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A B S T R A C T   

Hydrophobic functionalization of cellulosic fabric (viscose) was carried out using helium/tetrafluoroethane (He/ 
TFE) plasma, a commercially available fluorocarbon gas, at the atmospheric pressure. By selecting suitable 
plasma parameters, He/TFE plasma was produced and maintained in glow state so that the various fragments of 
TFE in plasma zone could react covalently with the cellulose. After the plasma treatment, the highly hydrophilic 
cellulosic fabric turned into superhydrophobic fabric with a water absorbency time of >> 60 min, a water 
contact angle of 153◦ and a water rolling angle of 5◦. The functionalization was found to be wash durable to 25 
laundry cycles. From the analyses of species present in plasma zone by optical emission spectroscopy (OES), gas- 
chromatography-mass spectrometry (GC–MS), and the chemical nature of the functionalized substrate by 
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and secondary ion mass spec-
trometry (SIMS), a possible mechanism involved in the reaction of TFE fragments with cellulose macromolecule 
was arrived at. Further, it could be inferred that the modification took place only at the surface of the fibres at the 
nanometre level. The study postulates that it is possible to elucidate reactions undergoing in plasma zone and to 
control them to achieve desirable modification of substrates.   

1. Introduction 

Among the various surface functionalization techniques of polymer 
and textile materials, non-thermal i.e., the cold plasma is gaining in-
terest in the research community due to its advantages of dry, envi-
ronment friendly and cost effective process. Plasma processing of textile 
has a potential to replace the wet chemical processing of textile, which 
creates significant water pollution and incurs higher cost of production, 
because of multiple drying operations (Ceria & Hauser, 2010). Till date, 
mostly cold plasma at low pressure has been demonstrated to develop 
different value added textile and polymeric substrates with new func-
tionalities, such as water and oil repellency, hydrophilicity, improve-
ment in bio-compatibility, adhesion and colouration (Aboltakhty, 
Rashidi, Yazdanshenas, & Shahidi, 2018; Arolkar, Salgo, Kelkar-Mane, 
& Deshmukh, 2015; Canal, Gaboriau, Villeger, Cvelbar, & Ricard, 
2009; Ghoranneviss & Shahidi, 2017; Hodak, Supasai, Paosawatya-
nyong, Kamlangkla, & Pavarajarn, 2008; McCord, Hwang, Qiu, Hughes, 
& Bourham, 2003; Sciarratta, Vohrer, Hegemann, Muller, & Oehr, 2003; 

Vesel, Mozetic, & Zalar, 2008; Pandiyaraj, Ferraria, do Rego, Deshmukh, 
& Su, 2015; Pandiyaraj, Deshmukh, Arunkumar, & Ramkumar, 2015). 
However, the low pressure plasma processing technology has still not 
been accepted for commercial production by the textile industry owing 
to its limitations associated with creating and maintaining of low pres-
sure for treatment of large quantum of textile substrate. Cold plasma, at 
an atmospheric pressure, on the other hand is an upcoming popular 
technology that has a potential for in-line integration with the existing 
industrial processes. Lately, different cold plasmas generated with 
various electrode configurations viz., jet, corona and di-electric barrier 
discharge were also reported in the literature for imparting antibacterial 
activity (Chen et al., 2011; Sarghini, Paulussen, & Terryn, 2011; Shahidi, 
Rezaee, Rashidi, & Ghoranneviss, 2018; Zimmermann et al., 2011), 
improvement of liquid (water and oil) absorbency by the hydrophobic 
substrates (Jiang et al., 2009; Ren, Wang, & Qiu, 2008; Samanta, Jassal, 
& Agrawal, 2009), hydrophobic finishing of cellulosic substrates (Kale & 
Palaskar, 2011; Panda, Jassal, & Agrawal, 2013; Panda, Jassal, & 
Agrawal, 2015; Parida, Jassal, & Agarwal, 2012; Samanta, Joshi, Jassal, 
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& Agrawal, 2012), improvement in adhesion (Jaššo et al., 2006; Jiang 
et al., 2009; Krump, Simor, Hudecc, Jassoc, & Luyt, 2005; Teodoru, 
Kusano, Rozlosnik, & Michelsen, 2009; Tyczkowski, Zielinski, Kopa, 
Krawczyk, & Wozniak, 2009), de-sizing of textile (Kan & Yuen, 2012; 
Cai, Qiu, Zhang, Hwang, & Mccord, 2003; Kan, Lam, Chan, & Ng, 2014), 
wrinkle resistance of textile (Lam, Kan, & Yuen, 2012), colouration 
(Teli, Samanta, Pandit, Basak, & Chattopadhyay, 2015; Yaman, Zdogan, 
Seventekin, & Ayhan, 2009), flame retardant finishing (Lam, Kan, & 
Yuen, 2011), printing (Zhang & Fang, 2009), sterilization (Park et al., 
2008; Yu et al., 2005) and applications of tissue engineering 
(López-Pérez, da Silva, Sousa, Pashkuleva, & Reis, 2010). 

In order to impart a specific functionality in textile, in-situ plasma 
reaction has to be carried out using a suitable precursor molecule. 
Plasma reaction is a complex process involving both the constructive as 
well as destructive types of reactions. There are also chances of forma-
tion of various intermediates and end molecules from the input pre-
cursor molecule in the plasma zone owing to plasma impingement. 
Plasma generation and reaction is even more complex and challenging at 
atmospheric pressure, because of high density of plasma species viz., 
electrons, ions, neutral species, active radicals and chances swift radical 
deactivation in contact of atmospheric oxygen (Schutze et al., 1998). 
The generated plasma species do not remain stable for sufficiently 
longer time, which is necessary for them to react with the textile sub-
strate; instead, they are likely to react with each other in gas phase to 
form condensate products. Therefore, it is important to investigate the 
suitable atmospheric plasma conditions at which the fragments of a 
particular precursor in plasma zone would react to polymeric substrate 
in the form of textile to develop a desired functionality. During our 
earlier studies, we have realised that glow plasma regime is desirable in 
achieving such modifications, because it helps in controlled fragmen-
tation and radicalization of precursor molecules and textile substrate. In 
addition, it helps in obtaining uniform modification of textile substrates 
(Gadri et al., 2000). However, the glow plasma becomes unstable as 
soon as the chemical reactant (precursor) is introduced in the plasma 
zone. Therefore, investigation of the effect of different plasma process 
parameters, viz., discharge voltage, frequency, ratios of carrier to pre-
cursor gas and reaction time on generation of atmospheric pressure glow 
(APG) plasma was necessary for carrying out desirable chemical re-
actions with textile or other substrate. 

