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a  b  s  t  r  a  c  t

In  order  to upgrade  the  UV-protection  and  antibacterial  functional  properties  of  cotton/polyester  (80/20),
cotton/linen  (50/50)  and  linen/viscose–polyester  (50/50)  fabric  blends,  they  were  treated  with different
plasma  gases  (oxygen,  air,  and  argon)  followed  by subsequent  treatment  with  certain  metal  salts  namely
Zn-acetate,  Cu-acetate,  Al-chloride,  and  Zr-oxychloride.  The  obtained  results  show  that  the  type  of  plasma
gas, the  kind  of  metal  salt  as  well  as  the  nature  of  the  treated  substrate  play an  important  role  in the  extent
of enhancing  the  demanded  functional  properties.  Oxygen  plasma  treatment  followed  by  Cu-acetate  or
eywords:
lasma treatment
etal salts

ellulose containing fabrics
V-protection
ntibacterial functionality

Zn-acetate  treatment  gives  the  best  UV-protection  or antibacterial  activity  respectively,  keeping  other
parameters  constant.  The  surface  morphology  of  some  untreated  and  plasma-treated  samples  was also
analyzed by  SEM.

© 2012 Elsevier Ltd. All rights reserved.
urface morphology

. Introduction

Blending of textile fibers such as flax/cotton, cotton/polyester
nd flax/polyester/viscose is carried out to enhance the perfor-
ance and quality properties, to achieve economic advantages, to

evelop newer textile properties, to attain esthetic color effects,
nd/or to improve the durable and handle value (Ibrahim, 2011).

It is well recognized that conventional chemical processes
sed for modification of textile substrates are inherently very
nergy and material consuming, costly, not eco-friendly, and
ay  adversely affect the performance properties of the modified

ubstrates (Pandiyaraj & Selvarajan, 2008). As an alternative to
onventional chemical processes, plasma based processes are fre-
uently used for desirable modification and surface engineering
rocesses which could positively affect both product and envi-
onment quality. Plasma-based treatments have been successfully
sed to enhance or replace wet-finishing processes for incorporat-

ng functional properties such as hydrophilicity, hydrophobicity,
yeability, water and oil repellent, antimicrobial, and anti UV-
nish processes (Ceria & Hauser, 2010; El-Zawahry, Ibrahim, &

id, 2006; Gorensek et al., 2010; Hossain, Hermann, & Hegemann,
006; Ibrahim, Eid, Hashem, Refai, & El-Hossamy, 2010; Karahan &

∗ Corresponding author. Fax: +20 2 333 70931.
E-mail address: nabibrahim49@yahoo.co.uk (N.A. Ibrahim).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.06.019
Ozdogan, 2008; Kostic et al., 2009; Yaman, Ozdogan, Seventekin, &
Ayhan, 2009; Zhang et al., 2003).

Our previous studies demonstrated the positive role of plasma
treatment on enhancing the performance and functional proper-
ties of linen-containing fabrics (Ibrahim, Eid, et al., 2010; Ibrahim,
El-Hossamy, Hashem, Refai, & Eid, 2008; Ibrahim, Hashem, et al.,
2010). The aim of this paper is to impart anti-UV and anti-
bacterial functionalities to cellulose-containing fabrics via plasma
treatment followed by subsequent treatment with certain metal
salts.

2. Experimental

2.1. Materials

The cellulose-containing fabrics used in the present study were
plain weave: cotton/linen (50/50, 320 g/m2), and cotton/polyester
(80/20, 245 g/m2) and linen/polyester–viscose (50/50, 250 g/m2).
Before the plasma-treatment, the mill-scoured and bleached
blended fabrics were washed at 90 ◦C for 30 min, thoroughly
rinsed and then dried before treatment. Zirconium oxychlo-
ride octahydrate, cupper acetate, zinc-acetate, and aluminum

chloride were of reagent grade. Hostapal® CV-ET (a non-
ionic wetting agent based an alkylaryl polygycol) was  kindly
supplied by clariant. C.I. Basic Blue 9 (Merk) was used as
supplied.

