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Abstract
Zinc oxide (ZnO) and zinc oxide-silicon dioxide (ZnO-SiO2) nanomaterials were successfully incorporated into cotton fabric 
yarn using a single step sonochemical method in aqueous medium. The resulting cotton fabrics were evaluated for the ultra-
violet (UV) blocking properties using ultraviolet-diffused reflectance spectroscopy (UV-DRS), wetting studies measured by 
contact angle, and flammability test by vertical flame test (VFT) method. The hydrodynamic diameter of the incorporated 
nanomaterials was in the range of 30–600 nm. 1, 2, 3, 4-butanetetracarboxylic acid (BTCA) was used as a cross-linking 
agent between the free -OH groups of the cotton fabric yarns. The results of ZnO-SiO2 incorporated cotton fabric exhibited 
8.8% enhancement in UV-B blocking, wettability of 124.5° and flame time of 9 ± 1 s as compared to control cotton fabric. 
The UV blocking by ZnO-SiO2 incorporated cotton fabric was retained even after 10 washing cycles. The study highlights a 
single step method for the  simultaneous in-situ synthesis and incorporation nanomaterials in cotton fabrics sonochemically 
as an  alternative method for enhanced multifunctionality.
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Introduction

The incorporation of particular function into textiles is 
presently the most important research area in both academ-
ics and industry (Park et al. 2020; Heo et al. 2018). Nowa-
days, several modification is being developed for fabrics 
with functionalities of self-cleaning (Dalawai et al. 2020), 
hydrophobicity (Zhou et al. 2020), and antibacterial (Qian 
et al. 2023). Their applications are also observed in the 
form of wearable sensors (Kim et al. 2022), medical treat-
ment (Ashar et al. 2023), environmental pollution control 
(Mohammadipour-Nodoushan et al. 2023), and health care 
(Mirjalali et al. 2022). Cotton fabrics are most well-known 
among all textiles. Cotton has been used by humans for 
4000 years ago and is produced from Gossypium genus. 
Cotton fabric is composed of cellulose fibres that are con-
nected by glycosidic bonds possessing properties like 
breathable, non-toxic, biodegradable, comfort, softness, 
and hygroscopic (Sun et al. 2023; Nesa et al. 2023). Modi-
fication of pristine cotton fabrics adds to the functionali-
ties like UV blocking, flame retardancy and superhydro-
phobicity making it a multifunctional cotton (Wanget al. 
2022). Multifunctional cotton fabrics have two or more of 
these functions which are currently in demand. The incor-
poration ZnO nanoparticles in textiles have imparted flame 
retardant, UV blocking, and self-cleaning properties. Zinc 
oxide nanoparticles (ZnO NPs) have also been widely used 
in personal care products and are a bio-safe substance for 
human beings (Gong et al. 2023; Ma et al. 2023).

In-situ incorporation of the ZnO NPs in cotton textile 
using co-precipitation at different temperatures for antimi-
crobial and UV blocking is achieved (Belay et al. 2020). 
When fabric is treated with silica sol, it forms a glass-
like network that exists as silanol and siloxane groups 
and is covalently bonded with fibres with dipolar-dipolar 
weak interaction, and hydrogen bond, which strengthens 
the coating adhesion to the fabric (Sfamen et al. 2023). 
Researchers use in situ sol-gel and self-assembly processes 
to fabricate intumescent flame retardant and hydrophobic 
coatings, thus enabling the production of multifunctional 
cotton fabrics. These coatings incorporates sodium montmo-
rillonite (MMT), ammoniumdihydrogenphosphate (ADP), 
and methyltrimethoxysilane (MTMS). Zhang et al. studied 
that the concentration of MTMS affected the hydrophobicity, 
fire resistance, thermal stability and heat release behaviour 
of the coated fabrics. An additive can be incorporated into 
the textile to create a rough texture on its surface for main-
taining its softness and durability, resulting in hydrophobic 
fabrics (Zhang et al. 2018). By coating of the nanocom-
posites such as zinc oxide-silicon dioxide (ZnO-SiO2) on 
cotton fibres using hexadecyltrimethoxysilane (HDTMS), 

researchers created hydrophobic textiles with a high contact 
angle of 150 °C (Rilda et al. 2019).

Ultrasonication or sonochemical method is a greener 
approach that is economical as well as ecological safe for the 
in-situ synthesis and incorporation of nanomaterials in cot-
ton fabrics. Sonochemical treatment is advantageous since 
it speeds up the penetration of chemicals into the complex 
structure of yarns in a fabric and is also beneficial for the 
removal of natural and artificial impurities such as wax and 
starch (Noor et al. 2023). The sonochemical method involves 
formation, growth and collapsed bubbles in aqueous medium 
due to acoustic cavitation phenomenon. This method is used 
for the synthesis of various nanoparticles of varying sizes 
and shapes (Li et al. 2021). Sonochemical method of syn-
thesis is a facile technique that helps to activate the surface, 
breaking down the agglomeration (Sharifalhoseini et al. 
2018).

