Application of a chitosan/nonionic surfactant
mixture to wool assessed by dyeing with a reactive

dye
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Chitosan application to wool is known to be associated with problems such as its weak binding and
uneven distribution. In an attempt to overcome such problems, chitosan was applied from a mixture
with a nonionic surfactant. A weak time interaction was observed between chitosan and the surfactant
over time, resulting in changes in the conformation of chitosan in sclution, which was confirmed by
viscosity measurements. The presence of chitosan/surfactant association improved the application to
wool, which was assessed by dyeing the treated wool with a reactive dye at 60°C. Since this
technique offers the possibility of producing deeper and more vivid colours without increasing the
concentration of dye used, dyeing was also carried out at 95°C, closer to practical dyeing conditions.

An improvement in the fixation of the reactive dye was observed.

INTRODUCTION

In recent years biopolymers have attracted a great deal of
scientific and industrial interest as possible substitutes for
synthetic polymers. One of the most promising is the
polysaccharide-based biopolymer chitosan, owing to its
unusual combination of properties, such as biocom-
patibility, biodegradability and water-binding capacity
[1,2]. Chitosan is a possible substitute for synthetic
polymers in wool finishing, and its use as a shrink-resist
agent [3,4] and as an agent for improving the dyeability of
wool [5] has already been reported.

Chitosan, more rigorously known as poly(1,4)-2-amino-
2-deoxy-p-D-glucan, has a structure similar to cellulose,
being a cationic polymer produced by deacetylation of
chitin (Figure 1). Chitin itself is widespread in nature and
is available for industrial application in large quantities,
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Figure 1 Structural relationship between {a) chitin, (b) chitosan and
{c) cellulose

mostly as a waste product from crab fishing. Since
chitosan contains amino groups, it exhibits many different
properties fror cellulose, such as rapid biodegradability.

Chitosan is water soluble in the presence of organic
acids and dilute mineral acids. In its protonated form it
exhibits the behaviour of a cationic polyelectrolyte,
forming viscous solutions and interacting with oppositely
charged molecules and surfaces. Thus it is suitable for wet
processing of wool near the isoelectric point, offering the
prospect of minimum wool damage whilst providing
good quality. However, its weak binding to the fibre and
its uneven distribution on the fabric constitute the main
problems in its application to wool. Some authors have
tried to overcome these disadvantages by crosslinking
chitosan to wool with glyoxal or glutaraldehyde [4].
However, this method requires the use of curable
chemicals that diminish the main advantages of chitosan,
and should therefore be avoided if possible. In this paper
we propose the application of chitosan to wool from a
solution prepared with nonionic surfactants, which has
little adverse effect on the environment.

Although the interactions between polymers and
surfactants have been studied [6-8], very little attention
has been focused on the relationship between chitosan
and anionic surfactants [9]. It has been suggested that this
interaction leads to the formation of a complex that under
certain conditions could be sorbed on wool [10]. It is well
known that interactions are weak between an ionic
polymer (polyelectrolyte} and a nonionic surfactant, but
conformational changes to the polymer in solution may
occur, thereby improving the properties of the product
formulation [11].

The aim of our work is to show that when nonionic
surfactants are present in a solution with chitosan, the
application of chitosan to wool can be improved because
of the weak chitosarvnonionic surfactant interaction. In
the absence of reliable methods for chitosan evaluation,
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we dyed with a reactive dye at 60°C to evaluate the
modification caused in wool by the application of such a
mixture. We went on to broaden the scope of our
investigation to include normal dyeing at 95°C.

EXPERIMENTAL

Materials

Chitosan (Fluka) (rm.m. approx. 70 000) with <10% water
and <2% ash was used without further purification. A
stock solution of 1% chitosan was made by dissolving
chitosan in 1% acetic acid and filtering it to remove any
insolubles. Empilan KBS8 (Albright & Wilson Iberica) was
used as a commercially available, technical-grade, non-
jonic surfactant without further purification. It is an octa-
ethyleneglycol mono-n-dodecyl ether (CEg), containing
100% active material, HLB value 13, pH 6-7 of 1%
solution, CMC value 5.2 x 10~ mol/l. Deionised water,
conductivity less than 1.5 uS/cm, was used for all the
experiments.

