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ABSTRACT: Water-soluble polymers have versatile
application, viz., water-soluble polyacrylates have been
widely used in the reactive dyeing of cellulosic fibers and
the related soaping as an important component of the level-
ing and washing agent. In this article, one such water-solu-
ble polymer, polyacrylic acid has been synthesized,
characterized, and applied in conjunction with various
types of reactive dyes, namely triazinyl, vinyl sulfone, high
exhaustion, and bifunctional reactive dyes, along with
crosslinking agents, namely glycerol 1,3-dichlorohydrin and
hexamethylene tetramine-hydroquinone, respectively. One
of the crosslinking agents (the former one) has been synthe-

sized in the laboratory. Crosslinking agent is necessary to
adhere the dye molecule onto the cellulose macromolecule.
Different process sequences have been formulated and
explored for dyeing purpose. All such dyeings were carried
out at neutral pH. The dyed samples were assessed through
color strength in terms of K/S values and their fastness
properties were assessed by standard methods. All such
dyeings were compared with conventional dyed samples.
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INTRODUCTION

For the dyeing of cotton substrates, the most widely
used dyes are reactive dyes because of their accepta-
ble price, brilliancy of shades, good tinctorial value,
reasonably good fastness properties, etc. Cotton fab-
ric dyed with reactive dyes suffers from several
drawbacks—one of which is environmental hazards
due to the utilization of very high concentrations of
exhausting agent, viz., sodium chloride or sodium
sulfate (up to 100 gpl) as well as alkali (up to 20 gpl)
in its dyeing process. Together with this, commercial
reactive dyes give only 65–70% exhaustion of the
dyebath liquor. Removal of the unfixed dye from
the substrate is time-consuming, energy intensive,
and requires expensive washing-off procedures.

Unfixed reactive dye and/or hydrolyzed dye
along with alkali used for fixation may also pose an
environmental hazard because the hydrolyzed dye
will pass in the effluent thereby increasing the pollu-
tion load. Certain reactive dyes, like mono- and
dichlorotriazine, or flourotriazine type of reactive
dyes may cause the passage of organo-halogen in
the discharge effluent, which may by-pass the per-
missible discharge limit fixed by certain countries.

The achievement of high-dye fixation in a nonpol-
luting dyeing procedure would be of great benefit.
This can be attained either by the modification of
the dyeing procedure or the substrate itself, or by
the development of dyes with high fixation yields.
Treatment of cotton with various chemicals prior

to its dyeing has been reported in literature to
improve its dyeability with reactive dyes.1–4 Dyeing
of such pretreated fabric was followed by treatment
with an alkali for the fixation of these dyes. Other
approaches have been reported5–11 where some
chemicals have been devised, namely Glytac A, etc.,
for improving the dyeability of cotton with reactive
dyes, which is due to increased dyebath exhaustion.
In all these cases, alkaline conditions have been used
for dyeing. In spite of extensive search, very little in-
formation has been received for dyeing cotton with
reactive dyes at neutral pH. Burkinshaw et al.12,13

recently reported a method of dyeing cotton using
Hercosett resin pretreatments, thereby improving
the substantivity and reactivity of cotton. This facili-
tates dyeing process at neutral pH but lowers the
light fastness. Thus, it would be a great achievement
if reactive dyes can be applied to cotton without uti-
lization of any alkali or salt in the dyebath. In this
article, an attempt has been made to study the modi-
fication of cotton material to perform reactive dyeing
even at neutral pH conditions, i.e., without utilizing
salt, alkali, or any other chemical in the dyebath. For
this purpose, a pretreatment with a highly reactive
water-soluble polymer has been suggested. One
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such polymer is polyacrylic acid (PAA), whose poly-
anion, polyacrylate (PAC) is one of the most com-
monly used polyelectrolyte on industrial scale.14

Poly(acrylic acid) as well as PAC are nontoxic and
environmentally benign, but are not biodegradable.
Water interacts strongly with such polyanions, such
as PAC, via hydrogen bonding to the anionic groups
aiding in the dissolution of the polymer.15 On neu-
tralization with a suitable base, the carboxylate
group ionizes, and mutual ionic repulsion between
these groups causes the molecule to adopt a greatly
expanded configuration.16,17 PAC can be crosslinked
by using a multifunctional vinyl monomer. Many
crosslinking agents, such as trimethylolpropanetria-
crylate, etc., are used in commercial processes and
have also been reported in the literature.18

MATERIALS AND EXPERIMENTAL
PROCEDURES

Materials

Cotton fabric (poplin, 78 g/m2) with 54 ends/inch
and 44 picks/inch was used for this study. The fabric
was scoured with 5 gpl nonionic detergent (Lissapol
N) and 5 gpl soda ash at boil for 90 min. After proper
washing, the scoured fabric was then bleached with
sodium hypochlorite (5 gpl of available chlorine)
using pH 10 at room temperature for 1 h and subse-
quently washed thoroughly till it became neutral.

Acrylic acid monomer (A.R. grade) was used for
the present investigation. Two crosslinking agents,
namely glycerol 1,3-dichlorohydrin (CA) and hexam-
ethylene tetramine-hydroquinone (HMTA-HQ) (CB)
utilized were based on non-nitrogenous and nitroge-
nous type products, respectively. The former cross-
linking agent, glycerol 1,3-dichlorohydrin has been
synthesized in the laboratory. For the synthesis, epi-
chlorohydrin (mol. wt. 92.53 and purity 98%) and
other chemicals used were of laboratory grade. The
second crosslinking agent, i.e., HMTA-HQ used was
of analytical reagent grade and was procured from
the market. Various commercial reactive dyes used
for the work are represented in Table I.

Experimental methods

Polymer preparation

PAA was synthesized from its monomer acrylic acid
by standard polymerization process.19 The polymer
thus formed was with viscosity average molecular
weight of 3,416 (intrinsic viscosity, g ¼ 0.712) and
16.29% solid content.

