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ABSTRACT: A synthesized cationic reagent named poly-
amide-epichlorohydrin (PAE) was used to cationize cotton
fabrics which were dyed with nanoscale pigments after
PAE modification. The results showed that when the PAE
concentration was below 7% (owf), the K/S value
increased nearly linearly with increasing of PAE concen-
tration, and excess that concentration the K/S value did
not increase further. With increasing the pH value of catio-
nization bath, the K/S value increased first and then
decreased, the maximum K/S value appeared at pH 9–10.
Cotton fabrics cationized at 80�C for 20 min exhibited the

best cationizing result. Both the pigment uptake and the
color strength reached their own maximum values when
the dye bath was neutral. When the pigment concentration
was 1% (owf) the addition of 1g/L sodium chloride in the
dye bath could decrease the pigment uptake while for 5%
(owf) pigment concentration the uptake increased with
increasing the amount of sodium chloride. VC 2010 Wiley
Periodicals, Inc. J Appl Polym Sci 118: 2736–2742, 2010
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INTRODUCTION

In dye bath, cotton fibers are usually negatively
charged, so there is some electrostatic repulsion
between cotton fibers and anionic dye molecules or
pigment particles, which results in low dye uptakes.
Cationic modification can make cotton fibers posi-
tively charged and improve dyeing properties with
anionic dyes and pigments.

The earlier cationic modifiers were fixatives used in
after-treatment of textiles dyed with direct dyes.1,2

Recent years many researchers used nitrogenous com-
pounds of tertiary amines or quaternary ammonium to
modify cotton fibers. Hauser and Kanik examined the
acid dye printing properties of cotton cationized with 2,
3-epoxypropyltrimethyl ammonium chloride.3 This cat-
ionic reagent is also used for increasing reactive dye
uptakes and reducing the amount of waste water pro-
duced in dyeing and printing process.4–7 Cotton cation-
ized can also be dyed with direct dyes.8,9 Cotton
pretreated with polyepichlorohydrindimethylamine
(PECH-amine) exhibited significant higher color
yields and good washing fastness, but poorer rub-
bing fastness.10–12 Pretreatment of cotton with reac-

tive cationic reagents containing phenylmonochloro-
triazinyl and epoxypropyl groups and, dyeing
procedures with acid dyes were investigated in
detail by El-Shishtawy et al.13

As described above, colorants used for dyeing of
cationized cotton were usually anionic dyes such as
acid dyes, reactive dyes, and direct dyes. Compared
with anion dyes, pigments exhibit very different
dyeing effects on cationized cotton fabrics. In our
previous work, pigment dyeing properties of cation-
ized cotton were investigated using a polymeric qua-
ternary ammonium salt containing reactive groups,
KZ-76.14 Zheng cationized cotton with N-(3-chloro-2-
hydroxyl propyl) trimethyl ammonium chloride and
dyed the cotton by exhaust method with pigment.15

Colorant adsorption on different kinds of fibers is
varied according to the colorants used, which can be
analyzed by measuring the zeta potentials of fiber/
dye interface. In works done by Espinosa-Jimenez
et al. surface free energy and zeta potential of the
adsorption process of colloidal dye Disperse Blue 3
onto polyester fabric were measured after the fabric
was pretreated with N-cetylpyridinium chloride.16,17

According to Yeung and Shang’s research, the action
of Ca2þ or Mg2þ on silk dyeing with reactive dyes
was influenced by the electrokinetic properties of
silk.18 In alkaline conditions, the negative zeta poten-
tial of silk results in a strong barrier for dye anions.
Addition of Ca2þ or Mg2þ could decrease the zeta
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potential of silk fiber and, accelerated the adsorption
of anionic dyes.

On the basis of our previous work, a novel cati-
onic reagent PAE (polyamide-epichlorohydrin) was
synthesized. This study explored the modification of
cotton fabric with PAE and its exhaust dyeing prop-
erties with nanoscale pigment. Effects of pretreat-
ment variables, such as the amount of cationic rea-
gent, pH value, treatment temperature, and time, on
color strengths and pigment uptake were investi-
gated. The effect of zeta potentials on color strengths
and pigment uptakes was also analyzed.