dx.doi.org/10.1016/j.carbpol.2012.06.019
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:nabibrahim49@yahoo.co.uk
dx.doi.org/10.1016/j.carbpol.2012.06.019
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For a given set of O2-plasma treatment conditions, Fig. 2 demon-
strates that: (i) prolonging of O2-plasma treatment from zero up to
45 s is accompanied by a significant decrease in wetting time of the
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Fig. 1. A schematic diagram of the d

.2. Methods

.2.1. Plasma-treatment
Plasma treatment of cellulose containing fabric samples was

arried out using APDBD (atmospheric pressure dielectric barrier
ischarge) reactor (Fig. 1). The flow rate of the working gas was
ept constant at 3 L/min. Process parameters such as gas type (oxy-
en, air or argon) and exposure time were varied to attain the best
reatment conditions for incorporating certain functional proper-
ies such as hydrophilicity, anti-UV and antibacterial finish.

.2.2. Post-treatment with metal salts
The plasma-treated fabric samples were then immersed in the

etal salt solution (0–5 g/L) along with a nonionic wetting agent
2 g/L) with material to liquor ratio, ML,  of 1/20 for 15 min, fol-
owed by squeezing to a wet pick-up of 80%, and drying at 120 ◦C for

 min. Subsequently, the fabric samples were thoroughly washed
o remove excess and unfixed metal salt, then dried in air and con-
itioned for evaluation.

.2.3. Post-basic dyeing
Post dyeing with nominated basic dye was carried out using the

ye (1% owf), nonionic wetting agent (2 g/L), pH (9), LR (1/20) for
0 min  at 95 ◦C followed by thoroughly washing and drying.

.3. Fabric evaluation

The wettability was assisted using AATCC Test Method 79-1992.
The chemical changes that occur during the plasma treat-

ent were analyzed using Nexess 670 FTIR Spectrophotometer
rom Nicolet USA. The spectra was recorded in the range of
000–400 cm−1 with a resolution of 4 cm−1.

The surface morphology of some untreated and treated fabric
amples were observed using Scanning Electron Microscope (SEM,
EOL JZA 480A-Japan), after the samples plated with gold.

Metal content of the treated samples was quantitatively deter-
ined by using Flame Atomic Absorption Spectrophotometer,
BC-Avanta Australia.

UV-protection factor (UPF) was determined according the Aus-
ralian/Newzealand Standard (AS/NZS 4399-1996). Fabric can be
anked as providing good, very good and excellent UV-protection if
heir UPF values range from (12–24), (25–39), and above 40 respec-
ively.

The color strength (K/S) values were determined from the
eflectance measurements using the Kubleka–Munk equation (Judd
 Wyszecks, 1975)

K

S
= (1 − R)2

2R
ic barrier discharge plasma system.

where K/S is the ratio of absorption and scattering coefficient, R is
the reflectance at the wave length of maximum absorbance of the
used basic dye.

The antibacterial activity against G+ve bacteria (Staphylococcus
aureus) and G−ve bacteria (Escherichia coli)  was evaluated using
colony counting method (AATCC 100-1999). The percent reduc-
tion in number of colonies for treated sample (B) as compared to
untreated sample (A) gives the antibacterial activity or % reduction.

Antibacterial activity or % reduction =
[

A − B

A

]
× 100

3. Results and discussion

This investigation is directed toward enhancing the protection
capacity of cellulose-containing fabrics especially against harmful-
UVB and bacteria via plasma-pretreatment followed by metal-salts
treatment under proper conditions. Results obtained along with
appropriate discussion follow.

3.1. Exposure time
Fig. 2. Effect of exposure time on the wettability and subsequent basic dyeing. Sub-
strate: cotton/polyester (80/20). Plasma treatment: O2-gas, APDBD plasma, power
supply with 20,000 Hz frequency, 50 W,  and output of 5 kV/20 mA. Post-basic dye-
ing: C.I. Basic Blue 9 (1%), pH (9), LR (1/20) at 95 ◦C for 30 min.
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F eated cotton/polyester; (b) O2-plasma treatment; (c) O2-plasma followed by metal salt
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ig. 3. SEM of untreated and plasma treated cotton/polyester (80/20) fabrics. Untr
reatment; (d) Ar-plasma treatment; (e) Ar-plasma followed by metal salt treatmen