Gedanken and his co-workers have widely studied the 
ultrasonic synthesis of nanomaterials and mentioned major 
benefits of sonochemistry as compared to other methods. 
Different methods have been used for the surface function-
alization of textile, including sol-gel processes, electrodepo-
sition, layer-by-layer deposition and lithographic techniques 
for getting hydrophobic, flame retardant, and UV blocking 
properties (Perelshtein et al. 2017). However, these methods 
are costly, complicated, and require multiple reaction steps 
to complete. On the other hand, the sonochemical method 
is a single step, low-cost, quick, and easy technique for the 
synthesizing of nanomaterials. Moreover, sonochemical syn-
thesis can obtain superior and unique morphologies of the 
synthesized nanomaterials because of the high rate of disso-
lution of the precursors, resulting in decreased particle size 
and high dispersion yield. (Svirinovsky et al. 2018; Noral-
ian et al. 2021). The available literature on sonochemical 
methods has used ultrasonication method to functionalize 
cotton fabric; however, dielectric barrier discharge (DBD) 
and plasma treatment steps are pre-requisite of ultrasonic 
irradiation (Irfan et al. 2022).

Ultrasonic probe sonicator has also been used for fabri-
cating multifunctional cotton fabrics, in a two step process 
i.e. first, a solution was prepared using a magnetic stirrer; 
then, synthesized ZnO nanoparticles were deposited on cot-
ton using probe sonicator (Javed et al. 2021). In the pre-
sent study, we have successfully in-situ synthesized and 
incorporated ZnO and ZnO-SiO2 nanomaterials in cotton 
fabric by using a laboratory bath ultrasonicator in a single 
step at a reaction temperature of 30 °C and  reaction time 
of 30 min. in aqueous medium. The sonochemical method 
enhances the rate of diffusion of Zn2+ and Si4+ precursors 
in the cotton yarns due to swelling of yarns process of ultra-
sonic irradiation. These precursors simultaneously lead to 
formation of ZnO and ZnO-SiO2 nanomaterials. Upon dry-
ing the cotton fabric, the loss of water leads to the shrinkage 
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of the yarns which provides additional physical anchoring to 
the ZnO and ZnO-SiO2 nanomaterials in cotton fabric. Thus, 
the study highlights a single step sonochemical method for 
simultaneous in-situ synthesis and incorporation with physi-
cal anchoring of nanomaterials in cotton fabrics.

Experimental section

Materials and methods

All the reagents and chemicals were utilized as pur-
chased without any further purifications. Zinc acetate dehy-
drate Zn (CH3COO)2(H2O)2 (≥ 99.5%) was from Thomas 
Baker; Starch extra pure and sodium hydroxide pallets (98%) 
were from SRL chemicals, India, Sodium hypophosphite 
monohydrate (99%) was from Spectrochem Pvt. Ltd. India, 
and 1, 2, 3, 4-Butanetetracarboxylic acid (98%) was from 
Alfa Aesar, India. Methyltrimethoxysilane (MTMS) (98%) 
was from Sigma-Aldrich India, and absolute ethanol (99.9%) 
was collected from Changshu Hongsheng Fine Chemical 
Co., Ltd., China. All the synthesis and in-situ incorpora-
tion in cotton fabric were carried out using distilled water. 
DKTE’s Society’s and Engineering Institute Ichalkaranji, 
Maharashtra, gifted the pre-finished 100% cotton fabrics.

Incorporation of ZnO NPs in cotton fabric

In a typical in-situ synthesis and incorporation procedure, 
cotton fabrics of the size 2 × 2 inch. is pre-treated using 
soap solution, rinsed with distilled water,sonicated at 50 °C 
using a bath ultrasonicator to remove non-cellulose com-
ponents such as wax, grease other finishing materials and 
finally allowed to dry at room temperature. Zinc acetate 
(0.16 M) dissolved in aqueous starch solution (0.5%) with 
continuous stirring using a magnetic stirrer.  Cotton fab-
ric were introduced in the solution after the complete dis-
solution of zinc acetate. Aqueous NaOH solution (0.6 M) 
were added dropwise into the above mixture by the wall 
of the beaker. After the NaOH addition, the above reaction 
mixture was placed in the bath ultrasonicator for 30 min. at 
30 °C. The reaction mixture containing the cotton fabric was 
allowed to settle down. The in-situ synthesized and incor-
porated cotton fabric was removed and dried  in a hot air 
oven overnight at 90 °C. Finally, the reaction mixture was 
centrifuged at 5000 rpm and the  powder was harvested and 
dried at 120º C  in a hot air oven for overnight.

ZnO‑BTCA treated cotton fabric

Zinc acetate (0.16 M) dissolved in starch solution (0.5%) 
with continuous stirring using a magnetic stirrer along with 
the cotton fabric. NaOH solution (0.6 M) was further added  

dropwise in the reaction mixture by the wall of the beaker. 
After the NaOH addition, above reaction mixture was placed 
in the bath ultrasonicator for 15 min. and then added mix-
ture of 1, 2, 3, 4-butanetetracarboxylic acid (0.09 M) as a 
cross-linker followed by sodium hypophosphite (0.1 M) as a 
catalyst with continuous stirring. The reaction mixture was 
further exposed to  a bath ultrasonicator for another 15 min. 
Similar to the procedure of drying and harvesting ZnO incor-
porated cotton fabric and ZnO powder, the same was fol-
lowed for the ZnO-BTCA treated cotton fabric and powder.