Preparation of glycerol 1,3-dichlorohydrin

Glycerol 1,3-dichlorohydrin was prepared by interac-
tion of epichlorohydrin and hydrochloric acid. Epi-

chlorohydrin was gradually added to a mixture of
one part of concentrated hydrochloric acid and three
parts of 13% by weight sodium chloride solution at
30�C over a period of 2 h.20

Pretreatment

In the trial experimental work, cotton fabric was
treated with PAA (5 gpl) and crosslinking agent (3
gpl) and then immediately padded (to minimize the
reaction between PAA and the individual crosslinking
agent) by 2-dip-2-nip technique (using 65% expres-
sion). After padding, the fabric was dried at an ambi-
ent temperature and cured at 150�C for 5 min. The
curing conditions were so chosen as these are commer-
cially practiced in textile mills. The pretreated sample
was rinsed with water and dried. The mass add-on of
the PAA-CA treated sample was found to be 8.8% and
that of PAA-CB treated sample was 12.1%.
The concentrations of PAA and each individual

crosslinking agent CA and CB were optimized fol-
lowed by the assessment of their dyeability (K/S val-
ues) with five of six commercial reactive dyes men-
tioned in Table I.
The dyeing of these dyes has been performed by

exhaust process (for 90 min at boil for MCT, VS, and
HE dyes and at 50�C DCT and ME dyes) and pad-
dry-cure (at 150�C/5 min for MCT, VS, and HE dyes
and at 150�C/1 min for DCT and ME dyes) process.
The pH of the dyebath was 7.0 6 0.1 as no alkali/
salt was used. After dyeing, the dyed sample was
washed, soaped with a nonionic detergent, Lissapol
N (2 gpl) and soda ash (1 gpl) at 60�C for 30 min
using a liquor ratio of 30 : 1, followed by thorough
rinsing and drying.

Dyeing procedures

After optimization, dyeing was performed with
exhaust as well as pad-dry-cure methods at different
depth of shades, viz., 0.5, 1, 2, 3, and 5%, respec-
tively. Subsequently, different process sequences

TABLE I
Various Reactive Dyes Used

Dye CI reactive

Dichlorotriazine (DCT) dye
Procion Brilliant Red M5B (D I) Red 2

Monochlorotriazine (MCT) dye
Procion Brilliant Red H7B (D II) Red 141
Procion Brilliant Yellow H7G (D III) –

Vinyl sulphone (VS) dye
Remazol Brilliant Violet 5R (D IV) Violet 5

High exhaustion (HE) reactive dye
Procion Red HE-3B (D V) Red 120
Bifunctional (ME) reactive dye

Benzofix Orange ME 2RL (D VI) –
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have been formulated and six commercial reactive
dyes containing various reactive systems were
applied on pretreated samples at 2% shade. Various
dyeing sequences adopted were as follows:

S I: Exhaust dyeing

Pretreated sample was dyed for 90 min at boil (for
MCT, VS, and HE dyes) and at 50�C (for DCT and
ME dyes).

S II: Pretreatment followed by pad-dry-cure dyeing

Pretreated sample was padded with requisite
amount of dye solution using 2-dip-2-nip technique
(65% expression), dried and cured.

S III: Simultaneous dyeing

Sample was padded with optimum concentration of
PAA and crosslinking agent along with the reactive
dye, dried and cured.

Cex: Conventional exhaust dyeing

Parent (untreated) sample was dyed for 1 h using 20
gpl glauber’s salt (for exhaustion) and 5 gpl soda
ash (for fixation). The dyeing temperatures for indi-
vidual dyes are: room temperature for DCT and ME
dyes; 60�C for VS dyes; 70�C for MCT dyes; and
80�C for HE dyes.21

Cpdc: Conventional pad-dry-cure dyeing

Parent (untreated) sample was padded with requi-
site amount of dye solution using 2-dip-2-nip tech-
nique, dried and cured.21 For sequences S II, S III,
and Cpdc, the curing conditions chosen were 150�C/
5 min for MCT, VS, and HE dyes and 150�C/1 min
for DCT and ME dyes, while the washing and soap-
ing procedures were kept same as mentioned earlier.
Various dyeings were also compared with conven-
tionally dyed samples.

Testing and analysis

Mechanical properties

Tensile properties, namely breaking strength and
elongation at break, of the treated and untreated
samples were determined on the Instron 1121 tensile
tester. An average of 10 readings was taken.

Determination of nitrogen content

Nitrogen content of the treated and untreated sam-
ples was determined on C, H, and N Analyzer (Per-
kin Elmer Model 240 Elemental Analyzer).

Infrared analysis

The Infrared (IR) analysis of both treated and
untreated cotton was carried out on IS 460 SHI-
MADZU Spectrometer, using the diffuse reflectance
accessory; this device collects reflected radiations
that have penetrated the fabric, at the same time
ignoring specular or nonabsorbed radiation. Using
the computing power of the instrument, it is possi-
ble to store and subsequently substrate spectra, thus
giving accurate information as to the state of chemi-
cal modification of cotton.

Evaluation of color strength

The dyeing performance of various dyed samples
was assessed on Data Spectraflash SF 600 Spectro-
photometer by measuring the relative color strength
(K/S value) spectrophotometrically. These values are
computer calculated from reflectance data according
to Kubelka–Munk equation.22

Assessment of fastness properties23

Wash fastness was evaluated according to ISO
Standard Test No.3 on Launder-o-meter; light fast-
ness on Fade-o-meter using carbon-arc continuous
illumination (BS 1006: 1987) and rub fastness (both
dry as well as wet) on Crockmeter (BS 1006: No.X12;
1978).

Determination of wrinkle resistance

Wrinkle resistance (crease recovery) of the untreated
and treated samples was measured on crease re-
covery tester (Model: Sasmira) using standard
method.23

RESULTS AND DISCUSSION

Optimization of concentration of the PAA

Cotton fabric treated with PAA and individual
crosslinking agent was dyed with reactive dyes (CI
Reactive Red 141 and CI Reactive Red 2) without
using alkali/salt, i.e., at neutral pH (7.0 6 0.1). Uni-
form dyeings were obtained. Therefore, the concen-
trations of PAA and crosslinking agents were opti-
mized. This was carried out by using various
concentrations of PAA (5, 10, 15, 20, and 25 gpl) and
crosslinking agent (3, 5, 7, 10, and 15 gpl) for both
exhaust as well as pad-dry-cure dyeing methods.
Optimized concentrations of these three pretreat-
ment liquor constituents were found out individu-
ally by assessing the dyeing performance in terms of
K/S values of the respective sample as mentioned in
Table II. From Table II, it can be visualized that in
case of Procion (chloro-s-triazinyl) dyes applied by
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the exhaustion process, maximum color strength val-
ues have been obtained with 15 gpl concentration of
PAA in the presence of CA crosslinking agent and
with 10 gpl concentration of PAA in the presence of
CB crosslinking agent for both cold and hot brands
of Procion reactive dyes. For instance, in case of the
sample pretreated with PAA and CA combinations,
the K/S values of 5.36 and 3.02 have been observed
with Procion Brilliant Red M5B (DCT) and Procion
Brilliant Red H7B (MCT) dyes, respectively. It may
be noted that after these respective concentrations of
PAA in the treatment liquor in the presence of the
said crosslinking agents, the dyed samples does not
show much variation in the color strength value.
The vinyl sulfone reactive dye, Remazol Brilliant
Violet 5R, gives optimum dyeing performance with
15 gpl concentration of PAA, irrespective of the
crosslinking agents used for the purpose of optimi-
zation. However, when the bifunctional (HE and
ME) brand of dyes are applied by the exhaustion
process on the pretreated samples, the optimum con-
centration of PAA in the treatment liquor gives a
comparatively better dyeing results at only 5 gpl
concentration of PAA with both crosslinking agents
used.

