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a  b  s  t  r  a  c  t

Aqueous  polymerization  of  partially  neutralized  acrylic  acid  (AA)  along  with polyethylene  glycol  (PEG-
600) at  AA/PEG-600  mass  ratio  3/1 using  ammonium  persulfate  as initiator  under  proper  conditions
results  in  formation  of PAA/PEG-600  adduct.  The  structure  of  the adduct  was  confirmed  by FT-IR  spectra.
The  potential  applications  of the prepared  adduct  in:  sizing,  durable  hand  building  of  cotton  cellulose,  as
well as  in functional  finishing  of cellulose  containing  fabrics,  i.e.  cotton,  viscose  and  cotton/polyester,  with
Ag-  or  TiO2-nanoparticles  were  investigated.  The  modified  substrates  using  the  prepared  adduct  showed
ellulose-containing fabrics
crylic acid
olyethylene glycol
olymerization
dduct
izing

a remarkable  improvement  in their  sizing,  hand  building  and/or  functional  properties,  i.e.  antibacterial,
anti-UV,  and  self  cleaning,  in  addition  to durability  to wash.  TEM  images  of  the  prepared  nano-particles,
SEM  images  of the  untreated  and  treated  substrates,  as  well  as  EDX  spectra  to  analyze  the  surface
elemental  compositions  were  examined.  The  tentative  mechanisms  were  also  suggested.

© 2012 Elsevier Ltd. All rights reserved.
unctional finishes

. Introduction

Innovative cellulose-based products with durable functional
roperties and high added value are greatly appreciated and find
ariety of potential applications to satisfy the ever-growing con-
umer demands (Ibrahim, Eid, & El-Batal, 2012).

At present, the use of nanomaterials and nanotechnology-
ased processes is growing in the field of textile applications, as

 rout to impart new functionality and improved performance
Joshi & Bhattacharyya, 2011). Intensive research and develop-

ent activities are also being dedicated to synthesis of inorganic
ano-structured materials and their applications in imparting
ew functional properties to textiles such as anti-microbial, UV-
locking and self cleaning properties (Dastijerdi & Montazer, 2010;
anesh, Raut, Nair, & Ramakrishna, 2011; Gladitz, Reinemann,

 Radusch, 2009; Gupta, Jassal, & Agrawal, 2008; Ibrahim, Eid,
ashem, Refai, & El-Hossamy, 2010; Ibrahim, Refaie, & Ahmed,
010; Mahltig, Haufe, & Böttcher, 2005; Qi et al., 2006; Thomas,
ajpai, & Bajpai, 2011) as well as easy care finishing (Chen & Wang,
006; Yuen et al., 2009).
Please cite this article in press as: Ibrahim, N. A., et al. Poly(acrylic acid)/
fabrics.  Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbpol.2

On the other hand, our previous studies have investigated
he feasibility of using free radical polymerization of some vinyl

onomers, e.g. acrylic acid, acrylamide, etc., in the presence of

∗ Corresponding author. Fax: +202 333 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.2012.03.068
polysaccharides, e.g. Karaya gum, Tamarrind seed gum, Guar gum,
British gum, gum Arabic, pyrodextrin, etc. or polylols, e.g. polyvinyl
alcohol, polyethylene glycol, etc. to produce a variety of water-
soluble hybrids that have useful potential applications especially
in the textile fields. These applications include the utilization of
the prepared and characterized hybrids or adducts in: cotton sizing
(El-Sayed, Fahmy, Ibrahim, & Abo-shosha, 2004; Hebeish, Haggag,
Abo-Shosha, & Ibrahim, 1989), textile printing (Abo-Shosha, El-
Zairy, & Ibrahim, 1994; Abo-Shosha, Ibrahim, Allam, El-Zairy, &
El-Zairy, 2006; Abo-Shosha, Ibrahim, Allam, & El-Zairy, 2008;
Ibrahim, Abo-Shosha, Allam, El-Zairy, & El-Zairy, 2006; Ibrahim,
Abo-Shosha, Allam, & El-Zairy, 2008, 2010), and in cotton fin-
ishing (Ibrahim, Abo-Shosha, Fahmy, El-sayed, & Hebeish, 2008;
Mohammed, Abo-Shosha, & Ibrahim, 2009).

The objectives of the present study are to synthesis and charac-
terize a new adduct based on polyacrylic acid/polyethylene glycol
via free radical polymerization, as well as to investigate the poten-
tial applications of the prepared adduct in sizing and functional
finishing of cellulose-based textiles.

2. Experimental
poly(ethylene glycol) adduct for attaining multifunctional cellulosic
012.03.068

2.1. Fabrics

In this study, mill scoured and bleached: gauzy cotton fab-
rics (50 g/m2), plain-weave cotton fabric (130 g/m2), viscose fabric

dx.doi.org/10.1016/j.carbpol.2012.03.068
dx.doi.org/10.1016/j.carbpol.2012.03.068
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.2012.03.068
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110 g/m2) and cotton/polyester blend fabric (50/50, 150 g/m2)
ere used.

.2. Chemicals

Glacial acrylic acid (AA), inhibited with 200 ppm hydro-
uinone monomethyl ether (Fluka Chemika, Switzerland), was
sed without distillation. Polyethylene glycol (PEG-600, Fluka
hemika), Fixapret® ECO (modified dimethyloldihydroxyethylene
rea, BASF), Hostapal® CV-ET (a non-ionic wetting agent based on
lkyl aryl polyglycol ether, clariant), and C.I. Basic Blue 9 (Merk)
ere used.