ZnO–SiO2 incorporation in the cotton fabric

As mentioned above, the procedure of the incorporation of 
the ZnO NPs in cotton fabric, 100 ml. of MTMS (1.4 M) in 
absolute ethanol were added to this reaction mixture and 
exposed to a bath ultrasonicator for 30 min. under optimized 
reaction conditions, at 30 °C. The cotton fabric was dried at 
90 °C overnight. The remaining reaction mixture was cen-
trifuged at 5000 rpm. The obtained powder was dried in the 
oven at 120 °C overnight.

Washing test

The wash ability tests of all nanomaterials incorporated cot-
ton fabrics were determined using distilled water at room 
temperature using 1×1 cm pieces of the cotton fabrics. The 
washing process was carried out using an orbital shaker in 
a 20 ml distilled water at 120 rpm for 25 min. (5 cycles) 
and for 50 min (10 cycles). The samples were then dried at 
90 °C overnight, furthermore, samples were tested for UV 
blocking ability from transmittance (%) taken by UV-DRS 
(El-Nahha et al. 2017).

Flammability test

The study of the combustion property of the nanomate-
rial incorporated in cotton fabrics was evaluated by the 
vertical flammability test (VFT). Cotton fabrics of the 
size 2 × 6 cm was used and  tested for three times each. The 
average time to capture flame and flaming time (S) were 
recorded, and the average were calculated.

Characterization techniques

Dynamic light scattering (DLS) for determination of 
hydrodynamic diameter and zeta potential  for stabil-
ity using a particle size analyzer (Anton Paar, letiesizer 
500) with a   laser wavelength of 633 nm and power of 
4.0 mW, from a solid-state He-Ne laser source at a scat-
tering angle of 170° were used. X-ray diffraction (XRD) 
patterns were recorded on  a D8 Advance Bruker with 
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Cu-Kα monochromatic radiation (λ = 1.5418 Å), and XRD 
patterns were recorded  in the range of 2θ between 5° and 
80°. UV-DRS transmittance spectra of the incorporated cot-
ton fabric were recorded on a Shimadzu UV–VIS SPEC-
TROPHOTOMETER UV-2700, using barium sulphate as a 
standard. The FTIR analysis was carried out using attenu-
ated total reflectance Fourier Transform Infrared (ATR-
FTIR) Spectrophotometer from Bruker Alpha 100508 in the 
wavelength range from 500-4000 nm. Thermogravimetric 
analysis (TGA) was done using (SDT Q600 V20.9 Build 
20) in the temperature range from 0 -1000 °C at heating 
rate of 10 °C per minute. For the harvested powder nano-
materials,  5 mg were taken in the platinum crucible  and 
the data were recorded for a  scanning time of 98 min. Sur-
face roughness and topography were evaluated using an 
atomic force microscopy (AFM) (Park Systems, NX-10), in 
a non-contact mode with the area of 2 µm × 2 µm. Surface 
morphology of cotton fabric was studied by Field Emission 
Scanning Electron Microscopy (FESEM) (MIRA3 LMH, 
TESCAN, Brno, Czech Republic), with energy-dispersive 
spectroscopy (EDS) (Oxford Instrumentations), performed 
at 15 kV. Wettebility of all the nanomaterial incorporated 
cotton fabrics were studied using a contact angle measure-
ment (HOLMARC Opto-mechatronics Pvt. Ltd). The sono-
chemical in situ synthesis and incorporation was carried out 
using an ultrasonic bath (Life Care Equipment Pvt. Ltd. with 
a capacity of 3.3 Ltr operating at 33 ± 3 kHz and100 W).  

Vertical flammability test (VFT) done using flame and 
image data collected  using a digital camera.

Results and discussions

Scheme 1 represents the different aspects of the sonochemi-
cal (ultrasonication) method for simultaneous in-situ synthe-
sis and incorporation of the ZnO and ZnO-SiO2 nanoparti-
cles into cotton fabrics. The method has advantages as: (i) It 
helps in the swelling of yarns of the cotton fabric resulting 
increase in porosity, pore size and thickness of yarn of the 
cotton, (ii) Zn2+ and Si4+ ions easily diffuse from a precursor 
in the yarn of the fabric, and (iii) ultrasonic irradiation leads 
to nucleation of ZnO and ZnO-SiO2 nanomaterials embed-
ded inside the yarns which on drying provides anchoring 
to the ZnO and ZnO-SiO2 nanomaterials. The incorpora-
tion of zinc oxide (ZnO) nanomaterial in cotton fabric by 
sonochemical method follows addition of zinc acetate [Zn 
(CH3COO)2 2.H2O] precursor in the presence of sodium 
hydroxide (NaOH) that generates intermediate Zn (OH)2. 
Zinc ions penetrate into the matrix of the fabric resulting 
in the acessible hydroxyl groups of the cotton fabrics being 
replaced by Zn(OH2), however, some OH groups remain 
unreacted on the cotton fabric. 1, 2, 3, 4-butanetetracar-
boxylic acid (BTCA) catalysed in the presence of sodium 
hypophosphite (SHP) dissolved and dissociated into ions in 
water is cross-linked between the unreacted surface hydroxyl 

