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Abstract
Modified textile fabrics were used to remove Cu+2 and Cr+3 ions from aqueous solutions. 
For this purpose, modified Nylon-6, polyester woven and knitted fabrics were prepared by 
means of coating their surface with a layer of aqueous solution of Carboxymethyl Cellulose 
(CMC) and Acrylic Acid (AAc) of 25 mm constant thickness. Radiation crosslinking of  
the coating layer was carried out by electron beam irradiation with a constant dose of  
30 kGy. The morphology of the coated fabrics was examined by a scanning electron micro-
scope (SEM), which indicated compatibility between the coating layer and fabric. Proper-
ties affiliated with hydrophilicity, especially water uptake and weight loss before and after 
several washing cycles, were determined. The effect of AAc concentration on the hydrophilic 
properties of the coated fabrics was studied. A considerable enhancement in water uptake 
was attained for nylon-6 by increasing the AAc content in the solution, followed by polyester 
woven and polyester knitted fabrics. The performances of the modified textile fabrics were 
evaluated in terms of the recovery of Cu+2 and Cr+3 from aqueous solution. The metal ion 
absorption efficiency of the modified textile fabrics was measured by UV-Spectrophotometer 
analysis and EDX. Parameters affecting the efficiency of these textile fabrics in the removal 
of metal ions from the aqueous solution, namely the concentration of AAc. and the immersion 
time, was studied. It was found that there is a marked increase in the recovery of metal ions 
when both the immersion time and concentration of AAc are increased. The results obtained 
showed that there is a good possibility of using such modified textile fabrics for the removal 
of some heavy metals, such as Cu and Cr. 
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abundant in nature, or are by-products or 
waste materials from other processes [4].

The has been an emergence of new poly-
mer materials with intelligent properties 
is in answer to specific requirements for 
the application of these polymers in the 
removal of heavy metals from wastewa-
ter. Polyvinyl alcohol and carboxymethyl 
cellulose, which are considered as natural 
and biodegradable polymers, are a very 
significant class of polymers used in this 
application [5]. Moreover, natural and 
synthetic textiles show a lot of promise 
as materials used for heavy metal ion 
recovery. Since synthetic textiles are hy-
drophobic polymers, it is necessary to 
improve their hydrophilicity using sev-
eral techniques, such as the surface coat-
ing technique. 

A study was made to modify different 
textile fabrics, such as cotton, cotton /
polyester blend and nylon-6 fabrics by 
surface coating with a constant thickness 
layer of 25 µm of aqueous solution of 
PVA and acrylic acid (AAc) [6]. 

In this context, a new material with de-
sired properties can be prepared by ap-
plying several techniques, among which 
ionising radiation is the most convenient 
as it is free from pollution and easy to 
transport [7]. 

Moreover, the radiation grafting of spe-
cific monomers on polymer surfaces is 
a very interesting strategy for obtaining 
the properties desired for specific uses 
because it may change the surface activ-
ity without causing serious modifications 
of the mechanical polymers in a polymer 
[8, 9]. 

The graft copolymerisation of acryla-
mide (AAm) monomer onto polyethyl-
ene coated polypropylene (PE-co-PP) 
non-woven fabric was carried out by the 
mutual irradiation method[10].

Cellulosic materials containing various 
amounts of grafted polyacrylonitrile and 
poly(acrylic acid) molecules were used 
to remove Cd (II) and Cu (II) ions from 
aqueous solution [11].

In the present study, a coating solution of 
aqueous CMC containing acrylic acid in 
the presence of a cross-linking agent was 
prepared. The curing of these coated lay-
ers was carried out using electron beam 
irradiation. The textile fabrics modified, 
such Nylon, polyester woven and poly-
ester knitted fabrics were used to remove 
such metal ions as Cu(II) and Cr(III) 
from the aqueous solution. Moreover, the 
efficiency of the uptake of heavy metal 
ions by the coated fabrics was measured 
by a UV- visible Spectrophotometer and 
EDX.

n	 Introduction
A large amount of heavy metal ions are 
released by human activity (industries, 
transport, etc.) in the three compart-
ments of the environment: air, water and 
ground. The main source of metal ion re-
jection in the aquatic environment is do-
mestic water (As, Cr, Cu, Mn and Ni) [1].
Treatment methods traditionally used 
for the removal of metals from wastewa-
ter, including precipitation and ion-ex-
change, are unable to meet the new and 
more stringent requirements and /or are 
expensive [2]. 

