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Abstract: Cold plasma, an ionized mixture of gases with a bulk temperature very near to the room temperature, can be safely used for 

modification of the organic surfaces. It can be used to change hydrophilicity of surfaces by reacting suitable groups or clean surfaces by 

etching. In our attempt to modify synthetic textile substrates to improve their surface hydrophilicity, we treated nylon and polyester fabrics in 

an indigenously fabricated continuous atmospheric pressure uniform glow discharge cold plasma reactor. As expected, the fabric surfaces 

became highly hydrophilic. Because of the chemical changes, the time taken in spreading a water droplet over a predefined area decreased 

in the same fabric significantly from 540 s to 1.1 s. However, to our surprise, even the rate of oil absorption was found to increase to a great 

extent. The time taken in absorbing and spreading an oil droplet over the same area decreased from 152 s in an untreated nylon fabric to 52 

s on plasma treated nylon fabric. Similar values were obtained for polyester fabric as well. The faster spreading of both water and oil could 

only be ascribed to the physical modification of the surface that could have been created by the plasma treatment. The AFM analysis of the 

treated fabrics revealed nano sized channels/structures on their surfaces, while no such structures were found in untreated samples. The 

depth of these channels was measured to be ~ 100 nm. It is suggested that these nano channels/structures on the treated fabrics are probably 

responsible for the better rate of fluid spread due to the capillary action. These structures may be facilitating the spread of fluid in addition 

to the effect of surface energy changes brought about by the treatment. The samples, after plasma treatment, retained their weight and 

showed only a marginal drop in their mechanical properties. Initial experiments have shown that atmospheric pressure uniform glow dis-

charge cold plasma can be effectively used to create nano-sized surface structures in the organic substrates, which can alter the nature of 

material in a significant manner. 
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1. INTRODUCTION
1
 

 

Today, plasma is used in a variety of industrial applications from 

arc welding, metal hardening to surface cleaning. Mostly, hot 

plasmas are applied for such processes. In contrast, cold plasma, 

where bulk temperature of plasma is at near the room temperature, 

is used for surface modification of polymeric materials, which re-

sults in changes in surface energy, hydrophilicity, improvement in 

dyeing and adhesion of the substrates to other materials [1-11]. 

These changes are principally attributed to chemical changes 

brought about by the plasma treatment [12]. For example, the in-

crease in water absorption of hydrophobic fibers, such as polypro-

pylene and polyester (PET), on plasma treatment, are attributed to 

an increase of hydrophilic groups like –OH or –COOH on the sur-

face [8]. Such changes are brought by breaking the organic bonds 

on the surface of a substrate and reacting them with a suitable mo-

nomer or gas under cold plasma. Plasma treatment is also known to 

etch the surface layers at submicron level to give cleaning effect or 

roughening effect to the surface [13]. The roughened surfaces dif-

fuse incident light and provides shade deepening effect to a dyed 

fabric. Though these effects have been reported, there are no stud-
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ies in which the change in physical structure of the textile substrate 

has been investigated to understand the contribution of such 

changes on various physical properties. 

In this study, it has been shown that treatment of textile substrate 

using atmospheric pressure glow discharge cold plasma can gener-

ate nano-sized structures on their surface. These physical struc-

tures, which were characterized using SEM and AFM, were shown 

to have profound effect on the manner in which different fluids 

spread on the surface of a fabric. Plasma treatment on nylon-6 and 

PET fabric created nano channels/features on the surface that were 

responsible for spreading both hydrophilic and hydrophobic fluids 

possibly due to enhanced capillary action. 

 

2. MATERIAL AND METHODS 

 

2.1. Material  

 

100 % nylon-6 fabric of 62.34 g/m2, 100 % polyester fabric of 

81.5, 65 g/m2 were used for plasma treatment. Nylon and polyester 

fabrics were washed with 2 gpl Lissapol D soap solution at boil for 

30 min. and dried in air for overnight before use.  
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2.2. Plasma Treatment 

 

Fabric roll of 5 cm width was treated in a continuous manner in a 

stable atmospheric pressure glow discharge cold plasma reactor de-

veloped in house for the purpose (APGDCP) [14]. The plasma 

treatment time was varied from 10 s to 60 s by adjusting the linear 

speed of the fabric in the range of 13.5 cm/min to 81.0 cm/min. 

Voltage of 17 kV and frequency of 9-10 kHz were used for gener-

ating glow plasma in helium (He) gas. 

 

2.3. Water Absorbency 

 

Water absorbency or horizontal wicking was measured similar to 

AATCC 39-1971 test method. A 37µl distilled water droplet was 

placed at the center of the marked area (3.79 cm2) of the fabric, 

suspended in air. The time for the water droplet to spread in the 

marked area was recorded. For each sample, average of six meas-

urements was recorded. 