Scheme 1   Schematic representation of in-situ incorporation for multifunctional ZnO–SiO2 in cotton fabrics
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groups present on the cotton fabric. Thus, upon drying 
results in ZnO-BTCA treated cotton fabric  with good poten-
tial anti-wrinkle property. BTCA is one of the best formal-
dehyde-free cross-linkers.  On the other hand, ZnO incorpo-
rated cotton fabric was treated with methyltrimethoxysilane 
enhances various properties, as silane treatment decreases 
the particle size and increases hydrophobicity. Hydrolyti-
cally sensitive sites of cotton fabric reacts with hydroxyl 
groups or silanols of MTMS to form silica-modified sur-
faces of the cotton fabrics. In ZnO-SiO2 incorporated cotton 
fabric, conversion takes place between the hydrophilic to 
hydrophobic surfaces of the cotton fabric, some hydroxyl 
groups of the cotton remain unreacted. In the sonochemi-
cal method, ultrasonic waves have frequency above 20,000 
oscillations per second. Ultrasonic waves promote the incor-
poration of newly formed active nanoparticles to the surface 
of cotton fabric, swelling of fibres of cotton takes place in 
water, and finally opens the matrix of the fabric resulting 
in smooth insertion or incorporation of the nanoparticles 
between the yarn pores of cotton fabric. The mechanism of 
ultrasonication also leads to the  lowering the fabrics glass 
transition temperature, raising the partition coefficient of the 
fabric in ultrasonic bath, improving material transport to the 
fabric surface by lowering the boundary layer, breaking up 
micelles, and high molecular weight aggregates into uni-
form dispersions in the ultrasonic bath. Ultrasound energy 
of 20 kHz frequency is compatible to induce cavitations and 
oscillations to produce unstable micro-bubbles which col-
lides each other due to momentary high temperature and 
pressure. The temperature of the micro-bubbles in an ultra-
sonic bath can reach to  a maximum of 5000 °C. This active 
moment causes a chemical reaction between the precurssors  
and cotton fabric; ultrasonication reduces the agglomeration 

of the precurssors. Depending on the condition of the water 
vapour pressure in a cavitation bubble, the cavity and  time, 
the  bubble collapses, leading to sonochemical processes in 
aqueous solution. At this point, the water vapour is under 
high pressure and temperature, and the water molecules will 
undergo a process known as sonolysis as shown in Fig.1, 
producing highly reactive species of water.

After the incorporation of ZnO nanoparticles in the 
fabric, remaining suspension was spin down and the col-
lected powder was dried oven at 90° C overnight. Both the 
hydrodynamic diameter and zeta potential of nanomaterials 
were studied by dynamic light scattering (DLS). ZnO, ZnO-
BTCA treated and ZnO-SiO2 nanomaterial were dispersed in 
water. The particle size was influenced by reaction time, and 
precursor.. The hydrodynamic diameter of the ZnO nanopar-
ticle was 33.64 nm. The stability of colloidal solutions was 
determined by zeta potential assessment based on the surface 
charge of particles. (Jain et al. 2020) The zeta potential cor-
relates to the stability and charge on  the particles surface in 
the solution. The zeta potential value of synthesized ZnO 
particles was −14.84 mV, indicating ZnO particles are sta-
ble. The hydrodynamic diameter of the ZnO-BTCAtreated 
powder was 342.1 nm, the zeta potential was −9.9 mV and 
hydrodynamic diameter of the ZnO-SiO2 nanoparticles 
was 863.5 nm with zeta potential of 0.75 mV as depicted 
in Figs.2 and 3 respectively. According to the study of zeta 
potential, the surface charge of the incorporated nanoma-
terials was negative and the ZnO-SiO2 nanomaterials was 
more stable than others because the zeta potential range was 
near zero.

