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Abstract: Hydrophobic synthetic textile substrates, nylon and polyester fabrics, were continuously treated in an atmospheric-
pressure-glow-discharge-cold-plasma reactor using He and air. The samples were evaluated for antistatic properties by mea-
suring the static charge build-up and half charge decay time. The 60 sec air-plasma treated nylon fabric produced only
1.53 kV of charge and showed a significantly smaller half decay time of 0.63 sec compared to static voltage of 2.76 kV and a
half decay time of 8.9 sec in the untreated nylon fabric. In comparison, the He plasma treated nylon fabrics showed relatively
less improvement by producing static charge built-up of 2.12 kV and half charge decay time of 1.1 sec. Similar improvements
were obtained for polyester (PET) fabrics as well. The treated samples showed good antistatic properties even after five laun-
dry wash cycles. The surface characteristics of the samples were investigated using SEM, AFM, and ATR-FTIR. The results
revealed that the improvement on antistatic properties are attributable to increase in the surface energy of the fabrics due to
the formation of hydrophilic groups and increase in the surface area due to the formation of nano-sized horizontal and vertical
channels on the fibre surface. The study suggests that plasma treatment may be used for imparting effective antistatic finish
on otherwise hydrophobic substrates.
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Introduction

During the last decade, significant effort has been put to

design suitable personal protective clothing to ensure

worker’s health and safety in hazardous work environments.

Regarding this, protection from static electrical hazard is an

important aspect, because it causes accidental ignition and

fire in paper, printing, oil, gas, and plastic industries. Static

charge build-up also adversely affects garment’s fall by

clinging to the wearer’s body, and at the same time increases

soil and lint pick-up by the fabric [1-4].

The term “static electricity” refers to the phenomena

associated with the accumulation of electrical charge, for

example, by contact and/or rubbing of the two objects. The

hydrophobic character of the synthetic fabrics does not allow

the formation of a conducting wet layer on the surface of the

fibres, and hence, results in accumulation of static charge.

The static charge problem can be reduced by applying

antistatic agents on the fabrics. These agents are hygroscopic

compounds similar in structure to a softener or a wetting

agent that contribute to conductivity by ensuring the

presence of dissolved ions and water on the surface of the

substrate [1,3-9]. Anti-static effect in textile may also be

imparted by introducing conducting metallic/organic fibres

into the woven structure [5,6]. 

The traditional chemical-based antistatic agents have both

technological and ecological problems such as, yellowing of

fabrics, migration of antistatic agent from surface to bulk of

the material, toxicity and flammability. The main challenge

in this area is to find a suitable antistatic finish that remains

on the surface, durable, environment friendly and cost effective.

There have been a few studies where plasma technology

has been used to impart antistatic properties to textiles.

However, in these studies, traditional antistatic agents have

been applied as coating or grafting to the fabric in the

presence of plasma [10-12].

In this study, atmospheric pressure cold plasma (APCP)

treatment has been used to achieve effective antistatic effect

on synthetic hydrophobic fabrics without the use of an

antistatic chemical. 

Materials and Methods

Materials

The 100 % nylon-6 fabric of weight 62.34 g/m
2

 and 100 %

polyester fabric of weight 81.5 and 65 g/m2 were used for

plasma treatment. Nylon and polyester fabric were washed

at boil with 2 gpl Lissapol D soap solution for 30 min and

dried in air for overnight before use.

Plasma Treatment

The fabric roll of 5 cm width was treated in a continuous

manner in a stable APCP plasma reactor developed in-house

with an area of 67.5 cm2
 [13]. The plasma electrodes were

contained in a container with positive feed of plasma gas. To

this the fabric was introduced in a continuous manner from

outside of the plasma chamber and collected on other side of

the plasma chamber. The sample was exposed to air both

before and after the plasma treatment. The plasma treatment
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time was varied from 10 to 60 sec by adjusting the linear

speed of the fabric in the range of 13.5-81 cm/min. The out-

put voltage of ~17 kV and frequency of 21 kHz with

discharge gap between the dielectric glass plates of 1-2 mm,

gas flow of 2-3 lpm were used for generating the glow

plasma in helium (He) and air. The power of the system was

measured to be <50 W during glow discharge.

The glow plasma was obtained in He and air gases by

optimizing the parameters such as voltage, frequency, and

distance between the electrodes, gas flow, and thickness of

the dielectric barriers. At optimized parameters given above,

the plasma changes from filamentary type as shown in

Figure 1(a) to glow type as shown in Figure 1(b). A detailed

study on the effect of these parameters has been published

elsewhere [13]. Quality of glow was good in He as shown in

Figure 1(b), however, it was comparatively inferior in air.