From Table II, it can be seen that the high-exhaust
type of bifunctional reactive dyes, i.e., HE and ME
dyes give a comparatively better dyeing perform-
ance on the pretreated samples. For both these dyes,
the pretreatment procedure utilizes a comparatively
lower concentration of PAA solution than chloro-s-
triazinyl (MCT and DCT) and vinyl sulfone (VS) re-
active dyes. The polymer concentration required for
pretreatment is only 5 gpl with bifunctional reactive
dyes, whereas the pretreatment liquor requires 10–
15 gpl of PAA concentration with monofunctional
hot brand and cold brand reactive dyes (MCT, DCT,
and VS dyes) to obtain maximum color yield.

Various grades of PAA polymer, having variation
in the viscosity, were prepared for the trial purpose.

The intrinsic viscosity of all these preparations of
PAA was determined by the viscosity measurement
method using Ostwald’s Viscometer. The results are
represented as follows:

Dyeing with reactive dyes was carried out with
various grades of PAA (15 gpl) along with crosslink-
ing agent (both separately, 5 gpl) by usual pad-dry-
cure method and it was found that the color yield
offered by the sample of Grade 3 (i.e., g ¼ 0.712)
was probably suitable for satisfying all necessary
conditions for dyeing. Beyond this value of g, i.e.,
for Grades 4 and 5, the color yield was not uniform
and some other practical problems, associated with
agglomeration, channeling, etc., of the polymer at
the elevated (i.e., curing) temperature, were also
observed. This results in uneven and patchy dyeing.
This is also related to the dye structure and its mo-
lecular weight. Details of this need further extensive
work, which is not included in this article. Above
the Grade 3, the color yield was less because of
shear thinning effect of the polymer at the elevated
temperature during curing, which restricted the con-
tacts of the polymer (PAA), crosslinking agent and
the reactive dye.
The optimum concentration of PAA was also deter-

mined by dyeing the pretreated samples using pad-
dry-cure process. All the dyes applied by the pad-
dry-cure process give the maximum color yield on
those pretreated samples, which utilized the polymer
concentration in the range of 10–20 gpl, as could be

TABLE II
Role of Polymer Concentration on Color Strength Value of Dyed Cotton

Dye

K/S values for

Conc. of PAA (gpl) Conc. of CA
a ¼ 5 gpl Conc. of PAA (gpl) Conc. of CB

b ¼ 5 gpl

5 10 15 20 25 5 10 15 20 25

D I 4.26 5.06 5.36 5.21 4.89 6.24 6.95 6.92 6.83 6.80
D II 2.63 2.95 3.02 2.89 2.86 3.56 4.12 3.89 3.63 3.68
D IV 3.12 3.45 3.96 3.83 3.85 4.54 4.59 4.84 4.63 4.22
D V 9.86 9.82 9.63 9.21 9.39 10.69 10.23 10.20 10.12 9.99
D VI 6.92 6.84 6.79 6.62 6.56 7.56 7.23 7.33 7.10 6.86

Process: Pretreatment: Fabric padded with different concentrations (5–25 gpl) of PAA along with 5 gpl concentration of
crosslinking agent, dried, cured, washed, and dried. Dyeing: The pretreated fabric dyed with 2% reactive dye by exhaus-
tion process without using any auxiliary in the dye bath.

a CA: Glycerol 1,3-dichlorohydrin.
b CB: Hexamethylene tetramine-hydroquinone.

PAA
Intrinsic

viscosity (g)
Viscosity average

molecular weight (gav)

Grade 1 0.589 1,680
Grade 2 0.656 2,198
Grade 3 0.712 3,416
Grade 4 0.852 5,213
Grade 5 1.219 8,456
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visualized from Table III. The cold brand dichloro tri-
azinyl reactive dye, Procion Brilliant Red M5B, gives
maximum color on the sample, which has been pre-
treated with 10 gpl PAA, irrespective of the crosslink-
ing agent used in the pretreatment bath. On the other
hand, the hot brand monochloro triazinyl (Procion
Brilliant Red H7B) as well as vinyl sulfone (Remazol
Brilliant Violet 5R) reactive dyes show higher K/S val-
ues for the samples, which are pretreated with 15 gpl
PAA for CA crosslinking agent and with 10 gpl PAA
for CB crosslinking agent during pretreatment.

On the other hand, in case of bifunctional dyes,
HE (Procion Red HE-3B) and ME (Benzafix Orange
ME 2RL), the concentration of PAA utilized in the
pretreatment bath was slightly higher (15 and 20
gpl), as indicated in the table. This is obvious
because these dyes are particularly suitable for
exhaustion process and are seldom applied by the
pad-dry-cure process in the industry. This may be
the probable reason for such behavior in the dyeing
of these dyes on the pretreated sample.

From the above two tables, it may be postulated that
the amount of polymer required in the pretreatment

liquor is comparatively less when the subsequent dye-
ing has been done by the exhaustion method (5–15 gpl)
rather than the pad-dry-cure method (15–20 gpl). This
may be due to the longer dyeing time in the exhaustion
process, whereby even the lower concentration of the
fixed polymer assists the fixation of the reactive dye
during the neutral dyeing process.

Optimization of concentration of the
crosslinking agent

In the secondary part of the optimization study, the
concentration of the crosslinking agents (CA and CB)
is being optimized by keeping the polymer concen-
tration constant (as optimized for each individual
crosslinking agent and the reactive dye in the previ-
ous section) in the pretreatment liquor.
The color strength (K/S) value of the samples dyed

by exhaustion process on the samples pretreated
with optimum concentration of PAA and varying
concentration of crosslinking agents is given in Table
IV. When pretreatment is followed by dyeing using
exhaustion method, it can be observed that with all

TABLE III
Role of Polymer Concentration on Color Strength Value of Dyed Cotton

Dye

K/S values for

Conc. of PAA (gpl) Conc. of CA
a ¼ 5 gpl Conc. of PAA (gpl) Conc. of CB

b ¼ 5 gpl

5 10 15 20 25 5 10 15 20 25

D I 9.26 9.86 9.79 9.80 9.21 10.25 10.82 10.79 10.70 10.22
D II 8.96 8.84 9.12 9.02 8.96 9.21 9.63 9.57 9.26 8.21
D IV 11.33 11.72 12.15 11.86 11.80 12.62 13.21 12.75 11.21 11.39
D V 5.32 5.46 5.89 6.36 6.33 5.86 6.26 6.95 6.75 6.68
D VI 5.11 5.28 5.30 5.86 5.80 5.23 5.95 6.35 5.75 5.08

Process: Pretreatment: Fabric padded with different concentrations (5–25 gpl) of PAA along with 5 gpl concentration of
crosslinking agent, dried, cured, washed, and dried. Dyeing: The pretreated fabric padded with 20 gpl reactive dye liquor,
dried, and cured.

a CA: Glycerol 1,3-dichlorohydrin.
b CB: Hexamethylene tetramine-hydroquinone.

