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1. Introduction

Traditional wet-chemical processes used in the textile industry
involve high consumption and pollution of water resources. Waste
water processing costs are high and drying the wetted fibers is
energy-, time- and cost-intensive. Therefore, the textile industry
has a great interest in alternative dry processes. Low temperature
plasma treatment is a dry and eco-friendly technology which has
been widely used to modify the chemical and topographical prop-
erties of polymers and textiles surface [1-5]. The application of
plasma technologies as a pretreatment and finishing process for
textiles has become very popular because this surface modifica-
tion method changes the outermost layer of the substrate without
altering the bulk properties.

Literature abounds of works on low-pressure plasma treatment
of textiles for different purposes, as an alternative to wet-chemical
processes [6-10]. Low-pressure plasma treatments are known to
induce physical and chemical surface changes in textile fibers
through several concurrent processes (activation, etching, grafting
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of chemical functional groups, cross-linking) [11-14]. For example,
low-pressure plasma treatments with gases such as air, helium,
nitrogen and oxygen have been used to improve the surface wett-
ability and the dyeing properties of different textiles [15-18].
Moreover, in the case of wool, they have been employed to enhance
its shrink resistance [19-24] and its anti-pilling properties [25].

Despite its effectiveness on textiles, the inability to successfully
incorporate low-pressure plasma treatment equipment into a con-
tinuous textile processing operation has limited the commercial
viability of this technique. In the last years, atmospheric pressure
plasma treatments have gained considerable popularity for the
sur-face modification of materials [1,26-28]. The main advantages
over the low-pressure ones are the possibility to avoid the
expensive vacuum systems, to decrease the time of treatment, and
to simplify the technological transfer where the processes of
production are making in continuous mode. As a matter of fact, the
atmospheric pressure plasma treatment devices can be easily
integrated with the continuous on-line processing of the textile
materials. How-ever, while the effects of low-pressure plasma
treatments are well documented, relatively little has been
published about atmospheric pressure plasma treatments of
textiles [29-35]. In particular, only few paper describe the effect of
atmospheric pressure plasma treat-ments on wool [36-40].

In this work, we performed atmospheric pressure plasma treat-
ments of pure cashmere and wool/cashmere textiles with humid
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air. Since it is known that these processes may also cause unde-
sired degradation, treatment parameters have been optimized in
order to achieve the surface modifications without changing the
bulk properties as well as the touch of the textile.

A deep characterization has been performed to study the wett-
ability, the surface morphologies and the chemical composition of
the plasma treated textiles.

2. Experimental
2.1. Materials

Commercial pure cashmere and wool/cashmere fabrics were
supplied by LoroPiana (Quarona, Italy) and used as received. Since
the aim of the plasma treatment was the enhancement of the tex-
tiles wettability for possible following finishing processes, we used
fabrics which had been already dyed. In particular, the pure cash-
mere textile was black, while the wool/cashmere one was gray.

2.2. Plasma reactor

The DBD experimental device (supplied by Tigres GmbH,

Germany) has been extensively described elsewhere [41]. It
consists of a stainless steel planar electrode coated with a
poly(tetrafluoroethylene) sheet (thickness = 1 mm), where textile
samples to treat are placed on. Two rod electrodes (220 mm long,
8 mm diameter), coated with pure (>99.7%) syntherized Al,03
dielectric (thickness 2 mm), are mounted on a mobile station, at a
distance of 20 mm from each other. The two rods are connected
through an HV cable to the secondary coil of a transformer, whose
primary circuit is connected to a power generator, providing the
driving high voltage for the discharge. The distance between the
plate electrode and the rod electrodes could be varied from 0.5
mm to few millimeters. In our experiments it is fixed at 2 mm.
During the treatments, the station can move horizontally with a
speed that can be varied between 0.7 and 7 m/min. The electrical
power sup-plied to the discharge could be varied up to a maximum
of 450 W. For each treatment, the energy density, or dose, could be
estimated by: D = Pn/vl, where P is the electrical power, v is the
speed of rod electrodes, [ is their length and n is the numbers of
passes over the specimens.

