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A B S T R A C T

Functionalization of viscose fabric was demonstrated using helium/dodecyl acrylate (He/DA) plasma operated
under pulse conditions at atmospheric pressure. The effects of power densities and pulse durations on total
reaction time and consumed energy were investigated. The use of high power density modulated at low duty
cycles (i.e. low pulse durations) resulted in rapid and effective functionalization with low energy consumption.
In comparison to reactions carried out at low power densities, reactions at high power modulated at low duty
cycles utilized only 117% more energy while reducing the reaction time to 1/8th to achieve similar levels of
functionalization. The hydrophobically modified viscose fabric was durable to solvent washings and exhibited
drop absorbency time of> 60min and water contact angle> 150°. FESEM analysis revealed that plasma
modulated at low duty cycles (∼0.1) led to uniform deposition of polymerized material and minimal frag-
mentation of monomer molecules. Surface chemistry of treated fabrics was further elucidated using X-ray
photoelectron spectroscopy (XPS), nuclear magnetic resonance spectroscopy (NMR) and time of flight-secondary
ion mass spectroscopy (ToF-SIMS).

1. Introduction

Plasma technology has enormous potential as a clean, dry and
sustainable technology for surface modification of textile substrates that
produces minimal waste [1,2]. In the recent years, the emphasis of
research in plasma processing of textiles has been shifting from vacuum
plasma (low pressure plasma) to atmospheric pressure plasma with a
focus on making the process more industrially viable and adaptable
with the present continuous machinery used in the industry. However,
plasma technology in textile industry has not been successfully com-
mercialized due to high energy consumption and long reaction times.
Modification of substrates using in-situ plasma reactions relies

strongly on plasma parameters. One of the most important parameter
that strongly affects the plasma chemistry is plasma power. Yasuda
[3–5] proposed a parameter W/MF (i.e. wattage/(molar
mass×monomer flow)) to study the effect of power on surface mod-
ification. According to this concept, higher values of W/FM can lead to
excessive fragmentation of all monomer molecules, possibly into single
atoms [6–8]. Similarly, plasma reaction of benzene in continuous-wave
(CW) mode at high power led to dehydrogenation and ring cracking
which upon poly-recombination led to formation of species such as
hexatriene biradicals, phenyl dimer and polymer [9,10]. In other stu-
dies, a very high degree of polydispersity in molecular weight was

observed for plasma deposited polymers formed at high powers under
CW mode [11,12]. Similarly, some studies [13–16] have reported ef-
fective functionalization of textile substrates only at high powers and
long reaction times using various precursors, which makes the process
industrially non-viable. Also, plasma operated at high power and long
reaction times have been reported to adversely affect the mechanical
properties of the fabrics due to extensive surface etching [16,17].
Therefore, the use of low power and energy is an important con-

sideration while carrying out plasma modifications. Panda et al. [18]
have reported that the time of reaction and power requirement in a
plasma reaction significantly depend on the functionality present in the
precursor moiety. In this study, cellulosic fabric was functionalized
using long chain hydrocarbon precursors having similar alkyl chain
attached to different functional groups such as acrylate, hydroxyl and
carboxylic acid. It was reported that effective in-situ functionalization
of fabric with acrylate moiety was achieved at low power density of
0.3W/cc and short reaction time of 2.5min, while with alcohol and
acidic precursors, higher power density (5.5–8W/cc) and very long
reaction times of ∼10min were required. It has also been reported
[19–28] that the use of low power helps in polymerization of precursor
molecules with greater retention of monomer structure. Pulse plasma
has advantage over continuous-wave plasma that it allows the activa-
tion and polymerization of vinyl monomers at a low energy input.
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In this study, the effects of plasma pulse duration and power den-
sities on total reaction time and the reaction energy of an in-situ re-
action have been investigated with an aim to make process more in-
dustrially viable. The effect was studied using in-situ plasma reaction of
C12 alkyl precursor, dodecyl acrylate (DA), on cellulosic substrate to
impart hydrophobicity.