reated cotton/polyester blend (80/20) from 7 s to 1 s, (ii) increas-
ng the exposure time intervals up to 45 s results in a remarkable
ncrease in the extent of picking-up and dyeing with the used
asic blue dye, expressed as K/S, from 0.2 up to 1.68, (iii) further

ncrease in exposure time, i.e. beyond 45 s, has practically no effect
n both the wetting time and extent of post-basic dyeing, and (iv)
he remarkable improvement in the abovementioned properties is
he results of morphological changes of the fabric surface (Fig. 3a
nd b) with etching as well as creation of an additional functional
roups based on oxygen such as COOH groups due to surface oxi-
ation along with removal of any remnant hydrophobic impurities
r additives, which enables greater hydrophilicity and dyeability
ith the used basic dye (Ibrahim, Eid, et al., 2010; Ibrahim, Hashem,

t al., 2010; Ibrahim et al., 2008; Pandiyaraj & Selvarajan, 2008).

The FTIR spectra of untreated and oxygen plasma treated

otton/polyester (80/20) are demonstrated in Fig. 4(a and b) respec-
ively. The untreated substrate spectrum (a) shows a broad band
round 3330 cm−1 corresponds to alcoholic OH stretching, two
Fig. 4. FT-IR spectra of untreated (a) and oxygen plasma treated of cotton/polyester
blend (b).



rate P

b
C
b
b
C
(
b
a
c
b

3

b
w
C
d
m
a
m
t
c
e
c
p
a
f
f
(
i
c
t
Y
&
q
a
o

F
U
p
t
d
m

N.A. Ibrahim et al. / Carbohyd

ands were observed around 2895.5 cm−1 and 1424 cm−1 due to
H2 stretching and CH2 bending respectively. The presence of car-
oxyl groups in the bleached fabric is confirmed with two strong
ands at around 1710 and 1220 cm−1 corresponds to C O and

 O H stretching respectively. While the oxygen plasma spectrum
b) show the same bands but with higher intensity especially for
ands corresponding to carboxyl groups ( OH at 3330 cm−1, C O
t 1710 cm−1 and C O H at 1220 cm−1). This further affirms the
reation of an additional COOH groups due to surface oxidation
y plasma.

.2. Subsequent-treatment with metal salts

As far as the changes in the UPF values of the cotton/polyester
lend (80/20) as a function of exposure time to O2-plasma as
ell as subsequent treatment with different metal salts namely
u-acetate, Zn-acetate, Al-chloride and Zr-oxychloride, the data
emonstrated in Fig. 5 signify that (i) the extent of improve-
ent in the UPF values is governed by both the exposure time

s well as the type of metal salt used in the subsequent treat-
ent, (ii) the enhancement in the UPF values, keeping the exposure

ime constant, follows the descending order: Cu-acetate > Al-
hloride > Zn-acetate > Zr-oxychloride > none, (iii) the longer the
xposure time, the better are the UPF values, keeping the metal salt
onstant, (iv) prolonging the exposure time up to 45 s is accom-
anied by the interactions among the O2-plasma active species
nd the fabric surface, etching of surface/contaminated layer, and
ormation of new polar groups, e.g. COOH groups due to sur-
ace oxidation along with chemical and morphological alteration,
v) the net effect of the aforementioned surface modifications is
ncreasing the extent of picking-up and enhancing fixation of metal
ations onto/within the fabric matrix via coordination according
o the following tentative mechanism, Scheme 1 (Ibrahim, Refai,
oussef, & Ahmed, 2005a; Sun & Stylios, 2005; Wong, Tao, Yuen,
 Yeung, 2000) and (vi) the variation in UPF values upon subse-
uent treatment with the nominated salts reflects the differences
mong the metal salt ions in: molecular size, extent of fixation
nto/within the modified structure, its ability to interact with the
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ig. 5. Effect of exposure time and post-treatment with certain metal salts on the
PF. Substrate: cotton/polyester (80/20). Plasma treatment: O2-gas, APDBD plasma,
ower supply with 20,000 Hz frequency, 50 W,  and output of 5 kV/20 mA.  Post-
reatment: metal salt (5 g/L); nonionic wetting agent (2 g/L); wet  pick-up 80% (owf);
rying at 100 ◦C/5 min; followed by afterwashing to remove excess and unfixed
etal salt.
olymers 90 (2012) 908– 914 911

new functional groups, its ability to entrap into the created empty
spaces or fiber porosity, extent of mechanical adhesion, as well
as the ability of the metal-loaded structure to scatter and block
the hazardous UV-B radiation (Ibrahim, Refai, Youssef, & Ahmed,
2005b).

