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Abstract In situ reaction of various long chain hydrocarbon precursors with cellulosic

substrate inside plasma zone were investigated. Each of the selected precursor com-

pounds had C12 alkyl chain as the hydrophobic moiety to impart hydrophobicity to the

substrate and a functional group to aid reaction with the active sites of the substrate.

The selected compounds were dodecyl acrylate (DA, with acrylate group), lauryl al-

cohol (LA, with hydroxyl group), dodecanoic acid (DODAC, with carboxylic acid) and

dodecane (DD, without any functional group). Treatment was carried out in-situ with

these compounds using helium gas as a carrier. After the treatment, durable hy-

drophobicity was obtained in all cases with water absorbency time of substrate in-

creasing to [1 h in the case of DA and LA, up to 20 min in the case of DD and only

up to 9 min in the case of DODAC. The functional groups were found to have pro-

found effect on the extent of functionality obtained and the plasma parameters required

to obtain effective reaction with the substrate. Both plasma zone and the functionalized

surfaces were characterized to understand the chemistry involved with the different

precursors.
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Introduction

Atmospheric pressure glow plasma is being widely studied as an alternative method for

modification of various substrates including textile materials. The technique allows easier,

faster and environmentally safer approach for processing materials compared to the con-

ventional wet chemical processing methods [1, 2]. High density of active species at at-

mospheric pressure is advantageous in carrying out modification at a high reaction rate.

The surface modification of substrates may be achieved as a result of condensation of

precursors to form physically deposited layers/films [3–6], alternatively, the reaction of

precursors with activated substrates to form covalent bonds [7–9]. The second type of

modification is wash durable in nature and is preferable for many applications. However,

the reaction of precursors with substrate is a challenging proposition and is dependent on

various factors such as presence of contaminants, plasma processing parameters and

chemical nature of the precursor molecule.

In our recent studies [10–12], contaminants and process parameters have been inves-

tigated for a few precursors to impart durable functionalities. However, the role of pre-

cursor nature on its ability to react with substrate has never been investigated.

Chemical structures of precursors may play an important role in plasma processing.

Depending on their structure some compounds may polymerize, while others may frag-

ment and recombine inside the plasma zone [13]. Presence of certain functional groups

may promote competing side reactions that may affect the level of functionality being

targeted. This may affect the ease, the type and the extent of functionality generated by the

precursor on the substrate. The understanding of the role of various functional groups

present in a precursor molecule may help in selection of a suitable precursor structure with

functional groups that may yield desirable reaction with high efficiency and low energy

requirement.

In this study, a series of four precursors have been selected having similar long-chain

hydrocarbon moiety (as tail) for imparting hydrophobicity to the substrate but different

functional groups (as head) for facilitating attachment of the precursor to the substrate. The

long chain hydrocarbon moieties are made up of C12 alkyl chain, whereas the heads were

selected to have functionality of acrylate (i.e. dodecyl acrylate), hydroxyl (i.e. lauryl

alcohol) and carboxylic acid (i.e. dodecanoic acid). For comparison, another compound (i.e

dodecane) was selected without any reactive functional group. The reactions of the above

compounds were carried out in situ on viscose fabric to impart hydrophobicity. The effect

of type of reactive group on various independent plasma parameters on fragmentation and

functionalization has been investigated. Also, an attempt has been made to correlate

structure of the precursor with the plasma processing parameters and functionality de-

veloped on the substrate.

Experimental

Materials

Substrate used was plain woven viscose fabric having areal density of 160 g/m2. Dodecyl

acrylate (DA), lauryl alcohol (LA), dodecanoic acid (DODAC) and dodecane (DD) was

procured from Sigma Aldrich, India and zero grade helium gas was supplied by Sigma

Gases, India. Solvents n-hexane and acetone were procured from Merck, India.
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Fabric Preparation

The fabric was washed in aqueous solution of 3 g/L nonionic detergent (Lissapol N) and

0.5 g/L sodium carbonate at 70 �C for 45 min. Washed fabric was rinsed in cold water

thoroughly and dried. Before the plasma treatment, these washed fabrics were again rinsed

with acetone and dried.

Plasma Reactor

The plasma reactor used for this study had two aluminium electrodes of area 40 cm2 each.

