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Hydrophobic functionalization of viscose fabric was carried out using long chain hydrocarbon compound
dodecyl acrylate (DA). The treatment was carried out in-situ using DA/helium atmospheric pressure plasma
at low frequency. After the treatment, the water absorbency time of the substrate was more than 1 h and
water contact angle was 143°. The functional property developed after the treatment was durable to both sol-
vent and soap washing. Effect of various parameters such as concentration of precursor, helium flow rate, dis-
charge voltage, discharge frequency and treatment time on functionalization was investigated. Plasma was
characterized using oscilloscope, optical emission spectroscopy (OES) and gas chromatography–mass spec-
trometry (GC–MS). Modification of chemical nature of the fabric surface was characterized by ATR-FTIR,
Raman, and Secondary ion mass spectroscopies. The study of the surface morphology by FE-SEM revealed
the formation of a uniform thin layer on individual fibres. The fabric was found to retain its tensile strength
after plasma treatment. The plasma characteristics were correlated with hydrophobic functionalization at dif-
ferent treatment parameters.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The ecological requirements have forced the industry to search for
alternative environmentally friendly techniques in place of well ac-
cepted wet chemical processing [1,2]. Plasma contains activated spe-
cies, such as electrons, ions, radicals, photons, etc. which are able to
initiate chemical and physical modifications on the polymer surface
[1,3]. In recent years, low pressure plasma has been used to impart
improvement in water absorbency [4], improvement in adhesion
and dyeability [5,6] and deposition of various polymers [7,8]. Many
of these modifications involve surface etching, generation of radicals
followed by ex-situ grafting or hydrophilization using oxygen/air/
ammonia inside plasma zone. Similarly atmospheric pressure plasma
has also been explored for the improvement in adhesion, removing
impurities and modifying dyeability of substrates [9–15]. However
in-situ reaction of suitable precursors with substrates inside atmo-
spheric pressure plasma zone has always been a challenge due to
the presence of high density of active species [16,17].

Hydrophobic functionalization of hydrophilic substrates is techno-
logically important application and can be carried out using fluoro
compounds in plasma [18–21]. However, due to environmental con-
cerns, even the use of fluoro carbon compounds is not desirable. For
many applications, where only water repellency is required, long
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chain hydrocarbons may be used instead of fluoro carbons. In one of
the studies, plasma activated cellulosic substrate was treated ex-situ
in vinyllaurate bath to obtain hydrophobic characteristics [22]. Re-
cently, our group has reported in-situ reaction of gaseous precursor
1, 3-butadine with cellulosic substrate inside atmospheric pressure
plasma to achieve durable hydrophobicity [16].

In the present study,we have investigated in-situ functionalization of
cellulosic substrate using dodecyl acrylate (a high molecular weight liq-
uid nonfluoro precursor) at atmospheric pressure plasma to obtain dura-
ble hydrophobic finish. The effect of various plasma process parameters
on the fragmentation of precursor and subsequent functionalization has
also been elucidated.

2. Materials and methods

2.1. Materials

Plain woven viscose fabric with areal density of 160 g/m2 was
used as substrate. Dodecyl acrylate (DA) 90% was procured from
Sigma Aldrich, India and helium gas (grade zero) was supplied by
Sigma Gases, India.

2.2. Fabric preparation

Fabric was scoured in 3 g/L nonionic detergent (Lissapol N) aqueous
solution containing 0.5 g/L of sodium carbonate for 45 min at 70 °C.
After washing, the fabric was thoroughly rinsed in cold distilled water
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and dried. Before plasma treatment, the fabric was again rinsedwith ac-
etone and dried.
2.3. Plasma reactor

The schematic of plasma reactor used for this study is shown in
Fig. 1. The reactor consisted of two aluminium electrodes of size
40 cm2. The top electrode was covered with Teflon sheet of 1 mm
thickness and the bottom electrode was covered with glass dielectric
of 1.8 mm thickness. He gas flow into the plasma zone was controlled
by mass flow controller. The whole assembly was enclosed in a trans-
parent acrylic box and the outlet from the reactor was connected to
an exhaust. Power to the reactor was supplied using AC high voltage
power supply unit 7010R from SOFTAL (Germany).
2.4. Plasma treatment

