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Abstract
Recently, studies focusing on the development of multipurpose nonwoven polypropylene fabric have attracted a great atten-
tion owing to their widespread applications. Herein, we pad-dry-cured silver nitrate and aniline monomer into plasma-
pretreated nonwoven polypropylene fabrics to in situ create a nanocomposite film comprising both silver nanoparticles 
(AgNPs) and polyaniline to introduce multifunctional properties. In doing so, nonwoven fibrous mat was initially fabricated 
by subjecting shredded recycled polypropylene waste to melt-spinning. Polyaniline was then produced on the fabric surface 
via a redox polymerization of aniline, which caused concomitant reduction of Ag+ ions into Ag0 as nanoparticles. In this 
composite, AgNPs served as an antimicrobial agent whereas polyaniline worked as an electrical conductor. Importantly, 
superhydrophobic characteristics were imparted to polypropylene textiles by microwave-assisted curing with trimethoxyhexa-
decylsilane. Scanning electron microscopy, transmission electron microscopy, energy-dispersive X-ray spectroscopy, and 
Fourier-transform infrared spectroscopy have been utilized for morphological analyses. To determine the level of comfort 
provided by the final nonwoven polypropylene products, their stiffness and breathability were explored. The antimicrobial 
effectiveness of the AgNPs-treated fabrics against S. aureus and E. coli was evaluated. Finally, the prepared polypropylene 
fabrics demonstrated high blocking to UV rays along with superior electrical conductivity, making these fabrics promising 
for medical applications such as wound treatment, protective coatings and wearable electronics.

Keywords  Plasma activation · Microwave heating · Polyaniline · Silver nanoparticles · Multifunctional nonwoven 
polypropylene

1  Introduction

Textiles fabrics are highly valuable owing to their softness, 
lightweight, flexibility, strength, gas and gas penetration 
along with their desirable physico-mechanical features that 
make attractive candidates in sensors, heat and radiation 
shields, electronic displays, air and water filtration systems, 
and medical field [1–5]. In this context, wearable smart tex-
tile sensors can track and adjust parameters like tempera-
ture and muscle vibration during physical activity while 
therapeutic substances can be slowly released into human 
skin [6–8]. Other related applications of smart clothing 

include bio-monitoring, wearable wireless communica-
tions, public telecontrol and telemedicine [9–11]. Success 
in creating highly efficient electrically conductive materi-
als, especially for use in healthcare, has been a significant 
research endeavor. Therefore, it is possible to build a “bionic 
human” with the use of electrically conductive textile mate-
rials to replace metal-based dysfunctional muscles. This 
might allow a person with a disability to shop independently 
[12–14].

Among the methods used to manufacture electrically 
conductive textiles are coating fibers with electroconduc-
tive metallic layer, embedding metallic wires into yarns, 
or inclusion of conductive fillers [15, 16]. Unfortunately, 
not enough research has been undertaken into immobiliz-
ing conductive polymers into smart multifunctional textiles 
[17]. Conjugated electroconductive polymers, such as poly-
aniline, polythiophene, and polypyrrole have recently been 
introduced into conductive fibers, with polyaniline (PANi) 
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being the most essential conductive polymers [18, 19]. As 
a result, PANi has been used in a wide variety of technolo-
gies, including actuators, chemical and electrochemical 
sensors [20–22], batteries and supercapacitors, solar cells, 
electrochromic smart windows, flexible transparent displays, 
electronic circuits, and electroluminescent devices [19]. The 
importance of electron spin in the electrical conductivity of 
conductive polymers, particularly in PANi, has been recently 
studied [23].

Polymer-based electronics and military gadgets have 
shown widespread application in a range of settings, but 
there is concern that they may generate hazardous amount 
of electromagnetic interference that might damage other 
devices and people [24]. Since then, several magnetically 
and electrically conductive materials have been investigated 
as microwave absorbers and electromagnetic interference 
armors, such as metallic nanoparticles and conducting poly-
mers [25, 26]. The effectiveness of electromagnetic interfer-
ence shielding is highly dependent on the filler properties 
like its composition, dielectric constant, dispersion, thick-
ness, and percentage. Owing to the unique properties of sil-
ver nanoparticles (AgNPs) such as strong antibacterial activ-
ity, resistance to UV radiation, and capacity to self-clean 
by a photocatalytic process [27–29], microwave-absorbing 
composites can be created by using AgNPs as a filler in 
polymer media.