Nowadays functional textile with attribute like, water-repellence is 
desirable in many applications to prevent unnecessary liquid staining/ 
wetting, or chemical contamination in contact of water or oil based 
liquids in the form of colour droplets (dye, tea, coffee, wine), rainwater, 
chemicals and pesticides, food, beverages and different plant extract. 
Cellulosic textile with improved hydrophobic attribute could be devel-
oped using plasma and non-plasma based processes. Some of the recent 
methods of producing hydrophobic cellulosic textile without plasma 
treatment are coating of graphene oxide (Tissera, Wijesena, Perera, de 
Silva, & Amaratunge, 2015), coating of diamond like carbon (DLC) films 
(Caschera et al., 2013), nano-silica and clay based nano-composite 
coatings (Joshi, Bhattacharyya, Agarwal, & Parmar, 2012), application 
of emulsion of non-fluoro copolymer, namely acrylate of butyl, 2-ethyl-
hexyl & lauryl, and maleic anhydride (Prusty, Gagoi, Jassal, & Agrawal, 
2010), and application of polybenzoxazines based low-surface-energy 
materials (Gagoi, Rastogi, Jassal, & Agrawal, 2014). Hydrophobic 
functionalization of different textile substrates by atmospheric pressure 
plasma using different fluorocarbon gases has been reported in a few 
studies (Balu, Breedveld, & Hess, 2008; Hocker, 2002; Ji, Chang, Hong, 
& Lee, 2009; Kamalangkla, Hodak, & Grutzmacher, 2011; Ram-
amoorthy, El-Shafei, & Hauser, 2013; Vinogradov & Lunk, 2005). 
However, the studies have not reported the effect of various plasma 
parameters and the possible mechanism of incorporation of hydrophobic 
moieties on textile substrate followed by durability study of the impar-
ted functionality. Attempt were also made in the recent past to 
comprehend as well as reveal the plasma reactions on glass and polymer 
substrates using low pressure plasma (Biederman, 2004; Ihrig, 

Stockhaus, Scheide, Winkelhake, & Streuber, 2003; Inagaki, 1996; 
Maggioni, Carturan, Rigato, & Della Me, 2001; McCord et al., 2003; 
Yasuda & Iriyama, 1989; Yasuda, 1985). However, the similar studies 
for textile surface modification using atmospheric pressure plasma are 
scanty. 

In this study, we report the durable hydrophobic functionalization of 
cellulosic textile substrate using a commercially available fluorocarbon 
gas (tetrafluoroethane) in an atmospheric pressure plasma reactor. Ef-
fect of various plasma process parameters on plasma generation and 
reaction was investigated in detail. Our study has shown that plasma 
reaction with textile substrate takes place only under specific conditions. 
The analyses of plasma zone as well as plasma-modified textile using 
XPS, GC-MS, SIMS and OES revealed the formation of various active 
species and their reaction with cellulosic substrate to create hydropho-
bic functionality. 

2. Materials and methods 

2.1. Material 

Viscose fabric (a regenerated cellulose) of linear density of 160 g/m2 

was used for the study. The threads (yarns) count used in parallel and 
perpendicular direction of the cloth was both 2/40s. The cloth was 
initially rinsed in the presence of 0.3 wt% non-ionic detergent and 0.05 
wt% NaCO3, keeping material to water ratio of 1:40 at boil for 45 min. In 
order to remove any further contaminants from the cloth, it was again 
washed with acetone followed by drying in hot air oven at 80–90 ◦C for 
15 min prior to the plasma treatment. Tetrafluoroethane (commercial 
name- FLORON, R-134a) gas was supplied by SRF Ltd., Rajasthan, India. 

2.2. Plasma treatment 

In-situ plasma reaction of tetrafluoroethane (TFE) molecule in the 
presence of cellulosic textile (woven cloth) was performed in a non- 
thermal (cold) plasma reactor operated at atmospheric pressure. The 
chemical reaction of TFE with cellulose was performed in an enclosed 
plasma reactor fabricated with a provision of feeding of carrier and 
precursor gases, and removal of unused and by-product gases (Fig. 1). 
Glow non-thermal (cold) plasma was generated in a di-electric barrier 
discharge reactor in the mixture of tetrafluoroethane (TFE) precursor 
and carrier helium gases at a plasma generation voltage of 6.0 kV and 
frequency of 17.4 ± 0.74 kHz, except where reported otherwise. Teflon 
or glass sheet was used as a dielectric material to cover the surface of the 
plasma electrodes. There was also a provision of flowing ice-water 
mixture through the plasma electrodes, as required, so as to avoid the 
increase in temperature during the treatment. Helium gas flow rates 
were varied from 300 mL/min to 1700 mL/min and the TFE gas flow 
rates from 05 mL/min to 500 mL/min using two mass flow controllers. 
Fabric size of 6 cm × 5 cm was kept in between the plasma electrodes 
with a gap of 2.1 mm. Prior to plasma treatment, the reactor was thor-
oughly flushed with helium (He) gas for 10 min for removing undesired 
trapped gases (air/oxygen) from the plasma chamber as well as the 
fabric. Viscose fabric was then treated in He plasma for 2 min followed 
by introduction of TFE gas in the He plasma zone. Thereafter, the fabric 
was treated for a duration of 1–8 min in He/TFE plasma. During the 
plasma reaction, the surface of the fabric facing the top electrode was 
marked as “face side” and the other surface was marked as “back side” as 
depicted in Fig. 1. After the plasma treatment, the samples were stored 
at a temperature of 27 ᵒC and 65 % relative humidity prior to other 
characterizations. 

2.3. Analysis of plasma 

Effect of different plasma parameters viz., discharge voltage, fre-
quency, carrier to precursor gas flow ratio, total gas flow rate, and 
treatment time on the quality of generated glow plasma and the 
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fragments produced in the plasma zone was carried out as described 
below. During the on-line analysis of He/TFE plasma, glass di-electric 
was used to get the unobstructed signal of plasma light and in order to 
avoid its breakage, the aluminium electrodes were cooled by circulating 
cold water of temperature 15–20 ◦C. 

2.3.1. Electrical characterization 
Plasma discharge current-voltage signals were measured to under-

stand the plasma quality using a digital oscilloscope, Make- Tektronix 
DPO 3012 with high voltage & current probes. 

2.3.2. Gas chromatography-mass spectrometry 
In order to investigate the composition of plasma zone gases, the 

exhaust from the plasma reactor was bubbled through isopropyl alcohol 
and acetone to extract the various species present in it. These extracts 
were then analyzed in gas chromatography-mass spectrometry (GC–MS) 
as per method reported earlier (Samanta et al., 2012). 