Therefore there is a growing need for 
the development of new, innovative and 
cost effective methods for the removal of 
heavy metals from waste streams. Sorp-
tion and utilising low – cost filter mate-
rials would be an attractive option for 
small businesses, industries and munici-
palities to remove significant portions of 
the total metal concentrations to levels 
which will be less detrimental to public 
health and environmental quality [3]. 
Low-cost adsorbents are materials that 
generally require little processing and are 
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n	 Experimental
Materials
The fabrics used were plain polyester 
woven and polyester knitted fabrics, 
which were kindly supplied by the Egyp-
tian Company for Textile (Hosni and 
Bros.), Cairo, Egypt, and Nylon-6 was 
supplied by El-Nasr Company for Weav-
ing and Net Fabrics (El-Shorbagy), Cai-
ro, Egypt. All these fabrics were scoured 
and bleached, but were not subjected 
to any finishing processes. A labora-
tory grade acrylic acid monomer with a 
purity of 99%, from Mercke company, 
Germany, was used as received. CMC 
sodium salt (pure polymer) in the form of 
granules, M.Wt. 180, 000 was supplied 
by El- Nasr Pharmaceutical Chemical-
Prolabo (Egypt), and N,N-Methylene 
bisacrylamide (MBAM), from Aldrich, 
Wisconsin, USA, was used as a cross-
linking agent. 

Coating preparation and irradiation
A known weight of CMC powder (con-
centration 5%) was dissolved in a known 
volume of distilled water. The coating 
solution was first prepared by dissolving 
the ratios of monomer (acrylic acid) re-
quired in the aqueous CMC solution with 
continuous stirring. This solution was 
then coated on different fabrics with a 
floating knife coater of 25 mm thickness. 
The surface coated fabrics were exposed 
to accelerated electrons using an elec-
tron beam accelerator of 1.5 MeV and 
25 kW, made by High Voltage Engineer-
ing, USA, at the National Center for Ra-
diation Research and Technology, Cairo, 
Egypt. The dose required was obtained 
by adjusting the energy parameters of the 
electron beam and conveyor speed. The 
dose used was 30 kGy. The coating per-
cent of the coated fabrics was calculated 
according to Equation 1.

Coating percent = 
= (W2 - W1)/W1 × 100           (1)

Where W1 is the initial weight of un-
coated textile fabric, and W2 is the final 
weight of textile fabrics after coating and 
several washings.

Water uptake measurements
Water uptake measurements were made 
using coated and dried samples of known 
weight immersed in distilled water for 
24  h at 25 °C. The samples were re-
moved, blotted on absorbent paper and 
quickly weighed. The water uptake per-
cent is given by

Water uptake in % = 
= (W2 - W1)/W1 × 100           (2)

where W1 is the weight of the dry coated 
textile fabric, and W2 the weight of the 
wet coated textile fabric after being im-
mersed in water, taking into considera-
tion W2 > W1.

Washing cycle measurements
Washing cycle measurements were car-
ried out by weighting the coated sample, 
(W1) then immersing it in a water bath at 
40 °C for 10 min and finally drying it in a 
vacuum oven. This process was repeated 
10, 15 and 25 times. After each of these 
washing times, the coated textile fabric 
was weighed (W2). The weight loss is 
calculated by the following equation:

Weight loss in % = 
= (W2 - W1)/W1 × 100           (3)

Scanning electron microscope (SEM) 
measurements
The surface morphology of the different 
fabrics before and after surface coating 
was examined by scanning electron mi-
croscopy (SEM; JEOL- JSM- 5400 scan-
ning electron microscope – Japan) using 
an energy dispersive spectroscopy (EDS) 
X- ray spectrometer.