All other chemicals such as magnesium chloride hex-
hydrate (MgCl2·6H2O), sodium hypophosphite monohydrate
NaH2PO2·H2O), ammonium persulfate [(NH4)2 S2O8], citric acid,
ri-sodium citrate, acetic acid, nitric acid, sodium hydroxide, 2-
ropanol and hydroquinone were of laboratory reagent grade. Both
gNO3 (Sigma), and titanium tetraisopropoxide (Sigma) were of
nalytical reagent grade.

.3. Methods

.3.1. Preparation of PAA/PEG adduct
Preparation of PAA/PEG adduct was carried out using the

ethod described elsewhere (Abo-Shosha et al., 1994).

.3.2. Preparation of Ag-nanoparticles (Ag-NPs)
Ag-NPs were prepared using trisodium-citrate as a reductant

s reported elsewhere (Sileikaite, Prosycevas, Puiso, Juraitis, &
uobiene, 2006).

.3.3. Preparation of TiO2-nanoparticles (TiO2-NPs)
TiO2-nanoparticles were prepared as previously reported

Bozzi, Yuranova, & Kiwi, 2005) using titanium tetraisopropoxide
recursor with 2-propanol and nitric acid.

.3.4. Utilization as a sizing agent
Strips of gauzy cotton fabrics were padded twice in a sizing bath

ontaining aqueous solution of PAA/PEG-600 adduct at concentra-
ion of (10%) and a temperature of 60 ◦C to a wet pick-up of about
00%, followed by drying at 100 ◦C for 5 min. Finally, the obtained
ized strips were conditioned at 65% relative humidity and 25 ◦C for
8 h before testing (Hebiesh, Fahmy, Ibrahim, & Abo-shosha, 2006).

.3.5. Size removal
The pre-weighted-sized samples were placed in cups of thermo-

tatic Launder-Ometer containing water at 60 ◦C for 10 min, and
 material to liquor ratio of 1/20, Finally the desized liquor was
rained and the samples were thoroughly washed with water and
ried to a constant weight.

.3.6. Utilization as a stiffening agent
Cotton fabric samples were padded twice in a solution con-

aining the PAA/PEG-600 adduct (0–75 g/L), Fixapret® ECO (50 g/L),
gCl2·6H2O (5 g/L) and nonionic wetting agent (2 g/L) to 80% wet

ickup, predried at 100 ◦C for 3 min, cured at 160 ◦C for 3 min,
ollowed by after-washing at 50 ◦C/15 min  in the presence of a non-
onic wetting agent (2 g/L), drying and conditioning before testing
Ibrahim, Abo-Shosha, Fahmy, et al., 2008).

.3.7. Utilization in antibacterial finishing
Fabric samples were padded twice in a finishing formula-
Please cite this article in press as: Ibrahim, N. A., et al. Poly(acrylic acid)/
fabrics.  Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbpol.2

ion containing the prepared adduct (50 g/L), as a binding agent,
he aqueous Ag-NPs solution (20 g/L), as antibacterial agent, Na-
ypophosphite (15 g/L), as a catalyst, and nonionic wetting agent
2 g/L), to 80% wet pickup, predried at 85 ◦C/5 min  and then cured at
 PRESS
olymers xxx (2012) xxx– xxx

180 ◦C for 2 min, followed by after washing at 50 ◦C in the presence
of a nonionic wetting agent (2 g/L), rinsing, drying and conditioning
before testing.

2.3.8. Utilization in multifunctional finishing
To acquire stiffness, self cleaning, UV-protecting, and antibacte-

rial in one step, the fabric samples were padded twice in a finishing
formulation including the prepared adduct (50 g/L), the aqueous
TiO2-nano sol (5 g/L), as self-cleaning/anti-UV/antibacterial agent,
Na-hypophosphite (15 g/L), as a catalyst, and a nonionic wetting
agent (2 g/L), to 80% wet  pick-up, predried at 85 ◦C for 5 min,
and then cured at 180 ◦C for 2 min, followed by after-washing at
50 ◦C/5 min  in the presence of a nonionic wetting agent (2 g/L),
rinsing, drying and conditioning before testing.

2.3.9. Basic dyeing
Basic dyeing of the treated and untreated fabric samples were

carried out as previously reported (Ibrahim, Abo-Shosha, Elnagdy,
& Gaffar, 2002).

2.4. Testing

The extent of polymerization, expressed as percentage total con-
version, %TC, of the prepared adduct solutions was assessed as
described elsewhere (Welcher, 1963). Determination of the pre-
pared adduct components was determined as described elsewhere
(Miller, 1964).

Size add-on as well as percent size removal were evaluated
according to “boil-off” method (Slauson, Miller, & Rebenfeld, 1984).

Tensile strength (TS) and elongation at break (EB) in the warp
direction were determined by the strip method according to ASTM
Procedure D-2256-66T.

Stiffness of the treated and untreated samples was determined
by DIN 53362.

Dry wrinkle recovery angle (WRA) was determined according
to ASTM method S-1296-98.