The inlet fluxes are controlled by a gas/vapor mixing system.
The air flow is regulated using a mass flow controller (El-flow by
Bronkhorst) with a maximum flow of 20 L/min. To introduce water
vapor in the gas flow, we employed a liquid flow controller with an
evaporator/mixer system (Bronkhorst CEM System). The inlet
fluxes are injected between the high voltage electrodes through an
injection flute that ensures uniform fluxes on the whole length of
the electrodes.

2.3. Characterization techniques

2.3.1. Wettability measurements

Absorption times of deionized water droplets were measured
using a home-made apparatus, as already described [8,10,12].
Water droplet absorption time (t,qs) values were obtained as the
average absorption time of 12 water droplets of 70 w1, deposited
through a standard procedure on different zones of each fabric
specimen.

2.3.2. FTIR/ATR spectroscopy

Fourier transform infrared spectroscopy (FT-IR) was performed
using a Perkin Elmer 2000 FT-IR fitted with a universal attenuated
total reflectance (ATR) sampling accessory (MKGolden Gate) with

a diamond coated zinc selenide window. For each spectrum 150
scans, with a spectral resolution of 4cm~1, were recorded.

2.3.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectra were recorded using a Vacuum
Generator ESCALAB 1 apparatus, with a monochromatic Al-anode
Ky source (E=1.487 keV) working at 350 W and an electron take-
off angle of 45°. The pressure in the chamber was around 107 Pa.
Unless otherwise noted, samples were mounted in a carousel stage
with xyz translational and rotational capabilities. Binding energy
scales were referenced to the CC/CH, peak in the C (1s) region at
284.6. A pass energy of 20eV was used for high-resolution scans
of C 1s and S 2p peaks with an acquisition time of 3 min. XPS data
fitting was performed using 100% Gaussian peaks.

2.3.4. Scanning electron microscopy (SEM)

SEM analyses were performed with a Scanning Electron Micro-
scope Zeiss EVA 50 EP using a primary electron beam with an energy
of 10kV, coupled with a complete energy dispersive X-ray system
(EDX Oxford Inca Energy 200) and with the INCA software program.
High sensitivity to topographic features on the outermost surface
(<5nm) is achieved when using a primary electron beam with an
energy of <1kV. Micrographs were obtained in air on aluminum
support. No metal was deposited on the surface of the treated sam-
ples to minimize the number of treatments. Images were taken at
magnifications 100x, 300x, 500x, 1000x and 3000x with the EDX
analyses performed at the highest resolution (spot of <1 x 1 um).

3. Results and discussion

The first aim of this work was the surface modification of
cashmere and wool/cashmere textiles by atmospheric pressure
plasma treatments, for the enhancement of their wettability with-
out changing their bulk properties as well as their touch. Since these
processes may cause undesired degradation of organic materials,
an initial optimization of the treatment parameters has been per-
formed, using an inlet gas mixture with 10L/min of air and 3 g/h
of water vapor. In this first experimental step, we focused on the
wettability characterization and on the evaluation of the possible
deterioration and/or changes in the touch of the textiles.

Fig. 1 shows the influence of the energy dose on the water
droplets adsorption time. The 70wl water droplets are not
adsorbed by the untreated textiles, and remained on their surface
until evaporation. The energy dose parameter was varied by fixing
the supplied power (270 W) and the speed of the mobile station
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Fig. 1. Influence of the energy dose on the wettability of the treated textiles.
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Fig. 2. Influence of the number of passes (at constant energy dose) on the wettability
of the treated textiles.

(2.5m/min) and by changing the number of passes over the sam-
ples. It can be noticed that, both for cashmere and wool/cashmere
fabrics, the wettability increased with the energy dose. Moreover,
pure cashmere textiles were more influenced by the plasma treat-
ment than the wool/cashmere ones. None of these samples displays
burning or other deterioration after the plasma treatment. How-
ever, treated samples appeared more dry at the touch (dry-hand),
probably as a consequence of a partial dehydration owing to the
plasma treatment. This effect increases with the energy dose, and
become important for doses of 4500 W min/m?. Despite of this, it
must be pointed out that the treated textiles recovered their origi-
nal softness in a few day.

