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ABSTRACT

Low-temperature plasma technology becomes more and more attractive compared with
traditional wet processes in textile preparation and finishing due to its high efficiency and
low environmental impact. The objective of this study was to investigate the influence of
dielectric barrier discharge plasma treatment on the trichromic dyeing process of polyamide
6.6 (PA66) and the reuse of the generated effluents for new dyeing processes. Chemical and
physical characterization of the plasma-treated polyamide fibers was studied by means of
static and dynamic contact angle, X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy micrographs, and atomic force microscopy (AFM). Plasma treatment greatly
increases the hydrophilicity and adhesion of PA66, due to the increase of polar groups and
roughness on the fibers surface as confirmed by XPS and AFM. The kinetics of dyeing is
quicker but leveled with high rubbing, light, and washing fastness quality. The reuse of the
effluent obtained after dyeing of the plasma-treated fabrics showed excellent results of
reproducibility, uniformity, and washing fastness. It was possible to reproduce the standard
color for three dyeing cycles using the same effluent reducing the effluent load with a
significant diminution in costs and environmental impact.

Keywords: Dielectric barrier discharge (DBD); Dyeing; Direct dye; Plasma; Polyamide; XPS;
Recycling; Effluent

1. Introduction Moreover, the increasing environmental and health
concerns owing to the large quantities of water and
hazardous chemicals used in the conventional textile
finishing techniques lead to the development of new
technologies [1]. In this context, in recent decades,
plasma technology has assumed a great importance
*Corresponding author. among all available surface modification processes. It

In recent years, textile industry in developed coun-
tries is challenging an increasing global competition
due to the changed world market conditions.
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is a dry, environmental- and worker-friendly method
to achieve surface alteration without modifying the
bulk properties of the materials [2]. In particular, non-
thermal plasmas are especially suited because most
textile materials are heat-sensitive polymers [3]. Since
the temperature of non-thermal plasmas is relatively
low, the activating species in plasma will easily lose
their energy once they have reacted with the polymer
material. As a result, the penetration of the plasma
into the polymer materials is so shallow that the inte-
rior of the material is only slightly affected. Plasma
treatment can be used as an effective technique for
modifying the surface properties of textile fabrics
without significant alteration of the interior part of the
fibers, as the plasma species can penetrate only to a
depth of about 1,0001& [4]. In this context, as a pre-
treatment to dyeing process, the plasmatic discharge is
able to modify or remove the fiber-hydrophobic outer
layer, improving dye—fiber interaction, and increasing
the flux of dye molecules through the fiber surface
into the fiber bulk [5]. In general, conventional dyeing
processes have a low yield, and the percentage of dye
lost in the effluents can reach up to 50%. Besides the
obvious esthetic problem, dye wastewaters without an
appropriate treatment can persist in the environment
for extensive periods of time and are deleterious not
only for the photosynthetic processes of the aquatic
plants, but also for all the living organisms since the
degradation of these can lead to carcinogenic sub-
stances [6]. The dyeing rate, dyebath exhaustion, and
dyeing uniformity are highly improved by plasma
treatment [1,7,8]. Excellent results were obtained by
dyeing polyamide (PA) fabrics with acid, direct, and
reactive dyes after dielectric barrier discharge (DBD)
plasma treatment. The chemical and physical effects of
the plasma discharge, such as the formation of strong
bonds between the dye and the PA fibers contribute
to achieve high levels of coloristic and fastness proper-
ties [2,9]. The possibility of reusing the water effluent
also contributes to a reduction of the effluent load
with a significant diminution in costs and environ-
mental impact [10]. Nowadays, several physicochemi-
cal and biological methods have been developed to
treat dye-containing wastewaters [11]. Each technique
has its own advantages and drawbacks, but these
methods generally imply higher energy/operation
costs [12]. However, significant cost reduction can be
achieved providing an efficient penetration and bind-
ing of the dye molecules into textile fibers in order to
strongly reduce dye waste into the effluent. Plasma
treatment is the ideal solution because not only allows
high level of direct dye diffusion and fixation in poly-
amide 6.6 (PA66) fibers at lower temperatures and
shorter dyeing times than traditional dyeing methods,
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but also, promote the formation of micro-channels and
low-molecular weight acidic molecules, from the
breakages of the PA chains, that act as dye “carrier”
favoring dye diffusion into the fiber cores [1,13]. Thus,
the main objective of this study aims to investigate the
physicochemical improvements occasioned by DBD
plasma discharge in dyeing process of PA66 fibers
and the possibility to reuse the effluent obtained for a
new dyeing process. The structural and chemical
modifications of fabrics were further analyzed in
terms of static and dynamic contact angle, Scanning
electron microscopy (SEM), atomic force microscopy
(AFM), energy dispersive X-ray spectroscopy (EDS),
and X-ray photoelectron spectroscopy (XPS) tech-
niques. Moreover, the tinctorial behavior (color
strength and exhaustion) of the PA fabric dyed with
direct dyes, in a single dyebath containing three dyes,
was studied by the use of reflectance and absorbance
spectrophotometers.

