystalline hexagonal wurtzite structure of ZnO NPs [210], [238].
The peak in plane (101) has the highest intensity, which shows that the (101) plane direction
is the main dominant and leading growth direction for ZnO NPs. Moreover, in the case of
sample 23, the peak intensity of the cellulose has decreased due to ZnO NPs loading.
Furthermore, there is no extra peak in the diffractogram of sample 23 other than cellulose and

ZnO NPs, which shows the purity of the ZnO NPs.
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Figure 29. XRD diffractogram of pristine cotton and sample 23.

5.5. FTIR analysis

The FTIR spectra for pristine cotton, cotton-CA, sample 23, sample A, and sample B are
presented in Figure 30. The pristine cotton has an O-H stretching band at 3300 cm™!, which
contains hydrogen bonding, a band at 2900 cm™ is the result of C-H stretching, a band at 1310
cm! is due to the C-H wagging, while the peak at 1640 cm™ shows the presence of absorbed
H20 molecules. The band at 1030 cm™ was attributed to C=0 stretching. The C-H bending is
evident from the peak available at 1314 cm™ [239], [240]. After citric acid treatment, a new
absorption peak appeared at 1729 cm’', which can be attributed to the absorption of the
carboxyl group from citric acid [241]. In the case of treated samples, there are some new
peaks. The peak due to P=0 is centered at 1250 cm!, while the peak centered at 884 cm™ is
associated with the P-O bond. Furthermore, the presence of the amide group can be confirmed

by the peaks at 1624 cm-1 (amide vibration) and 1528 cm™ (amide vibration), which are
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evidence of flame retardant treatment onto the cotton fabric [242]. Moreover, in the case of
sample A and sample 23, there is a significant shift of FTIR spectra in the wavenumber range
of 400 cm™ to 500 cm™!, which is attributed to the presence of ZnO NPs on the cotton fabric.
In the case of sample 23, the intensity of spectra shift is more than that of sample A, which
can be attributed to the high amount of ZnO NPs available in the case of sample 23. The shift
of spectra in that wavenumber range can be attributed to the formation of the —CH2-O-Zn

structure [238], [243].
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Figure 30. FTIR spectra of pristine cotton and sample A, sample B and sample 23.

5.6. Thermo gravimetric analysis

The thermal degradation trend of the fabric can be used to evaluate the flammability behavior

of cotton fabric. So, the thermo gravimetric analysis of pristine cotton and developed samples
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was performed in a synthetic air environment. Figure 31(a) shows the weight loss percentage
with the rise of temperature, Figure 31(b) shows the weight loss rate with the rise of
temperature, whereas Table 5 shows the values of decomposition temperatures for pristine
cotton and developed samples. In the case of the TGA curve for pristine cotton, there is only
little weight loss below 343 °C, which corresponds to the evaporation of water molecules. In
this region, the decarboxylation and dehydration process of cotton cellulose occurred, forming
the aliphatic char and combustible gasses. The region 350 °C to 550 °C corresponds to the
transformation of aliphatic char into an aromatic form of carbon dioxide and carbon monoxide
[244]. Citric acid treated cotton fabric showed the same degradation behavior as pristine
cotton but with little increase in residue. From Table 5, it can be seen that the Tonset 10% values
have shifted towards lower temperatures after MDPA and ZnO NPs coating. For pristine
cotton, Tonset 10% 18 319.23 °C, while for sample 23, Tonset 10% 1s 266.07 °C, which is the lowest
than all the samples. This attributes to the stronger performance of MDPA and ZnO NPs for
the decomposition of cellulose as compared to pristine cotton. This Tonset mass loss is due to
the evaporation of moisture contents from the fabric. Loading of MDPA and ZnO NPs tends
to escalate the fabric’s moisture, hence lowering the Tonset for developed samples than pristine
cotton [245]. Tmax for pristine cotton was observed at 343.15 °C, while after treatment, Tmax
decreased, and the lowest Tmax was observed for sample 23 (i.e. 280.19 °C). From Table 5, it
can be seen that the char residue at Tmax and 600 °C increased after treatment compared to
pristine cotton. This improvement can be explained as phosphorous components in MDPA
were turned into phosphoric acid, which caused the fabric’s dehydration, hence leading to the
lower degradation temperature and higher char residues [246]. The high char residual amount
in the case of sample 23 corresponds to ZnO NPs [247]. The quantitative amount of char
residue produced is associated with flame retardance performance [248]. The reduction in
degradation temperature after MDPA treatment might be due to the fact that the O-P-C bond
in MDPA is less stable than the C-O-C bond in cotton, and MDPA produced the phosphorous
derivatives at lower temperature that might be accelerated cellulose degradation to char at
lower temperature[249], [250]. While after ZnO NPs treatment, degradation temperature
further decreased, which can be attributed to the loss of fiber strength during sonochemical
process (will be discussed at next pages) which led to degradation of cellulose at lower

temperature. The results are in accordance with Dhandapani et al. they also reported that ZnO
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NPs loaded cotton fabric during thermo gravimetric analysis showed lower degradation

temperature and high char residue as compared to untreated cotton fabric [251]. In other

study, Zhang et al. concluded that an increase in Zn contents on cellulosic fabric resulted as

decrease of the degradation temperature and increase of char residues[11].
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Figure 31. Thermo-oxidative behavior (a) TGA curves and (b) dTG curves.
Table 5. Thermal characteristics of pristine cotton and developed samples.
Residue at Tmax | Residue at 600 °C
Sample Tonset 10% (OC) Tmax (OC) (%) (%)
Pristine cotton 319.23 343.15 47.04 2.29
Cotton-CA 317.12 335.52 62.93 4.19
Sample A 280.34 296.13 68.47 3091
Sample B 295.18 304.32 67.11 24.25
Sample 23 266.07 280.19 70.21 38.17
5.7. Vertical flame test

The measurements of the vertical flame test of untreated and developed samples are shown in

Table 6 and Figure 32. It can be seen from Table 6 and Figure 32 that MDPA has a good
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effect on the flame retardancy of the cotton fabric, which further improved by the deposition

of ZnO NPs.

It is evident from the results that flame retardant properties (i.e. after flame time, after glow
time, char length) improved with increased deposition of ZnO NPs. The untreated sample
burned intensely in contact with flame. After detaching the flame source, the burning process
of the untreated sample remained continue until it completely burned out without any char
formation. On the other hand, all the treated samples (MDPA treated and MDPA + ZnO NPs
treated) were self-extinguished. Furthermore, char formation was observed in the case of
treated samples (MDPA treated and MDPA + ZnO NPs treated). Moreover, it was observed
that after flame time, after glow time, and char length of the treated samples decreased with
an increased amount of Zn contents %. The best flame retardant results were observed in the
case of sonochemically optimized sample 23. Sample 23 self-extinguished immediately after
removal of the combustion source and had zero second after flame time, zero second after
glow time, and 39 mm char length. Sample A developed by conventional magnetic stirring
method had 2.13 seconds after flame time, zero second after glow time, and 76 mm char
length, while sample B only treated with MDPA had 8.04 seconds after flame time, 5.21
seconds after glow time, and 127 mm char length. The char formation in the case of MDPA
and MDPA + ZnO NPs treated samples was because of water removal from the fabric, the
liberation of water leads to the dilution of the oxidizing gas phase, which created the
insulating layer and protected the fabric after flame removal, hence increasing the flame
retardancy [252]. Moreover, at elevated temperature phosphorous containing compounds
release phosphate anions (pyro- and polyphosphates), these phosphate anions engage in char
formation alongside the carbonized residues. This resulting carbonized layer known as char
acts as a shield, effectively insulating and safeguarding the polymer from the flames while
also impeding the diffusion of oxygen. Additionally, the presence of char hinders the
volatilization of fuel and serves as a barrier against the generation of flammable free radicals
[130], [131]. Phosphorus containing compounds are also capable of undergoing volatilization
and into the gaseous state, thus leading to the creation of active radicals (such as POze, POe,
and HPOe) and serve as scavengers for He and OHe radicals[130], [131]. Furthermore, ZnO

NPs acted as co-catalyst and decreased the flame spread rate; therefore, improved flame
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retardancy was achieved [253]. A condensed phase mode of action through the heat barrier

effect has been suggested as the foundation for flame retardancy of ZnO NPs [124].

Table 6. Experimental results for flammability test.

Zine Flammability test
Sample ac(;[ate N;lh(,I))H So?ﬁ?;lstne st)lme N(I;E)A After flame time | After glow time Char length
(M) (s) |Std.dev.| (s) |Std.dev.] (mm) |[Std. dev.
Untreated| - | - : | 1934 | 321 | 962 | 186 |Completely -
burned
1 0.05 | 0.1 30 300 | 742 | 012 | 325 | 013 103 1.92
2 0.05 | 0.1 60 300 | 7.02 | %13 | 311 | 008 99 2.12
3 0.05 | 0.1 90 300 | 624 | 017 | 294 | o.11 95 1.22
4 0.05 | 0.1 120 300 | 674 | o012 | 3.03 | 0.08 96 0.71
5 0.05 | 02 30 300 | 583 | 021 | 272 | 017 92 2.00
6 0.05 | 02 60 300 | 526 | o016 | 233 | o0.16 90 2.35
7 0.05 | 02 90 300 | 419 | 022 | 204 | 007 89 0.70
8 0.05 | 02 120 300 | 484 | 025 | 217 | 0.14 89 1.00
9 005 | 03 30 300 | 387 | 022 | 191 | o011 83 1.87
10 | 005 | 03 60 300 | 358 | 018 | 1.62 | 0.07 78 3.11
1 0.05 | 03 90 300 | 282 | 020 | 1.06 | 0.05 76 1.58
12 | 005 | 03 120 300 | 312 | o015 | 134 | 012 76 1.21
13 0.1 | 0.1 30 300 | 2.09 | 021 | 078 | 0.09 73 1.23
14 0.1 | 0.1 60 300 | 156 | 016 | 027 | 0.05 71 1.87
15 0.1 | 0.1 90 300 | 059 | o.11 0 0 68 2.65
16 0.1 | 0.1 120 300 | 117 | 012 0 0 70 2.55
17 0.1 | 02 30 300 0 0 0 0 55 2.74
18 0.1 | 02 60 300 0 0 0 0 53 2.12
19 0.1 | 02 90 300 0 0 0 0 51 224
20 0.1 | 02 120 300 0 0 0 0 52 2.92
21 0.1 | 03 30 300 0 0 0 0 42 2.16
22 0.1 | 03 60 300 0 0 0 0 40 1.78
23 0.1 | 03 90 300 0 0 0 0 39 0.71
24 0.1 | 03 120 300 0 0 0 0 40 1.58
25 | 015 | 0.1 30 300 | 197 | o014 | 053 | 0.03 73 1.14
26 | 015 | 0.1 60 300 | 092 | o.11 0 0 69 272
27 | 015 | 0.1 90 300 | 042 | 0.08 0 0 65 1.64
28 | 015 | 0.1 120 300 | 1.02 | 0.10 0 0 70 2.12
29 | 015 | 02 30 300 0 0 0 0 55 2.16
30 | 015 | 02 60 300 0 0 0 0 51 1.78
31 0.15 | 02 90 300 0 0 0 0 50 1.56
322 | o015 | 02 120 300 0 0 0 0 51 3.74
33 | 015 | 03 30 300 0 0 0 0 49 1.31
34 | 015 | 03 60 300 0 0 0 0 47 0.83
35 | 015 | 03 90 300 0 0 0 0 44 1.87
36 | 015 | 03 120 300 0 0 0 0 47 1.22
A 0.1 | 03 | P0Umagnetic | 550 | 543 | 975 | o 0 76 3.8
stirring)
B - : - 300 | 804 | 025 | 521 | 023 127 4.95
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Wang et al. described that ZnO NPs could shield the insulating layer on the surface of the
fiber, minimizing the amount of heat, fuel, and oxygen that are transferred from the flame to
the fibers and, as a result, lowering the intensity as well as the rate of burning. Additionally,
ZnO is already classified as a substance that suppresses the production of smoke [214].
Furthermore, these results are in accordance with Samanta et al., Wang et al., and Arputharaj
et al. they concluded that ZnO NPs greatly enhanced the amount of char residue, decreased