2.3.3. Optical properties of plasma 
The characteristic optical spectra generated by the various species 

formed inside the plasma zone were analysed in the range of 300–800 
nm using an optical emission spectrometer (OES), Model- PlasCalc 2000, 
Make – Mikropack with the help of Specline 2.1 software as per detailed 
given in our earlier study (Samanta et al., 2012). 

2.4. Evaluation of hydrophobic attributes of textile 

Hydrophobicity of the control and treated cellulosic fabrics was 
evaluated by placing a 37 μL water droplet and noting the time required 
for its absorption by the fabric, according to AATCC 79-2007. Addi-
tionally, the water contact angle was evaluated by Sessile drop method, 
taking a high resolution photograph of water droplets using Cannon 40 
D SLR camera as reported in our earlier work (Samanta et al., 2012). The 
rolling angle of water droplets was determined by keeping fabric plane 
at an angle between 5◦ to 10◦ and placing the water droplets of 37 μL on 
the fabric from a height of 1 cm. The angle at which the water droplet 
could roll off from the surface is reported as rolling angle. The above 

tests were conducted on three different samples and five readings were 
taken at different places on each sample. The reported values are the 
average and standard deviation of these readings. 

2.5. Surface analysis of textile (chemical & morphological) 

2.5.1. Secondary ion mass spectrometry (SIMS) 
The surface chemical compositions, chemical mapping and depth 

profiling of control and treated fabrics samples were carried out using 
SIMS, Model- MiniSIMS (Millbrook U.K.) using gallium (Ga) liquid metal 
ion source at a vacuum of 10− 7 mbar. 

2.5.2. X-ray photoelectron spectroscopy 
Presence of different elements and their percentages in the samples 

were determined using X-ray photoelectron spectroscopy (XPS), model 
Perkin Elmer 1257, operated at pressure of ~ 5 × 10− 8 torr, where a 
non-monochromatized Al Kα source with energy of 1486.6 eV was used. 
Pass energy was kept at 100 eV for general scan and 60 eV for core level 
spectra. Deconvolution of C(1 s) spectra of different samples was per-
formed by Gaussian curve fit method using Peakfit software. 

2.5.3. Scanning electron microscope (SEM) 
The surface morphology of the control and treated samples were 

observed under SEM (Model Stereoscan 360, Cambridge Instruments) at 
a magnification of 3.4 kx. Prior to surface imaging, the samples were 
coated with a thin layer of gold. 

2.6. Wash durability of hydrophobic finish 

To study the durability of imparted hydrophobic finish under 
laundry washing conditions, as-prepared samples were subjected to soap 
washing cycles according to AATCC 69- II A test method, where one 
washing cycle is considered equivalent to 5 home laundry washes. 

2.7. Breaking load measurement 

The mechanical properties of the samples were evaluated in terms of 

Fig. 1. Schematic diagram of dielectric barrier discharge plasma reactor set-up.  
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tensile strength of the yarns unrevelled from the control and treated 
fabric samples. The breaking load of the yarns was determined on Ins-
tron Tensile Tester, Model 4301 with a load cell of 1000 g. The yarns 
were mounted on a paper window with gauge length of 25 mm with the 
help of glue. Then the paper window with the sample was mounted in 
the upper and lower jaws of the tensile tester and the paper window was 
cut from both the sides before starting the test. The test was performed 
as per IS1670: 1991 method. The breaking load is reported as an average 
of twelve measurements along with coefficient of variation (CV%) 
percentage. 

3. Results and discussion 

3.1. Generation of glow plasma in He/TFE 

During the initial experiments, it was observed that it was easy to 
generate glow plasma in helium gas typically identified by spike-free 
current-voltage waveform. The appearance of such spikes in the 
plasma discharge current waveform is an indication of micro-discharge 
plasma (Samanta et al., 2012). The intensity and density of spikes could 
be used for characterization of plasma quality i.e., glow or 
micro-discharge. The profile of current-voltage waveform of helium 
plasma has been depicted in Fig. S1(a) (supplementary information). 
From the figure, it may be stated that generated plasma was of glow 
type, as there were no spikes in the current waveform. Additionally, the 
low plasma discharge voltage with reasonably low discharge current of 
36 mA was also an indication of glow plasma. The optical image of He 
plasma also confirms the formation of glow nature of plasma (Fig. S2 (a) 
(supplementary information), as it shows a uniform plasma colour 
throughout the electrode volume. It was observed that when a large 
molecular weight precursor such as, TFE was introduced along with the 
helium as a carrier gas in the plasma zone, the glow plasma regime was 
noticeably affected. In the presence of TFE, either the plasma was not 
formed or it led to the formation of micro-discharge plasma. 

It has been observed that for achieving uniform functionalization of a 
substrate, generation of non-thermal glow plasma is desirable. Thus, a 
series of experiments were performed to study the effect of various 
plasma process parameters on generation of glow plasma using TFE and 
helium gases. This was mainly because, it was difficult to ionize TFE 
molecules at the same plasma process parameters, that were used for 
generating plasma in helium. It was also noticed that the quality of 
plasma got adversely affected, when the flow rate of TFE was increased. 

For example, at a flow rate of >1.2 L/min of TFE (with 1.7 L/min of He), 
the plasma could not be generated. It was observed that the ratio of 
carrier to precursor gases played a crucial role in generating a stable 
glow plasma. Further the discharge voltage needed to be optimized 
along with keeping the plasma discharge gap to a minimum possible 
extent. With a carrier to precursor gas flow ratio of > 3.4 and a discharge 
gap of 2.1 mm stable He/TFE plasma could be formed over a specific 
range of voltage and frequency, as mentioned in the subsequent sections. 
Glow plasma formed using the mixture of TFE with helium was reddish 
purple in color as depicted in Fig. S2 (b) (supplementary information). 
Visually, this color was observed to be quite different in comparison to 
the bluish purple color of pure helium plasma. Fig. S1(b) (supplemen-
tary information) confirms the formation of glow plasma in He/TFE, 
owing to the absence of short or long spikes in current-voltage (I–V) 
waveform. 

Fig. 2 shows OES spectra of He and He/TFE plasmas at a frequency of 
21.2 ± 1.3 kHz and at different discharge voltage levels. The helium 
(He) plasma gave eight atomic lines at the wavelengths of 587, 655.8, 
667.5, 706, 726.5, 336, 356, and 501 nm. The peak at 706 nm is the 
main characteristic peak of He plasma (Teli et al., 2015). In He/TFE 
plasma several additional atomic lines related to F and C were observed. 
Some of the lines of TFE are C&F line at 388.5 nm, C&F line at 430 nm, 
C&F line at 482 nm, C&F line at 559 nm, CHF line at 566 nm, fluorine (F) 
atomic lines at 450 & 518 nm, and C line at 606 nm. These lines indicate 
the fragmentation of TFE molecules in the plasma zone. 

