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Effect of Particle Size on Silver Nanoparticle
Deposition onto Dielectric Barrier Discharge
(DBD) Plasma Functionalized Polyamide Fabric

Nguyen Khanh Vu,' Andrea Zille," Fernando Ribeiro Oliveira,
Noémia Carneiro, Antonio Pedro Souto*

The effect on the deposition of three different size silver nanoparticles (AgNPs) onto a
polyamide 6,6 (PA) fabric pre-treated using air dielectric barrier discharge (DBD) plasma
was investigated. The SEM, EDS, and XPS analysis confirm that the smaller is the diameter

of AgNPs, the higher the amount of adsorbed NPs on
the PA. The DBD treatment on PA induces a threefold
increase in Ag adsorption. The result confirms a dual
effect on the wettability of the plasma treated PA
substrate. AgNPs slightly enhance hydrophobicity of
the PA surface and, at the same time, protect it against

the plasma aging effect.

1. Introduction

Currently, nanotechnology is considered the most promis-
ing technology for commercial applications in the textile
industry.!*! Nanotechnology can provide high functional
durability for fabrics due to nanoparticles extremely large
surface area and high surface energy, without affecting
their breathability or hand feel. >~ In the last several years,
nanotechnology has renewed the interest for finishing of
textiles.®) A wide range of antimicrobial agents has been
employed to limit the easy propagation of microorganisms
in textile materials.®) Among them, different types of
nanomaterials like copper, zinc, titanium, magnesium,
gold, alginate, and silver have been employed but silver
nanoparticles have proved to be the most effective.! Silver
nanoparticles shows higher efficient antimicrobial prop-
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erty compared to silver salts due to their extremely large
surface area, which provides better contact with micro-
organisms.[**) Moreover, silver ions exhibits low toxicity
and have a far lower propensity than classic antibiotics, to
induce high-level, single-step resistance mutations.!*!]
Different textile materials have been functionalized with
silver nanoparticles.*?7* However, the most of these
materials are based on synthetic fibres, which are often
highly hydrophobic. Higher hydrophilicity and improved
adhesive properties of hydrophobic fibres can be obtained
by plasma functionalization and etching. In particular, non-
thermal plasmas are particularly suited because most
textile materials are heat sensitive polymers.*>"] Atmo-
spheric plasma is an alternative and cost-competitive
method to wet chemical treatments, avoiding the need of
expensive vacuum equipment and allowing continuous
and uniform processing of fibres surfaces.**] Several
atmospheric plasma pre-treatments of textiles loading
silver nanoparticles have been widely reported in litera-
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ture.**22l Among them the dielectric barrier discharge

technology (DBD) is one of the most effective non-thermal
plasma sources!?®] and has been attracting increasing
interest for industrial applications.[?425]

The purpose of this paper is to study the silver
nanoparticle size effects on the deposition onto polyamide
fabrics after surface chemical modification and activation
by air DBD plasma pre-treatment. Polyamide fibres is one of
the most important synthetic fibres used in textile industry
due to its excellent mechanical, thermal and chemical
properties and its silver surface functionalization by
atmospheric plasma has been broadly investigated espe-
cially that concerning the antimicrobial activity.[**20-2226-28]
The size-dependent antimicrobial activity of silver nano-
particles has already been investigated concluding that the
smaller the nanoparticle, the more it releases Ag+ ions and
the higher the antibacterial effect.?*=3 However, there are
not reports on the size-dependent physical and chemical
surface effects of the deposited nanoparticle on DBD plasma
functionalized polyamide (e.g. electrostatic chemical inter-
actions, wettability and plasma aging). Three different in
size silver nanoparticles have been employed, two com-
mercials (10 and 20nm) and one synthetized in our
laboratory (~50 nm). Dynamic light scattering and spectro-
scopic techniques have been used to characterize nano-
particles. Scanning electron microscope (SEM), contact
angle measurements and X-ray photoelectron spectroscopy
(XPS) have been used to study the changes of surface
morphology, wettability and chemical composition of the
plasma-treated polyamide fabrics with and without loaded
silver nanoparticles (AgNPs).

2. Experimental Section
2.1. Materials

Commercial polyamide 6,6 (PA) fabric with a warp density of
40threads - cm ™, a weft density of 18 threads - cm ™" and a surface
density of 135 g - m ™~ 2was used in this study. The samples were pre-
washed with a solution of 1% non-ionic detergent at 30°C for
30 min and then rinsed with water for another 15 min, before DBD
plasma treatment in order to minimize contaminations. All
reagents were analytical grade purchased from Sigma-Aldrich,
St. Louis, MO, USA and used without further purification.