the char length, and reduced the after flame time as well as afterglow time[201], [214], [215].
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Figure 32. Flammability behavior (a) after flame time against Zn contents % (b) afterglow time against
Zn contents % (c) char length against Zn contents %.
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Equation (23) shows the regression model for prediction after flame time (s). The R-squared
value presented in the model summary shows that the fitted model could explain 77.58 % of
total variations , while p-value = 0.00 and F value = 99.78 presented in the model summary

indicate that the model is significant.

After flame time (s) = 12.674 — 76.85 zinc acetate (M) — 24.90 NaOH (M) — 0.02118
sonication time (minutes) + 121.2 zinc acetate (M) x NaOH (M) + 0.0724 zinc acetate
(M)Xxsonication time (minutes) + 0.0383 NaOH (M) x sonication time (minutes)  (23)

Model summary of after flame time (s)
S=1.17479 R-squared = 77.58% R-squared (adj) = 76.80% R-squared (pred) = 76.00%
F-value = 99.78 p-value= 0.000

The regression model for predicting after glow time (s) is depicted by equation (24). The
model summary displays the R-squared value, indicating that the fitted model can account for
76.93% of the total variations. Furthermore, the model summary presents the p-value as 0.00

and the F-value as 96.17, which suggest that the model is statistically significant.

After glow time (s) = 5.964 — 40.04 zinc acetate (M) — 11.81 NaOH (M) — 0.01032
sonication time (minutes) + 73.4 zinc acetate (M) x NaOH(M) + 0.0383 zinc acetate
(M) x sonication time (minutes) + 0.0153 NaOH (M) x sonication time (minutes) (24)

Model summary of after glow time (s)
S =0.556936 R-squared =76.93% R-squared (adj) = 76.13% R-squared (pred) = 75.32
F-value =96.17 p-value=0.000

The regression model for predicting char length (mm) is demonstrated by equation (25). The
model summary displays an R-squared value which indicates that the fitted model can account
for 77.61% of the total variations. Furthermore, the model summary presents a p-value of 0.00

and an F-value of 97.40, both of which affirm that the model is statistically significant.
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Char length (mm) = 127.05 — 319.5 zinc acetate (M) — 112.8 NaOH (M) — 0.0822
sonication time (minutes) — 132 zinc acetate (M) x NaOH (M) + 0.231 zinc acetate (M)

X sonication time (minutes) + 0.064 NaOH (M) x sonication time (minutes) (25)

Model summary of char length (mm)
S=9.29748 R-squared =77.61%
F-value =97.40 p-value= 0.000

R-squared (adj) = 76.37% R-squared (pred) = 75.51%

The analysis of variance applied to the data concerning the duration of after flame time (s) in
relation to the influence of zinc acetate (M), NaOH (M), and sonication time (minutes) is
displayed in Table 7. This analysis unveiled exceedingly noteworthy impacts for all the
variables, as well as their interactions, on the after flame time (s), with a p-value of less than

0.001.

Table 7. Analysis of variance for after flame time.

Source of variation ssquun;rzz df sltl/[ue::e F-value p-value
A-Zinc acetate (M) 873.222 2 436.611 28020.30 <.001
B-NaOH (M) 125.093 2 62.546 4014.02 <.001
C-Sonication time (minutes) | 13.892 3 4.631 297.18 <.001
AxB 38.015 4 9.504 609.91 <.001
AxC 3.823 6 .637 40.88 <.001
BxC 4.813 6 .802 51.48 <.001
AxBxC 3.913 12 326 20.92 <.001
Error 2.244 144 | .016
Total 1065.014 179

The main effects plots presented in Figure 33 illustrate the fitted mean values of after flame
time (s) under various experimental variables. In the instance of zinc acetate (M), the

minimum mean after flame time (s) value is 0.36 seconds, attained at a molar concentration of
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0.15 (M). While for NaOH (M), the lowest mean value of after flame time (s) is 1.12 seconds,

achieved at a molar concentration of 0.3 (M). Additionally, the plots indicate that the smallest

mean value of after flame time (s) for sonication time (minutes) is 1.58 seconds, occurring at
the duration of 90 minutes.
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Figure 33. Main effects plots for after flame time (s).

Table 8 shows the results of the analysis of variance performed on the data pertaining to the
after glow time (s) in relation to the influence of zinc acetate (M), NaOH (M), and sonication

time (minutes). With a p-value of less than 0.001, this study revealed incredibly notable
effects for each variable and their interactions on the after glow time (s).

The fitted mean values of after glow time (s) under different experimental factors are shown
in the major effects graphs (Figure 34).With zinc acetate (M), the lowest mean after glow time
(s) value is obtained at a molar concentration of 0.15 (M). This value is 0.04 seconds. The
lowest mean value of after glow time (s) for NaOH (M) is 0.49 seconds, which is attained at a

molar concentration of 0.3 (M). Furthermore, the plots show that the lowest mean value of

after glow time (s) for sonication time (minutes) is 0.67 seconds, which happens during a 90
minutes period.
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Table 8. Analysis of variance for after glow time.
Source of variation Sum of df | Mean square | F-value | p-value
squares
A-Zinc acetate (M) 198.527 2 99.263 20384.93 | <.001
B-NaOH (M) 13.388 2 6.694 1374.66 <.001
C-Sonication time (minutes) 3.186 3 1.062 218.12 <.001
AxB 13.379 4 3.345 686.89 <.001
AxC 930 6 155 31.83 <.001
BxC .700 6 A17 23.95 <.001
AxBxC 1.832 12 153 31.34 <.001
Error 701 144 | .005
Total 232.643 179
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Figure 34. Main effects plots for after glow time (s).

The analysis of variance results for the char length (mm) data in connection to the effects of
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zinc acetate (M), NaOH (M), and sonication time (minutes) are displayed in Table 9. This
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study found extremely significant impacts for each variable on the char length (mm), with a p-
value of less than 0.05. However, the total interaction of all the variables and the interaction

of NaOH (M) and sonication times (minutes) had non-significant effects, with p-values of

0.428 and 0.118, respectively.

Table 9. Analysis of variance for char length.

Source of variation Sum of squares df ::ﬁ::e F-value p-value
A-Zinc acetate (M) 45222.933 2 22611.467 | 5728.45 <.001
B-NaOH (M) 17838.533 2 8919.267 2259.63 <.001
C-Sonication time 694.067 3 231.356 58.61 <.001
(minutes)

AxB 998.333 4 249.583 63.23 <.001
AxC 58.400 6 9.733 2.46 .027
BxC 40.933 6 6.822 1.72 118
AxBxC 48.600 12 4.050 1.02 428
Error 568.400 144 | 3.947

Total 65470.200 179

The fitted mean values of char length (mm) for various experimental factors are shown in the
main effects graphs in Figure 35. The lowest mean char length (mm) value of 54.5 mm is
obtained for zinc acetate (M) at a molar concentration of 0.1. In contrast, the minimum mean
char length (mm) for NaOH (M) is 55.1 mm, which is achieved at a molar concentration of
0.3. Additionally, the plots show that 64.1 mm is the lowest mean value of char length (mm)

for sonication time (minutes), occurring at a duration of 90 minutes.
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Figure 35. Main effects plots for char length (mm).

5.8. Limiting oxygen index (LOI)

LOI can be defined as the minimum available percentage amount of oxygen gas in the
oxygen/nitrogen gas mixture that is necessary to continue the combustion process of a
material [253]. As the LOI value of a material is increased it becomes more arduous to
combustion. The LOI value of more than 27 indicates that the material is a flame retardant
[253], [254]. Table 10 and Figure 36 show the values for LOI of treated and untreated fabric
samples. It can be seen from Table 10 that the untreated sample has LOI value of 17.61,
which indicates that pristine cotton is highly combustible. On the other hand, sample B;
having flame retardant application, has LOI value of 23.81, which further increased after ZnO
NPs application. Table 10 and Figure 36 show that the LOI value increased as the loaded
concentration of ZnO NPs increased. These results are in accordance with Zhang et al. they
concluded that the LOI value of cellulosic fibers increases as the loaded concentration of ZnO
NPs increases [11]. The higher LOI value after ZnO NPs application might be due to the
formation of a protective layer on fibers by ZnO NPs. The best LOI value was observed at
32.23 for sonochemicaly optimized sample 23. While, sample A, developed by the

conventional magnetic stirring method, has the LOI value of 27.72, which is very near to the
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LOI value (27.42) of sample 27, which has less ZnO NPs concentration compared to sample
A. This might be due to the homogenous and smooth distribution of ZnO NPs in the case of
sample 27 after the sonochemical process compared to the conventional magnetic stirring

process.