It was observed that the intensity of He and F lines remained almost 
unchanged with plasma treatment time. As the optical emission strength 
(intensity) of an atom or molecule is directly proportionate to its density, 
the result indicates that stable glow plasma has been established in He/ 
TFE. Had the plasma been unstable, filamentary or with micro- 
discharges in nature, there would have been significant fluctuation in 
the intensity of F and He lines with time. In the He plasma a few more 
atomic lines visible in the wavelength of 300–430 nm may be due to the 
presence of trace amount of nitrogen in He gas. 

3.2. Effect of parameters on He/TFE plasma 

3.2.1. Effect of discharge voltage and frequency 
To investigate the effect of plasma discharge voltage and frequency, 

atomic line at 518 nm related to F was taken as the characteristic peak 
for TFE plasma. Fig. 2 shows the effect of plasma discharge voltage and 
frequency on the intensity of characteristic emission of fluorine atom at 

Fig. 2. OES spectra of He and He/TFE plasma at different discharge voltages (Frequency of 21.2 ± 1.3 kHz) and also effect of discharge voltage on the intensity of F 
518 nm line. 
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518 nm. Fragmentation of TFE increases with increasing plasma 
discharge voltage. At plasma discharge voltage of 2.4 kV, intensity of F 
line was quite less and there was no significant increase up to 3.4 kV. 
However, when the plasma discharge voltage was increased from 4.3 kV 
to 7.28 kV, F emission increased sharply. Further, a few new atomic lines 
related to C and F were also observed. These changes in spectrum are 
likely due to the effect of higher discharge voltage, which may lead to a 
more intense fragmentation of TFE molecules in the plasma zone. The 
increase in intensity of the atomic lines is also an indication of increase 
in the extent of ioniation of TFE and He leading to higher density of 
plasma species. The frequency also seems to have significant influence 
on the fragmentation of TFE. The increase in intensity of F line with 
increasing discharge voltage was more pronounced at higher frequency 
(F: 21.2 ± 1.3 kHz) compared to the lower frequency (F: 17.4 ± 0.74 
kHz). This effect of frequency is shown in the inset of Fig. 2. The change 
in frequency alters the trapping time of the species inside the plasma 
zone and thus may affect their ionization and fragmentation. The result 
signifies that fragmentation of TFE molecule could be controlled by 
altering frequency and voltage, and hence, can translate in control of 
plasma reaction with a substrate. In the range tested, the effect of 
discharge voltage appeared to have more significant effect on frag-
mentation of precursor compared to that of frequency. 

3.2.2. Effect of precursor gas flow rate and their ratio 
Fig. 3 shows the effect of total gas flow rate and the ratio of He to TFE 

gases on the OES spectrum of He/TFE plasma. As the total gas flow rate 
was increased from 310 mL/min to 620 and then to 930 mL/min at a gas 
ratio of 30, the intensity of peaks in OES spectrum reduced, while several 
of them completely disappeared. The atomic emission lines that were 
affected were C & F lines at 450 nm, C & F lines at 482 nm, F line at 518 
and CHF line at 566 nm. When the gas flow ratio was increased to 60 
from 30 at lowest flow rate of approx. 310 mL/min, fragmentation of 
TFE was found to increase significantly. As a result of this, intensities of 
the atomic lines that increased were F lines at 356 & 518 nm, C&F lines 
at 482 & 559 nm, CHF line at 566 nm and C line at 606 nm. It was 
interesting to observe that He showed stronger emission at 655.8 nm 
instead of 706 nm with increasing gas ratio or decreasing flow rate. This 
indicated that the emission of He also changes with the time spent by the 
precursor molecule and with the interaction of He with TFE. The iden-
tified peaks as given above have originated from the excitation of F and 
C atoms in plasma. The emission energy lines for the smaller molecular 
fragments of TFE could not be identified, as these could not be found in 
the literature. 

The presence of more numbers of emission lines and with higher 
intensity is possibly the result of higher degree of fragmentation of 
precursor molecule to the various atomic species. It may be reasonable 
to assume that when the concentration of different atomic species in-
crease in the plasma zone, the amount of larger fragments may tend to 
decrease. The functionalization of any substrate (cellulosic) would 
depend on the type of fragments produced in the plasma zone. A sub-
strate may be functionalized to impart a desirable property by reacting 
with either smaller or larger fragments. It was important to investigate 
the conditions at which efficient modification of textile substrates could 
take place. 

3.3. Modification of cellulosic textile in He/TFE plasma 

3.3.1. Effect of contaminants and plasma treatment time 
During the experiment, when the plasma reaction was carried out 

with He/TFE gases in an open reactor, the cellulosic substrate did not 
exhibit much enhancement in hydrophobic attributes. This is possibly 
due to the presence of oxygen from the atmospheric air that could 
readily quench any active species such as, radicals generated on the 
substrate by the plasma. Over the years, we have experienced that the 
following aspects are important for achieving covalent chemical reac-
tion of precursor species with a textile substrate in the atmospheric 
pressure plasma. These are (i) using an enclosed plasma chamber to 
ensure reaction without interference of any other molecules such as air 
& moisture, (ii) flushing of plasma chamber and fabric substrate with 
inert gases, like nitrogen and helium, again to avoid contamination from 
trapped air, and (iii) distributing the precursor molecules in the close 
proximity to the fabric surface to facilitate simultaneous formation of 
active species and their reaction. 

The He/TFE plasma treatment of viscose was carried out in a closed 
reactor flushed with helium to avoid contaminants, as explained in the 
experimental section. Also a discharge voltage of 7.28 kV at a frequency 
of 21.2 ± 1.3 kHz was used to avoid excessive fragmentation of TFE 
molecules. It was observed that after the treatment of He/TFE plasma, 
the cellulosic fabric became highly hydrophobic i.e. water repellent; this 
was evaluated by measuring the water absorbency time, water contact 
angle and rolling angle values, as depicted in Table 1. The water ab-
sorbency time in the untreated (control) hydrophilic cellulosic fabric 
was measured to be less than a second for a water droplet of volume 37 
μL, as shown in Fig. S3(a) (supplementary information). With 1 min. 
plasma reaction, the water droplet took significantly longer time i.e. 36 
min to get fully absorbed. In all the other plasma treated samples for 2–8 

Fig. 3. Effect of total gas flow rate and He to TFE (carrier to precursor) gas ratio on ionization of He/TFE on OES spectra at a discharge voltage of 7.28 kV & 
frequency of 18.9 ± 0.74 kHz. 
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min treatment times, the water absorbency time increased to over 60 
min. It was observed that the control sample showed a water contact 
angle of ~0◦, which increased to an angle in the range of 125− 153º after 
the plasma treatment. Even after washing, the samples with soap solu-
tion they could retain most of its hydrophobic functionality. From 
Table 1, it can be seen that the water absorbency times and the water 
contact angles in the plasma treated samples improved from 36 min to 
60 min and gradually from 127 to 137◦, respectively when the plasma 
reaction time was increased from 1 to 6 min. The best results of hy-
drophobic functionality were achieved in the 8 min plasma treated 
sample, where the water contact angle got increased to 153◦. 