2.2. Plasma Treatment

The DBD plasma treatment was conducted in a semi-industrial
prototype machine (Softal Electronics GmbH/University of Minho)
working at room temperature and atmospheric pressure, using a
system of metal electrode coated with ceramic and counter
electrodes coated with silicon with 50 cm effective width, gap
distance fixed at 3 mm and producing the discharge at high voltage
10kV and low frequency 40 kHz. The discharge power supplied by
the electrodes and the speed may be varied, with maximum
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discharge of 1.5kW and speed of 60m -min . Five different
dosages (0.5, 1, 2, 2.5 and 3.5kW.-min-m?) were tested in
order to optimize the plasmatic effect onto the PA surface. The
machine was operated at the optimized parameters: 1kW of
power, velocity of 4m-min?, 5 passages corresponding to a
dosage of 2.5 kW - min-m™2 Plasmatic dosage was defined by the
Equation (1):

Dosage _ P (1)
8=

where, N=number of passages, P=power (W), v=velocity
(m-min~') and I=width of treatment (0.5m).

2.3. Silver Nanoparticles

Three types of silver nanoparticles (AgNPs) were used. Two
commercially available AgNPs of 10 and 20 nm with a concentra-
tion of 0.02 g-L™* dispersed in aqueous buffer, containing sodium
citrate as stabilizer, were provided by Sigma—Aldrich, St. Louis, MO,
USA. AgNPs colloidal dispersion with a concentration of 0.02 g-L™*
was synthetized in laboratory by a modified stepwise method of
the conventional reduction technique described by Lee and
Meisel,*?! in order to improve the synthesis of spherical and size
controlled nanoparticles. During the process the dispersion was
mixed vigorously. All solutions of reacting materials were prepared
in distilled water. A 100 ml of 1 mM silver nitrate (AgNOs) was
heated to boiling in a 250 ml flask. To this solution 10ml of 1%
trisodium citrate (NasC¢HsO,) was added drop by drop (3.8 mM
final concentration). The pH value of reaction solution was adjusted
by further addition of nitric acid or NaOH at pH of 7.7. At the end of
the citrate addition, distilled water was added to restore the initial
volume. The solution was heated again to boiling temperature until
colour’s change is evident (pale yellow). Then it was removed from
the heating element and stirred until cooled to room temperature.

2.4. Silver Nanoparticle Deposition on Polyamide
Fabrics

Control and DBD plasma-treated PA fabrics (0.1 g) were immersed
in 3ml of AgNPs dispersions (10, 20 and 50 nm) under a 200 rpm
orbital shaking using a sterile six-well cell culture plate for 15 min
and dried at room temperature. Thereafter, all samples were cured
at 100 °C for 5 min. Then the samples were rinsed with deionized
water and dried at room temperature. The entire procedure was
repeated twice. Two controls were used: a pristine control and a
control that followed the same procedure of nanoparticle deposi-
tion as describe above but without AgNPs.

2.5. Spectrophotometric Measurements

UV-Vis absorption spectroscopy of AgNPs was recorded on a
Unican UV-VIS 2 spectrophotometer. Aliquots of the dispersion
were taken out at different times to evaluate the colloidal silver
dispersion stability. Each sample was diluted three times before
being measured in order tomaintain the concentrationin thelinear
zone. The synthetized AgNPs dispersion was diluted to obtain the
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same absorbance of the commercial AgNPs which concentration is
known (0.02mg-L ™).

The colour reflectance of the PA fabrics untreated and plasma
treated with adsorbed AgNPs were measured using a Spectraflash
600 (Datacolor) spectrophotometer with standard illuminant D65
(LAV/Spec. Excl, d/8, D65/10°) between 360 and 700nm. All
measurements were performed in triplicate. The data were
expressed as the percentage of nanoparticles maximum wave-
length absorbance increase with respect to the untreated and
plasma treated PA controls.

2.6. Dynamic Light Scattering (DLS)

The particle size distribution (z-average-size) and the polydispersity
index (PDI) of the silver nanoparticles were determined with a Zeta
Sizer-Nano series Malvern Instruments. The samples were
measured at a constant temperature of 25 + 1°C. The results were
averaged over 30 runs. Each value was obtained by averaging
measurements of three samples.

2.7. Zeta Potential Measurements

The ¢-potentials were determined in an electrophoretic light-
scattering apparatus (Zeta Sizer-Nano series Malvern Instruments)
to examine nanoparticle colloidal stability and charge. The
electrophoretic determinations of ¢-potentials were made in
aqueous media at moderate electrolyte concentration. Each value
was obtained by averaging measurements of three samples.

