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Abstract Cotton fabric was treated using styrene/helium glow plasma at the atmospheric

pressure. After the treatment, the substrate was found to turn into a highly hydrophobic

material showing water drop disappearance time of 60 min and water contact angle of

133�. The treatment was found to be durable even after vigorous washing. The effect of

various parameters, such as discharge voltage and frequency, on fragmentation of styrene

inside plasma zone was investigated using optical emission spectroscopy and GC–MS. The

types of fragments formed in the plasma zone were correlated with the hydrophobicity of

the substrate. The chemical nature of surface of the substrate was analyzed using SEM and

Raman spectroscopy to elucidate the possible mechanism of plasma modification.

Keywords Atmospheric pressure glow plasma � Hydrophobicity � Mechanism �
Low frequency plasma

Introduction

For both natural and synthetic materials, the textile and polymer industry must go towards

sustainable technologies, developing environmentally safer methods of processing.

Conventional methods of modification include various processes resulting in high pollu-

tion of water and air, whereas cold plasma is emerging as an important method to modify

surface of the substrates and impart unique functionality in environmentally safer manner.

Plasma is a unique tool to develop wide spectrum of functionality on different surfaces.
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The reactive species of plasma, resulting from ionization, excitation processes, can be

utilized to improve adhesion of surfaces by etching or surface activation [1–3] and to

impart surface functionality like hydrophobicity, biocompatibility by plasma coating

[4–6]. Apart from these, plasma is an excellent tool to modify the surface by plasma

grafting or reacting monomeric units on the surface [7, 8].

Depending on the precursor employed, plasma treatment may render the surface very

hydrophilic, oleophobic or hydrophobic. The use of gaseous precursors is more popular for

plasma modification because of their ease of supply to the plasma zone and relatively

easier activation. Researches on the use of non gaseous precursors in plasma for func-

tionalization of surfaces are mainly focused on vacuum plasma based treatment [8–12].

However, studies using nongaseous precursors in atmospheric pressure plasma [13] are

limited and do not reveal the data on durability of the developed functionality. This raises

question about the type of reaction between the precursor and the substrate. Further, there

is limited insight in controlling the chemical reactions inside the plasma zone using various

plasma parameters.

Hydrophobic functionality is usually achieved using fluorine based gaseous precursors

in vacuum or atmospheric pressure plasma [14–17]. Due to increase in environmental

concern about use of fluorine based compounds, alternative precursors need to be inves-

tigated to get desired hydrophobicity with less environmental concern [18]. This study

aims at using styrene as a precursor in atmospheric pressure cold plasma to develop

durable hydrophobicity in hydrophilic cotton substrates. Effect of various plasma reaction

parameters such as discharge voltage, frequency on fragmentation of precursor and its

reaction with substrate has been investigated using optical emission spectroscopy and GC–

MS. Plasma induced chemical changes on the textile surface have been analyzed using

Micro-Raman spectroscopy and an attempt has been made to propose a possible mecha-

nism of modification.

Experimental

Materials

Styrene, acetone, N, N0-dimethyl formamide (DMF) were purchased from Sigma-Aldrich,

India and were used as received. A 100 % cotton fabric of 120 g/m2 was used as the

substrate. The cotton fabric was scoured with sodium hydroxide and Lissapol-N (non-ionic

detergent), thoroughly washed and dried before use.

Plasma Treatment

An indigenously designed parallel plate atmospheric pressure plasma reactor was used in

this study. The schematic diagram of the set-up is shown in Fig. 1. The sample

(5 cm 9 3 cm) was placed between the two electrodes on the dielectric plate of the bottom

electrode and then the reactor and the fabric were purged with helium (He) for 10 min with

a flow rate of 500 ml/min. Then the flow rate was reduced to 350 ml/min and the glow

plasma was initiated to treat the sample for 1 min. Thereafter, styrene vapors were supplied

to the plasma reactor by bubbling He into the bubbler in which styrene was heated at

60 �C. The plasma was again stabilized and the fabric was plasma treated in the styrene

vapor/He plasma for 5 min. After the completion of plasma treatment, the fabric samples

were removed and dried.
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Characterization of Plasma

I–V Characteristics

To determine the nature of plasma, such as glow or filamentary, electrical characterization

of plasma was done using a Tektronix DPO 3012 digital oscilloscope attached with

P6015A high voltage and TCP 0030 current probes. Plasma discharge was done at desired

plasma treatment conditions and I–V characteristics were recorded.

