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ABSTRACT: Cotton cellulose in the fabric form was subjected to etherification and
grafting reactions with the purpose of obtaining cotton with ionic properties. Thus,
cottons bearing DEAE, carbamoylethyl, and carboxyethyl groups, along with partially
hydrolyzed poly(Aam) graft, were synthesized. The ability of these cotton substrates to
function as ion exchangers, particularly for removal of direct, basic, acid, and reactive
dyes from aqueous solution was examined. The obtained results reveal that such
modifications increase the ability of cotton to remove these dyes to about 150 times.
© 1999 John Wiley & Sons, Inc. J Appl Polym Sci 73: 1007–1014, 1999

INTRODUCTION

Chemical modification of polymers with the aim
of imparting specific, desirable properties is one of
the main directions of development in modern
macromolecular chemistry.1 Chemical modifica-
tion lies essentially in introducing functional
groups into the cellulose molecules, which confer
new properties on the cellulose without destroy-
ing its many desirable intrinsic properties.
Among the modified cotton celluloses that consti-
tute examples of this were partially carboxy-
methylated cotton,2 cyanoethylated cotton,3 car-
bamoylethylated cotton,4 cellulose carbamate,5,6

and cellulose copolymerized with various vinyl
monomers.1

In a very recent study,7 we have reported on the
preparation of DEAE cotton-g-poly(methacrylic
acid) for use as an ion exchanger. A potassium per-
manganate–citric acid redox system was used for
initiation of grafting. Ability of the synthesized
poly(methacrylic acid)–DEAE cotton graft copoly-
mers to remove dyes and metal ions from aqueous
solutions was also reported.

With the above in mind, the present work aims
at synthesizing cotton cellulose bearing different
substituents. The latter are selected in a way that
cotton will be rendered ionic exchanger. Hence
cotton, alkali-treated cotton, and DEAE cottons
were subjected to carbamoethylation with a view
to introduce carbamoyethyl groups in the molec-
ular structure of cellulose in addition to the
DEAE groups in the modified cotton. The car-
bamoyethylated products are further modified by
subjecting them to grafting with acrylamide. In-
vestigation into the ability of the carbamoyethyl-
ated products-g-poly(Aam) before and after sa-
ponification to remove different dyes from aque-
ous solutions are then made.

EXPERIMENTAL

Materials

Mill-desized, scoured, and bleached cotton fabric
(popline) was supplied by Misr Company for spin-
ning and weaving, Mehala Elkubra, Egypt. The
fabric was purified in the laboratory by scouring
at 100°C for 60 min using solution containing
Na2CO3 (2 g/L). It was then thoroughly washed
with water and dried at ambient conditions.
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Chemicals

B-Chloroethyldiethylamine hydrochloride, so-
dium hydroxide, acrylamide, potassium perman-
ganate, citric acid, glacial acetic acid, and other
chemicals were of laboratory-grade chemicals.

The dyes used included direct dye, Solophenyl
Orange TGL, basic dye, Maxilon Blue TL; acid
dye, Remalan Fast Red EGG; and reactive dye,
Remazol Blue R. These dyes were kindly supplied
by Ciba-Giegy, Switzerland.

Preparation of DEAE Cotton

Diethylaminoethyl (DEAE) cotton was prepared
according to reported modification of Hartman
Process.8 The fabric was added twice to approxi-
mately 100% wet pick up with aqueous solution of
B-chloroethyldiethylamine hydrochloride and
dried at 60°C for 10 min. The fabric was then
immersed in 8% sodium hydroxide solution for 10
min at 95°C, washed in dilute acetic acid and then
under tap water, followed by drying at ambient
conditions.

Preparation of Alkali-Treated Cotton

The fabric is immersed in 8% aqueous sodium
hydroxide at 95°C for 10 min. The excess alkali is
removed by washing the fabric with dilute acetic
acid and then under tap water, followed by dry-
ing, as above.

