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Abstract Chitosan-poly(propylene imine) dendrimer
(CS-PPI) hybrid was successfully prepared and grafted on
wool substrate. The impact of key operational grafting
factors, i.e., pH, temperature, and CS-PPI concentration on
grafting yield, was investigated through dyeing with two
commercial reactive dyes, C.I. Reactive Orange 122
(RO122) and C.I. Reactive Red 195 (RR195). The optimal
grafting values obtained were pH 6, temperature 70 °C,
and 20 % owf CS-PPI concentration. The performance of
CS-PPI-grafted wool was investigated in terms of dyeing
ability, color fastness, and shrinkage of wool fabrics.
Grafted wool actually showed lowered optimal dyeing
temperature of 40 °C as compared to those of pristine wool
(80 °C). The color depth (K/S) comparison of CS-PPI
grafted wool dyed with no salt usage in dye bath with those
of pristine wool conventionally dyed with 30 % owf salt
revealed that both grafted and pristine samples had similar
color depth suggesting elimination of salt from reactive dye
bath so-called “salt free dyeing” for grafted wool. No
remarkable change in color fastness of dyed grafted wool
fabrics against wash, rub, light, and perspiration was
observed and all were in good and acceptable level. In
addition, the shrink-proofing property of CS-PPI grafted
wool fabrics was also enhanced. The results of this study
clearly indicated that CS-PPI hybrid is a high potential
novel bio-compatible compound which can be successfully
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Introduction

Wool is a well known important renewable natural fiber in
both textile and hand-woven carpet industry. This is owing
to its peculiar distinctive natural properties such as excel-
lent elasticity and resiliency, heat insulation, moisture
absorption, good dyeing ability with both chemical and
natural dyes etc. In spite of introduction of numerous other
textile fibers into the industry, there is no alternative fiber
including all the natural properties of wool as a Stone Age
fiber (Julia‘ et al. 2000; Mori and Inagaki 2006).

Dyeing process is carried out at different stages of
manufacture to add color and sophistication to textiles and
raise product value. A wide variety of dyes, techniques, and
apparatus are available for wool textiles dyeing and among
them acid, metal complex, and reactive dyes are widely
used (Zhang and Zhang 2014; Sadeghi-Kiakhani et al.
2014). Reactive dyes have become very popular due to
their brilliancy, variety of hues, high wet fastness, conve-
nient usage, and high applicability. They have also some
dyeing problems, such as low dye-ability (low dye build-
up), requirements of large amount of auxiliary agents, and
high volume of discharged wastewater, which must be
improved (Holme 2003; Mall et al. 2002; Molino et al.
2005; Pascual and Julia 2001).

Felting is an adverse character of wool products which
takes place as an outcome of the directionally reliant to fric-
tional coefficient of the wool fibers. To diminish felting, this
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directional dependency must be decreased (Pascual and Julia
2001). To reduce above drawbacks, cationization of wool
through chemical modifications with compounds containing
cationic groups was performed (Holme 2003; Arivithamani
et al. 2014). As it is well accepted that surface property of
fibers plays an essential role in the functional and appealing
properties of the fabrics, many surface modifications by
chemical treatments are capable to change textile properties
(Mall et al. 2002; Molino et al. 2005; Mansour 2010).

Chitosan is deacetylated derivative of chitin obtained
from crustaceans-like crab and shrimp shell wastes. It has
many remarkable useful chemical and physical properties
such as biodegradability, non-toxicity, antimicrobial
activity, antioxidant, etc. (Enescu 2008; Jocic et al. 2005;
Yang et al. 2010). In the textile industry, chitosan has been
widely applied to provide antimicrobial properties, increase
dyeing ability, and prepare beneficial fibers (Zhang 2008;
Froehing 2001). In addition, Chitosan can be used to
increase the cationic property on wool fabric thanks to
amino groups present in its chemical structure. It was
reported that chitosan pretreatment successfully reduces
the difference of dyeing performance between damaged
and undamaged wool fibers through the increasing of
dyeing rate and dyeing ability (Jocic et al. 2005).