In the washed samples, the water absorbency time and water contact 
angles were observed to reduce marginally for samples treated for 1− 6 
min. However, for sample with 8 min of plasma treatment, both the 
water absorbency time and the water contact angle were retained at 
high value. Among the various samples, the sample subjected to plasma 
treatment for 8 min showed excellent hydrophobic attributes with a 
water contact angle as high as 153◦ [Fig. S3 (b) (supplementary infor-
mation)] along with the water rolling angle of 5◦. It was also observed 
that both the face and back sides of the fabric depicted almost similar 
degree of hydrophobicity. This signifies that TFE plasma in gaseous form 
could possibly penetrate through the woven textile structure and modify 
the surface of all the fibres present on both the faces. 

To study the stability of imparted hydrophobic functionality to 
repeated laundry washings, the 8 min plasma treated sample was sub-
jected to soap washing as per AATCC 69- II A test method. Water ab-
sorbency time in the as-prepared sample was >>60 min. After 5 
numbers of washing cycles, there was no substantial decrease in water 
absorbency time. Thereafter, the water absorbency time was found to 
gradually decrease from 60 min to 4.5 min after 25 numbers of washing 
cycles. Similarly, the water contact angle value got reduced to 146◦ after 
5 washing cycles, and thereafter, it slowly reduced to 124◦, 116◦, 112◦, 
109◦ after 10, 15, 20 and 25 number of washing cycles, respectively. 
However, the water absorbency time of 4.5 min (270 s) and water 
contact angle of 109◦ after 25 wash cycles are still notably higher as 
compared to <1 s and 0◦, respectively, noted in the untreated cellulosic 
fabric. Upon heat treatment at 115 ◦C for 30 min, the water absorbency 
time in the soap washed sample (after 25 washing cycles) was observed 
to enhance to 37 min from 4.5 min. It was observed that a part of the 
reduced hydrophobic attribute (in terms of water absorbency time) was 
possible to restore by a simple thermal treatment. This observation 
revealed that in the soap-washed sample, the deposited/reacted hy-
drophobic moieties were not completely washed off, but a significant 
part of these moieties were not available on the fibre/fabric surface to 
contribute towards hydrophobic attribute. This may possibly be due to 
coiling or inversion of hydrophobic moieties in the presence of surfac-
tant during the washing, which on heating may revert to regain hy-
drophobicity. This observation also indicates that plasma imparted 
hydrophobic functionality was fairly durable to several washing cycles 

owing to possibly chemical reaction between the cellulosic polymer 
chains and fragmented fluorocarbon species. 

3.3.2. Effect of gas flow rate and gas ratio 
As mentioned above, the total gas flow rate and gas ratio play an 

important role in fragmentation of TFE in the presence of He plasma. 
Hence, the modification of cellulosic substrate was also carried out in 
He/TFE plasma at different gas flow rates and gas ratios. The results of 
hydrophobicity obtained after plasma treatments are given in Table 2. 
As the gas ratio (He to TFE) was changed from 60 to 30 for a 4 min 
plasma treatment, the water absorption time increased from 7.5 min to 
over 60 min. Also, as the total flow rate of He/TFE gases was increased 
from 305 to 930 mL/min, the water contact angle showed improvement. 

The effect of gas parameters on appearance and intensity of F and C 
atomic emission lines in plasma zone has been described in the earlier 
section. It was suggested that higher emission intensity was related to 
higher fragmentation of precursor gas into atomic species. It is inter-
esting to note that hydrophobicity of the samples was found to be higher 
for conditions at which the emission intensity of atomic lines was lower. 
This indicates that higher degree of fragmentation did not yield requisite 
molecular species, necessary for imparting hydrophobic properties. It 
also appears that at higher gas flow rates and lower gas ratios, the time 
spent by the precursor molecule in the plasma zone was relatively less, 
leading to lower degree of fragmentation. Therefore, the larger frag-
ments/radicals could come in direct contact with the substrate leading 
to effective functionalization. 

3.4. Surface characterization 

3.4.1. XPS elemental analysis 
Surface chemical composition of the cellulosic textiles before and 

after plasma treatment was analysed using X-ray photoelectron spec-
troscopy (XPS). XPS analysis was carried out for the control sample, 1 
min plasma treated sample (washed), 8 min plasma treated sample (as 
prepared) and 8 min plasma treated sample (washed). The elemental 
compositions of the various samples are given in Table 3. Fig. 4 depicts 
the survey spectra of the control and 8 min He/TFE plasma-treated 
(washed) samples. The control sample showed the photoelectron emis-
sion peaks for C(1 s) and O(1 s). On the other hand, the He/TFE plasma 
treated sample (soap washed) showed a strong emission at 688.2 eV for 
F(1 s) in addition to C(1 s) and O(1 s) peaks (Fig. 4). The emission peak 
of F(1 s) in plasma treated-soap washed sample indicated that the 
fragments of TFE produced in the plasma zone could react with the 
cellulosic substrate. 

Fluorine elemental percentage was found to be remarkably high at 
29 % and F/C ratio of 0.57 even in the 1 min He/TFE plasma-treated 
(washed) sample. These further increased to 39.6 % and F/C ratio of 
0.82 for 8 min plasma treated (washed) sample. On comparing the 8 min 

Table 1 
Water droplet absorption time and contact angle of cellulosic textiles treated by 
He/TFE plasma.  

Plasma 
treatment time 
min 

As-prepared Sample Soap Washed Sample 

Water 
Absorbency 
Time in ‘min’ 
(SD) 

Contact 
Angle in 
degree, ‘◦’ 
(SD) 

Water 
Absorbency 
Time in ‘min’ 
(SD) 

Contact 
Angle in 
degree, ‘◦’ 
(SD) 

0 (Untreated 
sample) 

< 1 s* ~ 0* < 1 s* ~ 0* 

1 36 min (17.9) 127 (3.13) 3.5 min. (1.78) 124 (3.13) 
2 >> 60 min. * 125 (3.03) 28 min. (13.9) 119 (3.03) 
4 >> 60 min. * 137 (3.03) >> 60 min. * 126 (2.70) 
6 >> 60 min. * 137 (2.76) >> 60 min. * 128 (2.70) 
8 >> 60 min. * 153 (3.28) >> 60 min. * 146 (2.77)  

* Standard deviation (SD) is not measureable for these data. 