Optical Emission Spectroscopy Analysis (OES)

Emission spectra of plasma discharge zone were taken using optical emission spectrometer

(Plascal 2000 from Micropack, Germany). An optical fiber probe with a collimating lens

was used to record the spectra in the range of 200–1,100 nm. Specline software was used

to identify various species generated in the plasma zone.

Gas Chromatography-Mass Spectrometry (GC/MS)

Plasma exhaust gas was passed through HPLC grade n-hexane to trap the compounds

present in the plasma exhaust. The mixture was analyzed using GC–MS (HP 5890 series).

Evaluation of Surface Hydrophobicity

Water drop disappearance time for each plasma treated sample was determined to evaluate

the hydrophobicity of the treated samples. A water droplet of about 30 ll was placed on

Fig. 1 Schematic of atmospheric pressure plasma reactor (1) helium cylinder, (2) mass flow controller, (3)
and (4) valves for gas flow control, (5) bubbler containing styrene, (6) hot plate, (7) bottom and top
electrodes with dielectrics, (8) substrate, (9) exhaust, (10) power supply
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the fabric surface from a height of about 2 cm and the time taken by the water drop to

spread on the sample was noted. The measurement was carried out at different places of the

fabric specimen and an average of 5 readings was recorded for each test sample.

Contact angle of untreated and treated fabric samples was measured by sessile drop

method in which a droplet of water (3.5 ll) was dispensed using a syringe assembly onto

the fabric surface. With the help of a backlight source and a digital camera, image of the

droplet was recorded and the contact angle was determined by drawing a tangent at the

point of contact of the air–liquid–solid interface. The average contact angle was obtained

by measuring the angles on the left- and right-hand sides of each droplet and taking the

average of four droplets at different regions of the fabric sample. The measurements were

performed 20 s after the water droplet was placed on the fabric.

Evaluation of Durability

Wash fastness test was used as a method to evaluate the durability of the plasma treatment on

the cotton textile. Fabric samples were subjected to vigorous washing condition using

AATCC Test Method 61-II A 1996. In this test, the samples were subjected to washing in a

Launder-O-Meter using non ionic detergent at 49 �C for 45 min with 50 steel balls added into

the beaker. This is test is equivalent to 5 laundry wash cycles. The samples were conditioned

at standard humidity and temperature for at least 8 h before their further evaluation.

Plasma treated samples were also washed in acetone and DMF solvents to investigate

the extent of reaction of styrene fragments with the cotton substrate. First the plasma

treated fabric samples were washed in DMF for 15 min with constant stirring and then in

DI water for 10 min with constant stirring to remove DMF. Finally, the fabric samples

were washed in acetone for 10 min and air dried for 30 min. All washing were done at

room temperature.

Surface Morphology by Scanning Electron Microscopy (SEM)

Surface morphology of the as prepared plasma treated fabric samples and washed plasma

treated samples were observed using FE-SEM model FEI Quanta FEG 200 operated at an

accelerating voltage of 2.0 kV. Samples were observed in their nascent state without any

conducting coating in low vacuum mode at a magnification of 40009.

Micro Raman Analysis

Raman spectra of modified and unmodified fabric samples were recorded using Renishaw

confocal micro Raman spectrometer (Model—INVIA) using 785 nm solid state laser in

regular mode. Raman spectra of the control, as-prepared fabric samples and DMF-acetone

washed plasma treated samples were recorded in the range of 100–2,500 nm. The normalized

peak intensity was calculated for all emissions for various samples to determine chemical

changes that may have taken place due to plasma treatment. The strong peak at 1,097 cm-1

corresponding to asymmetric –C–O–C– glycosidic linkage was used for normalization.

Tensile Strength

Breaking load in both warp and weft directions of untreated and plasma treated fabric

samples were determined using Instron tensile strength tester. Due to limitation of sample
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size, warp and wefts yarns were unraveled and used for tensile testing. Yarn length of

25 mm and breaking time of 20 ± 2 s was used.

