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analysis and scanning electron microscopy  (EDX-
SEM). The morphology of the generated AgNPs was 
also investigated  by means of  transmission electron 
microscopy  (TEM). The generated AgNPs exhibited 
a homogeneous distribution and high depositing den-
sity with a nanoparticle size between 35 and 80 nm. 
AgNPs incorporated onto cotton fibers endowed with 
brownish-yellow color for plasma-untreated fibers 
and brown for plasma-pretreated fibers. The color-
fastness and color strength of the AgNPs-coated fab-
rics were explored. The colored cotton fibers dem-
onstrated persistent antimicrobial performance to S. 
aureus, E. coli and C. albicans pathogens. AgNPs/
cotton displayed excellent photocatalysis and self-
cleaning properties to the photochemical decomposi-
tion of methylene blue.

Keywords  Silver carbamate · In-situ thermal 
reduction · Silver nanoparticles · Cotton fibers · 
Coloration · UV shielding · Photocatalysis · 
Antimicrobial properties

Introduction

High performance technical textiles are smart mate-
rials designed to present significant functionalities 
toward an improved quality of life (Revaiah et  al. 
2020; Yasin and Sun 2019). Nanotechnology has 
been an important, globally emerging and creative 
practice for a variety of industrial sectors (Shaheen 

Abstract  In-situ preparation of silver nanopar-
ticles (AgNPs) into plasma-pretreated cotton sub-
strates adds novel functional properties and expands 
their potential applications. Herein, we report a new 
approach toward the assembly of multifunctional 
coated technical textiles. AgNPs was in-situ prepared 
onto plasma-pretreated cotton fibers using the simple 
pad-dry-cure method to impart ultraviolet protection, 
brilliant colors, antimicrobial and photocatalytic self-
cleaning properties. AgNPs was produced by thermal 
reduction of excess Ag+ from an aqueous solution of 
silver N-(2-ethylhexyl)carbamate on the fibrous cot-
ton surface at 130 °C. The immobilization of the gen-
erated AgNPs onto the fibers was improved by plasma 
activation. Both morphology and elemental content of 
the treated fabrics were investigated by Fourier-trans-
form infrared spectroscopy, energy dispersive X-ray 
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et  al. 2016; Abdelgawad et  al. 2017; Hussein et  al. 
2018; Rehan et  al. 2018a; El-Naggar et  al. 2019; 
Elshaarawy et  al. 2019; Youssef et  al. 2019). The 
application of nanotechnology and nanomaterials in 
the production of high performance technical textiles 
can be interpreted with regard to the highly surface 
area to volume ratio resulting in an improved mate-
rial activity, lesser cost, less utilization of chemicals, 
lower consumption of energy as well as lower envi-
ronmental impacts (Jayathilaka et  al. 2019; Abdel-
rahman et  al. 2020; Vigneshwaran and Arputharaj 
2020). In addition, the highly surface area to volume 
ratio results in lesser effects on the textile original 
mechanical and physical characters, such as handling, 
strength and air permeability. Recently, the applica-
tion of metal and metal oxide  nanoparticles (NPs) in 
technical textile manufacturing has been employed 
to impart novel functionalities (Lund et al. 2018). In 
technical textiles, a fiber/fabric surface may provide 
multiple functionalities, such as better color strength 
brilliant colors, flame-retardant, antimicrobial activ-
ity, water-repellent, anti-static, self-cleaning, thermal 
stability and UV protection as well as other healthcare 
and hygiene purposes (Yuranova et  al. 2006; Textor 
and Mahltig 2010; Petkova et al. 2014; Abdelrahman 
and Khattab 2019; Khattab et  al. 2019). Such char-
acteristics lead to increasing the fabric’s versatility. 
There have been various techniques reported for the 
immobilization of metal oxide NPs onto textile fibers, 
such as exhaustion, dip-coats, pad-batch, sol–gel and 
sonochemical coating (Perera et  al. 2013; Mitrano 
et  al. 2014; Pulit-Prociak et  al. 2016). The exhaus-
tion procedure can be recognized as an adsorption 
of a definite substance into the fibrous textile matrix 
from aqueous bath through a padding process. There-
fore, the concentration of the adsorbed substance in 
the aqueous medium gradually decreases consider-
ing the rate of exhaustion as a function of time. The 
exhaustion technique has been reported as one of the 
most utilized adsorption approaches with the capabil-
ity to provide a uniform distribution of metal oxide 
NPs as well as being an appropriate method for the 
simultaneous immobilization of NPs and dyes into 
the fibrous textile matrix to accomplish a concurrent 
colored and antibacterial fabric as an effective one-
step procedure (Khalil-Abad et  al. 2009; OhadiFar 
et al. 2020). There have been varieties of techniques 
that have been reported for the posttreatment or 

in-situ preparation of metal and metal oxide NPs into 
the surface of fibrous textile matrix. Metal and metal 
oxide NPs have been immobilized into the fibrous 
textile matrix through spinning procedure, as well 
as exo- situ or in-situ preparation procedures of the 
nanoparticles onto the fiber/fabric surface (Tao et al. 
2016; Islam et al. 2018; Rehan et al. 2018b). In-situ 
preparation of metal and metal oxide NPs into a tex-
tile matrix has been recognized recently as a highly 
favored technique posttreatment as the in-situ method 
is distinguished by lower time consumption, lesser 
energy and lower usage of chemicals. Moreover, it 
has offered better control of the deposition process 
(Magesh et al. 2018; Rehan et al. 2019).