Botany wool knitted fabric, cover factor 1.28 tex/mm,
was supplied by the IWS (Ilkley, UK). Before the treatment
the fabric was cleaned by Soxhlet extraction with
dichloromethane, rinsed with ethanol and water, and
equilibrated in a conditioned room (20°C, 65% RH).

For wool dyeing a commercial sample of the a-
bromoacrylamido reactive dye Lanasol Red 2G (Ciba, CI
Reactive Red 116) was used. Albegal B (Ciba), a surfactant
formulation based on ethoxylated aliphatic amines, was
used as the levelling agent recommended by the dye
manufacturer, and ammonium sulphate was employed to
adjust the pH of the dyebath.

Viscosity measurement

Viscosity measurements were carried out in a Cannon-
Fenske capillary viscometer after samples to be tested had
been left in a temperature-controlled room at 25°C for a
specified time. The results were obtained at 25°C by
performing the experiments in a thermostatically
controlled water bath. For each examined chitosan
concentration (0.04-0.2%) ten solutions of different
surfactant concentrations ranging from 1 pmol/l to 10
mmol/l were prepared by mixing the required amounts of
chitosan and surfactant stock solutions in a measuring
flask, and diluting with water. The pH value of all the
solutions was 4.

Wool treatment

For the sake of clarity, sample codes consisting of
treatment code and method code (in brackets) were
assigned to the different wool treatment solutions (Table
1). Treatment codes 1 and 2 denote chitosan con-
centrations (0.1 and 0.2% respectively), and L and H
denote surfactant concentrations (low and high
respectively). The solutions containing the four possible
combinations of the above concentrations of chitosan and
Empilan were prepared (1L, 1H, 2L and 2H). For com-
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Table 1 Treatment codes of wool treatment solutions?

Treatment code Treaiment solution

0 Untreated

1 0.1% chitosan

2 0.2% chitosan

L 0.01 mmoel/i Empilan

H 1.00 mmol/l Empilan

iLortL* 0.1% chitosan and 0.01 mmol/l Empilan
1H or 1H* 0.1% chitosan and 1.00 mmol/l Empilan
2L or2L* 0.2% chitosan and 0.01 mmol/l Empilan
2H or 2H* 0.2% chitosan and 1.00 mmol/l Empilan

a Solutions stored for five days to promote interaction between
chitosan and Empilan signified by an asterisk

parison, respective blank treatment solutions containing
only one of the components were prepared (1, 2, L and H),
ensuring the follow up of property changes due to a single
component. One series of the solutions was stored for five
days before using for wool treatment in order to promote
interaction between chitosan and surfactant (denoted by
an asterisk in the treatment code). In order to find an
optimum application method, both exhaust (method code
E) and padding (method code P) applications were
adopted.

In the exhaust method wool knitted fabric (4 g) was
immersed in the treatment solution and shaken in a
thermostatically controlled Kéttermann shaker for 18 h at
40°C, liquor ratio 25:1. After treatment the wool was run
through squeeze rolls to remove the excess solution and
treated in a bath containing 5% ammonium hydroxide to
precipitate chitosan onto the fabric (10 min, room
temperature, liquor ratio 25:1). The samples were run
through squeeze rolls again, dried at 40°C in the oven,
tinsed in tap water and dried again at 40°C.

In the padding method wool fabrics (12 g) were padded
to 80% wet pick-up using a laboratory padder, padding
speed 1 m/min, squeeze roll pressure 2 kg/cm? Two runs
were done to improve wetting, followed by one run with
a 5% ammonium hydroxide solution. After padding, the
sample was dried at 40°C in the oven, rinsed in tap water
and dried again at 40°C.