TABLE IV
Role of Crosslinking Agent Concentration on Color Strength Value of Dyed Cotton

Dye

K/S values for

Conc. of CA
a (gpl) PAA conc. ¼ Optimum (gpl) Conc. of CB

b (gpl) PAA conc. ¼ Optimum (gpl)

3 5 7 10 15 3 5 7 10 15

D I 3.86 4.21 3.72 3.65 3.60 5.16 5.26 5.20 5.03 4.98
D II 2.89 3.12 2.65 2.31 2.30 3.15 3.86 3.80 3.75 3.28
D IV 3.86 3.96 4.06 3.85 3.80 4.21 4.81 4.65 4.28 4.30
D V 9.98 10.06 9.56 9.23 9.63 11.63 1126 11.15 11.20 11.23
D VI 5.98 6.15 6.05 5.86 5.73 7.23 7.02 6.98 6.89 6.83

Process: Pretreatment: Fabric padded with different concentrations (5–25 gpl) of PAA along with 5 gpl concentration of
crosslinking agent, dried, cured, washed, and dried. Dyeing: The pretreated fabric dyed with 2% reactive dye by exhaus-
tion process without using any auxiliary in the dye bath.

a CA: Glycerol 1,3-dichlorohydrin.
b CB: Hexamethylene tetramine-hydroquinone.
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the three monofunctional dyes used for the study,
the color strength value does not change much
beyond 5 gpl concentration (with one exception)
with both the crosslinking agents used. Thus, for all
practical purposes, the 5 gpl concentration of CA and
CB crosslinking agents has been considered to be op-
timum for the pretreatment. However, for the
bifunctional reactive dyes of HE and ME types, it
has been found that both the dyes give the optimum
concentration of the crosslinking agent as 3 gpl
except for one combination, where HE brand of dye
correspondingly gives a slightly better color strength
(K/S), viz., 10.06 for the samples pretreated with
PAA in the presence of CA crosslinking agent for 5
gpl concentration. The respective values for 3 gpl
concentration of this agent are found to be 9.98.
Thus, although the optimum concentration of CA

agent is found to be 5 gpl, but as the difference in
the color strength values between 3 and 5 gpl con-
centrations of these crosslinking agents, for this par-
ticular dye, is only 0.79%, so here also for all practi-
cal purposes as well as from economical aspects, the
3 gpl concentration of the CA agent is considered as
optimum for the further part of the study.

Similarly, the pad-dry-cure process has also been
used for dyeing the pretreated samples, where the
optimum concentration of PAA is utilized as deter-
mined in the earlier part of this study (from the Ta-
ble II) and the concentration of crosslinking agents,
CA and CB are being varied. The color strength (K/S)
values of the dyed samples are mentioned in Table
V. The CA crosslinking agent did not follow any
usual trend with various reactive dyes. With MCT
reactive dye, its concentration rises up to 7 gpl to
give maximum color strength (7.89), whereas for
DCT as well as HE and ME dyes, 5 gpl of this cross-
linking agent is used in this bath. The K/S values,
corresponding for optimum concentration of CA

agent, are 8.56 for DCT reactive dye and 5.23 and
4.86 for HE and ME type of reactive dyes, respec-

tively. For VS (Remazol) dye, its concentration uti-
lized in the treatment bath is only 3 gpl correspond-
ing to maximum color yield (9.28), but as such there
is not much variation for higher concentration of CA.
The K/S values are 9.22 and 9.15, respectively, at 3
gpl and 7 gpl concentrations of CA agent.
The CB type of crosslinking agent has given better

performance between the two crosslinkers used for the
present study. Only 3 gpl concentration of this particu-
lar agent is used to give maximum color strength value,
irrespective of the dye used for the application. For
instance, the K/S value for DCT and VS reactive dyes
are 10.54 and 11.98, respectively, at 3 gpl concentration
of CB agent. Further increase in the concentration of this
agent decreases the color strength value.
During the pretreatment of cotton material with

various concentrations of polymer and crosslinking
agents, it has been observed that there is no yellow-
ing of the fabric due to such pretreatment. Thus, the
partial crosslinking of PAA with cellulose substrate,
in presence of crosslinking agent does not hamper
the whiteness of the fabric even at higher tempera-
ture during the curing stage.
The feel of the fabric is also not affected even at

higher concentrations of PAA and crosslinking agents.
The fabric surface remains smooth and soft after the
treatment and even before washing. After washing
and soaping procedures, the fabric surface becomes
much smoother than even the original (untreated) cot-
ton substrate. Thus, the pretreatment imparts softness
and suppleness to the cotton substrates, which may
be considered as an additional benefit of such treat-
ment in the neutral dyeing of reactive dyes.
The notable changes incurred in the cellulosic sub-

strate due to such treatment were investigated
through nitrogen content determination and tensile
properties of the pretreated sample.
The nitrogen content value of only PAA treated (15

gpl/pad-dry-cure process) sample was 0.185% and
those treated along with crosslinking agent CA or CB (50

TABLE V
Role of Crosslinking Agent Concentration on Color Strength Value of Dyed Cotton

Dye

K/S values for

Conc. of CA
a (gpl) PAA conc. ¼ Optimum (gpl) Conc. of CB

b (gpl) PAA conc. ¼ Optimum (gpl)

3 5 7 10 15 3 5 7 10 15

D I 7.86 8.56 8.23 8.01 8.10 10.54 10.21 9.85 9.72 9.11
D II 6.73 7.12 7.89 7.66 7.54 9.64 9.52 9.19 8.76 8.95
D IV 9.28 9.22 9.15 8.92 8.86 11.98 11.63 11.26 10.54 10.12
D V 5.12 5.23 4.86 4.80 4.35 6.74 6.26 6.11 5.86 5.45
D VI 4.26 4.86 4.32 4.30 4.11 5.64 5.23 5.02 4.79 4.23

Process: Pretreatment: Fabric padded with different concentrations (5–25 gpl) of PAA along with 5 gpl concentration of
crosslinking agent, dried, cured, washed, and dried. Dyeing: The pretreated fabric padded with 20 gpl reactive dye liquor,
dried, and cured.

a CA: Glycerol 1,3-dichlorohydrin.
b CB: Hexamethylene tetramine-hydroquinone.
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gpl) sample were 0.238 and 0.886%, respectively. This
higher value of nitrogen content, particularly in case of
PAA and crosslinking agent CB treated sample mani-
fests the possibility of crosslinking reaction being taken
place with the cellulose substrate.