The application of metallic silver nanoparti-
cles (AgNPs) in technical textile industry has been 
recently growing (Hebeish et  al. 2011, 2014; Yan 
et al. 2016; El-Naggar et al. 2018; Rehan et al. 2018a; 
Zhou and Tang 2018; Elshaarawy et al. 2019). Both 
of ultraviolet shielding and antimicrobial activity are 
the main functional characteristics under inspection 
for AgNPs-based finished technical textiles. AgNPs 
have been utilized to offer medical dressings owing 
to its antimicrobial activity for extended time periods 
against a variety of pathogenic organisms (Hebeish 
et al. 2011, 2014; Yan et al. 2016; Xu et al. 2017; El-
Naggar et al. 2018; Rehan et al. 2018a; Shabbir and 
Mohammad 2018; Elshaarawy et  al. 2019). Both of 
AgNPs and Ag+ have been proved to be very effec-
tive antimicrobial substances by damaging the bacte-
rium DNA and RNA, and accordingly inhibiting their 
replication. In addition, the application of AgNPs on 
textile fibers has been beneficial due to the presence 
of surface plasmons that impart distinctive colors 
depending on their shape and size (Liu et  al. 2014). 
Up to date, silver nanoparticles with varied mor-
phologies (spherical, cubic, rods or wires) and sizes 
(3–100  nm) can be generated by either the bottom-
up or top-down technique. Currently, the develop-
ment of novel nanomaterials for textile finishing is of 
great significance to provide functional textile fibers 
(Butola and Verma 2019; Haslinger et  al. 2019). In 
textile finishes, the thermal reduction of organome-
tallic silver carbamate complex can be utilized to 
generate AgNPs as photocatalytic and bactericidal 
material on textile fibers (Kwak et al. 2015a, b; Kim 
et  al. 2018). The thermal reduction has been recog-
nized recently as a facile, cost-effective and direct 
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approach for reducing silver ions in an aqueous media 
into Ag0 by direct excitation of Ag+ in the precursor 
solution of silver N-(2-ethylhexyl)carbamate (Kwak 
et al. 2016). The thermal reduction approach has been 
widely utilized in different media, such as fibers, poly-
mer films and glasses (Kim et al. 2017). Cellulose has 
been a well-known natural polymer that has been uti-
lized extensively in a variety of applications, such as 
textiles, household appliances, cosmetics and medical 
purposes. Cellulose is characterized by good mechan-
ical properties, radiation resistant and high stability 
(Almeida et al. 2018; Du et al. 2019; Fu et al. 2019; 
Kamel and Khattab 2020). Cotton particularly is the 
most common medical dressing due to its ability to 
adhere well to wounds as well as its high absorption 
capacity of wound fluids. Considering the medical 
applications, the enhancement of cotton antimicro-
bial performance is an essential requirement. Thus, 
several modification techniques have been developed 
to enhance the antimicrobial activity of cotton fabrics 
(Czaja et al. 2007; Wang et al. 2017). The poor bind-
ing ability of NPs to cellulose is a major problem that 
can be defeated by plasma-activation of cotton fabrics 
(Gorjanc et  al. 2018; Yang et  al. 2018; Nguyen-Tri 
et al. 2019). Plasma activation via oxidation and etch-
ing is capable to motivate new polar groups, includ-
ing –O–C=O, –O–O–, C=O,–C–OH, –COOH and 
C–O, which facilitate stronger binding to NPs (Wang 
et al. 2016; Zhang et al. 2017).

Silver carbamate has been utilized recently to gen-
erate AgNPs without residual inorganic ions by a fac-
ile thermal reduction procedure. This approach ena-
bles lower reaction time, high reaction rate, enhanced 
reaction selectivity and rapid volumetric heating 
(Kwak et al. 2015a, b; Kim et al. 2018). In-situ prepa-
ration of AgNPs onto plasma-pretreated cotton fibers 
via thermolysis of silver N-(2-ethylhexyl) carbamate 
has not been reported yet. In this study, we describe 
for the first time, to the best of our knowledge, the in-
situ and facile development of AgNPs immobilized 
onto plasma-pretreated cotton fibers. Different charac-
terization methods were applied to examine if AgNPs 
were successfully immobilized onto plasma-activated 
cotton fibers. The colored cotton fibers immobilized 
with AgNPs offer potential multifunctionalities, 
including self-cleaning, antimicrobial and UV protec-
tion. Those multiple functionalities were introduced 
employing a facile green one pot thermal reduction 

technique of cotton fibers coated with organometal-
lic silver carbamate complex. The influence of pad-
dry-cure and thermal reduction on the optical and 
thermal properties of the treated fibers was explored. 
The morphology was studied by Fourier-transform 
infrared spectroscopy (FT-IR), transmission electron 
microscopy (TEM), scanning electron microscope 
(SEM) and energy dispersive X-ray (EDX) analysis. 
The thermal reduction of silver N-(2-ethylhexyl)car-
bamate employed for the preparation of AgNPs is an 
interesting method owing to its excellent selectivity, 
versatility and in-situ incorporation of AgNPs onto 
the surface of cellulose fibers. The colorfastness per-
formance and tinctorial strength were also assessed.

Experimental

Materials and reagents

Bleached and mercerized  cotton fabric was kindly 
supplied by Misr Helwan Spinning and Weaving 
Industry (Egypt). Methylene blue (MB) was obtained 
from Sigma-Aldrich  (USA). A solution of 2-ethyl-
hexylcarbamic acid silver(I) salt, or known by silver 
N-(2-ethylhexyl)carbamate, was synthesized depend-
ing on formerly reported literature procedure (Kwak 
et al. 2015a, b; Kim et al. 2018). The nonionic deter-
gent, hexadecyloctaglycol, was obtained from Sigma-
Aldrich  (USA). 3-Triethoxysilyl-1-propanethiol 
(97%) was supplied by Aldrich (Germany). All mate-
rials and substrates were employed as received with-
out any additional purification.

Oxygen plasma treatment

Low pressure oxygen plasma (13.56  MHz) equip-
ment was utilized to activate the cotton fabric 
(7.5 × 15  cm) (Ahmed et  al. 2020). The fabric was 
exposed to plasma for 3 min at a power of 400 W, gas 
flow rate of 200 cm3/min, and a constant pressure at 
3 × 10–3 mbar. A negative charge was created on the 
fabric surface due to the production of O–O− and 
–COO− substituents by the atomic and ionized oxy-
gen generation in the plasma cavity during activation 
course.