Top electrode was covered with Teflon sheet of 1 mm in thickness and bottom electrode

was covered with quartz sheet of 1.5 mm in thickness. Mass flow controller was used for

the controlled flow of helium into the reaction zone. Schematic of the reactor used is shown

in Fig. 1.

Plasma Treatment

The solutions of different precursors were prepared in ethanol. In a typical process, the

precursor solution was applied to the fabric by dip-pad method followed by drying. This

pretreated fabric was kept in-between the two electrodes of the plasma reactor, and the

reactor was purged with helium gas for 10 min before the plasma treatment. The pre-

treated fabric was treated with uniform glow helium plasma at different plasma pa-

rameters, such as power density, discharge frequency, helium flow rate and treatment

time. The concentration of precursors was varied in the range of 0.05 and 0.25 M. The

plasma treated samples were thoroughly washed in hexane and acetone to remove un-

reacted and loosely deposited materials and dried. These samples were termed as ‘treated

and solvent washed.

Fig. 1 Schematic of the plasma reactor
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Diagnosis of the Plasma

Discharge Parameters

Electrical parameters such as current–voltage profile and power values of atmospheric

pressure discharge were 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). An averaged profile

of 8 scans was recorded to observe the nature of the discharge. The power components of

plasma discharge were determined by using DPO3PWR in power analysis module. RMS

voltage and true power were recorded for various experiments. True power is the actual

power is being used or dissipated in AC circuit and is measured in watt. It is derived from

apparent power (which is the combination of reactive power and true power) using the

following relation:

True power ðWattÞ ¼ apparent power ðVA) � power factor ðPFÞ

Optical Emission Spectroscopy

The spectrum of light emitted by the molecules, ions and neutrals were captured using

optical emission spectrometer (OES) from Micropack model Plasclac 2000. Specline 2.1

software was used for analysis of the spectrum and identification of various species.

Gas Chromatography–Mass Spectrometry (GC–MS)

The exhaust from the plasma chamber was bubbled through hexane for DA, LA and

DODAC and through acetone for DD to trap formed species inside the plasma zone. The

above solution was analyzed using GC–MS model QP 2010 plus from Shimadzu, Japan.

The structures of the various species were predicted using the system software and NIST

database available with it.

Evaluation of Surface Hydrophobicity

AATCC 79-2007 method was followed to measure the water drop absorbency time of the

untreated as well as plasma treated-solvent washed fabrics. In this method, a water drop

was allowed to fall from a fixed height onto taut surface of the test specimen. The time

required for the specular reflection of the water drop to disappear was recorded. ASTM D

5946-04 static sessile drop method was followed to measure the water contact angle

(WCA) on both sides of the fabrics. The WCAs that have been reported in this study are

with error range of ±4�.

Surface Characterization

The surface of the untreated and plasma treated samples were characterized by the fol-

lowing methods:

680 Plasma Chem Plasma Process (2015) 35:677–695

123



ATR–FTIR Spectroscopy

Surface chemistry of the fabrics was analyzed by FTIR spectroscope model (Spectrum BX)

from Perkin Elmer (USA) using ATR assembly.

Field Emission Scanning Electron Microscopy

FE SEM Quanta FEI 200 from FEI, Netherlands was used to observe the surface mor-

phology of the fabrics after gold coating.

Wash Durability of the Treatment

The as-prepared samples described above were already solvent washed to remove unre-

acted precursors or physically deposited condensates of the precursors. Subsequently, wash

durability to detergent wash was evaluated by following AATCC 61-IA method. In this

method, 50 9 100 mm size of the fabric sample was washed in 200 mL of 0.37 wt%

Lissapol-N aqueous solution for 45 min at 40 �C (±2�) in presence of 10 steel balls using

launderometer. Thereafter, the fabrics were rinsed with water at 50 �C for 30 min and

dried. After conditioning at room temperature for 24 h, the samples were taken for further

evaluation.

Fig. 2 Discharge current and
voltage profile of a He/DA, b He/
LA, c He/DODAC, d He/DD
plasma
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Results and Discussion

Atmospheric Glow Discharge Plasma

Calculated helium ion trapping frequency for the reactor used in this study was 3–22 kHz.

However, the glow plasma was generated with the frequency in the range of 11–21 kHz

because of the limitation of the AC power supply used for the experiments.