 

2.4. Oil Absorbency 

 

Oil absorbency of the fabrics was measured in a set-up similar to 

that reported for water absorbency. A drop of 37 µl of mustard oil 

was placed at the center of the marked fabric suspended in air. The 

time taken for the oil to spread in the marked area was recorded. 

For each sample, average of five measurements was recorded. 

 

2.5. Surface Characterization 

 

SEM: Surface morphology of the untreated and 60 s He plasma 

treated substrates was observed under scanning electron micro-

scope (Zeiss EVO 50) at a magnification of 35000× to reveal sur-

face features at <100 nm level. 

 

AFM: Untreated and 60 s He plasma treated samples of nylon 

and polyester fabric were analyzed using atomic force microscope 

Model: Nanoscope IIIa from Veeco Metrology Group (USA) in 

contact mode. The surface scan of 4 µm x 4 µm was carried out for 

the surface analysis. 

 

2.6. ATR – FTIR Analysis 

 

ATR-FTIR spectra of the untreated and plasma treated fabrics 

was recorded on Parkin-Elmer Precisely Spectrum One FT-IR 

spectrometer.  For nylon-6, absorption for amine stretching at 3295 

cm-1 and amide stretching at 1633 cm-1 were standardized with re-

spect to C–H stretching peak at 2928 cm
-1. For polyester, absorp-

tion peak for the carbonyl stretching at 1712 cm-1 was standardized 

with respect to C – C stretching at 1241 cm-1. 

 

2.7. Etching Loss 

 

Etching loss was calculated using analytical weighing balance 

with an accuracy of 0.0001 g model Explorer-Dhaws. Fabric was 

first dried at 105 0C for 30 min (W1), and then plasma treated for 60 

s under helium. Thereafter, the sample was again dried at 105 0 C 

for 30 min (W2). 

Percentage of etching loss was calculated by the following for-

mula: 

 

                % Etching loss = ( )
100

1

21 ×
−

W

WW ……………(1) 

 

 

2.8. Mechanical Strength 

 

Breaking load of the fabrics was measured by INSTRON, Model 

No- 4202 with load cell of 100 kg. Crosshead speed was kept at 

100 mm/min. The samples were prepared in a size of 75 mm × 40 

mm. Initially, the samples were cut to a size of 220 mm × 50 mm, 

then the yarns were removed from the two sides to make sample 

with final width of 40 mm. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Water Absorbency         

 

Figure 1 shows that water took 540 s to spread over an area of 

3.79 cm2 in an untreated nylon sample, whereas it took only 1.1 s 

for the sample treated with He plasma for 60 s. Similar results were 

obtained for polyester fabric as well. In an untreated PET fabric, 

water took 700 s to spread over the same area, whereas, when the 

same fabric was treated for 60 s in He environment, it took only 6.7 

s as shown in Figure 1. In the untreated sample absorption and 

spreading of water was very slow. This is because nylon and poly-

ester are essentially hydrophobic in nature. However, after plasma 

treatment, the samples show hydrophilic behavior probably due to 

the generation of hydrophilic groups. Therefore, in the plasma 

treated fabrics, the absorption and spreading of water was fast. 

 

Figure 1. Water spreading time in the untreated and plasma treated 

nylon and polyester fabrics (He, 60 s) over an area of 3.79 cm2. 

 

The ATR-FTIR spectroscopy of the untreated and treated sam-

ples was taken to determine the chemical changes brought about on 

the surface of samples due to the plasma treatment. The concentra-

tion of amino end groups on the nylon fabric surface was analyzed 

by normalizing the peak height at 3295 cm-1 with respect to 2928 

cm-1.  It was observed that value of normalized peak intensity for -

NH2 groups increased significantly from 1.2615 for an untreated 

sample to 1.4285 for the 60 s He plasma treated sample. Amide 

peak was normalized at 1633 cm-1 with respect to 2928 cm-1. Un-

like amino end groups, the amide group intensity in He treated 

samples was a little lower (3.153 for untreated sample to 3.0 for 

plasma treated sample) with a concurrent increase in -NH2 groups.  

The concentration of carboxylic acid groups on the polyester fab-

ric surface was analyzed by normalizing the peak height at 1712 

cm-1 with respect to 1241 cm-1. The normalized peak intensity val-

ue for C=O group increased marginally from 1.025 for an untreated 

sample to 1.064 for 60 s, He plasma treated sample. The increase in 

C=O groups indicates the formation –COOH group possibly due to 

the reaction of oxygen available in the plasma chamber with gener-

ated radicals on the sample surface.  

Variation in the peak intensity is small because plasma treatment 

can only modify the surface of the polymeric materials. It is also 
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indicated that chemical changes brought about in plasma treated 

nylon fabrics are more significant than those of plasma treated po-

lyester fabrics. 