2. Materials and methods
2.1. Material

Commercial PA66 fabric with a warp density of 40
threads cm !, a weft density of 30 threads Cmfl, and a
surface density of 95 g/m?® was used in this study.
The samples were pre-washed with a 1g/L of non-
ionic detergent solution at 30°C for 30 min and then
rinsed with water for another 15min, before DBD
plasma treatment, in order to minimize contamina-
tions. The direct dyes Sirius Blue K-CFN, Sirius
Orange 3GDL, and Sirius Scarlet K-CF (C.I. Direct
Blue 9, Direct Orange 57, Direct Red 89, respectively)
were supplied by Dystar Textilfarben, Frankfurt,
Germany. All the other reagents were analytical grade
purchased from Sigma-Aldrich, St. Louis, MO, USA
and used without further purification.

2.2. DBD plasma treatment

DBD plasma treatment of PA fabric was carried out
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 effec-
tive width, gap distance fixed at 3 mm, and producing
the discharge at high voltage 10 kV and low frequency
40 kHz (Fig. 1). The discharge power supplied by the
electrodes and the speed may vary, with maximum
discharge of 1.5kW and speed of 60 m/min. The
machine was operated at the optimized parameters:
1 kW of power, velocity of 4 m/min, five passages
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Fig. 1. A PA fabric passing through the DBD atmospheric
plasma discharge generated between the ceramic and
silicon-coated electrodes.

corresponding to a dosage of 2.5 kW min/m? as previ-
ously reported [5]. Plasmatic dosage was defined by
Eq. (1):

N-P
Dosage = — (1)
where N =number of passages, P =power (W),

v =velocity (m/min), and [=width of treatment
(0.5 m).

2.3. Contact angle measurements

Dataphysics equipment using OCA20 software
with video system for the capturing of images in static
and dynamic modes was used to evaluate the wetta-
bility of the PA woven fabrics. A water-drop test was
applied by measuring the time for its complete
absorption into the material.

2.4. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed on a VG Scien-
tific ESCALAB 200A equipment with PISCES software
for data acquisition and analysis. For analysis, an ach-
romatic 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
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was performed with a pressure lower than 1 E™° Pa.
Deconvolution into subpeaks was performed by
least-squares peak analysis software, XPSPEAK ver-
sion 4.1, using the Gaussian/Lorenzian sum function
and Shirley-type background subtraction (or linear
consideration of the data).

2.5. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS)

Morphological analyses of PA samples were car-
ried out with an ultra-high resolution field emission
gun scanning electron microscopy, NOVA 200 Nano
SEM, FEI Company. Secondary electron images were
performed with an acceleration voltage between 5 and
10 kV. Backscattering electron images were made with
an acceleration voltage of 15kV. Samples were
covered with a film of Au-Pd (80-20 weight %) in a
high-resolution sputter coater, 208HR Cressington
Company, coupled to with a MTM-20 Cressington
High Resolution Thickness Controller. Atomic compo-
sitions of the fabrics were examined with the EDS
capability of the SEM equipment using an EDAX Si
(Li) detector and an acceleration voltage of 5 kV.

2.6. Atomic force microscopy (AFM)

AFM experiments were performed in a tapping
mode in air using a Multimode AFM from Agilent,
model 5500, at room temperature. Silicon cantilevers
(AppNano) with a constant force between 25 and 75
N/m and a resonance frequency of 339 kHz were
used. The PicoView 1.10 software version was used
for the simultaneous recording of the topography,
phase, and amplitude magnitudes of the images.

