
Surface & Coatings Technology 203 (2009) 1336–1342

Contents lists available at ScienceDirect

Surface & Coatings Technology

j ourna l homepage: www.e lsev ie r.com/ locate /sur fcoat
Improvement in water and oil absorbency of textile substrate by atmospheric
pressure cold plasma treatment

Kartick Kumar Samanta, Manjeet Jassal ⁎, Ashwini K. Agrawal ⁎
Department of Textile Technology, Indian Institute of Technology, Hauz Khas, New Delhi, 110016, India
⁎ Corresponding authors. Tel.: +911126526154, +91112
E-mail addresses: manjeet.jassal@smita-iitd.com (M

ashwini@smita-iitd.com (A.K. Agrawal).

0257-8972/$ – see front matter © 2008 Elsevier B.V. Al
doi:10.1016/j.surfcoat.2008.10.044
a b s t r a c t
a r t i c l e i n f o
Article history:
 Cold plasma, an ionized mi

Received 29 February 2008
Accepted in revised form 30 October 2008
Available online 12 November 2008

Keywords:
Liquid absorbency
Surface treatment
Nylon
Polyester
Fabric
Surface energy
xture of gases with bulk temperature near the room temperature, can be safely
used for surface modification of textile substrates. Plasma treatment can change surface hydrophilicity of the
textile substrates by forming hydrophilic groups or can clean the surfaces by etching out top layers. With an
aim to improve water absorbency of the textile substrates, nylon and polyester fabrics were treated
continuously in an atmospheric-pressure-glow-discharge-plasma produced in presence of different gases.
After plasma treatment, time taken in spreading a water droplet over a pre-defined area was found to
decrease significantly. As expected, the chemical changes brought about by plasma, increased the surface
energy of both nylon and polyester fabrics. However, the rate of oil absorption (a hydrophobic fluid) was also
found to increase to a great extent. Spreading time for mustard oil droplet over a specified area was observed
to decrease significantly from 152 s in an untreated fabric to 52 s in He plasma treated fabric for nylon,
whereas, it decreased from 28.6 min in untreated fabric to 2.8 min in the treated fabric for PET samples. The
effect of plasma treatment on the rate of oil absorbency was further confirmed for cotton fabrics, where the
time for oil absorbency decreased from 59.5 s in the untreated sample to 30.4 s in the treated sample. The
atomic force microscopy (AFM) analysis of the treated fabrics revealed the formation of nano-sized channels
on their surfaces. The samples, after plasma treatment, showed only a marginal drop in their mechanical
properties.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Matter in the universe is most commonly found in the form of
plasma rather than as solid, liquid and gas. Plasma is partially-ionized
gas containing of many types of species, namely, positive and negative
ions, electrons, neutrals, excited molecules and photons. The main
attraction of plasma in industrial processing is to avoid chemical
effluents. Other advantages of it include: low cost of operation, rapid
processing, high efficiency and dry process. Today, plasma is used in a
variety of industrial applications starting from arc welding and metal
hardening to surface cleaning. Mostly, thermal plasmas are applied for
such processes, where the bulk temperature is very high. On the other
hand, in cold plasma, the electrons are at high temperature and the
atomic andmolecular species are at near-ambient temperature. Due to
this, the bulk temperature of the cold plasma is close to the room
temperature, and hence, it can be used for surface modification of
textile substrates. The plasma treatment in textile has been used to
increase the surface energy, hydrophilicity, dyeability, adhesion to
other materials, and to impart different functional finishes [1–20].
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These changes are, principally, attributed to the chemical changes
brought about in textile substrates due to the plasma treatment.
Improvement in hydrophilicity of hydrophobic materials by plasma
treatment is well reported. However, the effect of plasma treatment on
absorbency and spreading of hydrophobic fluid, such as aliphatic oils,
has not been reported to the best of our knowledge. Increased oil
absorption by textile substrates is likely to have direct application in
cleaning of surfaces contaminated with oil such as metal industry,
household cleansers, and cosmetics, etc.

In this study, it has been shown that atmospheric-pressure-glow-
discharge-cold-plasma (APGD plasma) treatment can simultaneously
increase the rate of absorption of both hydrophilic and hydrophobic
fluids in textile substrates. It is inferred that nano-sized physical
structures, formed due to plasma treatment, have profound effect on
the spreading of different fluids on the surface of a fabric.