Preparation of Carbamoylethylation

Cellulose reacts with acrylamide (Aam) in alka-
line medium to give carbamoylethylated cotton
cellulose.9 The reaction involved may be repre-
sented as follows:

Untreated cotton, alkali-treated cotton, and
DEAE cottons having different %N were treated
with acrylamide at different concentrations,
along with 3.8% sodium hydroxide. After being
squeezed to a wet pick up of approximately 85%,
the fabric was heated in an oven at 125°C for 6
min. At this end, the fabric was thoroughly
washed and air-dried at room temperature.

Grafting Process

Treatment with Potassium Permanganate

Unless otherwise indicated, grafting of cotton, al-
kali-treated cotton, and DEAE cotton was carried

out as per the following procedure. The sample
was treated with a solution containing KMnO4
(0.25 g/L) at 30°C for 30 min using a material-to-
liquor ratio of 1 : 30 with continuous shaking to
avoid the heterogeneity of MnO2 deposition on the
fabric surface. After this treatment, the fabric
was thoroughly washed with water and squeezed
between two filter papers, then immersed in poly-
merization solution.10

Graft Polymerization

The so-obtained KMnO4-treated sample was in-
troduced in 100-mL stoppered conical flask con-
taining an aqueous solution of Aam at a concen-
tration of 100% based on fabric-weight (0.25 g/L)
citric acid (pH 3). Polymerization was allowed to
proceed at 80°C for 60 min. At the end of reaction
the sample was removed, thoroughly washed sev-
eral times with cold and boiled water, and dried
at 105°C for 180 min.11

Saponification Process11

Samples of these modified cotton were immersed
in (IN) NaOH at 80°C for 2 h. A material-to-liquor
ratio (L : R) 1 : 50 was employed. The sample was
washed repeatedly with water and dried at room
temperature.

TESTING AND ANALYSIS

Percentage graft yield (Yg) was calculated as fol-
lows [eq. (1)]:

Yg 5
~W2 2 W1!

W1
3 100 (1)

where W1 is the dry weight of original sample,
and W2 is the dry weight of the grafted sample.

The carboxyl content was determined accord-
ing to reported method.12 The nitrogen content
was determined by kjeldhal method.13

Evaluation of ion exchange as a dye absorbant
was carried out using a photoelectric colorimeter
Model 528.

RESULTS AND DISCUSSION

Carbamoyethylation of DEAE Cottons

When cotton cellulose is treated with B-chloroeth-
yldiethylamine hydrochloride in the presence of
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alkali, DEAE-cotton is formed via aminization,7

as shown by following the reaction suggested by
eq. (2):

The extent of aminization is usually expressed as
N%. DEAE cottons having different N%, namely,
0.109, 0.211, and 0.43%N, which are shown in
Table I, were obtained by changing the concentra-
tion of B-chloroethyldiethylamine hydrochloride
whereas, alkali-treated cotton represents a con-
trol for DEAE cotton, as detailed in our previous
work.7 These DEAE cottons, along with untreated
cotton and alkali-treated cotton, were subjected to
carbamoylethylation. The latter involves treat-
ment of the cotton substrate with acrylamide in
presence of alkali, as described in the experimen-
tal section. Carbamoyethylation takes place ac-
cording to the following reaction suggested by eq.
(3):

CellOOH 1 CH2ACHCONH23

CellOCH2CH2CONH2 (3)

Table I shows the dependence of carbamoyl-
ethylation of the aforementioned substrates,
namely, untreated cotton, alkali-treated cotton,

and DEAE cottons on the concentration of acryl-
amide. It is seen that increasing the amount of
DEAE groups expressed as %N in the molecular
structure of cotton cellulose significantly en-
hances the susceptibility of the latter towards
carbamoyethylation. This is rather a direct con-
sequence of extra nitrogen due to the introduction
of carbamoylethyl groups in additional to DEAE
groups.