Dendrimers as biologically active macromolecules
having branched structure, many reactive end groups,
highly ordered, and compacted shape. This unique struc-
ture creates the best places for the host molecules between
the branches (Blencowe et al. 2009; Calabrett et al. 2007,
Sashiwa et al. 2000). Recently, dendrimers have been
applied for the elimination of dyes from colored effluents,
extraction of dyes, increasing the dyeing ability of textiles,
and development the antimicrobial finishing of textiles
(Sashiwa et al. 2002; Sadeghi-Kiakhani et al. 2013a, b).

To our knowledge, no reports are available in the open
literatures concerning the reactive dyeing of wool altered with
CS-PPI hybrid. Therefore, in this study, the wool was altered
with CS-PPI, dyed using two commercial reactive dyes by
conventional exhaustion method, and the impacts of the
operational parameters such as pH, CS-PPI concentration, and
temperature of grafting process on the dyeing ability of wool
were explored. Moreover, fastness properties of dyed wool
against light, wash, rub and perspiration were evaluated and
assessed. Finally, the effect of CS-PPI treatment on the shrink-
proof property of the wool fabric is evaluated.

Experimental
Materials and apparatus

Commercial scoured wool fabrics with plain weave (warp
density of 60 inch™' and weft density of 53 inch™') were
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used in this study. Chitosan was provided by Kitotak Co.
(degree of deacytilation (DD): 85 %, Mw: 1,000 kDa,
Iran). Two commercially reactive dyes, namely, C.I
Reactive Orange 122 (RO122) and C.I. Reactive Red 195
(RR195) provided by Dystar Co. were used as received
without further purification for wool dyeing trials. All
chemicals used were analytical grade.

The wool dyeing was performed in acidic media of pH 5
(glacial acetic acid, Merck) using laboratory HT dyeing
machine. UV-visible absorption spectra were measured
using a Cecil 9200 double beam spectrophotometer. The
reflectance characteristics of the dyed samples were mea-
sured through Gretag Macbeth spectrophotometer Color-
Eye 7000 A, color eye reflection spectrophotometer (D65
illumination, 10° observer).

Preparation of CS-PPI composite

Chitosan (1, Scheme 1) was dissolved in the acetic acid
and water/methanol mixture. Then, ethyl acrylate was
introduced into the solution. After stirring at 50 °C for
10 days upon completion the reaction, the solution was
quenched and precipitated in acetone saturated with
NaHCO;. After that, the precipitate was collected by fil-
tration, and then the filtrates were dispersed in H,O satu-
rated with NaHCOj;. The resulting mixture was dialyzed
against H,O, and lyophilized to obtain N-carboxyethyl
chitosan ethyl ester (2, Scheme 1). For the preparation of
N-carboxyethyl chitosan (3, Scheme 1), the prepared
compound (2, Scheme 1) was added to NaOH solution; the
mixture was stirred for 2 h, dialyzed, and lyophilized as
above mentioned. Finally, the precipitated powders were
obtained in quantitative yield of 95 %.

Compound (3, Scheme 1) was dispersed in methanol;
PPI (G = 2) was added to the prepared suspension, and the
mixture was stirred at ambient temperature. After three
days, the solvent was evaporated; the obtained powder was
dispersed in NaOH solution at room temperature for 2 h,
dialyzed, and lyophilized to achieve CS-PPI. The summa-
rized preparation steps of CS-PPI are shown in Scheme 1,
and were explained in detail in our previous work (Sade-
ghi-Kiakhani et al. 2013a, b).

Preparation of wool fabrics

Wool fabric was scoured in 3 % NaOH at 50-60 °C for
60 min. In order to increase functional groups in wool
surface, the wool was oxidized using 1.5 % (owf) KMnO,
solution at boil for 2 min. A fine powder of CS-PPI was
dissolved in citric acid solution (pH 4-5), and the grafting
of wool fabric with CS-PPI was carried out according to
the pad-dry-cure method as follows:
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Scheme 1 The preparation steps of CS-PPI hybrid (Sadeghi-Kiakhani et al. 2013a, b)

The scoured wool was immersed in different concen-
trations of CS-PPI solutions for 24 h at various tempera-
tures. The fabrics were then dried for 5 min at 70 °C, cured
in an oven at 120 °C for 5 min. In this study, the effects of
some important operational parameters on the grafting
yield were explored. These parameters were CS-PPI con-
centrations (5, 10, 15, 20, and 25 % owf), grafting tem-
peratures (30, 50, 70, and 90 °C), and grafting pH (2, 4, 6,
and 8). Then, the dyeing was accomplished with reactive
dyes, and the fastness properties of the treated wool fabrics
were assessed.