Obviously, the best UV-protection properties were obtained by
O2-plasma pretreatment for 45 s followed by subsequent treatment
with Cu-acetate as shown in Fig. 5.

3.3. Type of cellulose-containing fabric

Fig. 6 shows the relation between the UPF values and
variation in substrate type, keeping other parameters con-
stant. For a given set of plasma-treatment and subsequent
treatment with metal salts condition, it is clear that: (i)
post-treatment with any of the used metal salts is accom-
panied by a significant improvement in the UPF values
and follows the decreasing order: Cu-acetate � Al-chloride > Zr-
oxychloride > Zn-acetate > none, irrespective of the used substrate,
(ii) the extent of improvement in the imparted UV-protection
functionality is governed by the type of cellulose-containing fab-
ric and follows the descending order: linen/viscose–polyester
(50/50) > cotton/polyester (80/20) > cotton/linen (50/50), keeping
other parameters constant, (iii) the variation in the UPF values
upon using different substrates reflects the differences among them
in: fiber type and content, e.g. cellulosic fibers, polyester fibers,
etc., fabric construction, e.g. mass, thickness, porosity, etc., chem-
ical characteristics, surface morphology, amorphous/crystalline
regions, extent of modification by plasma-treatment, accessibil-
ity to the metal salt cations, extent of picking-up and anchoring
metal cations physically/mechanically and/or chemically via the
generated polar groups, e.g. COOH groups (Ibrahim, El-Zairy, &
Eid, 2010; Ibrahim et al., 2005a, 2005b; Ibrahim, EL-Badry, Eid,
& Hassan, 2011), (iv) incorporation of polyester fibers, an aro-
matic polyethylene terephthalate, as a fabric component enhances
UV-absorption and blocking, i.e. better UPF compared with the
cellulosic one (Schuierer, 1997), and (v) the most significant
UV-protection properties were achieved by O2-plasma treatment
followed by treatment with Cu-acetate, irrespective of the used
substrate.

3.4. Type of gas

Fig. 7 shows the relation between the imparted UV-protection
functionality, expressed as UPF, and variation in plasma–gas, keep-
ing other parameters constant. As shown in Fig. 7, the cellulose-
containing substrates that received the plasma-pretreatment and
subsequent Cu-acetate treatment have a significant improvement
in their UV-protection abilities compared with the untreated ones.
The extent of improvement in their UPF values is governed by type
of substrates as discussed earlier, and type of gas: oxygen- > air-
> argon-gas, which confirmed that both oxygen and air are more
active than the inert argon gas (Ibrahim, Eid, et al., 2010; Krump,
Hudec, Jasso, Dayss, & Luyt, 2006). It seems that both oxygen and
air gases have more positive impacts on physical, morphologi-
cal and chemical properties of the treated substrates compared
with the argon–argon, thereby enhancing the extent of picking up
and loading of Cu-cations onto/within the substrate, via creating
more etched/hydrophilic surfaces with accessible active functional
groups, e.g. COOH groups, which in turn improves the extent of
anti-UV functionality.