2.7. Dyeing methods

Samples were dyed with three different combina-
tions of the dyes, according to Table 1, in distilled
water without auxiliaries, using a dye total concentra-
tion of 1% spm. Dyeing tests were carried out in a lab-
oratorial “Ibelus” machine equipped with infrared
heating with a liquor ratio of 1:40 and pH around 4.5
using stainless steel dye pots with 200 cm® of capacity
each. The program was started at 20°C and raised at a
rate of 2°C/min up to 98°C, and kept at this tempera-
ture for 60 min. Then, the system was cooled at a rate
of 2°C/min up to 60°C. The absorption measurements
for the calculation of dyebath exhaustion process with
direct dye were obtained in a Unicam UV-vis UV2
spectrophotometer.
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Table 1
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Trichromic direct dyes and relative concentrations used to study the reuse of the effluent obtained (dyeing conditions:

pH 4.5; temperature: 98°C e RB: 1:40)

Dyes Blue K-CFN (%) Orange 3DGL (%) Scarlet K-CF (%)
Color 1 0.50 0.25 0.25
Color 2 0.25 0.50 0.25
Color 3 0.25 0.25 0.50

2.8. Color strength

The relative color strength (K/S values) was then
established at standard illuminant D65 (LAV/Spec.
Excl.,, d/8, D65/10°), according to the Kubelka-Munk
equation, where K and S stand for the light absorption
and scattering, respectively. The shift of the coordi-
nates of the color in the cylindrical color space, based
on the theory that color is perceived by black-white
(L*, lightness), red-green (a*), and yellow-blue (b*) sen-
sations, was summarized by the overall color differ-
ence (AE*) value. The value of AE* represents the
overall color difference between the sample and the
standard.

2.9. Washing, light, and rubbing fastness

The washing fastness was evaluated in accordance
to the stipulated in standard ISO 105 C06, method
A1lS, at temperature of 40°C. The rubbing fastness was
evaluated according to standard ISO 105 X12:2001. The
light fastness was performed in the Accelerated Weath-
ering Tester (QUV) Spray LU-0819 from Q-PANEL,
equipped with UVA 340 lamp, at 70°C and irradiation
at 77 Wm™ for light fastness test. The QUV test cham-
ber simulated weather conditions. Exposure cycles of
2, 4,8, 12, 24, and 48 h were applied on samples until
remarkable color degradation was observed.

3. Results and discussion
3.1. Static and dynamic contact angle

The surface properties of untreated and plasma-
treated PA66 fabrics were analyzed by static and
dynamic contact angle measurements based on the
sessile drop principle using water. According to data
attained in Fig. 2, the static contact angle for the
untreated PA fabric was 145.8°, being considered as
hydrophobic. Five different discharge dosages (0.5, 1,
2,25, and 3 kW min/m?) were tested in order to opti-
mize the plasmatic effect onto the PA66 surface. After
plasma treatment, a clear increase in surface polarity
and wettability was observed. In fibrous materials, it
is difficult to precisely measure contact angles by the

static approach because a smooth transition area exists
between a solid and a liquid [14]. Indeed, despite the
values of the static contact angle at low energy dosage
(0.5 kWmin/m?) remained relatively high, the
dynamic contact angles of the untreated and plasma-
treated samples showed significant differences. The
times for the complete absorption of the water drop
for the untreated samples were higher than a minute.
After plasma treatment, the values decrease to less
than one second for all the DBD plasma dosages. The
PA synthetic fiber changes the nature from hydropho-
bic to hydrophilic, which is the key point for the
adsorption of aqueous dye solutions. The fabric trea-
ted with a plasma dosage of 2.5 kW min/m? showed
almost instantaneous water absorption and was used
as model for this work. Further, plasma-energy dos-
ages did not lead to significant differences in hydro-
philicity. These results suggest that the surface of the
treated PA samples have been significantly changed
due to chemical etching, which tends to create oxi-
dized species on the surface of the PA fibers [15,16]. It
also suggests that enhanced polar contribution at the
plasma-treated PA surface could be attributed to a
reorientation of the polar groups toward the fiber
surface [17].

3.2. Energy dispersive spectroscopy and X-ray
photoelectron spectroscopy

The EDS and XPS analysis of the PA fibers are
shown in Table 2. For the samples treated with DBD air
plasma, EDS analysis shows that when the dosage is
increased, the carbon content on the surface of the
sample decreases. On the other hand, the oxygen and
nitrogen elements increase when the DBD plasma
treatments are applied. Etching may provoke chain
scission in groups C-H, C-O, C-N, N-H, and the for-
mation of free radicals, causing the measured carbon
content to decrease. Other surface reactions with air
plasma can occur to produce reactive species, such as
O, N, N*, O, OH, O3, which would also result in car-
bon decrease and increase of nitrogen and oxygen
atoms [18,19]. There are extensive academic studies
using XPS technique in fabrics after plasma treatment,
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Fig. 2. Static (in bracket) and dynamic contact angles of plasma-treated PA66 fabric at different energy dosages.