The scoured fabric was pretreated with 0.01–0.25 M solution of
precursor DA in ethanol by dip-pad method and dried. The pretreated
fabric was placed in plasma reactor between the two electrodes. The
reactor was purged with helium gas for 10 min and treated for 0.5–
2.5 min with homogeneous glow plasma generated using helium as
the plasma gas. The effect of various plasma treatment parameters
such as power density, frequency, gas flow rate, concentration of pre-
cursor and treatment time was studied. Different parameters for plas-
ma generation such as power density, frequency and He gas flow rate
were varied in the range of 0.3 to 3.333 W/cm3, 11 to 21 kHz and 0.05
to 1.0 SLPM, respectively. The power density was varied by either
changing the discharge voltage or the gap between the electrodes.
The plasma treated samples were thoroughly washed in hexane
(which is a solvent for precursor and its polymer) and acetone to re-
move unreacted and loosely deposited materials. The dried samples
were used for further evaluation.
2.5. Plasma diagnosis

2.5.1. Discharge electrical parameter
Electrical parameters of atmospheric pressure discharge such as cur-

rent–voltage profile and power valueswere determined by using digital
oscilloscope model Tektronix DPO 3012 (bandwidth of 100 MHz, rise
time of 3.5 ns) with P6015A high voltage and TCP 0030 current probes
(bandwidth of 120 MHz and rise time of 1.2 ns). A real time single scan
profile with 10,000 data points per cycle and an averaged profile of 8
scans were recorded to observe the nature of the discharge. The
power components of plasma discharge were determined by using
DPO3PWR power analysis module. RMS voltage and true power have
been reported for various experiments.
Fig. 1. Schematic of plasma reactor with other accessories.
2.5.2. Optical emission spectroscopy of discharge
Optical Emission Spectrometer (OES), Mikropack model PlasCalc

2000 was used to capture the spectra of light emitted by the mole-
cules inside the plasma. Specline 2.1 software was used to analyse
the spectra and to identify various species represented by peaks
obtained in the spectra. Hit interval of 0.5 nm was used in the soft-
ware to identify the peaks.

2.5.3. Gas chromatography–mass spectrometry (GC–MS)
The exhaust from the plasma zone was bubbled through hexane to

trap species formed inside the plasma at different plasma process pa-
rameters. The above solution along with precursor solution were
analysed using GC–MS model QP 2010 plus from Shimadzu. The
structures of the various species were predicted using the system
software and NIST database available with it.

2.6. Evaluation of surface hydrophobicity

Water absorbency time of the untreated and treated fabrics was
measured by AATCC 79-2007 method on both sides of the fabric. As
per this method, a water drop was allowed to fall from a fixed height
onto the taut surface of test specimen. The time required for the specu-
lar reflection of the water drop to disappear was recorded. Water con-
tact angle on both sides of the fabrics was measured by modified
ASTM D 5946-04 static sessile drop method [16]. Five readings were
taken at different places for each sample and their average is reported.

2.7. Surface characterization

The untreated and treated samples were characterized as follows.

2.7.1. Secondary Ion Mass Spectrometer (SIMS)
The surface chemical composition was determined using Mini

SIMS, from Millbrook, U.K. with gallium (Ga) liquid metal ion source
(LMIS) as primary ion beam.

2.7.2. Field Emission Scanning Electron Microscopy (FE-SEM)
Surface morphology was observed under FE SEM Quanta FEI 200

(FEI, Netherland) at magnification of 40,000× after gold coating.

