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In this study, the hybrid corona-dielectric barrier discharge plasma treatment was employed to 
modify the physical, chemical and morphological characteristics of a half-knitted fabric composed 
of 92% polyamide 6.6 and 8% elastane (PA). These properties of the fabric were evaluated by 
the water contact angle, x-ray diffraction, infrared spectroscopy, scanning electron microscopy 
and atomic force microscopy techniques. In addition, the dyeing and washing processes were 
also investigated. A significant reduction of the contact angle was observed for plasma-treated 
PA. Infrared spectroscopy analyses indicated that C–H, N–H, and N–O groups in PA increased 
after plasma treatment, explaining the improved coloring strength for the plasma-treated 
samples when dyed with reactive and acid dyes. A better fixation of dye was also observed 
after the atmospheric plasma treatment. Furthermore, dyeing with a basic and acid dye caused 
the dyeability increases for the plasma-treated sample compared with the untreated sample.
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1. Introduction
Synthetic fabrics are very useful in the textile industry. 

These fabrics have high strength, elasticity, lightness, 
fewer wrinkles, and fast-drying compared to cotton 1. The 
chemical process is the most common way of improving 
the surface characteristics of fabrics. But in recent years, 
different alternative eco-friendly processes are being tried, 
seeking to decrease the use of chemicals 2-4. Between 
these processes, advanced plasma processing has been 
highlighting as a dry treatment and green technology 
that allows modifications at the micro/nanoscale of heat-
sensitive materials such as textiles 4-6. The use of plasma 
improves the performance of textile material preparation 
and dyeing systems, thus reducing the consumption 
of dyes and, consequently, the environmental impacts 
caused by the dyeing process 4. Thus, plasma technology 
can be considered a green technology because reduces 
energy and water consumption 4,6,7. As result, non-thermal 
plasmas have been increasingly used to improve textile 
surface properties, such as wettability, surface adhesion, 
and printing capacity, without increasing its temperature 
and, consequently, maintaining unaffected the intrinsic 
properties of the bulk material 4,6,8,9.

There are three main types of non-thermal atmospheric 
plasmas applied to textiles processing namely corona discharge 10, 
dielectric barrier discharge (DBD) 11,12, and atmospheric pressure 
plasma jets (APPJ) 13, 14. Among them, DBD is the most commonly 
used geometry. The DBD is a non-thermal plasma consisting 
of the air ionization at atmospheric pressure, generated by a 
high voltage and low-frequency source, and when applied to 
textile processing modifies the surface properties of natural 
and synthetic fibers by several forms of interactions, such as 
electrons and ions, radicals, UV radiation, among others 9. As 
a consequence of the interactions between plasma and textile 
substrate, some surface effects may be observed such as surface 
etching, chain scission, polymerization, creation of polar groups 
and surface roughness 9,15. In addition, these treatment effects 
have shown to be susceptible to the operational parameters 
such as electrode geometry, gas type, and flow, and dosage, 
as well as the characteristics of the surface to be treated. For 
example, the wettability of a textile can be increased with the 
use of oxygen-based plasmas, while the hydrophobic behavior 
can be increased by using fluorocarbon-based plasmas 14. 
Therefore, a better understanding of the effect of the process 
parameters on the final characteristics of the DBD plasma-
treated textile material is of interest, since there are few results 
published in the literature.
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Among the synthetic fabrics, polyamide (PA) is one of 
the most commonly used textile materials having the best 
abrasion resistance and is widely applied for clothes fabrics, 
package paper, carpets, and ropes. However, PA fabrics are 
alkali resistant and prone to the acidic solution 16. Acid dyes 
are the most common in use for PA dyeing, but some problems 
are very well known, as difficulties to manage uniformity and 
fastness 16. The required pH to achieve good exhaustion of 
dye in the fiber must be carefully controlled and sometimes 
is excessively low. To achieve better dyeing results in PA 
fibers some trials are reported in the literature using new 
techniques for structural changes, being irradiation through 
lasers 17 or plasmas 9,16 presented as a promising solution.

In this article, we report the effect of a commercial 
hybrid corona-DBD plasma on the properties of polyamide 
6.6 knitted fabric using the following characterization 
techniques: water contact angle, x-ray diffraction, infrared 
spectroscopy, scanning electron microscopy and atomic 
force microscopy. The dyeing/washing process of the treated 
samples was also evaluated.