The glow plasma regime was also indicated by three

additional factors: (i) the discharge voltage was always

significantly lower than when the plasma was filamentary,

(ii) the currents were lower than 0.5 A, and (ii) the

temperature generated inside the plasma zone was limited to

< 150 oC and did not lead to any damage of dielectric glass

plates even on prolonged operations. 

Water Absorbency

The water absorbency of the nylon and polyester fabric

was measured within 30 min of the plasma treatment by

gravimetric in-plane wicking tester developed at IIT Delhi.

In this method, amount of water absorbed by the fabric was

measured with respect to time. Fabric sample of 5×5 cm was

used for the testing.

Surface Energy

Surface energy of the fabrics was measured within 30 min

of the plasma treatment using formic acid solutions having

different concentration as per the method reported in the

literature [14]. A drop of the formic acid solution (of a

particular concentration) was placed on the fabric. If the

drop was absorbed by the fabric within 5 sec, the surface

energy of the fabric was considered to be equivalent to the

surface energy of the liquid. 

ATR-FTIR Analysis

The ATR-FTIR spectra of the untreated and plasma treated

fabrics was recorded on Perkin-Elmer Precisely Spectrum

One FTIR spectrometer within 4 h of the plasma treatment.

For the nylon-6 samples, the absorptions peaks for amine

stretching at 3295 cm-1
 and amide carbonyl at 1633 cm

-1

were normalized with respect to that of C-H stretching at

2928 cm-1. For the polyester samples, the absorption peak

for carbonyl stretching at 1712 cm
-1

 was normalized with

respect to that for C-C stretching at 1241 cm-1.

Surface Characterization

SEM

The surface morphology of the untreated and 60 s He-

plasma treated substrates was observed under the scanning

electron microscope (Model-Zeiss EVO 50) at a magnification

of 12000× to reveal the surface features at <2 µm level.

AFM

The surfaces of untreated and 60 s He-plasma treated

nylon and polyester fabrics were analyzed using atomic

force microscope (model: Nanoscope IIIa) from Veeco

Metrology Group (USA) in contact mode. The surface scans

of 4×4 µm were carried out for the surface analysis. The scans

were also used to determine the surface area of the samples. 

Static Charge

The developed static charge and ½ decay time in the fabric

samples were measured using STATIC HONESTMETER

(Type H-0110-B, Shishido Electrostatic Ltd., Japan). Sample

size was kept at 40×40 mm2
. Relative humidity of 45±5 %

and temperature of 25±3 oC were maintained during the

experiments. Static charge was generated on the samples by

applying corona discharge voltage of +10 kV at a discharge

gap of 20 mm. The samples were rotated at 1250 rpm during

the test. An average of five readings was taken for each

sample. 

Mechanical Strength

The breaking load of the fabrics was measured by

INSTRON, Model No-4202 with load cell of 100 kg. The

cross-head speed was kept at 100 mm/min. The test samples

were prepared by initially cutting the fabrics in a size of

220×50 mm, and then removing the yarns from the two

sides to make the samples with a final width of 40 mm. The

length between the two jaws for measuring the breaking load

was kept at 75 mm.

Figure 1. Photographs of plasma zone in atmospheric pressure

plasma reactor (a) filamentary discharge and (b) glow discharge

with a fabric inserted in the plasma zone.
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Results and Discussion

Static Charge and Half Decay Time

The static charge is the charge developed on the surface of

a substrate under the standard conditions of charging in a

standard environment, while the half decay time is the time

that is required to dissipate half magnitude of the developed

static charge. A substrate with antistatic effect would develop

low static charge and also decay the developed charge at a

faster rate. Figures 2 and 3 show the amount of static charge

developed and the half decay time, respectively, for the

plasma-treated and untreated (washed) nylon fabric samples. 

It is evident from the figures that both developed static

charge and the half decay times decreases significantly for

the plasma treated samples. The 60 sec He-plasma treated

sample produced significantly lower static charge at 2.12 kV

compared to 2.76 kV produced by the untreated samples,

reduction of 23 %. Interestingly, the ½ decay time decreased

exponentially with plasma treatment time from 8.9 sec for

the untreated sample to only 1.1 sec for the 60 sec He-

plasma treated sample, amounting to a reduction of ~ 88 %.

Figures 2 and 3 also show the static charge properties for

the air-plasma treated samples. In this case, the developed

static charge decreased even more significantly from 2.76

kV for the untreated nylon sample to 1.53 kV for the 60 sec

air-plasma treated sample resulting in a 45 % reduction.