Determination of metal uptake
The metal uptake was determined by im-
mersing the constant weight (W) of the 
fabric in different metal solutions of pH7 
and constant concentration in mg/L until 
equilibrium. The remaining metal con-
centration in the solution was determined 
by a UV Spectrophotometer. The metal 
uptake was achieved by the batching 
method and determined as follows:

Metal uptake in mg/g = 
= (Co – C1) /(100 × W) 

where Co, C1 are the initial and remain-
ing concentrations of metal ions in mg/l 
(ppm), and W is the weight of the fabric 
in g. The constant 100 is because 10 ml 
of the metal ion solution was used instead 
of one litre, hence we divide it by 100.

n	 Results and discussion
Coating percentage measurements
Coating is an advanced technique for 
surface and bulk modification of polymer 
properties. Radiation coating, especially 
by electron beam, is one of the most 
promising techniques due to its power 
fullness, easy attainability, high depth of 

penetration, and wide range of dose rates. 
Moreover, its high efficiency makes it ap-
pealing for a clean, simple and safe op-
eration [12].

In this section, the coating of different 
types of textile fabrics such as nylon, pol-
yester woven and knitted fabrics was car-
ried out using a coated layer consisting 
of a hydrophilic polymer and monomer 
(CMC and AAc). Figure 1.a illustrates 
the effect of AAc concentration in the 
aqueous solution of CMC on the coating 
percent for modified fabrics. 

From these data it was found that gener-
ally the coating percent of different tex-
tile fabrics increases with increasing AAc 
concentration, which was explained by 
the presence of free radicals available for 
eventual interaction with coating solu-
tion ingredients, namely the predominant 
radiation cross-linkable polyelectrolyte 
PAA and radiation degradable CMC(1) 
as well as with their radicals. Moreover, 
it was found that the value of the coating 
percent of all the fabrics is arranged in 
the following order:

Polyester knitted fabric > nylon-6 > poly-
ester woven fabric

The less value of the coating percent for 
polyester woven fabric when compared to 
that of the knitted one is due to the differ-
ence in the spinning method which deter-
mines the extent of the penetration of the 
coated layer inside the woven fabric [13]. 
There is a similarity between nylon-6 and 
polyester knitted fabric in their nature 
which explains the high coating percent 
values obtained for them. The increase in 
the value of coating percent for polyester 
knitted fabric is due to direct interaction 
between the coated layer at the interface 
and the nature of polyester knitted fabric 
as a tricot, which has a plainwarp – knit-
ted structure and therefore has larger cap-
illary spaces into which the coating can 
penetrate [14]. 

Durability of coated layers towards 
the washing cycle	
One of the important properties which 
had to be studied after the treatment of 
the fabrics was the durability of the coat-
ing layer towards washing cycles in the 
case of three acrylic acid concentration. 
Hence, the effect of several washing cy-
cles on the durability of the coated fab-
rics was studied, the results of which are 
shown in Table 1. From these results it 
was found that there is a decrease in the 
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value of coating percentage for all the 
fabrics at all the AAc concentrations un-
der investigation. Furthermore, the du-
rability of the percent of coating for the 
fabrics is in the following order:

Polyester knitted Fabric > nylon-6 > pol-
yester woven Fabric

These results again confirm the differ-
ence in the stability of the coated layer 
for the three fabrics under investigation. 
The higher the coating percent, the high-
er the durability.

The weight loss percent of the different 
coated fabrics was calculated, and the re-
sults of which are in Table 2. 

From these results it was found that for 
polyester knitted fabric an increase in 
AAc concentration in the coated layer 
does not affect the weight loss in %, 
which again indicates the stability of the 
coated layer on this fabric. However, in 
the case of polyester woven fabric and 
nylon-6, the weight loss decreases with 
an increase in AAc concentration in the 
coated layer, which indicates that a high 
stability of the coated layer is obtained at 
high AAc concentrations (e.g. 6%). 

It would then be expected that the du-
rability and stability of the coated layer 
of the three types of fabrics used in this 
work are due to the possible chemical 
linking of side chains of PAAc and even-
tually CMC with free radicals formed on 
the fabrics. This process may be facilitat-

ed considering that the solubility parame-
ters of the polyester knitted fabrics 10.73 
(cal/cm3)1/2 [15], CMC 11.4 (cal/cm3)1/2 

and the final PAA of 12 (cal/cm3)1/2 [15] 
are close enough, indicating a possible 
compatibility between the three fabrics 
and coating layer ingredients. Under 

Table 1. Durability of coated layers towards washing cycle.

