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ABSTRACT: The effect of microwave plasma on light
weight cotton fabric was investigated. N 2-plasma, O2-

plasma, and Ar-plasma were obtained using a microwave 
generator at 2.45 GHz under vacuum. The universal atten
uated total reflectance-Fourier transform infrared (UATR
FTIR) instrument wa used to monitor the change created 
after 2-' O2-, and Ar-plasma treatments. The exposure of 
cotton fabrics to the plasma for 240 s with a microwave 
power of 500 W was ufficient to create active carbonyl 
groufs, as shown by the presence of a peak around 1725 
em - in the FTIR spectra of the tr ated cotton fabrics. Ar
plasma was found to generate more active gToups than 2-

INTRODUCTION 

Plasma technology is becoming more attractive for 
surface modifications of textile substrates. l

-
4 Plasma is 

defined a a medium composed of radicals, metastable 
molecules, photons, and charged particles such a ions 
and electrons. In general, these particles are generated 
by exposing a gas (He, Ar, O2, 21 NH3, or a mixture 
of these gase ) to radiofrequency or microwave elec
trical discharg . Because the gas remains at room tem
perature, the process is called cold plasma. The highly 
active species generated gain their energy from an 
imposed electric field and lose this energy through 
collisions with neutral molecules uch as cellulose. 
The transfer of energy to the molecule of the s~bstra te 
leads to the formation of a variety of new speCIes that 
include atoms, free radicals, and ions. These are chem
ically active and could be the precursors that initiate a 
polymerization reaction when they come in contact 
With a monomer. The re ult i the formation of new 
stable compounds through a copolymerization proces . 

In most plasma applications, the electron discharge 
are produced by using either radiofrequency (1-100 
MHz) or microwave (100-104 MHz) sources of pow~r. 
In general, the increase in the frequency results Ul 
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higher electron energy, and thu a higher degree of 
ionization. The density of the reactive particles (elec
trons, ions, free radicals) in the plasma is of particular 
interest. The effect of fr quency (v) on the Jlasma 
density (n) i given by the formula: 11 = A (A is 
constant). The degree of ionization increase with in
creasing frequency; thus microwav fr quency plasma 
produces a higher density than that produced by ra
diofrequency plasma. Thus the advantage of micro
wave-generated pia rna (2450 MHz) compared to con
ventional radio frequency-generated plasma (13.56 
MHz) lies in a more effective plasma generation, re
sulting in a faster processing time for surface treat
ment and/or urface activation. 

The plasma technology is constituted of three dif
ferent proce ses: (J) Modification of the urface truc
ture of the materiaJ itself, under the influence of the 
glow discharge. This i done primarily with nonpoly
merizable precur ors such as noble gase , nitrogen, 
oxygen, hydrogen, ammonia, or water vapor. (2) Dep
o ition of a thin film of polymer on the surfac of the 
material by mean of organic, organo-silkone, or or
gano-metallic vapors. This i referred to as plasma 
polymerization. (3) Grafting of molecule on the ma
terial urface after pIa rna activation. Thi i referred 
to as pia rna grafting. The advantage f the plasma 
treatment over the wet chemistry is that the effect of 
the plasma do not penetrate more than 100 A fr m the 
surface. l Be ause the bulk of the material is not af
fected by the treatment, de irable structural character
istics ar maintained. 



l.u, 

Flgurr 1 Principle of univenal attenuated ~tal refJec
t.mce-fourier transform infrared (UA TR-FIlR) mstrument. 

For many years, the method used to graft mono
rtlf.."I'S on the cellulosic fabric was based on the use of 
catalysts (such as eeric ion) as initiators of the copoly
mt.'1ization between cellulose and the monomer.5--S 
The chief drawback of these methods is the generation 
of highly toxic wastes. 

Several studies have been conducted using radio
frequl'ncy plasma process as a tool for textile substrate 
m(Jdification.'~-IZ With this technology, active radical 
(l'flters are introduced within the cellulose chain and 
l1.o;(od dS initiators for subsequent copolymerization 
with other monomers. Very limited investigation, 
howe\'t'f, h.1S been reported on the use of 2.4S-.GHz 
mkT(lwa .. 'e generator plasma for cotton fabric surface 
modification. This article reports on preliminary re
sults obtaint.>d from the use of microwave plasma for 
lightweight cotton fabric activation and grafting. 