Dyeing

Untreated and treated knitted fabrics were dyed with
1.5% o.w.f. Lanasol dye in the presence of 1% o.w.f.
Albegal B and 4% o.w.f, ammonium sulphate, following
the procedure recommended by the dye manufacturer
when dyeing at 95°C, and a somewhat modified
procedure when dyeing at 60°C (Figure 2). All dyeings
were carried out in 100 ml glass tubes using the Multi-Mat
(Renigal) laboratory dyeing machine, at a liquor ratio of
30:1. The fabric was wetted for 5 min in the dyebath at
30°C before the dye was added and dyeing commenced.
The temperature was raised from 30 to 60°C over 25 min
and maintained for another 60 min when dyeing at 60°C.
The temperature was raised from 30 to 95°C over 35 min
and maintained for another 60 min when dyeing at 95°C.
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Figure 2 Profiles for the normal (95°C) and low-temperature (60°C)
dyeing methods

Dye exhaustion was measured by sampling the
dyebath before and during the dyeing process, and the
absorbance of the diluted dye solution was measured at
room temperature at the wavelength of maximum
absorption (4, = 508 nm) of the dye using a UV-VIS
spectrophotometer (Shimadzu UV-265 FW). The
percentage dye uptake U] was calculated by using Eqn 1:

u ="M 100 1
A,

where Ay and A, represent the absorbance of the dye
solution before the dyeing process and after time t
respectively.

Dyed wool samples were thoroughly rinsed in tap
water, dried and the colour measured with a Macbeth
ColorEye 1500 diffusion reflectance spectrophotometer
under illuminant Dg; using the 10° observer. The K/S
values were obtained at 520 nm, and lightness L* and
chroma C* in CIELAB colour space were calculated.

Stripping of unfixed dye

In order to remove the unfixed and hydrolysed dye the
dyeings were subjected to an alkaline aftertreatment using
1% ammonium hydroxide solution (pH 8.5} for 15 min at
80°C, liquor ratio 50:1. The K/S values of the stripped dyed
samples were measured and the degree of fixation F
calculated using Eqn 2:

p= W5 00

"~ (K/S), @

where the subscripts 0 and 1 indicate values before and
after the stripping process.

RESULTS AND DISCUSSION

It was decided to measure the change of viscosity with
time to evaluate the degree of interaction between
chitosan and nonionic surfactant [11]. Figure 3 shows the
results of measuring the absolute viscosity of the solutions
containing two different chitosan concentrations in the
system with Empilan five days after mixing the solutions.
Although the initial viscosity was difficult to judge, the
solutions of the same chitosan concentration immediately
after mixing seemed to show a similar viscosity, which was
not dependent on the surfactant concentration. By
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Figure 3 Viscosity of chitosan solutions at 25°C as a function of
Empilan concentration five days after mixing the solutions

contrast, after allowing some time to elapse, some
solutions showed a considerable decrease in viscosity. The
most pronounced time dependence manifested itself as a
sudden viscosity drop in a region close to the critical
micelle concentration (CMC) of the pure surfactant. The
concentration of the surfactant corresponding to the
sudden decrease in the viscosity did not depend on the
polymer concentration. The existence of such a critical
concentration suggests a critical intramolecular micelle
composition of chitosan in the presence of a nonionic
surfactant.

At pH 4 chitosan amino groups ought to be protonated,
but protonation results in the increased swelling of the
macromolecules owing to electrostatic repulsion between
charged groups of the same sign. This swelling
encourages the formation of intermolecular hydrogen
bonds by increasing the probability of intermolecular
contacts, stabilising the system and thus increasing
viscosity [12]. On the addition of a low concentration of
surfactant, there was no change in the conformation of the
chitosan molecules. The viscosity of the system remained
almost constant until a certain critical surfactant
concentration was reached, when the formation of the
chitosan/surfactant association gave rise to important
conformational changes in the chitosan molecule,
manifested by a fall in viscosity.

A time-dependent decrease in the viscosity of pure
chitosan solution has already been reported and explained
by structural rearrangement processes. Hence any
relationship between the change in the viscosity of
chitosan solution with time and the degradation reactions
of glucoside bond rupture can be excluded [13,14].
However, the magnitude of the viscosity decrease and its
dependence on surfactant concentration confirmed that
the effect observed was due to the existence of a chitosary/
surfactant interaction and not to any relationship between
chitosan viscosity and time [11].