2. Experimental

2.1. Materials

Dodecyl acrylate (DA) 90% was used as precursor to render hy-
drophobicity to viscose fabric and was procured from Sigma Aldrich,
India. Solvents such as, absolute ethanol, n-hexane, acetone, ethyl
acetate, chloroform were procured from Merck, New Delhi, India.
Helium (99.999% purity) was used as carrier gas for the plasma aided
reactions and was supplied by Sigma Gases, New Delhi, India.
Viscose fabric was used as a substrate for plasma reactions. Viscose

fabric with plain weave and areal density of 130 g/m2 was scoured and
used as reaction substrate. Fabric was scoured using method reported in
our previous work [18,29]. Fabric was again rinsed with acetone fol-
lowed by drying to remove any contaminants before the plasma treat-
ment.

2.2. Plasma treatment

The scoured and solvent washed fabrics were padded with precursor
solutions of dodecyl acrylate (DA) in ethanol, prepared at molar con-
centration of 0.1M, at an expression of ∼90% followed by drying. The
plasma treatment of the fabrics padded with DA precursor was carried
out using helium inside a dielectric plasma chamber as detailed in our
previous studies [29]. Pulsed plasma was generated by regulating the
duty cycle (DC), which modulates the plasma-on time (ton) and plasma-
off time (toff) of the plasma as shown in Eq. (1). The average power
delivered to reactor was found to be dependent on the duty cycle and
was measured using Eq. (2), where Po represents input-power of
plasma. Plasma was generated intermittently at duty cycles ranging
from 0.1 to 1 in microsecond time range where DC=1 signified con-
tinuous-wave (CW) plasma and DC < 1 signified pulse plasma. For CW
i.e. DC=1, plasma-on time and the total cycle time are same. This is
further illustrated in Scheme 1.
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The frequency, electrode gap and helium flow rate were kept

constant at 15 kHz, 1.5 mm and 0.4 slpm and respectively, as it was
found to give best results in terms of hydrophobicity as reported in our
previous work on CW plasma [29]. At this frequency of 15 kHz, glow
nature of plasma was observed in the presence of precursor and fabric.

2.3. Plasma characteristics

The electrical parameters of the pulse and the CW plasma, such as
the current-voltage profile and power values were characterized as per
the methods reported earlier [29] using digital phosphor oscilloscope
DPO 3012, Tektronix, Inc., (Beaverton, OR, USA) with P6015A high
voltage probe, TCP0030 current probe and DPO3PWR power analysis
module.

2.4. Evaluation of surface hydrophobicity

The plasma treated samples were given a thorough solvent washing
by rinsing the samples in n-hexane followed by acetone to remove
unreacted monomer and loosely deposited fragments. The plasma
treated and untreated samples were further dried and then analyzed for
hydrophobicity. The water contact angle (WCA), which is an indication
for surface energy, was evaluated within 20 s of placing the drop as per
the standard test method ASTM D 5946-04. Also, the hydrophobicity
was measured in terms of the water drop absorbency time (DAT) using
AATCC 79-2007 method. DAT was observed for an extended period of
1 h, which is considered to be a better measure of uniformity of cov-
erage of the hydrophobic coating on the textile fibers. An average of
five readings along with the standard deviation has been reported.

2.5. Evaluation of plasma energy

The minimum energy input required for the fabric to achieve DAT
of> 60min was calculated using Eq. (3). The total reaction time is the
time for which the fabric was kept inside plasma reactor for the treat-
ment. This includes both plasma-on and plasma-off times in pulse
mode.

= × ×Energy J cc Power W cc DC Total Reaction time( / ) ( / )Pulse CW

(3)

2.6. Surface characterization and chemical analysis of the functionalized
fabric

The morphology of fabrics treated at various duty cycles was ob-
served using FE-SEM, Quanta 200F from FEI (Eindhoven, The
Netherland). The samples were coated with platinum using sputter
coater, Jeol, model JEC-3000 FC (Akishima, Tokyo, Japan). Surface
chemistry of untreated and plasma treated fabrics was analyzed with
FTIR spectroscopy using ATR assembly (model: Spectrum BX from