2.7.3. ATR-FTIR spectroscopy
ATR-FTIR spectra of sampleswere taken by FTIR spectroscopemodel

(spectrum BX) from PerkinElmer (USA) using ATR assembly. The band
at 1014 cm−1 was taken as the reference band to permit comparison
of various groups among samples. Band at 1014 cm−1 is for C\O\C
linkage between the two cyclic units of cellulose structure. This is the
main linking group and forms the backbone of polymer chain. It is the
only group that closely represents the concentration of polymer chain,
and therefore, was used as the reference band.

2.7.4. Raman spectroscopy
Raman spectra of samples were taken by Renishaw (INVIA) confo-

cal micro dispersive Raman spectrometer using 785 nm solid state
laser in regular mode.

2.8. Wash fastness

The treated and solvent washed samples were washed using AATCC
61-I A method. In this method, fabric sample of 50 × 100 mm size is
washed in a launder-Ometer using 200 mL of 0.37 wt.% Lissapol-n
(non-ionic detergent) aqueous solution for 45 min at 40 °C (±°2) in
the presence of 10 steel balls. Thereafter, the fabrics were rinsed
with water at 50 °C for 30 min and dried. The washed samples were
evaluated again after conditioning at room temperature for a day.



Fig. 2. (a). Real time single scan profile of discharge current & discharge voltage.
(b). Averaged scan profile of discharge current & discharge voltage.

Table 1
Major emission peaks and assigned species observed in OES spectra.

Wave length (nm) Assigned species References

335.6 He 2 [24]
356.3 He 1 [28]
367.6 He 2 [24]
587.6 He I [24,25]
656 He II [16]
667.8 He I [25]
706.5 He [24,25]
728.1 He I [25]
314 CH/O/C [26,28]
374 CH+/O/C/N [26,28]
380 CH+/O/C/N [26–28]
391 CO/O/H2/N [27,28]
426.7 CO+/H2/O [28]
470 C/H/O [28]
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3. Results and discussion

3.1. Generation of glow discharge plasma

Based on the dimension of electrodes and the gap between them,
the ion trapping frequency for helium in the range 3 kHz to 22 kHz
was calculated. Minimum output frequency of the A.C. power supply
used in this study was 10 kHz, therefore, frequency range of 11 kHz to
21 kHz was selected for the generation of glow discharge helium plas-
ma. Minimum voltage requirement to initiate the discharge was 1 kV.

Fabric pretreated with precursor solution was kept inside the plas-
ma chamber and He/DA plasma was generated within the above men-
tioned frequency range. The quality of the discharge was not affected
Fig. 3. OES spectra of helium, helium with DA on a glas
significantly by introducing the fabric pretreated with precursor inside
the plasma zone. A single scan profile of discharge current and voltage
for the set of optimized parameters is shown in Fig. 2(a). The current
profile is fairly smooth with some noise (of b1/5 of the peak value).
The presence of noise is masking the discharge component of the pro-
file. In order to investigate the features of current profile, an averaged
profile of 8 scans was taken and shown in Fig. 2(b). This averaged cur-
rent profile is very smooth and consists of a single peak alongwith a re-
sidual current peak, which are the typical features of a He glow
discharge. This implies that He/DA discharge plasma is glow in nature.
Similar I–V profiles were obtained for other values of parameters in
the range studied.

3.2. Optical emission spectra analysis

Optical emission spectra of the discharges at the optimized set of
parameters were taken for (1) pure helium plasma, (2) helium plas-
ma in presence of liquid precursor DA placed on a glass slide and
(3) helium plasma in the presence of precursor treated fabric. Overlay
of these three spectra is shown in Fig. 3. The major OES peaks and the
assigned corresponding species are given in Table 1. Pure helium
spectrum shows peaks at 335.6, 356.3, 367.6, 587.6, 656.0, 667.8,
706.5 and 728.1 nm. These are the transition peaks of helium atom.
However, peaks present at 314, 374, 380 and 391 nm, which have
very low intensities, are likely due to the presence of impurities
(C/O/N) in the helium gas.