The Wliversal attenuated total reflectance-Fourier 
lran·.form infrared (UATR-FI1R) instrument was 
used a~ a fast and nondestructive technique to moni
tor the Changes resulting from the plasma treatment 
and grafting with vinyl monomer [CH3--(CH
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CQO-CH=CH2J. This monomer was chosen to im
part hydrophobic properties to the cotton fabrics. 

EXPERIMENTAL 

Materials 

The 100% cotton fabric used in this study was de sized, 
scoured, and bleached. Its construction was 100 ends, 
85 picks, yam count 16.4 X 14.8 tex (36 x 40 English 
count), and its weight was 118.7 g m -2 (3.5 oz. yd - 2). 

Nitrogen, oxygen, and argon gases were conunercial 
grade. Vinyllaurate [CH3-(CH2ho-COO-CH=CH21 
monomer was purchased from Sigma- Aldrich Co. (51. 
Louis, MO) and used as received. 

Plasma system 

The plasma process chamber measured 25.4 x 25.4 
X 25.4 em (width X depth X height). The microwave 
generator (2.45 GHz) was a regulated magnetron with 
variable power up to 600 W. This plasma system had 
a microcontrol processor with LCD display, allowing 
programming of 10 main processes. The system pos
sessed two gas channels with mass flow controller and 
magnetic valves for programmed, automatic precise 
gas flow in the process chamber. Another needle valve 
allowed injection of corrosive gas in the chamber if 
needed. 

Cotton fabric treatment 

Cotton fabric samples were cut into 9.8 x 11 ern pieces 
and placed in the plasma chamber in a horizontal posi
tion on a perforated screen. The plasma chamber was 
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Figure 3 Integrated intensity of the peak at 1725 ern - 1 versus microwave generator power (2.45 GHz, 240 s). IIn.'i(Ar) = 0.002 
+ 0.0002 X power; 0.95 confidence interval (el), R2 = 0.985. 

first pumped down to 0.187 Torr (25 Pa) then the gas was 
injected automatically by opening the gas valves. The 
mass flow controller allowed accurate control of the gas 
flow in the chamber, which was kept at 60 mL/min. 

To investigate the effect of the nature of the gas, the 
treatment time, and the microwave generator power, 
three gases were used (N2' O2, Ar). The treatment time 
was varied from 30 to 360 s and the microwave power 
was varied from 100 to 500 W. 

Cotton fabric grafted with vinyl monomer 

Because of the nonsolubility of the vinyl laurate in 
water, hexane was used as a solvent to prepare the 

0.14 

O.ll 

r; 0.10 
.... 
~ 
' 111 0.08 
! 
.£I 
'1 0.06 :; • l 0.04 

0.02 

0.00 
50 100 ISO lOO 

monomer solutions with different concentrations. The 
plasma-pretreated fabrics were immediately im
mersed in the monomer solution of various concen
trations for 1 h and then air-dried. These samples were 
then placed again in the plasma chamber and treated 
with microwave plasma. Finally, the treated fabrics 
were soaked in water several times to remove the 
ungrafted portion of the original monomer and the 
homopolymers. The pretreatment allowed cleaning of 
the fabric surface, increasing hydrophilicity of the sur
face, and creating active sites for initiation of the co
polymerization of cellulose with the monomer. In the 
second treatment, treatment of both the fabric and the 
monomer in the chamber resulted in maximum copo-
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Figure 4 Integrated intensity of the peak at 1725 cm - J versus plasma treat~~nt timc, t (2 .45 GHz, 500 W). 11 7~:;(N2 ) 
= -0.1366 + 0.0802 x logw(t), R2 == 0.98,1 1725(0;1.) = -0.0035 + (8.2878 x 10 ·)t; 0.95 CI, R2 = 0.991 ; 11725(Ar) = 0.021 
+ 0.0003/; 0.95 CI, R2 = 0.979. 
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TABLE II 
Variance Analysis: Effect of Type of Plasma Gas and 
Postplasma Time on Intensity of the Carbonyl Band 