As the precursors were non volatile in nature, the fabric sample was pretreated using

ethanol solution of a precursor by dip-pad method. The pre-treated fabric was placed inside

the plasma zone and purged with helium (He) gas to create an inert atmosphere. The

plasma parameters were tuned to generate glow plasma in the presence of the substrate and

the precursor. Plasma was observed to be glow in nature even in the presence of the

precursors used. The discharge current and voltage profile for different precursors for a set

of optimized parameters is shown in Fig. 2. The discharge current profile shows a single

smooth peak, which is free from spikes, indicative of the glow plasma. The profile was

found to be similar for the different sets of parameters used in the study.

Optical Emission Spectroscopy

Optical emission spectra of plasma generated in the presence of different precursors placed

on glass slides inside the plasma zone are shown as an overlay in Fig. 3. Spectrum of pure

helium (He) gas is included for comparison. Pure helium spectrum shows typical transition

peaks at 335.6, 356.3, 367.6, 587.6, 656.0, 667.8, 706.5 and 728.1 nm resulting from

helium atom along with a few low intensity peaks, which are likely be due to the presence

of small amount of C/O/N impurities present in the helium gas used.

The presence of precursors, DA and LA, along with helium (He), resulted in appearance

of numerous additional peaks. These corresponded to various fragments of precursors.

Also, enhancement in the intensity of the peaks corresponding to helium (He) was ob-

served. These results indicated that the precursors could interact with helium (He) plasma

and generate activated species. It was also indicated that a variety of fragments were

formed from these precursors. On the other hand, the presence of other precursors, i.e.

DODAC and DD, with helium (He) resulted in appearance of only a few peaks of low

intensity indicating lower degree of fragmentation, and possibly, activation of precursors.

The various peaks observed along with their assignment are shown in Fig. 3. In cases of

Fig. 3 OES spectra of a pure helium, b He/DA, c He/DODAC, d He/DD, e He/LA plasma
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DODAC and DD, only a few peaks corresponding to hydrogen and/or oxygen were ob-

served. Peaks corresponding to CH2 species, which are likely to be formed from long

hydrocarbon chains present in the precursors were not detected, possibly because of their

short life-time [13]. However, it can be inferred from the obtained spectra that all four

precursors were undergoing fragmentation inside the plasma zone.

When fabric samples pretreated with the four precursors were placed in plasma zone,

the intensity of helium peaks was found to be significantly reduced. This reduction in

intensity was likely to be due to the interaction of helium plasma with the precursors and

fabric. The new peaks observed with precursors on glass slide, as mentioned above, could

not be detected in the presence of fabric substrates. This may be because of low con-

centrations of precursor applied on the fabric.

Effect of Process Parameters

The influence of plasma discharge voltage (power), frequency, time of treatment, precursor

concentration, and He gas flow rate were investigated to understand the differences in

behavior of the four precursors. The viscose fabric was pretreated with the solution of the

four precursors followed by treatment inside plasma zone using He gas. The samples were

then washed in solvent to remove unreacted precursors or physically deposited material

before their evaluation.

Estimation of Plasma Energy for the Reaction

Plasma modification of substrates usually involves excitation, fragmentation followed by

condensation reaction of precursors with the substrates. Energy is required in carrying out

these reactions, which is provided by the plasma created. Energy spent in carrying out such

a reaction inside a plasma chamber can be expressed as the product of power density and

treatment time. Plasma power density is defined as the power per unit volume of the

Table 1 Water absorbency time at different power density

Power density (W/cc) Water absorbency time of treated-solvent washed fabric (min) and (SD)

DA LA DODAC DD

0.3 [60 – – –

0.4 40 (15.1) – – –

0.8 35 (18.7) – – –

2.00 27 (9.1) – 0.1 (2.6) \0.01

2.16 13 (4.9) 23 (2.4) – \0.01

3.33 – 25 (3.2) 1 (0.7) \0.01

3.66 – 25 (3.2) 4 (0.7) \0.01

5.7 – [60 – 0.25 (2.3)

6.5 – – 5 (0.7) 4 (1.4)

7.33 – [60 – 3 (1.8)

8.00 – – 9 (1.7) 3 (0.55)
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plasma zone. This can be changed either by changing the applied voltage or by changing

the gap between the electrodes.