Table 10. Experimental results for limiting oxygen index.

: TSN . MDPA LOI
Sample Zinc acetate (M) | NaOH (M) | Sonication time (minutes)
(g/L) (%) |Std. dev.
Untreated - - - - 17.61 0.26
1 0.05 0.1 30 300 24.23 0.29
2 0.05 0.1 60 300 24.70 0.25
3 0.05 0.1 90 300 25.14 0.07
4 0.05 0.1 120 300 24.86 0.18
5 0.05 0.2 30 300 25.41 0.14
6 0.05 0.2 60 300 25.75 0.10
7 0.05 0.2 90 300 25.84 0.15
8 0.05 0.2 120 300 25.70 0.07
9 0.05 0.3 30 300 26.01 0.12
10 0.05 0.3 60 300 26.11 0.21
11 0.05 0.3 90 300 26.34 0.11
12 0.05 0.3 120 300 26.14 0.12
13 0.1 0.1 30 300 26.73 0.11
14 0.1 0.1 60 300 26.92 0.16
15 0.1 0.1 90 300 27.31 0.13
16 0.1 0.1 120 300 27.01 0.09
17 0.1 0.2 30 300 29.23 0.14
18 0.1 0.2 60 300 29.44 0.08
19 0.1 0.2 90 300 29.63 0.09
20 0.1 0.2 120 300 29.55 0.12
21 0.1 0.3 30 300 31.22 0.11
22 0.1 0.3 60 300 31.91 0.09
23 0.1 0.3 90 300 32.23 0.10
24 0.1 0.3 120 300 32.03 0.11
25 0.15 0.1 30 300 26.81 0.14
26 0.15 0.1 60 300 27.03 0.17
27 0.15 0.1 90 300 27.42 0.08
28 0.15 0.1 120 300 27.13 0.16
29 0.15 0.2 30 300 29.36 0.11
30 0.15 0.2 60 300 29.57 0.09
31 0.15 0.2 90 300 29.74 0.11
32 0.15 0.2 120 300 29.60 0.15
33 0.15 0.3 30 300 29.94 0.17
34 0.15 0.3 60 300 30.10 0.12
35 0.15 0.3 90 300 30.46 0.13
36 0.15 0.3 120 300 30.23 0.12
A 0.1 0.3 90 (magnetic stirring) 300 27.72 0.19
B - - - 300 23.81 0.09

72



Development of Flame Retardant Cotton Fabrics with Multifunctional Properties

32 LT
30 ¢
R oa ]
(@] .
-l »
E
26_ ’I:
o
24 -
— T T T T T T T T T T 1
0 2 4 6 8 10 12 14

Zn contents %

Figure 36. Graphical representation of LOI values vs Zn contents %.

The equation (26) shows the regression model for prediction of LOI %. R-squared value
presented in model summary shows that the fitted model could explain 72.01 % of total
variations , while p-value = 0.00 and F-value = 74.16 presented in model summary indicate

that the model is significant.

LOI % = 22.633 + 17.97 zinc acetate (M) + 7.55 NaOH (M) + 0.00535 sonication time
(minutes) + 82.0 zinc acetate (M) x NaOH(M) — 0.0013 zinc acetate (M) X sonication
time (minutes) — 0.0026 NaOH (M) x sonication time (minutes) (26)

Model summary of LOI %

S=1.21851 R-squared =72.01% R-squared (adj) = 72.03% R-squared (pred ) = 69.88
F-Value =74.16  p-Value = 0.000
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The analysis of variance subjected to data regarding the LOI % under the effect of zinc
acetate (M), NaOH (M), and sonication time (minutes) are presented in Table 11, which
revealed highly significant effects for all the variables upon LOI % with p-value <.001.
However interaction of zinc acetate (M) and sonication time (minutes) have significant effect
upon LOI % with p-value = 0.007. While the other interactions are significant at p-value

value <.001.

Table 11. Analysis of variance for limiting oxygen index.

Source of variation Sum of squares df sﬁf::e F-value p-value
A-Zinc acetate (M) 542.939 2 271.470 9032.25 <.001
B-NaOH (M) 296.124 2 148.062 4926.27 <.001
C-Sonication time 7.521 3 2.507 83.40 <.001
(minutes)

AxB 64.851 4 16.213 539.42 <.001
AxC 236 6 .039 1.30 .007
BxC 360 6 .060 1.99 <.001
AxBxC 1.178 12 .098 3.26 <.001
Error 4.328 144 | .030

Total 917.537 179

The main effects plots displayed in Figure 37 depict the fitted mean values of LOI % under
different experimental variables. These plots clearly demonstrate that each value is distinct
from one another. In the case of zinc acetate (M), the highest mean LOI % value is 29.39,
which is achieved at a molar concentration of 0.1. On the other hand, for NaOH (M), the
maximum mean value of LOI % is 29.36, obtained at a molar concentration of 0.3.
Furthermore, the plots reveal that the highest mean value of LOI % for sonication time

(minutes) is 28.20, which occurs at duration of 90 minutes.

74




Development of Flame Retardant Cotton Fabrics with Multifunctional Properties

Sonication time (minutes)

Mean of LOI

Zinc acetate (M) NaOH (M)
® [ ]
'. §~~. "l
29 Va
: e <
14 0'
] 4
v g
Q) e
28 : 'I .“g' hn..
i ] e
v h 2
X »
| ] '
a 'l
27 N K
q J
f v
N )
] ¢
26 H
[ ]
'
¢
25
010 015 0.1 0.2 03 30 60 90 120

0.05

Figure 37. Main effects plots for LOI %.

5.9. Antibacterial activity

Antibacterial activity of developed samples was investigated according to the colony count
test procedure and shown in Table 12 and Figure 38. The results show that treated fabrics
exhibit excellent bacterial reduction for both E.coli and S.aureus bacteria. From Table 12 and
Figure 38, it is evident that with an increased loaded amount of ZnO NPs, the antibacterial
activity of the treated samples also increased for both E.coli and S.aureus bacteria. 100 %
S.aureus reduction was achieved with 8.78 % loaded concentration of Zn contents (sample
17). While 100 % E.coli reduction was achieved with 9.07 % loaded concentration of Zn
contents (sample 18). While the sample A developed by magnetic stirring showed 96.27%
S.aureus reduction and 93.52% E.coli reduction. As the ZnO NPs interact with bacteria, they
generate reactive oxygen species, such as H202, *OH", *Oz". These reactive oxygen species
damage the protein and DNA of the bacterial cell, resulting in the death of a bacterial cell.
Furthermore, ZnO NPs deactivate the various necessary enzymes present in a bacterial cell; it
is done by the interaction between the ZnO NPs and the thiol group present in bacterial cell.
Moreover, the attachment of ZnO NPs onto the cell wall of the bacteria increase the Zn>"

cations concentration in the cytoplasm, which results in the death of bacteria [255], [256].
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Table 12. Experimental results for antibacterial activity.

Bacterial reduction %

Sample Zinc 1z\l/:etate N:;(/[)H Sonication time Ml?{A S. aureus E.coli
minutes
(M) (M) ( ) | @D (5,) Std. dev. (50) Std. dev.
1 0.05 0.1 30 300 41.78 3.44 30.34 3.37
2 0.05 0.1 60 300 43.29 3.52 34.67 4.53
3 0.05 0.1 90 300 47.86 3.72 40.45 342
4 0.05 0.1 120 300 45.76 4.21 37.47 4.50
5 0.05 0.2 30 300 49.97 5.53 41.23 5.05
6 0.05 0.2 60 300 51.79 444 45.57 3.76
7 0.05 0.2 90 300 59.93 3.76 50.78 4.03
8 0.05 0.2 120 300 52.79 5.96 45.91 2.48
9 0.05 0.3 30 300 69.86 4.75 59.92 3.62
10 0.05 0.3 60 300 73.32 3.72 65.76 3.30
11 0.05 0.3 90 300 78.84 4.30 74.65 2.73
12 0.05 0.3 120 300 75.54 4.32 71.78 2.15
13 0.1 0.1 30 300 81.45 341 77.87 2.16
14 0.1 0.1 60 300 85.42 4.03 82.98 3.31
15 0.1 0.1 90 300 94.43 1.60 91.46 4.32
16 0.1 0.1 120 300 89.95 2.14 84.56 2.68
17 0.1 0.2 30 300 100 0 98.64 0.86
18 0.1 0.2 60 300 100 0 100 0
19 0.1 0.2 90 300 100 0 100 0
20 0.1 0.2 120 300 100 0 100 0
21 0.1 0.3 30 300 100 0 100 0
22 0.1 0.3 60 300 100 0 100 0
23 0.1 0.3 90 300 100 0 100 0
24 0.1 0.3 120 300 100 0 100 0
25 0.15 0.1 30 300 84.49 2.59 80.54 2.17
26 0.15 0.1 60 300 93.23 2.10 87.76 2.33
27 0.15 0.1 90 300 95.67 1.37 92.51 2.31
28 0.15 0.1 120 300 90.42 2.40 85.78 1.63
29 0.15 0.2 30 300 100 0 100 0
30 0.15 0.2 60 300 100 0 100 0
31 0.15 0.2 90 300 100 0 100 0
32 0.15 0.2 120 300 100 0 100 0
33 0.15 0.3 30 300 100 0 100 0
34 0.15 0.3 60 300 100 0 100 0
35 0.15 0.3 90 300 100 0 100 0
36 0.15 0.3 120 300 100 0 100 0
A 0.1 03 | d0Umagnetic | 550 | ocog | 335 [9352| 467
stirring)
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Figure 38, Graphical representation of antibacterial activity (a) S. aureus vs Zn contents % (b) E. coli vs
Zn contents %.
The regression model for predicting the S.aureus bacterial reduction % is displayed in
equation (27). The fitted model could explain 76.71% of the total changes, according to the R-
squared value provided in the model summary. The model is significant, as indicated by the p-

value of 0.00 and the F-value of 94.95 presented in the model summary.