XRD patterns of control cotton, ZnO, ZnO-BTCA-
treated, and ZnO-SiO2  incorporated cotton fabrics are 
shown in Fig.4. XRD patterns of control cotton fabric 

Fig. 1   Schematic representation production of sonolysis species by acoustic cavitation
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represented in Fig.4a where peaks observed at 17.53°, 
22.68°, 25.67°, and 34.01 correspond to (111), (200), 
(200), and (211) XRD patterns which stated crystalline 
form of cellulose. The ZnO incorporated cotton fabric’s 
XRD peaks are observed in Fig.4b at 17.42°, 20.4°, 22.55°, 
25.11° 27.34°, 29.73°, 31.77°, 36.23°, 39.46°, 40.67°, 
43.16°, 47.68°, 48.54°, 52.46°, 56.57°, 60.5°, 62.89°, 
68.02°, and 69.04° which corresponds to (111), (200), 
(210), (211), (220), (300), (311), (222), (321), (400), 
(411), (411), (411), (421), (422), (430), (431), (432), and 
(432), XRD patterns with intense peak confirmed that 
incorporated ZnO nanoparticles were crystalline and of 
great purity. ZnO nanoparticles were of hexagonal phase 
compared with standard data (JCPDS No. 01-079-0206), 
respectively. The peaks of ZnO-BTCA treated cotton fab-
rics are observed at 7°, 12°, 18°, 21°, 33°, and 59° which 
are described to crystal planes (111), (221), (331), (431), 
(553), and (652) of ZnO-BTCA-treated (JCPDS card No. 
00-012-0142) observed in Fig.4c. ZnO-SiO2 incorporated 
cotton fabric peaks associated with 2Ɵ values at 17.42°, 
21.69°, 25.8°, 29.38°, 31.77°, 34.51°, 36.23°, 39.64°, 
43.22°, 47.68°, 48.54°, 56.57°, 60.66°, 63.05°, 64.77°, 
and 68.02° which represents (111), (210), (211), (220), 
(310), (311), (320), (321), (322), (421), (421), (432), 

(441), (442), (532), and (540) crystal planes represented 
in Fig.4d. Silica nanoparticles were of tetragonal shape 
according to standard data (JCPDS No. 00-036-1451 and 
01-082-1406) (Yang et al. 2018). The particle size of the 

Fig. 2   Diameter of a ZnO NP’s, b ZnO-BTCA treated, and c ZnO-SiO2 nanomaterial

Fig. 3   Zeta potential of a ZnO, b ZnO-BTCA-treated, and c ZnO-SiO2 nanomaterial

Fig. 4   XRD spectra of a control, b ZnO, c ZnO-BTCA treated, and d 
ZnO-SiO2 incorporated cotton fabrics
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ZnO, ZnO-BTCA treated, and ZnO-SiO2 nanomaterial was 
determined using the Debye-Scherrer formula as given 
in Eq.1 which are 67.83 nm, 47.61 nm, and 51.92 nm, 
respectively.

UV-DRS spectroscopy is used to investigate the UV 
blocking property of the nanomaterials incorporated cot-
ton fabrics in terms of transmittance. The transmittance 
calculated by UV-DRS, when the material has a minimum 
transmittance value, it shows good UV blocking properties. 
According to UV-DRS, control cotton fabric was higher 
transmittance concerning the ZnO, ZnO-BTCAtreated, and 
ZnO-SiO2incorporated cotton fabrics that means lower the 
UV blocking ability. Nanomaterials incorporated cotton fab-
rics were also tested after 10 washing cycles, to study wash-
ing durability as shown in Fig.5. In Table 1, transmittance 
value of the nanomaterial incorporated cotton fabric was 

(1)D =
K�

�Cos�

described without washing and after 10 washing cycles. To 
study more elaborately the UV blocking performance of the 
fabric in each part of the UVR spectrum, the UV-A (315 to 
400) and UV-B (280-315) transmittances are calculated as 
the arithmetic mean of all intermediate transmittance meas-
urements in each region, by Eq.2 and Eq.3.

where T� is spectral transmittance at wavelength � , m is the 
number of measurement points between 315 and 400 nm 
and between 280 and 315 nm, respectively, i.e. depending. 
ZnO-SiO2 incorporated cotton fabric performed better abil-
ity for UV blocking as low transmittance values studies by 
UV-DRS transmittance; in both UV-A and UV-B regions as 
compared to control, ZnO, ZnO-BTCA treated cotton fabrics 
as represented in Table1. (Louris et al. 2018). ZnO-SiO2 
incorporated cotton fabric has better UV blocking retention 
even after 10 washing cycles according to UV-DRS trans-
mittance which is given in Table 1.

FTIR absorption bands of all fabrics associated with 
ZnO, ZnO-BTCA treated, and ZnO-SiO2 incorporated cot-
ton fabrics are represented in Fig.6. Functional groups of 
the cotton fabrics of control and incorporated cotton fabrics 
were examined by the attenuated total reflectance fourier 
transform infrared (ATR-FTIR). From Fig.6, the ATR-FTIR 
spectra of ZnO incorporated cotton fabric compared with 
control cotton fabric and measured in the range of 500-
4000 cm−1 presented in Fig.5. Peaks are observed in Fig.6a 
at 1150 cm−1, 1314 cm−1, 1718 cm−1, and 2906 cm−1 that 
represents cellulose band which shows O–H stretching. The 
peak 1150 cm−1 attributed to strong peaks belongs to the 
cellulosic structure. The peak at 1314 cm−1 was attributed 
to the C-H asymmetric deforming. The peak at 1718 cm−1 
was attributed to the bending vibration of C–O bonds in 
control cotton fabric. The new peak appeared in ZnO incor-
porated cotton fabric in Fig. 6b at 461 cm−1 was attributed 
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Fig. 5   UV-DRS transmittance spectra of cotton fabrics: a control, b 
ZnO without washing, c ZnO after 10 washing cycles, d ZnO-BTCA 
treated without washing, e ZnO-BTCA treated after 10 washing 
cycles, f ZnO-SiO2 without washing, and g ZnO-SiO2 after 10 wash-
ing cycles