Improvements in binding of colloidal nanoparticles to poly-
propylene fabrics were accomplished after plasma curing of 
the fiber surface [30, 31]. Oxidative-creation of grooves and 
engravings during the plasma curing process has been found 
to cause the formation of oxygen-containing polar groups 
on the polypropylene surface. These groups, which include 
hydroxyl, carboxyl, and ester groups, increase the binding of 
nanoparticles to fibers. When it comes to modifying the sur-
face topmost atomic layer without impacting the bulk char-
acteristics, plasma techniques have been regarded as a sus-
tainable option [32]. In situ synthesis of PANi into synthetic 
textile fibers has been described using a variety of methods 
such as electrochemical, block, and graft polymerization [33]. 
The in situ integration of AgNPs/PANi composite into poly-
propylene has not been extensively investigated despite being 
significant to develop multifunctional polypropylene fibers. 
Thus, high technologies are required to make the concept of 
simple wearable interfaces between gadgets and customers, 
providing people access to healthcare, help, and data. Multi-
purpose “smart” clothing has the potential to enhance human 
well-being in numerous important ways, including health 
and security. For its low cost and strong mechanical proper-
ties [34–36], polypropylene has quickly become one of the 
most widely used fibers. Polypropylene fabrics have excep-
tional durability and are resistant to a wide range of chemicals, 
dampness, and electricity. Historically, polypropylene textiles 
have played an important role in several industries, including 

food and beverage, medical device, and automobile industries. 
However, polypropylene textiles are stain-resistant as they lack 
active coloring sites. To improve the polypropylene coloration 
properties and binding to different helpful agents like PANi 
and AgNPs [37, 38], plasma curing has been reported as an 
ecologically friendly process.

In this contribution, we describe facile development of a 
new multifunctional nonwoven polypropylene fabric that will 
provide UV protection, antimicrobial characteristics, electrical 
conductivity, along with superb water repellency. Polypropyl-
ene waste was firstly shredded and put through a melt-spinning 
process to provide nonwoven fibrous mat. During the pad dry 
curing process at room temperature, the polypropylene fibers 
absorb the water-soluble aniline monomer and silver ions. To 
make AgNPs, we benefited from the oxidative potential of 
silver nitrate (AgNO3) dissolved in water by adding an electri-
cally conductive polyaniline as a reducing agent. Hydrophobic 
materials have been developed for a variety of applications 
such as protective textiles, oil/water separation, oil resistance, 
self-cleaning performance, and maritime industries [1, 39–43]. 
A material can be described as superhydrophobic when its 
surface has a static water contact angle higher than 150°, and 
a sliding angle less 10° [44–46]. Trimethoxyhexadecylsilane 
(TMHDS) has been employed to develop superhydropho-
bic surfaces. TMHDS was immobilized onto polypropylene 
under microwave heating that presents an efficient heating 
method [47] as compared to conventional heating because 
it is characterized by lower cost, faster processing, uniform-
ity of heating, lower energy consumption, and accurate tem-
perature control [48–51]. The treated fabrics were examined 
using SEM, FT-IR, TEM, and EDX. Based on experimental 
evidence, polyaniline was synthesized alongside AgNPs that 
developed uniform layer over polypropylene fibrous surface. 
High deposition density and homogeneous dispersion of PANi 
and AgNPs in the nano-structured thin film were observed, 
indicating a particle size of 5–18 nm. In order to evaluate the 
superhydrophobic performance of the AgNPs/PANi-finished 
textiles, the contact angle was measured. Cured fabrics’ com-
fort characteristics are unaffected by the oxidation-reduction 
polymerization process. Importantly, the colorfastness of the 
nonwoven polypropylene textiles was persistent against wash-
ing, perspiration, rubbing, and light. This easy, harmless to 
environment and inexpensive method might be of potential use 
in the creation of new multifunctional polypropylene textiles, 
such as medical apparel.

2 � Experimental

2.1 � Reagents and Materials

Trimethoxyhexadecylsilane (TMHDS), ammonium acetate 
(CH3COONH4), silver nitrate (AgNO3), and aniline were 
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purchased from Aldrich and used as received. Recycled 
polypropylene chips were dried at 140 °C before being 
extruded for use in melt-spinning. The mechanical needle 
punching method was utilized to manufacture the nonwo-
ven polypropylene textiles [52].

2.2 � Plasma System

As shown in Fig. 1, two Cu-electrodes (2.5 cm in diameter) 
were placed in parallel in the device. These electrodes had 
a separation of 1.1 mm between them. The Cu-electrode 
was made porous by coating it with sheets of Al2O3 (4 cm 
in diameter and 3.5 mm in thickness) [53]. A high voltage 
convertor provided the power, which was delivered in a 
sinusoidal wave at 50 Hz. Atmospheric pressure was used 
for the discharge’s open system. Oscilloscope (40 MHz) 
readings of the functional potential (Va). By taking a read-
ing of the voltage across the resistance (R1 = 100), the 
current was calculated. The voltage between the electric 
plates was determined using a potential separator of resist-
ance (R2/R3 = 500).