Fig. 3 illustrates the surface morphology changes of samples

treated with oxygen and argon plasma, Fig. 3(b and d), followed
by metal salt treatment, Fig. 3(c and e). Fig. 3(b and d) shows that
contamination and fibrils at the upper layer of fiber surface are
removed producing a clean surface, comparing with the untreated
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Scheme 1. O2-plasma and subsequent metal salt treatments.
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0  W,  and output of 5 kV/20 mA,  exposure time 45 s. Post-treatment: metal salt (5 g/L
y  afterwashing to remove excess and unfixed metal salt.

ample, due to plasma ablation and etching (Fig. 3a). However,
xygen plasma causes more cracks and pits than argon plasma this
ay  be due to the relatively slow rate of physical etching intro-
uced by the argon plasma. Fig. 3(c and e) shows a smooth and
omogenous coating layer after post treatment with metal salt,
owever the coating layer in case of argon plasma is thinner than
xygen plasma.
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ig. 7. Effect of using different plasma gases followed by subsequent treatment with Cu-a
lasma,  power supply with 20,000 Hz frequency, 50 W,  and output of 5 kV/20 mA,  exposu
ick-up  80% (owf); drying at 100 ◦C/5 min; followed by afterwashing to remove excess an
ionic wetting agent (2 g/L); wet pick-up 80% (owf); drying at 100 ◦C/5 min; followed

3.5. Multi-functional properties

We  examined the extent of loading the metal ions and

enhancing the anti-UV and antibacterial function as well as
the durability of the imparted properties to wash as a func-
tion of the gas type, the kind of metal salt and the nature of
cellulose containing fabric. The results are shown in Table 1.

Air plasma Argon plasma Cu salt  Cu salt

cetate on the anti-UV function of the treated substrates. Plasma treatment: APDBD
re time 45 s. Post-treatment: Cu-acetate (5 g/L); nonionic wetting agent (2 g/L); wet
d unfixed metal salt.
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Table 1
Anti-UV and anti-bacterial properties of treated cellulose containing fabrics.

Metal salt (5 g/L) Plasma gas Substrate Metal content (%) UPFWashing cycles Antibacterial activity (RPC %)

1 10 G+ve G−ve

Cu-acetate Oxygen I 0.491 80 66 88.70 (81.50) 86.09 (79.32)
II  0.352 90 75 81.69 (75.18) 77.95 (72.01)
III 0.378 105 90 83.52 (76.24) 81.06 (74.22)

Air I 0.299 75 60 80.67 (74.80) 77.01 (71.46)
II 0.182 86 74 72.30 (67.01) 70.08 (65.30)
III  0.263 100 87 75.82 (70.14) 72.85 (67.84)

Argon I  0.272 70 56 78.75 (72.09) 75.05 (68.85)
II  0.129 80 65 69.68 (65.10) 64.96 (62.91)
III 0.239 94 80 76.09 (70.08) 73.20 (68.02)

Zr-oxychloride Oxygen I 0.274 43 35 94.23 (86.56) 92.49 (84.85)
II 0.103 55 44 84.68 (78.09) 82.59 (84.85)
III  0.115 67 55 88.96 (82.01) 86.32 (79.72)

Air I  0.213 38 30 91.14 (83.95) 88.66 (81.97)
II  0.073 45 39 80.25 (74.38) 76.26 (70.84)
III  0.123 60 48 86.18 (80.26) 85.20 (79.28)

Argon I  0.120 32 25 87.88 (80.93) 85.21 (78.36)
II  0.025 39 34 75.96 (70.08) 72.48 (67.13)
III 0.061 55 44 80.49 (74.45) 76.92 (71.23)

Zn-acetate Oxygen I 0.288 30 24 96.24 (89.02) 94.56 (87.28)
II  0.140 38 30 86.01 (78.92) 84.15 (77.14)
III  0.160 50 41 90.20 (83.04) 87.76 (80.54)

Air I  0.260 24 16 95.05 (87.15) 93.80 (86.12)
II  0.094 32 25 84.34 (77.11) 82.03 (74.80)
III 0.153 45 37 89.85 (82.62) 87.41 (80.42)

Argon I  0.233 27 18 92.43 (85.16) 91.22 (84.26)
II 0.96 36 27 83.22 (76.52) 80.61 (74.35)
III  0.142 40 35 88.66 (81.15) 85.20 (77.85)