When liquid precursor was kept on a glass slide inside the helium
plasma, intensity of peaks at 314, 374, 380 & 391 nmwas significantly
enhanced and two new peaks appeared at 426.7 and 470 nm. The en-
hancement of peaks intensities at 314, 374, 380 and 391 nm can be
attributed to the presence of CH, CH+ and CO fragments of the
s slide and helium with DA treated viscose fabric.

image of Fig.�2
image of Fig.�3


Table 2
Water absorbency time & water contact angles of viscose fabric treated with different
concentrations of DA.

Concentration
of precursor
(M)

Water absorbency time
(min)

Water contact angle ±4°

Treated-solvent
washed

Soap
washed

Treated-solvent
washed

CV
(%)

Soap
washed

CV
(%)

0.01 49 40 137° 2.2 143° 0.8
0.05 >60 >60 142° 3.2 140° 2.2
0.10 >60 >60 135° 2.4 140° 2.3
0.15 >60 >60 140° 1.5 142° 1.4
0.20 >60 >60 139° 1.2 140° 2.8
0.25 >60 >60 140° 0.8 136° 2.1

Fig. 5. Relative peak intensities of selected emissions in OES spectrum of He/DA plasma
with respect to He peak at 706.5 nm.
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precursor. The new peak at 426.7 nm can be assigned to CO+/H2/O
fragments and at 470 nm to C/H/O fragments of the precursor. No
peaks could be detected for CH2, which is a likely fragment of long
hydrocarbon chain precursor. CH2 being very unstable is likely to
get converted to CH or CH+ [23]. When precursor treated fabric
was introduced inside the He plasma, the intensity of all the peaks
of He except those at 335.64 and 356.31 nm was found to reduce sig-
nificantly. This indicates the interaction of He plasma with fabric and
the precursor. However, the new peaks observed with pure precursor
could not be detected possibly due to the low concentration of pre-
cursor in the fabric.
Fig. 6. Relative peak intensities of selected emissions in OES spectrum of helium
plasma with respect to He peak at 706.5 nm.
3.3. Effect of plasma process parameters

3.3.1. Effect of concentration of precursor
Effect of precursor concentration on hydrophobic functionalization

was carried out by varying the concentration of DA solution from 0.05
to 0.25 M, whichwas used for pretreatment of the fabric. Other param-
eters for the treatment were fixed at voltage (1.6) kV, power density
(0.383 W/cm3), frequency (15 kHz), helium flow rate (0.4 SLPM), elec-
trode gap (1.5 mm) and treatment time (2.5 min). The effect of precur-
sor concentration on water absorbency time and water contact angle of
Fig. 4. Images of water droplet on plasma treated (a) solvent washed (b) solvent and
soap washed fabrics.

Table 3
Water absorbency time & water contact angles of viscose fabric treated at different
discharge frequencies.

Frequency
(kHz)

Water absorbency time
(min)

Water contact angle ±4°

Treated-solvent
washed

Soap
washed

Treated-solvent
washed

CV
(%)

Soap
washed

CV
(%)

11 20 25 141° 2.3 135° 2.0
13 29 35 146° 2.2 139° 2.8
15 >60 >60 142° 3.2 140° 2.2
17 >60 >60 143° 5.0 138° 2.1
19 30 25 143° 1.5 131° 1.2
21 34 15 141° 5.6 134° 4.0
the samples is given in Table 2. It can be seen from the results thatwater
absorbency time and the water contact angle were nearly same at
>60 min and 136–142°, respectively, for concentration ranging from
0.05 to 0.25 M. Only in the case of 0.01 M concentration, the water ab-
sorbency time was significantly less at 40–50 min. However, there was
no significant variation in water contact angle. The images of water
droplet on plasma treated sample before and after soap washing are
shown in Fig. 4(a) and (b). Based on these results, the concentration
of 0.05 M, which is equivalent to an add-on concentration of 2.4 wt.%
of precursor on the weight of fabric, was found to be sufficient to pro-
vide a uniform treatment on the surface of the fabric. Therefore, for fur-
ther studies, concentration of precursor was fixed at 0.05 M.
Table 4
Effect of discharge voltage on water absorbency time and water contact angle of
plasma treated viscose fabrics.