Dyeing method

Pristine and grafted wool fabrics were dyed with two
reactive dyes in the bath containing 2 % (owf) dye, 1 %
(owf) Albegal B (Ciba Co.), acetic acid (pH 5) at
T = 60 °C, the procedure recommended by the dye man-
ufacturer; the procedure was slightly modified for dyeing
trials at 40 °C. Dyeing was performed in a laboratory
dyeing machine at a liquor ratio of 1:20. The samples were
wetted for 5 min in the dye bath at 30 °C before the
addition of dye. Dyeing time range of 10-120 min was
explored at both 40 and 60 °C dyeing temperatures.
Finally, fabrics were rinsed with hot and then cold water,
and dried at the ambient temperature.

The absorbance of the dye solution was measured at
Amax Of each dye prior and after dyeing tests. Then, the
percentage of dye bath exhaustion (E %) was calculated
using Eq. 1, where Ay and A; were the absorbance of the
dye solution prior and after the dyeing process, respec-
tively. The amount of dye fixed (F) was calculated using
Eq. 2, where A, was the absorbance of the dye bath after
soaping process.

(Ap — A1)
0
An — Ay —
%o Al — A
Ay — Ay

E% = x 100 (1)

x 100 (2)

The impacts of pH, CS-PPI concentration and temper-
ature of grafting process on the dyeing ability of treated
wool were explored using K/S data calculated from the
Kubelka—Munk (Eq. 3), where K is the absorbance coef-
ficient, S is the scattering coefficient, R is the reflectance
value at Ap,, (wavelength of maximum absorption). K/S
data were directly correlated with the dye concentration
present on the dyed substrate.

_ 2

Color difference (AFE) of dyed wool fabrics was obtained
using Eq. 4:
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AE = \J(AL+)® + (Aa+) + (Ab+)? (4)

where L* is lightness; a* and b* are the chromaticity
coordinates.

Fastness properties

Wash fastness was measured by the standard ISO 105 C06
C2S:1994 (E) method. The washing was conducted for
30 min at 60 °C, rinsed with cold water, air dried, and ana-
lyzed. Light fastness test ISO 105 B02:1988 (E) was evalu-
ated with the xenon arc lamp using blue reference samples.
The rub fastness test was completed according to ISO105-
X12:1993 (E) using a crockmeter. For the wet rub test, the
testing squares were thoroughly immersed in distilled water;
the rest of the procedure was the same as in the dry test. The
staining on the white test cloth was assessed according to the
gray scale. The perspiration fastness was assessed in acidic
and alkali media by the standard ISO 105 - E04:1994
(E) method. The samples were prepared by stitching a piece
of dyed wool fabric between two pieces of adjacent fabrics,
all of same length, and then immersed in the acid and alkaline
solutions for 30 min. The staining on the adjacent fabrics was
evaluated according to the gray scale.

Shrink-proofing property

The treated fabrics were measured for their shrink-proofing
property according to the AATCC TM 187-2001 method.

The measurements of colorimetric and shrink-proofing
properties, etc. were carried out three times. The repro-
ducibility of the experimental data, calculated as relative
standard deviation, was acceptable <4 %.

Results and discussion
Dyeing ability and related parameters

Some researchers have reported that chitosan and its
derivatives are very effective in the alteration of wool and
enhancement of the dyeing rate and build-up of various
acid, reactive, and natural dyes (Enescu 2008; Giri Dev
et al. 2009). However, the dyeing properties of CS-PPI
grafted wool using reactive dyes have not been investigated
so far. Hence, it has been considered in the current research.