Since the energy dose is a composite parameter, the same energy
dose can be supplied to the textile in different ways. In order to test
if this had influence on the wettability characteristics of the treated
samples, we set up an experiment in which we fixed the supplied
power (270 W) and energy dose (4500 W min/m?2), and varied the
speed of the mobile station (from 0.3 to 4.8 m/min) and the num-
ber of passes (from 1 to 16). Results, in terms of water droplets
adsorption time, are displayed in Fig. 2. Despite a general remark-
able increase in wettability (which can be explained with the high
energy dose and which is particularly evident for the pure cashmere
fabrics), we noticed better performances at high number of passes
(and hence at high speed of the mobile station). This effect can be
better appreciated by observing the curve of the wool/cashmere
fabrics. We interpreted this result in terms of uniformity of the
treatment: the high number of passes probably allow a more uni-
form grafting of polar functionalities onto the fibers. Moreover,
we observed a deterioration of the samples treated at low speed,
with the presence of several burnt fibers (in Fig. 2, three arrows
indicate the samples which were irremediably damaged). Optical
microscope images of the damaged fabrics are displayed in Fig. 3.

Carbonized fibers can be observed in Fig. 3a and c, while Fig. 3b
shows a laceration of the treated sample. Instead, fabrics treated at
high speed do not show any variation of the organoleptic
properties (appearance, color), as well as any fibers damage.

The preliminary optimization step allowed us to select the
range of treatment parameters for an effective hydrophilic
modification without fabric deterioration. The water droplet
adsorption time was almost immediate when the energy dose was
higher than 3000 W min/m? (Fig. 1). Moreover, no damaging of the
treated fibers was observed when the speed of the mobile station
was higher than 2 m/min. Starting from these considerations, we
select a set of parameters (Table 1) for a complete chemical and
mor-phological characterization of both the treated fabrics
(treatment A in Table 1). Moreover, we investigated the effect of
the water vapor concentration on the chemical composition of the
treated textiles by doubling the amount of water introduced in the
air flow (treatment B in Table 1). We chose a speed of the mobile
station (2.5 m/min) and a number of passes (4) which are a
compromise between the necessity of avoiding a fabric damaging
and the will of adopting a set of parameters which could be also
useful for practical industrial applications.

Pure cashmere and wool/cashmere fabrics were first character-
ized with FTIR/ATR spectroscopy.

FTIR/ATR analyses of both the textiles do not reveal strong dif-
ferences between the treated samples and the untreated ones. This
result is a consequence of the low penetration of the plasma
treatment into the bulk of the fibers, especially when com-pared to
the penetration depth of this analytical technique (a few microns).
Most importantly, we noticed no differences in the region 1500-
1700 cm~!. This result excludes the formation of carbon-carbon
double bonds (which generally cause fabric yellow-ness) from the
interaction of the plasma species with the protein fibers and is in
agreement with the unchanged textiles color.

However, some differences between the untreated and the
plasma treated samples were observed. Fig. 4 displays the ATR
spec-tra of the untreated and the plasma treated wool/cashmere
fabrics, in the region 900-1300 cm~!. Significant bands are
indicated with arrows. The spectrum of the treated sample refers
to the fabric treated with parameters B in Table 1 (with a doubled
water vapor flow of 6 g/h).

Bands at 1041 cm~1, 1079 cm~'and 1126 cm~! can be assigned
respectively to the cysteic acid (SO3~ groups), to the cystine
monoxide (SO Sgreups) and to the cystine dioxide ( SO, Sgroups)-
[24,42]. The band at 1230 cm~!is the amide Il band of the
polypeptide chain.

Cysteic acid, cystine monoxide and cystine dioxide were
formed as a result of the cleavage of disulphide linkage [42]. Both
cystine residues were believed to be intermediate cystine
oxidation prod-ucts (disulphide — monoxide — dioxide —
sulphonic acid) [42]. The presence of these groups on the
polypeptide chain provides polar characteristics to the fabric,
which in turn helps to improve the wettability of the textiles.

Fig. 4 clearly shows that the amount of cysteic acid and of
cystine monoxide (bands at 1041 cm~! and 1126 cm~!) on the
wool/cashmere fabric surface increased after the plasma
treatment.