EXPERIMENTAL

Materials

The fabric used was plain knitted 100% cotton,
scoured and bleached (32 tex and 120 g/m2) before
use. The binder was an emulsion of polyacrylate,
obtained from Daxiang Chemical, Shanghai, China.
Other chemicals, such as sodium hydroxide, acetic
acid, and sodium chloride were laboratory grade.

The cationic reagent PAE (polyamide-epichlorohy-
drin synthesized in our laboratory) was a faint yel-
low aqueous solution, with viscosity about 18.7 mPa�s.
Its structure was shown in scheme 1.

Preparation of nanoscale pigment

As a conventional pigment, C.I. Pigment Red 22
(illustrated in Scheme 2) used to prepare nanoscale
pigment dispersion in this work. Pigment Red 22
powder was mixed with an aqueous solution of ani-
onic polymeric dispersant XG-1(3% on weight of
pigment) under stirring in an IKA high-speed mixer
(IKA works Guangzhou, China) for 30 min at 10,000
rpm. Then the dispersion was converted to an M-
110EHI microfluidiser (Microfluidics Int.) working at
a pressure of 22,000 Pa for 2.5 h. The produced pig-
ment dispersion had an average particle size of 128
nm and 20% solid content.

Cotton cationization

Weighted cotton fabric was immersed in an aqueous
solution of cationic reagent PAE at a liquor ratio of
30 : 1. The solution pH was adjusted to 11 using 10%

(w/w) aqueous sodium hydroxide. Then bath temper-
ature was raised to 80�C within 10 min and kept at
this temperature for 30 min. Finally, the treated fabric
was taken out from the bath and rinsed thoroughly
with tap water and dried in an oven at 95�C.

Dyeing procedure

The cationized cotton was dyed with the nanoscale
pigment dispersion by exhaust process using a shaker
provided with heater and temperature control. The dye
bath was consisted of nanoscale pigment dispersion,
water, and other auxiliaries at a liquor ratio of 30 : 1.
The dyeing process was first carried out at room tem-
perature for 10 min and then heated to 70–80�C within
10 min. After 20 min treatment at this temperature the
binder was slowly added into the dye bath and treated
for a further 10 min. Finally, the dyed fabric was
removed from the bath and washed in a bath contain-
ing 2g/L sodium carbonate and 2g/L nonionic deter-
gent for 20 min at 60�C with a liquor ratio of 50 : 1 and
then rinsed and dried. The interaction between pigment
particles and cationized cotton was shown in Scheme 3.

Testing and measurement

The average particle sizes and Zeta potentials of
nanoscale pigment dispersions were measured with
a Nano-ZS 90 analyser (Malvern Instruments,
England).

Scheme 1 Schematic structure of the cationic reagent
PAE.

Scheme 2 Molecular structure of C.I. Pigment Red 22.

Scheme 3 Schematic diagram of cotton-PAE-pigment
interaction.
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The pigment uptakes were calculated according to
the following equation14:

Uptake ð%Þ ¼ ðE0 � EÞ=E0 � 100%

Wherein E0 was the absorbance of original dye bath
and E was the absorbance of dye bath after dyeing.
The absorbencies were measured with a 722 spectro-
photometer (Shanghai Precise and Scientific Instru-
ment, China) after diluting 1000 times with distilled
water. A dilute dye bath of this nature obeys the
Lambert-Beer law. Absorbance values were meas-
ured at the maximum wave length (kmax ¼ 550 nm)
of the pigment dispersion.

The color values of the dyed fabrics were assessed
using X-rite 8400 spectrophotometer (X-rite Incorpo-
rated) under illuminant D65 at 10� standard observ-
ers. Color strength (K/S) was determined using the
Kubelka-Munk equation:

K=S ¼ ð1� RÞ2=2R

Wherein K is called the absorption coefficient and S
the scattering coefficient, R is the fractional reflec-
tance at a specific wave length. K/S values were
taken at kmax ¼ 550 nm in this study.