2.3 � Plasma Treatment

A glow discharge low-pressure/low-temperature plasma 
device (13.56 MHz) was utilized to cure the nonwoven 
polypropylene fabric. Oxygen plasma is used as the gas 
source to treat the nonwoven polypropylene textile. The 
nonwoven polypropylene (10 × 15  cm) was positioned 
at the reactor centre, between two electrodes. The cloth 
was treated with plasma for 5 min at 400 W of power and 
200 cm3/min of gas flow at standard atmospheric pres-
sure (3 × 103 mbar). Negative charges on the nonwoven 
polypropylene fabric resulted from the introduction of 
oxygen-containing substituents. The production of atomic 
and ionized oxygen led to the formation of those oxygen-
containing substituents.

2.4 � Preparation of Multifunctional Polypropylene

To in situ embed the water-insoluble AgNPs/PANi parti-
cles into the polypropylene fabric, the textile substrates that 
had been plasma-cured were soaked in an aqueous mixture 
of aniline (10 g/L), CH3COONH4 (20 g/L), and AgNO3 
(100 ppm) at 30 °C for 30 min at a liquor ratio of 1:50. 
The polypropylene substrates were rinsed in water and air 
dried. To prepare a PANi-loaded fabric, plasma-treated 
cloth (liquor ratio 50:1) was soaked in aniline (10 g/L) and 
CH3COONH4 (20 g/L) at 30 °C for 30 min at a liquor ratio 
of 1:50. Superhydrophobic nonwoven fabrics were made by 
treating polypropylenes with TMHDS (3%; v/v) in an etha-
nolic solution for 1 h at room temperature, and drying them 
at 75 °C for five minutes. The fabrics were then exposed to 
microwave irradiation for 180 s at a power of 90 W using 
KOG134K MW Oven (1000 W). Plasma-untreated (PP1) 
and plasma-treated (PPp) nonwoven polypropylene fibers, 
PANi-finished plasma-uncured (PP2) and plasma-cured 
(PP3) polypropylene fibers, AgNPs/PANi-finished plasma-
unetreated (PP4) and plasma-pretreated (PP5) polypropylene 
fibers, and AgNPs/PANi/TMHDS-finished plasma-uncured 
(PP6) and plasma-cured (PP7) polypropylene samples were 
all provided herein.

2.5 � Methods and Apparatus

The morphologies of nonwoven polypropylene samples were 
studied with a Quanta FEG250 scanning electron micro-
scope (Czech Republic) at 30 kV, whereas their elemental 
composition was analyzed using an EDX analyzer (TEAM-
EDX) linked to SEM at acceleration voltages of 20 kV and 
1 nA. The average particle size was measured using Image 
J program. JEOL 1230 TEM (Japan) was used to study the 
morphology of silver nanoparticles. After the reaction sys-
tem of PP5 (plasma-pretreated AgNPs/PANi-immobilized 
polypropylene fabric) changed color from transparent to dark 
brown, a sample of Ag0 nanoparticles was isolated for TEM 
analysis. FTIR spectra (transmittance; 400–4000 cm−1) were 
collected using a Nexus 670 (Nicolet; USA) as the nonwoven 
polypropylene was in contact with the detector. The contact 
and sliding angles of the nonwoven polypropylene textiles 
were measured using a Dataphysics OCA15EC (Germany). 
The gas permeability was examined using Textest FX3300 
and ASTM D737 standard test method [54]. A total of three 
readings were collected from various points on the fabric, 
and the results were averaged. Nonwoven polypropylene 
stiffness was measured using a Shirley stiffness machine as 
specified by the British 3356:1961 standard method. The 
electrical conductivity of the nonwoven polypropylenes was 
measured using HIOKI LCR Hi 3522-50 (Japan) [55]. Elec-
trical conductivity was measured three times and averaged. 
Evaluation of UV-shielding was carried out by measuring Fig. 1   Description of plasma set-up
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UV-Vis transmittance spectra from 280 to 400 nm (UVB and 
UVA) at 1 nm intervals, as per AATCC 183(2004) stand-
ard technique [56]. AATCC(100-1999), a standard method 
for counting microorganisms, was used to evaluate the anti-
bacterial activity of the nonwoven polypropylene fabrics 
against Escherichia coli and Staphylococcus aureus. The 
colorimetric changes were assessed by UltraScan PRO Hun-
terLab (USA) utilizing color intensity (K/S) and CIE Lab, 
where L* is lightness from black(0) to white(100), a* is the 
red(+a*) to green(−a*) colorimetric ratios, and b* is the 
yellow(+b*) to blue(–b*) colorimetric ratios [36]. ISO105 
protocols were used to document the colorfastness proper-
ties, including E04(1989) for sweat, the X12(1987) for rub-
bing, B0(1988) for light, and the C02(1989) for washing.