Table 1   Transmittance (%) 
of control and nanomaterials 
incorporated cotton fabrics in 
the region of UV-A and UV-B

a Transmittance (%) without washing cycles
b Transmittance (%) after 10 cycles of washing

Sample % UV-A 
transmittancea

% UV-A 
transmittanceb

% UV-B 
transmittancea

% UV-B 
transmittanceb

Control cotton fabric 36.41 36.41 11.12 11.12
ZnO-incorporated cotton fabric 18.65 20.74 5.9 6.4
ZnO-BTCA-treated cotton fabric 38.50 43.20 7.2 8.9
ZnO–SiO2-incorporated cotton fabric 13.18 13.18 3 3.3
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to the Zn–O vibration (Yazhini et al. 2015). The peak at 
1718 cm−1 corresponds to the formation of ester and car-
boxylate in the cross-linked cellulose. In Fig.6c, this peak 
was shifted in ZnO-BTCA treated cotton fabric at 1327 cm−1 
and 1714 cm−1 that were attributed to the presence of car-
bonyl group which shows stretching vibrations of (COO–), 
and the formation of ester linkage was confirmed. The band 
at 995 cm−1 was attributed to the CO bond, and the peak at 
705 cm−1 was attributed to C–O–C stretching of the cyclic 
anhydride in ZnO-BTCA treated cotton fabric (Aslam et al. 
2019). Peak 477 cm−1 was attributed to Zn–O vibrations, 
and a band in the range of 721 cm−1 was associated with the 
Si–O–Si stretching vibrations bonds represented in Fig.6d 
for ZnO-SiO2 incorporated cotton fabric. (Seeharaj et al. 
2018; Saravanan et al. 2020).

Thermal stability of the control cotton, ZnO, ZnO-
BTCA treated, and ZnO-SiO2 incorporated cotton fab-
rics examined by thermogravimetric analysis (TGA) as 
depicted in Fig.7. Thermal degradation of control cotton 
fabric performed quick weight loss, and it stared from 
268.71 °C of 19.71% after 369.39 °C major decompo-
sition started of the control cotton and 50.71% weight 
loss observed after it slowly decomposed carbon resi-
due at 504.97 °C and residue remained 14.31%. Cellu-
lose decomposition temperature has been reported to 
be 300–380 °C (Rilda et al. 2020). TGA of ZnO incor-
porated cotton fabric, initially minimum weight loss of 
4.56% observed at 99.34o C, major weight loss of 63.97%, 
started at 213.15 °C finally residue remained at 980.10 °C 
of 14.86% because the presence of ZnO content in cotton 
fabric. When ZnO-BTCA treated cotton fabrics were stud-
ied for thermogravimetric analysis where  initially showed 
weight loss of 18.71% at 98.70 °C then, the second weight 
loss of 43.66% started at 359.02 °C and the final 6.54% 
residue remained. ZnO-SiO2 incorporated cotton fabric 

quickly decomposed but the final residue remained at 
17.61% at 981 °C due to the effect of ZnO-SiO2 nano-
composites incorporation in cotton. In addition, for a small 
change to the decomposition with increased residual per-
centage, therefore it confirmed that the incorporation of 
the nanoparticles had no effect on the thermal stability of 
the cotton fabrics.

ZnO, ZnO-BTCA treated, and ZnO-SiO2 nanomaterials 
were sucessfully incorporated in cotton fabrics and con-
firmed by FESEM and EDX. The morphology of the control, 
ZnO, ZnO-BTCA treated, and ZnO-SiO2 incorporated cot-
ton fabrics as well as their incorporation in the cotton fabrics 
was studied using a field emission scanning electron micros-
copy embedded with energy-dispersive spectroscopy used 
for the elemental analysis and mapping as depicted in Figs.8, 
9, 10 and 11. Fig.8a represented the FESEM morphology of 
the yarn of the original control cotton fabrics another Fig. 8b 
ZnO incorporated cotton fabric having a rod-like structure 
with less densely occupied in the surface of the cotton fabric 
(Wang et al. 2018). Figure 8c depicted random incorporation 
of the ZnO-BTCA treated cotton fabric. FESEM morphol-
ogy of the ZnO-SiO2 incorporated more densely into yarns 
of the cotton fabric as depicted in Fig.8d.

Figure 12 describes AFM analysis of the control cot-
ton, ZnO, ZnO-BTCA treated, and ZnO-SiO2 incorporated 
cotton fabrics representing the surface topography of the 
control cotton and nanomaterial incorporated cotton fab-
rics. Surface roughness of the ZnO incorporated cotton fab-
rics having larger roughness value with respective control 
cotton, ZnO-BTCA treated, and ZnO SiO2  incorporated 
cotton fabrics which indicated high ZnO incorporation in 
cotton fabrics (Arputharaj et al. 2017). Table 2 represents 
the surface roughness values of the control and ZnO, ZnO-
BTCA treated, and ZnO SiO2 cotton fabrics.