Voltage
(kV)

Power density
(W/cm3)

Water absorbency
time (min)

Water contact angle ±4°

Treated-
solvent
washed

Soap
washed

Treated-
solvent
washed

CV
(%)

Soap
washed

CV
(%)

1.0 0.30 >60 >60 145° 2.0 139° 1.47
1.6 0.383 >60 >60 142° 3.2 140° 2.2
2.0 0.833 44 50 142° 5.7 138° 1.59
2.5 2.166 24 34 141° 1.9 136° 1.31
3.0 3.333 10 30 139° 6.5 139° 2.92

image of Fig.�4
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Table 5
Effect of electrode gap on water absorbency time and water contact angle of plasma
treated viscose fabric.

Gap
(mm)

Power density
(W/cm3)

Water absorbency
time (min)

Water contact angle ±4°

Treated-
solvent
washed

Soap
washed

Treated-
solvent
washed

CV
(%)

Soap
washed

CV
(%)

1.5 0.383 >60 >60 142° 3.2 140° 2.2
2 0.287 52 50 142° 2.6 139° 1.4
2.5 0.230 43 45 139° 0.6 139° 1.8
3 0.191 50 40 142° 2.1 134° 1.7

Table 6
Effect of treatment time and discharge voltage on water absorbency time of plasma
treated viscose fabrics.

Treatment time
(min)

Water absorbency time (min)

Treated at 1.6 kV
(0.383 W/cm3)

Treated at 2.5 kV
(2.166 W/cm3)

Treated at 3 kV
(3.333 W/cm3)

0.5 5 >60 >60
1.0 20 >60 25
1.5 20 >60 40
2.0 50 45 39
2.5 >60 40 35

Fig. 8. ATR-FTIR spectra of (a) untreated (b) as-plasma treated (c) plasma treated-
solvent washed viscose fabrics.
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3.3.2. Effect of frequency
Viscose fabric was treated with He/DA plasma at different fre-

quencies in the range of 11 to 21 kHz keeping the other parameters
same as mentioned in the previous section. The results of the experi-
ments are given in Table 3. It can be seen from the table that at dis-
charge frequency of 15 and 17 kHz, the water absorbency time was
more than 60 min. However, at other frequencies it was significantly
lower in the range of 15 to 35 min. Though there was no significant
variation in water contact angle, the water absorbency time clearly
indicates that the treatment was better in the frequency range of
15–17 kHz. To elucidate the reason behind it, the OES of the plasma
was recorded during the treatment at different frequencies. There
was no change in the position of emission peaks recorded at different
frequencies, however, the relative intensities of the peaks were found
to change significantly with change in frequency. The intensity of the
peaks at 314, 374, 380, 391 and 470 nm, assigned to DA fragments,
was plotted by normalizing them against the intensity of helium
Fig. 7. Effect of plasma energy on water absorbency time of treated fabric.
peak at 706.5 nm. It can be seen from Fig. 5 that relative intensity of
these peaks increases steadily with increase in frequency, maximize
at 15 kHz and then decrease slowly with further increase in frequen-
cy. This implies that at around 15 kHz, higher fragmentation of DA is
leading to better functionalization of the fabric. As some of the above
peaks were also observed in helium plasma spectrum due to presence
of impurities, the relative intensity of these peaks was also plotted
against frequency for helium plasma. This is shown in Fig. 6. It can
be seen from the figure that intensities of peaks remain nearly same
throughout the range and there is no increase in intensity at around
15 kHz. This confirms that the trend shown in Fig. 5 is due to the
presence of DA in the He/DA plasma. Since discharge frequency of
15 kHz was found to be effective for functionalization, therefore,
this frequency was fixed for other sets of experiment.

3.3.3. Effect of discharge power density and treatment time
Discharge power density, which is a measure of plasma energy is

an important parameter and is likely to influence functionalization
of the substrate. Power density and treatment time, together, deter-
mine the total energy given to the system for carrying out a reaction.
The power density, in turn, depends on the discharge voltage and the
gap between the electrodes. These three parameters were varied to
change the total energy supplied to the system.

