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ABSTRACT: To increase the performance of silk fabrics,
especially their dyeability, a cationic modifying agent, 3-(tri-
methoxysilyl) propyl dodecyl dimethyl ammonium chloride
(HSQA), was prepared in our laboratory. The dye behavior of
the cationized silk was examined with five leveling-type acid
dyes. Better color shades and good washing fastness were
achieved after silk was cationized by HSQA, and it was possi-
ble to dye silk under neutral conditions at 70°C. The equilib-
rium adsorption isotherm and kinetic properties of the cation-
ized silk dyed with CI Acid Orange 7 were investigated. The
adsorption of CI Acid Orange 7 onto the HSQA-cationized

silk was also in good agreement with the Langmuir isotherm,
with an enthalpy and an entropy of —20.13 kJ/mol and
—30.06 J/mol K respectively. A pseudo-second-order kinetic
model agreed well with the dynamic behaviors for the
adsorption of CI Acid Orange 7 onto the cationized silk under
neutral conditions, with the activation energy decreasing
from 61.87 to 53.32 kJ /mol. © 2008 Wiley Periodicals, Inc. ] Appl
Polym Sci 108: 1005-1012, 2008

Key words: dyes/pigments; fibers; proteins; thermody-
namics

INTRODUCTION

Silk is highly appreciated for its outstanding charac-
teristics, such as gentle luster, exceptional handle,
excellent softness, and good drape.'” However,
some problems are brought about when acid dyes
are applied to silk fabrics. At the beginning of the
dyeing process, a great deal of acid (hydrochloric
acid or acetic acid) is added to the bath to adjust the
value of the pH below the isoelectric point of the
fibers, and this finally produces effluent.® In addi-
tion, there are other problems during the dyeing
process, that is, the weak color shade and wet fast-
ness properties. At the same time, traditional dyeing
techniques for silk with acid dyes operate at a high
temperature (90°C), which results in damage to the
physical properties of silk to some degree.

The cationization techniques mainly focus on
enhancing the dyeability of cotton with direct and re-
active dyes through a pretreatment of the fibers with
cationic products.*"! Essentially, the pretreatment of
cellulose fibers before their dyeing with direct and re-
active dyes can improve the substantivity of the
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anionic dyes for the substrate through the operation of
ion—ion forces of interaction between the anionic (com-
monly sulfonate) groups in the dye and the cationic
groups in the pretreated fibers.'>'*> The most common
approach is to reduce the amount of salt required (or
to eliminate salt altogether) and to increase the effi-
ciency of the dye—fiber covalent bonding reaction via
reactions of various types of amino compounds with
cotton. Improvements in dye fixation and a reduction
of the impact of the effluent on the environment have
been principal areas of attention.'*®

In this investigation, 3-(trimethoxysilyl) propyl do-
decyl dimethyl ammonium chloride (HSQA; Figure 1)
was synthesized in our laboratory and used to cati-
onize silk fabrics. HSQA, the cationic modifying
agent, contains long hydrophobic alkyl chains and
quaternary ammonium groups.

This article mainly examines the dye behavior of
HSQA-cationized silk with some acid dyes. Different
factors affecting the dyeability and fastness proper-
ties are thoroughly investigated. The equilibrium
adsorption and kinetics of cationized silk dyed with
acid dyes are also presented.

EXPERIMENTAL
Materials
Silk fabrics

The degummed and bleached silk fabric (35 g/m?)
was purchased from Jiaxing Silk Factory (Zhejiang,
China).
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Figure 1 Cationic agent HSQA.

Acid dyes

CI Acid Red 18, CI Acid Orange 7, CI Acid Red 1, CI
Acid Red 14, and CI Acid Red 73 were used in these
experiments. They were obtained from Baoying Dyestuff
and Chemical Co. (Zhejiang, China), except for CI Acid
Orange 7, which was supplied by Ciba Co. (Shanghai,
China) Their structures are shown in Figure 2.