In order to study the energy required for carrying out reactions with various precursors

selected under the study, the applied voltage was varied to tune the power density while

keeping the gap between the electrodes at 1.5 mm. The power density was varied from 0.3

to 8 W/cc to treat the fabrics with the four precursors using helium plasma. At the time of

treatment all other parameters such as treatment time, concentration, frequency and helium

flow rate were kept fixed at 10 min, 0.1 M, 15 kHz and 0.15 SLPM, respectively. The

results for the four precursors are summarized in Table 1. It is interesting to note that all

precursors behaved differently and resulted in varying degree of functionality. While DA

and LA could exhibit water absorbency time of[1 h, the other two precursors could barely

give the maximum values of\10 min. The minimum power density required to obtain the

above functionality was significantly different at 0.3, 5.7, 6.5 and 8 W/cc for the cases of

DA, LA, DD and DODAC, respectively. Figure 4 depicts the comparative trend of the

functionality with changing power density for the four precursors. Precursor DA, which

has vinyl functional group, appeared to require a very low power density to undergo

activation and desirable reaction. However, on increasing the power density beyond

0.3 W/cc, there is sharp drop in functionality. This drop is likely to be due to over

fragmentation of the vinyl functional group. Though activation of LA (with alcohol

functional group) could start at power density of 2 W/cc, it could yield high hydropho-

bicity only at significantly higher power density of 5.7 W/cc. Surprisingly, DODAC, which

has carboxylic acid group and was expected to yield similar results as of LA, did not yield

significant hydrophobicity even at 8 W/cc. The precursor started to exhibit some func-

tionality at a power density of 3.66 W/cc and its functionality remained in the similar range

even at higher power densities. DD, which consists of only long alkyl chain, could be

activated only beyond power density of 5.7 W/cc. However, it is interesting to note that

this precursor, even without any facile bond, could react with the substrate to give durable

functionality. Though the four precursors gave significantly different water absorption

times, the WCA imparted by the treatment was in the similar range of 136–144�.

Fig. 4 Water absorbency time at different power density
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Therefore, water absorption time was taken as the parameter to quantify the functionality

obtained by these precursors for further studies.

In order to investigate the minimum energy required for obtaining the maximum pos-

sible functionality by each precursor under the given set of conditions, the plasma treat-

ment time was varied in the range of 1–10 min. The obtained results are shown in Fig. 5.

In the case of DA, the treatment time of just 3 min was observed to be sufficient to get the

water absorbency time of [1 h. However, with the other three precursors, a minimum

treatment time of 10 min was found to be essential to get the maximum functionality

exhibited by them.

The values of power density and treatment time, as obtained above, were used to

estimate the minimum energy required for achieving effective functionality in each case as

given in Table 2. The required energy for the plasma reaction to get the best functionality

was observed to be 0.054, 3.4, 3.9 and 4.8 kJ/cc for DA, LA, DD and DODAC, respec-

tively. This energy was fixed for investigating the effect of other parameters on plasma

reactions, as discussed in the following sections.

Effect of Precursor Concentration

Precursor concentration in the substrate was varied by changing the concentration of

precursor solution in the range of 0.01–0.25 M in ethanol, which was used for the pre-

treatment of the fabric. Other parameters such as discharge frequency and helium flow rate

were kept fixed at 15 kHz and 0.15 SLPM, respectively. From the results, reported in

Fig. 6, it can be seen that DA could impart high functionality to the substrate even at a very

low concentration of 0.01 M, which improved to the maximum water absorbency time of

[1 h at 0.05 M. Similarly, for LA, high functionality could be obtained at 0.05 M, which

increased to the maximum value of[1 h at 0.1 M. However, for the other precursors, the

desirable functionality could not be obtained even with higher concentrations of the pre-

cursors, and the maximum water absorption values of 9 and 17 min could be obtained at

0.1–0.15 M for DODAC and DD, respectively. It was interesting to note that functionality

yielded by DD could improve significantly and superseded the functionality exhibited by

DODAC by about 100 % at higher concentrations.