The existence of at least two distinct surfactant
concentration ranges (without and with interaction) could
be represented by particular surfactant concentrations 0.01
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mmol1 and 1.00 mmolA. These surfactant concentrations,
containing 0.1% and 0.2% chitosan, were used for wool
treatments with the chitosan/surfactant mixture. The
treatments were carried out using both the exhaustion
and the padding application methods under the
conditions described above.

It is extremely difficult to measure the amount of
chitosan on wool and hence to evaluate the treatment. An
extensive body of literature exists on the different
methods of evaluating chitosan: heating of the chitosan
solution with ninhydrin [15], evaluation by infra-red
spectroscopy [16] and the reaction of chitosan with
salicylaldehyde [17]. However, in our preliminary
investigation these methods failed to give reproducible
results. We paid particular attention to the reaction of
chitosan with salicylaldehyde, encouraged by the similar
reaction recently used by Davidson and Xue [5]. But
despite the obvious production of yellow Schiff’s base, we
were not able to establish any correlation between the
amount of chitosan on wool and the yellow colour
obtained.

However, it can be assumed that chitosan sorption on
wool is due to the ionic interaction between the negative
charges of carboxylate groups in the keratin molecule and
the protonated amino groups of chitosan, and to
hydrogen bonding between hydroxyl or amide groups of
wool and similar groups in chitosan. Both types of
interaction are known to be weak, and hence chitosan
affinity for wool could be generally regarded as weak.
Notwithstanding, some authors believe that treatment
with chitosan produces a fast and uniform layer on the
surface of wool fibres [3-5].

The dye-binding properties of chitosan have been
investigated by several authors [18-20], who consider that,
owing to its unique molecular structure, chitosan has an
extremely high affinity for many classes of dye, including
reactive dyes. According to Giles [21], adsorption of
sulphonated dyes by chitin and chitosan may be regarded
as an ion-exchange process at the cationic sites of the
polymer, and the similarity of this substrate/dye system to
wool dyeing has been confirmed [22].

Once adsorbed on wool, chitosan molecules, which are
rich in protonated amino groups, are attracted to the
negatively charged sulphonate groups of the dye, and
enhanced dye uptake during the dyeing of chitosan-
treated wool is expected. Thus we used a sulphonated
reactive dye at 60°C to assess the application of these
treatments to wool. We chose to dye at 60°C because this
temperature was too low to achieve dye fixation, but it
was sufficiently high to highlight the differences in dyeing
behaviour.

We measured the wettability of wool to determine the
change in the critical surface tension (CST) after chitosan
treatment. The values obtained showed that the CST of
treated wool was only slightly increased by these
treatments; neither chitosan concentration, surfactant
concentration nor treatment solution storage time had any
significant influence. Nevertheless, previous measure-
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ments of the surface tension of chitosan/Empilan solutions
showed that the surfactant lowered the surface tension of
the chitosan solution, but the maximum decrease did not
exceed 30 mN/m, which was still higher than the CST
value of untreated wool. This meant that the wettability of
the wool was slightly enhanced, although this could not
be correlated with treatment parameters.

Figure 4 shows the rate of dye uptake at 60°C. The
samples treated with solutions containing surfactant at
high concentration (1H*(E) and 2H*(E)) (and hence
showing chitosan/surfactant interaction) resulted in a
considerably higher rate of dye uptake and higher final
exhaustion values than those found on untreated wool
(O(E)) or wool treated with solutions of low surfactant
concentration (1L*(E) and 2L*(E)). Besides the difference
in dye uptake, a difference in strike was noticed at 60°C.
On the basis of the above results showing that the wetting
properties of chitosan/surfactant treated wool were almost
unchanged, we concluded that the dye uptake measure-
ments could only be explained in terms of the properties
of the treatment bath, and were not influenced by the CST
of the wool.