Reagent

The cationic modifying agent, HSQA, was synthe-
sized in our laboratory. NaHCO;, glacial acetic acid,
and Na,SO; were obtained from the Guangjiang
Chemical Industrial Mill (Zhejiang, China).

Methods
Cationization of silk with HSQA

The silk fabrics were dipped into an aqueous solu-
tion with HSQA (15 g/L) and NaHCO; (10 g/L).
The exhaustion process was carried out at 60°C for
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30 min (liquor ratio = 1 : 40). The fabrics were then
thoroughly rinsed in water to remove any unreacted
HSQA. The samples were finally air-dried.

Dyeing procedure

Dyeing was begun at 40°C for 10 min with an acid
dye (2% owf) and a liquor ratio of 1 : 100; the tem-
perature was raised to the desired temperature at a
rate of 1°C/min and held at that temperature for 60
min. Then, the bath was allowed to cool, and the
dyed silk was rinsed in water, soaped with a 2 g/L
soap solution at 60°C for 10 min, and rinsed in
water. It was finally air-dried.

Color measurements

The dyed samples were assessed with an SF600 color
meter (Datacolour Co.) (Melbourne, Australia). From
the reflectance (R) values at a given wavelength (1),
the color strength (K/S) of the dyed samples was
calculated with the Kubelka-Munk equation:

K/S = (1-Ry)*/2R, (1)

Fastness testing

Color fastness to washing was determined according
to ISO 105-C01:1989 at 40°C for 30 min in a soaping
tester (Washwheel, Roaches) (Jiangsu, China).
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Figure 2 Structures of the acid dyes: (1) CI Acid Red 18, (2) CI Acid Orange 7, (3) CI Acid Red 1, (4) CI Acid Red 14,

and (5) CI Acid Red 73.
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TABLE I
Four Dye Baths
Dye bath Recipe
1 1 g/L NaySO,, pH 3.0
2 No salt, pH 3.0
3 1 g/L NaySO4, pH 7.0
4 No acid, no salt, pH 7.0

For untreated and cationized samples, a dye con-
centration of 2% owf and 1 : 100 liquid ratio. pH 3.0,
1 : 100 liquid ratio and 90 were used (Table I).

Equilibrium experiments

CI Acid Orange 7 was dissolved in pyridine, then fil-
tered and crystallized in acetone, and finally dried at
60°C to obtain the purified dye, which was used in
equilibrium and kinetic experiments.

Different dye concentrations were freshly prepared
through the dissolution of the mentioned refined
dyestuff in deionized water. For untreated silk, the
pH of the dye solution was adjusted to 3.0 with gla-
cial acid and the addition of 1 g/L Na,SO,. For cat-
ionized silk, the pH value of the dyeing bath was
about 7.0 without the addition of any acid or salt.

The experiments were carried out through the
shaking of the silk fabric with acid dye solutions of
different concentrations in conical flasks at 70, 80,
and 90°C in a thermostat shaker bath operated at 75
rpm. The dye concentrations were determined at dif-
ferent times with a calibration curve based on the
absorbance at a maximum A value of 485 nm (2100
visible spectrophotometer, WFJ]) (Shanghai, China)
versus the dye concentration in standard CI Acid
Orange 7 solutions. Equation (2) was used to calcu-
late the amount of dye absorbed per gram of silk at

some definite time t [g, (mg/g of silk)]:'"'8

g = (Co — C)(V/W) )

where Cy and C; are the initial dye concentration
and dye concentration at time t (mg/L), respectively;
V is the volume of the dye solution (mL); and W is
the weight of the silk fabric (g) used.

When the dyeing reaches equilibrium, C, is repre-
sented by the equilibrium dye concentration (C,).
The amount of dye absorbed per gram of silk at
equilibrium (g.) (mg/g of silk) was also calculated
with eq. (2).

Kinetic experiments

CI Acid Orange 7 dyestuff was dissolved in deion-
ized water to the required concentration (200 mg/L).
Also, for untreated silk, the pH of the dye solution
was adjusted to 3.0 with glacial acid and the addi-
tion of 1 g/L NaySOy4 for cationized silk, the pH
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value of the dyeing bath was about 7.0 without the
addition of any acid or salt.