Untreated I  – 12 5 – –
II  – 17 12 – –
III – 30 22 – –

Substrate I: cotton/linen (50/50); substrate II: cotton/polyester (80/20); substrate III: linen/viscose–polyester (50/50).
Plasma treatment: APDBD plasma, power supply with 20,000 Hz frequency, 50 W,  and output of 5 kV/2 mA,  exposure time 45 s.
S owf); ◦
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alt-treatment: metal salt (5 g/L); nonionic wetting agent (2 g/L); wet pick-up 80% (
alues in parentheses indicate retained functional properties after 10 laundering cy

rom Table 1, it can be clearly seen that: (i) the metal
ontent of the treated substrates is governed by: type of
ubstrate: substrate I > substrate II > substrate III, plasma gas:
xygen > air > argon, and metal salt: Cu-acetate > Zn-acetate > Zr-
xychloride, keeping other parameters fixed, (ii) the extent of
mprovement in the UPF values of the treated substrates is gov-
rned by type of substrate: substrate III > substrate II > substrate I,
lasma gas: oxygen > air > argon, and metal salt: Cu-acetate > Zr-
xychloride > Zn-acetate, keeping other parameters constant, (iii)
he enhancement in the imparted anti-bacterial property is deter-

ined by type of substrate: substrate I > substrate III > substrate II,
lasma gas: oxygen > air > argon, and metal salt: Zn-acetate > Zr-
xychloride > Cu-acetate, keeping other parameters constant, (iv)
he variation in the abovementioned chemical and functional
roperties of the treated substrates in presence of the afore-
entioned metal ions, reflects the differences among these
etal ions in: molecular weight and size, content, location and

xtent of distribution, extent of fixation onto/within substrate
nd durability of loaded metal cations to severe washing (10-
aunderung cycles), UV-blocking property and absorbing capacity,
s well as ability to inhibit the multiplication of micro-organisms
Ibrahim, El-Gamal, Gouda, & Mahrous, 2010; Ibrahim, Gouda,
usseiny, El-Gamal, & Mahrous, 2009), (v) the antibacterial
ctivity of the metal ion-loaded substrates could be discussed
n terms of its ability to: inhibit the multiplication of the

armful bacteria via destroying or passing through the cell
embrane and subsequent bonding to SH of cellular enzyme

hereby altering the micro-organism metabolism and suppress-
ng of their growth up to cell death and/or via catalization of
 drying at 100 C/5 min; followed by afterwashing.

the production of oxygen radicals according to the following
reaction:

H2O
Metal ion−→

O2
H2O2 → H2O + 2O∗

thereby destroying molecular structure of bacteria (Ibrahim, Eid,
& El-Batal, 2012; Ibrahim, Eid, Youssef, Ameen, & Salah, 2012),
(vi) the extent of inactivation of G+ve bacteria was better than
G−ve bacteria, regardless of the used metal salt, which could
be explained by the differences between them in their molec-
ular structure, outer membrane as well as in the amenability
to suppression their growth, up to cell death and/or destruc-
tion of their molecular structure by the produced oxygen radicals
as discussed before, and (vii) after 10 laundering cycles, the
imparted functional properties are maintained without a signifi-
cant changes.

4. Conclusions

The present work aimed to enhance the anti-UV and antibac-
terial functionalities of cotton/linen (50/50), cotton/polyester
(80/20) and linen/viscose–polyester (50/50) blends via plasma
pretreatment followed by post-treatment with certain metal
salts namely Cu-acetate, Zn-acetate, Al-chloride and Zr-
oxychloride. From the obtained results, it was  possible to conclude

that:

- Plasma treatment for 45 s and subsequent metal salt treatment
(5 g/L) resulted in a significant improvement in the imparted
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Applied Surface Science, 255, 6764–6770.
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functional properties, regardless of the used plasma–gas, metal
salt, and type of substrate.

 The best UPF values were obtained by using O2-plasma followed
by subsequent treatment with Cu-acetate, irrespective of the used
substrate.

 The best antibacterial activity was obtained by using O2-plasma
followed by subsequent treatment with Zn-acetate, regardless of
the used substrate.

 The effectiveness of plasma treatment was governed by the type
of gas, i.e. oxygen > air > argon.

 The extent of surface modification by plasma as well as fixation
of metal ions onto/within the substrate, which in turn affects the
imparted functional properties, were determined by the type of
substrate.

 The imparted UV-protection and the antibacterial functionalities
showed no significant changes after 10 laundering cycles.
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