Effect of CS-PPI concentration on the dyeing ability
of wool

The amount of exhausted dye as a function of CS-PPI
concentration is shown in Fig. la. It is well observed that
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Fig. 1 Dye bath exhaustion versus a CS-PPI % (owf); b Grafting pH;
¢ Grafting temperature

the exhaustion values of altered wool are markedly higher,
especially with higher concentrations of CS-PPI, as com-
pared to untreated wool. The dye exhaustion steadily
increased with the increase in CS-PPI concentration and
reached the maximum at around 20 % (owf) CS-PPI. This
phenomenon could be the direct consequence of an
increase in the population of free amino groups on the wool
surface upon CS-PPI grafting, and/or formation of hydro-
gen bonds with the active radical group of the reactive dyes
giving rise to sequentially increased dyeing property of the
grafted wool. Moreover, another explanation could be the
interaction of hydroxyl, carboxyl, and amide groups in
wool polymer chain being prone to form hydrogen bond
with amino groups of CS-PPI, and consequently, the
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improvement in the dye exhaustion (Sadeghi-Kiakhani
et al. 2013b; Zargarkazemi et al. 2014). The results dem-
onstrated that the appropriate CS-PPI concentration for
grafting process was 20 % (owf).

Effect of grafting pH on the dyeing ability of wool

Grafting pH has an important role on the grafting yield.
According to the results of previous section, the dye build
up on wool was increased with an increase in the CS-PPI
concentration owing to the increase in number of dye
receptive sites. Hence, the amount of CS-PPI grafted on
wool as a function of grafting solution pH (2-8) was
evaluated through dye taken up and is shown in Fig. 1b.
The results showed nearly similar build up values for
treated wool at pH above 6 as compared with untreated
wool. This means no grafting occurred at pH higher than 6.
This phenomenon could be ascribed to the decrease of the
solubility of CS-PPI at pH > 6 which results in decrease or
loss the grating reaction between wool and CS-PPI in the
grafting step (Zargarkazemi et al. 2014).

In weak acidic media (pH 4-6), the higher grafting yield
was achieved. This could be because of the enhanced
solubility of CS-PPI and facile reaction of free reactive
sites of CS-PPI with wool macromolecular chain. How-
ever, the strong acidic media (pH 2) may damage the
chemical structure of wool at high temperature for a long
time (Sadeghi-Kiakhani et al. 2013b; Ranjbar-Mohammadi
et al. 2010). Thus, the exhaustion values of the strong
acidic pH grafted wool were not noticeable as compared to
the data of weak acidic media.

Effect of grafting temperature on the dyeing ability of wool

A considerable amount of energy could be saved by opti-
mizing the temperature process as an important operational
parameter in the grafting process (Zargarkazemi et al. 2014).
Exhaustion values of treated wool with CS-PPI at different
grafting temperatures are demonstrated in Fig. lc. As it is
seen, exhaustion values of the treated wool increased with
rising temperature up to 70 °C. This confirms the role of
temperature in the accelerating and enhancement of the
interactions between wool and CS-PPI. Therefore, the suit-
able temperature for grafting was found to be 70 °C.

Thus, the optimum values of three important grafting
reaction parameters for wool pretreatment in the range
studied can be summarized as follows: pH 4-6, CS-PPI
20 % (owf); Temperature 70 °C for 24 h.

Effect of dyeing time on the dye exhaustion

As shown in Fig. 2, the CS-PPI-grafted wool exhibited
higher dyeing rate and higher dye exhaustion as compared
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Fig. 2 The rate of dye exhaustion of wool fabrics

to pristine wool. Moreover, the higher the concentration of
CS-PPI, the faster the dyeing rate was observed. This can
be explained by the surface alteration of the wool, and
accordingly, increasing the number of positive dye recep-
tive sites on the wool surface, and the faster adsorption of
dyes from dye bath on to the wool.

According to the graphs in Fig. 2, the modified wool
reached equilibrium at around 60 min using both dyes while
the untreated wool still required higher amount of time for
saturation in the studied time range. In the analysis of a
dyeing system including particular dye and fiber, a decrease
in dyeing saturation time as well as the enhancement in the
amount of dye exhaustion is the great importance since
noticeable amount of time, energy, and chemicals could be
saved in both environmental and economical points of view.
This goal was attained in this study by a decrease in the
required amount of dye for a desired depth of color on the
substrate, and a decrease in the dyeing time and energy.