Similar to He-plasma treated sample, ½ decay times were

found to decrease exponentially with air-plasma treatment

time. Compared to the untreated sample, 10 sec air-plasma

treated sample took 2.8 and the 60 sec air-plasma treated

sample took only 0.63 sec to dissipate half the amount of

developed charge. These correspond to 68.5 and 93 %

reduction in ½ decay time for the 10 and 60 sec air-plasma

treated samples, respectively. 

Polyester fabrics, which are highly susceptible to static

charge built-up also showed significant improvement in the

developed static charge. The static charge decreased from

1.53 kV in untreated sample to 1.42 kV in 60 sec He-plasma

treated sample. The half decay time also reduced significantly

from 107 sec for the untreated sample to 19.8 sec for the 60

sec He-plasma treated sample. The untreated polyester

sample showed a much lower static charge built-up than

untreated nylon sample, though polyester is known to be

more susceptible to static charge built-up. This may be

because of the inherent differences between the two fabrics

with respect to construction, denier per filament and number

of filaments, etc. Therefore, samples can be compared to

only themselves and not with the other type of fabric. The

fact that the half charge decay time was considerably higher

for polyester samples, it may be considered to have poorer

antistatic properties.

It is evident from the above results that the plasma treated

samples showed significantly better antistatic properties than

the original samples. Also, the air plasma treatment gave

better results compared to He-plasma treatment. 

Stability of Antistatic Properties

Stability of the plasma treatment was evaluated by

investigating the decay of antistatic properties of treated

nylon fabrics with washing cycles. For the nylon sample

treated with 60 sec He-plasma, the developed static charge

increased by 17 % after one washing cycle. With the

increasing number of washing cycles, the sample retained

more charge as shown in Figure 4. After five washing

cycles, the sample produced static charge of 2.55 kV, which

was still lower than that of the untreated sample (2.76 kV).

Similar trend was also observed for the ½ decay time (Figure

5), where the treated nylon samples, even after 5 washing

cycles, showed significantly lower ½ decay time of 4.7 sec,

which was approximately half the value obtained for the

untreated samples. From the figures, it may be noticed that

the first washing treatment had the most deteriorating effect

on the anti-static properties of the plasma treated samples,

and the further washings had only a marginal effect.

Mechanism of Development of Antistatic Properties

The chemical and physical natures of the treated fabrics

Figure 2. Effect of plasma treatment time on developed static

charge in nylon fabric.

Figure 3. Effect of plasma treatment time on half charge-decay

time in nylon fabric.
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were investigated to understand the reasons for improve-

ment in the antistatic properties of the plasma-treated

fabrics.

Chemical Nature of Surfaces

Surface Energy

Table 1 shows the change in surface energy of the nylon

and polyester fabrics with plasma treatment time. For nylon

fabrics, the surface energy could be measured only in a

range of 43.4-71 mJ/m2 using the formic acid method. The

high concentration of formic acid required for measuring

surface energies below 43.4 mJ/m
2
 was found to damage the

nylon fabric. At these high concentrations, nylon is known

to get dissolved. Therefore, the surface energy of the

untreated sample could only be estimated to be about 44 mJ/

m
2
 or lower. The surface energy of nylon fabric was found to

increase slowly from 49.5 to 63 mJ/m
2
 as the treatment time

was increased from 10 to 60 sec under He-plasma. 

Similarly, the surface energy of the polyester fabric also

increased significantly from 55 mJ/m
2
 for the untreated

sample to >71 mJ/m2, the maximum measurable value, after

60 sec of He-plasma treatment.

The increase in the surface energy of both the nylon and

polyester fabrics on plasma treatment indicated transformation

of the hydrophobic surfaces to hydrophilic surfaces possibly

due to the generation of hydrophilic groups. Interestingly,

even though the plasma treated polyester samples showed

higher surface energy, they also showed significantly higher

half decay time than treated nylon samples. This may be

explained based on the differences in surface morphology of

the samples discussed later.

ATR-FTIR Analysis

The ATR-FTIR spectra of the untreated and 60 sec (He,

air) plasma-treated samples were taken to determine the

chemical changes that may have occurred due to the plasma

treatment. Plasma treatment is known to break the covalent

bonds present on the surfaces of organic substrates and

generate radicals. These are highly reactive sites and can

combine with other radical species such as organic

molecules, unsaturated monomers, or reactive gases such as

oxygen to generate functional groups on the surface. Since

the samples were either exposed to air soon after plasma

treatment, or were treated in presence of air, it is expected

that hydrophilic groups would be generated by reaction of

active radicals with the surrounding oxygen molecules.