Scheme 1. Schematic of voltage waveform of plasma at various duty cycles.
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PerkinElmer -Waltham, MA, USA).
The surface chemical changes of the viscose fabric after plasma

treatment was investigated using scanning XPS microprobe, Axis Supra
from Kratos Analytical, a Shimadzu Group Company, Manchester,
England. The samples were cut into 10× 10mm pieces, mounted on
the sample holder and irradiated with monochromatic Al Kα X-rays
(1486.6 eV) operated at a power of 600W with 15 kV acceleration
voltage. Large area spectra were collected from an area of
700×300 μm. Charge neutralization was done using a single-beam
neutralization system, consisting of low energy electrons of 4.5 eV en-
ergy. The take-off angle used for both survey and narrow scan was 90°.
Survey spectra were recorded with a pass energy of 160 eV (stepsize
1 eV) and the narrow spectra were recorded with a pass energy of 20 eV
(0.1 eV/step). Acquisition time for survey scan was 120 s while that for
narrow scan was 60 s. In addition, the narrow scan spectra were re-
ferenced to the carbon (C 1s) peak position of CeC bonding at 285.0 eV
binding energy. Data analysis was performed using Kratos’s ESCApe
software.
The untreated and the plasma treated samples was analyzed using a

time of flight-secondary ion mass spectrometer (ToF-SIMS), Model PHI
TRIFT V nanoTOF from Physical Electronics, division of ULVAC-PHI,
Chanhassen, Minnesota, USA, using liquid metal ion gun (LMIG) with
gallium as a primary ion source. The acquisition time of scan was
10min for each sample.
1H NMR spectroscopy of liquid precursor DA and plasma poly-

merized DA on a glass slide was performed using 400MHz NMR model
ASCEND 400, Bruker Biospin GmbH, Rheinstetten, Germany.

3. Results and discussion

In our earlier study [18,29], we had shown that 12 carbon alkyl
chain vinyl monomer, DA, could be successfully used to create hydro-
phobicity on the surface of viscose fabric. The reaction was carried out
in-situ in an atmospheric pressure plasma reactor. In the process, the
fabric was padded with a solution of precursor at low concentration
followed by exposure to continuous-wave He plasma at frequency of
15 kHz and power density of 0.38W/cc. The reaction took 2.5min to
yield water drop absorption time (DAT) of> 60min and water contact
angle (WCA) of 150°, which were taken as the measure of desirable
hydrophobicity for the viscose fabric. As mentioned earlier, WCA,
which is evaluated within 20 s of placing a water droplet, is a measure
of surface energy of the fabric. This is influenced primarily by the
nature of precursor used and other groups generated during the treat-
ment. On the other hand, DAT, which is evaluated for extended time
of> 60min, indicates the uniformity of deposition/coverage over the
entire surface of the fabric. In the present study, the same reaction was
carried out under pulse plasma and the power density and pulse
duration (i.e. duty cycle) were modulated to investigate their effect.

3.1. Effect of duty cycle at low power density

Plasma reactions at low power density of 0.38W/cc were performed
at total reaction times ranging from 2.5min to 30 s at intervals of 30 s
for duty cycles ranging from 0.1 to 1 keeping other parameters constant
as given in the experimental section. Fig. 1 shows DAT of the treated
samples. From the figure, it can be observed that drop absorbency time
(DAT), which is a measure of degree of hydrophobicity, was poor at 30 s
of total reaction time for all duty cycles as the DAT was< 40min. This
indicates that at low power density, the total reaction time of 30 s was
insufficient for achieving adequate extent of reaction of the precursor
molecules with the substrate. This is evident from the fact that at the
total reaction time of 30 s, the DAT was found to increase with increase
in duty cycle. At the total reaction time of 1min, drop absorbency time
of> 60min could be achieved at a minimum DC of 0.3. Similar trend

was also observed for the total reaction time of 1.5min. From the figure
it may be inferred that to achieve the desired hydrophobicity at lowest
duty cycle, i.e. DC=0.1, a reaction time of 2min and above was ne-
cessary. The results indicate that the consumption of energy can be
minimized for reactions carried out at total reaction time of 2min at DC
of 0.1, while it is slightly more for a total reaction time of 1min at DC of
0.3. However, at both these conditions, the total reaction time is too
long, and therefore, cannot be considered commercially viable for
continuous processing of the fabric.