3 � Results and Discussion

3.1 � Preparation of Technical Polypropylene Textile

The present work was motivated by the high demand to 
immobilize AgNPs and PANi onto nonwoven polypropylene 
fabrics in order to possibly generate antibacterial, superhy-
drophobic, and electrically conductive textiles. Synthesiz-
ing AgNPs onto polypropylene in situ by oxidative polym-
erization of polyaniline is an efficient way to cut down on 
post-production costs. Plasma-activated polypropylene fibers 
were made by exposing the fibers to a low-pressure plasma 
irradiation, which is supposed to induce the formation of 
negative charges onto the surface of polypropylene by form-
ing oxygen-containing groups like –O–O– and –COO– [57]. 
In the course of the plasma curing procedure, atomic and 
ionized oxygen were produced, leading to the formation of 
these oxygen-rich groups. Silver nanoparticles/Polyaniline 
(AgBPs/PANi) was in situ incorporated onto polypropylene 
by padding the plasma-activated samples at room-temper-
ature in an aqueous combination of aniline, CH3COONH4, 
and AgNO3. To make PANi-finished polypropylene textiles, 
the plasma-cured polypropylenes were also processed using 
the pad-dry-curing technique in an aqueous combination of 
CH3COONH4 and aniline. To achieve the superhydropho-
bic effect, polypropylene fabrics imbedded with PANi or 
AgNPs/PANi were treated with an ethanolic solution of 
TMHDS by the pad-dry-cure procedure at room tempera-
ture and then cured under microwave heating. Electrocon-
ductive, superhydrophobic, and antibacterial nonwoven 
polypropylene were the outcomes of these processes. The 
redox procedure comprises a reducing process of AgNO3 
to AgNPs associated with oxidizing aniline to PANi, and 
then treating the mixture with TMHDS. Polypropylene fab-
ric immobilized with AgNPs/PANi/TMHDS is the result of 
these interdependent processes [58]. Simultaneously with 
the in situ reduction of silver ions (Ag+) to metallic silver 

(Ag0), the oxidative polymerization of aniline to PANi took 
place. In Fig. 2, the redox process presented a reduction of 
Ag+ and oxidative polymerization of aniline, which results 
in the synthesis of AgNPs and PANi. The reaction mixture 
changed from clear to dark brown when the water-soluble 
Ag+ were converted to the water-insoluble Ag0, which was 
subsequently trapped in situ inside polypropylene fibers. The 
color change is due to an increase in absorbance intensity at 
a short wavelength of visible light, which is caused by the 
plasmon effect. Surface plasmon resonance is a phenomenon 
that occurs when AgNPs interact with the electromagnetic 
spectrum, causing a coherent oscillation of the conductive 
free electrons, resulting in a significant absorption peak.

3.2 � Morphological Studies

  Figures 3 and 4 present the results of structural-morphol-
ogy analyses performed on polypropylenes using FTIR, 
SEM, TEM, EDX, and elemental mapping. The immobiliza-
tion of AgNPs, PANi, and TMHDS on the fabric surface was 
analyzed using SEM images (Fig. 3a, b). The fibrous surface 
of the blank polypropylene was rather smooth, in contrast 
to the rough surface of the AgNPs/PANi/TMHDS-finished 
polypropylene fibers that were treated with plasma. Indica-
tions of etching were seen on the surface of the plasma-
cured fabrics. Observations of the surface of plasma-treated 
polypropylene revealed the presence of microscopic gran-
ules, microcraters, and ripples. Plasma curing was used to 
erode the top surface layer, which resulted in the formation 
of surface grooves and engravings that are very helpful for 
the strong binding of AgNPs. Fabrics that were subjected to 
plasma curing produced a homogeneous coating of PANi or 
AgNPs/PANi under redox reaction. The resulting AgNPs/
PANi film showed a uniform dispersion throughout the poly-
propylene surface [8], in contrast to the PANi layer, which 
showed a moderate tendency to develop clusters. In addi-
tion, more AgNPs were found on the plasma-treated fabrics 
than on the plasma-inactivated ones. The increased chemical 
binding between polypropylene fibrous surface and AgNPs/
PANi can be attributed to plasma-curing process [57, 59]. In 

Fig. 2   Plasma-promoted redox of aniline (reducing agent) and silver 
nitrate (oxidizing agent) to produce PANi and AgNPs, respectively
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addition, crystalline micro(nano)-structures were observed 
in AgNPs/Polyaniline, which are preferred to improve the 
polypropylene conductivity. Clearly, deposited particle den-
sity has increased after TMHDS treatment. The fiber mor-
phological properties of plasma-uncured and plasma-cured 

textiles were not noticeably different after TMHDS coating. 
The particle diameter of the treated fabrics ranged from 25 
to 75 nm, as determined by particle size distribution stud-
ies performed utilizing image J software. As can be shown 
in Fig. 3j–l, the generated AgNPs were measured to have a 