Fig. 5 Water absorbency time at different treatment time
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Table 2 Minimum energy required for effective functionality

Precursor Power density (W/cc) Treatment time (min) Energy (kJ/cc)

DA 0.3 3 0.054

LA 5.7 10 3.4

DD 6.5 10 3.9

DODAC 8 10 4.8

Fig. 6 Water absorbency time at different concentration of precursors

Fig. 7 Water absorbency time at different discharge frequency
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Effect of Discharge Frequency

The discharge frequency was varied in the range of 11–21 kHz. The maximum water

absorbency time was obtained at 15 kHz. At other frequencies significantly lower water

absorbency time were recorded for most of the precursors as depicted in Fig. 7. The type of

functionality in the precursor was not found to have any detectable influence on optimum

value of discharge frequency. This may be due to the high average number of radicals

formed at this frequency. Also, the electrode configuration and the gap between them,

which primarily decide this parameter, were kept same for all the precursors. The effect of

frequency was not clearly observed in case of DD possibly due to the lower values of water

absorbency time obtained for this precursor at 0.1 M, which was used as the set parameter.

Based on the obtained results, the discharge frequency 15 kHz was kept fixed for all the

experiments.

Effect of Helium Flow Rate

The plasma density and residence time of radicals generated inside the plasma zone varies

with change in He gas flow rate, which can in turn may affect the reaction between

precursor fragments and the activated substrate. Therefore, the effect of helium flow rate

on imparted functionality was investigated by varying the gas flow rate from 0.05 to

1 SLPM as shown in Fig. 8. Precursor DA, which was observed to react fairly easily with

the substrate, did not show any dependence on the gas flow rate. This suggests that the

reaction is fast and requires a very small residence time for the active species to react with

the stationary substrate. On the other hand, the reaction with LA precursor showed a high

dependency on He flow rate. The water absorbency time was observed to be maximum in

the range of 0.1–0.15 SLPM. There was a sharp drop of the functionality below and above

this range. The drop in functionality may be attributed to lower plasma density at the lower

flow rates and smaller residence time of active species in the plasma zone at the higher

flow rates. Similar behavior was also observed for the other two precursors, i.e. DODAC

Fig. 8 Water absorbency time at different helium flow rate
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and DD, where the maximum water absorbency time was observed at 0.1 and at 0.2 SLPM,

respectively. However, the overall functionality was significantly lower as these precursors

were found to have low reactivity. The flow rate could not be increased beyond 0.4 SLPM

in the cases of LA and DD as the two precursor systems required raising the power density

beyond the set values for the higher flow rates.

Durability of Treatment to Soap Washing

Plasma treated viscose fabrics, as reported above, were already subjected to solvent

washing before their evaluation. These samples were subsequently subjected to soap

washing. The water absorbency time and WCA of viscose fabric plasma treated at stan-

dardized plasma parameters before and after soap washing is given in Table 3, and the

shape of the water drop on the surface of the plasma treated viscose fabric before and after

soap washing is shown in Fig. 9. Even after soap washing, there was no significant var-

iation in WCA or water absorbency time. From the durability of the imparted functionality

to both solvent and soap washing, it may be inferred that the precursor fragments could

covalently react with the cellulosic substrate in each case.

Chemical Characterization

ATR–FTIR Analysis of Plasma Treated Fabric

The ATR–FTIR spectra of untreated and plasma treated-solvent (hexane–acetone) washed

viscose fabrics were recorded for all the four precursors and are shown in Fig. 10. In the

untreated viscose, the peak at 1636 cm-1 can be attributed to O–H stretching of bound

moisture. On plasma treatment after padding with different precursors and solvent wash-

ing, strong characteristic peaks of precursors or their oligomers were observed. On treat-

ment with DA plasma, two distinct peaks at 2917 and 2850 cm-1 were observed for the

symmetric and asymmetric stretching of CH2 and a new peak at 1731 cm-1 was observed

for C=O stretching of ester groups. This confirmed the reaction of precursor DA or its

fragments with cellulose. The conversion of unsaturation in DA to saturated form and

formation of molecule having higher molecular weight than DA was confirmed from the

GC–MS analysis of plasma exhaust.

In the spectra of LA plasma treated solvent washed sample, the CH2 stretching ab-

sorptions at 2922 and 2850 cm-1 and a new peak at 1701 cm-1 were observed. The peak

Table 3 Water absorbency time and water contact angle at standardized set of parameters

Precursor Water absorbency time (min) Water contact angle ±4�

Treated-solvent
washed

Soap
washed

Treated-solvent
washed

CV
(%)

Soap
washed

CV
(%)

DA [60 [60 142� 3.2 140� 2.2

LA [60 [60 139� 1.51 140� 1.75

DODAC 9 8 135� 2.44 135� 2.51

DD 17 15 139� 1.88 138� 1.77

CV% (coefficient of variation of the data) = (standard deviation/mean) 9 100
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at 1701 cm-1 was assigned to C=O stretching of ketone linkage that might be forming due

to the chemical interaction of fragments of LA with the cellulose. This fragment was

confirmed as an aldehyde molecule from the GC–MS analysis of plasma exhaust.