3.2. Effect of duty cycle at high power density

As mentioned above, plasma power is known to alter plasma
chemistry and polymerization rates. Therefore, power density was
gradually increased from 0.38 to 6.61W/cc and a shorter total reaction
time of 30 s was evaluated.
As expected, DAT of 15–20min was obtained for DC=1, while it

was significantly lower at DC=0.1. However, as the power density was
slightly increased to 0.83W/cc, the DAT > 60min could be achieved
for DC of 1, whereas power density was required to be increased to
6.61W/cc to achieve a DAT of > 60min for the lowest duty cycle of
0.1 (Fig. 2). The energy densities consumed for the two cases were 24.9
and 19.8 J/cc, respectively. It is worth noting that even at high power

Fig. 1. Effect of total reaction time and duty cycle on hydrophobic functiona-
lization of fabric at 0.38W/cc power density.

Fig. 2. Effect of power density on hydrophobic functionalization of fabric for
total reaction time of 30 s.
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density of 6.61W/cc, energy consumed in case of DC=0.1 was lower
than that for DC=1 at lower power density of 0.83W/cc, indicating
that pulse plasma is an energy efficient approach.
Since the minimum power density required for effective functio-

nalization of fabric at lowest duty cycle i.e. DC=0.1 was 6.61W/cc,
further studies were carried out to investigate the effect of higher power
densities on total reaction time to achieve desirable functionalization.
Therefore, the power density was varied in the range of 6–10W/cc for
total reaction times of 10, 15, and 30 s. DAT of samples treated at high
power densities for short reaction times are shown in Figs. 3a and 3b.
Fig. 3a shows the properties of treated fabrics for total reaction

times of 30 s and 15 s. As expected, when the total reaction time was
kept at 30 s, DAT was> 60min for DC=0.1 at 6.61W/cc and it re-
mained same as the power density was increased to 8.27 and 9.92W/
cc. Also, with increase in DC, the DAT values remained> 60min for all
the three power densities. The results indicated that at a reaction time
of 30 s, functionalization was not deteriorated on imposition of higher
power densities and DC. Interestingly, similar results could be obtained
when the total reaction time was reduced to 15 s. This indicated that
15 s of reaction time at high power densities and DC=0.1 was suffi-
cient to provide adequate energy for the reactions to proceed to the
desirable degree to yield effective hydrophobicity. The important point
to note here is that at these conditions, total plasma-on time was barely
1.5 s. As the DC was increased to 1, the functionality remained un-
affected at all power densities.
Then the attempt was made to further reduce the total reaction time

to 10 s (Fig. 3b). The fabrics treated at DC=0.1 exhibited poor hydro-
phobicity at all the three power densities. However, as the DC was in-
creased to 0.4, a steep increase in hydrophobicity of fabric was observed.
DAT of 60min was achieved at DC=0.4 and above for power densities
of 6.6 and 8.3W/cc. However, higher power density of 9.92W/cc re-
sulted in relatively poor hydrophobicity even at DC=0.4. From the
results it could be inferred that the total reaction time of 10 s was not
sufficient at low duty cycles even at very high power densities of 9.92W/
cc. From the above observations, it may be inferred that the total reac-
tion time could be significantly reduced from 1min (at low power den-
sity) to 15 s by employing higher power density under pulsed conditions.
Interestingly, this time could be further reduced to 10 s at DC of 0.2 and
PD of 6.61 if slightly lower DAT of 45–55min is acceptable.
Apart from the reaction time, the energy utilized in a reaction is

another important parameter for commercial viability of the process.
The energy utilized per unit volume in a plasma reaction is governed by
the power density and the plasma-on time. Fig. 4 shows a comparison of
energy consumed during the hydrophobic functionalization at different
power densities and DCs.
From the figure, it can be observed that when reaction was carried

out at lower power density of 0.38W/cc, the minimum energy required
to render the fabric hydrophobic was 4.56 J/cc that was achieved at
DC=0.1 and 2.0 min of total reaction time (shown as E1 in the figure).
On the other hand, at higher power density of 6.61W/cc, an energy of
26.44 J/cc was consumed for carrying out the same reaction in 10 s of
total reaction time (shown as E2 in the figure). This energy is about
480% higher than that required at low power density. However, when
the reaction was carried out for 15 s at 6.61W/cc, only 9.91 J/cc of
energy density was required as the desired hydrophobicity of the fabric
was achieved at low duty cycle of 0.1. This is shown as point E3 in the
figure. The comparison of E3 with the minimum energy input (E1),
shows that the conditions used at E3 could significantly reduce the total
reaction time by 88% by employing higher plasma energy by only
117%.