Parameter df ra Probability 11725b 

Intercept 1 1147.97 0.000001 
Gas 2 229.56 0.000001 

O2 0.0069 a 
2 0.0414 b 

Ar 0.0653 c 
Time postplasma 5 4.71 0.00205 
Ga x time postplasma 10 O. 0.5542 

Error 36 

.• df, degrees of freedom; F, variance ratio. 
b Value not followed by the same letter are significantly 

djfferent with IX = 5% (according to the ewman-Keul 
te t). 

top of the ZnSe crystal, to which pressure was applied, 
to ensure a good contact with the incident IR b am 
and to prevent loss of the IR incident radiati n. The IR 
spectra were collected using 32 scans with 4 cm- 1 

resolution between 650 and 4000 em -1. 

Percentage grafting and grafting rate 

The p rcentage grafting (PG) was calculated a fol
low 13; 

PG 
(W, - Wo) 

= Wo X 100 

where Wo is the dry weight of the cotton fabric before 
grafting and W1 is the dry weight of the fabric after 
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vid nc of f bric modification and grafting 

Irnt{ m cl urem 'nt 
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TABLE II 
Variance Analysis: Effect of Type of Plasma Gas and 
Postplasma Time on Intensity of the Carbonyl Band 

Parameter df P Probability 11725b 

Intercept 1 1147.97 0.00(0)1 
Ga 2 229.56 0.000001 

O2 0.0069 a 
2 0.0414 b 

Ar 0.0653 c 
Time postplasma 5 4.71 0.00205 
Ga X time postplasma 10 O. 0.5542 

Error 36 

• df, degrees of freedom; F, variance ratio. 
b Value not followed by the same letter are significantly 

different with ex = 5% (according to the ewman-Keul 
te t). 

top of the ZnSe crystal, to which pres ure wa applied, 
to ensure a good contact with the incident IR b am 
and to prevent loss of the IR incident radiation. The IR 
spectra were collected using 32 scans with 4 cm- 1 

resolution between 650 and 4000 cm -1. 

Percentage grafting and grafting rate 

The percentage grafting (PG) wa calculated a fol
low 13; 

PG 
(W, - Wo) 

:::: Wo X 100 

where Wo is the dry weight of the cotton fabric before 
grafting and WI is the dry weight of the fabric after 
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Figure (a) FJ1R spectra of control fabric and grafted cotton fabric with increasing monom r concentration. (b) FrIR spectra 
of I.: Vlttol fabri ' and grafted cott n fabric with increasing monomer concentration. 

ontact angle goniometer (PLASMAtech Inc., Er
langl'c. KY). 

R ULT A 0 DISCUSSIO 

Effect of the nature of the pIa rna gas 

FlgUrt.l 2 show the ffiR spectra of untreated cotton 
labric and tr ated cotton fabric with plasma of nitro
~en ( 0. o. ygen (0 0, and argon (Ar) for 240 s at 
mi ::TOW ave power of 500 W. The spectra were col
le~t('d immediately after the samples were removed 
fr m the plasma chamber. The compari on between 
the FTlR ~pectra of treated and untreated cotton fab
ri ho\\ E.'d th presence of an additional peak around 

1725 em -1 . This peak is attributed to asymmetr~c 
stretching vibration of the carbonyl band. This result IS 
in accordance with previous work.16 The authors re
ported that the treatment of purified cotton cellula e 
in radiofrequency plasma of argon, for 30 min with .a 

power of 40 W, resulted in the creation of an addI
tional peak in the FTIR spectra at 1724 cm - 1, which 
wa related to either keto or aldehyde tructure, In our 
work, using microwave plasma of argon for 4 min 
with microwave power of SOD W was sufficient to 
activate the cotton fabric surface. lbis indicates a 
much faster processing time using microwave plasma. 
The pre ence of the additional peak in the FTIR spec
tra of the plasma-treated cotton fabric is an indication 
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of the creation of active groups on the surface. there
fore, the effect of plasma treatment on cotton fabric 
was assessed by observing the evolution of this car
bonyl band. To obtain the integrated absorption, this 
peak was integrated between 1780 and 1685 cm- l . 

Figure 3 shows the evolution of the integrated in
tensity of the peak at 1725 em - 1 of treated fabric with 
Ar-plasma with increasing microwave generator 
power (100-500 W). The treatment time was kept 
constant at 4 min. A linear increase of the carbonyl 
concentration was obtained with increasing micro
wave generator power. In this study, for maximum 
plasma efficiency, the microwave generator power 
was kept at 500 W. 