1108	 Cellulose (2021) 28:1105–1121

1 3
Vol:. (1234567890)

In‑situ synthesis of AgNPs onto plasma‑(in)activated 
cotton fibers

Both plasma-treated and plasma-untreated cotton 
fabrics (7.5 × 15  cm) were immersed in an aqueous 
solution of the nonionic detergent (hexadecyloctagly-
col, 10  mmol), and then subjected to sonication for 
30  min to get rid of oil and impurities. The fabrics 
were air-dried and washed with water. The samples 
were dipped in an acetone solution of 3-triethoxysi-
lyl-1-propanethiol (1.0%) for 24 h to result in hydrol-
ysis the triethoxysilanes to the corresponding silanols 
and to be adsorbed onto the fabric surface via form-
ing hydrogen bonds. The fabrics were cured at 75 °C 
for 30 min to produce a monolayer of 3-triethoxysilyl-
1-propanethiol on the fabric surface. The fabrics were 
rinsed with distilled water to get rid of the excessive 
quantities of 3-triethoxysilyl-1-propanethiol. The 
dried fabrics were then dipped in a range of silver 
carbamate solutions at some selected concentrations 
(0.1, 0.5, 1.0, 2.0 and 4.0 wt%; which were denoted 
as Cot-AgNPs-1, Cot-AgNPs-2, Cot-AgNPs-3, Cot-
AgNPs-4 and Cot-AgNPs-5, respectively), and then 
subjected to sonication for 15 min, followed by pad-
ding. The fabrics were finally squeezed and cured 
in an oven at 130  °C for 5  min. For comparison, 
the same above described procedure was applied on 
plasma-untreated cotton fabrics. Figure 1 displays the 
molecular structures of silver N-(2-ethylhexyl)carba-
mate and 3-triethoxysilyl-1-propanethiol.

Analytical characterization

Fourier-transform infrared spectroscopy (FT-IR) 
was applied to study the functional groups on the 
plasma-cotton fibers using Shimadzu 8400-S spectro-
photometer. The transmittance FT-IR spectrum was 
recorded in the spectral range of 4000–400 cm−1 with 

a resolution of 4.0  cm−1. Both morphology and size 
of the generated AgNPs  was monitored using trans-
mission electron microscopy (TEM). TEM image of 
the generated AgNPs  was studied using JEOL-1230 
(Japan) at an acceleration voltage of 100 kV. Because 
TEM can only be applied on a dispersed solution, 
the plasma treated cotton fabric (Cot-AgNPs-5) was 
subjected to washing and centrifuging. The fabric 
was removed away from the generated dispersion 
filtrate, which was then homogenized for 15 min. A 
drop of AgNPs  suspension was utilized on a copper 
grid comprising a film of carbon. The surface mor-
phology of the resultant cotton fabrics was explored 
on field emission scanning electron microscopy (FE-
SEM,  Quanta/FEG250, Czech Republic) connected 
to energy dispersive X-ray (EDX) spectroscope to 
investigate the elemental content at an acceleration 
voltage of 20 kV and a work distance of 21 mm.

Colorimetric properties

The UV–VIS absorbance spectra, tinctorial strength 
(K/S) and CIE Lab color space parameters were 
reported employing Hunter Lab spectrophotometer 
600 with a pulse xenon lamp (UltraScanPro, United 
States) associated with a 10° viewer, d/2 geometry, 
D65 illuminant and a 2 mm area. All data were col-
lected at a maximum wavelength of 375  nm for 
plasma-untreated fibers and 382  nm for plasma-pre-
treated fibers. L* is lightness from white (100) to 
black (0), a* is red (+) to green (−) ratio and b* is 
yellow (+) to blue (−) ratio.

Color fastness properties

The color fastness against light (ISO/105-B02:1988), 
rubbing (ISO/105-X12:1987), perspiration (ISO/105-
E04:1989) and washing (ISO/105-C02:1989) were 
tested depending on AATCC standard ISO proce-
dures. The fastness to light was evacuated depend-
ing on the international blue-scale (1–8), whereas 
the fastness to rubbing, perspiration and washing was 
assessed depending on the international grey-scale 
(1–5), with scale 1 is the poorest, and scales 8 and 5 
are the best.

H
NO

O
Ag

Si

O

O

O

(b)(a)
HS

Fig. 1   Molecular structures of silver N-(2-ethylhexyl)carba-
mate (a) and 3-triethoxysilyl-1-propanethiol (b)
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Photocatalysis and self‑cleaning examination

The photocatalysis and self-cleaning performance of 
AgNPs immobilized onto cotton fibers was evalu-
ated by examining the decomposition of MB under 
either visible or ultraviolet light. The visible light 
(λ > 410 nm) was supplied by a fluorescent light lamp 
(TCL/AC, 50  Hz, 18  W, 230  V) with a light inten-
sity of 44 μW/cm2 and at a distance of 5 cm from the 
cotton sample. Three drops of a 50 mL of methylene 
blue (10 mg/L; pH  ~ 6.5) were added at the middle of 
the cotton sample (0.5 g), which was then left in the 
dark for 30 min under ambient conditions to allow an 
adsorption/desorption equilibrium among methylene 
blue and cotton fibers. The fabric was then subjected 
to the light source (ultraviolet or visible light) at dif-
ferent time periods. After every given time interval, 
the decreased total content of methylene blue on the 
treated fabric was analyzed by monitoring the color 
change of the treated area on the fabric using Hunter 
Lab spectrophotometer 600 with a pulse xenon lamp 
(UltraScanPro, United States). The total content 
of methylene blue was identified depending on the 
changes in the maximum absorbance at 665 nm in the 
ultraviolet absorbance spectra versus irradiation time. 
The photocatalysis-based degradation of MB was 
identified employing Eq. (1).

where C0 is the initial total content of MB, Ct is the 
total content at different time intervals of irradiation, 
A0 is the initial absorbance and At the changeable 
absorbance at different time intervals of irradiation.

Photographic images of plasma-untreated or 
plasma-pretreated cotton fabrics immobilized with 
AgNPs  (under and after treatment with methylene 
blue) were taken by Canon A710-IS camera.

Assessment of antimicrobial activity

The antimicrobial performance was studied using C. 
albicans as  fungus, S. aureus as Gram-positive and 
E. coli as Gram-negative pathogenic microorgan-
isms. The antimicrobial examination was carried 
out according to standard Disc agar plate approach. 
The tested pathogenic microorganisms were grown 

(1)
Photocatalysis decomposition =

(

C0 − Ct∕C0

)

=
(

A0 − At∕A0

)

on nutrient agar cultures, which were diluted using 
sterilized distilled water to 107–108 CFUs/mL. Each 
culture (1 mL) was then employed to inoculate a 1 L 
Erlenmeyer flask enclosing a solidified agar media 
(250 mL). Those media (25 mL) were then placed in 
sterilized Petri dishes with a diameter of 10 cm. Blank 
and treated cotton fabrics with a diameter of 10 mm 
were located on the surface of inoculated Petri dishes 
under sterilized circumstances. The plates loaded 
with the tested bacteria were incubated for 24–48 h. 
The antimicrobial activity was reported as the inhibi-
tion zone diameter (including the disc itself), which 
appeared around the cotton fabric samples.