The washing and rubbing color fastness properties
were tested according to ISO 150-C03: 1989 and ISO
105-X12: 1993, respectively.

RESULTS AND DISCUSSION

Cotton cationization

PAE concentration

K/S values of dyed cotton fabrics pretreated at dif-
ferent PAE concentrations were measured and the

result was shown in Figure 1. It indicated that PAE
concentrations markedly influenced the K/S values
of cationized fabrics. When the PAE concentration
was below 7% (owf), the K/S value increased nearly
linearly with increasing of PAE concentration and,
when the PAE concentration reached 7% (owf) the
K/S value did not increase further, illustrating that
the reaction of cellulose with PAE was saturated at
this PAE concentration. The extent of modification
would never increase even though the amount of
PAE increased more. Therefore, the optimized con-
centration of cationic reagent PAE was about 7%
(owf).

Ph value

In alkaline bath, molecules of hydrogen halide were
removed from PAE and the epoxy groups with high
reactivity were formed. As a nucleophilic reagent,
the hydroxyl groups of cellulose fiber can react with
epoxy groups to form covalent bonds. From Scheme
4, it can be seen clearly that the pH value of pre-
treatment bath also influenced the cationization of
cotton and the final color strength.
Figure 2 showed that with increasing the pH

value of cationization bath the K/S value increased
first and then decreased, the maximum appeared at
pH 9–10. This was due to that with increasing the
pH value of cationization bath more epoxy groups

Figure 1 Effect of PAE concentration on K/S value. The
cotton fabrics were cationized at 80�C and pH 9–10 for
30 min and dyed with 5% (owf) pigment dispersion.

Scheme 4 Reaction between PAE and cellulose fiber.

Figure 2 Effect of pretreatment pH on K/S values. The
cotton fabrics were cationized with 7% PAE (owf) at 80�C
for 30 min and dyed with 3% (owf) pigment dispersion.
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were produced and reacted with the hydroxyl
groups of cotton fibers and, resulted in more posi-
tively charged centers on cotton fibers (see Scheme
4). When the pH value was higher than 9–10 some
of the epoxy groups reacted with hydroxyl ions to
form hydrolysis products (see Scheme 5), which
caused the number of cationic groups grafted onto
fibers to be reduced.

Pretreatment temperature and time

To investigate the influence of cationizing tempera-
ture and time on color strengths of cotton fabrics,
cotton fabrics were pretreated at different tempera-
ture and time and dyed with pigments and then
measured the color strengths (shown in Fig. 3).
From Figure 3 we know that the epoxy groups of
PAE molecules could quickly react with the
hydroxyl groups of cellulose molecules under alka-
line condition. After 20 min’s treatment the K/S
value nearly reached to the maximum value. It can
be seen also that the K/S value was 9.28 at 70�C,
10.12 at 80�C, and 9.62 at 90�C after 20 min’s treat-
ment. These data indicated that the treatment tem-
perature can affect the cationic modification and
result in different color strengths of dyed fabrics. It
might be explained that high temperature increased
the reaction speed of PAE epoxy groups with

hydroxyl groups of cotton fibers. But too high tem-
perature resulted in more epoxy groups to be hydro-
lyzed and reduced the number of positively charged
groups grafted onto cotton fibers.

Dyeing of cationized cotton fabrics

Ph value of dye bath

Zeta potentials of pigment particles and the number
of cationic groups of modified cotton fibers are
closely related to the dye bath pH value. Figures 4
and 5 showed that both pigment uptakes and K/S
values reached their own maximum values when
the dye bath was neutral (pH ¼ 7.28). In acidic or
alkaline condition pigment uptakes and K/S values
were decreased.

Scheme 5 Reaction between free hydroxyl in water and
PAE.

Figure 3 Effects of temperature and time on K/S values.
The cotton fabrics were modified with 7% (owf) PAE at
pH 9–10 and dyed with 3% (owf) pigment dispersion.

Figure 4 Effect of dye bath pH on pigment uptakes. The
cotton fabrics were cationized with 5% PAE (owf) at 80�C
for 30 min and dyed with 1% (owf) pigment dispersion at
80�C for 15 min.