Conc. AAc, % Washing cycle
Coating, %

Nylon Polyester (Tricot) Polyester

2

Control 151.6 108.9 263.6
1st   44.1   80.2     4.8
2nd   40.8   77.6     4.6
3rd   40.2   75.5     4.5

4

Control 302.9 157.9 218.9
1st   85.6 127.4   15.8
2nd   80.1 119.5   15.6
3rd   78.9 110.7   15.3

6

Control 323.7 258.6 228.4
1st 132.8 179.2   44.9
2nd 123.9 179.2   37.4
3rd 123.9 179.2   35.5

Table 2. Weight loss in % of different textile fabrics.

Conc. AAc, %
Wight loss, %

Nylon-6 Polyester woven fabric Polyester knitted fabrics
2 73.4 98.2 30.6
4 73.9 93.0 29.9
6 61.7 84.4 30.7

Figure 1. Effect of AAc concentration on: a) the percentage 
of coating, b) water uptake at room temperature for 24 hrs, 
c) water uptake at 40 °C temperature for 24 hrs, for different 
textile fabrics.

a) b)

c)
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these circumstances it may be expected 
that the chemical linking of strong hy-
drogen bond groups, namely OH groups 
from PAAc and CMC, in the three fabrics 
has taken place. 

Water uptake measurements
The sorption and permeability of water is 
important for the comfort and wear prop-
erties of textiles where body contact or 
extreme humidity levels are encountered. 
Most water sorption and permeation oc-
curs in the amorphous regions of semic-
rystalline fibers [16].

The dependence of the water uptake per-
cent of different unmodified and modi-
fied textile fabrics on the concentration 
of AAc in the aqueous solution of CMC 
was studied, the results of which are 
shown in Figure 1.b (see page 101). The 
data obtained indicate that the initial un-
modified polyester knitted fabric, polyes-
ter woven and nylon-6 fabric attained a 
water uptake percent value equal to 25.3, 
16.7, and 15.7% respectively.

On the other hand, there is a marked in-
crease in the water uptake percent value 
of all the coated fabrics. These values in-
crease with an increase in AAc content in 
the coating solution, but at different rates. 
For example, an increase in AAc from 0 
to 6% is accompanied by an increase in 
water uptake from 15.7% to 650.9, from 
16.7% to 278% and from 25.3% to 230% 
for Nylon, polyester woven and polyester 
knitted fabrics, respectively. The rate of 
increase may be given in the following 
order for all the fabrics.

Nylon-6 > polyester woven fabric > poly-
ester knitted fabric

It is noteworthy to observe here that the 
order of the increase in coating percent 
is contrary to the order of the increase in 
water uptake. That is to say that a higher 
coating in % means a lower water up-
take in %, which was explained by the 
fact that the higher coating percent re-
sults from the complete absorption of the 
coated layer by the fabric, causing the 
blocking of the opened structure in the 
fabric, and hence the penetration of water 
is restricted. 

The difference in the value of the percent 
of water uptake between the two polyes-
ter fabrics is due to the high penetration of 
the coated layer inside the interior of the 
knitted fabric, while in the case of woven 
fabric the absorption of the coated layer 

Table 3. Durability of water uptake in % of coated textile fabrics towards washing cycle.

Conc. AAc, % Washing cycle
Water uptake, %

Nylon Polyester (Tricot) Polyester

2

Control 379.6 103.4 156.0
1st 379.1 102.0 150.0
2nd 372.4 101.5 146.0
3rd 371.0 101.5 146.0

4

Control 492.5 160.9 196.4
1st 475.2 155.0 194.9
2nd 469.9 155.0 194.6
3rd 468.0 155.0 194.6

6

Control 650.9 230.0 278.0
1st 601.9 215.0 260.0
2nd 574.5 213.0 256.0
3rd 570.0 213.0 256.0

Figure 3. SEM of modified and unmodified polyester woven fabric; a) unmodified nylon, 
modified with: b) 2% AAc, c) 4% AAc, d) 6 % AAc.