3.3. Surface analysis

The surface chemical changes in the plasma treated-solvent washed
viscose fabrics treated at power density of 6.61W/cc for 15 s of total
reaction time and varied duty cycles i.e. DC=0.1 and DC=1 (CW)
were evaluated using ATR-FTIR as can be seen from Fig. 5.
It can be observed from the figure that two new peaks at 2920 cm−1

and 1728 cm−1 were introduced in the fabric after the plasma treat-
ment. DA was successfully incorporated on the fabric surface during the
plasma reaction as stretching vibration of CH2 groups (2920 cm−1)
were introduced in the plasma treated samples which were absent in

Fig. 3a. Effect of power density for total reaction time of 30 s and 15 s.

Fig. 3b. Effect of power density for total reaction time of 10 s.

Fig. 4. Comparison of energy densities for fabric treated at different conditions
to achieve DAT > 60min.
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the untreated sample. The introduction of stretching vibration of car-
bonyl of ester group (peak at 1728 cm−1) in the plasma treated samples
further confirms the attachment of the precursor molecules and in-
dicates the retention of ester linkage present in the precursor. Since the
samples were solvent washed, the appearance of these peaks confirmed
the durable attachment of the precursor DA on the fabric surface.

Surface morphologies of samples are shown in Fig. 6. Fig. 6(a)
shows the FE-SEM micrographs of untreated viscose fibers present in
the viscose fabric. The presence of fine pores on the surface of the fibers
are the characteristic features of viscose. Also, the viscose fibers have
multilobal cross-sections, which appear as vertical lines in the long-
itudinal view. In the figure, one fiber has been marked to define its

Fig. 5. ATR-FTIR spectra of untreated and plasma treated fabric at DC=0.1 and DC=1.

Fig. 6. FE-SEM images of (a) untreated, plasma treated fabric at 0.38W/cc for 1 min: (b) DC=0.1, (c) DC=0.3 and (d) DC=1, plasma treated fabric at 6.6W/cc
for 15 s: (e) DC=0.1 and (f) DC=1 and plasma treated fabric at 6.61W/cc for 10 s: (g) DC=0.1, (h) DC=0.4 and (i) DC=1 (All images have scale bar of 10 µm).
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thickness. Fig. 6(b–i) show a deposition of a thin layers of the reacted/
polymerized precursor on the treated fibers, which appear to have
masked the pores seen on the surface of untreated sample. At the low
power density of 0.38W/cc (Fig. 6(b–d)), very low deposition was seen
at DC=0.1 possibly because of low plasma energy available at these
conditions. This sample also showed low degree of hydrophobicity.
However, as the DC was increased to 0.3, the extent of depositions
increased significantly to cover the entire surface area of the fibers
uniformly. At DC=1, the deposition became higher but highly non-
uniform. This may be due to availability of excessive plasma energy. At
the high power density of 6.61W/cc (Fig. 6(e and f)), thin uniform
layers of reacted precursor were formed even at DC=0.1, which cov-
ered the entire fiber surface area indicating availability of sufficient
plasma energy for the required extent of reactions. However, on in-
creasing the duty cycle to 1, again heavy and non-uniform depositions
were formed.
The formation of uniform layers during pulse plasma of low duty

cycle can be explained on the basis that at this DC, plasma is kept on for
a short time and is followed by a longer off time. This may assist in
controlled activation of the precursor during the plasma-on phase fol-
lowed by their reaction during the plasma-off phase [19,26,30]. On the
other hand, as the duty cycle was increased to 1, the plasma remained
on continuously, which possibly led to excessive fragmentation of the
precursor, random recombination and greater etching of the deposited
layers, thus giving non-uniform deposition.
When the plasma reactions were carried out for a shorter duration