It is also seen that the extent of carbamoyl-
ethylation (expressed as %N) increases by in-
creasing the acrylamide concentration, irrespec-
tive of the substrate used, within the range stud-
ied. This reflects the dependence of the
magnitude of the carbamoylethylation reaction on
the availability of acrylamide molecules in the
proximity of cellulose hydroxyl groups, which are
themselves immobile.14

Graft Polymerization

Untreated cotton fabric, alkali-treated cotton,
and DEAE cottons having different degrees of
aminization, expressed as %N, were graft-poly-
merized under different conditions with Aam, as
described in the experimental section. Results of
the graft yield obtained with these five substrates
are summarized in Tables II and III. It is seen
that the graft yield increases by increasing the
concentration of the initiator, that is, KMnO4 and
citric acid, within the range studied, regardless of
the substrate used. Nevertheless, the nature of
the substrate determines the magnitude of graft-
ing for a given condition. The DEAE cottons ex-
hibit greater grafting than does the untreated
cotton, whereas alkali-treated cotton stands in a
midway position.

Table I Effect of Acrylamide Concentration on the Extent of Carbamoylethylation
(Expressed as N%)

[Acrylamide]
(g/L)

Untreated
Cotton

Alkali-Treated
Cotton

DEAE Cotton
with 0.109 N%

DEAE Cotton
with 0.211 N%

DEAE Cotton
with 0.43 N%

N%
Carboxyl
Content N%

Carboxyl
Content N%

Carboxyl
Content N%

Carboxyl
Content N%

Carboxyl
Content

80 0.782 10.90 0.731 10.70 0.811 10.70 1.100 10.70 1.292 10.93
100 0.913 16.80 0.965 16.71 9.890 16.71 1.351 16.71 1.401 16.71
120 1.083 18.91 1.114 18.91 1.201 18.91 1.410 18.91 1.439 18.91
240 1.450 19.99 1.312 19.99 1.540 19.99 1.622 19.99 1.885 19.99
350 2.010 22.12 2.030 22.12 2.090 22.12 2.050 22.12 2.390 22.12

Variations of nitrogen content and carboxyl content meq–COOH/100 g fabric of acrylamidomethylated products with the
concentration of acrylamide.
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According to previous report,15 the creation of
primary free radicals in the permanganate–citric
acid (HR) system occurs presumably as follows:

MnIV 1 HR3MnIII 1 H 1 R° (4)

R° 1 H2O3 HR 1 HO° (5)

MnIV 1 H23MnII 1 H 1 HO° (6)

These free radical species attack the cellulose
molecule (cellOOH) and results in cellulose mac-
roradical via abstraction of hydrogen atom, as
exemplified by the reaction suggested by eq. (7).

CellOOH 1 R°3 CellOO° 1 HR (7)

The cellulose macroradical may also be formed
via direct attack of MnIV, as shown by eq. (8).

CellOOH 1 MnIV3 CellOO° 1 MnIII 1 H1 (8)

Addition of the cellulose radical to the double
bond of Aam initiates grafting through formation
of the chemical bond between the cellulose and
(Aam) molecule with creation of free radical on
the latter, as suggested by eq. (9).

CellOO° 1 CH2ACHOCONH23

CellOOOCH2C°HR (9)

This is followed by subsequent addition of Aam
molecules, thereby propagating the graft chain,
which will be terminated by combination, dispro-
portionation, or other means.

The above reaction mechanism explains the
dependence of the graft yield on the initiator con-
centration. Both the initiator components, that is,

Table II Effect of Initiator and Monomer Concentrations on Grafting of Acrylamide onto Untreated
and Alkali-Treated Cottons and DEAE Cottons

[KMnO4]
(g/L)a

Graft Yield (%)b

[Citric Acid]
(g/L)c

Graft Yield (%)
[Aam]

(% ows)d

Graft Yield (%)