Roughness of the treated and untreated fabric samples using
roughness measuring instrument SE 1700�, Japan, according to
JIS94 Standard.

The nitrogen content was  determined by Kjeldhal method
(Vogel, 1975).

Carboxyl content of the treated and untreated fabric samples
was determined as described elsewhere (Cirino & Rowland, 1976).

Wettability of treated and untreated fabric samples was tested
according to AATCC Test Method 39-1993.

The oily stain release rating (SRR) of the treated and untreated
fabric samples was tested according to the AATCC Test Method 130-
1974.

The color strength (K/S) values of the basic dyed fabric samples
was determined from the reflectance measurement using Kubelka-
Munk equation (Judd & Wyszecks, 1975)

K

S
= (1 − R)2

2R

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

FT-IR spectra were recorded on a Perkin-Elmer Spectrum 1000
Spectrophotometer using KBr disk technique.

Scanning electron microscope (SEM) images of the treated and
poly(ethylene glycol) adduct for attaining multifunctional cellulosic
012.03.068

untreated fabric samples were obtained with a JEOL JXA-840A elec-
tron probe microanalyzer, equipped with energy disperse X-ray
spectroscopy (EDX) for the composition analysis (Ibrahim, Refaie,
et al., 2010).

dx.doi.org/10.1016/j.carbpol.2012.03.068
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The morphology and particles size of Ag-NP’s and TiO2-NP’s
ere obtained by transmission electron microscope (TEM) using

 JEOL, JEM 2100 F electron microscope at 200 kV.
The antibacterial activity against G+ve bacteria (S. aureus)  and

−ve bacteria (E. coli) was evaluated according to AATCC Test
ethod 100-1999, and the reduction percent in bacteria (RPC)

ount was calculated.
The durability to wash (after 10 launder cycles) was determined

ccording to AATCC Test method 135-2000.
UV-protection factor (UPF) was evaluated according to the Aus-

ralian/New Zealand Standard (AS/NZS 4399-1996).
The self-cleaning action of the TiO2-loaded substrates was

ssessed as described elsewhere (Ibrahim, Refaie, et al., 2010).

. Results and discussion

.1. Tentative mechanism

It would be helpful, if we consider, at the outset the tentative
echanism of the free radical polymerization of acrylic acid (AA), as

 vinyl monomer, and polyethylene glycol (PEG-OH), as a substrate,
n the presence of ammonium persulfate [(NH4)2 S2O8] as initiator
Scheme 1)

Thus, the mixture of polymerization products, i.e. unreacted
EG, PAA and PAA-g-PEG, all in a state of intimate entanglement, is
eferred to as the adduct product (Abo-Shosha et al., 2006; Ibrahim,
bo-Shosha, Fahmy, et al., 2008).

.2. Major factors affecting the adduct formation
Please cite this article in press as: Ibrahim, N. A., et al. Poly(acrylic acid)/
fabrics.  Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbpol.2

The effect of initiator concentration, polymerization tempera-
ure and time, degree of neutralization of AA as well as AA/PEG

ass ratio on the extent of polymerization, expressed as %TC, and
 PRESS
olymers xxx (2012) xxx– xxx 3

formation of PAA/PEG adduct was  shown in Fig. 1 (from (a) to (e))
respectively.

3.2.1. (NH4)2 S2O8 concentration
Fig. 1(a) shows the effect of (NH4)2 S2O8 concentration on the

extent of polymerization, i.e. TC %. For a given set of polymeriza-
tion conditions, it is clear that: (i) the %TC increased proportionally
(from 60 to 83%) with increasing the initiator concentration in
the polymerizing formulation from 0.25 to 1.5 g/L, and (ii) further
increase in the initiator concentration than 1.5 g/L has practically
a slight positive impact on the %TC. The enhancement in the %TC
by increasing the initiator concentration, within the range exam-
ined, reflects its positive impacts on: stopping the inhibition action
of hydroquinone monomethyl ether, creation of more free radical
species (R• = SO4

•− and/or HO•), formation of PEG-macroradicals
and AA-activated monomer, supplying the system with adequate
energy thereby resulting in promotion of homopolymerization and
graft coplymerization reactions (Abo-Shosha et al., 2006; Hebeish
et al., 1989; Ibrahim, Haggag, Abo-Shosha, & Hebeish, 1990).

On the other hand, the leveling of the %TC beyond 1.5 g/L could
be discussed in terms of a shortage in AA monomer and/or the steric
hindrance of the formed adduct (El-Sayed et al., 2004).

3.2.2. Polymerization temperature
It is clear from Fig. 1(b) that increasing the polymerization

temperature from 50 ◦C to 90 ◦C is accompanied by a remarkable
increase in the %TC from 65.5 up to 93.5%. This could be attributed
to the positive effect of temperature on overcoming the activation
poly(ethylene glycol) adduct for attaining multifunctional cellulosic
012.03.068

energy barrier, enhancing the decomposition of the used initia-
tor as well as generation of more free radical species, minimizing
the viscosity of the polymerization medium, improving mobil-
ity of free radicals as well as AA-activated monomer molecules,

dx.doi.org/10.1016/j.carbpol.2012.03.068
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nd subsequently increasing the probability of their collisions and
fficiency of formation of PAA/PEG adduct (Ibrahim, Abo-Shosha,
ahmy, et al., 2008).