Table 2 
Effect of total gas flow rate and gas ratio of He/TFE plasma treatment.  

Sample 
No. 

Description of the plasma reaction 

Water 
absorbency 
time in ‘min’ 
(SD) 

Contact 
angle in 
degree ‘◦’ 
(SD) 

He 
flow 
rate 
(ml/ 
min) 

TFE 
flow 
rate 
(ml/ 
min) 

Ratio 
of He/ 
TFE 
gas 
(rg) 

Reaction 
time 
(min) 

1 Untreated Sample < 1 s* ~ 0* 
2 300 5 60 4 7.5 (4.2) 130 

(2.94) 
4 300 10 30 4 >> 60* 123 

(2.77) 
5 600 20 30 4 >> 60* 137 

(1.67) 
6 900 30 30 4 >> 60* 136 

(3.11)  

* Standard deviation (SD) is not measureable for these data. 
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plasma treated (as-prepared) and 8 min plasma treated (washed) sam-
ples, no significant change could be observed. This signifies that F 
containing moieties were covalently attached to the cellulosic substrate. 

High resolution C(1 s) spectra of the different cellulosic textiles were 
considered for deconvoluation by Gaussian curve fit method to study the 
chemical states of the elements. In the control cellulosic sample, only 
four (4) chemical bonds viz., –C–C–/–CHx, –COH, –C–O–C, 
–O–C–O– were necessary for deconvolution as shown in Fig. 5. 
Surface charging of the insulating cellulose was corrected by considering 
the binding energy of C(1 s) at 285 eV. It led to consistent value for 
binding energies for the different bonds viz., –C–C–/–CH at 284.6 
eV, –COH at 286 eV, –C–O–C– at 287 eV and –O–C–O– at 288 
eV. On the other hand, in all the TFE plasma treated samples, three 
additional bonds namely, –CF, –CF2 and –CF3 at binding energy of 
289.5, 291.5, and 292.6 eV, respectively, were required to complete the 
deconvolution, as shown in Fig. 5. In the deconvoluted spectra of all the 
samples, an additional peak corresponding to an unknown bond at lower 
binding energy level of around 281.2 eV was found to be necessary to 
completely fit the deconvoluted spectra in that region. The peak was 
weak for the control sample and somewhat increased in intensity for the 
plasma treated samples. This peak has been tentatively assigned to the 
formation of unsaturated carbon structures or amorphous carbon. These 
species may get formed during the plasma treatment because of the 
interaction of high energy ions and electrons with the cellulosic polymer 
and/or due to the interaction of higher energy X-ray beam with cellu-
losic polymer during the XPS analysis. 

In all the TFE plasma treated samples, high percentage of fluorine 
compounds were present by forming –CF, –CF2 and –CF3 bonds. The 
–CF, –CF2 and –CF3 bonds were present in both the as-prepared and 
soap-washed samples indicating the formation of covalent bonds be-
tween the fragments of TFE and cellulosic polymer. Table S4 (supple-
mentary information) shows the relative chemical bonds percentage for 
all the samples. It can be seen from the table that –CF and –CF3 bonds 
are the main contributing species towards the developed hydrophobic-
ity. The contribution of –CF2 bond is relatively small. This may be 
explained on the basis of the structure of tetrafluoroethane (TFE) 
molecule, which might have fragmented at the C–C bond in the plasma 

zone to produce two main species viz., *CF3 and *CH2F, which on re-
action with cellulose may create moieties with –CF3 and –CF bonds. 
With increasing plasma treatment time, the attachment of –CF and 
–CF3 molecules to the cellulosic polymer was found to increase. This 
was also reflected in the improved hydrophobic attributes, in terms of 
water contact angle & water absorption time. 

Upon washing with soap solution, there was a slight decrease in the 
concentrations of –CF and –CF3 bonds by 1–5 % in 8 min treated 
sample, which might be due to the removal of small amount of 
condensate products deposited on the surface of the textile. This might 
be the reason for the small change in water contact angle for the washed 
samples. The results indicate that the chemical reaction of TFE frag-
ments might have taken place preferably with the substrate instead of 
their physical surface deposition by forming condensate product. There 

Table 3 
Atomic percentage and atomic ratio in the control and plasma treated samples.  

Type of sample C % O % F % F/C 

Untreated 63.4 36.6 0 0 
1 Min. Plasma Treated: Soap Washed 50.2 20.8 29.0 0.57 
8 Min. Plasma Treated: Soap Washed 48.3 12.1 39.6 0.82 
8 Min. Plasma Treated: As-prepared 39.4 22.7 37.9 0.96  

Fig. 4. XPS survey spectra of the cellulosic textiles before and after 8 min He/ 
TFE plasma treated & soap washed. 

Fig. 5. Deconvoluted of C(1 s) spectra of control and various He/TFE plasma 
reacted samples. 
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was also a decrease of –C–C–/–CH and –C–OH bonds by 17.8 %, 
and 4.8 %, respectively, when the sample was subjected to 1 min TFE 
plasma treatment, and by 18 % and 6.7 %, respectively, when the sample 
was subjected to 8 min treatment (Table S4) (supplementary informa-
tion). Interestingly, there was no significant change in COC and OCO 
bonds percentage with the plasma treatment. This indicates that –CF 
and –CF3 bonds might have attached to the substrate primarily at the 
expense of –C–C–/–CH and –C–OH bonds of cellulosic chains. 

3.4.2. Secondary ion mass spectrometry (SIMS) analysis 
Fabrics before and after He/TFE plasma treatment were studied 

using SIMS in terms of mass spectra, chemical mapping of the surface 
and depth profiling. 

3.4.2.1. Negative mass spectra. Fig. 6 depicts negative ion mass spectra 
for the control and plasma modified hydrophobic samples for 1 min and 
8 min. In an untreated sample, there were appearances of peaks for the 

mass weights of 13 Da for CH− , 16 Da for O− and 17 Da for OH− . 
Furthermore, few more mass peaks were also visible in the spectrum 
(Fig. 6(a)) at 12 Da for C− , 14 Da for CH2

− , 24 Da for C–C− and 25 Da for 
CH–C− . This is an indication of splitting of various bonds of cellulose 
macromolecule viz., –CH2OH, –CHOH, –C–C etc. during SIMS anal-
ysis, resulting in the appearance of molecules with lower molecular 
weight viz., C− , CH− , CH2

− , O− , HO− , C–C− and CH–C− . 
The spectrum of 1 min TFE plasma treated-soap washed sample 

showed a strong peak for F− at 19 Da in addition to the masses that were 
observed in the untreated sample. This confirmed the presence of fluo-
rocarbon compounds on the surface of washed samples. It appears that 
the attached –CF and –CF3 molecules were broken down into F− and 
C− during the SIMS analysis. In the 8 min plasma treated as-prepared 
and soap washed samples, the intensity of the peak for F− increased 
significantly, at the expense of other species. The peaks for C–C−

molecule at 24 Da and CH–C− at 25 Da, present in the untreated and 1 
min plasma treated samples, were completely absent in the 8 min 

Fig. 6. Negative-ion-mass-spectra of different cellulosic textiles, (a) untreated, and (b)1 min and (c) 8 min plasma treated soap washed.  
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plasma modified sample (Fig. 6 (c)). This indicates that the prolonged 
plasma treatment (8 min) resulted in enhanced attachment of fluoro 
compounds. The relative lowering of C− mass peak is similar to the 
reduction of –C–C– bonds, as observed in the XPS analysis. 