Table 2

Relative chemical composition and atomic ratio determined
by EDS and XPS of untreated (U) and plasma-treated (P)
PA66 fabrics

At (%) Atomic ratio
C O N O/C N/C
EDS U 67.38 22.67 9.95 0.33 0.15
P 64.05 25.13 10.82 0.39 0.17
XPS U 74.67 17.75 7.58 0.23 0.10
P 70.25 19.83 9.92 0.28 0.14

in order to clarify chemical surface modifications
[20,21]. Table 2 also shows that the oxygen and nitrogen
content level in PA is increased after DBD treatment,
which is in accordance to EDS analysis. This indicates a
substantial incorporation of these atoms (O and N) onto
the fabric surface. However, due to the low energies
involved in this specific treatment, the difference in
nitrogen content could also come from a surface clean-
ing effect that allows the fingerprint of the material bulk
to appear on the spectra [22,23]. It is clear that the
plasma treatment is able to increase the concentration
of polar groups near the surface of the fabric mainly by
the incorporation of oxygen atoms from atmospheric
air, which significantly increases wettability [22,24].

3.3. Scanning electron microscopy and atomic force
microscopy

SEM analysis of the PA fabric before and after
treatment gives information about the etching function

of the double barrier discharge plasma. Borcia et al.
observed a localized strong melting of the polyester
fibers, where the bundles of fibers are crossing each
other [25]. In another study, the micrographs obtained
for the plasma exposed nylon films revealed the pres-
ence of micropits after 25s of treatment [26]. Fig. 3(A)
and (B) shows the results of control and plasma-trea-
ted PA with magnification of 10,000X. The topography
of the untreated sample was very smooth, while a
submicron ripples appear at the surface of plasma-
treated samples induced by the highly reactive and
energetic plasma species that promoting synthetic
fiber ablation (etching) and increase fiber surface
roughness and hydrophilicity-dependent properties.

AFM measurements were performed to obtain the
tridimensional representation of the topography of the
untreated and plasma-treated PA66 fibers as well as to
evaluate its roughness (Fig. 3(C) and (D)). The three-
dimensional representation (200 x200nm® of the
plasma-treated sample clearly shows an increase in
the surface roughness of the fibers due to plasma etch-
ing with the appearance of valleys and peaks. This
increase in roughness creates a higher surface energy,
decreasing the water drop contact angle, and allowing
a better physical interaction between the fabric and
the dye molecules [27].

3.4. Dyeing results and reuse of the effluent

Plasma pre-treatment allows the dyeing of nylon
with direct dyes without auxiliaries and at lower tem-
perature and dye concentration [28]. Moreover,
despite the well-known aging effect of the plasma
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Fig. 3. SEM and AFM images of untreated (A, C) and plasma-treated (B, D) PA66 fibers with a dosage of 2.5 kW min/m?

with magnification of 10,000X.

treatment with non-polymerizing gases that leading in
time to significant decreases in wettability and loss of
surface oxidation [29], the plasma-treated PA66 does
not completely lose its wetting properties and a rea-
sonable value suitable for dyeing at commercial scale
is maintained until seven days as previously observed
[1]. Dye uptake was monitored measuring both
K/S values of the dyed fabrics and dyebath concentra-
tions before and after plasma treatment. As observed
in Table 3, the increase in color depth in dyeing of the
PA fabric using three different direct dyes simulta-
neously and two different temperatures shows that
dyeing kinetic is greatly influenced by plasma treat-
ment. Dyebath concentration is completely exhausted
in the plasma-treated sample; hence this never occurs
in the untreated sample. The plasma-treated PA66
dyed at 80°C shows higher K/S values than the sam-
ple without treatment dyed at 98°C. These results
reveal that plasma treatment can improve PA satura-
tion point.