60—

Dye uptake, %

100

Time, min
O Untreated

O 0.1% chitosan + 0.01 mmol/l Empilan
A 0.1% chitosan + 1 mmol/l Empilan
WV 0.2% chitosan + 0.01 mmol/l Empilan
& 0.2% chitosan + 1 mmol/l Empilan

Figure 4 Rate of dye uptake at 60°C on untreated and treated wool;
exhaust method

Figure 5 shows the relationship between L* and C*
values obtained from wool dyed at 60°C. With the dye
concentration remaining constant, L* decreased consid-
erably and C* showed an increase using chitosan treat-
ment, i.e. increased depth of shade in all the cases, but
particularly when the solutions containing the surfactant
were used. Figure 5 shows the existence of two ranges of
depths of shade, each corresponding to the treatment
solutions containing low and high surfactant concen-
trations respectively. Thus, for the treatment solutions
with similar chitosan concentrations, surfactant con-
centration exerts a decisive influence. Treatment with the
chitosan/Empilan mixture offers the possibility of pro-
ducing deeper and more vivid colours without increasing
the concentration of the dye used.
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Figure 5 Improvement in colour depth obtained by treatment with
chitosan/Empilan mixture
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Figure 6 Rate of dye uptake at 0°C on treated wool; (a) exhaust
method, {b) padding method

Since the best results were obtained with solutions
containing a high surfactant concentration, we studied the
influence of surfactant on dye uptake. To this end, the
treatments shown in Figure 6 were employed to compare
the exhaustion and padding application methods. Figure

6a shows that dye uptake on wool treated by the exhaust
method was enhanced if treatment was carried out with a
stored (5 days) mixture, compared with wool treated with
a freshly prepared mixture or solutions containing only
chitosan or Empilan. Nevertheless, dye uptake on wool
treated with Empilan only was observed to increase,
compared with that on untreated wool. By contrast, this
behaviour was not observed with wool treated by the pad
application method, where differences in dye uptake
between different samples were not significant (Figure
6b). The wool samples treated by the exhaust method
exhibited higher dye uptake than those treated by
padding method. This difference could reflect the
different amounts of chitosan present.

The dyeing behaviour observed could be attributed
both to the penetration of the surfactant into the wool
fibre and to the presence of chitosan/surfactant associates
in the bath during treatment. Presumably both actions
were effective, which could possibly explain the difference
in the dyeing behaviour between the samples prepared by
the exhaust and padding methods. When the wool was
treated with a chitosan/surfactant mixture by the exhaust
method, the surfactant could have penetrated the wool
fibre and exerted an influence on the fibre properties.
Nonionic surfactants have low affinity for wool, but once
adsorbed, the surfactant is strongly bound and cannot be
extracted with water [23]. However, it is well known that
the pretreatment of wool with nonionic surfactants
preduces an increase in dye exhaustion and faster dyeing
[24]. Moreover, the improved exhaustion of the chitosan/
surfactant association was encouraged by prolonging the
treatment time in the exhaust method. The mixture
displayed increased substantivity to wool fibre in
comparison with chitosan molecules alone. This was in
accordance with the change observed in the chitosan
molecule conformation from linear to coiled [11}. Thus the
volume occupied by a chitosan molecule would be
diminished and consequently its diffusion enhanced.
When the same chitosan/surfactant mixture was applied
to wool by padding, neither the penetration of surfactant
into the fibre nor the diffusion of chitosan molecules was
effective, given the very short treatment time.