First, the viscose fabric was treated at different discharge voltages
in the range of 1 to 3 kV to vary the power density of the plasma. The
gap and time of treatment were kept at 1.5 mm and 2.5 min, respec-
tively. The other parameters were kept constant as mentioned in the
previous sections. Water absorbency time and water contact angle of
plasma treated and solvent washed samples are given in Table 4.
No significant variation could be detected in water contact angle.
However, the water absorbency time of the samples was more than
1 h for power densities of 0.30 and 0.383 W/cm3 and it decreased
gradually for higher power densities of 0.833, 2.166 & 3.333 W/cm3.
From these experiments, it appears that higher plasma energy is not
helping the functionalization of the substrate.
Table 7
Selected peak intensities of ATR-FTIR spectra relative to peak at 1014 cm−1.

Peak (cm−1) As-plasma treated Plasma treated-solvent washed

2918 0.110 0.097
2844 0.082 0.080
1731 0.041 0.032

image of Fig.�7
image of Fig.�8


Fig. 9. Raman spectra in range of 1600 to 1800 cm−1 of (a) untreated, (b) as-plasma
treated and (c) plasma treated-solvent washed viscose fabrics.
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In the second set of experiments, the power density was de-
creased by increasing the gap between the two electrodes. At dis-
charge voltage of 1.6 kV, the power density of the system could be
varied from 0.383 to 0.191 W/cm3 by increasing the gap from 1.5 to
3 mm. Interestingly, the functionalization was of a lower degree at
lower power densities as shown in Table 5.

In the third set of experiments, the treatment time was varied at
three different power densities to vary the total energy given to the
system. The hydrophobic properties of the samples obtained from
these experiments are summarized in Table 6. At low power density
of 0.383 W/cm3, the water absorbency time increased slowly and
Fig. 10. SIMS spectra of (a) untreated viscose fabric (
maximized at the treatment time of 2.5 min. For higher power densi-
ties, the maximum hydrophobic effect could be obtained at much
shorter treatment time of 0.5 min. The hydrophobic properties
started to deteriorate, thereafter, at higher treatment times.

From the above results, it may be inferred that there appears to be
time–power density equivalence similar to the time–temperature
equivalence observed in chemical reactions. An optimum level of
plasma energy, which is necessary to impart required level of
functionalization, can be achieved by altering either the power densi-
ty or treatment time. However, at energy levels higher than the opti-
mum values, the functionalization is adversely affected. This region of
optimum energy is shown in Fig. 7, which is a plot of plasma energy
versus water absorbency time. This may be attributed to the fact
that two competing effects are taking place inside the plasma zone.
One is the fragmentation and activation of the DA into desirable enti-
ties, which can undergo reaction with activated substrate. The second
is higher fragmentation of DA molecule into undesirable smaller enti-
ties and further etching of already modified substrate. In this study
the precursor (DA) was not supplied to the plasma zone along with
the flow of helium and there was limited availability of precursor in
form of pretreated fabric. Because of this, the second effect became
predominant once the optimum value of plasma energy was
provided.

3.3.4. Effect of helium flow rate
Effect of helium flow rate on the imparted functionality was inves-

tigated by varying the He flow rate from 0.05 SLPM to 1 SLPM at all
other optimized parameters. Water absorbency time and water con-
tact angle of the fabric did not change significantly with the change
in helium gas flow rate. For both solvent washed and soap washed
samples, the water absorbency time of more than 1 h was observed.
b) plasma treated-solvent washed viscose fabric.

image of Fig.�9
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Fig. 12. Mass spectra of GC peak observed at (a) 6.085 min and (b) 19.857 min.