Fig. 6   FTIR spectra of a control, b ZnO, c ZnO-BTCA treated, and d 
ZnO–SiO2 incorporated cotton fabrics Fig. 7   Thermogravimetric analysis of Control cotton, ZnO,  

ZnO-BTCA treated, and ZnO-SiO2 incorporated cotton fabrics
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The wetting behaviour of the cotton fabrics was studied 
using contact angle (WCA) measurements as depicted in 
Fig.13. Original control cotton was hydrophilic according 
to results as revealed in Fig.13a. The average contact angle 
between water and the surface of the ZnO incorporated 
cotton fabric was 88.65° as represented in Fig.13b. ZnO-
BTCA treated cotton fabric was hydrophilic in nature as 
per results revealed in Fig.13c; however, ZnO-SiO2 cotton 
performed a greater water contact angle than ZnO incor-
porated cotton fabric which was 124.5° (Fig.13d). Contact 
angle measurements also done after 10 washing cycles 
to study effect of 10 washing cycles on the surface tex-
ture for the ZnO incorporated, ZnO-BTCA treated, and 
ZnO-SiO2. As can be seen from the contact angle images 
shown in Fig.13c, e, g after 10 washing cycles, all except 

the ZnO-SiO2 cotton fabric are hydrophobic with contact 
angle of 120.5°, Fig.13g which is similar to the before 
washing cycles (124.5°). This suggest that the hydropho-
bic surface texture of the ZnO-SiO2 incorporated cotton 
fabrics is retained even after 10 washing cycles and it com-
plements UV blocking property as shown in Fig. 5.

Wenzel and Cassie-Baxter model is significant for 
the study of wetting states of the structured surfaces. In 
described Wenzel model which is a completely wetted 
surface, the original control cotton fabric absorbed water 
whereas Fig.14b represented the Cassie-Baxter model i.e. 
non-wetted on the rough surface; ZnO-SiO2 incorporated 
cotton fabrics also performed the same Cassie-Baxter state 
on the surface. Figure 14c described the intermediate state of 
the surface between Wenzel and Cassie-Baxter states which 

Fig. 8   FESEM images of the a control cotton, b ZnO, c ZnO-BTCA treated, and d ZnO–SiO2 incorporated cotton fabrics at 10 µm, 50 µm, and 
200 µm magnification scales



4682	 Chemical Papers (2024) 78:4673–4688

is a partial or mixed wetting state of the surface, in our study, 
ZnO-incorporated cotton fabric performed the same state on 
the surface (Nagayama et al. 2020). Correlation study of the 
Cassie-Baxter and Wenzel model with the physical morphol-
ogy of the cotton surfaces obtained from FESEM images in 
Fig. 8a–d would better understand deviations from hydro-
philic to hydrophobic surfaces and the intermediate partial 
wetting surface of the nanomaterial incorporated cotton fab-
rics. Table 3 gives detailed comparision of multifunctional 
application of cotton fabrics.

To study the combustion properties of different nanoma-
terials incorporated in cotton fabrics compared with control 
cotton, a vertical flammability test (VFT) conducted. Each 
sample was evaluated 3 times, and the average data were rep-
resented. Images taken before and after VFT using a digital 
camera, corresponding data given in the following Table 4. 

VFT was studies observed that control cotton burned com-
pletely and no residue remained. Average time to capture 
flame (3.6 s) and flaming (9 s) performance increased in 
the case of nanomaterials incorporated cotton fabrics 
with increased char length. In the study observed, ZnO-
SiO2 incorporated cotton fabric required more time to cap-
ture flame, it also greatly improved char length as compared 
to ZnO and ZnO-BTCA treated cotton fabrics. (Fig. 15)

Conclusions

ZnO, ZnO-BTCA treated, and ZnO-SiO2 nanomaterials 
have been successfully synthesized and incorporated in cot-
ton fabrics and confirmed by UV-DRS, DLS, FTIR, XRD, 
FESEM, AFM, WCA, and VFT studies. ZnO incorporated 

Fig. 9   Energy X-ray diffractive spectra (EDX) of the ZnO incorporated cotton fabric

Fig. 10   Energy X-ray diffractive spectra (EDX) of the ZnO-BTCA treated cotton fabric
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Fig. 11   Energy X-ray diffractive spectra (EDX) of the ZnO-SiO2 incorporated cotton fabric