S. aureus bacterial reduction % = — 3.63 + 630.3 zinc acetate (M) + 208.6 NaOH (M) +
0.1341 sonication time (minutes) — 1034 zinc acetate (M) x NaOH (M) — 0.392 zinc
acetate (M) x sonication time (minutes) — 0.271 NaOH (M) X sonication time

(minutes) (27)

Model summary of S.aureus bacterial reduction %
S =10.0808 R-squared =76.71% R-squared (adj) = 75.90% R-squared (pred) = 75.14%
F-Value =94.95  p-Value = 0.000

Equation (28) shows the regression model for forecasting the E. coli bacterial reduction %.
The R-squared value in the model summary indicates that 76.84% of the total changes could
be explained by the fitted model. The model is significant, as shown by the model summary's

F-value of 95.65 and p-value of 0.00.
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E. .coli bacterial reduction % = — 17.56+704.6 zinc acetate (M) + 210.2 NaOH (M ) +

0.1671 sonication time (minutes) — 946 zinc acetate (M) x NaOH (M) — 0.784 zinc

0.177 NaOH (M) x sonication time
(28)

acetate (M) x sonication time (minutes) —

(minutes)

Model summary of E.coli reduction %
S=11.6385 R-squared = 76.84% R-squared (adj) = 76.03% R-squared (pred) = 75.29%
F-Value =95.65  p-Value = 0.000

Table 13 displays the results of the analysis of variance applied to the S. aureus bacterial
reduction % under the influence of zinc acetate (M), NaOH (M), and sonication time
(minutes). All variables had highly significant effects on the S. aureus bacterial reduction %,
with a p value less than 0.001. However, interaction of zinc acetate (M) and sonication time
(minutes) have significant effect upon S.aureus bacterial reduction % with p-value = 0.007.

While the other interactions are signifact at p-value value less than 0.001.

Table 13. Analysis of variance for S.aureus bacterial reduction.

Source of variation sSql:::r(:at; df sltl/llf:;le F-value p-value
A-Zinc acetate (M) 60545.706 2 30272.853 3842.61 <.001
B-NaOH (M) 8752.925 2 4376.463 555.51 <.001
C-Sonication time (minutes) | 686.580 3 228.860 29.05 <.001
AxB 3613.815 4 903.454 114.67 <.001
AxC 147.058 6 24.510 3.11 .007
BxC 258.365 6 43.061 5.46 <.001
AxBxC 334.035 12 | 27.836 3.53 <.001
Error 1134.460 144 | 7.878
Total 75472.944 179
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The main effects plots for fitted mean values of S. aureus bacterial reduction % under
different experimental variables are shown in Figure 39. In case of zinc acetate (M) the
maximum mean value of S. aureus bacterial reduction % is 96.98 which is obtained at 0.15
molar concentration of zinc acetate, while for the NaOH (M) the maximum mean value of S.
aureus bacterial reduction % is 91.46 which is obtained at 0.3 molar concentration of NaOH.
The plots show that the maximum mean value of S. aureus bacterial reduction % for

sonication time (minutes) is 86.30 which is obtained at 90 minutes of sonication time.
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Figure 39. Main effects plots for S. aureus bacterial reduction %.

The analysis of variance subjected to data regarding the E.coli bacterial reduction % under the
effect of Zinc acetate (M), NaOH (M), and sonication time (minutes) are presented in Table

14, which revealed highly significant effects for all the variables and there interactions upon

E.coli bacterial reduction %with p value <.001.

Figure 40 displays the main effects plots for fitted mean values of E. coli bacterial reduction
% under various experimental factors. The highest mean value of E. coli bacterial reduction %
in the case of zinc acetate (M) is 95.55, obtained at a concentration of 0.15 molar zinc acetate;

in the case of NaOH (M), the maximum mean value of E. coli bacterial reduction % is 89.34,

obtained at a concentration of 0.3 molar NaOH. The graphs demonstrate that, at 90 minutes of
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sonication time, the maximum mean value of E. coli bacterial reduction % for sonication time

(minutes) is 83.33.

Table 14. Analysis of variance for E.coli bacterial reduction.

Source of variation Sum of squares | df | Mean square | F-value | p-value
A-Zinc acetate (M) 81751.998 2 40875.999 6602.02 | <.001
B-NaOH (M) 12867.526 2 6433.763 1039.14 | <.001
C-Sonication time (minutes) | 1070.954 3 356.985 57.65 <.001
AxB 3656.992 4 914.248 147.66 <.001
AxC 307.336 6 51.223 8.27 <.001
BxC 314.590 6 52.432 8.46 <.001
AxBxC 309.387 12 | 25.782 4.16 <.001
Error 891.566 144 | 6.191
Total 101170.348 179
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Figure 40. Main effects plots for E.coli bacterial reduction %.
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5.10. Ultraviolet protection factor (UPF)

The UV protection factors (UPF values) of the untreated and developed samples are shown in
Table 15 and Figure 41. It is apparent from Table 15 and Figure 41 that untreated cotton
fabric has an UPF value of 4.78, while the UPF value of sonochemically synthesized
optimized sample 23 has 143.76. It can also be seen from Table 15 and Figure 41 that with the
increase in ZnO NPs concentration, the UPF values of the samples also increase. The study by
Han and Yu supports these results; they concluded that the UV blocking ability of textile
material increases with increasing the metal oxide amount in the textile matrix [257]. The
higher UPF value indicates that the fabric has a higher ability to protect against UV radiations
[258]. ZnO NPs have a high refractive index, which causes the UV radiations to be scattered
when they interact with ZnO NPs, and not to be transmitted to the human body [231].
Furthermore, when exposed to UV rays, ZnO NPs absorb the corresponding energy through
the interaction with their electrons, impeding the penetration of such radiation from the fabric
into the skin. This absorption phenomenon plays a pivotal role in safeguarding the integrity of
DNA within skin cells, thereby reducing the likelihood of both sunburn and long-lasting skin
harm[193], [230]. Apart from absorption, ZnO NPs exhibit reflective attributes within the UV
range, effectively deflecting a proportion of the incident UV radiation away from the surface
of the fabric[193]. This reflective mechanism imparts an additional layer of protection against

harmful UV exposure.

Table 15 shows that the sample A with 7.83 % ZnO NPs concentration has a 52.05 UPF
value, and sample 27 with 5.73 % ZnO NPs has a 50.96 UPF value; the high difference in
ZnO NPs concentrations and very little difference in UPF values of these samples can be
explained as better and smooth distribution of ZnO NPs in case of sample 27 by the
sonochemical process as compared to sample A which is prepared by the conventional stirring

method.
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Table 15. Experimental results for UV protection.

Sample Zinc acetate| NaOH |[Sonication time] MDPA UV protection
M) M) (minutes) (g/L) UPF Std. dev.
Untreated - - - - 4.78 0.11
1 0.05 0.1 30 300 19.12 0.50
2 0.05 0.1 60 300 20.31 0.36
3 0.05 0.1 90 300 20.87 0.25
4 0.05 0.1 120 300 20.64 0.14
5 0.05 0.2 30 300 20.94 0.33
6 0.05 0.2 60 300 21.53 0.39
7 0.05 0.2 90 300 21.72 0.24
8 0.05 0.2 120 300 21.67 0.35
9 0.05 0.3 30 300 32.52 0.41
10 0.05 0.3 60 300 33.71 0.29
11 0.05 0.3 90 300 34.13 0.20
12 0.05 0.3 120 300 33.98 0.24
13 0.1 0.1 30 300 34.39 0.23
14 0.1 0.1 60 300 37.17 0.37
15 0.1 0.1 90 300 49.09 1.58
16 0.1 0.1 120 300 37.98 0.90
17 0.1 0.2 30 300 67.74 1.10
18 0.1 0.2 60 300 73.89 1.62
19 0.1 0.2 90 300 93.34 2.46
20 0.1 0.2 120 300 82.98 2.61
21 0.1 0.3 30 300 134.32 3.18
22 0.1 0.3 60 300 134.87 2.77
23 0.1 0.3 90 300 143.76 343
24 0.1 0.3 120 300 139.93 2.64
25 0.15 0.1 30 300 36.89 0.58
26 0.15 0.1 60 300 48.04 1.03
27 0.15 0.1 90 300 50.96 1.45
28 0.15 0.1 120 300 42.74 1.21
29 0.15 0.2 30 300 71.87 1.09
30 0.15 0.2 60 300 84.45 1.46
31 0.15 0.2 90 300 97.12 3.99
32 0.15 0.2 120 300 87.92 2.03
33 0.15 0.3 30 300 104.45 2.27
34 0.15 0.3 60 300 111.56 3.07
35 0.15 0.3 90 300 124.47 5.08
36 0.15 0.3 120 300 121.34 2.71
A 0.1 03 | J0(magnetic | 554 | 55 s 6.09
stirring)
B - - - 300 13.23 0.26
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Figure 41. Graphical representation of UPF values against Zn contents %.

Equation (29) shows the regression model for the prediction of UPF value. The R-squared
value presented in the model summary shows that the fitted model could explain 76.70 % of
total variations , while p-value = 0.00 and F-value = 94.90 presented in the model summary

indicate that the model is significant.

UPF = 11.4 —117 zinc acetate (M) - 1.8 NaOH (M) — 0.098 sonication time (minutes) +
2872 zinc acetate (M) x NaOH (M) + 1.47 zinc acetate (M) x sonication time (minutes)
+ 0.256 NaOH (M) x sonication time (minutes) (29)

Model summary of UPF
S=19.973 R-squared = 76.70% R-squared (adj) = 75.89% R-squared (pred) = 74.98%
F-value = 94.90 p-value = 0.000
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The analysis of variance applied to the data concerning the UPF values in relation to the

influence of zinc acetate (M), NaOH (M), and sonication time (minutes) is displayed in Table

16. This analysis unveiled exceedingly significant impacts for all the variables, as well as

their interactions, on the UPF values, with a p-value of less than 0.001.

Table 16. Analysis of variance for UPF.

Source of variation Sum of squares df sltl/llf::e F-value p-value
A-Zinc acetate (M) 138348.787 2 69174.394 18576.97 <.001
B-NaOH (M) 111668.931 2 55834.465 14994.50 <.001
C-Sonication time 3713.627 3 1237.876 332.43 <.001
(minutes)

AxB 39317.165 4 9829.291 2639.68 <.001
AxC 1680.934 6 280.156 75.23 <.001
BxC 434.214 6 72.369 19.43 <.001
AxBxC 456.605 12 38.050 10.21 <.001
Error 536.207 144 | 3.724

Total 296156.471 179

The main effects plots presented in Figure 42 illustrate the fitted mean values of UPF under

various experimental variables. These plots clearly portray the distinctiveness of each value.