.2.3. Polymerization time
For a given set of polymerization conditions and within the
Please cite this article in press as: Ibrahim, N. A., et al. Poly(acrylic acid)/
fabrics.  Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbpol.2

ange examined (5–25 min), Fig. 1(c) shows that prolonging the
olymerization time is accompanied by a gradual increase in the
xtent of polymerization, expressed as %TC, from 77.5% to 99%.
his reflects the positive effect of proper time on: formation of
TC %. (a) Initiator concentration, (b) polymerization temperature, (c) polymerization

free radicals and activated reactants as well as their mobility and
diffuse-ability, and subsequent formation of PAA/PEG adduct, i.e.
PAA, PEG and PAA-g-PEG entangled mixture (Abo-Shosha et al.,
2006).

3.2.4. Degree of neutralization
poly(ethylene glycol) adduct for attaining multifunctional cellulosic
012.03.068

Fig. 1(d) demonstrates the effect of degree of neutralization of
AA, Na-form of AA, on the extent of formation of the PAA/PEG
adduct, expressed as %TC. Within the range examined (0–40%)
and for a given set of polymerization conditions, its clear that, (i)

dx.doi.org/10.1016/j.carbpol.2012.03.068
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Fig. 2. FTIR spectrum of PEG-600 (a), the prepared PAA/PEG-600 adduct (b).

ncreasing the degree of neutralization from zero up to 20% has
ractically a marginal effect on the %TC, (ii) further increase in the

 neutralization of AA up to 40% brings about a remarkable decrease
n the %TC, from 99% down to 77.5%, and (iii) this remarkable
ecrease in %TC is attributed to the inhibition effect of abundant
f Na+ at higher degree of neutralization on the polymerization
edium (Hebeish et al., 1989).

.2.5. AA/PEG mass ratio
It is clear from Fig. 1(e) that, within the range examined 3/1 to

/2 (w/w), decreasing the AA/PEG ratio from 3 down to 1.5 results
n a gradual slight decrease in the %TC from 99% to 93%. This could
e associated with lower AA component as well as higher viscosity
f the polymerization medium due to the higher PEG-component.
he ultimate effect of the aforementioned two factors is minimized
he extent of polymerization.

.3. Characterization of PAA/PEG-600 adduct

PAA/PEG-600 adduct with >99% total conversion was prepared
y using the following proper polymerization conditions: PAA/PEG-
00 (3/1 mass ratio), degree of neutralization of AA (20%); (NH4)2

2O8 (1.5 g/L); at 90 ◦C for 25 min. The prepared adduct was char-
cterized by investigating its: visual appearance, water solubility,
hemical analysis as well as FTIR spectra. The prepared adduct was
hite solid, water-soluble and contained 10.71% PAA, 88.69% PAA-

-PEG-600, along with other unreacted and/or by products.
On the other hand, The FTIR spectra of PEG-600 and PAA/PEG-
Please cite this article in press as: Ibrahim, N. A., et al. Poly(acrylic acid)/
fabrics.  Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbpol.2

00 adduct is shown in Fig. 2. The following bands are observed:

In PEG-600 spectrum (a), there is a broad band in the region
3375 cm−1 corresponds to OH stretching vibration, the methylene

able 1
erformance properties of easy care finished cotton fabric in the presence of PAA/PEG-60

PAA/PEG-600 adduct
conc. (g/L)

%N COOH (meq/100 g) TS (W,  kg) WRA  (W+F)◦

0 0.98 – 45.2 232 

25  0.80 35.42 48.5 215 

50  0.65 60.78 53.0 203 

75  0.54 82.10 56.2 185 

Untreated – 1.30 58.0 115 

inishing formulation: PAA/PEG adduct (0–75 g/L); Fixapret® ECO (50 g/L); MgCl2·6H2O (
80 ◦C/3 min.
a Post-dyeing with C.I. Basic Blue 9 (3%).
 PRESS
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group is found around 2840 cm−1, and the absorption around
1475 cm−1 is due to binding vibration of CH2, also there are
a strong bands around 1360 cm−1 and 1290 cm−1 due to C O
stretching vibration.

- In the PAA/PEG-600 adduct spectrum (b), the strong band around
3300 cm−1 is related to hydroxyl groups (OH), the strong band
at around 1710 cm−1 is attributed to the carbonyl group C O,
and the two peaks around 2920 cm−1 and 2875 cm−1 are cor-
responded to aliphatic CH2, also there are strong bands around
1210 cm−1 and 1320 cm−1 due to C O stretch.

- The bands which are observed in spectrum (b) confirm the exis-
tence of carboxylic groups in the obtained adduct.

3.4. Potential textile applications

Because the main task of this part was  to evaluate the poten-
tial textile applications of the prepared PAA/PEG-600 adduct in:
sizing of cotton-cellulose, handle-modification, as well as in func-
tional finishes of cellulose containing fabrics, i.e. anti-bacterial,
UV-blocking and self-cleaning, a wide range of treatment formula-
tions and conditions have been investigated.