Figure 5 Effect of dye bath pH on K/S values. The cotton
fabrics were modified with 7% PAE (owf) at 80�C for
30 min and dyed with 1% (owf) pigment dispersion 80�C
for 15 min.
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The Zeta potentials of pigment particles largely
depend on the dye bath pH value as shown in Table I.
When the dye bath was acidic, fewer carboxyl
groups were ionized, which resulted in a small Zeta
potential absolute value. With the increase of pH
value much more carboxyl groups were ionized,
which caused the increase of Zeta potential absolute
value. When the pH value increased to 7.28 the Zeta
potential absolute value increased to 46.5 mV. Too
much higher pH value (such as 11.53) led to a rela-
tively small Zeta potential absolute value (37.3 mV),
which is due to that more polymer dispersants
absorbed on the surface of pigment particle were
dissolved into the dye bath solution and reduced the
number of ionized carboxyl groups on the surface.
On the other hand, more Naþ would compress the
electrically charged double layer and also resulted in
a lower Zeta potential.19

Because pigment dyeing of cationized cotton fab-
rics relies on the static attraction forces between ani-
onic pigment particles and cationic cotton fibers, the
pigment uptake and the K/S value exhibited similar
trends with the Zeta potential as the dye bath pH
value changing. The pigment uptakes and K/S val-
ues reached the maximum at pH value about 7.

Effect of NaCl addition

Figure 6 reveals that NaCl addition affects the dye-
ing rate of cationized cotton fabrics with pigments.

When the pigment concentration was 1% (owf) the
addition of 1 g/L sodium chloride in the dye bath
could decrease the pigment uptakes compared with
those no sodium chloride added. It can be seen from
Figure 6 that the pigment uptake increased with
increasing dyeing time. Especially, within 15 min the
pigment uptake increased to 93.3% for the dye bath
containing no salt and 82.5% for the dye bath con-
taining salt, respectively. That indicated that the
dyeing of pigment onto cationic cotton fabrics was
very fast. After 15 min’s dyeing the pigment uptake
increased very slowly and almost kept unchanged.
When the pigment concentration in dye bath was

5% (owf) the pigment uptake increased with increas-
ing the amount of sodium chloride as shown in Fig-
ure 7. In contrast, the pigment uptake decreased
with increasing the amount of sodium chloride in
dye bath when the pigment concentration was 1%
(owf).
The reason was that chlorine ions move faster

than pigment particles because the former has
smaller volumes than the latter. So the chlorine ions
first reached the dyeing positions positively charged
on cotton fibers and occupied them, which reduced
the number of dyeing positions. When the pigment
concentration was low, there was not enough con-
centration gradient to promote dyeing process and,
some of the pigment particles remained in the dye
bath and could not dye onto the fibers. At high pig-
ment concentrations pigment particles could partly
replace the chlorine ions adsorbed onto cationic
fibers and dyed on the fibers due to large concentra-
tion gradient present at the interface of dye bath and
fibers. Besides that, high sodium chloride concentra-
tion could compress the negatively charged double
layer of pigment particle surface and reduce the
Zeta potential and release more positively charged

TABLE I
Zeta Potentials of Pigment Particles at

Different Dye Bath pH

pH values 4.52 7.28 11.53
Zeta potentials (mV) �23.6 �46.5 �37.3

Figure 6 Effect of NaCl (1 g/L) on pigment uptakes. The
cotton fabrics were modified with 7% PAE (owf) at 80�C
for 30 min and dyed with 1% (owf) pigment dispersion
80�C for 15 min.

Figure 7 Effect of NaCl concentrations on pigment
uptakes. The fabrics were dyed at pH 7 and 80�C for
15 min.
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centers for pigments to dye. Therefore, the pigment
uptake increased with increasing sodium chloride
concentration.

Color fastness

Table II summarized the color fastness of fabrics
treated with different cationic reagent concentra-
tions. It shown from Table II that the rubbing and
washing fastness of cotton fabrics dyed with pig-
ment dispersion were acceptable for some specialty
textiles such as wash-down effect garments. The
slightly higher rubbing and washing fastness of fab-
rics untreated was due to the very low uptakes of
pigment. The rubbing and washing fastness proper-
ties of fabrics treated with 9% (o. w. f.) PAE were
slightly lower than those of fabrics treated with 7%
(o. w. f.).