Fig. 3. Optical microscope images of the damaged fabrics treated with high energy dose and low speed of the mobile station.



Table 1

Operating parameters employed for the treatment of the fabrics which were characterized by FTIR/ATR, XPS and SEM analyses.

Treatment  Inlet gas Gas flow (L/min) ~ Water vapor flow (g/h) ~ Number of passes  Station speed (m/min)  Power (W)  Energy dose (W min/m?)
A Air/water vapor 10 3 4 2.5 450 3600
B Air/water vapor 10 6 4 2.5 450 3600
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Fig. 4. FTIR/ATR spectra of the untreated (black line) and the plasma treated (gray line) wool/cashmere fabrics. See text for band assignment.

This indicates a cleavage and an oxidation of the disulphide groups
owing to the exposure to the plasma species. A semi-quantitative
evaluation of the extent of the plasma modification has been per-
formed by integration of the band at 1041 cm~', 1079cm~"! and
1126 cm™!, followed by the calculation of the ratio between the
integral of these bands with that of the amide Il band (1230 cm™1)
[42]. Results are shown in Table 2.

For the wool/cashmere fabrics, it can be noticed that all these
ratios considerably increased as a result of the exposure to plasma
(both for parameters A and B in Table 1). This is particularly evi-
dent for cysteic acid and of cystine monoxide groups, which almost
doubled their presence on the fabric surface. On the contrary, for
the pure cashmere fabrics no evident oxidation of the disulphide
groups was detected. Cysteic acid and cystine monoxide bands
were absent on both the spectra of the untreated and the plasma
treated textiles, while the amount of cystine dioxide does not vary
after the treatment.

Wool fibers show the presence of covalently bound lipids on the
surface of their cuticle membrane [43]. These are a complex mixture
of polar and non-polar lipids, with long chain fatty acids being the
predominant class. Evidence to date indicates that the majority of
the fatty acids are covalently bound to the cuticle surface proteins
via a thioester bond to cysteine residues with up to 40% of the fatty
acids linked as oxygen esters to serine or threonine residues.

Itis reasonable to suppose the plasma species mainly interacting
with this external layer of lipids, and other authors have described
this phenomenon for plasma treatments at both atmospheric and
low pressure [11,36,40]. A decrease in the total carbon content on
the fibers surface has been detected by XPS analysis on wool treated

Table 2
FTIR/ATR bands ratio for cysteic acid, cystine monoxide and cystine dioxide in rela-
tion to the amide III band.

with an atmospheric pressure plasma jet [36]. Molina et al. [11]
investigated with XPS the effects of low-pressure plasma treatment
with different gases. For treatments with oxygenated gases (pure
oxygen, air), they found a decrease of the C—C/C—H component of
the C 1s peak, and an increase of the C—0O, C=0 and O—C=0 com-
ponents. In some cases, the decrease in the surface carbon content
has been detected also with FTIR/ATR analysis [40]. In our case,
no differences were observed in the region 2800-3000cm~! (the
region of C—H stretching). However, XPS analyses allowed us to
detect the effects of plasma treatment on the external layers of the
fibers. Results are summarized in Table 3. Plasma treated fab-rics
(both pure cashmere and wool/cashmere) show a decreased
carbon content and an increased oxygen content. We believe the
increase of the O/C ratio owing to the etching of the external layer
of lipids and the insertion of oxygenated species onto the fibers sur-
face. Since the reaction rate of the oxidation (or carbon elimination)
induced by atomic oxygen is much higher than that of the nitrifi-
cation reaction induced by atomic nitrogen, only a slight increase
in the nitrogen content has been detected after the plasma treat-
ment. The increase in the nitrogen atomic percentage can be also
explained with the removal of the external hydrocarbon chains,
which makes more visible the underlying protein material.

By observing the data in Table 3, it can be also noticed that the
treatment B (with a doubled water vapor flow of 6 g/h) is more
effective than the treatment A in the introduction of oxygenated
species and in the removal of the external layers. In fact, in the case
of treatment B we observed also a decrease in the sulfur content,
which indicates a partial etching also of the cysteine residues of
the epicuticle, which lie under the lipids layer. This result helps in

Table 3
Atomic percentage of elements measured on untreated and plasma treated pure
cashmere and wool/cashmere fabrics.