2.8. Contact Angle Measurement

The water surface wettability of PA fabrics treated and untreated
with plasma with and without silver nanoparticles were
characterized with Dataphysics equipment using OCA20 software
with video system to capture images in static and dynamic modes.
All the measures were performed 14 days after the plasmatic
treatment and AgNPs deposition in order to evaluate the aging
effect.

2.9. Energy Dispersive Spectroscopy (EDS) and X-Ray
Photoelectron Spectroscopy (XPS)

Chemical analyses of samples were performed with EDS and XPS
techniques. EDS used an EDAX Si(Li) detector and an acceleration
voltage of 5kV. XPS measurements were performed on avVG
Scientific ESCALAB 200A equipment with PISCES software for data
acquisition and analysis. For analysis, an achromatic Al (Ka) X-ray
source operating at 15kV (300 W) was used, and the spectrometer,
calibrated with reference to Ag 3d5/2 (368.27 eV), was operated in
CAE mode with 20 eV pass energy. Data acquisition was performed
with a pressure lower them 1E¢-Pa~*. Deconvolution into sub-
peaks was performed by least-squares peak analysis software,
XPSPEAK version 4.1, using the Gaussian/Lorenzian sum function
and Shirley-type background subtraction (or linear consideration
of the data).
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2.10. Scanning Electron Microscopy (SEM) and
Scanning Transmission Electron Microscopy (STEM)

Morphological analyses of AgNPs and PA samples were carried out
with an Ultra-high resolution Field Emission Gun Scanning
Electron Microscopy (FEG-SEM), NOVA 200 Nano SEM, FEI
Company. Secondary electron images were performed with an
acceleration voltage between 5 and 10kV. Backscattering Electron
Images were realized with an acceleration voltage of 15kV.
Samples were covered with a film of Au-Pd (80 20 wt.-%) in a high-
resolution sputter coater, 208HR Cressington Company, coupled to
a MTM-20 Cressington High Resolution Thickness Controller. For
STEM nanoparticle analysis, the synthetized silver colloid suspen-
sion was dropped in copper grids with carbon film 400 meshes,
3 mm diameter. The average size was extrapolated measuring the
average diameter based in 50 observations.

3. Results and Discussion

3.1. Nanoparticle Synthesis and Characterization

The size distribution of colloidal dispersion of solid particles
is determined by the ratio between the rates of nucleation
of the solid cores, their subsequent growth, and aggrega-
tion. As the initial concentrations of reagents (AgNO; and
sodium citrate) are high, a large number of nuclei are
quickly generated, consuming a major fraction of the metal
species in the system and resulting in the formation of
small nanoparticles with relatively uniform size distribu-
tion.[*3) However, in general, a wide distribution of particle
size and shapes, from spheres and cubes torods and needles,
is a typical feature of silver colloids prepared by citrate
reduction.®*~¢! STEM and SEM data (Figure 1) show that
the method used in this work is a simple strategy for control
over the shape of the nanoparticles obtaining spherical-like
nanoparticle with an average size of 50 nm (+27%; N = 50).
The method includes arapid drop in temperature at the end
of the nucleation stage when the dispersion started to
become slightly coloured and a weak absorption peak at
around 400 nm appeared. When the dispersion started to
boil again, the absorption peak shifted gradually from 400
to 430 nm, accompanied by the continuous increase in the
absorbance intensity, meaning the continuous growth of
the silver nanoparticles. It is known that the low reaction
temperature in the growth phase is helpful to control the
nanoparticle size, size distribution and shape that are
determined by both processes of nucleation and growth,
which are greatly affected by reaction temperature.’>”-3¢]
UV-Vis absorption spectra of Ag colloidal particles could
provide information about the particle concentration
(absorbance), particle size (position of Amax), and dispersity
of particle size in solution (width of absorbance band). The
average sizes of commercial silver colloids are 10 and 20 nm,
corresponding to intense and narrow UV-Vis maximum
absorption peaks (Amax) at 395 and 404 nm, respectively
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Figure 1. SEM (a) and STEM (b) images (x200 0oo maghnification) showing spherical-like
silver nanoparticles on the order of 50 nm in diameter (+27%; N=50).

N. K. Vu, A. Zille, F. R. Oliveira, N. Carneiro, A. P. Souto

Indeed, the spectrum of the synthetic
silver colloid, with an average size of
50 nm, is typical of those for hydrosols of
AgNPs prepared by reduction with
sodium citrate and is characterized by
an asymmetric absorption band with
maxima at 430 nm with a large tail that
extends into the red.**™”] The broader
width of the synthetized nanoparticle
spectra supports the higher polydisper-
sity of these nanoparticles. Broader bands
at high wavelength also result usually in

b) the appearance of a high level of aggrega-

tion.[*8! Therefore, to monitor the stabi-

lity of the synthetized silver colloid,
we have measured the absorption, size
distribution and polydispersity of the
colloid after different periods of time.