Effect of dyeing temperature on dyeing ability of wool

The dye uptake of wool samples at 40 and 60 °C as a
function of CS-PPI concentration is shown in Fig. 3. For
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Fig. 3 Effect of different dyeing temperatures on the exhaustion of
dyed wool fabrics

comparison purpose, the raw wool exhaustion at 80 °C is
shown in Fig. 3, as well. Pristine wool substrates dyed at
80 °C exhibited similar close values to CS-PPI-treated
wool dyed at 40 °C. Moreover, pretreatment with CS-PPI
resulted in considerable enhancement in dye bath exhaus-
tion at lower temperatures of dyeing, where with CS-PPI
higher concentrations the dye uptake at 40 °C was even
higher than untreated wool dyed at 80 °C. An increase in
dyeing temperature to 60 °C caused to gradual improve-
ment in dye exhaustion, but the enhancement was not
noticeable.

Dyeing data trend showed that optimum dyeing tem-
perature using CS-PPI-grafted wool with reactive dyes was
considerably decreased and shifted toward lower temper-
atures. This is worthwhile in terms of saving of energy in
wool reactive dyeing as well as ecological dyeing with
enhanced dye exhaustion with subsequent lower colorant
left in discharged wastewater.

Effect of salt concentration on dye exhaustion

The use of inorganic salts like sodium sulfate in wool
dyeing for increasing the affinity of acid or reactive dyes is
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well known. In dye bath, it retards dye migration toward
substrate and thus the better levelness in dyeing could be
obtained. Figure 4 shows the impact of salt concentration
(040 % owf) on the dyeing ability of pristine wool sam-
ples. The CS-PPI-treated wool samples dyed with no salt
addition, for comparison purpose, are shown in Fig. 4 as
well. K/S values were enhanced by salt amount up to nearly
30 % (owf). Therefore, 30 % (owf) salt concentration was
considered as an optimum concentration and used in the
untreated wool dyeing. Interestingly, it was found that K/S
values of CS-PPI-treated wool samples were similar to the
values of wool fabric dyed with salt 30 % (owf). This
finding emphasized that the treated wool could be suc-
cessfully dyed with same color depth with no salt con-
sumption as compared to those of untreated wool. In other
words, in wool dyeing with reactive dyes, the salt was
eliminated from the dye bath with no adverse impact on
dye uptake, and thus “salt free dyeing” characteristic was
imparted. This finding is worthwhile in terms of an envi-
ronmentally friendly dyeing process with less hazards of
discharged wastewater.

Fastness properties

Textiles are exposed to repeated wash, light, rub, and
perspiration during their usage. Hence, durability of the
finish applied on the textile material at above conditions is
of great importance (Giri Dev et al. 2009). Fastness data
have been measured and the results are reported in Table 1.

Data show that wash fastness rating for staining of
adjacent fabrics in the case of dyed fabrics is generally
good and those for change in color is also acceptable. It
should be mentioned that no change in color was observed
at higher CS-PPI concentrations; wash fastness was very
good with rating of 4-5, which was independent of CS-PPI
concentrations; very good fastness to rubbing in both dry
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Table 1 Color fastness of dyed Dye Ces.ppi Fastness
wool fabrics with reactive dyes % (owf)
Washing Light Rubbing Perspiration
¢S N Ch Dry Wet Acidic Alkaline
¢S N ¢ch ¢ N Ch
RO Rawnylon 34 4 4-5 4-5 45 4 4-5 4 4 34 4
5 4 4 4-5 4-5 45 4 4-5 4 4 34 4
10 34 4 4-5 4-5 4-5 4 4-5 4 4 34 4
RR Rawnylon 4-5 4 4 5 4 34 45 45 45 45 45 45
5 45 45 45 5 4 34 45 45 45 45 5 4-5
§ staining, Ch change, C cotton, 10 45 4 45 5 4 34 45 45 45 45 5 45
N polyamide
Table 2 CIE Lab values of ])ye CCS—PPI % L* a* b* C* ],; AE
dyed wool fabrics (owf)
RO 10 47.003 42.006 46.104 62.37 47.662 5.957
15 46.501 42.025 46.171 62.432 47.691 5.967
20 45.322 43.271 46.519 63.532 47.071 5.356
Raw wool 47.62 45.85 50.613 68.292 47.826 -
RR 10 31.289 39.126 —6.11 39.6 171.12 4.003
15 30.757 39.588 —6.852 40.176 170.18 3.381
20 29.34 40.044 —7.713 40.78 169.1 3.583
Raw wool 32.108 42.127 —8.63 43.001 168.42 -

and wet states was obtained with dry rubbing fastness as
high as 4-5, while wet rubbing fastness was in the range of
3—-4; Perspiration fastness properties (in both acidic and
alkaline media) of dyed wool samples in terms of ratings
for staining of adjacent fabrics and change in color were
very good. In addition, the lower ratings for change in color
at both acidic and alkaline conditions for CS-PPI-grafted
woolen samples as compared to dyed pristine wool repre-
sent the more sensitivity of the grafted samples to pH
which may be owing to the degradation of the dyes at
acidic and basic conditions.