2. Materials and Methods

2.1 Fabric material specification

Here, a half-knitted fabric composed of 92% polyamide 
6.6 (PA 6.6, manufactured by Rhodia Solvay) and 8% 
elastane (Lycra brand, manufactured by Invista) was utilized 
in the experiments. This knitted fabric was produced in 
fine machinery (38 needles per inch) with a surface mass 
of 180 g/m2. The size of the samples used was 25×60 cm2. 
Prior to dyeing, the fabric was washed to remove wax, dirt 
impurities and oils in order to improve dyeing uptake and 
evenness. Thus, the knit fabric was treated with 1.0 g/L of 
detergent and 1.0 g/L of sodium carbonate (soda ash) and 
then heated during 20 min at a temperature of about 60 °C. 
This process is usually called ready-to-dye (RTD). The dyes 
were manufactured and supplied by CHT Brazil Chemical.

2.2 Plasma treatment

The plasma treatment of the samples was carried 
out in a commercial hybrid corona-DBD plasma system 
(PLASMA LABO, Arioli, Italy). Details about the corona 
inducing dielectric barrier discharge can be found in 18. 
Figure 1 shows the schematic diagram of the plasma 
reactor. The plasma is generated between a cylindrical 
grounded electrode covered by a silicone dielectric layer, 
where the sample is positioned and a set of high voltage 
electrodes that are placed on two sides of the grounded 
electrode. In this system, the high-frequency utilized 
(50 kHz) power supply, which can operate with different 
discharge power, operating frequency, and duty cycle. 

Here, we used the plasma dosage of 1333 W.min/m-2 
(number of passages = 4 and exposure time during each 
passage = 2 s). The sample was vertically positioned between 
the electrodes and the air plasma was applied. After the 
plasma treatment, the sample was kept in vacuum-sealed 
plastic bags for further characterization and comparison 
with the untreated (control) sample.

Figure 1. Schematic diagram of PLASMA LABO equipment.

2.3 Material characterization 

The water contact angle (WCA) measurements were 
performed to evaluate the plasma effects on control and 
plasma-treated samples. Properties of the surface were 
evaluated by the sessile drop method with a goniometer. 
This is a direct method to measure the contact angle where 
a distilled water drop was placed on the surface and the 
contact angle was measured. The equipment used was an 
FTA 1000 dynamic contact angle analyzer from First Ten 
Ångstroms Inc.

To identify the crystalline phases, X-ray diffraction 
(XRD) analyses were performed in a Bruker equipment, 
model D8 FOCUS. The monochromatic radiation CuKα 
(λ = 1.5406 Å, 40 kV and 40 mA) was performed with θ/2θ 
geometry, in the 5º < 2θ < 75º interval, stepping angle of 
0.03° and point acquisition time of 1 s.

To identify chemical changes generated by plasma 
treatment, the control, and treated samples were analyzed 
by Fourier transform infrared spectroscopy with attenuated 
total reflectance (FTIR-ATR), model Spotlight 400 from 
Perkin Elmer. Transmission spectra with 64 scans performed 
for each spectrum and resolution of 4 cm-1 were obtained. 
Samples were scanned from 450 to 2500 cm-1.

The techniques used to evaluate sample surfaces were 
Field Emission Scanning Electron Microscopy (FESEM) 
and Atomic Force Microscopy (AFM). FESEM was carried 
out in a Mira 3 from Tescan equipment and the micrographs 
were taken at 10kV with 100x to 10.000x magnitude. AFM 
analyses were performed in an Agilent equipment, model 
AFM/SPM, series 5500 operating in tapping mode.
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2.4 Dyeing and washing test

For sample dyeing, acid and reactive dyes were used 
according to the recipe described in Table 1. All experiments 
were performed in duplicate.

The evaluation of the washing solidity was performed 
according to the technical standard NBR -ISO-105-C06:2010 
– color stability in domestic and commercial washing. 
The domestic washing solidity has been reached through 
spectrophotometer measurements performed by Datacolor 
650® equipment. This evaluation used the grayscale as a 
reference, with a variation from 1 to 5, according to ABNT 
NBR ISO 105-A02 for color change (AT) and ABNT NBR 
ISO 105-A03 for color transfer (TC).

To evaluate the color change, spectrophotometry was 
used to quantify the color strength. This color strength is 
measured according to Kubelka-Munk Equation (eq. 1), 
which determines the value (K/S) based on CIE L*a*b* 
coordinates, a three-dimensional system developed by 
Commission Internacionale de L’Eclairage (CIE) 16.

                 
S
K

R
R

2
1 2

=
-Q V                          (1)

where, K is the dye absorption coefficient, S the spreading 
coefficient and R the sample reflectance.