Fig. 3   a, b, c SEM and EDX 
images of AgNPs/PANi-finished 
plasma-treated polypropylene; 
a bit of fibers was taken from 
the fabric surface, d SEM 
image of the selected area for 
mapping study, e mapping of all 
elements, f mapping of carbon, 
g mapping of oxygen, h map-
ping of nitrogen, and i mapping 
of silver, j, k TEM images at 
different magnifications, and l 
selected area (electron) diffrac-
tion (c) for AgNPs
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diameter of 5–18 nm using transmission electron micros-
copy (TEM). After the reaction system of PP5 changed from 
transparent to dark brown, a sample of Ag0 nanoparticles 
was extracted for TEM analysis.

The percentages of the individual elements present in 
the AgNPs/PANi/TMHDS-coated plasma-cured polypro-
pylene were determined using EDX (Fig. 3c) and as listed 
in Table 1. The chemical compositions of the AgNPs/PANi/
TMHDS film at three investigated sites were quite similar, 
suggesting that AgNPs/PANi/TMHDS was homogeneously 
dispersed over the polypropylene surface. Element mapping 
showed that AgNPs/PANi/TMHDS hybrid composite has 
been successfully adsorbed onto the plasma-activated textile 
surface (Fig. 3d–i). Both carbon and oxygen are assigned to 
the structure of polypropylene fibers, whereas silver is attrib-
uted to the structure of AgNPs. It is likely that the presence 
of silicon at low concentrations could be attributed to the 
very low TMHDS content. Successful deposition of AgNPs 
onto polypropylene surface was verified by the presence of 
Ag0 metal as detected by EDX (Fig. 3c). Improvements in 
binding of colloidal silver nanoparticles to polypropylene 
fibers were achieved by plasma curing of the fiber surface 
[30]. Plasma curing was applied to erode the polypropylene 
surface to result in surface grooves and engravings that are 
very useful for the strong binding of AgNPs. The plasma-
oxidative production of grooves and engravings has been 
known to cause the formation of oxygen-containing polar 
groups on polypropylene surface. These groups, which 
include hydroxyl, carboxyl, and ester groups, increase the 
binding of silver nanoparticles to fibers. Thus, the Ag ratio 
increases in the plasma-cured PP7 sample compared to the 
plasma-uncured PP6 sample. Oxygen levels went up while 

carbon dioxide dropped as a consequence of the plasma acti-
vation. This could be attributed to plasma activation which 
results in the formation of oxygen-containing functional 
groups such as hydroxyl, ester, carboxylic, and ether [57, 
59]. Therefore, plasma-treated polypropylene contained 
higher ratio of oxygen element than untreated polypropylene. 
As expected, the plasma-treated fabric had lower carbon ele-
ment content than the untreated fabric. It has been claimed 
that the FTIR spectra of both treated and untreated poly-
propylenes may be utilized to trace the transitions between 
the material’s unique absorption bands. Plasma-activated 
polypropylenes were analyzed by Fourier transform infrared 
spectroscopy (FTIR), and the results are shown in Fig. 4 for 
blank and AgNPs/Polyaniline/TMHDS-finished polypropyl-
ene samples. The absorption peaks showed no significant 
deviations. The C–H (aliphatic) stretch band was detected 
at 2923  cm−1, and the C–H (aliphatic) wagging band at 
1440 cm−1. The moisture was monitored at 1716 cm−1 due 
to deformation vibration of water molecules. FTIR spectral 
investigations of PANi, AgNPs/Polyaniline, and AgNPs/
Polyaniline/TMHDS-finished plasma-cured materials did 
not reveal any new peaks. Thus, during the integration of 
PANi, AgNPs/Polyaniline, or AgNPs/Polyaniline/TMHDS, 
no chemical interactions took place with the polypropylene 
surface.

3.3 � Ultraviolet Shielding

Protecting people from potentially dangerous ultraviolet 
(UV) electromagnetic radiation is a top priority; hence incor-
porating AgNPs as an ultraviolet shielding agent into poly-
propylene is essential. The test results contrasting the UPF 
of uncoated and coated polypropylene are shown in Table 2. 