Fig. 12   AFM images of a control cotton, b ZnO, c ZnO-BTCA treated, and d ZnO-SiO2 incorporated cotton fabrics
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cotton fabric performed good UV blocking, hydrophobic 
contact angle and flame time than control cotton fabric. 
ZnO-BTCA treated cotton where surface OH groups were 
cross-linked by using BTCA; however, there was no sig-
nificant change observed in UV-DRS and wetting angle. 
According to the results, ZnO-SiO2  incorporated cotton 
fabric exhibited a significant enhancement in multifunc-
tional properties of UV blocking, wettability, and flame time 
compared to control, ZnO incorporated and ZnO-BTCA 
cotton fabrics. The ZnO incorporated cotton fabrics dem-
onstrated 1.7 times better UV-B blocking than the control 
cotton fabric; also, there was only a slight change observed 
in the transmittance of all nanomaterials incorporated cot-
ton fabrics even after 10 washing cycles. ZnO incorporated 
cotton fabric surface behaved as hydrophobic in nature 
(WCA = 89°), after washing, it turned into hydrophilic 

Table 2   Surface roughness values for control cotton, ZnO,  
ZnO-BTCA treated, and ZnO-SiO2 incorporated cotton fabrics

Sample Surface 
roughness 
(nm)

Control cotton fabric 21.05
ZnO-incorporated cotton fabric 155.798
ZnO-BTCA treated cotton fabric 14.498
ZnO-SiO2 incorporated cotton fabric 63.923

Fig. 13   Contact angle images of 
cotton fabrics: a control, b ZnO 
without washing, c ZnO after 10 
washing cycles, d ZnO-BTCA 
treated without washing, e ZnO-
BTCA treated after 10 washing 
cycles, f ZnO-SiO2 without 
washing, and g ZnO-SiO2 after 
10 washing cycles
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surface and flame time of 7 ± 0.6 s. ZnO-SiO2 incorporated 
fabric performed better UV-B blocking ability which was 
3.3 times greater than control cotton fabric. In the wettabil-
ity study, ZnO-SiO2 was a significant hydrophobic nature 
(CA = 124.5°), after washing test, it retained hydrophobicity 

(WCA=120.5°) and flame time of 9 ± 1 s. Regarding effect 
of 10 washing cycles to the nanomaterial incorporated cot-
ton fabrics, we can conclude that there is almost no effect of 
washing cycles on the texture of the ZnO-SiO2 incorporated 
cotton fabric; also, it retained good UV blocking property. 

Fig. 14   Schematics of wet-
ting behaviour on structured 
surfaces: a Wenzel model, b 
partial wetting model, C Wenzel 
model, and d Cassie-Baxter 
model

Table 3   Detailed comparison studies regarding multifunctional cotton fabric

Material Different methods to syn-
thesize multifunctional 
cotton

Steps involved Reaction time Temperature Properties References

TiO2 Ultrasonic irradiation One step 4 h 75 °C Self-cleaning and photo-
catalytic

Sadr et al. (2014)

ZnO Hydrothermal One step 1 h 90 °C Self-cleaning, Photo-
catalytic, and UV 
protecting

Javed et al. (2021)

TiO2 Ultrasonic acoustic 
method

Two steps 2 h 70 °C self-cleaning, washing 
durability, and antimi-
crobial

Noman et al. (2018)

Nano TiO2 Ultrasonic irradiation Three steps 1.2 h – UV protection, hydro-
phobicity, and thermal 
resistant

Chen et al. (2018)

ZnO, TiO2 Pad-dry-cure method Two steps 5 min 120 °C UV Protective, supe-
rhydrophobic, and 
Antibacterial

Khan et al. (2018)

ZnO Ultrasonic irradiation, 
Pad-dry-cure

– – – Water and stain- repel-
lent, antimicrobial, and 
UV blocking

Chakrabarti et al. (2015)

ZnO DBD plasma, Ultrasonic 
irradiation

Two steps 15 min 75 o C Photocatalytic self-clean-
ing, UV protection, and 
antibacterial

Irfan et al. (2022)

ZnO-SiO2 Ultrasonic irradiation One step 0.5 h Room temperature UV blocking, hydropho-
bicity, and flammabil-
ity

This work
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Therefore, in this study, we conclude ZnO-SiO2 incorpo-
rated cotton possesses multifunctional properties, and the 
sonochemical method could be a better alternative for the 
direct incorporation of nanomaterials in cotton fabrics. The 
important areas of applications of these nanomaterials incor-
porated cotton fabrics can be beneficial in different aspects 
of society, likewise in protective clothing, UV blocking fab-
rics can be used against harmful UV radiations from the 
sun, in outdoor textiles hydrophobic and superhydrophobic 
fabrics are used to repel water and prevent moisture damage. 
In medical fields, hydrophobic and flame retardant cotton 
fabrics are used as a medical textile to prevent the spread of 
infection and protect against fire, as well as it also used in 
home textiles such as curtains for anti-dust, flame retardant 
properties. Nowadays, we are working on superhydrophobic 
cotton fabrics to enhance self-cleaning properties by increas-
ing the water contact angle of the incorporated cotton fabrics 
also focusing on improving washing cycles and other proper-
ties of the developed multifunctional cotton fabrics by using 
a same sophisticated sonochemical method which helped to 
open a wide range of cotton fabrics and easy incorporation 

of the nanomaterials in cotton fabrics without significant 
damage to the original structure of the cellulose.
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