To improve the practical relevance of the study, we
decided to dye at 95°C also. The behaviour of the treated
wool samples in such a dyeing process is shown in Figure
7. At 95°C a reaction between the reactive group of the dye
and the amino groups of wool and chitosan was expected.
The samples treated by the exhaust method again showed
higher dye uptake on wool treated with the chitosan/
Empilan mixture (Figure 7a). In contrast with dyeing at
60°C, the storage time for the mixture did not affect the
dyeing behaviour, and the treated samples 2H(E} and
2H*(E) showed similar uptake curves. This difference with
the previous data could be attributed to the increased
possibility of chitosan desorption and migration during
dyeing at the higher temperature, which resulted in a
levelling off of the amount of chitosan on wool. Figure 7a
also shows that in these particular cases the dyeing time
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Figure 7 Rate of dye uptake at 95°C on treated wool; {a) exhaust
method, (b) padding method; for key see Figure 6

could be considerably shortened, as the rate of dye uptake
was increased. The dye uptake curves of the samples
treated by the padding method show a behaviour similar
to that obtained by dyeing at 60°C (Figure 7b).

Since the observed dye uptake curves suggested the
possibility of shortening the dyeing cycle, we assessed the
increase in dye uptake in the last 30 min of dyeing as an
index of a possible shortening of the dyeing procedure. To
this end, an index of the increase in dye uptake [ was
calculated by using Eqn 3:

[:ﬁ_ﬂﬁxmg 3

U

where U is the final dye uptake and U 5, represents dye
uptake 30 minutes before the end of dyeing. The results
are presented in Table 2.

The values of I indicate a considerable increase in dye
uptake in the last 30 min of the dyeing process at 60°C.
When dyeing at 95°C, the values of I were very low, apart
from those of the untreated and surfactant-treated
samples. This suggests that the dyeing cycle could be
considerably shortened without an excessive loss in the
depth of shade obtained. It therefore seems that any
improved dyeing effect is governed by the action of the
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Table 2 Effect of treatment with chitosan/Empilan
mixture {(exhaust method) on dye uptake

Dye uptake (%)

Treatment Dyeing
code temp. (°C) U4 U (%)
O(E) 60 224 28.0 20.0
g5 777 89.6 133
2{E} 60 39.5 456.1 14.3
95 90.0 96.4 6.6
H{E) 60 30.8 387 204
95 78.6 89.7 124
2H(E} 60 375 47.0 20.2
95 94.9 98.7 38
2H*(E) 60 47.2 553 147
95 95.9 98.7 2.8
100
98 4
* 96 K
5
T
o
ir 94 H
92 H
90
0 2 H 2H 2H*
Treatment code
D Exhaustion (E) . Padding (P)

Figure 8 Fixation of reactive dye on wool dyed at 95°C

chitosan/surfactant association on wool, which increases
the dye absorption rate.

Figure 8 gives an estimate of dye fixation obtained by
recording changes in K/S values of dyed wool fabrics at
95°C, after an alkaline aftertreatment using a 1% solution
of ammonium hydroxide. The dye fixation on wool
treated with chitosan alone (sample code 2) was lower
than on untreated wool. Although it is well known that
treatment with chitosan slightly lowers the dye fixation
and wet fastness [5], our results show that the presence of
the surfactant in the treatment solution could overcome
this disadvantage. Both methods of application gave an
enhanced degree of dye fixation when wool was treated
with solutions containing surfactant {sample codes H, 2H
and 2H*) compared with wool treated with chitosan
alone.

The improvement was most significant when the wool
was treated with stored (5 days) solution (2H*), and the
degree of fixation in this case exceeded the fixation of the
dye on untreated wool.



CONCLUSIONS

The presence of a nonionic surfactant above a certain
critical concentration exerts an influence on both chitosan
conformation in solution and on the application of
chitosan to wool. After a few days storage, chitosan
solutions containing a high surfactant concentration
decrease in viscosity because of the chitosan/surfactant
interaction. The presence of a chitosan/surfactant asso-
ciation in the treatment solution considerably improves
the low affinity of chitosan for wool and offers the
possibility of more efficient chitosan application. The
improved efficiency was confirmed by obtaining better
dyeing results on wool treated with a stored chitosar/
surfactant solution,

We observed an improvement in colour strength, which
offers the possibility of producing deeper and more vivid
colours without increasing the concentration of dye used.
In addition to better exhaustion, the fixation of reactive dye
measured by stripping in ammonia is also improved, which
could assist in solving the problem of lowering wet fastness
when dyeing wool treated with chitosan alone.
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