Figure 4 shows the evolution of the integrated in
tensity corresponding to the carbonyl group after 
treatment with N2-plasma, 02-plasma, and Ar
plasma. The data shown in this chart are averages of 
six independent replications. A linear increase of the 
carbonyl concentration was obtained with AI-plasma 
and 02-plasma. However, the treatment with N2-
plasma resulted in a logarithmic increase of the car
bonyl concentration. The statistical analysis showed 
Significant interaction between gas type and treatment 
time (Table I). Ar-plasma treatment generates more 
carbonyl groups than either N2-plasma or 02-plasma 
for a given treatment time. On average, the concentra
tion of carbonyl groups generated by AI-plasma is 
542% higher than that generated by 02-plasma and 
93% higher than by N2-plasma (Table I). 

The decrease in the intensity of the peak corre
sponding to the carbonyl band, when the treated fab
rics are stored in laboratory conditions at 21°C and 
65% relative humidity, is shown in Figure 5 for N2, O2, 
and Ar. The time-related decrease is attributed to the 
fact that most of the radicals created by plasma irra
diation could be converted to peroxidesP To avoid 
decay caused by radicals, after exposure of the fabric 
to plasma, the plasma-treated fabric was immediately 
immersed in a monomer solution. In our study, the 
time between the end of the plasma process and the 
contact with the monomer solution was estimated to 
be 30 s, including 20 s for venting the plasma chamber 
process to the atmosphere. Therefore, the decrease in 
the concentration of the radicals is minimal and the 
copolymerization reactions with the monomer could 
be efficiently initiated. No significant interaction was 
observed between the nature of the gas and the post
plasma time (Table II). 

Cotton fabric graft copolymerization 

Water-repellent lightweight cotton fabrics have the 
advantage of being breathable, thus allowing water 
vapor to pass through the fabric but not water drop
lets. Imparting water repellency to cotton fabric has 
previously been done by coating with perfluoro ester 
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TABLE III 
Variance Analysis: Effect of Vinyl Laurate Concentration 

on the Peak Intensity 1'1735 

dt Fa Probability 11735 
b 

Intercept 1 2275.29 0.000001 
VL concentration 8 113.84 0.000001 

0.111 0.0441 e 
0.155 0.0424 e 
0.221 0.1806 d 
0.332 0.2405 d 
0.442 0.4107 c 
0.575 0.5582 b 
0.664 0.6681 a 
0.752 0.5834 b 
0.885 0.3934c 
Error 234 

a df, degrees of freedom; F, variance ratio. 
b Value not followed by the same letter are significantly 

different with ex = 5% (according to the Newman- Keuls 
test). 

aZiridines,18,19 zirconium compounds,2° crosslinking 
of fluorocarbon resins,21 and by low-degree substitu
tion of long-chain alkyl groupS.22 All these methods 
are time consuming, use wet chemiStry, and may 
cause environmental pollution because of the use of 
additives and catalysts. In addition, treated cotton 
fabric may lose some important characteristics such as 
comfort. 

In this study we used microwave plasma as a tool to 
graft vinyl laurate monomer, VL [CH3--{CH2ho
COO-CH=CH2], onto the fabric surface. The objec
tive was to create a pending hydrocarbon chains on 
the surface, thereby providing a hydrophobic feature 
to the lightweight cotton fabric surface. Furthermore, 
because the plasma effect does not penetrate more 
than 100 A, the bulk of the cotton fabric is not affected. 
Consequently, the natural comfort of the cotton fabric 
is retained. The vinyl laurate was grafted onto the 
fabric surface as described in the experimental section 
using the following plasma conditions: treatment time 
was 240 s, the gas was argon, the microwave generator 
power was set at 500 W, and the gas flow was set at 60 
mL/min. Figure 6 shows the effect of the monomer 
concentration in the grafting solution on the percent
age grafting and the rate of grafting of the monomer. 
There is an increase in the percentage of graft d mono
mer on the fabric surface and the rate of grafting with 
increased monomer concentration up to 0.664 mol 
L - l, after which a decrease occurred. This diminishing 
amount of the monomer grafted onto the fabric sur
face indicates that monomer concentration passed a 
point that results in homopolymerization reactions. 
Thus, copolymerization reactions (of the monomers 
with the cellulose) are crowded out by homopolymer
ization reactions. When the amotmt of grafted mono
mer is expressed in micrograms of monomer per 
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TABLE IV 
VadanCf Analysis: Effect of Vinyl La.rate Concentration 