3. Results and discussion

3.1 Contact angle analysis

The time after exposure to the plasma is a determining 
factor for the wettability of the textile surface. Figure 2 
shows the WCA versus aging time for plasma-treated 
samples. The initial value of the WCA of the PA fabric 
was about 120º, showing the hydrophobicity characteristic 
of this fiber. After plasma treatment, the WCA changed 
from 120 (non-treated) to 47º (immediately after plasma 
treatment). This result may be attributed to the incorporation 
of polar groups onto the fabric surface 16. It is possible 
to observe that after 30 min of the treatment the WCA 
increased to 66°, after 120 min the WCA increased to 83º 
and, finally, after 25h the WCA achieved the value of 105º. 
The hypotheses considered for this so-called hydrophobic 
recovery are based on subtle phenomena such as the dynamic 
behavior of the surface of polymers or mechanisms such 
as surface contamination and molecular dissociation 9,19. 

Oliveira et al. also observed WCA reduction after plasma 
treatment of three different types of commercial polyamide 
fabrics treated. They used a semi-industrial prototype DBD 
plasma system and the maximum WCA reduction observed 
after plasma treatment was of 23.3º 9. An interesting point 
in their results is that at a dosage of 2500 W.min.m-2, it was 
possible to maintain a lower WCA for 30 days.

Table 1. Recipe of dyeing process performed in this work.

Item Description Dyeing with acid dye Dyeing with reactive dye

A Equalizing agent Sarabid IDP – 1.0% Sarabid IDP – 1.0%

A Dye Bemacid E-TL-RED Bezaktiv- S2G-BLUE

B Ph regulator Neutracid NVM Neutracid NVM

C Rinsing time in running water 10 min 10 min

Figure 2. Water contact angle versus time.

Figure 3. FTIR spectra of control and plasma treated sample.

3.2 Chemical and physical characterization

FTIR-ATR spectroscopy was used to characterize the 
functional groups and detect the chemical changes after the 
plasma treatment.

The FTIR spectra of untreated and plasma-treated PA 
fabric are exhibited in Figure 3. In this spectrum, the amide 
bands of the PA appear at 1630 and 1532 cm-1. Also, the peaks 
between 1200 and 900 cm-1 can be ascribed to the skeletal 
aliphatic C–C and aliphatic C–H rocking of the polyamide 20. 
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The spectrum of the plasma-treated PA fabric is almost similar 
to the spectrum of the untreated one. The difference is in the 
increase of groups corresponding to C–H, N–H and N–O. 
This increase provides a greater affinity for dyeing, thereby 
improving the efficiency of the dye.

Figure 4 illustrates the x-ray diffractograms of the samples 
analyzed. The results evidence the presence of crystalline 
phases with well-defined peaks at 2θ values 14.1º, 16.9°, and 
25.5°. The difference between untreated samples and treated 
samples is in the peak intensity, showing that the plasma 
treatment increased PA fabric crystallinity. Shalaby et al. 
observed similar results during studies of surface activation 
of Nylon-6 fabrics by DBD plasma 21.

3.3 Surface characterization

Surface analyses using the FESEM technique showed 
that plasma treatment promoted a change in the morphology 
of the PA fabric (Figure 5). As can be seen in Fig. 5b, the 
topography of the fiber was altered after plasma treatment 
in trough the increase of surface roughness induced by the 
plasma etching process 9.

In order to better visualize the SEM results, the topographic 
parameters of the surfaces of the samples were inferred 
from atomic force microscopy (AFM) analysis. As observed 
in Figure 6, the comparison between AFM images of the 
untreated and treated samples allows us to notice that the air 

DBD treatment induced the formation of valleys whose depth 
and size are associated with the interaction of plasma with 
the surface. Table 2 presents the roughness values measured 
from AFM images of the investigated samples. The values 
presented in Table 2 are the respective averages of roughness 
along the 4 lines drawn. In this table, it can be noted that the 
highest roughness is for the plasma-treated sample for all 
amplitude parameters. For example, the quadratic roughness, 
Rq, of the treated fabric is 1.67 times higher than that of the 
untreated fabric.

 The increased roughness, as well as the chemical changes, 
causes a reduction of the contact angle, contributing to 
increasing the hydrophilic capacity of samples previously 
treated with plasma.

3.4 Dyeing and washing assays

The evaluation of dyed pristine and plasma-treated fabrics 
was performed based on the following analyses: determination 
of coloring strength and domestic washing solidity.

The results of the coloring strength analysis that were 
obtained with the use of spectrophotometry technique are 
shown in Tables 3 and 4 for BEZAKTIV-S2G-BLUE dye 
and BEMACID E-TL-RED dye, respectively. Variations 
(Δ) are the differences between the values obtained in the 
samples analyzed (plasma-treated) and the pattern established 
(untreated).

Figure 4. XRD spectra of control and plasma treated sample.

Table 2. Control and plasma treated surface roughness. Where, Ra: average roughness; Rq: quadratic roughness; Rt: total roughness; 
Rtm: average total roughness; Rv: valley maximum depth; Rp: peak maximum height.