Each silk sample was dipped into the acid dye
solution and stirred with a thermostat shaker at
75 rpm. g; and g, were calculated with eq. (2).

Fourier transform infrared (FTIR)

IR spectra were recorded with a PerkinElmer 1700
FTIR spectrophotometer under dried air in the spec-
tral region of 2000400 cm .

RESULTS AND DISCUSSION

Dyeability comparison between the untreated
and cationized silk

Effect of the dyeing temperature

The color shades of silk dyed with CI Acid Red 18
and CI Acid Orange 7 at different temperatures (70—
90°C) were investigated, and the results are shown
in Figure 3. For both acid dyes, the K/S values
increased with an increase in the dyeing temperature
for both untreated and cationized silk. The color
shades of the cationized silk dyed with both acid
dyes under neutral conditions at 70°C were deeper
than those of the untreated samples dyed at 90°C. In
addition, the exhaustion percentages of the cation-
ized silk were almost 100% at 70°C.

In addition, the cationized silk was dyed with the
three other acid dyes in a neutral dye bath at 70°C,
and its dyeability was compared with that of the
untreated silk under normal dye conditions at 90°C.
The results, shown in Figure 4, indicate that the cat-
ionized samples achieved deeper color shades. This

10

K4S walue

il B el

e 80c a0'c

Duntreated, Cl Acid Red 18
B cationised, C.I. Acid Red 18
Buntreated, C.l. Acid Orange 7
@ cationised, C.I. Acid Orange 7

Figure 3 Effect of the dyeing temperature on the K/S val-
ues of untreated and cationized silk (untreated samples:
dye concentration of 2% owf, 1 g/L NaySO,4 pH 3.0, and
1 : 100 liquid ratio; cationized samples: dye concentration
of 2% owf, pH 7.0, and 1 : 100 liquid ratio).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 K/S values of untreated and cationized silk
dyed with three acid dyes (untreated samples: dye concen-
tration of 2% owf, 1 g/L Na,SO,, pH 3.0, 90°C, and 1 : 100
liquid ratio; cationized samples: dye concentration of 2%
owf; pH 7.0, 70°C, and 1 : 100 liquid ratio).

confirmed that the HSQA-cationized silk was also
suited for other types of acid dyes.

In conclusion, HSQA-cationized silk can be dyed
at a neutral pH and a low temperature (70°C) with
leveling acid dyes. This result is very significant, in
that it will contribute to diminishing pollution, sav-
ing energy, and reducing damage to silk.

Washing-fastness properties

The washing-fastness properties of the untreated
and cationized silk dyed with the acid dyes were
determined, and the results are given in Table I
The properties of the cationized samples were the
same as those of the untreated ones with respect
to the staining of silk and the staining of cotton.
However, the property of the color change of the cat-
ionized silk was improved to some degree. This

TABLE II
Washing Fastness of the Untreated and Cationized Silk
Fabrics Dyed with Acid Dyes

Cationized silk
Untreated silk with HSQA

Dye Ch S C Ch S C

CI Acid Red 18 3 34 45 4 34 45
CI Acid Orange 7 2 2-3 45 4 3-4 45
CI Acid Red 1 2-3 2 4-5 5 34 45
CI Acid Red 14 2-3 2 4-5 4 34 45
CI Acid Red 73 4 2-3 45 4 34 45

For the untreated samples, a dye concentration of 2%
owf, 1 g/L NaySO,, pH 3.0, 1 : 100 liquid ratio, and 90°C
were used. For the cationized samples, a dye concentration
of 2% owf, pH 7.0, 1 : 100 liquid ratio, and 70°C were
used. Ch = color change; S = staining of silk; C = staining
of cotton.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Adsorption isotherms of untreated silk dyed
with CI Acid Orange 7 (initial dye concentration of 50—
1000 mg/L, 1 g/L NaySO,4, pH 3.0, 1 : 100 liquid ratio, and
3 h).

indicated that the cationized silk samples had good
washing-fastness properties.