on the Peak Intensity 12855+ml 

df P Probability 128S5 + 2923
b 

lntetcept t 4550.14 O.OOOJOI 
VL Cona."fItntion 8 90.11 O.OOOJOt 

0.111 0.7182 f 
0.155 0.8(182 f 
0.221 1.2542 d 
0.332 1.5332 c 
0.442 2.0175 b 
0.575 2.5279 a 
0.664 2.7370 a 
0.752 2.5585 a 
0.885 1.9949 b 
Enw 234 

• df, degrHS of freedom; F. variance ratio. 
I! Value not followed by the same letter are significantly 

dJlffft!nt with a "" 5% (according to the Newman-Keuls 
test). 

square centimeter of the treated fabric, a maximum of 
1013 loiS an-2 is reached for 0.664 mol L -1 of the 
monomer (Fig. 1). 

The VA TR-FfIR spectra were collected directly on 
grafted samples without any special preparation. Fig
ure 8(8) and (b) show the FTIR spectra of the untreated 
fabric and treated with vinyl laurate monomer with 
increasing concentration. The presence of the peaks 
located at 1735, 2855, and 2923 em -1 indicates that the 
vinyllaurate monomer was efficiently grafted onto the 
cotton fabric surface. These peaks are attributed re
spective~y, to -C==Q stretching and -Gfz symmetrical 
and anltsymmetrical stretching vibrations. To obtain 
the integrated intenSity of each peak, 1

1735 
and 

12115'hMJI the peak at 1735 em-I was integrated from 
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1764 to 1682 em - 1 and the peaks 2855 and 2923 cm- 1 

were integrated from 3003 to 2746 cm - 1. The statistical 
analysis showed a significant effect of the vinyllaurate 
concentration on the peak intensities of 1735 and 2855 
+ 2923 cm-1 (Tables ill and IV). Figure 9 shows the 
evolution of the integrated intensity 11735 and 12855+ 2923 

with increasing monomer concentration. The results 
shown in this chart are the average of 27 measwe
ments (3 independent replications x 9 FfIR spectra). 
The intensities of the two peaks increased with in
creasing monomer concentration up to 0.664 mol L -1, 

then decreased. This behavior is similar to the evolu
tion of the percentage grafting and the rate of grafting. 
The increase of the vinyl laurate concentration re
sulted in an increase of the intensities of the peaks 
1735 and 28S5 + 2923 em-I; the coefficient of correla
tion (11735 versus 12855+2923) was R2 = 0.997. 

Figure 10(a) and (b) show excellent correlations be
tween the peak intensity (11735), as determined by 
FfIR.. and the percentage grafting, the rate of grafting, 
and the grafted amount. The integrated intensity of 
the peak 1735 em - 1 can be used to predict the percent
age of grafting, the rate of grafting, and the amount of 
the monomer grafted onto the fabric surface. The fol
lowing relationships were established: 

• Percentage of grafting (PC) = 0.139 + 1292I1735f 
0.95 confidence interval (el), R2 = 0.993. 

• Rate of grafting (RG) = (4.12 X 10- 8) + (1.78 
X 1O-6)11735r 0.95 a, R2 = 0.990. 

• Grafted amount (GA) (p.g/cm.2) = 17.22 
+ 1578.411735,0.95 CI, R2 = 0.992. 

The treated cotton fabrics were evaluated for water 
repellency by measuring the water contact angles and 
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TABLE IV 
Vadaau Analysis: Effect of Vinyl Laarate Concentration 

on the Peak Intensity 1285S+:ml 

Intercept 1 4550.14 O.OOOJOI 
VL Cona.'fItntion 8 90.11 O.OOOJOl 

0.111 0.7182 f 
0.155 0.8082 f 
0.221 1.2542 d 
0.332 1.5332 c 
0.442 2.0175 b 
0.575 2.5279 a 
0.664 2.7370 a 
0.752 2.5585 a 
0.885 1.9949 b 
Enw 234 

• df, degrees of freedom; F. variance ratio. 
It Value not followed by the same letter are significantly 

dJlfetmt with a E: 5% (according to the Newman-Keuls 
tett). 

square centimeter of the treated fabric, a maximum of 
1013 loiS an-2 is reached for 0.664 mol L -1 of the 
monomer (Fig. 1). 