404 e
Sgma 20

430 nm

35 nm Eynthedred
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08 -

06 -
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The absence of significant differences in
absorbance peak, z-average-size and
polydispersity after 3 weeks indicates
that the nanoparticles do not aggregate
(data not shown).

The nanoparticle size distribution
(z-average-size) and the PDI of the com-
mercial and synthetized AgNPs were also
confirmed by dynamic light scattering
(Table 1). The measured z-average and
PDI (~0.2) of the commercial nanoparti-
cles show that these NPs are very
monodisperse confirming the data pro-
vided by the producer and the UV-Vis
spectraof the surface plasmonresonance.
The z-average (53.34 + 16.81) and the PDI

Wavelenght (nm)

Figure 2. UV-visible spectra of the commercial (Sigma 10 and 20) and synthetized silver
nanoparticles and their respective maximum peaks of absorption. Commercial samples
were diluted 3 times before recording the spectra. The synthetized nanoparticles were

diluted at the same absorption of the commercial ones.

(Figure 2). Peaks in this region are generally observed and
attributed tothe surface plasma excitation of monodisperse
small size silver particle. These experimental results are in
good agreement with several theoretical studies that have
shown a dependence of the UV absorption maximum onthe
size of spherical metal nanoparticles.*>™*! The general
trend they found is that the absorption peak shifts towards
longer wavelengths as particles become bigger.*?! The
dipolar adsorption is dominant for particles smaller than
20nm, instead above 30nm, dipolar scattering and
quadrupolar adsorption play important roles, accompanied
by a significant broadening in the absorption peak.!*’!
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550 80 (~0.3)values of the synthetized silver NPs

are consistent with those obtained from
the SEM/STEM and UV-Vis analysis,
respectively, indicating higher polydis-
persity.

The surface charge of AgNPs can be
evaluated by means of a measurement of
the electrical potential at the interface
between the moving and the stationary solvent layers
around the colloidal particle. This potential is referred as
zeta potential (¢) and provides useful information about the
charge carried by the nanoparticle and, therefore, about its
stability and ability to interact with molecules.*”) Gen-
erally, a suspension that exhibits a ¢ potential less than
+20mV is considered unstable and will result in particles
settling out of solution in the absence of other factors.*® As
seen from Table 1, all the used silver nanoparticles possess a
high negative zeta-potential at the working pH (7.7). High
values in ¢ potential indicate an increase in the surface
charge and consequently higher stability of silver nano-
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B 7able 1. z-Average size (nm), polydispersity index (PDI) and {-potential (mV) values of used nanoparticles.

Nanoparticle Z-average size [nm] Polydispersity Index {-potential [mV]
Sigma 10 8.26+2.12 0.188+0.021 —27.8+10.5
Sigma 20 18.55+5.70 0.198 +£0.025 —36.7+121
Synthetized 53.344+16.81 0.304+0.038 —41.6+10.0

Data are means +SD (n=3).

particles in the dispersion due to electric repulsion of the
negative charge of the citrate ions adsorbed on the
nanoparticle surface.®] However, the commercial nano-
particles exhibits different value of ¢ potential depending of
their size and lower ¢ values when compared to the
synthetized NPs. The ¢ potential of colloid particles depends
ontheionicstrength and dielectric constant of the medium.
An increase in dielectric constant increases the effective
potential of the particle at the shear plane.®? Thus, a higher
concentration of the citrate ions on the synthetized NPs
could explain its charge increase as compared to commer-
cials NPs.

3.2. Optimization and Characterization of DBD
Plasma Modification on PA Fabric Surface

To enhance the interaction between hydrophilic colloidal
AgNPs and hydrophobic polyamide (PA) fibres, the surface
of the fabric was modified by DBD plasma. The optimal
dosage of DBD plasma discharge able to modify the PA
fabric surface properties was investigated measuring the
static and dynamic contact angles. As depicted in Table 2
higher DBD energy plasma dosages significantly improve
the surface wettability of PA fabric. At the dosage of
2.5kW . -min-m~2, the contact angle decreased to not
measureable values. The dynamic contact angles confirm
that further energy increases do not lead to significant

differences in the hydrophilicity of the treated PA surface
(data not shown).