2. Materials and methods

2.1. Material

The 100% nylon-6 fabric of 62.34 g/m2, 100% polyester fabrics of
81.5 and 65 g/m2, and desized cotton fabric of 144 g/m2 were used for
plasma treatment. Nylon and polyester fabrics were washed at boil
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Fig. 1. Schematic of atmospheric pressure glow discharge cold plasma reactor (APGD plasma) [A – Dielectric plates, B – Electrodes, C – Power supply, D and E – Feed and Take-up
rollers, respectively].
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with 2 gpl Lissapol D soap solution for 30 min and dried in air for
overnight before use. Cotton fabric was desized using 8 ml/l HCl
solution, washed and dried.

2.2. Plasma treatment

The fabric roll of 5 cmwidth was treated in a continuousmanner in
a stable APGD plasma reactor developed in-house [21] with an area of
67.5 cm2 as shown in Fig. 1. 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
samplewas exposed to air both before and after the plasma treatment.
The plasma treatment time was varied from 10 s to 60 s by adjusting
the linear speed of the fabric in the range of 13.5–81 cm/min. The out-
put voltage of ~17 kV and frequency of 9–10 kHzwith discharge gap of
1–2 mm between dielectric glass plates, and gas flow of 2–3 lpmwere
used for generating the glow plasma in argon (Ar), helium (He), air
and oxygen (O2). The power of the systemwas measured to be b50 W
during glow discharge.

The glow plasma was obtained in all gases by optimizing the
parameters such as voltage, frequency, distance between the electro-
Fig. 2. Photographs of plasma zone in atmospheric pressure plasma reactor (a) filamentar
des, gas flow, and thickness of the dielectric barriers. At optimized
parameters given above, the plasma changes from filamentary type as
shown in Fig. 2(a) to glow type as shown in Fig. 2(b). A detailed study
on the effect of these parameters has been published elsewhere [21].
Quality of glow was good in He and Ar as shown in Fig. 2(b). In air and
O2 gas, the plasmawas also glow, however visually, the quality of glow
was inferior to that of He. 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 b150 °C and did not lead to any
damage of dielectric glass plates even on prolonged operations.

2.3. Surface energy

The surface energy of the fabrics was measured within 30 min
of the treatment using formic acid solutions having different con-
centrations as per the method reported elsewhere [22]. A drop of
formic acid solution (of a particular concentration) is placed on the
fabric. If the drop is absorbed by the fabric within 5 s, the surface
energy of the fabric is considered to be equivalent to the surface
energy of the liquid.
y discharge and (b) glow discharge with polyester fabric inserted in the plasma zone.



Table 1
Surface energy of nylon and polyester fabrics

Type of plasma used Type of fabrics

Nylon Polyester

Surface energy (mJ/m2) Surface energy (mJ/m2)

Not soap washed and not plasma
treated (NW and NT)

43.5 36

Soap washed and not plasma
treated

44.5 55

60 s O2-plasma treated 52.2
60 s Ar-plasma treated 63
60 s air-plasma treated 63
60 s He-plasma treated 63 N71

Table 3
ATR-FTIR data for the nylon fabrics

Nylon sample Normalized peak intensity ata

3295 cm−1 (–NH2) 1633 cm−1 (–CONH–)

Washed 1.2615 3.153
60 s air-plasma treated 1.409 3.22
60 s He-plasma treated 1.4285 3

aPeak at 2928 cm−1 for C–H stretching was used for normalization.
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2.4. Water absorbency

The water absorbency or horizontal wicking was measured
according to AATCC test 39-1971 within 30 min of the treatment. A
37 μl distilled water droplet was placed at the centre of the marked
area (3.79 cm2) of the fabric. The fabric was held in a frame to avoid
contact with any surface. The time for the water droplet to spread in
the marked area was recorded.

2.5. Oil absorbency

The oil absorbency of the fabrics was measured within 30 min of
the treatment in a set-up similar to that reported for water
absorbency. A drop of 37 μl of mustard oil was placed at the centre
of the marked fabric held in a frame. For cotton, three oil drops were
placed simultaneously for the test, because one drop of oil was found
not to be sufficient to cover the specified area. The time taken for the
oil to spread in the marked area was recorded.

2.6. ATR-FTIR analysis

The attenuated total reflection Fourier transform infrared spectro-
scopy (ATR-FTIR) spectra of the untreated and plasma-treated fabrics
were recorded on Perkin-Elmer Precisely Spectrum One FTIR spectro-
meter within 4 h of the treatment. For nylon-6, absorption peaks for
amine stretching at 3295 cm−1 and amide stretching at 1633 cm−1

were normalized with respect to C–H stretching peak at 2928 cm−1.
For polyester, absorption peak for the carbonyl stretching at 1712 cm−1

was normalized with respect to C–C stretching at 1241 cm−1.