The VA TR-FfIR spectra were collected directly on 
grafted samples without any special preparation. Fig
ure 8(8) and (b) show the FTIR spectra of the untreated 
fabric and treated with vinyl laurate monomer with 
increasing concentration. The presence of the peaks 
located at 1735, 2855, and 2923 cm - 1 indicates that the 
vinyllaurate monomer was efficiently grafted onto the 
cotton fabric surface. These peaks are attributed re
spective~y, to -C==() stretching and -Gfz symmetrical 
and lnttsymmetrical stretching vibrations. To obtain 
the integrated intenSity of each peak, 11735 and 
'2115'hM)l the peak at 1735 em-I was integrated from 
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1764 to 1682 em - 1 and the peaks 2855 and 2923 cm- 1 

were integrated from 3003 to 2746 cm - 1. The statistical 
analysis showed a significant effect of the vinyllaurate 
concentration on the peak intensities of 1735 and 2855 
+ 2923 cm-1 (Tables ill and IV). Figure 9 shows the 
evolution of the integrated intensity 11735 and 12855+ 2923 

with increasing monomer concentration. The results 
shown in this chart are the average of 27 measwe
ments (3 independent replications x 9 FfIR spectra). 
The intensities of the two peaks increased with in
creasing monomer concentration up to 0.664 mol L -1, 

then decreased. This behavior is similar to the evolu
tion of the percentage grafting and the rate of grafting. 
The increase of the vinyl laurate concentration re
sulted in an increase of the intensities of the peaks 
1735 and 28S5 + 2923 em-I; the coefficient of correla
tion (11735 versus 12855+2923) was R2 = 0.997. 

Figure 10(a) and (b) show excellent correlations be
tween the peak intensity (11735), as determined by 
FfIR.. and the percentage grafting, the rate of grafting, 
and the grafted amount. The integrated intensity of 
the peak 1735 em - 1 can be used to predict the percent
age of grafting, the rate of grafting, and the amount of 
the monomer grafted onto the fabric surface. The fol
lowing relationships were established: 

• Percentage of grafting (PC) = 0.139 + 1292I1735f 
0.95 confidence interval (CI), R2 = 0.993. 

• Rate of grafting (RG) = (4.12 X 10- 8) + (1.78 
X 1O-6)11735r 0.95 a, R2 = 0.990. 

• Grafted amount (GA) (p.g/cml) = 17.22 
+ 1578.411735,0.95 CI, R2 = 0.992. 

The treated cotton fabrics were evaluated for water 
repellency by measuring the water contact angles and 
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Figure 9 Integrated intensities I and I 
1735 2855+2923 versus monomer concentr ti a on. 



TABL V 
and pray T t Rating of Treated 

ott n .brics with Different Vinyl Laurate 
Concentrations 

<5 
<5 
85 

115 
96 
99 
95 

115 
119 
115 

Water repell ney: 
pray te t 

AATCC TM 22-2001 

o 
o 

50 
80 
90 

100 
100 
100 
100 
100 

Purt rmor , th percentage grafting, the rate of 
tin , an th integrated intensities of the peak 

co ding to th vinyl monomer showed that the 
m n mer cone nteati n h uld b below 0.664 mol/L 
~ r' rn imum gr fting [lid ncy. Above this concen
trnti n, th homopolymerizationreactions are likely to 
be domin nt. Te ting of the treated fabrics revealed 
th.lt c 11 nt wa r r pellency was obtained. 

In umm ry, th r ults indicate that efficient, 
well ecu copolymerization pr ses are achieved 
n li htw i ht cott n f bric using microwave plasma 

logy. Th implication is that such processes 
ul dily engin red to function on a commer-

t h uthors thank the Te a Food and Fibers Commis ion 
~ r providing the financial support for thi project. 
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