In the later stage of dyeing process, binder was
added into dye bath. Color fastness and K/S value
were affected by the amount of binder, shown in Ta-
ble III. With the amount of binder increasing, both
rubbing and washing fastness were improved, but
K/S values decreased slightly. There was no affinity
between fiber and pigment, color fastness of pig-
ment dyed samples depended on binder’s properties
and its formed film. During drying process, the dis-
perse solids in binder (mainly polymers) coalesce
under simultaneous deformation into a film sur-
rounding the pigments. As the formed film was
more even with amount of binder increasing, rub-
bing, and washing fastness were improved. While
K/S value decreased slightly, the binder film could
affect absorbing and scattering properties of pigment
particles. There was some color fastness with no
binder addition; this was because there were some
interaction force between cationized cotton and neg-
atively charged pigment particles. It was seen from
Table III, the washing fastness of pigment dyeing
was better; rubbing fastness was worse especially

deep shade samples, and generally wet rubbing fast-
ness was lower than grade 3. However, we can take
advantage of the shortcoming of pigment dyeing,
lower fastness, to produce wash-down effect gar-
ments, colorful jeans.

CONCLUSION

By measuring K/S values we investigated the influ-
ence of cationizing conditions, such as PAE concen-
tration, temperature and time, and pH value on the
color strengths of the modified cotton fabrics dyed
with pigments. The results show that when the PAE
concentration was below 7% (owf), the K/S value
increased nearly linearly with increasing of PAE
concentration and, when the PAE concentration
reached 7% (owf) the K/S value did not increase
further. With increasing the pH value of cationiza-
tion bath the K/S value increased first and then
decreased, the maximum K/S value appeared at pH
9–10. Cotton fabrics cationized at 80�C for 20 min
exhibited the best cationizing result.
Dye bath pH values and NaCl addition could

influence the pigment uptakes and color strengths of
dyed fabrics also. Both pigment uptakes and color
strengths reached their own maximum values when
the dye bath was neutral. In acidic or alkaline condi-
tion pigment uptakes and color strengths were
decreased. When the pigment concentration was 1%
(owf) the addition of 1g/L sodium chloride in the
dye bath could decrease the pigment uptakes com-
pared with those no sodium chloride added in the
dye bath. When the pigment concentration was 5%
(owf) the pigment uptake increased with increasing
the amount of sodium chloride although it
decreased when the pigment concentration was 1%
(owf). The rubbing and washing fastness of cotton
fabrics dyed with pigment dispersion were lower
but acceptable for some specialty textiles such as
wash-down effect garments.

This work is surported by NSFC (20474025), NCET-04-0495,
BK2007021, 2007BAE40B01, and PIRT Jiangnan.

TABLE II
Color Fastness of Cotton Fabrics Treated with Different

Cationic Reagent Concentrationsa

PAE
(o.w.f.%)

Pigment
uptake
(%)

Rubbing
fastness Washing fastness

Dry Wet Change Stainingb

0 8.60 4 3 4 4
1 78.6 3–4 2–3 4 3–4
3 83.7 3–4 2 3–4 4
5 90.3 4 3–4 4 4
7 91.1 4 3 4 4
9 77.9 3–4 2–3 3–4 3–4

a 0.5% (owf) pigment was used in the dyeing process,
and pH was kept at 11 in the pretreatment process.

b The staining fastness was tested by using a standard
cotton fabric as adjacent fabric.

TABLE III
Effect of Binder on Color Fastness of Dyed Fabricsa

Binder
(g/L)

K/S
value

Rubbing
fastness Washing fastness

Dry Wet Staining Change

0 6.7575 3 1 3–4 2–3
5 6.6635 3 1–2 4 3

10 6.5880 3–4 2 4–5 3–4
15 5.6154 4 2 4–5 3–4
20 5.5778 4 2–3 5 4

a The amount of pigment dispersion was 1% (owf).
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