2.7. Surface characterization

2.7.1. SEM
The surface morphology of the untreated and 60 s He-plasma

treated substrates was observed under the scanning electron micro-
scope (SEM; Zeiss EVO 50) at a magnification of 35000× to reveal
surface features at b100 nm level.

2.7.2. AFM
The untreated and 60 s He-plasma treated samples of nylon and

polyester fabrics were analyzed using atomic force microscope [AFM;
model: Nanoscope IIIa from Veeco Metrology Group (USA)] in contact
Table 2
Water spreading time over an area of 3.79 cm2 in untreated and plasma treated fabric
samples

Type of fabrics

Nylon Polyester

(Time in s) (Time in s)

Untreated 540 700
60 s He plasma treated 1.1 6.7
mode. The surface scan of 4 µm×4 μmwas carried out for the surface
analysis.

2.8. Mechanical strength

The breaking load of the fabrics was measured by INSTRON, Model
No- 4202 with load cell of 100 kg. Cross-head speed was kept at
100 mm/min. The samples were prepared in a size of 75 mm×40 mm.
Initially, the samples were cut in 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. Surface energy

Table 1 shows change in surface energy of nylon-6 fabrics due to
the plasma treatment in the presence of different gases. 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/m2

was found to damage the nylon fabric. At these high concentrations,
nylons are known to get dissolved. Surface energy of the as-procured
(NW and NT – not soap washed and not plasma treated) nylon fabric
was below 43.4 mJ/m2 and it did not change significantly upon
washing with soap solution (W and NT – soap washed but not plasma
treated). The surface energy of 60 s oxygen-plasma treated sample
was found to be lower at 52.2 mJ/m2 than that of 60 s He, Ar, or air-
plasma treated samples (63 mJ/m2).

The surface energies of the polyester samples are also given in
Table 1. It can be seen that the as-procured (not soap washed and not
plasma treated) sample has surface energy of 36 mJ/m2 and after soap
washing, its surface energy is increased to 55 mJ/m2. This change in
surface energy onwashing of the fabric can be attributed to removal of
temporary finishing agents such as lubricants and oils that are used in
the preparation of the loom-state fabrics. After 60 s of He-plasma
treatment, the surface energy reached the maximum measurable
value of 71 mJ/m2.

3.2. Water absorbency

Table 2 shows that water took 540 s to spread over an area of
3.79 cm2 in the untreated nylon sample, whereas it took only 1.1 s in the
60 s He-plasma treated samples. Similar results were obtained for the
polyester (PET) samples as well. In the untreated PET fabric, water took
700 s to spread over the same area, whereas, it took only 6.7 s in the 60 s
He-plasma treated sample, as shown in Table 2. In the untreated sample,
Table 4
ATR-FTIR data for the polyester fabrics

Sample Normalized peak intensity ata

1712 cm−1 (CfO)

Washed 1.025
60 s air-plasma treated 1.072
60 s He-plasma treated 1.064

aPeak at 1241 cm−1 for C–C stretching was used for normalization.



Table 5
Oil spreading time over an area of 3.79 cm2 in untreated and plasma treated fabric
samples

Type of plasma used Type of fabrics

Nylon Cotton Polyester

(Time in s) (Time in s) (Time in min)

Untreated 152 59.5 28.6
60 s He-plasma treated 52 30.4 2.8
60 s Ar-plasma treated 64 29.7
60 s O2-plasma treated 72 29.7
60 s Air-plasma treated 75 33.3
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absorption and spreading of water was very slow. This is because nylon
and polyester are essentially hydrophobic in nature. However, after
plasma treatment, the surface energy of the samples increased
significantly, likely due to the generation of hydrophilic groups (refer
to the results of ATR-FTIR study reported in the next section), which are
expected to assist absorption and spreading of water.

3.3. ATR-FTIR analysis

The ATR-FTIR spectra of the untreated and 60 s (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
Fig. 3. SEM micrographs of nylon filament (magnification: 35,000×) [(a) Untreated and
(b) He plasma treated (60 s)]; The indicated bar is 100 nm.
can combine with other species such as organic molecules, unsatu-
rated monomers, or reactive gases such as oxygen to generate func-
tional groups on the surface. Since the samples were either exposed to
air soon after or during the plasma treatment, it is expected that
hydrophilic groups would be generated by reaction of active radicals
with the surrounding oxygenmolecules. 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 3 that the value
of normalized peak intensity for –NH2 groups has increased signif-
icantly for the 60 s 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 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 has
promoted the formation of amide groups over the amine groups
during the plasma treatment.