UV blocking measurements

The UV shielding character of the cotton samples was 
assessed by recording the ultraviolet protection fac-
tor (UPF). The UPF assessment of the cotton samples 
depended on AS-NZS 4399:1996. The UPF compu-
tation system of UV–visible spectrophotometer was 
applied using AATCC 183:2010 UVA standard trans-
mittance test method.

Results and discussion

In‑situ synthesis of AgNPs on cotton fibers

Plasma-activated cotton fabrics were activated by 
low pressure plasma equipment. The generated fab-
rics were then treated consecutively with solutions of 
3-triethoxysilyl-1-propanethiol and silver N-(2-eth-
ylhexyl)carbamate via pad dry cure process. The 
samples were initially thiolated by a silane coupling 
to produce a 3-triethoxysilyl-1-propanethiol mon-
olayer. The plasma-treated textile substrates were 
dipped in an aqueous nonionic surfactant, sonicated, 
and dried under ambient conditions. The cotton fab-
rics were immersed in an aqueous 3-triethoxysilyl-
1-propanethiol to perform a hydrolysis process of 
the triethoxysilane into the corresponding silanols 
(Si–OH), which can be adsorbed easily onto the cot-
ton surface by forming hydrogen bonds. The fabrics 
were cured at 75  °C to generate a 3-triethoxysilyl-
1-propanethiol monolayer onto the cotton surface as 
a result of silanol condensation with the hydroxyl ter-
minal groups at the fabric surface. The dried samples 
were immersed in silver N-(2-ethylhexyl)carbamate 
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solutions at different concentrations (0.1 (Cot-
AgNPs-1), 0.5 (Cot-AgNPs-2), 1 (Cot-AgNPs-3), 2.0 
(Cot-AgNPs-4), and (Cot-AgNPs-5) 4.0 wt%), soni-
cated, padded, and then thermally reduced at 130 °C 
to convert Ag+1 to Ag0. In this thermal reduction pro-
cess, the organometallic silver N-(2-ethylhexyl)car-
bamate complex is thermally decomposed to produce 
metallic silver as demonstrated by Eq. (2).

This process shows a simple reduction process of 
silver N-(2-ethylhexyl)carbamate to AgNPs via ther-
mal decomposition, which is associated with releas-
ing carbon dioxide and producing 2-ethyl-1-hexy-
lamine. The synthesis of AgNPs immobilized onto 
cotton fibers via thermolysis using silver N-(2-eth-
ylhexyl)carbamate complex is represented by sche-
matic diagram shown in Fig. 2. The color of the reac-
tion system was found to change from colorless to 
brownish-yellow for plasma-untreated fibers and from 
colorless to brown color for plasma-treated fibers 
indicating a reduction of Ag+ to metallic silver immo-
bilized onto cotton fibers. It has been well-known that 
AgNPs exhibit a strong absorption band due to the 
effect of surface plasmon resonance due to interacting 

(2)

the tiny metal NPs with an electromagnetic radiation 
motivated by light. During the thermal decomposi-
tion, the silver N-(2-ethylhexyl)carbamate solution 
was monitored to gradually shift from colorless to 
brownish-yellow (plasma-untreated) or from colorless 
to brown (plasma-treated) due to the increase in the 
absorption peak at short wavelengths of the visible 
light range as a result of the plasmon effect. Addition-

ally, the color change introduced a primary evidence 
of thermal metallization. For comparison, the same 
preparation/immobilization procedure of silver nano-
particles was performed on plasma-untreated cotton 
fabrics.

UV–VIS absorption spectra were explored to 
investigate the in-situ deposition of AgNPs  on the 
optical properties of plasma-inactivated and plasma-
activated cotton substrtaes (Fig.  3). Compared to 
blank fabric, the plasma-inactivated cotton samples 
modified with AgNPs  exhibited strong absorption 
intensity (375 nm) in the ultraviolet electromagnetic 
region. Plasma-activated cotton samples modified 
with AgNPs  displayed stronger absorbance intensity 
in the ultraviolet electromagnetic range at 382  nm. 

Fig. 2   Schematic representation displaying the in-situ preparation of AgNPs onto cotton surface via thermal reduction of silver 
N-(2-ethylhexyl)carbamate
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Thus, a little shift (7  nm) was monitored between 
plasma-activated (382  nm) and plasma-inactivated 
(375  nm) cotton samples. Increasing the concentra-
tion of the silver carbamate aqueous solution did not 
affect on the position of the maximum absorption 
wavelength; however, a little increase in the absorp-
tion intensity was monitored. This could be assigned 
to the surface plasmon resonance of AgNPs generated 
by thermal reduction of the organometallic silver car-
bamate complex immobilized into cotton fibers. Sur-
face Plasmon resonance is an exciting process of elec-
trons in the conduction band near the AgNPs surface.

Morphological characterization

The morphologies of the treated fabrics were inves-
tigated by means of  scanning electron micros-
copy (SEM) images as displayed in Fig.  4a–j. 
SEM images of blank, plasma-inactivated and 
plasma-activated fabrics immobilized with AgNPs, 
which were compared to assess the immobiliza-
tion of AgNPs. Figure  4a, b showed relatively 
smooth plasma-untreated blank fibers, while a sur-
face engraving was detected on the surface of the 
plasma-treated fibers as demonstrated in Fig.  4g–j. 
Granular-shaped and sub-microscale structures 
were detected on the surface of plasma-untreated 
fibers, while silver nano-scaled particles were moni-
tored for the plasma-treated fibers. The plasma 
modification of the fabric surface resulted in 
increasing the surface roughness which was much 

more accentuated than that of the blank cotton fab-
ric. Plasma-inactivated cotton fabric treated with 
AgNPs (Fig. 4c–f) displayed a surface covered with 
a thin film of heterogeneous and continuous  AgNPs 
with irregular and uneven aggregations. On the 
other side, plasma-pretreated cotton fabric and 
immobilized with AgNPs  (Fig.  4g–j) displayed a 
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Fig. 3   UV–VIS absorption spectra of blank, plasma-inacti-
vated and plasma-activated cotton fabrics