Plasma treatment can induce substantial morphological
changes of fibre surface especially on its roughness. The
rougher the surface, the larger the surface energy of
material, then the better wettability and adhesion.*3 SEM
images of untreated and DBD plasma treated PA fibres show
that the topography of the fibre was uniformly altered after
plasma treatment in the form of ripple-like structures of
sub-micron size that were induced by plasma etching
(Figure 3b). Energetic and highly reactive plasma species
attacked the fibre surface promoting fibre ablation and
inducing increase of the fibre surface roughness and
hydrophilicity-dependent properties.?*! These results are
in agreement with the literature on the effects achieved by
DBD atmospheric pressure plasma treatment on synthetic
fibres.[24°4]

XPS analyses were used to obtain the degree of chemical
modification of the PA fibres. The results obtained are
shown in Table 3. In the control PA treated with air DBD
plasma when the carbon content on the surface of the
sample decreases, the atomic concentrations of oxygen and
nitrogen are observed to increase probably due to the
incorporation of these atoms during the plasma reactions
that results in the formation of hydroxyl and polar amide
groups on the fabric surface.?>**! Etching may provoke
chain scission in groups C—H, C—0, C—N, N—H present in
the PA fibre promoting the formation of reactive species

[l 7able 2. DBD Plasma tested parameters and measured static contact angles at different energy dosages onto PA fabric.

Sample Speed Number of Power Dosage Static contact

[m-min™] passages [kw] [kW - min - m~?] Angle []
Untreated - - - - 145.8+6.0

4 1 1 0.5 90.4+3.3

2 4 2 1 675+24
3 4 4 1 444+22
4 4 5 1 2.5 Not measureable
5 4 7 1 3.5 Not measureable

Data are means £ SD (n=3).

Plasma Process. Polym. 2013, 10, 285-296
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.plasma-polymers.org

289



290

Plasma Processes
and Polymers

a) b)

Figure 3. SEM image of PA untreated (a) and plasma treated (b) fibres with dosage of

2.5 kW - min- m~? with magnification of 40 ooox.

suchasO~,N,N*,0,0H", O3, causing the decrease of carbon
content and the increase of nitrogen and oxygen
atoms.?®%¢] The ratio N/C remained almost constant for
all the samples treated under different treatment times as
previously observed also for PA treated with nitrogen.[*
The increase of atomic ratio O/C after DBD plasma
treatment showed higher values for XPS (~5nm in depth)
than with EDS (~500 nm in depth) analysis (Table 3). These
results indicate a substantial incorporation of oxygen
atoms only onto the fabric surface.

The analyses of C1s peaks obtained by deconvolution of
the C1s core level XPS spectra of the untreated and plasma
treated PA show five components (Figure 4a and b). In terms
of binding energy, the peak at 284.5eV is attributed to
aliphatic carbon atoms. The peak at 285.3eV can be
associated to the amide carbonyls. The peak at 286.2eV
represents the carbon atoms neighbouring the amide
nitrogen and that of at 287.6 eV is assigned to the amide
carbonyl group. The peak at 288.6 eV is assigned to carboxyl
groups that after plasma treatment show a significant
increase (from 2.8 to 11.5%) due to the oxidation of the

N. K. Vu, A. Zille, F. R. Oliveira, N. Carneiro, A. P. Souto

methylene carbons immediately adja-
cent tothe amide carbonyls.[zs] However,
the oxygen concentration in O=C—NH
(from 18.4 to 15.7%) and —C=0 (from 27
to 20.2%) was significantly decreased,
indicating that probably more hydroxyl
groups are present in the fibres. The
deconvolution analysis of Ols (data not
shown) confirms that after plasma treat-
ment, the amount of oxygen singly
bonded to carbon atoms, including the
oxygen atoms in O=C—OH, C—C—-OH,
was remarkably increased.

The decrease (from 40.8t0 35.8%) in the
C—C,C—Hfunctional groups after plasma
treatment is due to the aliphatic chain
scission mechanisms caused by the
plasma active species.[*”*”] These results
indicate that more polar functional groups are incorporated
to PA fibres surface by the plasma treatment, enhancing the
chemical-physical adsorption ability of the PA fibres.