The concentration of carboxylic acid groups on the surface of
polyester fabric has been analyzed by normalizing the peak height at
1712 cm−1 with respect to that at 1241 cm−1. Table 4 shows a very
small increase in normalized peak intensity for CfO group on plasma
treatment. The increase in CfO groups which indicates the formation
Fig. 4. SEM micrographs of polyester filament (magnification: 35,000×) [(a) Untreated
and (b) He plasma treated (60 s)]; The indicated bar is 100 nm.
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of –COOH group, may be due to the reaction of oxygen with the
generated radicals on the sample surface. The peak intensity is higher
for air-plasma treated samples, where oxygen is 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.

3.4. Oil absorbency

It was interesting to observe that similar to water absorbency,
there was also significant improvement in oil absorbency (mustard
oil) for all the plasma-treated fabrics. The time required for spreading
of an oil droplet over 3.79 cm2 area of nylon fabric decreased from
152 s for the untreated fabric to 52 s for the 60 s He-plasma treated, as
shown in Table 5. Similar results were also observed for the nylon
fabrics treated with the plasma generated in presence of Ar, O2 and Air
(Table 5). However, these samples took comparatively more time for
oil to spread over the same area.

Similar to nylon, oil spreading time also decreased for polyester
fabrics from 28.6 min in the untreated sample to 2.8 min in the 60 s
plasma-treated sample (Table 5).

The plasma-treated samples showed better rate of oil spreading,
though the surface had turned more hydrophilic. In order to elucidate
the mechanism, oil absorption in cotton fabrics was investigated.
Fig. 5. AFM micrographs and surface profiles of the nylon filament [(a
Cotton substrates are cellulosic in nature and are highly hydrophilic.
However, it was interesting to observe that even for cotton fabric, oil
spreading time decreased from59.5 s in the untreated sample to 30.4 s
in the plasma treated sample (60 s, He), as given in Table 5. The time of
oil spread was also found to reduce significantly when cotton samples
were treated with plasma generated in presence of air, argon (Ar) and
oxygen (Table 5).

3.5. Mechanism of fluid wicking

The cotton substrates being cellulosic are highly hydrophilic in
nature. Therefore, based on chemical nature, it is expected to show
slow spread of oil. However, it was observed that untreated cotton
could easily spread oil. The results indicate that the spreading of fluids,
whether water or oil, may be due to its physical structure. Cotton has a
textured and convoluted structure, which may help in wicking of
fluids. Therefore, the surfaces of the untreated and plasma-treated
nylon and polyester were analyzed under SEM and AFM.

Fig. 3(a) and (b) shows the surfaces of the untreated and 60 s He-
plasma treated nylon samples at 35,000× magnification level to reveal
the surface features at less than 100 nm scale. It can be seen from the
SEM micrographs that untreated nylon has smooth surface, whereas
the 60 s He-plasma treated nylon has surface that is full of new
features. Similar surface features were also observed in polyester
sample as shown in Fig. 4[(a) and (b)].

The new features, i.e. hills and valleys were present in the treated
samples of both polyester and nylon. However, in treated nylon
sample, these features were more pronounced compared to the
treated polyester. The observed variations in features may be a result
of differences in the physical properties and crystallinity of the two
samples.
) Untreated and (b) 60 s He-plasma treated (Z axis=500 nm/div)].
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The AFM scans were taken in an area of 4 μm×4 μm. Fig. 5(a) and
(b) shows the surface features and profile of untreated and plasma
treated nylon samples, respectively. At a magnification of 500 nm/div
in the direction of the Z-axis, the untreated surface looked smooth.
However, after the plasma treatment, vertical features could be easily
seen. The vertical channel-like features have dimensions of b200 nm.
The channels were formed by ion bombardment during the plasma
treatment. This type of surface is similar to that observed in SEM
micrographs. These nano-sized vertical channels were uniformly
distributed over the entire surface of the plasma treated samples.