In the 1 min plasma treated-washed sample, the F− /OH− ratio 
increased sharply to 40.7. This ratio further increased to 44.6 with in-
crease in plasma treatment time to 8 min (Table S5) (supplementary 
information) in the washed sample. However, this value was a little 
lower than the F− /OH− ratio of 57.9 for the 8 min plasma treated as- 
prepared sample. It indicated that a small part of the fluorinated com-
pounds were either loosely attached to the cellulose or was present as 
condense products on the fibre/fabric surface, which might have got 
removed during the soap washing. With increase in plasma treatment 
time, the CH− /OH− , i.e. ratio of hydrophobic to hydrophilic moieties of 
cellulose, also increased significantly indicating that primary and sec-
ondary hydroxyl groups of cellulose, such as –CH2OH, –CHOH, 
–CHOH–CHOH– and HOCH2–CH were replaced with fluorine con-
taining species. 

3.4.2.2. Chemical mapping. Chemical mapping of the untreated and 
plasma treated samples was carried out using three major mass peaks at 
13 Da for CH− , at 16 Da for O− and at 19 Da for F− to determine the 
distribution of hydrophilic and hydrophobic moieties on the cellulosic 
fibre surface. Relative chemical species percentage for the different 
samples was also calculated from the chemical mapping intensity data 
for the above three masses and is shown in Table S6 (supplementary 
information). The relative fluorine percentage increased with plasma 
treatment time from 0% for the control sample to 76.6 % and 91.2 % in 
the 1 and 8 min plasma treated-soap washed samples, respectively. 
These values are different from those obtained from the XPS analysis. 
This may be due to the difference in the sensitivity level of the two 
surface characterization techniques in terms of depth of penetration of 
probing radiation for the analyses. The SIMS analysis is more sensitive in 
detecting the presence of surface atoms/molecules within a few nm, 
whereas the XPS can collect the signal from a depth of up to 10− 20 nm 
from the surface. This may be the reason for the higher percentage of F−

recorded in SIMS analysis as compared to the XPS analysis. Another 
interesting observation was the increase of both F− % and O− % along 
with decrease in CH− % on washing of the 8 min plasma treated sample. 
This may be attributed to the removal of long chain hydrocarbon moi-
eties containing relatively less amount of fluorine groups. Such groups 
may get formed in the plasma zone, as discussed in the next section. 
However, due to their bulky nature, they may get condensed on surface 
of the fabric without reacting with the substrate. This may get removed 
on washing leading to change in the relative percentages of CH− , O− , 
and F− molecules. However, the atomic percentage of F− before and 
after washing in the 8 min plasma treated samples did not change 
significantly, indicating high stability of the treatment to washing. 

3.4.2.3. Depth profile. The mass peaks for the CH− , O− and F− species 
from negative mass spectra were selected for depth profiling to study the 
change in concentration of these species with increasing depth from the 
surface of the substrate. In the 8 min plasma treated-washed sample, the 
initial F− intensity was significantly higher compared to the intensities 
of CH− and O− species (Fig. 7) and then it falls sharply in the subsequent 
layers and levels-off. However, the F− intensity still remains at higher 
level compared to the intensities of CH− and O− molecules. Similar re-
sults were also observed for other samples. It may be noted that with 
every cycle of sputtering during the depth profiling experiment, only a 
very thin layer (in terms of a few nm) is removed. Therefore, the results 
indicate that the fluorocarbon moieties have predominantly attached on 
the surface of the substrate and are present mainly in the first few atomic 
layers. Since the textile substrate is composed of bundles of cylindrical 
fibres (having fibre diameter of 10− 20 μm) and the gallium ion (Ga) 
beam of 50 μm, the subsequent signal (i.e. weak F− ) is likely to come 

from the edges of the other fibres. The study revealed that the TFE 
plasma modification of the samples occurred at the molecular level and 
was not a physical deposition of condensates of precursor. 

3.4.3. Surface morphology using SEM 
SEM micrographs (at a magnification of 3.4 kx) of cellulosic fabrics 

before and after plasma treatment are shown in Fig. 8. Fig. 8(a) shows 
the typical surface morphology of viscose fibre having fine pores and 
serrations along the fibre axis, which are known to form during the fibre 
manufacturing process. Interestingly, though the modification of cellu-
lose appeared to cover the fine pores present on the surface, the other 
surface features, such as serrations, were clearly visible even after the 8 
min plasma treatment (Fig. 8 (b & c)). The SEM images do not show any 
large surface deposits or blockage of inter-fibre spaces. The results 
indicate that the fragments of TFE precursor might have reacted to the 
cellulosic substrate at the molecular level to develop a fine hydrophobic 
layer. This is important because the nano-scale level modification of the 
surfaces lead to retention of majority of the comfort properties of 
cellulosic fabric, such as air permeability, moisture vapour permeability 
and drapability. Also, the surfaces of the plasma treated substrate did 
not show any damage even at the submicron level. This confirmed that 
plasma created in the presence of TFE precursor was non-damaging, 
glow type and yielded a uniform treatment of the textile substrate. 

3.5. Mechanical properties 

Dielectric barrier discharge plasma is normally non-uniform in na-
ture owing to the existence of micro-discharges. Depending upon the 
intensity of micro-discharges, it can physically damage textile material 
to various degrees and may even cause partial melting in the case of 
thermoplastic textile materials (Sarghini et al., 2011). The damage of 
textile surface upon plasma impingement can deteriorate the mechani-
cal properties of the sample. On the other hand, if the plasma is free from 
micro-discharges, it modifies the surface of fibre at nano-meter level 
without adversely affecting the breaking load of the samples. A com-
parison in breaking load of the untreated and 8 min plasma treated 
samples was carried out. It was observed that the yarns removed from 
the untreated sample had a breaking load of 330 g (CV: 12.92 %), while 
those from the He/TFE plasma treated had a value of 325 g (CV: 13.03 
%). This indicates that there was no significant loss in tensile strength, 
even when the sample was treated for 8 min in the He/TFE plasma. 
Similar result was also observed for breaking extension value. This 
further confirms that the generated plasma was of good quality and 
resulted in uniform modification of cellulosic fibre at nano-level. 