Results and Discussion

Visual Observation and Electrical Characterization of Styrene/He Plasma

Glow plasma is easily generated in He because it can be readily ionized. However,

when any precursor molecule is added, the glow is disturbed. Formation of glow plasma

in the presence of gaseous precursors such as tetrafluoroethane (TFE) and 1,3-butadiene

has been studied earlier by our group [18]. Since the gases were easy to mix with He,

the plasma could still be formed with these precursors. However, introduction of liquid

precursors is rather challenging at the atmospheric pressure. In this study, attempt was

made to introduce styrene in vapor form by heating it outside the plasma reactor and

then flowing the vapors along with He gas into the plasma zone. As soon as the vapors

were introduced in the glow plasma zone, the plasma was found to get interrupted. It

was only after many trials that glow plasma could be established within a narrow

window having discharge voltage in the range of 1.55–6.0 kV, frequency 17–21 kHz,

discharge gap of 2.1 mm and a He flow rate of 350 ml/min mixed with styrene. The

styrene was vaporized at a rate of 0.026 g/min, which was determined by the difference

in weight of the bubbler with treatment time. This is equivalent to approximately

29.4 %(w/w) of styrene vapors in He gas. Hydrophobic functionalization of cellulosic

textile by plasma reaction was carried out at these conditions. He plasma which gives

violet color (Fig. 2a) turned into bluish white color (Fig. 2b) when styrene vapors were

present along with He, indicating that styrene was participating as an active species in

generating plasma.

During the electrical characterization of styrene/He plasma, the electrodes in the plasma

zone were cooled by circulating cold water to avoid breakage of dielectric glass plates. The

generated styrene/He plasma was visually observed to be glow type without filaments.

Figure 3a, b show the current–voltage (I–V) wave form of the He and styrene/He plasma.

As expected, the He plasma has smooth current profile, which is free from both short and

long current spikes. Interestingly, styrene/He plasma also gave current–voltage profile,

which is quite smooth with only minor current spikes at high voltages. The plasma appears

to be free of filamentary discharges indicated by the absence of long spikes in the current

wave form. The measured I–V profile of the styrene/He plasma indicate the formation of

good quality plasma, which appears to be near to glow type.

Fig. 2 Visual appearance of
a He and b styrene/He glow
plasma
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Effect of Different Plasma Parameters on Hydrophobicity of Treated Fabric

The effect of plasma discharge voltage and frequency on the plasma treatment was carried

out by varying the plasma discharge voltage in the range of 1.55–6.0 kV and frequency in

the range of 17.9–21 kHz. The plasma treatment time was fixed at 5 min. Figure 4 shows

that effect of these parameters on the water absorption time. It increases quickly with

increase in plasma voltage up to 1.73 kV, and thereafter, it decreases with further increase

in plasma voltage. This phenomenon was observed at each plasma treatment frequency. A

maximum water drop disappearance time of 60 min with contact angle of 133� could be

obtained after the plasma treatment. The water contact angles obtained for samples plasma

treated at different voltages and frequencies are listed in Table 1. Water contact angles for

samples treated at different voltages for a given frequency of 18.94 kHz are shown in

Fig. 5, which indicated that sufficient hydrophobicity could be imparted to the cotton

fabric by plasma treatment.

Fig. 3 I–V characteristics of a He plasma (He flow rate = 350 ml/min), b styrene/He plasma at the
discharge voltages of (i) 1.73 kV and (ii) 3.76 kV (He flow rate through styrene = 300 ml/min)
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Effect of frequency was a bit different. Among the 6 different frequencies tried, 3 from

17.9 to 18.94 kHz gave similar effect, showing higher water drop disappearance time than

the other 3 from 20.2 to 21 kHz, which formed a group giving much lower hydrophobic

effect. Water contact angles of plasma treated samples also showed similar trend as shown

in Table 1.

Durability of Hydrophobicity to Washing

After washing, water drop disappearance time of the treated samples was found to reduce for

all plasma treatment conditions (Fig. 6). However, it followed the similar trend as the

unwashed plasma treated samples with the change in parameters. This confirmed that there is

a definite effect of plasma parameters in controlling the functionalization of cotton sub-

strates. After-washing, the highest water drop disappearance time was 17 min. It was

hypothesized that on plasma treatment, the hydrophobicity on cotton surface would arise due

to reaction of styrene or its fragments with cellulosic chains. Alternately, hydrophobicity

Fig. 4 Effect of plasma discharge voltage at different frequencies on water drop disappearance time on as-
treated cotton fabric (1) 17.9 kHz, (2) 18.56 kHz, (3)18.94 kHz, (4)19.8 kHz, (5) 20.2 kHz, (6) 20.6 kHz
and (7) 21.0 kHz (standard deviation = 5 min)

Table 1 Contact angles of as-prepared and washed samples at different plasma treatment frequencies and
voltages

Frequency (kHz) Water contact angle (Deg.)