3.4.1. Cotton sizing
For a given set of sizing conditions Fig. 3(a)–(c) shows that using

the prepared PAA/PEG-600 adduct as a sizing agent brings about a
significant increase in TS, from (22.5 kg up to 35 kg), a decrease in
EB from (from 6.5% to 5.2%|) along with an outstanding increase in
fabric stiffness (from 95 mg up to 7550 mg). This reflects the abil-
ity of the prepared adduct to coat and penetrate the treated fabric
structure Fig. 3(d) in comparison with the unsized one, Fig. 3(c),
thereby increasing coating and encapsulation of cellulose fibers and
yarns cohesiveness which, in turn restricted fiber-slippage and yarn
mobility (Hebiesh et al., 2006; Ibrahim, 1993; Ibrahim & Trauter,
1992).

On the other hand, desizing of the sized-fabric strips (size add
on = 8.92%) at 65 ◦C/10 min  using LR of 1/20 results in a complete
removal of the used PAA/PEG-600 adduct. This most probably
attributed to partial neutralization of AA in the monomeric or poly-
meric form along with the inclusion of the PEG, in the free or
PAA-g-PEG form, in a state entanglement with other adduct com-
ponents.

In summary, the obtained results clearly show that the using of
the prepared PAA/PEG-600 adduct, as an efficient easily removable
sizing agent, results in a significant improvement in the sizeability
and desizeability of the sized fabric strips.

3.4.2. Hand-builder finish
The effects of inclusion of PAA/PEG-600 adduct (0–75 g/L) in the

easy care finishing formulation of cotton fabric is given in Table 1.
poly(ethylene glycol) adduct for attaining multifunctional cellulosic
012.03.068

For a given set of finishing conditions, the following results were
found: (i) increasing the adduct concentration within the range
examined results in a significant increase in the carboxyl con-
tent from zero up to 82.1 meq/100 g sample, and a remarkable

0 adduct.

Stiffness (mg  cm)  Roughness (�m) Wetting time (s) SRR K/Sa

750 16.0 4 2.0 1.06
1410 16.6 1 3.0 5.45
1728 17.4 1 5.0 6.88
2185 18.0 1 5.0 8.95

530 15.0 2 2.5 0.65

5 g/L); wetting agent (2 g/L); wet-pickup (80%); drying at 100 ◦C/3 min, curing at

dx.doi.org/10.1016/j.carbpol.2012.03.068
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ig. 3. Effect of using the prepared PAA/PEG-600 adduct on TS (a), EB (b), stiffness (
d)  PAA/PEG-600 (10%) at 60 ◦C; wet pick up 100% drying at 100 ◦C.

mprovement in: TS (from 45.2 up to 56.2 Kg), stiffness from (750
p to 2185 mg), as well as in roughness (16 up to 18 �m)  of the
reated fabric samples, (ii) inclusion of the prepared adduct brings
bout a noticeable decrease in the %N (from 0.98 down to 0.54%),
n WRA  (from 232◦ down to 185◦) as well as wetting time (from 4 s
own to 1 s), and (iii) incorporation of the PAA/PEG-600 adduct on
nishing formulation, up to 75 g/L, along with other ingredients is
Please cite this article in press as: Ibrahim, N. A., et al. Poly(acrylic acid)/
fabrics.  Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbpol.2

ccompanied by a significant improvement in SRR (from 2 up to 5)
s well as in the post-dyeing with C.I. Basic Blue 9 dye, expressed
s K/S values from 0.86 up to 8.95.
ell as on surface morphology of sized substrate (e) compared with the unsized one

Based on the abovementioned results, the following tenta-
tive mechanism (Scheme 2) can illustrate the reactions and/or
interactions among the cotton cellulose (Cell.OH), the prepared
PAA/PEG-600 adduct (XOOC PAA/PEG OH, where X = Na or
H), the unreactant PEG (PEG OH) as well as the crosslinking
agent (ROH2CN DMDHEU NCH2OR):

(i) Crosslinking of cotton cellulose

(8)

thereby increasing the %N, WRA, roughness, wetting time and
K/S values compared with the untreated cotton cellulose.

(ii) Fixation of the adduct-components onto/within the finish fab-
ric matrix
poly(ethylene glycol) adduct for attaining multifunctional cellulosic
012.03.068

(9)

dx.doi.org/10.1016/j.carbpol.2012.03.068
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thereby enhancing the carboxyl content, TS, stiffness, rough-
ness, wettability, SRR, as well as K/S values compared with the
finished fabric without adduct.

thereby enhancing the wetting and dyeing properties.
On the other hand, fixation of PAA onto/within the finish

matrix is achieved via formation of five membered cyclic anhy-
dride intermediates (Martel, Weltrowski, Druffin, & Morcellet,
2002) that readily reacts with the hydroxyl groups of cellu-
lose and/or PEG-OH by esterification and/or via formation of a
coated film onto the treated substrate under thermal treatment
(Ghosh & Das, 2000).

iii) Formation of by products

It is worthy mentioned that the fixation of the prepared
adduct-components and/or side interactions among the
used ingredients is accompanied by a decrease in ether-
crosslinking, expressed as %N and WRA  values, along with an
increase in other mechanical properties, i.e. TS, stiffness, and
roughness.

This may  be caused by the different crosslinks and/or deposition
n/in the finish/fabric matrix, and their impacts on coating, encap-
ulation, cementing and restricting fibers/yarns mobility. This can
ed to a substantial increase in the extent of yarn cohesiveness as

ell as roughness along with a noticeable decrease in the yarn flex-
bility and finished fabric resiliency with the increase in the adduct
oncentration (El-Sayed et al., 2004).