I II III IV V I II III IV V I II III IV V

0.05 5 8 10 12 15 0.05 4 10 15 18 21 20 5 7 10 19 22
0.10 9 12 15 18 20 0.10 6 14 18 20 25 40 13 15 17 20 25
0.15 11 14 17 19 24 0.15 10 15 19 21 27 60 14 18 20 26 29
0.20 15 19 25 28 26 0.20 13 20 21 29 31 80 16 21 25 28 31
0.25 22 27 29 30 37 0.25 20 25 30 32 36 100 18 22 27 30 37

a [Aam], 100% ows; [citric acid], 0.25 g/L (temperature, 80°C; time, 60 min; material-to-liquor ratio, 1 : 20; pH 3).
b I represents untreated cotton; II, alkali-treated cotton; III, IV, and V, DEAE cottons having 0.109, 0.211, 0.43%N, respectively.
c [Aam], 100% ows; [KMnO4], 0.25 g/L (temperature, 80°C; time, 60 min; material-to-liquor ratio, 1 : 20; pH 3).
d [KMnO4], 0.25 g/L; (citric acid), 0.25 g/L (temperature, 80°C; time, 60 min; material-to-liquor ratio, 1 : 20; pH 3).

Table III Effect of Time and Temperature of Polymerization on Grafting of Acrylamide onto
Untreated Cotton and Alkali-Treated Cottons as Well as on DEAE Cottons

Temperaturea

(°C)

Graft Yield (%)b

Timec

(min)

Graft Yield (%)

I II III IV V I II III IV V

60 8 12 17 19 20 30 5 8 21 18 20
70 13 14 19 22 29 45 12 15 24 24 24
80 21 25 30 32 36 60 19 22 29 29 30

75 21 23 30 30 35
90 22 25 36 36 37

[Aam], 100% ows; [KMnO4], 0.25 g/L; [citric acid], 0.25 g/L; pH 3; material-to-liquor ratio, 1 : 20.
a Time: 60 min.
b I represents untreated cotton; II, alkali-treated cotton; III, IV, and V, DEAE cottons having 0.109, 0.211, and 0.43 %N.
c Temperature: 80°C.
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Mn41 and citric acid, participate in the produc-
tion of the primary free radical, which reacts with
cellulose to form cellulose macroradicals capable
of initiating grafting. Mn41 can also directly at-
tack the cellulose to form similar cellulose macro-
radicals. It is logical, therefore, that increasing
the concentration of the KMnO4 and citric acid in
the polymerization medium favors grafting.

Enhancement of the susceptibility of cotton to-
wards grafting by prior alkali treatment (Table
II) suggests that cotton undergoes physical
changes, which act in favor of grafting. Most prob-
ably, cotton is rendered more accessible, and,
therefore, more cellulose hydroxyls will be avail-
able for reaction. Enhanced accessibility facili-
tates diffusion and adsorption of monomer and
initiator, thereby providing a better environment
for grafting to proceed. The same holds true for
modified cotton with the additional effect of the
DEAE groups. Introduction of these groups in the
molecular structure of cotton cellulose in presence
of alkali holds the structure open. This, in combi-
nation with increased accessibility, would make
the DEAE cotton a better candidate for grafting.
Grafting seems to be affected by the presence of
DEAE groups as a chemical moiety. It is likely
that these groups act as additional sites7 for
grafting, as shown by eq. (10).

It is also possible that citric acid molecule is
attached to the DEAE groups by virtue of the
basicity of the latter and, in so doing, favors for-
mation of free radicals in the proximity of the
cellulose, thereby promoting grafting over ho-
mopolymerization.7

Table II shows that the graft yield increases
significantly as the acrylamide concentration in-
creases from 20 to 100% ows. This is observed
regardless of the substrate used, but with the
certainty that DEAE cottons acquire the highest
graft yields and the untreated cotton the least,
while the alkali treated cotton lies in between.