of 10 s at the high power density of 6.61W/cc, the reactions were found
to proceed as before, however, deposition of the reacted precursor
could not cover the entire fiber surface. The pores of the viscose fibers
were visible in the SEM micrographs of the samples treated at
DC=0.1. Interestingly, in spite of low deposition, the film formation
was found to be uniform. This indicated that in addition to the energy,
another governing factor for the successful functionalization is the time
of reaction. In the case of 10 s of reaction time, though the necessary
energy could be supplied at DC=0.1, the plasma-on time was not
sufficient to activate the precursor to the required extent. Slight in-
crease in the duty cycle led to formation of sufficient activated species
which resulted in the formation of uniform film over the entire fibre
surface. As the duty cycle was increased to 1, again the non-uniformity
in the film deposition was observed due to excessive energy as ex-
plained earlier.
The hydrophobicity of fabrics was also evaluated in terms of water

contact angles (WCA) for samples having DAT > 60min. Fig. 7 shows
the WCA of samples prepared at power densities of 0.38W/cc for a total

reaction time of 1min and those prepared at 6.61W/cc for a total re-
action time of 15 s.
It can be seen from Fig. 7 that after plasma treatment, the fabric

samples exhibited high degree of hydrophobicity in terms of high WCA.
Since in all the cases, the hydrophobic compound used was the same,
i.e. DA, the WCA values were expected to be nearly the same. However,
the treated samples having uniform deposition on the entire surface
area of the fibers were found to exhibit slightly higher WCA of ∼150°.
On the other hand, the contact angles were a little lower at ∼145° for
samples having non-uniform/damaged depositions. The WCA was
generally higher for samples prepared using low power density of
0.38W/cc compared to those treated at 6.61W/cc at all duty cycles,
except at DC=0.1. DC of 0.1 at low power density did not show de-
sirable hydrophobicity (i.e. DAT < 60min), while that at 6.61W/cc
exhibited the highest WCA of 155° W/cc. The results indicate that re-
actions carried out at low power densities impart better functionality,
however, they take higher plasma on-time to complete. On the other
hand, similar or even better quality of functionality can also be ob-
tained in much shorter plasma time when reactions are conducted at
higher power density but with very short plasma-on times.
Better quality of coatings was observed for samples treated at

PD=0.38W/cc for high DC > 0.3 and at PD=6.61W/cc at low
DC=0.1 as observed from FE-SEM micrographs, which possibly ex-
plains somewhat higher values of WCA. At DC values higher than 0.1 at
PD=6.61W/cc, the coatings were a little damaged, therefore, giving
somewhat lower WCA values.

3.4. Chemical characterization of plasma treated viscose fabric

3.4.1. XPS analysis
Surface chemical changes on viscose fabric after plasma treatment

at both low and high power densities were studied using XPS. Fig. 8
shows an XPS survey spectra obtained for untreated fabric and plasma
treated fabrics at 6.613W/cc for 15 s of reaction time at duty cycles 0.1
and 1. This was compared with fabrics treated at 0.38W/cc for 1min of
reaction time at duty cycles 0.1, 0.3 and 1. The samples were analyzed
for the surface composition and O/C ratio has been illustrated in
Table 1.
It was observed from Table 1 that for fabric treated at low power

density and duty cycle of 0.1, the O/C ratio decreased significantly to
0.23 as compared the untreated fabric showing O/C ratio of 0.74.
However, with this level of modification the sample showed relatively
poor hydrophobicity. For duty cycle of 0.3, the O/C ratio was found to
reduce further to 0.19. Interestingly, this O/C ratio is very close to the
theoretically derived O/C ratio of 0.15 of DA. This decrease in O/C ratio
indicates high degree of functionalization of the substrate with DA or its
polymerized moieties and uniform coverage of most of the fibers in the
fabric to yield DAT of> 60min. However, the use of higher energy at
duty cycle of 1 did not lead to further improvement in the O/C values of
the samples. Similar observations were found in the case of high power
density (6.613W/cc), where for duty cycles 0.1 and 1, the O/C ratios
were also around 0.19 suggesting similar level of functionalization even
at the high power. From the above results it can be concluded that for
effective hydrophobic functionalization of the fabric, O/C ratio of the
treated fabric should be ≤ 0.2 value.
High-resolution C1s scans of the above-mentioned samples are

shown in Fig. 9. Peak deconvolution of C1s spectrum of the untreated
viscose fabric exhibited that the untreated viscose fabric contains three
distinct peaks at 285.03 eV (CeC), 286.47 eV (CeO), 288.1 eV
(OeCeO, C]O) that may be attributed to the bonds present in the
cellulose [31–33]. The unexpected peak at 289.9 eV corresponds to CO3
which may be due to presence of certain inorganic contaminations in