In the instance of zinc acetate (M), the maximum mean UPF value is 85.79, attained at a

molar concentration of 0.1 (M). While for NaOH (M), the highest mean value of UPF is

95.75, achieved at a molar concentration of 0.3 (M). Additionally, the plots indicate that the

highest mean value of UPF for sonication time (minutes) is 70.61, occurring at the duration of

90 minutes.
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Figure 42. Main effects plots for UPF.

5.11. Self-cleaning

Cotton fabrics coated with ZnO NPs and MDPA were analyzed for self-cleaning using
photocatalytic degradation of coffee stain under 8 hours of UV irradiation. Figure 44 shows
the scanned images of samples before and after UV irradiation. Table 17 shows the color
intensity of samples after 8 hours of UV irradiation time. In image J software black has 0
color intensity while white has 255, so greater the value of color intensity, the more the color
towards the white. Figure 43 shows the relation between Zn contents % and color intensity. It
is clear that color intensity increases with the increase of the loaded amount of Zn contents.
Untreated sample after 8 hours of UV irradiation time has color intensity 150.51. Sample A
and sample B have color intensity 214.88 and 151.42 respectively. The higher color intensity
of sample A than sample B is due to the presence of ZnO NPs at the surface of fabric[23].
Sample 23 showed the excellent results having color intensity of 250.27, which is very near to
the color intensity value of white color. These results are in line with Sudrajat. H work
demonstrating that the higher photo catalytic activity is obtained at higher amounts of ZnO
NPs[259]. When ZnO NPs exist on the top of textile fabrics, ZnO NPs has the ability to react
and degrade different organic dirt stains, both colorful and colorless[220]. As compared to
untreated cotton fabric, the higher photo catalytic activity of ZnO NPs loaded cotton fabrics is
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because of ZnO NPs on the surface of the cotton fabrics, since ZnO NPs cause degradation of
the dye molecules by photo catalytic reactions[260]. In the photo-catalytic mechanism by
ZnO NPs, two photochemical reactions “oxidation and reduction” occur. During these
reactions reactive oxygen species ““OH and *O>*are produced. The *OH radical has a vital
role in oxidating the dye molecules[193]. The mechanism of dye degradation can be described

by Figure 45 and equations (30-33)[33].

Table 17. Experimental results for self-cleaning.

Zinc acetate Sonication time MDPA Self-cleaning
Sample M) NaOH (M) (minutes) (g/L) |Color Intensity Std. dev.

Untreated - - - - 150.51 1.47
1 0.05 0.1 30 300 158.53 391
2 0.05 0.1 60 300 163.05 3.21
3 0.05 0.1 90 300 177.53 2.46
4 0.05 0.1 120 300 172.29 3.31
5 0.05 0.2 30 300 180.02 4.12
6 0.05 0.2 60 300 183.41 3.14
7 0.05 0.2 90 300 186.13 2.26
8 0.05 0.2 120 300 184.29 3.30
9 0.05 0.3 30 300 191.34 2.24
10 0.05 0.3 60 300 194.51 3.24
11 0.05 0.3 90 300 199.20 4.77
12 0.05 0.3 120 300 196.27 3.62
13 0.1 0.1 30 300 203.62 4.01
14 0.1 0.1 60 300 206.54 2.58
15 0.1 0.1 90 300 210.63 3.25
16 0.1 0.1 120 300 207.19 291
17 0.1 0.2 30 300 222.51 4.37
18 0.1 0.2 60 300 225.05 5.58
19 0.1 0.2 90 300 229.71 341
20 0.1 0.2 120 300 226.86 3.29
21 0.1 0.3 30 300 246.24 1.34
22 0.1 0.3 60 300 248.06 1.01
23 0.1 0.3 90 300 250.27 1.04
24 0.1 0.3 120 300 249.49 1.29
25 0.15 0.1 30 300 204.29 4.18
26 0.15 0.1 60 300 207.97 3.80
27 0.15 0.1 90 300 212.51 2.93
28 0.15 0.1 120 300 207.80 3.84
29 0.15 0.2 30 300 224.62 6.24
30 0.15 0.2 60 300 228.35 3.77
31 0.15 0.2 90 300 232.50 3.74
32 0.15 0.2 120 300 228.83 2.81
33 0.15 0.3 30 300 235.77 3.67
34 0.15 0.3 60 300 241.46 3.76
35 0.15 0.3 90 300 243.61 1.36
36 0.15 0.3 120 300 242.47 3.42
A 0.1 0.3 90 (magnetic stirring) [ 300 214.88 4.53
B - - - 300 151.42 1.32
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Figure 43. Graphical representation of color intensity against Zn contents %.
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Figure 44. Degradation of coffee stain under UV-visible light irradiation.
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Figure 45. Schematic mechanism of photocytalytic activity.

Zn0 + hv -» Zn0 (2h* + 2e7) (30)
=0, + 2™ = H,0 + 20H" 31)
20H" +h* > 2 « OH (32)
e OH + dye - degradation (33)

The regression model for predicting color intensity is depicted by equation (34). The model
summary displays the R-squared value, indicating that the fitted model can account for
78.49% of the total variations. Furthermore, the model summary presents the p-value as 0.00

and the F-value as 105.21, which suggests that the model is statistically significant.

Color intensity = 12844 + 414.9 zinc acetate (M) + 156.8 NaOH (M) + 0.1464
sonication time (minutes) + 260 zinc acetate (M) x NaOH (M) — 0.407 zinc acetate (M)

X sonication time (minutes) — 0.178 NaOH (M)x sonication time (minutes) (34)
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Model summary of color intensity
S=12.125 R-squared = 78.49%
F-value = 105.21 p-value = 0.000

R-squared (adj) = 77.74% R-squared (pred) = 76.85%

Table 18 shows the results of the analysis of variance performed on the data pertaining to the
color intensity in relation to the influence of zinc acetate (M), NaOH (M), and sonication time
(minutes). With a p -value of less than 0.001, this study revealed incredibly significant effects
for each variable and interactions of zinc acetate (M) with NaOH (M) on the color intensity.
However all other interactions have non-significant effects on the color intensity with p-value

greater than 0.05.

Table 18. Analysis of variance for color intensity.

Source of variation sSql:::rzz df sltl/llf::e F-value | p-value
A-Zinc acetate (M) 78560.532 2 39280.266 | 3293.62 | <.001
B-NaOH (M) 34546.342 2 17273.171 1448.34 | <.001
C-Sonication time (minutes) 1652.492 3 550.831 46.18 <.001
AxB 1236.263 4 309.066 2591 <.001
AxC 144.860 6 24.143 2.02 .066
BxC 141.115 6 23.519 1.97 .073
AxBxC 255916 12 21.326 1.78 .055
Error 1717.363 144 | 11.926
Total 118254.883 179

The fitted mean values of color intensity under different experimental factors are shown in the
major effects graphs (Figure 46). With zinc acetate (M), the highest mean color intensity
value is obtained at a molar concentration of 0.1 (M). This value is 227.18. The highest mean
value of color intensity for NaOH (M) is 228.23, which is attained at a molar concentration of
0.3 (M). Furthermore, the plots show that the maximum mean value of color intensity for

sonication time (minutes) is 215.79, which happens during a 90 minutes period.
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Figure 46. Main effects plots for color intensity.

5.12. Bending rigidity
Bending rigidity or stiffness is an important property of fabric which further influences fabric
draping and wrinkling behavior. Each sample with a 50mm width was clamped in the
instrument from one side while the other side drove through the sensor jaws, as shown in
Figure 47. The measurement of each sample was repeated five times. The average bending

force was obtained for each sample, and with the help of bending force the bending rigidity
was calculated by using equation (35)[261].
B=k.Fm (35)
Where B is bending rigidity
k is constant and k= 0.7x10°¢

Fm is bending force
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"‘Sample

Figure 47. Bending Tester TH-7.

The measured values of bending force and bending rigidity are tabulated in Table 19. While
Figure 48 shows the plot of bending force against Zn contents %. It is obvious from Table 19
that after MDPA coating the bending force and as well as bending rigidity of the fabric in
both warp wise and weft wise directions are increased. From the results shown in Table 19 it
is clear that after ZnO NPs coating the bending force and bending rigidity is further increased
in both directions. Untreated fabric has warp wise and weft wise bending rigidity as
0.0581x10* Nm and 0.0392x10* Nm, respectively. While the sample B only coated with
flame retardant chemical has warp wise bending rigidity 0.0787x10* Nm and weft wise
bending rigidity 0.0501x10* Nm. The highest bending rigidity was recorded for sample 23
with highest amount of ZnO NPs as 0.0969x10* Nm and 0.0612x10*Nm warp wise and weft
wise respectively. Figure 48 shows that with the increased amount of ZnO NPs deposition on
to the fabric the bending force to bend the fabric also increased. The increase in bending force
with the increase of ZnO NPs is also reported by Khan ef al. They concluded that bending
force and stiffness of the fabric have a linear increasing relationship with amount and size of
ZnO nano rods[262]. In one more study, Tania and Ali also reported increase in stiffness of

the cotton fabric after ZnO NPs deposition on to the cotton fabric[263].
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Table 19. Experimental results for bending rigidity.

Bending force (Fm) (mN) |Bending rigidity (B) (Nm)

Sample Zinc NaOH| Sonication |[MDPA

acetate (M)[ (M) |time (minutes)| (g/L) | Warp | Std. | Weft | Std. . .
. . Warp wise | Weft wise
wise | dev.| wise |dev.