3.3. Characterization of PA Fabrics Modified by DBD
Plasma Treatment and AgNPs

The changes in fibre surface morphology, after loading the
three different-sized silver nanoparticles (10,20 and 50 nm),
were evaluated by SEM. The untreated PA fabrics loaded
with AgNPs (Figure 53, c, ) are characterized by a low and
irregular distribution of NPs on the fibre surface. On the
contrary, the DBD treatment has positively affected the
loading of silver onto the textile substrate in all the three
sizes of NPs (Figure 5b, d, f). However, as previously
observed by Radetic et al,!*” at this relatively low
concentration (20 ppm) the AgNPs tend to aggregate on
the surface of DBD-treated PA fibres due to the thermo-
migration of the nanoparticles during curing process.!°8!
Energy-dispersive X-ray spectroscopy (EDS) was
employed to establish the chemical identity of the observed

I Table 3. Relative chemical composition and atomic ratio determined by XPS and EDS (control) of PA fabrics loaded with AgNPs, untreated

and treated by DBD Plasma.

Samples Untreated Plasma treated

C At N At O At o/c N/C Ag At C At N At O At o/c N/C Ag At

[%] [%] [%] ratio ratio [%] [%] [%] [%] ratio ratio [%]

Control (EDS) 67.40 9.70 22.90 0.34 0.14 0 64.68 1095 2437 0.38 0.17 0
Control (XPS)  74.25 9.38 16.37 0.22 0.13 0 6275 10.28 26.97 0.43 0.16 0
Sigma 10 76.02 9.38 1454 0.19 0.12 0.06 75.89 10.08 13.80 0.18 0.13 0.23
Sigma 20 75.53 9.58 14.83 0.20 0.13 0.06 73.52 1037 1594 0.22 0.14 0.17
Synthetized 75.34 9.53 15.12 0.20 0.13 0.02 75.72 10.14 14.08 0.19 0.13 0.06
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comparison with the AgNPs loaded
untreated fibres, was confirmed by
X-ray photoelectron spectroscopy (XPS)
and reflectance spectroscopy measures.
The XPS spectra shows that after the
AgNPs loading on the plasma treated
PA, independently of the particle size,
the oxygen concentration returns to the
same concentration of the untreated PA
as the nitrogen concentration remains
unaffected. This can be explained by
."1 the effect of the aging of plasma treat-
\ ment accelerated by the wet treatment
and thermal curing performed in this
work.*%) The release of Ag™ from AgNPs
) catalyse the production of oxygen radi-
\.. cals, that diffuses from the fibres to the
\":—, surrounding environment leading to
the observed drastic reduction of the

C-C (40.8%)
284.5 eV

Binding energy (eV)

oxygen on the PA surface.[*”
The presence of Ag in the plasma
treated PA is higher for all the type of

b)

-C=0 (20.2%)
285.3 eV

-C-NH(C=0)- (15.7%)
286 eV

Intensity (A.U.)

-NH{C=0}- (16.7%)
287.6 eV

-COOH (11.5%)

NPs than compared with the untreated
PA. For a given total quantity of Ag,
decreasing the size of the AgNPs leads to
an increase in the specific surface area
and hence to an increase of the number of
NPs that can be loaded. The XPS results
clearly show higher Ag peak intensity in
the 10 nm NPs. This could be attributed to
size-dependent higher adsorption effi-
ciency but also to a better accessibility of
the more numerous and smaller NPs.
Moreover, due to the XPS limited probe
depth (~5nm) the concentration of
bigger NPs could have been underesti-
mated. The XPS signal intensities are
influenced by the Ag surface concentra-
tion as well as by the dispersion and size
of the Ag on the textile surface. The exact
determination of the silver surface abun-

C-C (35.8%)
284.5 eV

202 260 268 286

Binding energy (eV)

Figure 4. High-resolution deconvoluted XPS spectra with relative areas of the Cis
binding energy region of PA fibres surface before (a) and after (b) plasma treatment.

particles. It can be clearly seen from the EDS analysis
(Figure 5b inset) that AgNPs are present on the surfaces of
the PA fibres. The EDS spectrum shows an intense peak
corresponding to silver.

The remarkable increase in the number of dispersed
AgNPs on the surface of plasma-treated PA fibres, in

Plasma Process. Polym. 2013, 10, 285-296
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dance is difficult because of the variation
in particle size and number (particularly
for the 50 nm synthetized NPs) and of the
electrostatic effects on the plasma-trea-
ted textile. However, the XPS and trans-
mission spectroscopy analysis on the
untreated fabric loaded with 10 and
20nm AgNPs show the same XPS peak intensities and
the same decrease in specular reflection. Instead, after
plasma treatment, significant differences in both XPS and
transmission spectroscopy could be observed. This differ-
ence cannot be explained only by the reduction of the
number of nanoparticles as a function of the increase in
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€) f)