Fig. 7. Water contact Angle analysis of fabrics treated at varied power densities
and duty cycles.
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the fabric.
The areas under various deconvoluted peaks are listed in Table 1.

After plasma treatment, the peak area for CeC bond was found to in-
crease to more than 67% from 23% in untreated fabric (in case of low
power density). This increase in CeC bond got further intensified to
about 77% for samples treated at high power density plasma. On the
other hand, peak areas of CeOH, C]O and OeCeO bonds present in
the plasma treated fabrics was found to decrease after plasma treat-
ment. A new bond was observed in the plasma treated fabric which
corresponded to OeC]O chemical state that denotes presence of ester
group. Since precursor DA has ester group in its chemical structure, it
can be inferred that DA is able to retain its characteristic structure even

after plasma activation and subsequent reactions. The increase in
carbon content and appearance of peak related to OeC]O bond con-
firm the attachment of DA or its moieties on the fabric.

3.4.2. ToF-SIMS analysis
SIMS can be used to analyze the molecular species present on the

surface of the plasma treated samples. Fabrics treated at high power
density (6.61W/cc) at duty cycle 0.1 for reaction times of 10 and 15 s
were analyzed and compared with the untreated fabric. These samples
were selected because for 10 s of reaction time, the sample exhibited
poor hydrophobicity, while that treated for 15 s, exhibited drop ab-
sorbency time of> 60min. The negative ion mass spectra of untreated

Fig. 8. XPS survey spectra of untreated and plasma treated fabrics.

Table 1
Surface composition of various elements (in atomic %) and relative concentration of various bonds of carbon atoms obtained by XPS analysis for untreated and
plasma treated samples.

Sample x(C) % x(O) % O/C CeC, CeH % CeOH% OeCeO, C]O % OeC]O %

Untreated 55.5 41.3 0.74 23.16 57.56 13.93 –
PD0.38-DC0.1 77.7 17.9 0.23 53.59 28.05 9.10 9.25
PD0.38-DC0.3 81.7 15.7 0.19 68.83 17.43 6.35 7.39
PD0.38-DC1 81.0 16.4 0.20 67.47 18.36 6.58 7.60
PD6.61-DC0.1 83.14 15.6 0.19 74.72 16.08 2.95 6.25
PD6.61-DC1 82.7 15.7 0.19 76.63 12.96 3.67 6.75
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as well as plasma treated viscose fabric are shown in Fig. 10. The
spectra of treated samples were very distinct from that of untreated
sample. While untreated sample showed characteristic peaks for cellu-
losic material [33,34], the treated sample had peaks corresponding to
fragments of DA. A new peak corresponding to m/z of 465 amu de-
noting higher molecular mass was observed in the plasma treated fab-
rics. This mass corresponds to a large fragment derived from a dimer of
DA (having molecular mass of 480 amu), which indicates that DA was
attached to the fabric surface in the polymerized form. The intensity
(counts) of this peak was higher for the sample treated for longer total
reaction time of 15 s. This supports the SEM micrographs of the two
samples, where sample treated for longer total reaction time showed
better coverage of the fiber surface with the reacted DA layer.
The ratios of surface hydrophilic groups to that of hydrophobic

groups i.e. O−/C− and OH−/CH− were evaluated (Table 2). For the
untreated viscose fabric, these were found to be 2.75 and 0.95, re-
spectively. These values decreased significantly for plasma treated
fabrics, which are similar to the results obtained from XPS analysis
discussed earlier.