Untreated - - - - 8.314 0.017| 5.278 10.008/0.0581x10*| 0.0392x10*
1 0.05 0.1 30 300 | 11.328 |0.031| 7.206 [0.018]0.0792x10**| 0.0504x10*
2 0.05 0.1 60 300 | 11.352 |0.018] 7.218 [0.019[0.0794x107*| 0.0505x10™*
3 0.05 0.1 90 300 | 11.412 |0.017] 7.250 0.016|0.0798x10* | .0.0507x10*
4 0.05 0.1 120 300 | 11.368 |0.022] 7.228 [0.013[0.0795x10*| 0.0506x10™
5 0.05 0.2 30 300 | 11.466 |0.020]7.294 [0.023[.0.0802x10*| 0.0510x10™*
6 0.05 0.2 60 300 | 11.526 |0.023] 7.322 [0.016{.0.0806x10*| 0.0512x10*
7 0.05 0.2 90 300 | 11.592 |0.016]|7.366 [0.019[0.0811x10*| 0.0515x10™
8 0.05 0.2 120 300 | 11.558 |0.014| 7.340 [0.015/0.0809x10*| 0.0513x10*
9 0.05 0.3 30 300 | 11.730 |0.020]7.452 [0.019[0.0821x10*| 0.0521x10™*
10 0.05 0.3 60 300 | 11.772 10.022| 7.486 [0.020[ 0.0824x10*| 0.0524x10™
11 0.05 0.3 90 300 | 11.824 |0.018| 7.510 [0.015/0.0827x10**| 0.0526x10*
12 0.05 0.3 120 300 | 11.801 |0.023]|7.502 [0.019[0.0826x107*| 0.0525x10™
13 0.1 0.1 30 300 | 11.860 |0.025| 7.532 [0.013[0.0830x10*| 0.0527x10™
14 0.1 0.1 60 300 | 11.918 |0.019| 7.560 [0.016| 0.0834x10**| 0.0529x10*
15 0.1 0.1 90 300 | 12.014 |0.021] 7.628 [0.013[0.0841x10*| 0.0533x10™
16 0.1 0.1 120 300 | 11.945 |0.018] 7.584 [0.021{0.0836x107*| 0.0531x10™*
17 0.1 0.2 30 300 | 12.630 |0.026] 7.992 [0.019[0.0841x10*| 0.0559x10™
18 0.1 0.2 60 300 | 12.741 |0.023] 8.062 [0.019[0.0892x107*| 0.0564x10™
19 0.1 0.2 90 300 | 12.842 0.028] 8.132 [0.013[0.0899x10*| 0.0569x10™*
20 0.1 0.2 120 300 | 12.782 |0.026| 8.094 [0.018[0.0895x10*| 0.0566x10™
21 0.1 0.3 30 300 | 13.322 |0.022 8.428 [0.019]0.0932x10**| 0.0589x10*
22 0.1 0.3 60 300 | 13.524 0.027| 8.546 [0.018[0.0947x107*| 0.0598x10*
23 0.1 0.3 90 300 | 13.848 |0.035| 8.756 [0.016[0.0969x10*| 0.0612x10
24 0.1 0.3 120 300 | 13.640 |0.025[ 8.614 [0.021]0.0954x10**| 0.0603x10*
25 0.15 0.1 30 300 | 11.882 |0.028] 7.548 [0.017[0.0832x107*| 0.0528x10™
26 0.15 0.1 60 300 | 11.988 |0.018| 7.616 [0.018[0.0839x10*| 0.0533x10™
27 0.15 0.1 90 300 | 12.042 |0.019| 7.640 [0.016/0.0843x10*| 0.0535x10*
28 0.15 0.1 120 300 | 11.960 |0.018] 7.596 [0.025[0.0837x107*| 0.0532x10™
29 0.15 0.2 30 300 | 12.694 |0.029]8..034[0.018[0.0889x10*| 0.0562x10™
30 0.15 0.2 60 300 | 12.804 |0.025] 8.108 [0.014{0.0896x10*| 0.0567x10™
31 0.15 0.2 90 300 | 12.874 |0.038|8.150 [0.016{0.0901x107*| 0.0570x10™*
32 0.15 0.2 120 300 | 12.836 |0.027| 8.124 [0.015[0.0898x107*| 0.0568x10™
33 0.15 0.3 30 300 | 12.912 |0.024| 8.164 [0.018[0.0904x10*| 0.0571x10™
34 0.15 0.3 60 300 | 13.008 |0.019 8.234 [0.015/0.0910x10**| 0.0576x10*
35 0.15 0.3 90 300 | 13.114 |0.024]8.292 [0.017[0.0918x10*| 0.0580x10™
36 0.15 0.3 120 300 | 13.048 |0.027| 8.248 [0.013[0.0913x10*| 0.0577x10™*
A 0.1 0.3 90;&‘;2%;‘;“" 300 | 12.431 |0.036| 7.824 [0.021[0.0870x10*| 0.0548x10
B - - - 300 | 11.246 10.023]7..146[0.011{0.0787x10*| 0.0501x10*
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Figure 48. Graphical representation of bending force against Zn contents % (a) warp wise (b) weft wise.

Equations (36) and (37) show the regression model used to determine bending force warp
wise and weft wise respectively. According to the model summary, for warp wise bending
force the fitted model can explain 72.18% of the total variances based on its R-squared value.
Furthermore, the model summary for warp wise bending force indicates the model's
significance with a p-value of 0.000 and an F-value of 74.81. According to the model
summary, for weft wise bending force the fitted model can explain 71.96% of the total
variances based on its R-squared value. Furthermore, the model summary for weft wise

bending force indicates the model's significance with a p-value of 0.000 and an F-value of
74.00.

The analysis of variance subjected to data regarding the bending force warp wise and weft
wise under the effect of zinc acetate (M), NaOH (M), and sonication time (minutes) are
presented in Tables 20 and 21 respectively, which revealed highly significant effects for all

the variables and there interactions upon warp wise and weft wise bending force with p-values
at <.001.

The main effects plots for fitted mean values of bending force warp wise and weft wise under
different experimental variables are shown in Figures 49 and 50. In the case of zinc acetate

(M) the maximum mean value of warp wise bending force is 12.754 mN and the mean value

93



Development of Flame Retardant Cotton Fabrics with Multifunctional Properties

of weft wise bending force is 8.077 mN, both are obtained at 0.1 molar concentration of zinc
acetate. While for the NaOH (M) the maximum mean value of warp wise bending force is
12.795 mN and mean value of weft wise bending force is 8.102 mN, both are obtained at 0.3
molar concentration of NaOH. The plots show that the maximum mean value of warp wise
bending force for sonication time (minutes) is 12.395 mN and weft wise bending force is

7.858 mN, which are obtained at 90 minutes of sonication time.

Bending force (mN) (warp wise) = 10.892 + 3.57 zinc acetate (M) + 1.50 NaOH (M) —
0.00037 sonication time (minutes) + 31.80 zinc acetate (M) x NaOH (M) + 0.0057 zinc
acetate (M) x sonication time (minutes) + 0.0069 NaOH (M) X sonication time
(minutes) (36)

Model summary for bending force warp wise

S=0.387 R-squared=72.18%  R-squared (adj) =71.22% R-squared (pred) =70.15%
F-value = 74.81 p-value = 0.00

Bending force (mN) (weft wise) = 6.926 + 2.31 zinc acetate (M) + 0.998 NaOH (M) —
0.00025 sonication time (minutes) + 18.62 zinc acetate (M) x NaOH (M) + 0.0037 zinc
acetate (M) X sonication time (minutes) + 0.00423 NaOH (M) X sonication time
(minutes) (37)

Model summary for bending force weft wise

S=0.237 R-squared =71.96%  R-squared (adj) =70.99%  R-squared (pred) = 69.91%
F-value =74.00 p-value = 0.000
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Table 20. Analysis of variance for warp wise bending force.
Source of variation Sum of squares df Mean F-value | p -value
square
A-Zinc acetate (M) 50.4928 2 25.2464 44421.81 | <.001
B-NaOH (M) 32.7253 2 16.3627 28790.62 | <.001
C-Sonication time 0.8730 3 0.2910 512.01 <.001
(minutes)
AxB 8.5954 4 2.1488 3780.95 <.001
AxC 0.1592 6 0.0265 46.69 <.001
BxC 0.0973 6 0.0162 28.53 <.001
AxBxC 0.1318 12 0.0110 19.32 <.001
Error 0.0818 144 | 0.0006
Total 93.1566 179
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Figure 49. Main effects plots for warp wise bending force.
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Table 21. Analysis of variance for warp wise bending force.
Source of variation Sum of squares df Mean F-value | p-value
square
A-Zinc acetate (M) 18.814 2 9.407 30103.82 | <.001
B-NaOH (M) 12.215 2 6.107 19544.76 | <.001
C-Sonication time 0.330 3 0.110 352.89 <.001
(minutes)
AxB 3.173 4 0.793 2538.80 | <.001
AxC 0.072 6 0.012 38.52 <.001
BxC 0.038 6 0.006 20.67 .<.001
AxBxC 0.048 12 0.004 12.87 <.001
Error 0.045 144 | 0.0003
Total 34.739 179
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Figure 50. Main effects plots for weft wise bending force.
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5.13. Air permeability

The air permeability of a fabric is dependent on factors such as its porosity, cross-section,
shape of the fabric, and number of channels. Additionally, the thermal properties of the fabric
are primarily influenced by its air permeability[264]. The air permeability of textile fabrics
holds significance as a comfort attribute. Moreover, it is crucial to examine the impact of
coating on the fabric's air permeation. Table 22 shows the results for air permeability of the
untreated and treated samples. While the Figure 51 shows the relation between the
synthesized amount of ZnO NPs and air permeability. It can be seen from Table 22 that air
permeability of the fabric is decreased after flame retardant MDPA coating, which is further
decreased after ZnO NPs deposition. The untreated sample has an air permeability 701.40
mm/s, while sample B after MDPA treatment has an air permeability of 676.44 mm/s. The
minimum air permeability was recorded for sample 23 which is 508.64 mm/s. Figure 51
shows that there is a gradual decrease in the air permeability with the increase in ZnO NPs
deposition. The decrease in the permeability of air may have been a result of the reduction in
the sizes of the pores in the fabric, which was caused by the development of ZnO NPs on the
surface of the cotton fibers. However, there is no major collapse of air permeability. This

range of air permeability is commercially acceptable.

The regression model for predicting air permeability is depicted by equation (38). In order to
assess the model's fit to the data, the R-squared value can be utilized. The model summary
reveals that the R-squared value indicates a capability of the fitted model to account for
73.76% of the total variations. Additionally, the model summary presents a p-value of 0.000

and an F-value of 81.06, implying the significance of the model.

The analysis of variance subjected to data regarding the air permeability of the fabric under
the effect of zinc acetate (M), NaOH (M), and sonication time (minutes) are presented in
Table 23, which revealed highly significant effects for all the variables and there interactions

upon air permeability with p-value at significant level.