Figure 5. SEM images of PA fabrics loaded with AgNPs (20 ppm) with magnification of
13000Xx: (a) Untreated PA with AgNPs Sigmato (10 nm); (b) Plasma-treated PA with
AgNPs Sigmaio; (c) Untreated PA with AgNPs Sigma2o (20 nm); (d) Plasma-treated PA
with AgNPs Sigma20; (e) Untreated PA with AgNPs synthetized (50 nm); (f) Plasma-

treated PA with AgNPs Plasma-treated PA with AgNPs.

diameter, otherwise it would also be noticed in the
untreated fabric analysis. So, there seems to be a size-
dependent effect on the AgNPs adsorption in the plasma
treated PA fabrics. However, no definitive conclusions could
be obtained. Further WDS and EDS analysis using different
sized NPs at the same mass and number concentration will

Plasma Process. Polym. 2013, 10, 285-296
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be necessary to get a complete clarifica-
tion of the role of the NP size in the
adsorption mechanism.

Figure 6 shows the XPS spectra of fibres
surface in the region of binding energies
associated to Ag 3ds,, core-electrons
confirming the presence of silver in the
form of Ag®[®! All the binding energies
are referenced to Cls (284.5eV). Large
differences between the peak intensities
for silver nanoparticles determined
before and after plasma treatment can
be observed. Sigma 10 and 20nm NPs
loaded in plasma treated PA showed the
more intense peaks in accordance with
the higherloading values as confirmed by
the reflectance spectroscopy. The
observed binding energies of Ag 3ds,»
and Ag 3ds/, are between 368 and 369 eV
and between 374 and 375eV, respec-
tively. The energies are in good agree-
ment with the literature values for the
binding energies of silver nanoparti-
cles.!®2%3 However, the positive shift in
binding energy of Ag 3ds/, relative to the
bulk Ag (368.3 eV) suggests that the silver
nanoparticles are oxidized as a result of
the interaction with the PA surface or
that unreacted Ag™ remains on the NPs
surface.’® Moreover, the observed shifts
are proportional to the NPs size. The
larger are the AgNPs, the higher are the
binding energies.[**

The influence of theloading of colloidal
AgNPs onto PA fabric surface before and
after plasma treatment was evaluated by
measuring reflectance spectra. The
homogeneous colour change obtained
in the fabrics after AgNPs deposition is
in accordance with literature data.!**! The
colour changes were expressed as the
increase in PA surface absorbance after
AgNPs loading in both untreated and
plasma treated fabrics, at the AgNPs
maximum absorption wavelengths.
According to the graphs in Figure 7 it
can be explicitly seen that all the plas-
matic treated samples gave a higher
absorption as compared with the untreated ones. The
results obtained also confirm the higher AgNPs functiona-
lization durability after washing on PA plasma-treated
fibres using this loading method.?*®*) The decrease in
specular reflection could be considered a direct measure of
the Ag abundance in the topmost layer of the textile fabric.
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loaded AgNPs samples without plasma
treatment possess slightly higher static
contact angles as compared to the con-
trols. This value can lead to a conclusion
that the AgNPs reinforce the PA fabric
hydrophobicity. In the plasma treated
samples the drastic chemical changes of
the plasma treatment confer high hydro-
philicity and at the same time improve
the NPs loading onto the fabric surface.
The observed static contact angles in the
plasma treated fabrics seem to be due to
an equilibrium between the slight drop

. repulsive effect of the higher amount of
. AgNPs, that contrast the hydrophilic
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I Figure 6. High-resolution XPS spectra of PA fibres surface in the binding energy region
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Figure 7. Percentage of increase in surface absorption at 400
(Sigmato and 20) and 430nm (synthetized) of untreated and
plasma treated PA after silver nanoparticle deposition. Data are
means = SD (n=3).

This means that there are more nanoparticles onthe plasma
treated samples than on the untreated ones. However, as
previously discussed no definitive conclusion could be
obtained for the synthetized nanoparticles due to their
lower number and underestimated concentration. How-
ever, also in this case the significant differences between
the 10 and 20 nm NPs in the plasma treated fabric when
compared to the untreated fabrics seems to confirm a size-
dependent effect.