Figure 2. SEM of modified and unmodified Nylon-6; a) unmodified nylon, modified with: 
b) 2% AAc, c) 4% AAc, d) 6 % AAc.

a) b)

c) d)

a) b)

c) d)
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is on the surface only, permitting high 
penetration of water inside the fabric. 

The effect of temperature on the water 
uptake of the different textile fabrics was 
studied, the results of which are shown 
in Figure 1.c (see page 101). It was 
found that the water uptake increased 
with a rise in temperature to 40 °C and 
with an increase in the concentration of 
AAc content in the coating solution. This 
trend was due to the fact that increasing 
the temperature caused the opening of 
the coated layer structure on the textile 
fabrics, which facilitated the diffusion 
and absorption of water. Moreover, the 
temperature effect and water could lead 
to length and width shrinkage, leading to 
changes in capillary spaces in the fabrics. 

Durability of the water uptake percent 
of the coated fabrics 
It is important to investigate the durabil-
ity of the water uptake in % of the coated 

fabrics by calculating the water uptake 
in % after several washing cycles until 
constant weight, the results of which are 
shown in Table 3. It was found that there 
is a decrease in water uptake in % after 
three washing cycles with an increasing 
AAc concentration for all the coated fab-
rics under investigation. It is important 
to note that the biggest decrease was ob-
served in the case of Nylon-6 fabric for 
an AAc concentration of 6%. For exam-
ple, the water uptake of Nylon-6, polyes-
ter woven and polyester knitted fabric at 
6% was found to be 651, 278, and 230, 
which then decreased to 570, 256, and 
213, respectively. Moreover, there is a 
marked stability of the water uptake for 
all the coated fabrics after the second and 
third washing cycles. These results show 
that the absorption of water is not on the 
surface, but there is a strong chemical 
bond between components of the coated 
layer on the fabric and water.

Surface morphology of the modified 
textile fabrics
The SEM technique was used to investi-
gate the surface morphology of the dif-
ferent textile fabrics before and after they 
had been coated and cured by electron 
beam irradiation. The results obtained are 
shown in Figures 2, 3 and 4. The surface 
of all the uncoated fabrics (Figures 2, 3, 
and 4.a) looks smooth and distinct, while 
the coated fabric seems to be rough (Fig-
ures 2, 3, 4.b, 4.c and 4.d). The fibers of 
coated fabrics are no longer smooth nor 
distinctly separate from each other, espe-
cially in the case of nylon-6 fabric. There 
is a clear change in the dimensions of 
fiber of the fabric after coating, resulting 
in the closeness and compactness of the 
weave in the fabric structure, as seen in 
Figures 2, 3, 4.b, 4.c and 4.d. This be-
haviour may be affiliated with the relative 
covering of fibers with chemically linked 
PAAc and CMC, which is of larger mag-
nitude in the case of polyester knitted and 
nylon-6 than for polyester woven fabric, 
which again is a confirmation of the coat-
ing percent results discussed before. Fig-
ures 2, 3 & 4.d show clearly the complete 
covering of fabric with an active ingre-
dient of coating solution containing 6% 
AAc, which is further confirmation of the 
result for the water uptake property pre-
viously discussed.

Sorption of heavy metal ions 
In this work, the possibility of using 
modified coated fabric for the removal of 
heavy metal ions, such as copper (II) and 
chromium (III), was investigated. 

The affinity towards these metal ions was 
studied using a UV –Visible Spectropho-
tometer, and the selectivity of specific 
metal ions or separate specific metal ions 
from aqueous solution was measured by 
EDX.