However, the extent and type of chemical change, i.e.

generation of hydrophilic groups, would depend upon the

chemical nature of the substrate and the availability of

reactive gases in plasma zone. 

The concentration of amino end groups on the surface of

nylon fabric was analyzed by normalizing the peak height at

3295 cm-1
 with respect to that at 2928 cm

-1
.
 
It can be seen

from Table 2 that the value of normalized peak intensity for

-NH2 groups increases significantly for the 60 sec plasma-

treated sample. In the air-plasma treated sample, in addition

to the above, there is a small increase in 1633 cm-1 peak as

well, which indicates the formation of additional -CONH-

groups due to the presence of oxygen in plasma zone. The

Figure 4. Effect of number of washing cycle on developed static

charge in nylon fabric.

Table 1. Surface energy of nylon and polyester fabrics 

Plasma treatment 

time (sec)

Surface energy (mJ/m2)

Nylon Polyester

Untreated 44.5 55

10 49.5

15 52

30 58.2

60 63 >71

Table 2. ATR-FTIR data for the nylon fabrics

Parameters 

(Nylon sample)

Normalized peak intensity at *

3295 cm-1

 (-NH2)

1633 cm-1 

(-CONH-)

Untreated 1.2615 3.153

60 sec air-plasma treated 1.409 3.22

60 sec He-plasma treated 1.4285 3

*Peak at 2928 cm-1 for C-H stretching was used for normalization.

Figure 5. Effect of number of washing cycle on 1/2 decay time in

nylon fabric.
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increase in amide group intensity appears to be at the cost of

increase of amine groups in these samples. Possibly, the

presence of O2 in air-plasma promoted the formation of

amide groups over the amine groups during the plasma

treatment. 

The concentration of carboxylic acid groups on the surface

of the polyester fabric was analyzed by normalizing the peak

height at 1712 cm-1 with respect to that at 1241 cm-1. On

plasma treatment, a very small increase in the value of

normalized peak intensity for -C=O group was observed

(Table 3). The increase in -C=O groups, which indicates the

formation of more -COOH group, may be due to the reaction

of oxygen with generated radicals on the plasma treated

surface. The peak intensity was higher for air-plasma treated

samples, where oxygen was readily available during the

plasma treatment itself. 

The variation in the peak intensity as recorded by ATR-

FTIR was small in all samples because plasma treatment can

only alter the surface of the textile materials. It is also

indicated that chemical changes that occurred in nylon were

more significant than those in polyester fabrics upon plasma

treatment. The observed changes in ATR-FTIR were only

indicative and could not be quantitatively correlated to the

changes in surface energies of various plasma treated

samples due to poor sensitivity of the technique in detecting

nanometer level chemical changes.

The increase in surface energy of the plasma treated

surface is due to the formation of more hydrophilic groups

(ATR-FTIR). As the number of hydrophilic groups increases,

surface helps in better transport of the static charge.

Surface Morphology

Figure 6(a) and 6(b) show surface of the untreated and

60 sec He-plasma treated nylon sample, respectively, at

12000× to reveal surface feature at <2 µm level. It can be

seen from SEM micrographs that untreated nylon has

smooth surface, whereas after the 60 sec He-plasma

treatment, surface has become full of new features. 

Figure 7 shows the surface of the untreated and 60 sec He-

plasma treated polyester sample at the same magnification.

Similar to nylon, untreated polyester has smooth surface, but

after 60 sec He-plasma treatment, the surface becomes full

of new features. These features are only present in the

treated samples of both polyester and nylon. These surface

features were formed by ion bombardment during the

plasma treatment. However, in treated nylon samples the

features are more pronounced compared to polyester. 

In order to understand the morphology of these new

features, AFM scans of the samples were taken in an area of

4×4 µm. Figure 8(a) and 8(b) show the untreated and 60 sec

He-plasma treated nylon surfaces, respectively, at a

magnification of 500 nm/division in the direction of z-axis.

It can be seen from the figure that untreated sample has

comparatively a feature-less smooth surface similar to SEM

micrograph. However, after the 60 sec He-plasma treatment,

the surface develops channel-like features. Features with

vertical dimensions of <200 nm could be easily seen. These

appear to be nano-sized channels. This type of surface was

also observed in SEM micrographs. These vertical channels

are also evenly distributed over the entire plasma treated

surface. Due to the formation of these channels in the treated

samples, the surface area increases significantly.