The favorable effect of monomer concentration
on the graft yield could be associated with greater
availability of Aam molecules in the vicinity of the
cellulosic substrate at higher monomer concen-
trations. The substrate macroradicals are immo-
bile, and their reaction with Aam molecules
would rely on presence of the latter in their prox-

imity. It is also possible to interpret this enhance-
ment in graft yield in terms of the gel effect. The
latter creates a viscous environment through dis-
solution of poly(Aam) in its own monomer and, in
so doing, impedes termination of the graft. As a
result, the molecular weight of the molecular
weight of the graft and, therefore, the graft yield
increases.

Table III shows the effect of duration and tem-
perature on the graft yield. Obviously, the extent
and rate of grafting increases as the temperature
and duration increases within the range studied.
This is rather a direct consequence of the favor-
able effect of both factors on the following:

1. decomposition of the redox system in ques-
tion, giving rise to more free radicals;

2. swellability of substrate;
3. mobility of the monomer molecules;
4. diffusion of monomer from aqueous phase

to fiber phase;
5. rate of initiation and propagation of the

graft.

Table IV contains results of synthesis and
characterization of modified cottons obtained
through grafting of acrylamide onto the car-
bamoylethylated products of cotton, alkali-
treated cotton, and DEAE cottons. Grafting was
carried using different concentrations of acryl-
amide (100–300% ows), KMnO4, and citric acid
(0.25 g/L each); pH 3; and a material-to-liquor
ratio of 1 : 20 at 80°C for 60 min. As is evident, the
graft yield increases substantially by increasing
the acrylamide concentration within the range
studied. The same holds true for the nitrogen
content and carboxyl content. Nevertheless, the
magnitudes of the graft yield and nitrogen are
determined by the nature of the substrate.

By virtue of having two types of additional
groups for grafting, namely, the DEAE groups7

and the carbamoylethyl groups,16 DEAE cottons
display higher graft yield and nitrogen content
than cotton and alkali-treated cotton bearing only
carbamoylethyl groups.

It is understandable that the nitrogen content
is the total nitrogen of the sample representing
the DEAE groups, plus the carbamoyethyl
groups, plus the poly(Aam) in DEAE cottons, with
only the latter two grouping in case of the un-
treated and alkali treated cottons. On the other
hand, the carboxyl content expresses the magni-
tude of carboxyethylation occurring simulta-
neously during the carbamoyethylation as a re-
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sult of partial alkaline hydrolysis of theOCONH2
groups of the carbamoylethyl cotton to carboxy-
ethyl ethyl groups. This is rather an inevitable
reaction, usually accompanying the carbamoyl-
ethylation, and, as evidenced by current data, it is
independent of the nature of the substrate. The
magnitude of the carboxyl contents is also not
affected by grafting since their values remain con-
stant after grafting.

Saponification

Results given in parenthesis in Table IV show the
effect of saponification on the acrylamide moieties
present as a group or in the form of polymer
(graft) in the aforementioned carbamoyethylated
products-g-poly(Aam). Obviously, the graft yield
increases after saponification and so does the car-
boxyl content. The nitrogen content, on the other
hand, decreases. This is rather a direct conse-
quence of the conversion of the OCONH2 group-
ing in the acrylamide moieties to OCOOH
groups.17,18 At any event, however, we are now
dealing with different modified cottons. While
those derived from cotton and alkali-treated cot-
ton bear carbamoyl and carboxyethyl in the form
of a group, as well as in the polymer form, DEAE
cottons possess additional DEAE groups. This in-
deed imparts ionic exchange properties to these
cottons and makes them a suitable candidate for
dye adsorption, as shown below.

Dye Adsorption

The ability of the aforementioned carbamoylethyl
cotton products grafted with poly(acrylamide) be-
fore and after saponification to adsorb different
dyestuffs from aqueous solution was studied. This
is done to feature the ionic properties of these
substrates and to figure out their suitability to
serve as ionic exchangers.