Additionally, fixation of hydrophilic active sites, especially
COOH groups and PEG-moities, onto/within the finish/fabric
atrix is responsible for the remarkable improve in hydrophilic

roperties of the treated fabric samples and, in turn SRR as well as
/S.

.4.3. Antibacterial/stiff hand finish
The formation of Ag-NPs using trisodium citrate (TSC), as a

eductant, proceeds according to the following chemical reaction
Kelly & Johnston, 2011):

Ag+ + Na3C6H5O7
TSC

→ 2Ag◦
Ag-NP′s

+ Na2C5H4O5 + Na+ + H+ + CO2

(12)

Fig. 4(a) reports the UV–visible spectra of the prepared Ag-
anosol. The prepared sample shows a peak at around 427 nm due
o the presence of Ag-NPs. Also, the TEM image, Fig. 4(b), shows that
he formed Ag-NPs are <10 nm in size and are relatively homoge-
ous. Moreover, the SEM of untreated and treated viscose images

n Fig. 4(c) and (d) respectively showed that treated viscose fab-
Please cite this article in press as: Ibrahim, N. A., et al. Poly(acrylic acid)/
fabrics.  Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbpol.2

ic Fig. 4(d) was coated with the Ag◦-PAA/PEG composite, and the
xistence of elementary silver on the fabric surface, as detected by
DX, confirm loading of the Ag-NP’s onto the top layer and near
urface layer of treated cotton fibers (Ag content = 0.21% w/w).
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(10)

(11)

In this part, the prepared adduct was  used to fix the prepared
Ag-NP’s onto/within the finish/fabric matrix to impart antibacterial
and stiffness functional properties in one step.

For a given set of treatment conditions, the data in Table 2
signify that: (i) incorporation of the prepared Ag-NPs along with
the PAA/PEG adduct, as an esterifying and linking agent, in the
presence of NaH2PO2 as a catalyst results in a significant enhance-
ment in the add-on, carboxyl content and Ag-content of top layer
regardless of the used substrate, (ii) the variation in the aforemen-
tioned properties is determined by the type of substrate, i.e. surface
area, cellulose content, amorphous/crystalline regions, extent of

diffusion and penetration, as well as fabric structure, and follows
the descending order: viscose > cotton > cotton/polyester, (iii) fixa-
tion of the prepared adduct via esterification and, in turn loading
of the Ag-NP’s onto/within the adduct/fabric matrix brings about
remarkable improvement in both the stiffness properties and the
antibacterial functionalities of the treated substrates along with a
positive impact on their hydrophilicity, expressed as reduction in
wetting time, (iv) the imparted significant stiffness properties, as
compared with untreated ones, are attributed to the surface coating
action of the utilized adduct as well as bridging of the fibers with the
Ag-NP’s, (v) addition of Ag-NP’s to the finishing bath increases the
probability of its binding to and loading onto the finish fabric matrix
via the free carboxyl groups of the adduct, consequently increasing
antibacterial efficacy of the treated fabric samples against G+ve and
G−ve bacteria, (vi) the remarkable improvement in the antibac-
terial activity is attributed to the positive impacts of the loaded
Ag-NP’s on: damaging the bacterial membrane and finally leading
to cell death, formation of Ag-ions taken into the cells, in the pres-
ence of moisture, bind to the bacterial DNA and finally causing their
inactivation (Hoskins, Karanfil, & Serkiz, 2002),

O2(aq) + 4H3O+ +4Ag(s) → 4Ag+
(aq) + 6H2O (13)

and/or producing of oxygen radicals that oxidize the molecular
structure of bacteria (Ibrahim et al., 2012):

H2O + 1/2O2
Ag+
−→H2O2 → H2O + (O) (14)

and (vii) antibacterial activity against G+ve and G−ve bacteria fol-
lows the decreasing order G + ve > G−ve, regardless of the used
substrate, most probably due to the differences in cell wall struc-
ture, amenability to disruption of the metabolic process and/or in
response for inactivation to death (Ibrahim, Khalifa, El-Hossamy, &
poly(ethylene glycol) adduct for attaining multifunctional cellulosic
012.03.068

Tawfik, 2010).
On the other hand, the given data shows a noticeable retention

in the imparted functional properties, i.e. stiffness and antibacte-
rial properties, after 10 laundering cycles. This means that both the

dx.doi.org/10.1016/j.carbpol.2012.03.068
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Fig. 4. (a) UV–visible spectra of Ag-NP’s, (b) TEM image of Ag-NP’s, (c) SEM of untreated viscose fabric, (d) SEM of treated viscose fabric, and (e) EDX image and element
content of Ag-NP’s loaded substrate.

Table 2
Functionalization of cellulose-containing fabrics using PAA/PEG adduct along with Ag-NP’s in the finishing formulation.