Fig. 4   SEM images of blank cotton (a, b), plasma-inactivated 
cotton at lowest concentration of AgNPs (c, d), plasma-inacti-
vated cotton at highest concentration of AgNPs (e, f), plasma-
activated cotton at lowest concentration of AgNPs (g, h) and 
plasma-activated cotton at highest concentration of AgNPs (i, 
j)
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surface coated with a thin film of uniform and con-
tinuous AgNPs  with regular and even distribution. 
Due to the poor binding of AgNPs to the surface of 
the plasma-untreated cotton fibers, an agglomera-
tion of AgNPs was monitored leading to the forma-
tion of microparticles. The monitored grooves and 
engravings on the surface of the plasma-activated 
cotton were monitored to be helpful for the strong 
binding of AgNPs  onto the cotton surface through 
those engravings and grooves. The size distribu-
tion of the generated AgNPs  onto plasma-pre-
treated fibers was measured by Images J software 
indicating an average size of 35–80  nm, which as 
comparatively large in diameter owing to the con-
tinuous growth of AgNPs during thermal reduction. 
Increasing the concentration of the silver carbamate 
aqueous solution did not affect on the average parti-
cle diameter; however, a higher depositing density 
was monitored as shown in Fig.  4i, j. AgNPs with 
high depositing density were accomplished onto the 
cotton surface even at the lower concentrations of 
silver carbamate.

Both morphology and size distribution of the 
produced AgNPs onto plasma-pretreated fibers 
was also studied by transmission electron micro-
scope (TEM).  To generate a suspended solution 
of AgNPs, the plasma treated cotton fabric (Cot-
AgNPs-5) was subjected to washing with distlled 

water and the washing water was collected and sub-
mitted for TEM evaluation. Figure 5 shows TEM of 
AgNPs extracted from plasma treated cotton fabric 
which indicates that the prepared NPs has an aver-
age size of 35–80  nm  affirming that the deposited 
AgNPs are very small size with well distribution. 

Plasma activation of cotton fabrics via oxidation 
and etching has been able to stimulate new polar sub-
stituents, including –O–C=O, –O–O–, C=O, –C–OH, 
–COOH and C–O, with the ability to facilitate better 
binding to AgNPs (Airoudj et al. 2015; Ahmed et al. 
2020). Figure 6 displays FT-IR spectrum of plasma-
activated cotton sample. The broad band monitored at 
3275 cm−1 was attributed to the overlapped hydroxyl 
groups from the C–OH and COOH substituents. The 
band at 1720  cm−1 was attributed to the carbonyl 
groups. The absorption bands at 1414 and 1042 cm−1 
were assigned to the ether bonds from C–O and 
–O–O–, respectively.

Determination of elemental content

The energy dispersive X-ray (EDX) analytical tech-
nique was performed to offer a comprehensive qual-
itative description of the prepared AgNPs/cotton 
samples. The changes in elemental composition of 
blank, plasma-untreated and plasma-treated cotton 
fabrics owing to the in-in-situ synthesis and immo-
bilization of AgNPs were explored by the EDX 
spectra as demonstrated in Fig. 7. EDX analyses of 
pristine and plasma-treated fibers enclosed carbon 
and oxygen signals, while EDX of plasma-treated 

Fig. 5   TEM image of AgNPs  extracted from the plasma 
treated cotton fabric (Cot-AgNPs-5)
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Fig. 6   FT-IR spectrum of plasma-activated blank cotton fibers
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fibers incorporated with AgNPs enclosed carbon, 
oxygen and silver signals. The presence of silver 
confirmed the incorporation of AgNPs onto the fab-
ric surface. After plasma treatment, the carbon total 
content decreased, whereas the oxygen total con-
tent was found to increase. This could be attributed 
to the plasma generated oxygen-containing polar 
groups, including –O–C=O, –O–O–, C=O, C–O, 
–COOH or –COH. These oxygen-containing substit-
uents could be a key explanation for a hydrophilic 
enhancement. The improvement of the hydrophilic 
performance made the fabric more accessible by the 
pad dry cure of 3-triethoxysilyl-1-propanethiol and 
silver N-(2-ethylhexyl)carbamate, and consequently 
by the colloidal AgNPs. The oxygen total content 
of the plasma-untreated and AgNPs-immobilized 

fibers was lower than that in the plasma-pretreated 
and AgNPs-immobilized fibers. On the other hand, 
the carbon total content on the plasma-untreated and 
AgNPs-immobilized sample was higher than that in 
the plasma-pretreated and AgNPs-immobilized fib-
ers. This could be attributed to the more generated 
oxygen-containing substituents on the fabric surface 
due to plasma treatment. Those negatively oxygen-
containing substituents, such as –COO− and C–O−, 
were able to produce electrostatic attraction with the 
positively charged (Ag+). In all cases of treatment 
including AgNPs-immobilized plasma-untreated 
and plasma-pretreated fabrics, a higher depositing 
density was monitored upon increasing the concen-
tration of AgNPs by increasing the concentration of 
silver carbamate aqueous solution. Hence, we can 
conclude that AgNPs  was successfully synthesized 

Fig. 7   EDX diagram of blank (a), plasma-inactivated Cot-AgNPs-5 (b), as well as plasma-activated Cot-AgNPs-1 (c) and Cot-
AgNPs-5 (d)
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and immobilized directly onto the fabric surface via 
facile heating approach of silver carbamate.