Fig. 11. Gas chromatograph of plasma exhaust collected at (a) 11 kHz and (b) 15 kHz.
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Similarly water contact angle remained unaltered and was similar to
the best cases reported above. This observation is attributed to the
fact that unlike the case where precursors are introduced in the plas-
ma chamber along with the carrier gas, in the present case, the pre-
cursor molecules are readily available on the surface of the
substrate. Therefore, on activation by plasma, they have high proba-
bility to react with the substrate irrespective of the gas flow rate in
the plasma chamber.

3.4. Chemical characterization of plasma treated viscose fabric

3.4.1. ATR-FTIR
The ATR-FTIR spectra of untreated, as-plasma treated, plasma

treated-solvent (hexane–acetone) washed viscose fabrics are shown
in Fig. 8. In the spectra of as-plasma treated fabric, two distinct peaks
at 2818 cm−1 and 2844 cm−1 were observed for the symmetric and
asymmetric stretching of CH2. A new peak at 1731 cm−1 was also
observed for C_O stretching of ester groups. Appearance of these
peaks shows the presence of either DA or its fragments in the sample.
On solvent washing, these peaks are retained with only a small reduc-
tion in their relative peak intensities as shown in Table 7. This confirms
the reaction of DA or its fragments with cellulose.

3.4.2. Raman spectra analysis
Raman spectra of untreated, as-plasma treated and plasma treated-

solvent washed viscose fabrics were compared. A small hump was ob-
served at 1738 cm−1 in spectra of as-plasma treated and plasma treat-
ed and solvent washed samples. To elucidate the chemical differences
between the three samples, Raman spectroscopy was carried out in a
short range of 1600–1800 cm−1. An overlay of these spectra is shown
in Fig. 9. It can be clearly seen, that peak at 1738 cm−1 is present in
both as-plasma treated and plasma treated-solvent washed samples.
However, this peak is absent in untreated sample. Presence of peak at
1738 cm−1, which corresponds to C_O stretching of ester groups indi-
cates the incorporation of DA or its fragments on the surface of the sub-
strate. Also, since intensity of the peak does not change with solvent
washing, it appears that these moieties are chemically attached to the
substrate.

3.4.3. SIMS
Negative ion mass spectra of untreated and plasma treated-solvent

washed viscose fabrics are shown in Fig. 10. Both the spectra show
peaks at m/z 12 for C−, 14 for CH2

−, 13 for CH−, 16 for O−, 17 for
OH− and 25 for C2H−. The comparison of the two spectra clearly
shows difference between the relative intensities of O− and OH−

peaks. In untreated sample, OH− peak is higher compared to O−,
which is likely due to the presence of primary and secondary alcohol
groups in cellulose. On plasma treatment, this ratio has changed in fa-
vour of O− presumably due to the fact that DAmoieties, which have at-
tached to the substrate, contain ester groups. Further, the intensity of
CH− peak increased substantially compared to both O− and OH−

peaks in treated-washed sample. Enhanced intensity of hydrophobic
ions and decrease in intensity of OH− ion indicate the interaction of pre-
cursor fragments with the substrate.

image of Fig.�12
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Table 8
Chemical structures of various species collected from the exhaust of plasma reaction
chamber.

Retention
time
(min)

Mass
(amu)

Chemical
formula

Possible structure

9.828 240 C15H28O2

9.533 186 C12H26O

6.085 212 C15H32

19.857 284 C18H36O2
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3.4.4. Gas chromatography and mass spectrometric analysis of plasma
In the plasma zone, DA may undergo fragmentation and further