The solution study of the PAA solution in the pres-
ence of individual crosslinking agent and the reactive
dye (DCT) solution has been visualized. For this pur-
pose, 0.01% solution of the reactive dye was prepared
with optimum concentrations of PAA and CA/CB agent
and the resulting solution was cured at 150�C for 1
min, as well as after varying intervals of time, viz., im-
mediately (5 min), 3, 6, 24, 48, 72 h, etc. The reflectance
values of these solutions were determined using UV-
spectrophotometer (kmax, 660 nm) and the values were
compared with uncured sample for the same period of
time. It has been observed that the admixture of PAA,
CA and the DCT reactive dye was much more stable
compared with the admixture of PAA, CB and the DCT
reactive dye. The solution of PAA, CB and the reactive
dye became pale after 48 h. This may be due to the
greater crosslinking capability of CB agent, which may
have lead to the discoloration of the dye solution in its
presence. On the other hand, the prepared admixture
of PAA, CA and the DCT reactive dye shows stability
up to 96 h, after which the depth of the color of the so-
lution became lighter gradually. After 120 h, the solu-
tion became completely colorless. This observation sig-
nificantly shows that the amino groups present in the
HMTA-HQ (CB) crosslinking agent might have
destroyed the chromophoric group present in the reac-
tive dye during storage and subsequent curing.

The sample pretreated with PAA and crosslinking
agent CA (at optimized concentration) showed 11.3 kg
breaking strength and 12.5% elongation at break. The
respective values for PAA and crosslinking agent CB

treated sample (at optimized concentration) are 10.2 kg
and 11.8% when compared with 12.25 kg and 11.5%
breaking strength and elongation at break, respectively,
for untreated sample. The decrease in breaking
strength, viz., 10.3% (in case of crosslinking agent CA)
and 16.8% (in case of crosslinking agent CB) is also an
indicative of crosslinking reaction being taking place.

Infrared analysis of the treated and untreated cotton
has been performed on IR 460 Shimadzu Spectrometer
using diffuse reflectance accessory and their respective
spectra are demonstrated in Figure 1. Various absorp-
tion bands occur at � 3300–3400 cm�1, 1640–1660 cm�1,
1420 cm�1, 1380 cm�1, 1000–1210 cm�1, 620–680 cm�1,
and 540 cm�1 corresponding to hydrogen bonded AOH
stretching vibrations, ACH stretching vibrations,
absorbed water vibrations, ACAO symmetric stretch-
ing, CH bending, asymmetric bridge ACAOAC stretch-
ing, OH out of the plane bending, respectively. Samples
treated with PAA and HMTA-HQ (CB) gives an absorp-
tion bands at 3370–3390 cm�1 corresponding to ANH
stretching and a strong absorption band at 1510–1550

cm�1, which is responsible for NAH stretching due to
CB crosslinking agent. One of the common observation
with the IR spectra of all the treated sample is the strong
IR absorption band at 1720–1750 cm�1, corresponding
to the carbonyl stretching absorption and is responsible
for C¼¼O stretching due to the carboxylic group present
in the PAA polymer. This common feature, observed
for the pretreated samples, manifests the crosslinking of
the PAA polymer with the cotton substrate in the pres-
ence of CA/CB agents.

Dyeing performance of various crosslinking agents
at different concentrations of reactive dye in bath

The optimized concentrations of PAA and the two
crosslinking agent have been used to study their var-
ious dyeing behavior at neutral pH. It has been
observed that pretreated fabric offered very good
dyeing with pad-dry-cure dyeing technique when
compared with exhaust dyeing. Therefore, cotton
fabric was subsequently dyed by these two dyeing
processes at different depth of shades with five reac-
tive dyes, one each of MCT, DCT, VS, HE, and ME
brand of dyes. The results are represented in Tables
VI and VII. It can be seen that satisfactory dyeing is
achieved on pretreated samples at all levels of dye-
ing. The dye uptake increases with the increase in

Figure 1 Infrared spectra of (a) untreated cotton fabric,
(b) cotton fabric treated with PAA and CA (glycerol 1,3-
dichlorohydrin), and (c) cotton fabric treated with PAA
and CB (hexamethylene tetramine-hydroquinone).
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the concentration of the dye in the dyebath. HE and
ME brand of dyes performed well for the exhaustion
process, whereas VS-based dye gave best dyeing
performance with pad-dry-cure dyeing process. This
is in good agreement with the observations reported
in literature.23

Possibilities of reaction mechanisms with polymer-
aided neutral dyeing of reactive dyes

PAA is a highly reactive water-soluble polymer,
which is synthesized by the polymerization of acrylic
acid. This study deals with the possibilities of struc-
tural and chemical modification of cotton cellulose
with such reactive polymer in the presence of suitable
crosslinking agent of varied structure. The pretreat-
ment has been carried out by padding the cotton fab-

ric with optimum concentrations of PAA and individ-
ual crosslinking agent, followed by drying at an
ambient temperature and curing at 150�C for 5 min.
This pretreatment is subsequently followed by dyeing
with various classes of reactive dyes, containing dif-
ferent reactive groups as well as reactivity, by exhaus-
tion and pad-dry-cure dyeing techniques. Because of
such pretreatment and subsequent dyeing, various
possibilities of reactions are likely to occur. These are:

• Possibility of reaction and partial crosslinking of
PAA with the crosslinking agent, due to the uti-
lization of these agents in the treatment liquors,
resulting in the formation of a condensate prod-
uct of PAA and the crosslinking agent.