Fig. 6(a) and (b) shows the surface features and profiles of the
untreated and 60 sHe-plasma treated polyester samples, respectively, at
a magnification of 200 nm/division in the direction of Z-axis. It can be
seen from Fig. 6(a) that it has only few broad curvature-like features
which are inherent to the otherwise smooth surface. However, after
plasma treatment, the surfacedevelopshorizontal channel-like features.
These channels are ~100 nm in height and separated from each other by
about 350 nm in the horizontal direction. Similar to nylon, these nano-
sized horizontal channels were also uniformly distributed over the
entire surface of the plasma treated sample.

The formation of the horizontal and vertical channels, on plasma
treatment, is probably responsible for the increase in the spreading
rate of the oil on the hydrophilic surface. This may be explained on the
basis of Lucas–Washburn equation, given below, for horizontal
wicking in a fabric [23].

L2 = γR cosθ t=2η

where, γ is surface energy of the fluid, R the effective radius of
capillaries in a fabric, θ the angle made by the fluid with the substrate,
Fig. 6. AFM micrographs and surface profiles of the polyester filament [(
η the viscosity of the fluid and L the distance to which fluid is wicked
in time t.

Since oil has higher viscosity and lower surface energy than water,
it is likely to spread to a much smaller distance. Further, the angle of
contact is likely to be higher for a fluid (in this case oil) with larger
difference in surface energy in comparison to that of the textile
surface. Therefore, oil should take longer time to spread over the same
distance after the surface of the fabric has been converted to a more
hydrophilic surface on plasma treatment. However, in our study, the
oil took significantly lesser time to spread in the treated samples. This
implies that spreading of the oil on the plasma-treated samples is
primarily due to the increase in effective capillary radius of the treated
fabric. The formations of nano-channels, on plasma treatment, are
likely to increase effective capillary radius and would facilitate
transport of fluid through enhanced capillary action.

If this is the case, then the spreading of water must also be assisted
partially due to thepresenceof thesenano-sized channels andcapillaries.
Therefore, the change in the rate of water absorbency of plasma treated
samples can be attributed to both the chemical changes and physical
changes brought about by the plasma treatment. The same appears to be
true for the plasma treated cotton fabric,where the surface texturemight
have got enhanced, even though its surface energy is expected to remain
unaltered.

3.6. Mechanical strength

In the case of nonuniform atmospheric pressure plasmas, the
presence of filamentary microdischarges also create surface features,
however, such features are much larger in dimensions (in microns)
and result in physical damage of the fibres to a large extent [24,25].
a) Untreated and (b) 60 s He-plasma treated (Z axis=200 nm/div)].



1342 K.K. Samanta et al. / Surface & Coatings Technology 203 (2009) 1336–1342
They also cause partial melting of the thermoplastic textile substrates.
The large scale damage of the surface seriously deteriorates the
mechanical strength of the plasma-treated samples. Therefore,mechan-
ical properties of the treated samples were evaluated to ensure the
quality of atmospheric pressure glow plasma.

The breaking load of the treated samples was compared with the
untreated samples. It was observed that up to plasma treatment time
of 15 s, there was no loss in breaking load for the nylon fabrics. Even
after 60 s 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 was no loss in breaking
load even after 60 s of plasma treatment for the polyester samples.

The above results imply that the plasma generated in the in-house
fabricated atmospheric pressure plasma reactor was a glow, free from
microdischarges and was safe for the textile substrates. The surface
features created on the fabric surfaces were the result of glow
discharge plasma and were of a few hundred nm in dimensions.

4. Conclusion

Nylon, polyester and cotton fabric samples were continuously
treated under atmospheric-pressure-glow-discharge-plasma. The
plasma treatment did not damage the textile material and created
nano-scale features, which was confirmed by both SEM and AFM
analysis. The AFM studies showed that nano-channels were b200 nm
in height and were separated from each other by ~350 nm in lateral
direction. The samples showed significant improvement in absor-
bency and spreading of both hydrophilic (water) and hydrophobic
fluids (mustard oil) after the plasma treatment. Though, water
absorption could be explained on the basis of concurrent increase in
surface energy due to the chemical changes occurred on the surface,
the absorption of oil appears to be the result of physical changes that
took place on the treated surfaces. This increase in oil absorbency for
all the treated samples was due to the enhanced capillary action on
the fabric surface. This capillary actionwas caused by the formation of
horizontal and vertical nano-sized channels as mentioned above.

The results indicate that the enhancement of even the water
absorbency may be explained on the basis of combined effects of
improvement in hydrophilicity and enhancement of capillary trans-
port of fluid through the channels. It is concluded that glow-type cold
plasma could be effectively and safely used to improve the fluid
(hydrophilic or hydrophobic) absorbency of the textile substrates.
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