Surface properties of the PA fabric were characterized by
static and dynamic contact angle measurement based on
the sessile drop principle. The static contact angle was
measured in order to evaluate the wettability of PA fabrics
after the application of AgNPs with and without plasma
treatment. According to data attained in Table 4, all the
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attraction of the plasma treated PA, and
the protective effect of the NPsthat seems
to preserve the hydrophilicity by electro-
static interactions. Usually, with the
increase in nanoparticle size, the specific
surface area and free energy decrease,
which should lead to an increase in the contact angle.[*%67!
However, several other factors such as surface roughness,
nanoparticle distribution and chemical interactions on the
substrate, can also control the contact angle.!®]

The plasma treated control that was processed at the
same conditions of the AgNPs loaded samples (cured at
100 °C and washed in citrate buffer without NPs) showed
values of static angles similar to the untreated control. On
the contrary the plasma-treated pristine control showed
the lowest value of static contact angle. This is due to the
non-permanent effect (aging) of the free radical and polar
groups generation on the surface of plasma processed
PA.!%*! Increase in contact angle is usually observed after
few days after plasma treatment.**! Time, thermal and
aqueous treatments and even the handling of the samples
can degrade the effect generated by the plasma treatment
according to the diffusion of the reactive species and the
reorientation and folding under of the surface layers.l”!

Table 4. Static contact angle of the samples with and without
plasma treatment.

Sample Untreated Plasma treated
contact contact
angle [°] angle [’]
Control (pristine) 116.5+1.0 59.34+2.2
Controls (processed) 126.4+6.1 125.7+3.4
Sigma 10 131.24+51 12424238
Sigma 20 132.6 +6.9 115.04+21
Synthetized 1345+44 94.7+2.7

Data are means £ SD (n=3).
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ions on the NPs surface, probably due to
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Figure 8. Dynamic contact angle of the samples with and without plasma treatment.
Straight lines: Untreated samples. Dotted lines: Plasma treated samples.

Despite the initial hydrophobic values of the static
contact angles, the dynamic contact angle for all the plasma
treated samples, with the exception of the processed
control, show a dramatic contact angle reductionin <1s, as
all the untreated samples maintain hydrophobic contact
angles (Figure 8). It seems that the AgNPs size and
distribution alter the roughness and charge of the PA
surface providing a slight increase in hydrophobicity.
However, after the plasma treatment, this effect is
completely annulled by the highly hydrophilic functional
groups formed onto the PA surface. At the same time, the
AgNPs electrostatic interactions with the new-formed
functional groups appear to also have a protective effect
on the plasma surface modifications. This can be noticed by
the difference between the pristine (5) and the processed (1)
controls. The effect of aging of plasma treatment is the
highest in the processed control that without the protective
effect of the AgNPs lost its initial hydrophilic properties
showing values similar to the untreated samples. On the
contrary, the plasma treated PA fabrics loaded with AgNPs
preserve, in same extent, their hydrophilic properties (2, 3
and 4) especially the synthetized 50 nm NPs. The chemical
reactivity of the AgNPshave shown a clear effectin decrease
the surface energy of the PA surface stabilizing the chemical
bonds that are generated by the plasma treatment. The
biggest NPs, despite their lowest concentration, seem to
favour higher electrostatic stabilization of the plasma-
formed functional groups onto the PA surface. This is
partially confirmed by the XPS analysis where a positive
shift in binding energy of Ag relative to the bulk metal was
observed. The shift is proportional to the NPs size. The larger
are the AgNPs, the higher are the binding energies. This
suggests that the bigger synthetized NPs have more Ag"
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All the NPs show good stability with no
aggregation. The optimal energy dosage
of DBD plasma discharge to modify the
PA fabric surface properties was found at
2.5kW-min-m 2 The deconvolution
analysis of Cls and Ols XPS peaks of
the plasma treated PA confirms the
decrease in the aliphatic functional groups and the
remarkably increase of the oxygen singly bonded to carbon
atoms. The SEM analysis indicates the well-dispersed
deposition of the AgNPs on the PA fibres especially on
the plasma pre-treated fabrics. The EDS, XPS and reflectance
spectroscopy analysis confirm the presence of the Ag and
seem to indicate in the 10 and 20 nm NPs a size-dependent
adsorption. The smaller the diameter of AgNPs, the higher
the amount of adsorbed NPs on the PA fibres. The
estimation of the synthetized NPs concentration was
difficult and probably underestimated because of the
variation in particle number and the electrostatic effects
on the plasma-treated textile. The DBD plasma treatment
induces a threefold increase in Ag adsorption as compared
with the untreated samples for all the NPs. The results of
contact angle measurements showed a dual effect on the
fabric wettability of the plasma treated fabric. AgNPs alters
the roughness and charge of the PA surface providing
hydrophobic properties and reducing the hydrophilicity of
the plasma-treated PA surface. At the same time, the AgNPs
appear to have a protective effect on the plasma surface
modifications reducing the aging effect and maintaining
high wettability. The 50nm synthetized NPs seem to
release a higher amount of Ag*, as partially confirmed by
the positive shift in binding energy, that provide higher
electrostatic stabilizing effect on the plasma formed
functional groups.
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