- - - Sample Atomic composition (%)

Sample SO;~/amide Il  SOS/amide Il SO,S/amide III

(1040/1230) (1071/1230) (1121/1230) C o N S o/C
Untreated wool/cashmere 0.027 0.037 0.029 Untreated wool/cashmere 74.9 13.8 8.8 24 0.18
Wool/cashmere A 0.065 0.053 0.076 Wool/cashmere A 66.7 20.6 10.0 2.7 0.31
Wool/cashmere B 0.060 0.045 0.053 Wool/cashmere B 65.9 22.7 9.3 2.1 0.34
Untreated pure cashmere n.d. 0.054 n.d. Untreated pure cashmere 74.4 14.2 9.0 2.6 0.19
Pure cashmere A n.d. 0.056 n.d. Pure cashmere A 69.9 19.4 9.3 2.4 0.28
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Fig.5. SEMimages of untreated and the plasma treated fabrics. (A) Untreated wool/cashmere 1000 x; (B) untreated wool/cashmere 3000x; (C) plasma treated wool/cashmere
1500x; (D) plasma treated wool/cashmere 2500x; (E) untreated pure cashmere 3000x; (F) plasma treated pure cashmere 2500 x.

the interpretation of FTIR/ATR results. Rather than be ascribed to a
lower sulfur oxidation, the lower ratios reported in Table 2 for the
treatment B are the consequence of the lower sulfur content.

It is particularly interesting to note that the O/C ratio measured
on the plasma treated pure cashmere was slightly lower than that
measured on the wool/cashmere sample. This result is particularly
unexpected, since plasma treated pure cashmere displayed higher
wettability. Rather than deriving from the different surface com-
position, we ascribed the differences in wettability to the different
weaving of the two textiles.

The effects of the plasma treatment on morphological charac-
teristics of the fibers were investigated by means of SEM analyses.

Fig. 5 illustrates the SEM images of the untreated (Fig. 5a and b)
and plasma treated (Fig. 5c and d) wool/cashmere fabrics (treat-
ment parameter A in Table 1). Wool fibers (diameter 10-12 pm)
are be easily distinguished from cashmere ones (more thinner,
diam-eter around 8 pm). Plasma treatment seems to have only
minor effects on the morphology of the fibers. Comparing Fig. 5a
and c, a slight reduction of the scales thickness for both the types
of fiber can be noticed. This effect of the plasma treatment is also
observed in Fig. 5b and d, and can be attributed to etching
phenomenon which contributes to the removal of material from
the fibers surface. How-ever, the surface of the scales on both
untreated and plasma treated

fiber is smooth (Fig. 5a and c), and only on a minor number of the
treated fibers the effect of plasma erosion can be noted (Fig. 5d).
The same consideration is valid also for pure cashmere fabrics (Fig.
5e and f): the surface of the scale is smooth, and no erosion effect is
visible in SEM images.

Formation of nano-roughness, which can derive from plasma
etching, cannot be detected by SEM. However, the minor morpho-
logical changes observed with this analysis are one of the reasons
of the retention of the touch and softness of the fabrics after the
plasma exposure.

4. Conclusions

The effect of plasma treatment of pure cashmere and
wool/cashmere textiles with a dielectric barrier discharge (DBD)
in humid air (air/water vapor mixtures) was investigated. Opti-
mization of plasma parameters allowed the enhancement of the
fabrics wettability without changing the bulk properties as well as
the touch of the textiles. Wettability of the fabrics was found to
increase by increasing the energy dose supplied during the plasma
treatment. Moreover, better results in terms of wettability were
obtained by supplying the total energy dose in multiple step, prob-
ably as a consequence of a more uniform surface modification.



The observed increment in wettability was found to be ascrib-
able to a surface oxidation of the fibers, as assessed by FTIR/ATR
spectroscopy and XPS analyses. Only minor etching effects were
observed by characterization with scanning electron microscopy
(SEM). This feature is probably essential for the maintenance of the
textile softness.
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