 

3.2. Oil Absorbency 

 

Similar to water absorbency, there was also significant im-

provement in oil absorbency for all the plasma treated fabrics. Time 

required to spread an oil droplet over 3.79 cm2 area decreased from 

152 s for untreated to 52 s for the 60 s He plasma treated nylon 6 

fabric as shown in Fig. 2. Similarly in polyester, oil spreading time 

significantly decreased from 28.6 min in untreated polyester fabric 

samples to 2.8 min in plasma treated (60 s in He) sample as shown 

in Fig. 3. The plasma treated samples showed significantly better 

rate of oil spreading though the surface had turned more hydro-

philic. 

 

Figure 2. Oil spreading time of untreated and 60 s He plasma 

treated nylon fabric. 
 

Figure 3. Oil spreading time of untreated and 60 s He plasma 

treated polyester fabric. 
 

3.3 Mechanism of fluid wicking 

 

The results indicated that possibly spreading of fluids whether 

water or oil must also be due to physical structure. However, un-

treated synthetic nylon and polyester fibres have smooth surfaces. 

Therefore, surfaces of the untreated and plasma treated samples 

were observed under SEM and AFM.  

Figure 4.A & 4.B show the surface of the untreated and 60 s He 

plasma treated nylon sample at 35,000× magnification level to re-

veal the surface features at less than 100 nm scale. It can be seen 

from the SEM micrographs that untreated nylon has smooth sur-

face, but after plasma treatment, surface has became full of new 

features. Similar surface was also observed in polyester sample as 

shown in Fig. 5.A and 5.B. 

New features i.e. hills and valleys were present in the treated 

samples of both polyester and nylon, however, in treated nylon 

sample, the features were more pronounced compared to treated 

polyester  

The AFM scans were taken in an area of 4 µm x 4 µm. Figures 

6.A & 6.B show the surfaces of untreated and plasma treated nylon 

samples, respectively. At a magnification of 500 nm/div in Z axis, 

the untreated surface looked smooth. However, after the plasma 

treatment, features with vertical dimensions of < 200 nm could be 

easily seen. These features appear to be channels formed by ion 

bombardment during the plasma treatment.  This type of surface 

was also observed in SEM micrographs. Variation in channel 

height was measured to be within 20 nm. These nano-sized vertical 

channels were uniformly distributed over the entire plasma treated 

surface.  

Figures 7.A & 7.B show the surface of untreated and treated po-

lyester samples, respectively, at a magnification of 200 nm/division 

in the Z-axis scale. It can be seen from the figures that untreated 

sample has a comparatively smooth surface. However, after 60 s 

He plasma treatment, the surface develops horizontal channel like 

features that are ~ 100 nm in height and separated from each other 

by about 250-350 nm in the horizontal direction. Similar to nylon, 

these nano-sized horizontal channels were also uniformly distrib-

uted over the entire plasma treated surface.  

Figure 8 and 9 show the surface profile of the untreated and 60 s 

He plasma treated polyester sample. It is clear from the figure that 

untreated sample has some features which are inherent to the sam-

ple. Most of the variations are less than 50 nm, except one feature 

which ~100 nm in height but spread over 3 microns and appears to 

be part of the fiber defect. After plasma treatment, fiber surface de-

veloped stronger and denser features (~100 nm tip to valley), which 

were evenly distributed over the entire surface area as shown in 

Figure 9. 

The formation of the horizontal and vertical channels on plasma 

treatment is probably responsible for the increase in the spreading 

rate of oil on the otherwise hydrophilic surface. This may be ex-

plained based on Lucas-Washburn equation given for horizontal 

wicking in a fabric [15]. 

 

                                       
η

θγ

2

cos2 Rt
L = …………………,(2) 

 

Where, γ is surface energy of the fluid, R the effective radius of 

capillaries in a fabric, θ is the angle the fluid makes with the sub-

strate, and η is the viscosity of the fluid. L is the distance to which 

fluid is wicked in time ‘t’. 

Since oil has higher viscosity and lower surface energy than wa-

ter, it is likely to spread to a much smaller distance. Further, for oil, 

the angle of contact is unlikely to change on plasma treated sub-

strates by a significant value. This is because oil has low cohesive 

energy and it will make a low contact angle even on surfaces with 

hydrophobic characteristics such as polyester and nylon. Therefore, 

oil should take nearly similar time to spread to the same distance 

even after the surface of the fabric has been converted to a more 

hydrophilic surface on plasma treatment. However, the time of 

spread actually reduced by a large extent. This implies that the 

spreading of the oil on plasma treated samples is primarily due to 

the increase in effective capillary radius of the treated fabric. The 

formations of nano channels upon plasma treatment are likely to 

increase effective capillary radius and would facilities transport of 

fluid through enhanced capillary action.  
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Figure 4. SEM micrographs of nylon filament (magnification: 

35000×) – (Left) Untreated, (Right) Plasma treated (60 s, He). 