The main effects plots for fitted mean values of air permeability under different experimental
variables are shown in Figure 52. In the case of zinc acetate (M) the minimum mean value of

air permeability is 574.55 mm/s which is obtained at 0.1 molar concentration of zinc acetate,
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while for the NaOH (M) the minimum mean value of air permeability is 570.38 mm/s which
is obtained at 0.3 molar concentration of NaOH. The plots show that the minimum mean
value of air permeability for sonication time (minutes) is 595.20 mm/s, which is obtained at

90 minutes of sonication time.

Table 22. Experimental results for air permeability.

. e . . MDPA Air permeability
Sample Zinc acetate (M) | NaOH (M) | Sonication time (minutes)
(g/L) mm/s |Std. dev.
Untreated - - - - 701.40 1.14
1 0.05 0.1 30 300 674.81 2.16
2 0.05 0.1 60 300 671.60 1.52
3 0.05 0.1 90 300 661.84 2.38
4 0.05 0.1 120 300 666.60 2.30
5 0.05 0.2 30 300 653.62 2.61
6 0.05 0.2 60 300 648.20 3.49
7 0.05 0.2 90 300 641.44 2.70
8 0.05 0.2 120 300 644.60 3.21
9 0.05 0.3 30 300 632.22 2.59
10 0.05 0.3 60 300 628.32 2.77
11 0.05 0.3 90 300 625.62 2.41
12 0.05 0.3 120 300 626.40 2.07
13 0.1 0.1 30 300 622.64 2.30
14 0.1 0.1 60 300 618.88 2.86
15 0.1 0.1 90 300 613.80 3.42
16 0.1 0.1 120 300 617.60 2.88
17 0.1 0.2 30 300 589.21 3.27
18 0.1 0.2 60 300 582.82 3.35
19 0.1 0.2 90 300 572.40 2.61
20 0.1 0.2 120 300 581.43 3.57
21 0.1 0.3 30 300 539.47 3.05
22 0.1 0.3 60 300 528.85 3.11
23 0.1 0.3 90 300 508.64 3.13
24 0.1 0.3 120 300 521.40 3.21
25 0.15 0.1 30 300 620.86 3.70
26 0.15 0.1 60 300 616.00 3.46
27 0.15 0.1 90 300 609.66 2.41
28 0.15 0.1 120 300 616.87 3.63
29 0.15 0.2 30 300 586.60 2.97
30 0.15 0.2 60 300 575.05 1.58
31 0.15 0.2 90 300 569.25 2.39
32 0.15 0.2 120 300 573.22 2.28
33 0.15 0.3 30 300 564.68 3.65
34 0.15 0.3 60 300 559.40 3.36
35 0.15 0.3 90 300 554.41 3.91
36 0.15 0.3 120 300 557.2 3.11
A 0.1 0.3 90 (magnetic stirring) 300 602.12 4.27
B - - - 300 676.44 2.85
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Figure 51. Graphical representation of air permeability against Zn contents %.

Air permeability (mm/s) = 717.8 — 477 zinc acetate (M) — 214.3 NaOH (M) — 0.052
sonication time (minutes) — 822 zinc acetate (M) x NaOH (M) — 0.03 zinc acetate (M) x

sonication time (minutes) — 0.303 NaOH (M) x sonication time (minutes) (38)

Model summary for air permeability

S=22.713 R-squared =73.76%  R-squared (adj) = 72.86% R-squared (pred) = 71.82%
F-vale= 81.06 p-value = 0.000
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Table 23. Analysis of variance for air permeability.

Source of variation Sum of df Mean F-value | p-value
squares square
A-Zinc acetate (M) 192373 2 96186.7 11349.46 | <.001
B-NaOH (M) 122333 2 61166.5 7217.29 | <.001
C-Sonication time (minutes) 4665 3 1555.1 183.49 <.001
AxB 18318 4 4579.6 540.37 <.001
AxC 325 6 54.2 6.40 <.001
BxC 172 6 28.6 3.38 0.004
AxBxC 785 12 65.4 7.72 <.001
Error 1220 144 | 8.5
Total 340193 179
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Figure 52. Main effects plots for air permeability.
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5.14. Tensile strength

The measured values of tensile strength are shown in Table 24. It is apparent from Table 24
that after MDPA coating, both warp wise and weft wise tensile strength decreased.
Furthermore, results presented in Table 24 show that after sonochemical treatment tensile
strength further reduced in both warp wise and weft wise directions. Untreated fabric has
warp wise and weft wise tensile strengths as 323.30 N and 247.83 N, respectively. While the
sample B only coated with flame retardant chemical has warp wise tensile strength 284.78 N
and weft wise tensile strength 216.12 N. The lowest tensile strength was recorded for sample
24 as 231.64 N and 182.06 N warp wise and weft wise respectively. Obtained results revealed
that flame retardant coating, sonication time, and amount of Zn contents % all have a negative
impact upon the tensile strength of the fabric. The decrease in tensile strength after the flame
retardant application is due to the ester crosslinking of BTCA crosslinker present in the recipe
with cellulose and acid degradation of cellulose due to BTCA[85], [265], [266]. Yang and
Wei also reported that BTCA crosslinker reduces the strength of the cotton fabric due to acid-
catalyzed depolymenzation[267]. In another study Sadr and Montazer synthesized TiO2 NPs
on to the cotton fabric by sonochemical process and reported 3% loss in the fabric strength
due to the effect of ultrasonic waves upon cellulose chains[34]. In one more research work
Perincek et al. applied the ultrasonic method for cotton finishing and observed a little
decrease in breaking strength of the fabric[268]. Parsad et al. investigated that ZnO NPs
coating on to the cotton fabric increase the fabric friction and hence decrease the tensile
strength[269]. Tania and Ali concluded that with increased amount of ZnO NPs deposition on
to the cotton fabric resulted in decreased tensile strength[270]. The results are further in
accordance with Attia et al. they reported a decrease in tensile strength of cotton/polyester

blended fabric after ZnO NPs treatment[271].

Equations (39) and (40) show the regression model used to determine tensile strength warp
wise and weft wise respectively. According to the model summary, for warp wise tensile
strength the fitted model can explain 82.42% of the total variances based on its R-squared
value. Furthermore, the model summary for warp wise tensile strength indicates the model's
significance with a p-value of 0.00 and an F-value of 135.15. According to the model

summary, for weft wise tensile strength the fitted model can explain 77.27% of the total
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variances based on its R-squared value. The model summary for weft wise tensile strength

indicates the model's significance with a p-value of 0.00 and an F-value of 98.03.

Table 24. Experimental results for tensile strength.

Tensile strength (N)
Sample Zinc acetate | NaOH Sonication time | MDPA

M) ™M) (minutes) (g/L) | Warp Std. Weft | Std.
wise dev. wise | dev.
Untreated| - - - - 32330 | 3.62 |247.83 | 2.39
1 0.05 0.1 30 300 27135 | 422 (20744 | 2.40
2 0.05 0.1 60 300 259.54 | 3.83 [201.98 | 2.86
3 0.05 0.1 90 300 248.66 | 4.04 |[197.70 | 2.33
4 0.05 0.1 120 300 24040 | 2.11 |[193.31 | 3.67
5 0.05 0.2 30 300 267.97 | 3.15 |[206.36 | 3.07
6 0.05 0.2 60 300 254.64 | 444 |199.96 | 3.94
7 0.05 0.2 90 300 246.13 341 19528 | 2.52
8 0.05 0.2 120 300 23997 | 3.77 |[192.64 | 2.76
9 0.05 0.3 30 300 266.19 | 3.57 |[204.66 | 3.72
10 0.05 0.3 60 300 25247 | 2.28 [199.30 | 3.76
11 0.05 0.3 90 300 244.02 | 5.51 [192.29 | 3.17
12 0.05 0.3 120 300 23844 | 3.55 [191.07 | 2.88
13 0.1 0.1 30 300 26499 | 3.90 |[203.97| 3.45
14 0.1 0.1 60 300 250.30 | 3.33 |[197.58 | 2.57
15 0.1 0.1 90 300 24122 | 2.19 (19093 2.03
16 0.1 0.1 120 300 236.46 | 3.87 |[190.35( 2.01
17 0.1 0.2 30 300 25849 | 4.68 |[199.78 | 3.29
18 0.1 0.2 60 300 244,62 | 294 |[194.38 | 2.03
19 0.1 0.2 90 300 237.81 325 ]186.51 | 2.41
20 0.1 0.2 120 300 233.11 2.84 | 18533 2.02
21 0.1 0.3 30 300 25479 | 3.41 |[194.84 | 2.19
22 0.1 0.3 60 300 241.85 378 119091 | 3.23
23 0.1 0.3 90 300 234.43 3.09 |183.40 | 2.61
24 0.1 0.3 120 300 231.64 | 3.41 |[182.06( 2.63
25 0.15 0.1 30 300 263.86 | 4.50 |[202.07 | 3.25
26 0.15 0.1 60 300 24740 | 2.39 |[196.52 | 2.26
27 0.15 0.1 90 300 240.50 | 3.18 [190.48 | 2.52
28 0.15 0.1 120 300 234.21 327 1189.90| 2.05
29 0.15 0.2 30 300 255.16 | 3.57 |[19835| 2.42
30 0.15 0.2 60 300 24240 | 441 |[193.94( 3.05
31 0.15 0.2 90 300 23599 | 4.78 |185.70 | 2.39
32 0.15 0.2 120 300 232.64 | 3.16 |184.88 | 2.19
33 0.15 0.3 30 300 256.32 | 3.22 |[196.78 | 2.66
34 0.15 0.3 60 300 24434 | 3.32 |[193.57| 2.78
35 0.15 0.3 90 300 239.53 | 2.87 |18553 | 2.14
36 0.15 0.3 120 300 235.45 347 |184.68 | 1.96
A 0.1 0.3 |90 (magnetic stirring)| 300 278.58 | 3.49 |[213.34| 3.24
B - - - 300 284778 | 4.18 |[216.12| 3.68
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Tensile strength (N) (warp wise) = 290.90 — 128.30 zinc acetate (M) — 52.60 NaOH (M)
— 0.3939 sonication time (minutes) + 71.00 zinc acetate (M) x NaOH (M) + 0.421 zinc
acetate (M) X sonication time (minutes) + 0.295 NaOH (M) X sonication time
(minutes) (39)

Model summary for tensile strength warp wise

S=4997 R-squared =82.42% R-squared (adj) = 81.81%  R-squared (pred) = 80.99%
F-value = 135.15 p-value = 0.000

Tensile strength (N) (weft wise) = 216.62-57.0 zinc acetate (M) — 19.6 NaOH (M) —
0.1610 sonication time (minutes) — 66.5 zinc acetate (M) x NaOH (M) + 0.053 zinc
acetate (M) X sonication time (minutes) + 0.0034 NaOH (M) x sonication time
(minutes) (40)

Model summary for tensile strength weft wise

S=3.452 R-squared = 77.27%  R-squared (adj) =76.48%  R-squared (pred) = 75.14%
F-value = 98.03 p-value = 0.000

The analysis of variance subjected to data regarding the tensile strength warp wise and weft
wise under the effect of zinc acetate (M), NaOH (M), and sonication time (minutes) are
presented in Tables 25 and 26 respectively, p-values presented in Tables 25 and 26 revealed
highly significant effects for all the variables and interaction of zinc acetate (M) with NaOH
(M) upon warp wise and weft wise tensile strength. While all other interactions are non-

significant, having a p-value higher than 0.05.
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Table 25. Analysis of variance for warp wise tensile strength.