As-prepared treated samples at different
voltages (KV)

Treated and washed samples at different
voltages (KV)

1.55 1.73 2.36 6.0 1.55 1.73 2.36 6.0

17.9 109 123 120 120 91 105 104 96

18.94 118 133 126 124 110 115 110 105

20.2 110 126 122 116 101 107 98 95

21 107 122 118 120 96 109 100 96

Plasma Chem Plasma Process (2012) 32:1259–1274 1265

123



may appear due to the deposition of polymerized/condensed styrene oligomers on the cotton

surface. These deposits of polymerized styrene will give a temporary hydrophobicity, which

may get washed off during washing, whereas the reacted fragments of styrene will give a

durable hydrophobicity.

The reduction in water drop disappearance time might be due to the removal of

physically deposited condensates from the fiber surface during the washing treatment.

However, the residual hydrophobicity, even after the vigorous washing treatment, indicates

the presence of significant amount of reacted styrene or its fragments on the surface of

(1) (2) 

(4) 

(a) 

(1) (2) 

 (4) 

(b) 

(3)

(3)

Fig. 5 Water contact angle of a drop placed on a as-prepared b washed cotton fabric sample after plasma
treatment at frequency of 18.94 kHz and at voltage (1) 1.55 kV, (2) 1.73 kV, (3) 2.36 kV (4) 6.0 kV
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cotton fabric. Water contact angles obtained on the washed samples plasma treated at

different parameters are listed in Table 1. Some typical water contact angles observed for

samples treated at different voltages and a frequency of 18.94 kHz are shown in Fig. 5b.

SEM Analysis of the Plasma Treated Fabric

Figure 7 shows SEM micrographs of the surface morphology of untreated and plasma

treated samples. A smooth and uniform deposition could be seen on the cotton fiber in case

of unwashed samples. Whereas no such deposition was observed in SEM micrograph of

washed plasma treated cotton samples, indicating that the physically deposited matter has

washed off. These findings are in good agreement with the change in hydrophobicity of

plasma treated cotton fabric before and after washing. However, significant hydrophobicity

retained by plasma treated cotton fabric even after washing indicates direct chemical

reaction between styrene fragments and cellulose molecules of cotton fabric.

Raman Analysis

Raman spectroscopy was conducted on control cotton, styrene/He plasma treated cotton,

and plasma treated-washed cotton samples, which are shown in Fig. 8. Figure 8a shows a

typical Raman spectrum of cellulose [ref], in which strong emission (peak) at 1,097 cm-1

is assigned to asymmetric stretching of –C–O–C– glycosidic linkage present between the

two six membered rings of cellulose. This linking group has been taken for normalization

as it essentially represents the concentration of cellulose repeat units in all the samples. The

chemical changes were determined by comparing the normalized intensity of all various

emissions (peaks). The treated sample (Fig. 8b) shows several new peaks notably at 1,602,

1,030, 1,000 and 618 cm-1 which are characteristic peaks for poly(styrene). In addition, a

few weak peaks were observed at 306, 329 (shoulder), 1,036, 1,061, 1,412 and 1,629 cm-1,

which appear to be due to the chemical modification of the cellulose by other fragments of

styrene. In Raman spectrum of the treated and solvent washed sample (Fig. 8c), all the

peaks corresponding to poly(styrene) were found to be missing, indicating that modifica-

tion of cellulose with compounds similar to poly(styrene) was loosely bound to the surface

and could easily get removed. However, some other modifications represented by

Fig. 6 Effect of plasma
discharge voltage at different
frequencies on water drop
disappearance time on treated
and washed cotton fabric (1)
17.9 kHz, (2) 18.56 kHz,
(3)18.94 kHz, (4)19.8 kHz, (5)
20.2 kHz, (6) 20.6 kHz and (7)
21.0 kHz (standard
deviation = 5 min)

Plasma Chem Plasma Process (2012) 32:1259–1274 1267

123



appearance of other peaks such as 306, 329, 1,061 and 1,629 cm-1 remained and their

relative intensity increased compared to the as-treated sample. Peak at 1,629 cm-1 can be

assigned to –C=C– stretching of aromatic moieties, 306 and 329 cm-1 can be assigned to

cellulose ring deformation, which appears to have shifted from 350 and 380 cm-1 peaks on

substitution by fragments from styrene. This is accompanied by significant reduction in

intensities of original ring deformation peaks of cellulose at 350 and 380 cm-1.