 

Figure 5. SEM micrographs of polyester filament (magnification: 

35000×) – (Left) Untreated, (Right) Plasma treated (60 s, He). 

      
Figure 6. AFM photographs of nylon filament - (Left) Untreated 

and (Right) 60 s, He plasma treated (Z axis = 500 nm/div). 

 

Figure 7. AFM photographs of the polyester filament - (Left) Un-

treated and (Right) 60 s, He plasma treated (Z axis = 200 nm/div). 

        
Figure 8. Surface profile recorded by AFM scan of the untreated 

polyester filament (Z axis = 100 nm/div). 

 

Figure 9. Surface profile recorded by AFM scan of the 60 s, He 

plasma treated polyester filament (Z axis = 100 nm/div).

 

If this is the case, even the spreading of water must be assisted 

partially due to presence of the nano-sized channels or capillaries. 

Therefore, the change in rate of water absorbency of plasma 

treated samples can be attributed to both the chemical and physi-

cal changes brought about by the plasma treatment.  

 

3.4 Etching Loss  

 

A concern when the fabrics are treated with atmospheric pres-

sure plasma, is nonuniformity of the plasma in the reactor space. 

If plasma is nonuniform or unstable, microdischarges may rake 

place [16]. It may be argued that microdischarges may also be re-

sponsible for such surface features. However, if microdischarges 

occur, then the fabric surface would be damaged to a larger ex-

tent (~ microns) and not to the nanoscale region. Large valleys 

and pits are formed and account for both loss of material (etching 

loss) and mechanical properties (lowering of tensile strength).  

Therefore, etching loss and mechanical properties were determined 

for both nylon and polyester fabrics before and after the plasma 

treatment in helium plasma for 60 s. The fabric weights did not de-

crease significantly after the plasma treatment. The loss in sample 

weight was usually < 0.2 wt % for most samples except for a few 

samples where it was ~1 wt %. The loss in material weight was very 

small because glow plasma treatment can only modify surface of the 

polymeric materials (up to a few hundred nanometers).  

 

3.5 Mechanical Strength 

 

From SEM and AFM images, it is can be seen that plasma treated 

sample developed new features. Formation of these features do indi-

cate etching by the plasma. However, these features were in nanome-

ter scale. Changes in mechanical properties after plasma treatment in 

the nylon and polyester fabrics were compared to investigate the ef-

fect of etching on the physical properties of the samples. Figure 10 

shows the breaking load of untreated and 60 s He plasma treated ny-

lon and polyester fabrics.  
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It can be seen that after 60 s of plasma treatment, the maxi-

mum loss in strength of nylon fabric was only about 10.5 %. On 

the other hand, there was no loss in breaking load of the polyester 

samples after 60 s of plasma treatment.   

The above results imply that the plasma generated in the in-

house fabricated atmospheric pressure plasma reactor was a glow 

type cold plasma, which was free from microdischarges and was 

safe for the textile materials. The surface features created on the 

fabric surfaces were the result of glow discharge plasma and were 

of a few hundred nm in dimensions. 

 

Figure 10. Breaking load of the untreated and 60 s, He plasma 

treated nylon and polyester fabric 

 

CONCLUSIONS 

 

Plasma treatment of textile surface using atmospheric pressure 

true glow discharge was found to generate nano size features on 

the surface. SEM and AFM analysis showed that these features 

were nano sized channels with dimensions of ~100 nm in height 

and were separated from each other by about 250-350 nm dis-

tances in lateral directions.  

These samples were found to absorb and spread both hydro-

philic and hydrophobic fluids very efficiently. Though, water ab-

sorption could be explained based on concurrent increase in hy-

drophilic groups due to change in hydrophobic surface to hydro-

philic one, the absorption of oil appears to be the result of physi-

cal changes brought on the plasma treated surfaces. This increase 

in oil absorbency for the treated nylon and polyester samples can 

be explained only due to the enhanced capillary action on the fab-

ric surface, which was the result of the formation of horizontal and 

vertical nano-sized channels. This indicated that even the water ab-

sorbency must be explained based on the combined effects of im-

provement in hydrophilicity and enhancement of capillary action. 

The plasma treatment was found to be safe to the textile surface as 

there was insignificant loss in the sample weights and breaking load 

upon plasma treatment. This further supports the fact that changes on 

the surface have occurred only at the nano level. Therefore, it may be 

concluded that atmospheric pressure glow discharge cold plasma 

could be effectively and safely used to create nano-sized physical fea-

tures on textile substrates.  
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