reactions with the substrate. Plasma may act on precursor to create
active species, which may combine to form different moieties. In
order to understand the possible changes that DA molecules might
be undergoing in the atmospheric plasma zone, the exhaust from
the plasma zone was trapped in solvent (hexane) and analysed by
GCMS. Chromatographs of exhausts from treatment of viscose with
DA at 11 kHz and 15 kHz frequencies are shown in Fig. 11(a) and
(b), respectively. In chromatograph of the sample collected at dis-
charge frequency 11 kHz, three major peaks at retention times of
6.085, 9.535 and 9.828 min were observed. Based on the analysis of
their mass spectra, the peak at 9.828 was assigned to DA, 9.535 to
lauryl alcohol (186 amu) and 6.085 to C15H32 (212 amu), a hydrocar-
bon fragment. At 15 kHz, an additional peak at 19.857 min was also
observed. This corresponds to a molecule of 284 amu with a possible
formula of C18H36O2. The parent peak for these molecules could not
be observed, which is usually the case for large molecules. The mass
spectra for the chromatograph peaks at 6.085 and 19.857 min are
shown in Fig. 12(a) and (b), respectively. The structures of the vari-
ous molecules collected in exhaust are shown in Table 8.

GCMS results indicate that at low frequency of 11 kHz, the mono-
mer did not undergo significant fragmentation. This is evident from
the fact that small carbon species were not visible in OES and also
only a simple fragment of DA, such as lauryl alcohol, was present in
significant concentration. Additionally, a small amount of C15H32 hy-
drocarbon component, which is a combination of two fragments of
DA, was also observed in GCMS. However, at higher frequency of
15 kHz, the DA fragmentation was significantly higher as various
OES peaks related to C were found to be enhanced. Also, it appears
Fig. 13. SEM image of (a) untreated and (b)
that these fragments were able to recombine with other DA mole-
cules to produce larger molecule of 284 amu in a significant amount
as shown in chromatograph Fig. 11(b).

Interestingly, the functionalization of substrate is observed at both
frequencies 11 and 15 kHz. This implies that DA, being an unsaturat-
ed monomer, might be undergoing oligomerization or reaction at
double bond with the activated substrate. However, functionalization
of the substrate is significantly higher at 15 kHz, which possibly indi-
cates that in addition to reaction at the double bond, the fragment at
284 amu might also be playing a significant role in hydrophobic
functionalization of the substrate. It may also be noted that oligomers
or the fragments as formed above were chemically attached to the
cellulosic substrate, which is indicated by the excellent durability to
solvent wash.

3.4.5. Scanning electron micrograph analysis
Surface morphology of both untreated and plasma treated viscose

fabric is shown in Fig. 13 at a magnification of 40,000×. The untreated
fabric shows presence of pores and longitudinal serrations, which are
the characteristic surface features of viscose fibres. On the other hand,
in the plasma treated-solvent washed sample, the pores appear to be
masked. This may be attributed to the formation of a thin layer due to
reaction of DA or its moieties on the surface of viscose substrate. This
reaction is responsible for durable hydrophobic functionalization of
viscose.

4. Conclusions

Hydrophobic functionalization of viscose fabric via atmospheric
pressure plasma processing was successfully carried out using He/
DA plasma. Glow nature of helium plasma was not significantly af-
fected by introduction of viscose fabric pretreated with DA. Precursor
concentration of 0.05 M equivalent to add-on of 2.4 wt.% on the
weight of fabric was sufficient for uniform functionalization of fabric.
Treatment was reproducible and imparted functionality was durable
to solvent and AATCC 61 IA washing cycle. Among the different
plasma parameters, plasma discharge frequency and plasma power
density were found to be the key controlling parameters. ATR-FTIR
analysis confirmed the presence of peaks for the symmetric and
asymmetric stretching of CH2 and C_O stretching of ester groups
on the surface of fabric even after solvent washing. Similar result
was confirmed from Raman analysis. From SIMS analysis enhance-
ment in intensity of hydrophobic ions and decrease in intensity of
OH− ions after the plasma treatment were observed, which indicate
the interaction of precursor fragments with the substrate. GC–MS
analysis of plasma exhaust collected at 11 kHz and 15 kHz indicated
plasma treated-solvent washed viscose.

image of Fig.�13
Unlabelled image
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that at 15 kHz the fragmentation of DA results in better hydrophobic
functionalization of viscose fabric. The SEM analysis revealed that the
hydrophobic functionalization may be attributed to the reaction of DA
and its moieties with the fabric and formation of very thin uniform
layer on individual fibres.
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