Determination of the percent of 
metal ion uptake using a UV-Visible 
Spectrophotometer 
The percent of metal ion uptake was 
measured by UV-Visible Spectropho-
tometer, the results of which are shown 
in Table 4. The results obtained by UV 
show that all the coated textile fabrics 
posses a higher affinity towards Cr3+ 
than Cu2+ , and that the affinity increases 
with increasing AAc concentration. This 
behaviour can be explained within the 
framework of the concept developed 
by Pearson concerning the softness and 
hardness of chemical species [17]. Pear-

Table 4.  Sorption of metals by different textile fabrics

Conc. of 
AAc, % Time, hrs

Amount of metal ion uptake, mg/L
Nylon-6 Polyester woven fabric Polyester knitted fabric

Cu(II) Cr(III) Cu(II) Cr(III) Cu(II) Cr(III)

2
24 16.4 20.8 10.0 12.0 11.0 13.0
48 20.1 29.3 17.1 18.2 16.1 17.4
72 20.1 29.3 17.1 18.2 16.1 17.4

4
24 25.5 28.4 18.1 24.0 15.4 17.8
48 25.5 37.6 19.5 32.0 17.4 24.5
72 25.5 37.6 19.5 32.0 17.4 24.5

6
24 29.7 38.4 22.4 25.4 17.4 18.3
48 42.0 47.5 22.4 27.4 19.3 21.9
72 50.5 51.6 22.4 27.4 19.3 21.9

Figure 4. SEM of modified and unmodified polyester knitted fabric; a) unmodified nylon, 
modified with: b) 2% AAc, c) 4% AAc, d) 6 % AAc.

a) b)

c) d)
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son determined a scale of the hardness 
(or softeness) of a species according to 
its electronegativity, polarisability, size 
and charge (for ions). This theory is not 
quantitative but gives information about 
the ability of a species to be bound pref-
erentially with another. Thus, a reagent 
which is defined as hard will preferably 
react with a hard reagent. A soft reagent 
will preferably react with a soft one. Cu2+ 
is defined as a soft acceptor because it is 
less oxydisable and, therefore, not very 
electropositive. On the other hand, Cr3+ 
is defined as a hard species. 

This theory explains the high efficiency 
of Cr3+ complexation in a CMC/PAAc 
coated layer compared with Cu2+ [1]. 

Determination the selectivity of coated 
fabrics towards metal ions using EDX
The adsorption selectivity is an indispen-
sable factor for appreciating the capaci-
ties of an adsorbent. With this property 
fabrics can be used to adsorb a specific 
metal ion or separate specific metal ions 
from a mixed metal ion solution. Fig-
ure 5 and Table 5 show results of the 
adsorption of metal ions onto Nylon-6, 
polyester woven and knitted fabrics from 
an equimolar solution of different metal 

ions at pH7. All the fabrics investigated 
have a better adsorption for Cr(III) than 
for Cu(II). These results can be explained 
by considering the valency of metals. The 
trivalent Cr(III) forms a more stable and 
stronger complex with functional groups 
of the coated layer, which indicates that 
the functional groups on the fabrics have 
a relatively stronger affinity for chro-
mium ions than copper ions. The results 
obtained by EDX could be applied for the 
separation of Cr(III) in aqueous systems 
containing Cu(II). In general, it can be 
concluded that the selectivity of the in-
vestigated coated layer in fabrics towards 
different metals in a mixture depends 
mainly on the stability of the chelate and 
ionic valence of the chelated metal [18]. 

n	 Conclusion
Different textile fabrics such as Nylon-6, 
Polyester woven and knitted fabrics 
were coated with a hydrophilic polymer 
and monomer (CMC and AAc) and then 
cured through electron beam irradiation. 
Firstly, the SEM confirmed the occur-
rence of complete adhesion between the 
textile fabrics and the coated layer. The 
hydrophilicity of the fabrics modified was 
examined in terms of the percent of water 

uptake. It was found that there is an im-
provement in the percent of the water up-
take of the coated fabrics compared to that 
of the uncoated ones. The performance of 
the coated fabrics with respect to metal 
ions was evaluated by determining the re-
moval of Cu(II) and Cr(III) ions from the 
aqueous solutions. It was found that these 
coated fabrics show a marked efficiency 
in the removal of heavy metal ions. 
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Table 5. Selectivity of coated fabrics towards two metals in a mixture, determined by EDX.

Types of textile fabrics
Atomic % in coated fabrics

Cu(II) Cr(III)
Nylon-6 42.83 57.17
Polyester woven fabric 45.63 54.37
Polyester knitted fabric 24.09 75.91

Figure 5. EDX spectra for the uptake of different metal ions on (a) Nylon-6 (b) Polyester 
woven fabric (c) Polyester knitted fabric.
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