When DD was used as a precursor for plasma reaction, in the plasma treated and solvent

washed fabric, two peaks were observed at 2921 and 2851 cm-1, similar to other pre-

cursors. A new peak observed at 1603 cm-1, characteristic of C=C stretching, may be

attributed to the possible reaction of hydrocarbon fragments (in radical form) with cellu-

lose unit. Hydrocarbon fragments with higher molecular weight were confirmed from the

GC–MS analysis of exhaust trapped from plasma chamber.

The DODAC plasma treated-solvent washed sample exhibited additional peaks at

2906 cm-1 assigned to the C–H stretching of aldehyde and a broad peak at 1690 cm-1

assigned to C=O stretching of acid. The deconvolution of the broad peak at 1690 cm-1

shown in Fig. 11, results in four perfectly fitted peaks at 1721, 1686, 1639 and 1576 cm-1.

As discussed above, the peak at 1639 cm-1 is due to O–H stretching of bound moisture.

The peaks at 1721, 1687, 1576 cm-1 can be assigned to the C=O of acid, carboxylate ions.

Formation of aldehyde, acid and hydrocarbon fragments was also confirmed from the

Fig. 9 Images of water droplet
on a DA treated, b LA treated,
c DODAC treated, d DD treated
viscose fabrics
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GC–MS analysis of the trapped plasma exhaust. The presence of new peaks even after

solvent washing indicates the chemical interaction of generated fragments with the

cellulose.

Gas Chromatographic and Mass Spectrometric Analysis of Plasma Exhausts

The precursor undergoes fragmentation in the plasma zone. These active fragments react

with the active sites of the substrate and simultaneously may recombine to form new

moieties. In order to understand the chemistry inside plasma zone with different precursors

used in the study, the exhaust from the plasma zone during the treatment was trapped in a

Fig. 10 ATR-FTIR spectra of a untreated viscose and plasma treated-solvent washed viscose fabric using,
b DA, c LA, d DODAC and e DD

Fig. 11 Deconvolution of broad peak at 1690 cm-1 in DODAC spectra

690 Plasma Chem Plasma Process (2015) 35:677–695

123



suitable solvent and analyzed by GC–MS. Hexane was used for trapping the exhaust of

DA, LA, DODAC, while acetone was used for the exhaust of DD. The chromatograms of

the exhausts from DA, LA, DODAC and DD are shown in Fig. 12. In the case of DA, the

chromatogram showed major peaks at retention times of 6.08, 9.82, 9.53, and 19.85 min.

Based on the mass spectra analysis, the peaks at 6.08 min was assigned to a hydrocarbon

fragment C15H32, at 9.82 min to DA, at 9.53 min to dodecanol and at 19.85 min to

C18H36O2 molecule having mass of 284 amu. The possible structures of all the fragments

are given in Table 4. In the case of LA, two major peaks at retention times of 8.50 and

11.12 min were observed. These were assigned to the aldehyde of LA and to LA, re-

spectively, as shown in Table 5. In the case of DODAC, the retention time of 8.89, 11.61,

21.20, 25.09, 25.74, 25.90 and 26.47 min were observed. The peak assignment with

possible structures is given in Table 6. DODAC itself was absent in the plasma exhaust

possibly due to its conversion to tetradecanoic acid. In the case of DD, one major peak at

time 11.68 min with two small peaks at 25.94 and 26.49 min were observed. The peak at

11.68 min was assigned to DD, at 25.94 min to C21H44 and at 26.49 min to C23H48.

Interestingly in DD, smaller fragments were not observed. The possible structure of all

fragments is given in Table 7.

Proposed Mechanism of Functionalization

During plasma treatment cellulose, radicals such as –CH2*, –CH2–O* and –CH–O* are

generated at different sites on its glucopyranose ring [14]. Subsequently, active species/

Fig. 12 Chromatograms of plasma exhaust collected a DA, b LA, c DODAC, d DD
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radicals generated from precursors in the plasma zone may react at these sites of cellulose

to impart functionality. As vinyl bond in DA was easy to open and react, it required very

little energy to complete the functionalization. DA undergoes fragmentation to produce

many compounds, which were indicated from GC–MS analysis of its plasma exhaust.