Table 1   Chemical compositions (wt%) of polypropylene fabrics

Fabric C O Ag Si N

  PP1

 Site 1 57.65 42.35 0 0 0
 Site 2 57.10 42.90 0 0 0
 Site 3 57.27 42.73 0 0 0

  PPp

 Site 1 56.95 43.15 0 0 0
 Site 2 56.07 43.93 0 0 0
 Site 3 56.62 43.38 0 0 0

PP6

 Site 1 57.58 41.21 0.62 0.40 0.19
 Site 2 57.15 41.58 0.70 0.32 0.25
 Site 3 56.62 41.75 0.81 0.52 0.28

  PP7

 Site 1 54.56 41.02 2.45 1.26 0.71
 Site 2 54.99 41.00 2.24 1.02 0.55
 Site 3 55.01 41.04 2.01 1.07 0.67 Fig. 4   FTIR spectral analysis of polypropylene textile; PP7 (a), and 

PP0 (b)
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PANi or AgNPs/PANi was immobilized onto polypropylene, 
which made the fabric more resistant to UV radiation. The 
plasma treatment likely increased the UPF values by attach-
ing AgNPs to etches and engravings created on the surface 
of the polypropylene fibers. Since plasma curing generates 
negative charges of oxygen-containing groups on the fabric 
surface, improved Ag–O bond formation also results.

3.4 � Hydrophobicity Measurements

The contact angle of plasma-uncured polypropylene was 
dramatically raised to 148.4° after TMHDS was inserted into 
the material surface (Table 2; Fig. 5). The contact angle of 
polypropylene textiles that had been pretreated with plasma 
was measured to be 153.6°, which is much higher than that 
of plasma-uncured AgNPs/PANi/TMHDS-finished polypro-
pylene (contact angle: 148.4°). Plasma activation of poly-
propylene creates a rougher surface and a higher density of 
AgNPs and TMHDS, both of which may contribute to the 
enhanced superhydrophobic activity. As the concentration 
of AgNPs and TMHDS rose, so did the static contact angle. 
However, very high TMHDS concentrations on the poly-
propylene surface may substantially minimize the distance 
between the particles of TMHDS and AgNPs, hence reduc-
ing the surface roughness and, in turn, the contact angle 

[60]. Similarly, the sliding angles were found to improve 
upon the inclusion of TMHDS on the sample surface.

3.5 � Antibacterial Studies

The antibacterial investigation was done for S. aureus and 
E. coli employing the plate agar counting protocol, and the 
findings are summarized in Table 3. The blank polypropyl-
ene fabric used for the experiment showed no antibacterial 
activity. However, plasma pretreated/untreated samples 
immobilized with PANi/AgNPs/TMHDS had much better 
antibacterial activity than blank and PANi-immobilized 
polypropylene. The antibacterial activity of the plasma-
treated materials was also much higher than that of the 
plasma-untreated polypropylene. This proves that silver 
nanoparticles can effectively kill many different types of 
bacteria. Many hypotheses have been put out to explain how 
AgNPs can inhibit the growth of bacteria, but the precise 
mechanism by which they exert their deadly effect on patho-
genic germs still unknown. Larger surface area of AgNPs 
has been found to increase their antibacterial effectiveness. 
Therefore, increasing the amount of AgNPs in polypropyl-
ene might improve its antibacterial qualities. This was shown 
by plasma curing, which increased the affinity and bind-
ing of silver nanoparticles to the textile fibers. This means 
that plasma-cured textiles with a higher density of AgNPs 
outperform those without plasma treatment with regards to 

Table 2   UPF, gas-permeability, 
stiffness, contact angle (CA) 
and sliding angle (SA) of 
polypropylene textiles

Sample UPF Gas-permeability 
(cm3/cm2 s)

Stiffness (cm) CA (°) SA (°)

Warp Weft 

PP1 98 46.64 3.5 3.7 125.0 17
PP2 104 ± 1.1 44.06 3.9 4.1 126.2 17
PP3 113 ± 1.0 45.76 4.0 4.2 129.8 17
PP4 180 ± 1.5 45.51 4.1 4.4 130.9 16
PP5 235 ± 1.5 45.10 4.1 4.4 133.0 15
PP6 227 ± 1.3 44.68 4.3 4.5 148.4 8
PP7 314 ± 1.6 44.03 4.4 4.6 153.6 7

Fig. 5   Contact angles of PP4 (a), PP5 (b), PP6 (c), and PP7 (d)

Table 3   Antibacterial assessment and electroconductivity of nonwo-
ven polypropylene

Sample Reduction (%) Conductivity (S cm−1)

E. coli S. aureus 

PP1 0 0 1.3 × 10−10

PP2 11 ± 1.1 10 ± 1.3 0.4032
PP3 14 ± 1.1 13 ± 1.0 0.5144
PP4 32 ± 1.0 27 ± 1.1 0.6265
PP5 46 ± 1.6 42 ± 1.1 0.7300
PP6 35 ± 1.0 31 ± 1.7 0.6538
PP7 58 ± 1.5 49 ± 1.2 0.7618