Source of Variation SS;?;rT; df Sl\(/l[s::'le F Value | p Value
A-Zinc acetate (M) 2783.8 2 1391.90 85.97 <.001
B-NaOH (M) 735.8 2 367.91 22.72 <.001
C-Sonication time (minutes) 18195.1 3 6065.02 374.59 <.001
AxB 165.5 4 41.37 2.56 0.041
AxC 161.0 6 26.83 1.66 0.136
BxC 134.2 6 22.37 1.38 0.226
AxBxC 69.3 12 5.27 0.33 0.984
Error 2331.5 144 | 16.19
Total 24570.1 179

Table 26. Analysis of variance for warp wise tensile strength.

Source of Variation SS;?;rT; df Sl\(/l[s::'le F Value | p Value
A-Zinc acetate (M) 1799.36 2 899.68 116.61 <.001
B-NaOH (M) 830.92 2 415.46 53.85 <.001
C-Sonication time (minutes) 5123.91 3 1707.97 221.37 <.001
AxB 129.88 4 32.47 2.56 0.003
AxC 31.04 6 5.17 0.67 0.674
BxC 20.66 6 3.44 0.45 0.847
AxBxC 25.25 12 2.10 0.27 0.993
Error 1111.05 144 | 7.72
Total 9072.07 179

The main effects plots for fitted mean values of tensile strength warp wise and weft wise

under different experimental variables are shown in Figures 53 and 54. In the case of zinc
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acetate (M) the minimum mean value of warp wise tensile strength is 244.145 N and mean
value of weft wise tensile strength is 191.724 N, both are obtained at 0.1 molar concentration
of zinc acetate. While for the NaOH (M) the minimum mean value of warp wise tensile
strength is 245.126 N and mean value of weft wise tensile strength is 191.645 N, both are
obtained at 0.3 molar concentration of NaOH. The plots show that the minimum mean value
of warp wise tensile for sonication time (minutes) is 235.817 N and weft wise tensile is

188.318 N, which are obtained at 120 minutes of sonication time.
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Figure 53. Main effects plots for warp wise tensile strength.
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Figure 54. Main effects plots for weft wise tensile strength.
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5.15. Wash durability

Tables 27, 28, and 29 show the wash durability results after 5, 10 and 20 wash cycles for
samples A, B and 23. The results show that there is a gradual decrease in Zn contents %, P
contents %, flame retardancy, and functional properties of the sample after each wash cycle.
However, in the case of ultrasonically optimized sample 23, there is enough Zn and P contents
% even after 20 wash cycles. Although char length increased to 52 mm and LOI decreased to
29.61 after 20 wash cycles for sample 23, however, these values are excellent for flame
retardancy. Sample 23 retained enough amounts of Zn contents % after 20 wash cycles and
showed 100 % bacterial reduction for both S.aureus and E.coli bacteria. Sample 23 showed an

excellent UPF value of 123.16 and color intensity 244.73 even after 20 wash cycles.

Table 27. Results of contents analysis after washing.

Contents (%)

After 5 wash cycles

Sample Zn contents (%) Std. dev. P contents (%) Std. dev.
Sample A 5.76 0.13 3.30 0.05
Sample B - - 3.48 0.06
Sample 23 11.38 0.08 3.11 0.05

After 10 wash cycles

Sample Zn contents (%) Std. dev. P contents (%) Std. dev.
Sample A 4.74 0.17 3.13 0.04
Sample B - - 3.32 0.06
Sample 23 10.61 0.06 2.99 0.04

After 20 wash cycles

Sample (%) Std. dev. (%) Std. dev.
Sample A 3.97 0.10 3.04 0.07
Sample B - - 3.24 0.05
Sample 23 10.17 0.12 293 0.04
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Table 28. Results of flammability test and LOI after washing

Flammability test and LOI

After 5 wash cycles

After Std. After Std. Char Std. Std.
Sample flame time glow time length LOI
dev. dev. dev. dev.
(s) (s) (mm)
Sample A 5.94 0.91 3.15 0.68 89 4.02 26.70 | 0.21
Sample B 10.32 0.37 5.47 0.28 134 5.24 22.11 | 0.18
Sample 23 0 0 0 0 46 0.94 3032 | 0.13
After 10 wash cycles
After Std. After Std. Char Std. Std.
Sample flame time glow time length LOI
dev. dev. dev. dev.
(s) (s) (mm)
Sample A 7.03 1.01 3.52 0.74 93 4.36 2491 | 032
Sample B 10.72 0.41 5.89 0.32 145 5.57 21.60 | 0.24
Sample 23 0 0 0 0 49 1.03 29.83 | 0.17
After 20 wash cycles
After Std. After Std. Char Std. Std.
Sample flame time glow time length LOI
dev. dev. dev. dev.
(s) (s) (mm)
Sample A 7.82 1.12 4.23 0.88 96 5.24 23.52 | 0.27
Sample B 11.29 0.69 6.08 0.51 149 5.93 2041 | 0.23
Sample 23 0 0 0 0 52 1.36 29.61 | 0.11
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Bacterial reduction (%), UPF and color intensity

After 5 wash cycles

Sample S. aureus Std. E.cPli Std. UPF Std. . Colo'r Std.
reduction % dev. | reduction % dev. dev. intensity | dev.
Sample A 72.43 6.38 70.28 4.81 41.37 5.29 209.53 6.42
Sample B - - - - 11.81 1.08 - -
Sample 23 100 0 100 0 132.92 4.36 247.08 2.24
After 10 wash cycles
Sample S. aureus Std. E.c?li Std. UPF Std. . Colo.r Std.
reduction % dev. | reduction % dev. dev. intensity | dev.
Sample A 63.23 3.69 60.96 4.16 34.87 3.35 190.24 5.12
Sample B - - - - 11.09 1.21 - -
Sample 23 100 0 100 0 125.53 3.86 245.19 3.43
After 20 wash cycles
Sample S. aureus Std. E.cPli Std. UPF Std. . Colo'r Std.
reduction % dev. | reduction % dev. dev. intensity | dev.
Sample A 54.47 4.65 50.52 3.73 30.76 2.57 187.39 4.71
Sample B - - - - 10.61 0.94 - -
Sample 23 100 0 100 0 123.16 3.47 244.73 2.86
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CHAPTER 6

Summary and Future Prospective

In this research study, cotton fabric was modified by the ultrasonically assisted in-situ
synthesis of ZnO NPs and MDPA application by the conventional pad dry cure method.
BTCA was used as a crosslinker for the crosslinking of MDPA with cellulose, so halogen and
formaldehyde free ecological flame retardant treatment was done. The study revealed that
MDPA greatly affects the flame retardant performance of the cotton fabric, which is further
increases by the deposition of ZnO NPs. For the deposition of ZnO NPs onto the cotton
fabric, sonication time and concentrations of the chemical reagents were varied. The
optimized conditions at 0.1 M zinc acetate, 0.3 M of NaOH, and 90 minutes of sonication
time produced 13.14 % Zn contents. The pure hexagonal wurtzite crystalline structure of ZnO
NPs was confirmed by XRD. The grafting and presence of ZnO NPs was confirmed by ICP
AES, FTIR and SEM. While the presence of phosphorous contents was confirmed by ICP
AES, and the grafting of phosphorous and amide group onto the cellulose structure was
confirmed by FTIR. This research work disclosed that the concentration of ZnO NPs
deposited onto the fabric has a direct correlation with flame retardancy and other functional
properties. The optimized sample 23 showed excellent performance for flame retardancy
before and after washing. A 100 % bacterial reduction for both S. aureus and E. coli bacteria
was observed even after 20 wash cycles. The sample with the highest concentration of ZnO
NPs showed UPF value of 143.76 initially and 123.16 after 20 wash cycles. Developed
samples showed good photocatalytic self-cleaning before and after washing. The results
obtained in this research work proved that ultrasonically developed fabric samples showed
better flame retardancy and functional properties as compared to fabric sample developed by
conventional magenetic stirring method. SEM analysis showed that the ultrasonic method
deposits ZnO NPs onto the cotton fabric more uniformly and homogeneously as compared to
the conventional magnetic stirring method. Moreover, statistical analysis showed the
significant effects of all the process parameters upon the flame retardancy and functioinal
properties of the developed samples. This research study revealed that MDPA application

increased the bending rigidity of the fabric which was further increased by the deposition of
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ZnO NPs. On the other hand MDPA application resulted in a decrease in air permeability
which further decrease after ZnO NPs deposition. In the case of tensile strength the developed
samples showed less tensile strength as compared to the untreated sample, which was due to
the ester crosslinking of BTCA crosslinker, the effect of ultrasonic waves upon cellulose
chains, and the increase in the friction between the fabric structure due to the presence of ZnO
NPs. However results showed that the air permeability and tensile strength of the developed

samples are in an acceptable range.

Flame retardant multifunctional textiles at hand these days are the outcome of only chemical
treatments; at present, the technology that has been developed for producing flame retardant
textiles based on nanomaterial is still at the lab scale. The uses of nanoparticles impart some
other desired properties. In future research should be center of attention on the application of
nanoparticles as stuffing material, as their nano sizes let them penetrate into the interiors of
polymer chains, hence imparting multifunctional properties. Along with ZnO NPs in the
future other metal oxides NPs (e.g. TiO2, CuO, MgO etc.) and the nano clay should also be
used in combination with MDPA to obtain the best FR/NPs system.
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