Antimicrobial activity

The antimicrobial properties of both plasma-untreated 
and plasma-treated fibrous cotton matrix and loaded 
with AgNPs were investigated using E. coli and S. 
aureus bacterial pathogens as well as C. albicans fun-
gus  as pathogenic microbes. This was performed by 
the standard Disc agar plate approach. The antimi-
crobial activity was recorded by the inhibition zone 
diameter (including the disc itself), which appeared 
around the cotton fabric sample. The aim of the cur-
rent work is to develop multifunctional cotton fibers. 
Thus, the antimicrobial activity for the produced cot-
ton fabrics was evaluated. Figure  8 demonstrates the 
antimicrobial performance of the blank cotton as well 
as plasma-untreated and plasma-pretreated cotton fib-
ers at different concentrations of silver carbamate. The 
lowest and highest concentrations of silver carbamate 
(Cot-AgNPs-1 and Cot-AgNPs-5) were chosen for the 
assessment of antimicrobial activities. The blank cotton 
fabric does not show any obvious antimicrobial proper-
ties. On the other side, all cotton fabrics immobilized 
with AgNPs exhibited excellent antimicrobial activity 
against C. albicans fungus, as well as S. aureus and E. 
coli as pathogenic  microbes. Both plasma-untreated 
and plasma-pretreated cotton samples (Cot-AgNPs-1 
and Cot-AgNPs-5) demonstrated higher antimicrobial 
activity against C. albicans and E. coli compared to S. 
aureus. However, the plasma-pretreated cotton sam-
ples showed a better antimicrobial activity compared 
to plasma-untreated samples. Thus, the prepared cotton 
fabrics can be utilized for variety of applications, such 
as wound dressing, packaging, protective and hygiene 
textiles. The antimicrobial activity of the treated cot-
ton confirmed the existence of AgNPs embedded into 
the fabric as the antimicrobial activity was signifi-
cantly enhanced compared to the blank cotton. How-
ever, a better antimicrobial activity was detected for 
the AgNPs loaded plasma-treated fibrous cotton matrix 
compared to the AgNPs loaded plasma-untreated sam-
ples. This could be attributed to the better incorpora-
tion of the silver nanoparticles within the grooves and 
engraves generated by plasma on cotton surface. In 
the cases of AgNPs-immobilized plasma-pretreated 
fabrics, an enhanced antibacterial activity was moni-
tored upon increasing the concentration of AgNPs by 

increasing the concentration of silver carbamate aque-
ous solution. AgNPs  have been described as an anti-
microbial substance for a wide spectrum of pathogens, 
involving fungi, bacteria and yeast as well. The realistic 

Fig. 8   Antimicrobial activity of cotton fibers against S. 
aureus, E. coli and C. albicans; for blank cotton (B), plasma-
untreated Cot-AgNPs-1 (1) and plasma-untreated Cot-
AgNPs-5 (2), and plasma-pretreated Cot-AgNPs-1 (3) and 
plasma-pretreated Cot-AgNPs-5 (4)



1115Cellulose (2020) 28:1105–1121	

1 3
Vol.: (0123456789)

toxicity mechanism of AgNPs is still partly explained. 
However, several mechanisms have been reported for 
the antimicrobial performance of AgNPs as follows: 
(1) adhering AgNPs to the pathogen surface affects 
on its properties because AgNPs have been reported 
to degrade the molecular structure of the lipopolysac-
charide which accumulated within the pathogen outer 
membrane by generating pits and leading to increasing 
the membrane permeability; (2) diffusion of AgNPs 
into the pathogenic cell leads to DNA damaging; (3) 
dissolution of AgNPs results in releasing the antimicro-
bial Ag+; and (4) interaction of AgNPs with the patho-
genic proteins by combining the enzymatic –SH groups 
to result in inactivation of the pathogenic proteins.

Generally, it has been established that the increase 
in the surface area of AgNPs results in increasing their 
antimicrobial activity. Therefore, the microcidal activ-
ity can be improved by presenting more metallic silver 
onto the fabric surface. It has been thought that Ag0 has 
the same action mechanism as Ag+ by creating a redox 
imbalance which in turn results in an extensive death 
of pathogens. It has been explained that the release of 
metallic silver is controllable by an oxidation mecha-
nism at the AgNPs surface preventing the loss of the 
AgNPs from the surface of the cotton fabric. Fur-
thermore, the antimicrobial activity of AgNPs on the 
fabric surface could be assigned to the plasmon reso-
nance effect arising from the AgNPs at ~ 382  nm. On 
the fabric surface, the electrons injected from AgNPs 
are trapped by molecular oxygen, whereas other reac-
tive radical species including ·OH, ·OOH, and O2

·− are 
formed. The chemical content of the bacterial cell-wall 
are then exposed to an oxidation process by those reac-
tive species.

Reactions comprising electrons in the conduction 
band:

Reactions comprising holes in the valance band:

Ag0 + hν → Ag0∕(e− + h+)

e− + O2 → Ag0 + O⋅−
2

e− + O⋅−
2
+ 2h+ → Ag0 + H2O2

e− + H2O2 → Ag0 + OH⋅ + OH−

O⋅−
2
+ H2O2 → O2 + OH⋅ + OH−

In addition, Ag0 can enhance the antimicrobial 
performance by producing reactive oxygen species:

However, exhaustive studies on the release of sil-
ver and the antimicrobial mechanism for a variety of 
products are still needed.

Photocatalytic properties

Methylene blue (MB) has been a suitable model for 
exploring the photocatalytic properties because it can 
be easily photo-reduced by AgNPs. It has a reduction 
potential (E0

red) of 0.011  V (normal hydrogen elec-
trode). The photocatalysis and self-cleaning of AgNPs 
immobilized onto the surface of plasma-untreated and 
plasma-pretreated fibers can be assessed by measur-
ing the MB decomposition on a fabric surface under 
either visible or ultraviolet light (Fig.  9). The self-
cleaning effectiveness was assessed by monitoring 
the variations in the total content of the methylene 
blue dye on the fabric surface as a function of UV/

h+ + H2Oads → Ag0 + OH⋅ + OH−

h+ + 2H2Oads → Ag0 + H2O2 + 2H+

h+ + OH−
→ Ag0 + OH⋅

ads

Ag0 + O⋅−
2

→ Ag+ + O2−
2

Ag0 + H2O2 → Ag+ + OH⋅ + OH−

Ag+ + O⋅−
2

→ Ag0 + O2

Fig. 9   Schematic diagram representing the decomposition of 
MB on a fabric surface under either visible or ultraviolet light
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visible light with time. The total content of MB dye 
on the fabric surface was associated with the color 
change from blue back to brownish-yellow color for 
plasma-untreated fibers and brown color for plasma-
pretreated fibers (Fig.  10). The changes in UV–VIS 
absorption spectra of methylene blue on the fabric 
surface were measured for Cot-AgNPs-3 under either 
UV or visible light for 24 h (Fig. 11). The absorbance 
intensity of methylene blue chromophore at 665 nm 
was monitored to decrease due to decreasing its con-
centration as a result of its decomposition. The self-
cleaning effectiveness was then assessed by monitor-
ing the variations in the total content of the methylene 
blue dye (C/C0) as a function of UV/visible light with 
time. No photocatalytic activity was monitored for the 
blank cotton fabric because no changes were detected 
in the color of the methylene blue chromophore dur-
ing the irradiation process under either visible light or 
UV irradiation. This confirmed that the blank cotton 
itself exhibits no photochemical degradation ability. 
The inclusion of AgNPs onto plasma-untreated sur-
face of cotton matrix introduced an improvement in 
the photochemical degradation process of the meth-
ylene blue dye under UV light. However, it did not 
show a complete photochemical degradation of MB 

on the surface of the cotton substrate. The inclusion 
of AgNPs onto plasma-untreated fibers demonstrated 
a negligible photochemical decomposition under vis-
ible light as only a very little decrease in the total 
content of MB was detected. Such little decrease in 
the total content of the methylene blue dye could be 
assigned to the adsorption and diffusion of MB into 
the fibrous cotton matrix. The immobilization of 
AgNPs onto the plasma-activated fibers stimulated a 
full photochemical decomposition of MB dye after 
exposure to either UV or visible light. No blue color 
was monitored on the fabric surface, which proved 