Table 4 Chemical structure of various species collected from the exhaust of He/DA 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

Table 5 Chemical structure of various species collected from the exhaust of He/LA plasma reaction
chamber

Retention time
(min)

Mass
(amu)

Chemical
formula

Possible structure

8.50 184 C12H24O

11.12 186 C12H26O

Table 6 Chemical structures of various species collected from the exhaust of He/DODAC plasma reaction
chamber

Retention
time (min)

Mass
(amu)

Chemical
formula

Possible structure

8.89 100 C7H16

11.61 170 C12H26

21.20 228 C14H28O2

25.09 282 C19H38O

25.74 282 C20H42

25.90 296 C21H44

26.47 324 C23H48
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However, based on the ATR–FTIR results, it was observed that among the various gen-

erated radicals, C18H36O2 radical with acrylate group was principally responsible for the

imparted functionality. LA was found to be equally effective in imparting hydrophobicity

as DA, however, it required significantly higher energy for activation and reaction. The

GC–MS analysis of its plasma exhaust showed aldehyde based compound, which appeared

to react with the cellulose. The presence of ketone linkage was confirmed from the ATR–

FTIR spectra of the functionalized fabric. The chromatogram of DD plasma exhaust

showed only two peaks, both related to pure hydrocarbon chains without any functional

group. Still these fragments were able to react with cellulose and impart functionality,

though at significantly higher energy. On the other hand, in the GC–MS analysis of

DODAC plasma exhaust, several peaks were observed. These peaks were related to both

hydrophilic and hydrophobic compounds. Surprising, even DODAC was as difficult to

react with cellulose as DD was. However, in DODAC, both hydrophilic and hydrophobic

fragments appeared to react with cellulose at high power density to result in low degree of

hydrophobicity.

Table 7 Chemical structures of various species collected from the exhaust of He/DD plasma reaction
chamber

Retention
time (min)

Mass
(amu)

Chemical
formula

Possible structure

25.94 296 C21H44

26.49 324 C23H48

Fig. 13 SEM image of a untreated and b DA, c LA, d DODAC, e DD plasma treated fabric
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Surface Morphology

SEM images of the untreated and treated viscose fabrics are shown in Fig. 13 at a mag-

nification of 20,0009. At this magnification individual fibers can be seen. The untreated

sample shows presence of pores and longitudinal serrations, which are characteristic sur-

face features of viscose fibers. On the other hand, the pores of the plasma treated and

solvent washed samples are masked due to the presence of a thin layer. This thin layer is

confined to individual fibres as longitudinal serrations and spaces between fibers are still

clearly visible.

This thin layer formation may be due to reaction of precursor moieties on the surface of

viscose fibres. This reaction is responsible for durable hydrophobic functionalization of

viscose. DODAC plasma treated fabric shows non uniformity in thickness of formed layer.

Conclusions

Plasmas of all four precursors were successfully generated to impart hydrophobic func-

tionality on the viscose fabric. Although there was no significant variation in WCA, the

water absorbency times of the fabric treated by different precursors were significantly

different.

Functional groups dictated the rates of reaction inside the plasma zone as well the

energy required (power density and time) to carry out the reaction. The energy required for

effective functionalization was in the order of DA\LA\DD\DODAC. In DA, the

reaction was fast due to vinyl group, while in others, an optimum time was needed for

better interaction with the fabric. This revealed strong dependence of reaction dynamics on

the functional group present in a precursor. The imparted functionalities were durable to

both solvent and soap wash, indicating covalent reaction between the precursor fragments

and the cellulose. Precursors with different functional groups formed different linkages

with cellulose, which were verified by GC–MS analysis of the plasma exhaust and ATR–

FTIR characterization of the treated fabric surfaces. Though DA and LA could give

comparable functionalization, the former formed acrylate linkage while the latter was

attached through a ketone linkage. Between LA and DODAC, hydroxyl was found to be a

better group to use, as the other resulted in formation of carboxylate ions, which appeared

to interfere with hydrophobicity. Interestingly, DD even without any functional group,

could react with substrate, though at high power.
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