In general, it could be concluded that the fastness
properties of dyed fabrics are almost independent from CS-
PPI concentration where no adverse effect on general
fastness properties was observed.

Colorimetric properties

CIE L*a*b* values for dyed wool fabrics are presented in
Table 2. The colorimetric data confirmed that the treated
fabrics had a little difference as compared with untreated
fabrics. In general, dyed CS-PPI-grafted wool in optimal
grafting condition was light and bright. The variations in
colorimetric data (L*, a and b" values) can be attributed to
the new mutual chemical interaction between functional
groups of dye-CS-PPI-wool system.

From the leveling standpoint of dyed wool fabric, the
results in Table 3 demonstrate that the leveling of the wool
fabrics dyed at 60 °C is all within the acceptable range of 1.5.
It is also illustrated that dyeing at lower temperature of 40 °C
led to leveling which is also within the acceptable range.

Shrink-proofing property

According Table 4 data, the shrinkage of the untreated
fabrics in both the warp and the weft direction is larger as
compared to CS-PPI-treated fabrics. This behavior may be
due to the fact that in untreated fabrics, the yarn is stretched
stiff during weaving, whereas in treated fabrics fiber scales
were entirely covered with reactive polymers or an even
layer of protective thin membrane formed over the surface.
In turn, the latter would create the stiffness of the yarn, the
structure of the fabric, and weaving density more obstruc-
tive to the movement of singular fibers. Under these situa-
tions, the fibers in the treated fabric would become stronger
to external forces and not slip over each other, and conse-
quently, the fabric would become more shrink-proof (Yang
et al. 2010). Therefore, when the osmosis of CS-PPI in the
fabric is better, the surface of the fiber covered by CS-PPI
becomes larger, and treated fabric with CS-PPI has better
shrink-proofing properties (Yang et al. 2010). It was also
noticed that shrinkage in the warp direction was always
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Table 3 Evenness (AE) of dyed wool fabrics at dyeing temperatures
of 40 and 60 °C

T (°C) Dye CS-PPI % (owf)
5 10 15 20 25
40 RO 2.294 2.110 2.048 2.308 2.401
RR 4.162 4.544 4.623 4.335 4.340
60 RO 4.900 4.003 3.381 3.583 3.495
RR 5.533 5.957 5.967 5.356 5.224

Table 4 The shrinkage data of Ccs.ppr % (owf) Shrinkage

wool fabrics (%)
Warp Weft
Raw wool 11.89 8.42
5 % 6.56 5.08
10 % 527 4.67
15 % 491 4.04
20 % 4.18 3.43

greater than that of the weft direction. This difference is
because the warp yarn is stretched more firmly than the weft
yarn during weaving, which is also the significant factor
why wool fabrics are disposed to shrink when heated. It was
found that the shrink-proofing of treated fabrics is upgraded
with increase in the concentration of CS-PPL

Conclusions

From the results of the present study, following conclu-
sions can be drawn:

Chitosan-poly(propylene imine) (CS-PPI) hybrid was
introduced as a potential non-toxic bio-polymer for multi-
functional finishing of wool; with grafting CS-PPI onto the
wool, the dyeing ability of wool was noticeably enhanced
with no adverse impact on other characteristics of dyed
fabrics; similar color depth was obtained for dyed grafted
wool at 40 °C and that of dyed untreated wool at 80 °C,
and thus the optimal dyeing temperature with reactive dyes
was markedly decreased. It was found that salt could be
eliminated from reactive dye bath when wool grafted with
CS-PPI. Moreover, CS-PPI is an effective shrinkage
reduction finish for wool which considerably enhanced
shrink-proof characteristic of wool fabrics. Color fastness
of the treated fabrics was acceptable against washing, light,
and perspiration. Overall, CS-PPI could be considered as a
novel efficient eco-friendly finishing compound for multi-
functional treatment of wool fabrics.
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