• Possibility of partial crosslinking of the poly-
mer (PAA) with cellulose in the presence of

TABLE VII
Color Strength (in Terms of K/S) Values for Cotton
Fabric Dyed with Different Percent Shades Using
Reactive Dyes by Pad-Dry-Cure Dyeing Process

Dye
Conc. of the
dye (%)

K/S values for

A B C

D I 5 7.20 4.12 (�42.77) 5.32 (�26.11)
Procion 10 9.25 5.95 (�35.67) 6.86 (�25.83)
Brilliant 20 14.32 9.75 (�31.91) 10.64 (�25.69)
Red M5B 30 21.15 17.98 (�14.98) 20.26 (�4.21)
(DCT) 50 28.32 23.35 (�17.59) 26.95 (�4.83)

D III 5 3.86 2.84 (�26.42) 3.45 (�10.62)
Procion 10 5.61 4.12 (�26.56) 5.21 (�7.13)
Brilliant 20 7.22 5.42 (�24.93) 7.18 (�0.55)
Yellow
H7G

30 9.89 8.22 (�16.88) 9.48 (�4.14)

(MCT) 50 12.12 9.89 (�18.39) 11.65 (�3.87)
D IV 5 6.11 4.29 (�29.78) 5.88 (�3.76)

Remazol 10 9.52 7.58 (�20.37) 8.49 (�10.82)
Brilliant 20 12.25 11.54 (�5.79) 12.32 (þ0.57)
Violet 5R 30 15.56 14.23 (�8.54) 15.65 (þ0.57)
(VS) 50 20.63 18.45 (�10.56) 20.11 (�2.52)

D V 5 3.86 2.44 (�36.78) 3.45 (�10.62)
Procion 10 5.19 3.98 (�23.31) 5.11 (�1.54)
Red 20 7.62 6.01 (�21.41) 6.86 (�9.97)
HE-3B 30 9.15 8.06 (�11.91) 9.11 (�0.43)
(HE) 50 12.25 10.49 (�14.36) 11.98 (�2.20)

D VI 5 2.95 1.96 (�33.55) 2.88 (�2.37)
Benzafix 10 4.86 3.48 (�28.39 4.63 (�4.73)
Orange 20 6.65 5.88 (�11.57) 6.15 (�7.52)
ME 2RL 30 8.32 7.11 (�14.54) 8.02 (�3.60)
(ME) 50 12.15 11.66 (�4.03) 11.98 (�1.39)

The values in parentheses indicate percentage gain/loss
in color strength with respect to conventional dyeing. A:
Conventional pad-dry-cure dyeing process using 20 gpl
soda ash in each bath. Curing done at 150�C for 5 min. B:
Samples pretreated with optimum concentration of PAA
and CA and subsequently dyed by pad-dry-cure process
under neutral conditions. C: Samples pretreated with opti-
mum concentration of PAA and CB and subsequently
dyed by pad-dry-cure process under neutral conditions.
CA: Glycerol 1,3-dichlorohydrin.
CB: Hexamethylene tetramine-hydroquinone.

TABLE VI
Color Strength (in Terms of K/S) Values for Cotton
Fabric Dyed with Different Percent Shades Using

Reactive Dyes by Exhaustion Dyeing Process

Dye
Conc. of the
dye (%)

K/S values for

A B C

D I 0.5 2.39 1.62 (�32.21) 2.02 (�15.48)
Procion 1.0 4.28 2.98 (�30.37) 3.68 (�14.01)
Brilliant 2.0 6.92 5.28 (�23.69) 6.89 (�0.43)
Red M5B 3.0 8.56 6.86 (�19.86) 7.98 (�6.77)
(DCT) 5.0 10.98 7.69 (�29.96) 10.32 (�6.01)

D III 0.5 1.14 0.96 (�15.78) 1.42 (þ24.56)
Procion 1.0 2.32 1.45 (�37.50) 2.06 (�11.20)
Brilliant 2.0 4.19 2.12 (�49.40) 3.23 (�22.91)
Yellow
H7G

3.0 6.28 4.02 (�35.98) 5.23 (�16.72)

(MCT) 5.0 8.56 7.23 (�15.53) 8.21 (�4.08)
D IV 0.5 2.86 1.84 (�35.66) 2.45 (�14.33)

Remazol 1.0 4.65 2.96 (�36.34) 3.64 (�21.72)
Brilliant 2.0 6.32 3.84 (�39.24) 4.80 (�24.05)
Violet 5R 3.0 8.48 5.44 (�36.29) 7.59 (�10.49)
(VS) 5.0 11.63 9.98 (�14.18) 11.59 (�0.34)

D V 0.5 5.86 4.02 (�31.39) 5.45 (�6.99)
Procion 1.0 7.95 6.24 (�21.51) 7.41 (�6.79)
Red 2.0 11.26 9.79 (�13.05) 10.63 (�5.59)
HE�3B 3.0 15.93 12.63 (�21.71) 14.98 (�5.96)
(HE) 5.0 20.08 17.26 (�14.04) 19.93 (�0.74)

D VI 0.5 3.11 1.98 (�36.33) 2.88 (�7.39)
Benzafix 1.0 5.26 3.86 (�26.61) 4.95 (�5.89)
Orange 2.0 8.29 6.25 (�24.60) 7.63 (�7.96)
ME 2RL 3.0 11.62 9.88 (�14.97) 11.45 (�1.46)
(ME) 5.0 16.29 11.45 (�18.90) 15.59 (�2.08)

The values in parentheses indicate percentage loss in
color strength with respect to conventional dyeing. A:
Conventional exhaust dyeing at boil for 90 min using 20
gpl Glauber’s salt and 5 gpl soda ash in the dye bath. B:
Samples pretreated with optimum concentration of PAA
and CA and subsequently dyed under neutral pH at boil
for 90 min. C: Samples pretreated with optimum concen-
tration of PAA and CB and subsequently dyed under neu-
tral pH at boil for 90 min.
CA: Glycerol 1,3-dichlorohydrin.
CB: Hexamethylene tetramine-hydroquinone.
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crosslinking agent, during the curing stage of
pretreatment, leading to the structural and
chemical modification of cotton.

• Possibility of further combination of the
chemically modified cellulose with the reac-
tive group of the reactive dyes, thereby form-
ing a covalent bond between the dye and the
modified cotton substrate and facilitating the
fixation of the dye on the fiber.

The reaction mechanism will specify the manner
in which cellulose combines with PAA along with
crosslinking agent and signifies the possibility of fur-
ther dyeing with the reactive dyes. The suggested
dyeing schemes illustrate the manner in which the
covalent bond formation takes place between reac-
tive dye and the modified cotton substrate. The
crosslinking agents of varied nature and structure
have been selected so as to have a better under-
standing of the reaction mechanism.

Since five of the six dyes used for this work con-
tain at least one chloro-s-triazine group in their mo-
lecular structure, the dyeing scheme has been illus-
trated with the help of monochlorotriazine (MCT)
dye. For vinyl sulfone type of reactive dye, a similar
type of addition reaction mechanism can be utilized
for the formation of covalent bond between the dye
and the fiber. For MCT type of reactive dyes, forma-
tion of covalent bond via substitution reaction mech-
anism has been explained in the following reaction
schemes.