Substrate Treatment Add-on (%) Carboxyl content Ag content (%) Wetting time (s) Stiffness (mg  cm) Reduction of bacteria (%)

E. coli (G−ve) S. aureus (G+ve)

Cotton Untreated – 1.30 – 2 530 NR NR
Treated 2.31 41.4 0.210 (0.181) 1 2622 (2104) 92.3 (88.0) 94.5 (89.9)

Viscose Untreated – 4.25 – <1 497 NR NR
Treated 3.14 48.6 0.282 (0.240) <1 7279 (5810) 95.3 (90.4) 96.8 (92.2)

Cotton/polyester Untreated – 0.85 – 4 427 NR NR
Treated 2.07 36.7 0.175 (0.154) 2 2409 (1905) 87.5 (82.0) 89.9 (84.7)

Finishing formulation: PAA/PEG adduct (50 g/L); NaH2PO4 (15 g/L), Ag-NP’s (20 g/L of the stock solution); wet  pick-up (80%); drying at 85 ◦C/5 min; curing at 180o C/2 min,
NR:  no reduction of bacteria.
Values in parentheses indicate retained functional after 10 laundering cycles.

dx.doi.org/10.1016/j.carbpol.2012.03.068
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g-NP’s and PAA/PEG adduct are firmly bound to the treated sub-
trate according to following equations (Kelly & Johnston, 2011):

nd
Please cite this article in press as: Ibrahim, N. A., et al. Poly(acrylic acid)/
fabrics.  Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbpol.2

here X = Na or H.

able 3
unctionalization of cellulose-containing fabrics using PAA/PEG adduct along with Ti-NP’

Substrate Treatment Add-on (%) Carboxyl
content

Ti-content
(%)

Wetting
time (s)

Cotton
Untreated – 1.30 – 2 

Treated 2.57 47.81 0.130 (0.106) 1 

Viscose
Untreated – 2.31 – 1 

Treated 3.45 26.32 0.203 (0.164) <1 

Cotton/
polyester

Untreated – 3.14 – 4 

Treated 2.30 40.78 0.112 (0.093) 3 

inishing formulation: PAA/PEG adduct (50 g/L); Na− hypophosphite (15 g/L), Ti-nanoso
V-Protection Factors; ZI: Inhibition Zone; SRR: Stain Release Rating; K/S: Color Strength
alues  in parentheses indicate retained functional after 10 laundering cycles.
poly(ethylene glycol) adduct for attaining multifunctional cellulosic
012.03.068

(17)

s in the finishing formulation.

Stiffness
(mg  cm)

UPF ZI SRR K/S

E. coli
(G−ve)

S. aureus
(G+ve)

Exposure
time

Exposure
time

0 8 0 8

530 8 – – 2 2 0.65 0.55
2708 (2180) 38 (30) 9 (6) 11 (9) 3 5 5.23 0.38
497 5 – – 2 2 1.15 0.96
7306 (5603) 52 (42) 15 (13) 18 (15) 3 5 8.22 0.56
427 18 – – 2 2 0.42 0.30
2503 (2078) 45 (36) 11 (9) 13 (11) 3 5 3.43 0.28

l (2.5 g/L); wet  pick-up (80%); drying at 85 ◦C/5 min; curing at 180 ◦C/2 min, UPF:
 of the basic dyed samples (dye: 3% owf); exposure time 8 hrs to sunlight.

dx.doi.org/10.1016/j.carbpol.2012.03.068
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.4.4. Multifunctional finish
The chemical reactions that occur during the formation of TiO2-

P’s using a mixture of titanium tetraisopropoxide (TIP) as a
recursor along with 2-propanol and nitric acid as well as their fix-
tion onto/in the finish/fabric matrix via the free carboxylic groups
f the PAA/PEG adduct are demonstrated in Scheme 3 (Gupta et al.,
008; Ibrahim, Refaie, et al., 2010; Karimi, Mirjalili, Yazdanshenas,

 Nazari, 2010; Li, Deng, & Zhao, 2009)

For confirming the abovementioned tentative mechanism, the
mage of the formed TiO2-nanosol, the image of TiO2-NP’s’loaded
iscose fabric, using the PAA/PEG adduct as an ester-crosslinker
Please cite this article in press as: Ibrahim, N. A., et al. Poly(acrylic acid)/
fabrics.  Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbpol.2

nd as a binder, as well as the existence of elementary titanium on
he fabric surface were investigated and detected [Fig. 5(a)–(d)]
espectively. As depicted in Fig. 5(a) the size of nano-sol TiO2,
bserved by TEM, is less than 10 nm with uniform distribution. On
 PRESS
olymers xxx (2012) xxx– xxx

the other hand Fig. 5(b) and (c) show the images of the treated and
untreated viscose samples respectively. From the image it can be
observed that the untreated one has a fuzzy surface, whereas the
treated one Fig. 5(b) is smooth due to the presence of TiO2-NP’s dis-
persed/loaded coating film onto the PAA/PEG finish/fabric surface.
EDX measurements, Fig. 5(d), also reveal the loading of titanium on
PAA/PEG/finish cotton fabric surface (Ti-content = 0.13 w/w).