Table 4 shows the results obtained by washing,
light, and rubbing fastness of the PA samples with

and without plasma treatment. The results of washing
fastness at 40°C are very good (values of 4-5) confirm-
ing the level of dye diffusion and fixation into the
fiber. Values of 4-5 for color staining were also
obtained for all the fibers (data not shown) of the mul-
tifiber fabric (AC, CO, PA, PES, PAC, and WO). The
results of wet and dry rubbing fastness in plasma-
treated dyed fabrics are also very good. The value of 5
in the gray scale was obtained for all the samples. The
light fastness of PA66 fabrics was evaluated from 2 to
48 h. After short periods of light exposure (2—4 h), dye
degradation was dramatically lower in the DBD-trea-
ted samples. Also after 24 h of exposure, DBD-treated
samples presented lower dye degradation than control
samples. Only after 48 h of exposure, the color differ-
ence between untreated and plasma-treated sample
become comparable. The plasma-induced surface
modification allows obtaining darker colors, with bet-
ter fastness properties when compared with the
untreated sample.

The results of the effluent recycling show that the
dyebath solutions of the three colors are almost
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Table 3
Color strength of untreated (U) and plasma-treated (P) PA66 fabrics dyed at 80 and 98°C
K/S at 80°C K/S at 98°C
U P Ratio (P/U) U P Ratio (P/U)
Color 1 56.25 111.08 1.97 92.26 153.61 1.66
Color 2 50.71 97.00 1.91 81.54 134.46 1.65
Color 3 57.13 123.11 2.15 86.64 131.33 1.52
Table 4
Fastness properties of untreated (U) and plasma-treated (P) dyed-PA66 fabrics
Washing fastness (color
h - 1 Light fast AE*
change — gray scale) Rubbing fastness (Gray scale) ight fastness (AFY)
Dyed at 98°C  Dyed at 80°C 2h 4h 8h 12h 24h 48h
Color1 U 34 4 5 39 40 56 6.1 87 93
P 45 5 5 1.1 21 33 43 6.5 8.7
Color2 U 5 4-5 5 34 34 42 45 6.1 7.5
P 4 4 5 1.1 23 33 44 5.3 7.7
Color3 U 4-5 4 5 20 28 36 43 6.0 7.6
P 5 4-5 5 09 15 27 32 5.4 7.9
Table 5

Color strength (K/S), difference of color (AE*), and washing fastness of PA66 dyed at 98°C with the dyeing effluent of

the plasma-treated PA66 fabrics

Washing fastness

1st Dyeing Recycling dyeing using plasma (gray scale — color

(K/S) effluent (K/S) [AE*] change)

U P 1st 2th 3th 1st 2th 3th
Color 1 132.7 144.7 149.1 [0.46] 152.2 [0.78] 152.0 [1.13] 4-5 4-5 4-5
Color 2 114.8 134.6 134.1 [0.37] 132.2 [0.53] 133.4 [0.88] 4-5 4-5 4
Color 3 119.9 143.0 144.5 [0.20] 144.0 [0.38] 144.1 [0.95] 5 45 4-5

entirely absorbed in the plasma-treated samples,
which did not occur in the untreated samples as con-
firmed by spectrophotometric measures (data not
shown). The results obtained were satisfactory, since it
was possible to reproduce the standard color during
three dyeing cycles using the same effluent with a dif-
ference of color (AE*) within the acceptable range of
one unit (Table 5). As might be expected, dyeing in
dark color yielded slightly better results than dyeing
in bright color. The washing fastness was also evalu-
ated in the samples dyed with the recycled effluent.
Values of 4-5 indicate the high fixation and the low
concentration of hydrolyzed dyestuff in the dyebath.
The complete bath exhaustion was obtained in very
short time in all reuse cycles using a plasma-treated
fabric that is a very attractive performance regarding
industrial application.

4. Conclusion

Atmospheric DBD plasma treatment is able to
modify PA fabric, chemically and physically, increas-
ing the content of hydrophilic functional groups on the
fiber surface in function of the applied dosage. The
treated PA66 fabric showed significant improvement
in wettability, static contact angle, and wetting time
values with an optimal dosage of 2.5 kW min/m?
According to EDS and XPS measurements, plasma
reactions are able to change the surface chemistry of
the PA66 decreasing the carbon and increasing the
oxygen and nitrogen content. Some roughness has
been detected in plasma-treated PA66 by SEM and
AFM. All these modifications led to a remarkable
increase in dyeing rate when compared with untreated
samples. All the fastness properties appear to be
equivalent or even better with the conventionally dyed
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samples. The obtained complete exhaustion of the
dyebath in the plasma-treated PA66 allows the reuse
of the same effluent three times for new dyeing
processes with excellent level of color uniformity and a
difference of color less than 1. Plasma technology can
offer a very powerful tool to achieve an environmental
friendly process for water saving in textile industry.
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