Polymer-aided neutral dyeing of modified cotton
with PAA and glycerol 1,3-dichlorohydrin

Pretreatment mechanism

The interaction of PAA with the crosslinking agent,
glycerol 1,3-dichlorohydrin liberates hydrochloric
acid during the curing stage. The condensation
product thus produced gets attached with the cellu-
lose molecule with further liberation of hydrochloric
acid. The crosslinking agent subsequently helps to
bring about partial crosslinking of cellulose with
PAA. The reactions occurring during the curing
stage may be represented as shown in Scheme 1.

Dyeing mechanism

The above chemically modified cellulosic material
contains a free hydroxyl group, which can substitute
the chlorine atom present in triazinyl dyes (MCT,
DCT, HE, and ME dyes). Thus, the reactive dye can
chemically combine and form a covalent bond with
the chemically modified cellulosic material. The
reaction taking place during dyeing of such dyes on
chemically modified cellulose can be represented as
shown in Scheme 2.

Polymer-aided neutral dyeing of modified cotton
with PAA and HMTA-HQ

Pretreatment mechanism

During the curing condition, HMTA-HQ ring open-
ing occurs, which provides amino groups in

Scheme 1 Crosslinking of cellulose chains on treatment
with PAA–glycerol 1,3-dichlorohydrin condensate product.

Scheme 2 Covalent bond formation between MCT reac-
tive dye and crosslinked cellulosic product.
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abundance to PAA and a complex condensation
product is formed with an elimination of water mol-
ecule during curing. The various reactions take place
during the curing stage are mentioned in Scheme 3.

Dyeing mechanism

The presence of ANHA group in the molecular
chain of the above-modified cellulose allows easy
substitution of the chlorine atom from all the triazi-
nyl based reactive dyes. The reaction mechanism of
dyeing involving substitution reaction is well illus-
trated with a MCT type of reactive dye in Scheme 4.

It can be easily visualized through the reaction
schemes that there is a possibility of covalent bond
formation between the reactive dye and cotton
modified chemically with PAA in the presence of
several crosslinking agents. The crosslinking agents
utilized for the study are capable of providing some

Scheme 3 Various reactions occurring during the curing stage between PAA, HMTA-HQ, and cellulose molecule.

Scheme 4 Covalent bond formation between the MCT re-
active dye and chemically modified cellulose substrate.
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groups to the modified cellulosic structure, which
can form a covalent bond with the reactive dye. This
has been further confirmed by treating the dyed
sample with pyridine (100%) as well as its mixture
with water (50 : 50). Since no dye strips from the
dyed fabric, it must have definitely attached with
the fiber through covalent bonding.

Neutral dyeing of reactive dyes by various dyeing
sequences and their comparison

An attempt has been made in the present investiga-
tion to commercialize this neutral dyeing of reactive
dyes on cotton. For this, six commercial reactive
dyes, comprising of MCT, DCT, VS, bis-MCT (HE),
and bifunctional (ME) groups were dyed by differ-
ent dyeing sequences as mentioned earlier. The
results are mentioned in Tables VIII. Such dyeings
were also compared with conventionally dyed sam-
ple. No clear trend is observed from the results. The
nature of the dye and the dyeing process utilized
also influence the dyeing performances.

It can be observed that in case of MCT, DCT,
and VS dyes, the color strength of treated sample,
dyed by either S I or S II, are only slightly lower
in comparison with the respective conventionally
dyed samples. This is due to slight lower fixation
of the dye in the absence of alkali in S I and S II
sequences. However, sample dyed by S III
sequence gave better dyeing performance (color
strength enhanced up to 11 and 13% with D I and
D III dyes, respectively, for PAA and crosslinking
agent CB, and by 1% to 10% with various other re-
active dyes) over conventionally dyed samples. The
overall dyeing performance of these three dyeing
sequences with MCT, DCT, and VS reactive dyes is
as follows: S III > S II > S I.

On the other hand, a reverse trend is observed
with high exhaust (bis-monochlorotriazine/HE type)

and bifunctional (ME type) reactive dyes for obvious
reasons, owing to their high reactivity as well as the
nature of the dye. With these dyes, the observed
dyeing performance is as follows: S I > S III > S II.
The reason for such behavior may be attributed

to the fact that in S III sequence, the dye molecule
and crosslinking agent molecule compete with each
other to combine with either cellulosic hydroxyl
group or with the groups on the polymeric chain.
The reactive dye is capable of combining with
hydroxyl group of cellulose via covalent bond for-
mation, which varies from dye to dye depending
on their reactivity. The unfixed reactive dye mole-
cules are also linked with the polymeric chain at
the curing stage. This results in increased color
strength during S III sequence.
Some of the results from the above two tables

may be illustrated as follows:

• When simultaneous pretreatment and dyeing
process is conducted by pad-dry-cure appli-
cation technique, with a combination of PAA
and CB (for pretreatment) and Procion Bril-
liant Red M5B dye (for dyeing), a K/S value
of 15.96 is observed, which is 11.45% higher
than the corresponding K/S value for conven-
tionally dyed sample (K/S ¼ 14.32).

• Remazol Brilliant Violet 5R dye shows an
increase of 1.14 and 5.79% in the color values
for the samples pretreated with PAA and CB

combination. The K/S values for samples
dyed by conventional dyeing is 12.25 and
those for samples dyed by neutral pad-dry-
cure two-step dyeing and simultaneous one-
step dyeing are 12.39 and 12.96 respectively.

• Procion Brilliant Yellow H7G dye exhibits the
color strength value of 8.29 for simultaneous
treatment and neutral dyeing by pad-dry-
cure method, which is higher by 4.01%

TABLE VIII
Color Strength (in Terms of K/S values) of the Cotton Fabric Dyed with Various Reactive Dyes for 2% Shade

Dye

K/S values for

Conventional Exhaust dyeing Pad-dry-cure dyeing

Exhaust
dyeing

Pad-dry-cure
dyeing PAA þ CA

a PAA þ CB
b

PAA þ CA
a PAA þ CB

b

Two step One step Two step One step

D I (DCT) 6.92 14.32 5.15 (�25.57) 6.90 (�0.29) 9.89 (�30.93) 11.21 (�21.71) 10.69 (�25.35) 15.96 (þ11.45)
D II (MCT) 5.26 10.15 4.02 (�23.57) 4.96 (�5.70) 9.23 (�9.06) 9.72 (�4.23) 9.82 (�3.25) 10.56 (þ4.04)
D III (MCT) 4.19 7.22 2.26 (�46.06) 3.28 (�21.71) 5.49 (�25.00) 6.23 (�14.89) 7.25 (�0.95) 8.29 (þ13.25)
D IV (VS) 6.32 12.25 3.96 (�37.34) 4.85 (�23.26) 11.58 (�5.47) 12.02 (�1.87) 12.39 (þ1.14) 12.96 (þ5.79)
D V (HE) 11.26 7.62 9.82 (�12.79) 10.72 (�4.79) 6.31 (�17.73) 6.42 (�16.29) 7.21 (�5.99) 7.95 (þ3.65)
D VI (ME) 8.29 6.65 6.36 (�23.28) 7.69 (�7.23) 5.95 (�22.42) 6.45 (�3.44) 6.23 (�6.73) 7.26 (þ8.68)

The values in parentheses indicates percent loss in color strength with respect to conventional dyeing.
a CA: Glycerol 1,3-dichlorohydrin.
b CB: Hexamethylene tetramine-hydroquinone.
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compared with conventionally dyed sample
(K/S ¼ 7.22) for PAA and CB agent combina-
tion during pretreatment.