3.5. Proposed reaction mechanism

In order to understand the plasma chemistry involved in the in-situ
reactions, a clean glass slide coated with liquid DA was plasma treated
at 6.61W/cc at duty cycle of 0.1 for a total reaction time of 15 s. The
reaction mass so obtained was isolated using ethanol into soluble and
insoluble mass. The insoluble white mass was dissolved in chloroform
(having shift of 7.26 ppm) and its 1H NMR spectrum was recorded.
Fig. 11 shows spectra of white mass along with that of precursor DA.
From the figure, it can be seen that DA shows three characteristic

peaks for H2C] (methylene) and ]CH (methine) between 5.7 and
6.4 ppm. Additionally, it shows characteristic peaks for eOCH2e at
4.1 ppm and other alkyl groups between 0.8 and 1.7 ppm. In the
spectrum of white mass, the three peaks corresponding to protons at-
tached to unsaturated carbons are absent indicating polymerization/
oligomerization of the monomer. These protons have appeared as new
peaks between 1.8 and 3.8 ppm. However, the ratios of peak areas of
alkyl protons have changed from those of DA suggesting that the long
alkyl chain might have undergone partial fragmentation during the

Fig. 9. C1s high resolution scan of untreated and plasma treated fabrics.
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plasma polymerization process. Based on the NMR results of the reac-
tion mass of DA and the FTIR and SIMS analyses of the plasma treated
fabrics, a reaction mechanism is proposed as given in Scheme 2. From
NMR analysis, it has been experimentally proven that DA upon plasma
treatment on a glass slide polymerizes to form a polymer. From SIMS
analysis, it has been demonstrated that after the plasma treatment, the
samples exhibit an additional mass peak of 466 amu in their mass
spectra. DA has molecular weight of 240 g/mol. The dimer of DA is
expected to have a molecular weight of 480 amu. In Scheme 2, if we
consider the dimer, the mass of the fragment after the loss of one me-
thyl group (indicated in the scheme) comes out to be 466 amu. This
matches with the mass fragment as indicated by the SIMS analysis of
the plasma treated samples, where the additional peak has mass of
466 amu. This suggests the fragment seen in SIMS may have been
formed from the polymerized/oligomerized DA on the fibre surface.

4. Conclusions

The present study demonstrates hydrophobic functionalization of
viscose fabric in a very short reaction times (10–15 s) using high power
density pulse plasma. Using a high power of 6.61W/cc, effective
functionalization of the fabric could be performed in reaction time as
low as 15 s when modulated at a duty cycle of 0.1. It was further de-
monstrated that in comparison to reactions performed at lower power
density of 0.38W/cc, the reaction times required to achieve this ef-
fective functionalization could be reduced by about 88% on increasing
the energy density by just 117%. Modulation of the plasma at low duty
cycles resulted in uniform deposition of reacted fragment/oligomers

and achievement of higher WCA of the treated fabrics. The mechanism
of the hydrophobic functionalization was investigated using various
chemical analyses techniques, such as XPS, FTIR, TOF-SIMS and NMR.
The plasma treated and solvent washed fabrics showed attachment of
long alkyl chains along with ester linkages suggesting retention of
precursor structure after its reaction with the fabric. TOF-SIMS analysis
showed occurrence of a mass peak at m/z=465 indicating the for-
mation of polymerized DA on the treated cellulosic substrate.
Significant reduction of hydrophilic groups on the treated fabric also
suggested that hydrophobic moieties could successfully and durably
attach to the cellulose in a short reaction time. Therefore, it can be
concluded that high power density pulse plasma can be successfully
used for carrying out controlled in-situ plasma reactions for functio-
nalization of textile substrates in short reaction times.

Fig. 10. Mass spectra of (a) untreated, (b) plasma treated fabric: reaction
time= 10 s and (c) reaction time=15 s.

Table 2
Surface composition and O/C ratio of untreated and plasma treated viscose
fabrics.

Sample Ratio of mass peaks

O−/C− OH−/CH−

Control 2.75 0.95
Plasma treated, DC=0.1, reaction time=10 s 1.5 0.59
Plasma treated, DC=0.1, reaction time=15 s 1.8 0.54

Fig. 11. 1H NMR spectra of (a) precursor DA and (b) plasma polymerized DA.

Scheme 2. Schematic of proposed polymerization of DA on viscose fabric.
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