Similarly, Figure 9(a) and 9(b) show the untreated and

plasma treated polyester surfaces, respectively, at a magnifi-

cation of 200 nm/division in direction of z-axis. It can be

seen from Figure 9(a) that it has only few broad curvature

like features, which are inherent to the otherwise smooth

Table 3. ATR-FTIR data for the polyester fabrics

Parameters

(Nylon sample)

Normalized peak intensity at *

1712 cm-1 (C=O)

Untreated 1.025

60 sec air-plasma treated 1.072

60 sec He-plasma treated 1.064

*Peak at 1241 cm-1 for C-C stretching was used for normalization.

Figure 6. SEM micrographs of nylon filament at a magnification

of 12000×; (a) untreated and (b) He-plasma treated (60 sec).

Figure 7. SEM micrographs of PET filament at a magnification of

12000×; (a) untreated and (b) He-plasma treated (60 sec).
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surface. However, on He-plasma treatment, the surface

develops horizontal channel-like features that are <100 nm

high and separated from each other by ~350 nm in the

horizontal direction. Similar to plasma treated nylon samples,

these nano-sized horizontal channels are also uniformly

distributed over the entire treated surface. 

Due to the formation horizontal and vertical nano-sized

channels in plasma treated sample, surface area increases

significantly. Table 4 shows the surface areas of the

untreated and 60 sec He-plasma treated nylon and polyester

samples. There is an increase of 18.35 % more surface in the

surface of the treated nylon sample, whereas the increase is

much lower in the treated polyester sample, only 7.28 %,

compared to their respective control samples. Because the

dissipation of static charge occurs through the surface of the

substrate, the increase in surface area helps in better

dissipation of the developed static charge from the plasma

treated substrates. The charge leakage to the surroundings

may also be increased from the sharp pointed edges of the

channels. It is also indicated that the better antistatic

properties shown by the plasma treated nylon samples

compared to the polyester samples may be due to the higher

increase in the surface area of the nylon samples on plasma

treatment. 

Figure 8. AFM scans of nylon filament; (a) untreated and (b) 60

sec He-plasma treated (Z-axis=500 nm/div).

Figure 9. AFM scans of the polyester filament; (a) untreated and

(b) 60 sec He-plasma treated (Z-axis=200 nm/div).

Table 4. Surface area of the untreated and 60 sec He plasma treated

nylon and polyester sample measured in a scan of 4×4 µ

Parameters

Nylon Polyester 

Untreated

60 sec 

He-plasma 

treated

Untreated

60 sec 

He-plasma 

treated

Surface area 

(µm2)
16.283 19.271 16.016 17.182

% Increased 

surface area
18.35 7.28
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Mechanical Strength

Usually if the care is not taken, atmospheric-pressure-

dielectric-barrier-discharge-plasmas are non-uniform and

filamentary in nature due to the presence of microdischarge

[15]. Microdischarges may also create surface features,

however, such features are much larger in dimensions, say,

in microns and would result in physical damage of the fibres

to a large extent [16]. Also, they cause partial melting of the

thermoplastic textile surface. The large scale (micron level)

damage of the surface would seriously deteriorate the tensile

strength of the plasma-treated samples. Therefore, mechanical

properties of both nylon and polyester fabrics (before and

after the plasma treatment in presence of helium gas) were

determined. 

It was observed that up to plasma treatment time of 15 sec,

there was no loss in breaking load for the nylon fabrics.

Even after 60 sec of plasma treatment, the loss in strength

was only about 10.5 %, which may be attributed to the

frictional changes expected after the plasma treatment.

Similarly, there is no loss in breaking load even after 60 sec

of plasma treatment for the polyester samples. 

The above results imply that the plasma generated in the

in-house fabricated atmospheric pressure plasma reactor

could safely impart antistatic finish to the textile substrates. 

Conclusion

A systematic investigation was carried out on the effect of

He and air plasma treatment on the development of static

charge and 1/2 decay time on nylon and polyester fabrics.

After 60 sec of both He and air-plasma treatment, a

significant decrease in the developed static charge as well as

in the half decay time was observed. Air-plasma treatment

was found to impart better antistatic properties than the He-

plasma treatment. The treatment was found to be reasonably

stable as evident from significant retention of antistatic

behaviour even after five washing cycles in nylon samples.

Antistatic properties were found to be of a result of increase

of surface energy and the surface area. Though surface

energy was found to increase more in the case of treated

polyester samples, the inferior antistatic properties of

polyester than treated nylon may be because of the lower

increase of its surface area. The results indicate that the

atmospheric pressure cold plasma treatment could be

effectively and safely used to impart antistatic properties to

hydrophobic textile substrates. 
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