Roughness amplitude parameters

Sample Ra (nm) Rq (nm) Rt (nm) Rtm (nm) Rv (nm) Rp (nm)

Untreated 0.007 0.009 0.046 0.030 0.024 0.022

Plasma treated 0.013 0.015 0.103 0.070 0.045 0.060
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Figure 5. SEM micrographs of PA fabric in different magnitudes for (a) control sample and (b) plasma-treated sample.
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Figure 6. AFM images of (a) non-treated and (b) plasma-treated PA fabric surface.

Table 3. Results - BEZAKTIV- S2G- BLUE dye. Note: CIE L*a*b coordinates*

1st Reading

Sample ΔL* Δa* Δb* ΔE* Coloring strength (K/S)

B1 -6.25 -0.25 -4.73 7.84 174.14%

2nd Reading

Sample ΔL* Δa* Δb* ΔE* Coloring strength (K/S)

B2 -5.82 -0.44 -4.53 7.39 168.71%

Table 4. Results - BEMACID E-TL-RED dye. Note: CIE L*a*b coordinates*. Variations (Δ) are the differences between the values 
obtained in the samples analyzed (plasma-treated) and the pattern established (untreated).

1st Reading

Sample ΔL* Δa* Δb* ΔE* Coloring strength (K/S)

B1 -4.06 1.57 3.39 5.52 149.76%

2nd Reading

Sample ΔL* Δa* Δb* ΔE* Coloring strength (K/S)

B2 -4.21 1.67 3.56 5.77 152.35%

Figures 7a and 7c present the colorimetric coordinates 
for blue and red dyed samples, respectively. Figures 7b and 
7d present the reflectance analysis of the blue and red dyed 
samples, respectively. From colorimetric coordinates, it was 
possible to identify that after dyeing, the plasma-treated 
samples had an increase in the coloring strength for both dyes 
evaluated when compared with the untreated dyed sample. 
Complementing the color location analyses, the radar and 
reflection line charts are tools that identify the colorimetric 
coordinates (L*, a*, and b*), thus allowing us to know how 
effective the dyeing was.

Figure 8 illustrates the investigated samples dyed 
with the red and blue dyes, respectively. It is possible to 

visually identify that plasma treatment allowed a better 
color fixation for both dyes used.

For better visualization of the analytical results for 
polyamide samples, Tables 5 and 6 are intended to relate 
the values of solidity degree for BEZAKTIV-S2G-BLUE 
and BEMACID E-TL-RED dyes, respectively. Plasma-
treated fabrics and dyed with BEZAKTIV- S2G-BLUE 
dye kept the color change degree in the grayscale of the 
untreated fabric. These results refer to domestic washing 
solidity for AC and TC, corresponding to a good solidity. 
Plasma-treated fabrics and dyed with BEMACID E-TL-
RED dye kept the domestic washing solidity of the 
untreated fabric for AC.
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Figure 7. (a) Radar chart – color location, BEZAKTIV- S2G- BLUE. (b) Reflectance chart vs. wavelength, BEZAKTIV- S2G- BLUE. 
(c) Radar chart – color location, BEMACID E-TL-RED. (d) Reflectance chart vs. wavelength, BEMACID E-TL-RED.

Table 5. Result of the solidity degree – BEZAKTIV-S2G-BLUE dye.

Type of sample Domestic washing - NBR -ISO-105-C01

AC1 TC2

Untreated - A 4-5 4-5

Plasma-treated - B 4-5 4-5
1 AC – Lack of color; 2 TC – Color transfer

Table 6. Result of the solidity degree – BEMACID E-TL-RED dye.

Type of sample Domestic washing - NBR -ISO-105-C01

AC3 TC4

Untreated - A 4 2

Plasma-treated - B 4 1-2
3 AC – Lack of color; 4 TC – Color transfer
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Figure 8. Untreated and plasma treated samples dyed with acid dye: 
(a) BEMACID E-TL-RED; (b) BEZAKTIV- S2G- BLUE.

4. Conclusion

The chemical, structural and morphological characteristics 
of low-temperature plasma-treated PA-6.6 knitted fabric 
were investigated. It was found a significant reduction of the 
contact angle comparing the plasma-treated and non-treated 
fabric. The transmittance value of the groups corresponding 
to C-H, N-H, and N-O was increased. This may explain 
the increase in the coloring strength for the plasma-treated 
samples when dyed with reactive and acid dyes in polyamide 
6.6 knitted fabrics. Finally, by using the plasma treatment, 
a better fixation of dye was observed. Dyeing with a basic 
and acid dye caused the dyeability to increase for plasma-
treated samples compared with the untreated sample. 
This analysis was based on color strength and solidity tests.
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