1,036 and 1,061 cm-1 may be assigned to vibration of monosubstituted benzene ring,

which are very weak and shifted compared to strong peaks at 1,000, 1,030 cm-1 of

poly(styrene). The band at 1,412 cm-1 is assigned to –CH2 bending, which may have

become prominent due to attachment of styrene molecule (–CH2–CH2–Ar) or its fragment

(–CH2–Ar). It was interesting to observe that a strong band due to –CH2OH groups present

in control cotton at 1,265 cm-1 and weak band at 1,235 cm-1 [19, 20], significantly

reduced after the styrene/He plasma treatment. The appearance of the peaks corresponding

to monosubstituted aromatic structure, which are different from that of poly(styrene) and

reduction of the peaks corresponding to -CH2OH suggest the reaction of hydrophobic

styrene fragments has taken place on the cotton surface preferably at the primary alcohol

sites.

Fig. 7 SEM images of a control b as treated, and c treated and washed cotton fabric using styrene/He
plasma at a frequency of 18.94 kHz and voltage of 1.73 kV

1268 Plasma Chem Plasma Process (2012) 32:1259–1274

123



Optical Emission Spectroscopic Analysis of Styrene/He Plasma Zone

Emission spectra of styrene/He plasma were acquired in the wavelength range of

300–800 nm at different process voltage and frequencies. However, for brevity, only the

representative spectra of He and styrene/He are shown in Fig. 9. The OES spectrum of He

plasma has characteristic peaks at 706 nm. On addition of styrene vapors, the plasma

characteristics change, and several new peaks appear. As can be seen from the figure that

peaks corresponding to CH, CH2, C3H3, C6H5 and H2 appear. Peaks related to styrene or

other higher oligomers could not be identified as their frequencies are unknown in the

literature. From the OES spectra, possible fragments formed inside styrene/He plasma zone

are shown in Fig. 10.

Changes in spectral intensity obtained from OES of different species generated at

different plasma process parameters are shown in Fig. 11. It was observed that intensity of

peak at 332 nm related to C3H3 increased with increasing plasma frequency, whereas

intensity of peaks at 483.1 and 504.8 nm related to C6H5 decreased. It may be due to the

fact that at higher frequency, the styrene molecule and its major fragment C6H5 may be

getting trapped in the plasma zone for a longer duration of time, leading to higher frag-

mentation of styrene and benzene radicals by ring breaking mechanism. Higher frag-

mentation of benzene ring is also supported from the fact that the intensity of CH (374,

395 nm) peaks increases with increase in frequency. However, no such noticeable change

in intensity was observed for CH2 (731 nm) peak with change in frequency. This may be

due to the fact that CH2 can not be generated from the breakdown of benzene moiety.

Gas Chromatography Mass Spectrometry (GC–MS) Analysis

The exhaust gases from the styrene/He plasma zone were passed through n-hexane to trap

the different fragments that are being formed in the plasma. GC–MS spectra showed only

Fig. 8 Raman spectra of a as treated b control and c DMF-acetone washed plasma treated sample
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two compounds- one the monomer, i.e. styrene, and the other saturated version of styrene

as shown in Fig. 12. Interestingly, neither benzene radical nor its other fragments could be

trapped in n-hexane. From GC–MS, it is indicated that styrene may also be undergoing

reactions such as hydrogenation and polymerization. However, oligomers of styrene could

not be found in GC–MS possibly because of the high tendency for large molecules to

condense inside the plasma zone.

Mechanism of Functionalization of Cellulose in Styrene/He Plasma

The OES spectra of the styrene/He plasma correlated well with the hydrophobic properties

of the plasma treated cotton fabrics. Initially, there was an increase in hydrophobicity with

Fig. 9 OES spectra of a He plasma and b–d styrene/He plasma at frequency of b 17.9 kHz, c 18.94 kHz,
d 21.0 kHz at discharge voltage 1.73 kV

Fig. 10 Scheme of possible
fragmentation of styrene in
styrene/He plasma
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increase in treatment frequency and voltage, and then there was a significant decrease. The

drop disappearance time maximized at a lower voltage of about 1.73 kV and for lower

band of frequencies. The results infer that at lower voltage and frequency, radicalization of

styrene and/or formations of aromatic radicals were favored, which are necessary for

effective hydrophobic functionalization. However, at higher voltage and frequency, the

fragmentation of styrene/benzene to still smaller moieties increased resulting in poorer

hydrophobicity of the cotton fabric.