1313Journal of Inorganic and Organometallic Polymers and Materials (2023) 33:1306–1316	

1 3

their antibacterial efficacy. AgNPs have acquired popularity 
as a powerful antibacterial drug due to their ability to bind 
to bacterial DNA molecules and then release Ag+ via holes 
in the bacterial cell wall. Therefore, Ag+ inhibits enzyme 
function and kills bacteria by interacting with phosphorous 
in their DNA [24, 61, 62]. The effects of washing on hydro-
phobicity and antimicrobial activity of the treated fabrics 
(PP6 and PP7) were explored over five laundry cycles accord-
ing to standard AATCC 61:1989 protocol. The durability of 
the treated fabrics (PP6 and PP7) was evaluated by recording 
their contact angles and antimicrobial activity after wash-
ing [63]. Both hydrophobicity and antimicrobial activity of 
the treated fabrics (PP6 and PP7) were found to relatively 
decrease after washing for five laundry cycles. The contact 
angles of PP6 and PP7 were reported to decrease from 148.4° 
and 153.6° to 144.7° and 150.3°, respectively. The reduction 
(%) of PP6 and PP7 against E. coli was reported to decrease 
from 35 to 58 to 27 and 48, respectively. Similarly, the 
reduction (%) of PP6 and PP7 against S. aureus was reported 
to decrease from 31 to 49 to 22 and 43, respectively.

3.6 � Conductivity Evaluation

The findings of an examination of the electrical conduc-
tivity of polypropylene fibers loaded with PANi, AgNPs/
PANi, and AgNPs/TMHDS that were either plasma treated 
(or plasma-untreated) are shown in Table 3. Conductivity 
was increased with increasing silver nanoparticles dispersed 
throughout a polyaniline matrix due to the synergistic effect 
of silver nanoparticles. The cured garments have a conduc-
tivity ranging from 0.3655 (PP2) to 0.6860 (PP7) S cm−1. 
It was also found that PANi-immobilized fabric had lesser 
conductivity than AgNPs/PANi-coated fabric. On the other 
hand, the electrical conductivity of plasma-pretreated sam-
ples was enhanced compared to that of plasma-untreated 
textiles. A possible explanation for the increased electrical 
conductivity is the tighter binding of AgNPs to polypropyl-
ene surface, which reduces the distance that electrons must 
travel through the PANi matrix before reaching the fabric 
surface [64]. In order to facilitate the formation of a well-ori-
ented polyaniline on the AgNPs surface, the AgNPs served 
as a suitable matrix, hence enhancing the charge transfer.

3.7 � Coloration and Colorfastness

Flexibility and breathability must be maintained through-
out the manufacturing of multifunctional polypropylene 
fibers for the treated fabric. Table 2 is a summary of gas-
permeability and stiffness of treated polypropylenes. It 
was determined that the treatment method had no effect 
on either gas-permeability or stiffness in either weft or 
warp directions. Polypropylene textiles retain all of their 
physico-mechanical properties after being treated. The 

color information (K/S and CIE Lab values) acquired 
to analyze the dyeing of textiles by AgNPs is shown in 
Table 4. AgNPs-immobilization into plasma-inactivated 
polypropylene samples generated a pink color, whereas 
AgNPs-immobilized polypropylene samples that had been 
prepared with plasma showed a dark blue color (Fig. 6). 
Increased incorporation of AgNPs into polypropylene fib-
ers, as evidenced by a high K/S value, allowed plasma-
treated fabrics to be more effectively dyed with poly-
propylene than plasma-uncured polypropylene. L* was 
shown to dramatically decrease for both plasma-cured 
and plasma-uncured materials when AgNPs were gener-
ated into the surface of polypropylene, indicating a darker 
color. In addition, L* changed more for plasma-treated 
polypropylene (dark blue) than for untreated polypropyl-
ene (pink), indicating a deeper color. In general, redder 
colors had higher a* values, while yellower colors had 
higher b* values.

For both a* and b*, lower values suggested greener and 
bluer hues. Due to an increase in b* and a decrease in a*, 
the AgNPs-immobilized plasma-untreated polypropylene 
has transformed from a brighter white to a deeper pink. The 
dark blue hue of the AgNPs-immobilized plasma-treated 
polypropylene was denoted by a drop in b* and an increase 
in a*.