Table V contains the amount of dye adsorbed
by the said different modified cottons. Evidently,
substrates prepared from DEAE cotton exhibit
the highest ability to adsorb and, therefore, to
remove different dyes from aqueous solutions;
whereas those prepared from cotton exhibit the
least. On the other hand, substrate prepared from
alkali-treated cotton stand in a midway position.
The ability to remove different dyes from aqueous
solutions is directly related to the graft yield.

Table V also shows the dependence of dye ad-
sorption on the substrate (i.e., dye removal from
solution) on the type and nature of the dye. DyesT
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used encompass direct, reactive, acid, and basic
dyes. The extent of dye removal is determined by
nature of both the substrate and the dye. The
ability of the substrate to hold the direct dye is a
manifestation of the ability of the amino and hy-
droxyl groups of the substrate, along with the
pore size of its physical structure, to trap the dye
via physical association. The greater ability for
acid dye removal seems to be in conformation
with the basicity of the copolymer. The higher the
basicity, the greater the interaction with the acid
dye. It goes without saying that the basicity of the
amino groups in substrates based on DEAE cot-
ton is the highest, and it is the least with those
based on cotton.

For basic dye (Table V), adsorption on the sub-
strate and removal from the aqueous phase of the
dyeing system occur mainly through interactions
involving the carboxyl groups of the substrate and
the dye molecule. The dye is held to the substrate
via ionic forces.

With the reactive dye, on the other hand, the
extent of dye removal would be expected to rely on
(1) the ability of the substrate to react chemically
with the dye and (2) the ability of the substrate to
hold the dye via ionic or other forces. While the
cellulose hydroxyls of the substrates in question act
as sites for dye sorption, they also act as a reactive
center for reaction of the dye under the influence of
the amino groups, which act as a built-in catalyst in

Table V Ability of the Carbamoyethylated Products-g-Poly(Aam) Before and After Saponification to
Remove Dyestuffs from Aqueous Solution

Graft Yield
(%)

Acid Dye Adsorption
(mg/1 g S)

Direct Dye Adsorption
(mg/1 g S)

Reactive Dye Adsorption
(mg/1 g S)

Basic Dye Adsorption
(mg/1 g S)

32 115 102 123 124
(39) (121) (105) (125) (127)
39 130 109 127 128

(44) (135) (111) (129) (130)
47 133 115 134 130

(53) (136) (118) (136) (133)
49 135 120 138 132

(56) (138) (125) (140) (135)
52 137 130 138 135

(58) (140) (135) (142) (138)
31 120 111 124 123

(42) (123) (127) (126) (128)
42 135 117 127 132

(48) (138) (131) (129) (133)
51 137 127 134 135

(55) (139) (137) (138) (137)
56 139 131 140 136

(61) (145) (138) (142) (139)
64 141 134 140 140

(69) (145) (140) (145) (146)
40 121 113 127 128

(45) (122) (128) (138) (143)
48 134 122 131 131

(53) (146) (130) (132) (130)
59 142 129 135 137

(65) (147) (135) (138) (135)
63 143 133 144 140

(68) (148) (138) (146) (138)
71 145 139 144 143

(76) (148) (141) (148) (148)
0 1.02 1.4 2.52 1.5

(1.05) (1.62) (2.7) (1.7)

The values in parentheses represent the results obtained with the saponified products of the modified cottons under investi-
gation. Dye adsorption is expressed as mg dye/g substrate. Conditions for dye adsorption: Time, 3 h; temperature, 80°C; pH 3; dye
concentration, 200 mg/L.
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the case of substrates derived from DEAE cotton.
Meanwhile, the amino groups themselves interact
with the dye via formation of salt linkage.

Dependence of the extent of dye removal upon
the nature of the dye is rather expected. The
nature of the dyes is expected to decide the affin-
ity of the dye for the exchanger, which, in turn, is
governed by as many factors as penetration,
availability, selectivity, and accessibility. The ex-
tent of dye removal and the ability of the sub-
strate to remove the dye increases after the sa-
ponification treatment. Nevertheless, this incre-
ment is not so striking.
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