Table 3 shows variations in performance and functional proper-
ties of cotton, viscose and cotton/polyester blend fabric samples
poly(ethylene glycol) adduct for attaining multifunctional cellulosic
012.03.068

as a function of TiO2-nano incorporation (2.5 g/L), as a func-
tional additive, PAA/PEG adduct (50 g/L), as a binding agent and
ester-crosslinking agent, and Na-hypophosphite (15 g/L), as a an
esterifying catalyst. From Table 3, it can be seen that treatment

dx.doi.org/10.1016/j.carbpol.2012.03.068
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ig. 5. (a) TEM image of Ti-NP’s, (b) SEM of untreated viscose fabric, (c) SEM of trea

ith the abovementioned finishing formulation has a remarkable
nfluence on the % add on, carboxyl content, % Ti-content and
ydrophilic properties, regardless of the used substrate. The extent
f improvement in the aforementioned properties is governed by:
i) type of substrate, e.g. nature of fiber, cellulosic component,
morphous/crystalline ratio, fabric structure, functional groups,
tc., (ii) extent of modification by the PAA/PEG adduct, e.g. ester-
rosslinking, esterification, location and distribution onto/within
he modified structure, availability and accessibility of the intro-
uced carboxyl groups, etc., and (iii) extent of fixation of the
iO2-NP’s onto/within the finish fabric matrix, chemically via
he free carboxyl groups of the adduct and/or physically via
Please cite this article in press as: Ibrahim, N. A., et al. Poly(acrylic acid)/
fabrics.  Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbpol.2

ntrapment onto/within the finished fabric structure. In addition,
he given results clearly indicate that treatment with PAA/PEG
dduct along with TiO2-NP’s significantly affects the fabric han-
ling. The higher the add on, the greater the stiffness of the
scose fabric, and (d) EDX image and element content of Ti-NP’s loaded substrate.

fabric, viscose > cotton > polyester/cotton, as a direct consequence
of estercrosslinking as well as deposition of the PAA/PEG/TiO2-NP’s
film onto the fabric surface.

Additionally, the results also indicated that, fixation of the TiO2-
NP’s, via the used adduct onto/within the finish/fabric matrix brings
about a remarkable improvement in UV-protection, expressed as
UPF values, compared with the untreated ones, and the anti-UV
efficiency is governed by nature substrate, extent of modification
of its structure as well as extent of loading TiO2-NP’s. This enhance-
ment in UPF values reflects the scattering/absorption ability of the
TiO2-NP’s – loaded/finished fabric surface samples (Ibrahim, Refaie,
et al., 2010).
poly(ethylene glycol) adduct for attaining multifunctional cellulosic
012.03.068

On the other hand, Table 3 shows that fixation of the
TiO2-NP’s onto/within the finished fabric imparts a significant
anti-bacterial properties against G−ve (E. coli) and G+ve (S.
auereus) bacteria, regardless of the finished substrate. This reflects

dx.doi.org/10.1016/j.carbpol.2012.03.068
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he higher-antibacterial activity of TiO2-NP’s with UV-irradiation
hrough generation of extremely reactive species, e.g. superoxide
ons, hydroxyl radicals, etc., according to the following equations
Chen, Wang, & Yeh, 2010; Ibrahim, Refaie, et al., 2010),

iO2
UV−→ecb

− + hvb
+ (26)

vb
+ + HOabs

− → HO• + TiO2 (27)

vb
+ + H2Oabs → HO• + H+ + TiO2 (28)

2 + ecb
− → O2

• + H+ → HO2
• (29)

HO2
• → O2 + H2O2 (30)

hereby attacking the bacterial cell membrane, losing of its essential
unctions and destroying it.

The photocatalytic effect activity of TiO2-NP’s loaded on the
ellulose-containing fabrics using the PAA/PEG adduct as a link-
ng agent was investigated by the degradation of oil-satin and
iscoloration of C.I. Basic Blue 9 under sunlight (Table 3). For

 given treatment conditions, it is clear that, exposure of the
tained fabric samples to the sunlight for 8 h is accompanied by

 significant improvement in the SRR. Regardless of the used
ubstrate, i.e. higher self-cleaning performance compared with
he untreated ones using stain release replica. In addition, the
xtent of discoloration of basic dyed/finished fabric samples is
ar greater than the untreated ones, regardless of the used sub-
trate. These results clearly signify that the TiO2-NP’s loaded fabric
amples posses a remarkable photocatalytic power compared with
ntreated ones, suggesting the generation of high oxidative radicals
n the TiO2-NP’s loaded fabric surface, e.g. HO•, HO2

• and conse-
uence photocatalytic degradation of the stain and the basic dye
ue to the visible light irradiation (Qi, Wang, & Xin, 2011).

Moreover, the data in Table 3 also indicated that the imparted
roperties, i.e. stiffness, anti-UV, antibacterial as well as self clean-

ng, are still enough durable even after 10 washing cycles.

. Conclusions

A new water-soluble poly (acrylic acid)/poly (ethylene glycol)
adduct was successfully prepared, characterized and used as a siz-
ing agent, as stiffening agent and as binding agent for fixation of
Ag-NP’s and TiO2-NP’s independently on the cellulose containing
fabrics to impart multifunctional properties.
The prepared adduct proves to be an efficient-easily removable
sizing agent for cotton cellulose.
It’s utilization as an additive in easy care finishing formulation
results in imparting a durable stiffness properties along with
better hydrophilic properties, i.e. wettability, stain release, dye-
ability with basic dyes.
Its application as an ester-crosslinker as well as a binder
for nano-materials, i.e. Ag-NP’s and TiO2-NP’s in the pres-
ence Na-hypophosphite as catalyst brings about a significant
improvement in the functional properties of the treated
cellulose-containing fabrics.
The extent of improvement in the imparted functional properties
is governed by the type of substrate, extent of modification as well
as type of nano-materials.
Repeated washing cycles (10 cycles) of the treated fabric samples
slightly decrease the gained functional properties.
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