Fig. 7. SIMS depth profile of 8 min. plasma treated and soap washed cellu-
losic sample. 
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3.6. He/TFE plasma analysis using GC–MS 

Fragmented species available in the plasma exhaust gases, which 
were captured in the two organic solvents, viz. isopropyl alcohol and 
acetone were analysed in GC–MS. The mass spectra showed various 
species at 73, 93, 151, 184, and 209 Da. The likely structures of these 
species are shown in Fig. 9 along with the structure of the precursor TFE. 
From the figure it may be seen that these large species are principally of 
two types. The first type is long hydrocarbon species with molecular 
weights of 209 Da, 184 Da, 93 Da and 73 Da, which have fluorocarbon 
moieties attached at one of their ends. These molecules have low fluo-
rine to carbon ratio. While, the second type of species with molecular 
weight of 151 Da was possibly formed by combination of smaller fluo-
rocarbon moieties such as, CF2 with TFE. These molecules have high 
fluorine to carbon ratio. Clearly, both such kinds of molecules are likely 
to impart high level of hydrophobicity to the fabrics. However, the 
relative fractions of the molecules in GC suggest that the very large 
molecules such as, 209 and 184 Da were formed in very small quantity, 
while the species of 73, 93 and 151 Da were formed in moderate to high 
quantity. Therefore, the later species are more likely to have reacted 
with the cellulosic substrate. 

3.7. Mechanism of plasma reaction 

From the GC–MS study, the possible chemical structures of those 
molecules, which might have been formed in He/TFE plasma, shown in 
Fig. 9 are mainly of two type: (a) one with long hydrocarbon chains with 
one of the end with fluorocarbon moiety and (b) the other highly fluo-
rinated compounds formed by condensation of fluorine containing 
fragments. The SIMS analysis showed that the F− /OH− ratio increased 
significantly in all the plasma treated samples. This indicated the 
decrease of –C–OH bonds of cellulose. Similar results have also been 
obtained in deconvoluted XPS analysis. However, the XPS data also 
showed that –C–O–C– and –O–C–O– bonds percentage remained 
relatively unaltered, while both –C–OH and –C–C–/–CH bonds had 
decreased considerably. The SIMS analysis also showed that the C–C−

molecule at 24 Da and CH–C− at 25 Da, which were present in the 
cellulosic sample before the treatment, got reduced in the plasma treated 
(1 min) washed sample, and were totally absent in the 8 min plasma 
treated sample. Further, the surfaces of the treated samples exhibited 
very high percentage of fluorine in the top few layers. 

Both the XPS and SIMS analysis showed that there was a significant 
decrease of the –C–OH and –C–C–/–CH bonds. Therefore, there 
was a possibility of breaking of –C–OH, CH2–OH and –C–C–/–CH 
bonds of cellulose during the plasma reaction, and at the same time, 

Fig. 8. Surface morphology of different cellulosic textiles by SEM at a magnification of 3.4 kx: (a) control, (b) 8 min He/TFE plasma treated, and (c) 8 min He/TFE 
plasma treated-soap washed. 
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Fig. 9. Possible structures of the molecules formed in He/TFE plasma.  

Fig. 10. Possible sites of reaction of fragmented species of tetrafluoroethane with cellulose.  
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attachment of the various fluorocarbon moieties discussed above. In 
case the moieties with long hydrocarbon chains, as shown in Fig. 9 
(based on GC–MS fragments), were to react with the cellulose, then 
–C–H bond percentage would have remained high and fluorine per-
centage would have been much lower. Therefore, it appears that mostly 
the highly fluorinated compounds might have reacted by replacing the 
–C–OH bonds of cellulose. 

The XPS analysis also shows the addition of CF3 and CF as the two 
important bonds within the carbon peak, whereas CF2 has only a minor 
contribution. These fragments would get generated, if the precursor 
molecule is preferentially split into two parts (i.e. •CF3 and •CFH2) with 
the breakage of –C–C– bond of TFE and react immediately with the 
cellulose. In addition, the species with the structure similar to that of 
151 Da may also react with the cellulosic substrate. Fig. 10 shows the 
schematic of possible sites at which the bonds of cellulose are likely to 
break and react with various fragments of tetrafluoroethane viz., •CF3, 
•CFH2 and CF3–CHF–CF2

• (151 Da). 
The hydrophobic textiles are important in many applications to 

protect the garments and their users from undesirable wetting, staining 
or chemical contamination from rainwater, food, beverages, chemicals 
and pesticides. Such fabrics can be used in making water repellent 
breathable protective garments, such as professional uniforms, medical 
apparels and clothing for industrial workers. 

4. Conclusions 

Hydrophobic functionalization of viscose (cellulose) fabric was car-
ried out in He/TFE glow plasma at the atmospheric pressure. Frag-
mentation of TFE under plasma was studied using OES and the extent of 
fragmentation was found to increase significantly with increasing 
plasma discharge voltage, lower TFE to He gas ratio and lower gas flow 
rate. The effects were pronounced at a frequency of ~21 kHz. It was 
observed that the degree of hydrophobic functionalization of the sub-
strate was lower under the conditions at which the fragmentation of TFE 
was higher. Based on the results, suitable parameters could lead to 
superhydrophobic effect with water absorbency time of >60 min, water 
contact angle of ~153◦ and water rolling angle of ~5◦ in highly hy-
drophilic cellulosic substrate with water absorbency time of <1 s. The 
fabric could retain the imparted hydrophobicity to a significant extent 
even after 25 home washing cycles. Based on the detailed analysis of the 
treated fabric surface using SEM, XPS and SIMS, and the plasma char-
acteristics using OES and GC–MS, a possible mechanism of functionali-
zation of cellulose with TFE has been proposed. It has been observed that 
the He/TFE plasma produces mainly two types of species: one with long 
hydrocarbon chains with fluorine containing moieties attached to their 
one end and the other containing highly fluorinated organic species such 
as, •CF3, 

•CFH2 and CF3–CHF–CF2
• . Among the two types, the latter (i.e. 

highly fluorinated species) appeared to be responsible for providing 
durable superhydrophobicity by covalently reacting with the top few 
layers of the surface of the cellulosic substrate. The results also indicated 
that these species preferentially reacted at the hydroxyl groups of the 
cellulose macromolecules. The study demonstrates the complex nature 
of atmospheric pressure plasma reactions, which may be controlled to a 
possible extent by various plasma parameters for providing desirable 
functionality. 
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