Fig. 10   Changing the total content of methylene blue stain 
on plasma-pretreated (a) and plasma-untreated (c) cotton sur-
face associated with color change from blue back to brown (b) 
color for plasma-pretreated fibers or brownish-yellow (d) color 
for plasma-pretreated fibers
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Fig. 11   C/C0 variations of MB on the Cot-AgNPs-3 fabric 
surface under ultraviolet (a) and visible light (b); for blank cot-
ton (S0), AgNPs-loaded plasma-untreated cotton before (S2) 
and after (S1) washing, and AgNPs-loaded plasma-pretreated 
cotton before (S4) and after (S3) washing
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complete photochemical decomposition of MB. The 
higher photochemical decomposition of MB for the 
plasma-activated fibers compared to plasma-inacti-
vated ones suggested that treatment with plasma is an 
efficient technique to alter the optical response from 
UV to visible light and to improve the visible light 
stimulated photocatalysis.  

The photocatalytic results were also collected 
before and after washing under similar conditions. 
The photochemical decomposition rates of MB 
for both of AgNPs loaded plasma-inactivated and 
plasma-pretreated fibers were found to decrease after 
washing. Nonetheless, they remained much more than 
the blank cotton fibers. This suggests high binding 
between AgNPs and the fabric surface. After wash-
ing, the photochemical decomposition rate for AgNPs 
loaded onto plasma-treated fibers was higher than 
that for plasma-untreated fibers under either ultra-
violet or visible light. Therefore, the treatment with 
plasma enhanced the self-cleaning activity of the cot-
ton fabric. The beneficial effects of AgNPs deposition 
on the photocatalysis behavior of plasma-activated 
fibers could be assigned to the better immobilization 
of AgNPs  onto the plasma-activated fibers bearing 
grooves and engravings. Depositing Ag0 is antici-
pated to display various effects on the photocatalysis 
process via different proposed mechanisms. These 
metallic silver species work individually or concur-
rently relying on the photoreaction conditions as fol-
lows: (1) enhancing the electron–hole separation by 
working as electron traps and transporting those elec-
tron trapping species to the adsorbed oxygen which 
acts as electron acceptor species; (2) improving the 
adsorption of MB onto the fabric surface; and (3) 
widening the light absorbance spectra to the visible 
light region and enhancing the surface electron exci-
tation by the AgNPs plasmon resonance effect upon 
excitation by visible light. In addition to these roles 
performed by AgNPs, the photochemical decomposi-
tion on a fabric surface was found to go after differ-
ent photocataysis pathway under either UV or visible 
light. Thus, different effects can be estimated and dis-
tinguished by AgNPs loaded onto the fabric surface 
by applying different mechanistic studies.

In case of photochemical decomposition of MB 
dye under UV, the deposited AgNPs slightly increases 
the photo-activity of cotton surface due to the effects 
of Ag0. When Ag0 is irradiated at λ < 360  nm, the 
electrons in the valence band were stimulated to move 

to the conduction band generating pairs of positively 
charged holes (h+) and negatively charged electrons 
(e−). These reactive species has an important role to 
commence an oxidation/reduction reaction. The gen-
erated electron–hole pairs can stimulate the produc-
tion of reactive oxygen-containing species, such as 
hydroxyl radicals (OH·) and superoxide ions (O2

−·). 
In the presence of those reactive oxygen-containing 
species, holes formed in the valence band and elec-
trons formed in the conduction band, silver can then 
stimulate the degradation of MB by participating in 
a sequence of oxidative reactions. Hence, the charge 
separation on silver ions is a critical factor to influ-
ence the efficiency of the photochemical decomposi-
tion. Ag0 functions as electron traps. Once two com-
pounds of different work functions getting in contact 
with each others, the Schottky barrier is produced 
and electrons move from the compound of lesser 
work function to the compound of higher work func-
tion. The photochemical decomposition of MB can 
be assigned to the strong oxidative effect of the reac-
tive oxygen species. After a sequence of reactions, 
MB is lastly degrades into the colorless substances, 
including CO2, NO3

−, NH4
+ and SO4

2−. For AgNPs-
immobilized plasma-pretreated fabric surface under 
ultraviolet irradiation, an extensively enhanced UV 
protection was monitored upon increasing the con-
centration of AgNPs by increasing the concentration 
of silver carbamate aqueous solution from 0.1 wt% 
(C/C0 variation of MB after two hours is ~ 2.09) to 4.0 
wt% (C/C0 variation of MB after two hours is ~ 0.09).

The photochemical decomposition of MB on 
AgNPs under visible light showed that the effect of 
metallic silver led to increasing the photocatalytic 
activity of AgNPs. Metallic silver acts only as elec-
tron transport mediators. Metallic silver can be photo-
excited as a result of its surface plasmon resonance. 
After that, the photo-created electrons are inserted 
into the oxygen species adsorbed onto the fabric 
surface. Therefore, the formation of hydroxyl and 
superoxide radical species in the existence of oxygen 
was accelerated, and accordingly participated in the 
enhancing the photocatalytic performance. Although 
the mechanisms of AgNPs as a photocatalytic agent 
under ultraviolet and visible light are dissimilar, the 
hetero-structure of silver nanoparticles is the major 
reason for the enhancement of the photocatalytic 
activity.
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UV blocking properties

The ultraviolet protection factor (UPF) of the treated 
fabrics was measured to determine the UV-protection 
activity of the cotton substrates (Table  1). The UPF 
values of the plasma-pretreated cotton fabrics immo-
bilized with AgNPs were much higher than that of the 
plasma-untreated samples. Additionally, the UPF val-
ues of both plasma-untreated and plasma-pretreated 
cotton samples were found to increase with increas-
ing the concentration of the silver carbamate aqueous 
solution. This could be ascribed to the high ultraviolet 
absorbance efficiency of AgNPs.