It is also possible that presence of micro discharges, indicated by small spikes in current

profile, may also be responsible for breakdown of precursor molecules, which in turn may

Fig. 11 Intensity of various species in plasma zone as a function of plasma frequency at different plasma
discharge voltages a C3H3 (332 nm peak), b CH (374 nm peak), c CH (395 nm peak), d C6H5 (483.1 nm
Peak), e C6H5 (504.8 nm peak), f CH2 (731 peak), where (1) is 1.55 kV; (2) is 1.73 kV; and (3) is 6.0 kV
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result in lowering of hydrophobicity at higher voltages. However, this factor appears to

have played a minor role as the hydrophobicity first increases and then decreases with

increase in discharge voltage.

From Raman analysis, there was an indication of attachment of styrene fragments on the

cotton surface, which has potential to impart hydrophobicity. The increase in hydropho-

bicity at lower voltage and frequency may refer to desirable fragmentation of styrene into

benzene radical, which may be reacting along with styrene with the radicals generated on

the cotton fabric. The Raman analysis also suggests that these reactions may be resulting in

substitution of the primary hydroxyl groups of cellulose. However, at higher frequencies,

the fragmentation of styrene to smaller molecules such as C3H3 and CH becomes higher,

which may attach to cotton to give poorer hydrophobicity.

As suggested above, the reaction of styrene and/or benzene radicals with that of cel-

lulose is likely to be responsible for the durability of the hydrophobic functionalization.

The other possibilities are—one to obtain poly(styrene) attached to cellulose by in situ

grafting of styrene monomer onto radicals generated on cellulose inside the plasma; sec-

ond—condensation of styrene monomers into oligomers in the plasma zone followed by

their deposition on the cellulose with out undergoing reaction with cellulose. The first

possibility of grafting of styrene on cellulose is ruled out as it would have resulted in

appearance of Raman bands characteristic of poly(styrene) in both the as-treated and

washed samples. The second case, where the oligomers of styrene are formed in the plasma

zone followed by their deposition on the substrate, is more likely to have occurred in

addition to the above reactions. The oligomers of styrene due to their high molecular

weight, are unlikely to stay active in plasma zone and are likely to be deposited on the

surface of the fabric without undergoing any reaction. This is evident from the Raman

analysis, where as-treated sample clearly shows the presence of Raman bands character-

istic of poly(styrene), while the washed sample shows their absence. The decrease in

hydrophobicity of the treated fabric on washing may be due to the removal of these

deposits.

Fig. 12 Scheme of proposed mechanism of modification of cellulosic fabric in styrene/He plasma
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Mechanical Property of Plasma Treated Cotton Fabric

To ascertain the change in mechanical property after plasma treatment, tensile strength of

warp and weft yarns were measured after unraveling them from the plasma treated sam-

ples. The treatment conditions were kept at lower voltage and lower frequencies at which

functionalization was found to be higher and more durable. As can be seen from Table 2,

the change in mechanical tensile strength is insignificant or marginal even after 5 min of

the plasma treatment at the atmospheric conditions. The retention of mechanical properties

of the substrate also indicates generation of good quality plasma in the presence of styrene

precursor and He.

Conclusions

Styrene-He plasma at the atmospheric pressure was generated and characterized. The

styrene/He plasma was successfully used to treat cotton fabric to improve its hydropho-

bicity. The water drop disappearance time of nearly 60 min and water contact angle of

1338 could be obtained on the as-treated samples. The surface modification was durable to

both water and solvent wash and gave a water drop disappearance time of 17 min and

water contact angle of 115� after washing. The plasma zone was characterized by online

OES and GC–MS studies. Discharge voltage and frequency was found to have significant

effect on the fragmentation of styrene, which correlated well with the degree of hydro-

phobicity of the samples. It was found that lower frequency and lower discharge voltage

were necessary to control the degree of fragmentation of styrene in order to obtain high

degree of hydrophobicity. The plasma modified surface was characterized by Raman

spectroscopy, which indicated the incorporation of monosubstituted benzene ring on the

cotton surface. It suggested that the reaction of styrene and/or benzene radicals with

primary hydroxyl groups of cellulose is primarily responsible for giving the durable

hydrophobicity. The treated samples retained their tensile properties even after 5 min of

plasma treatment indicating formation of good quality near to glow plasma at the atmo-

spheric pressure.
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