Effect of neutral dyeing on the fastness
properties of dyed cotton

The fastness properties of all such dyed sample are
quite satisfactory and comparable with convention-
ally dyed sample (Tables IX and X). However, in
polymer-aided exhaust dyeing process (S I), there is
slight impairment in the light fastness for some of
the dyes, particularly DCT dyes.

Effect of neutral dyeing on the crease
recovery of dyed cotton

Improved wrinkle recovery is expected due to occur-
rence of crosslinking reactions as manifested earlier.

The dry crease recovery angle (DCRA) values of the
polymer-aided dyed samples were 103� (S I), 105� (S
II), and 99� (S III) for glycerol 1,3-dichlorohydrin (CA)
crosslinking agent and 101� (S I), 102� (S II), and 100�

(S III) for HMTA-HQ (CB) crosslinking agent, while
that of bleached (untreated) and treated (undyed)
samples were 65� and 79�, respectively. The DCRA
for conventionally dyed sample were 85� (exhaust
dyeing) and 87� (pad-dry-cure), respectively. There-
fore, the polymer-aided dyed samples indicate an
improvement in the wrinkle recovery for obvious rea-
sons. In sequence S III, the extent of crosslinking is re-
stricted because of the process involved, thereby offer-
ing comparatively low DCRA values.

CONCLUSIONS

Cotton fabric was pretreated with PAA and cross-
linked with either CA or CB crosslinking agents by
pad-dry-cure (at 150�C for 5 min) technique. The

TABLE X
Fastness Properties of Cotton Fabric Dyed with Various Reactive Dyes Using Pad-Dry Cure Dyeing Method

Dye

Fastness grades for

Conventional

PAA þ CA
a PAA þ CB

b

Two-Step Process One-Step Process Two-Step Process One-Step Process

W L

R

W L

R

W L

R

W L

R

W L

R

Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet

D I 5 8 5 5 5 8 5 5 5 8 5 5 5 8 5 5 5 8 5 5
D II 5 8 5 4–5 5 8 5 4–5 5 8 5 4–5 4–5 8 5 4 5 8 5 5
D III 5 7 4–5 4 4–5 7–8 4–5 4 5 7 4–5 4–5 4–5 7 5 4 5 8 4–5 5
D IV 5 7–8 5 5 5 7–8 4–5 4 5 8 5 5 4–5 7–8 5 5 5 7–8 4–5 5
D V 5 8 5 5 5 7–8 5 5 5 8 5 5 5 8 5 5 5 8 5 5
D VI 5 8 5 5 5 8 5 5 5 8 5 5 5 8 5 5 5 8 5 5

W, wash fastness; L, light fastness; R, rub fastness.
a CA: Glycerol 1,3-dichlorohydrin.
b CB: Hexamethylene tetramine-hydroquinone.

TABLE IX
Fastness Properties of Cotton Fabric Dyed with Various Reactive Dyes Using Exhaust Dyeing Method

Dye

Fastness grades for

Conventional dyeing Polymer-aided neutral aided

W L

R

PAA þ CA
a PAA þ CB

b

W L

R

W L

R

Dry Wet Dry Wet Dry Wet

D I 5 8 5 4–5 5 7–8 5 5 5 8 5 5
D II 5 8 5 4–5 5 8 5 5 5 7–8 5 5
D III 5 7 4 4–5 4–5 7–8 4–5 4 5 7–8 5 4–5
D IV 5 8 5 5 5 8 5 5 5 7–8 5 5
D V 5 7 5 4–5 5 8 5 4–5 5 8 5 5
D VI 5 8 5 4–5 5 7–8 4–5 4 5 8 4–5 5

W, wash fastness; L, light fastness; R, rub fastness.
a CA: Glycerol 1,3-dichlorohydrin.
b CB: Hexamethylene tetramine-hydroquinone.
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optimum concentration for PAA was found to be 10
gpl (for exhaust dyeing) and 15 gpl (for pad-dry-
cure dyeing) and that for CA crosslinking agent was
5 gpl (for either dyeing method) and for CB cross-
linking agent were 3 and 5 gpl, respectively, for
exhaust and pad-dry-cure dyeing techniques, respec-
tively. The related changes indicate crosslinking
reaction through higher nitrogen content (0.238%
with CA crosslinking agent and 0.886% with CB

crosslinking agent), and decrease in tensile strength
by 10.3 and 16.8% with CA and CB crosslinking
agents, respectively.

Such pretreated and partially crosslinked cotton
fabric can successfully be dyed with various types of
reactive dyes by different process sequences. The
color strength of all the dyed samples was adequate
and quite comparable with conventionally dyed
samples. Among the two catalysts studied, exten-
sively HMTA-HQ (CB) crosslinking agent offered
better performance compared to glycerol 1,3-dichlor-
ohydrin (CA) crosslinking agent. However, the CA

agent, in the presence of PAA polymer and the reac-
tive dye, has offered color stability of up to 120 h in
the aqueous state when compared with 48 h in case
of CB agent in an aqueous medium along with PAA
polymer and the reactive dye. In case of simultane-
ous dyeing (SIII), the dye-uptake was about 1–13%
(in case of DCT, VS, and ME dyes) and up to 4% (in
case of MCT and HE dyes) higher with respect to
their conventionally dyed samples. The plausible
dyeing mechanism revealed covalent bond forma-
tion, as depicted in the Schemes 2 and 4. Very good,
all round fastness properties were observed with all
the dyed fabrics. The dyed fabric also exhibited very
encouraging wrinkle recovery, which may replace
even the subsequent wash-n-wear treatment. The
fabric so dyed did not utilize any salt or alkali dur-
ing dyeing. So polymer-aided neutral dyeing of cot-
ton may be considered as safe dyeing technique for

cotton textiles since the utilization of alkali/salt dur-
ing dyeing has been completely eliminated.
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