The absorbance spectra were analyzed to get insight 
into the chromatic activity that AgNPs provided to poly-
propylene fabrics (Fig.  7). In contrast to the plasma-
untreated PP4 and PP6 (pink color), the untreated PP5 and 

Table 4   Colorimetric results of polypropylene textiles

Fabric K/S L* a* b*

PP1 0.19 92.80 0.18 1.23
PP6 3.60 76.35  − 4.42 18.34
PP7 6.96 64.57 − 12.01 11.85

Fig. 6   Photographic images of polypropylene samples; PP1 (a), PP6 
(b), and PP7 (c) (Color figure online)
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PP7 exhibited a strong absorbance band at 379 nm, sug-
gesting a darker blue color.

Table 5 shows the ability of the treated polypropylene 
fabrics to resist color fading upon exposure to light, wash-
ing, sweat, and rubbing. The dyed polypropylene samples 
that were treated held up well against repeated washes, 
scrubbings, and even sweat. Significant colorfastness 
improvements were monitored throughout the transition 
from PANi-finished to AgNPs/PANi/TMHDS-finished 
polypropylene. Additionally, the plasma-cured samples 
had better colorfastness than the plasma-uncured ones. 
The colorfastness findings scored highest (very good to 
outstanding) for the AgNPs/PANi/TMHDS-finished sam-
ples that were treated with plasma. Stronger linkages were 
created between the AgNPs/PANi in the plasma-treated 
samples, which may explain why they held up better over 
time. Strong Ag–O bonding allowed the polypropylene 
fibers to more effectively stabilize the AgNPs/PANi on 
the fabric surface. By eliminating the need for additional 
dyes or additives, the current technology can be employed 
to offer superior coloring with outstanding colorfastness.

4 � Conclusion

To immobilize a composite of AgNPs, PANi, and TMHDS 
into polypropylene textiles, we adopted a simple and cheap 
in situ pad-dry-cure approach. We created multifunctional 
technical polypropylene fibers that are hydrophobic, anti-
microbial, UV-protective, and electroconductive. PANi and 
AgNPs were synthesized in situ using AgNO3 as oxidiz-
ing agent and aniline as reducing agent, and immobilized 
into plasma-cured polypropylene fabric. The plasma-cured 
AgNPs-immobilized textiles had improved visible-light 
absorption, electroconductivity, UV protection, hydropho-
bicity, and antibacterial activity compared to the uncured 
polypropylene. As a result of being deposited, AgNPs 
(5–18 nm) have improved UV blocking and antibacterial 
capabilities. PANi deposition is responsible for the increased 
electrical conductivity, while TMHDS deposition is respon-
sible for the enhanced water-repellency. Microwave heating 
was employed to cure the polypropylene fabrics after deposi-
tion of TMHDS. These features were achieved without sacri-
ficing the mechanical properties of polypropylene. SEM and 
EDX analyses verified the presence of Ag0 NPs on fabrics. 
The electroconductivity of the AgNPs/PANi composite on 
the polypropylene samples was enhanced by the incorpora-
tion of AgNPs into the AgNPs/PANi nanocomposite. Nano-
composite of AgNPs/PANi/TMHDS deposited onto plasma-
treated polypropylene resulted in an electrical conductivity 
of 0.7618 S cm−1. The PANi/AgNPs nanocomposite sig-
nificantly improved antibacterial efficacy against E. coli 
and S. aureus compared to PANi-finished fabric. The blank 
polypropylene exhibited no antibacterial action. The AgNPs/
PANi/TMHDS nanocomposite, when incorporated into 
plasma-cured polypropylene, exhibited a superhydrophobic 
characteristic with a contact angle of up to 153.6°. It was 
determined by analyzing CIE Lab parameters, color strength 
and UV–Vis absorbance spectra how AgNPs affected the 
coloration of polypropylene fibers. A strong absorbance 
band at 379 nm was observed for untreated PP4 and PP6 
textiles, suggesting a pink color, but a stronger absorption 
band at 379 nm was observed in treated PP5 and PP7 fabrics, Fig. 7   Absorbance spectra of polypropylene textiles (Color figure 

online)

Table 5   Colorfastness screening 
of polypropylene textiles

Alt is alteration of color; St is staining to cotton.

Sample Washing Rubbing Perspiration Light

Alt. Alt. Dry Wet Acid Alkali

Alt. St. Alt. St.

PP4 3 3 2–3 2–3 3 3 3 3 4
PP5 4–5 4–5 4–5 4 4 4–5 4–5 4–5 6
PP6 3–4 3–4 3 3 3–4 3–4 3–4 3–4 4–5
PP7 4–5 4–5 4–5 4 4 4–5 4–5 4–5 6
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indicating a dark blue color. Measurements of air-permeabil-
ity and stiffness confirmed high level of comfort. This simple 
technique prepares and in situ incorporates PANi and AgNPs 
into plasma-cured nonwoven polypropylene textiles, result-
ing in useful multi-function polypropylene with potential 
medical applications including protective coatings, wound 
treatment, and wearable electronics.
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