Coloration measurements and colorfastness 
properties

The incorporation of AgNPs onto cotton surface 
afforded brownish-yellow color for the plasma-
untreated substrates and brown color for the plasma-
pretreated substrates. The coloration measurements, 
including K/S and CIE Lab (L*, a*, b*) color coor-
dinates, were applied to explore the dyeing process of 
cotton fibers by AgNPs. The original color of native 
cotton is white with elevated L* (96.53), low negative 
a* (-0.07) and small positive b* (1.27). Depending 
on plasma treatment, AgNPs-loaded cotton displayed 
significantly dissimilar L*, a*, and b* values as dis-
played in Table 2. The highly increased color strength 
for plasma-pretreated substrates compared to plasma-
untreated fibers indicates better K/S of plasma-
pretreated cotton fibers. In both cases of plasma-
pretreated and plasma-untreated fibers, a significant 
decrease in L* was monitored to indicate darker shade 
upon the generation of AgNPs onto the fiber surface. 
In addition, a higher change for L* was monitored for 
plasma-pretreated substrates compared to plasma-
untreated fibers. In general, the increased a* proves 
redder shades, while the increased b* proves yellower 
shades. On the other side, the decreased a* proves 
a more green color, while the decreased b* proves 
bluer color. Accordingly, the decreased positive a* 
and increased positive b* values of the AgNPs-loaded 
plasma-untreated fibers represents an alteration in 
shade to a more brownish-yellow color. On the other 
side, the increased positive a* and decreased posi-
tive b* of AgNPs-loaded plasma-pretreated fibers 
represents a color shift to brown. The AgNPs-treated 
cotton substrates exhibited satisfactory to very good 
fastness to perspiration, washing, rubbing and light 

Table 1   UPF values of plasma-untreated and plasma-pre-
treated cotton samples

Sample UPF

Plasma-untreated Cot-AgNPs-1 971
Plasma-untreated Cot-AgNPs-5 1307
Plasma-pretreated Cot-AgNPs-1 1588
Plasma-pretreated Cot-AgNPs-5 2396

Table 2   Colorimetric measurements for the cotton substrates

Sample K/S L* a* b*

Blank cotton 0.06 96.53 − 0.07 1.27
Plasma-untreated Cot-AgNPs-3 6.31 76.21 9.00 15.58
Plasma-pretreated Cot-AgNPs-3 8.45 68.02 17.94 11.07

Table 3   Colorfastness of 
the cotton substrates

a Alt. = color alteration; 
bSt. = cotton staining; cSt. = 
polyester staining

Sample Rubbing Washing Perspiration Light

Dry Wet Alta St.b St.c Acidic Alkaline

Alta St.b St.c Alta St.b St.c

Plasma-
untreated 
Cot-
AgNPs-3

4 3–4 3–4 3–4 3–4 3 3 3 3–4 3–4 3–4 4–5

Plasma-
pretreated 
Cot-
AgNPs-3

4 4 4–5 4–5 4–5 4 4 4 4–5 4–5 4–5 6
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(Table  3). However, better colorfastness was moni-
tored for the AgNPs-loaded plasma-pretreated fibers, 
which could be assigned to the better attachment of 
AgNPs to plasma-activated fibers as a result of the 
plasma generated grooves and engravings. 

Conclusions

In summary, we developed a novel technique for the 
preparation of smart cotton fabric with multiple func-
tional characteristics. Cotton fabric was subjected 
to plasma-treatment followed by coating with silver 
nanoparticles (AgNPs,  35–80 nm) using a facile and 
inexpensive in-situ pad dry cure procedure. The pad 
dry cure process was applied on a solution of silver 
carbamate complex, and then thermally reduced at 
130  °C. In the current study, we report the produc-
tion, characterization and utilization of cotton fab-
rics immobilized with AgNPs as a photocatalytic 
self-cleaning, UV blocking and antimicrobial agent. 
AgNPs was synthesized in-situ and deposited directly 
onto plasma-treated cotton substrates by thermolysis 
of silver N-(2-ethylhexyl)carbamate. The produced 
cotton/AgNPs displayed highly enhanced absorp-
tion in the visible light as well as high photocatalytic 
activity, UV blocking and antimicrobial performance 
compared to blank cotton. This dramatic enhance-
ment in self-cleaning, UV blocking and antimicrobial 
properties could be attributed to  AgNPs uniformly 
loaded onto the cotton surface. The consistent dis-
tribution of AgNPs on the plasma-pretreated fabric 
surface further enhanced the fabric properties due 
the plasma generated grooves and engraves allow-
ing better attachment of silver nanoparticles to the 
fabric surface. Concerning the antimicrobial perfor-
mance, cotton-coated with solutions of silver carba-
mate (0.01% or 0.1%) demonstrated slight antimicro-
bial activity. On the other side, cotton-coated with a 
solution of 0.5% silver carbamate established excel-
lent antibacterial properties to S. aureus, E. coli and 
C. albicans. Cotton-coated with a solution of 0.5% 
silver carbamate showed excellent UV blocking in 
UVR spectrum compared to blank cotton. All treated 
fabrics displayed good tinctorial strength and color-
fastness; however, the best tinctorial strength and 
colorfastness was detected for the plasma-pretreated 
samples due to the better attachment of silver nano-
particles to the fabric surface. This work presented an 

efficient procedure to prepare and incorporate AgNPs 
onto the surface of plasma-pretreated fibrous cotton 
matrix to impart high antimicrobial, UV protection, 
as well as photocatalysis-based self-cleaning activ-
ity under visible and ultraviolet light, making them 
potentially valuable as ideal multifunctional techni-
cal textiles for a variety of medical and protective 
purposes, such as wound dressings. Based on col-
orimetric measurements, the incorporation of silver 
nanoparticles onto cotton samples imparted bright 
brownish-yellow color for the plasma-untreated fibers 
and brown color for the plasma-treated fibers. Solid 
shades with an acceptable level and depth of shade 
were monitored. Moreover, the treated cotton fibers 
displayed a satisfactory to very good colorfastness to 
light, washing, perspiration and rubbing.
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