Adsorption isotherms

Figures 5 and 6 shows the adsorption isotherms of
untreated and cationized silk dyed with CI Acid
Orange 7 at different temperatures. The Langmuir
equation is used to study the experimental data, and
it can be expressed at a low concentration as
follows:"*2%2!

1 1 1

¢ 0 Qi ®)

where Q is the maximum amount of the dye
absorbed per unit of weight of the fiber to form
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Figure 6 Adsorption isotherms of cationized silk dyed
with CI Acid Orange 7 (initial dye concentration of 50-
1000 mg/L, pH 7.0, 1 : 100 liquid ratio, and 3 h.
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TABLE III
Langmuir Isotherm Constants of Untreated Silk and
Cationized Silk Dyed with CI Acid Orange 7

Temperature Q b
°C) (mg/g of silk) (mL/mg) R?
Untreated silk® 70 53.76 1431  0.9979
80 44.05 1195 0.9991
90 40.65 9.84  0.9989
Cationized silk? 70 64.96 30.70  0.9998
80 62.50 2286  0.9986

® A dye concentration of 50-1000 mg/L, 1 g/L Na,SOs,,
1 : 100 liquid ratio, and pH 3.0 were used.

P A dye concentration of 50-1000 mg/L, 1 : 100 liquid
ratio, and pH 7.0 were used.

complete monolayer coverage on a surface bound at
high C, and b is the Langmuir constant related to the
affinity of the binding sites.

The values of Q and b were calculated from the
intercepts and slopes of the straight lines of a plot
of 1/g, versus 1/C,. A comparison of the untreated
silk and cationized silk is presented in Table III.
When 1/4q, was plotted against 1/C, according to
eq. (3), the Langmuir model fitted the experimental
data very well, with high correlation coefficients
(R?) for untreated samples (>0.98). The Q values
decreased with increasing temperature. Similar
observations were attained for cationized silk. These
results were in good agreement with the litera-
ture.'*'® In a neutral dye bath, the maximum
amount of the dye adsorbed onto the HSQA-cation-
ized silk was higher than that adsorbed onto the
untreated silk under normal dyeing conditions, as
shown in Table III

b is related to the enthalpy of adsorption.”> There-
fore, the thermodynamic parameters, including the
free-energy change (AG°), enthalpy change (AHY),
and entropy change (AS%), were also evaluated with

the following equations:*****

AG? = —RTInb (4)

1009
AS°  AHP

Inb =" =% ©)

AG? = AH? — TAS° (6)

T is temperature (K)

AG® was calculated with eq. (4), whereas AH® and
AS° of the adsorption were evaluated [eq. (5)] from
the slope and intercept of the straight line of a graph
of In b versus 1/T. The results are listed in Table IV.

It is well known that the negative values of AG’
indicate the spontaneous nature of acid dyestuff
adsorption onto silk. The results in Table IV show
that the AG” values of both the untreated and cation-
ized silk samples were under zero, indicating that
the adsorption of CI Acid Orange 7 onto the two silk
samples was consistent with spontaneous processes.
The enthalpy and entropy values obtained from the
adsorption of CI Acid Orange 7 onto cationized silk
were —20.13 and —30.06 kJ/mol, respectively,
whereas they were —15.55 and —22.95 kJ/mol for
the untreated silk, respectively. Therefore, HSQA,
CATIONIZATION, could enhance the silk adsorp-
tion capacity for CI Acid Orange 7.

Kinetics of adsorption

The cationic modification of silk can enhance its dye-
ability to acid dyes, and the kinetics of CI Acid Or-
ange 7 adsorption onto untreated and cationized silk
fabrics was investigated. The pseudo-first-order and
pseudo-second-order equations were used to test the
experimental data.

The pseudo-first-order equation can be expressed
as follows:

In(ge — q¢) =Inge — kat (7)

where t is the dyeing time (min) and k; is the rate con-
stant of pseudo-first-order adsorption (min~').26™*®

ki and g, at different temperatures were calculated
with eq. (7) and are listed in Table V. A comparison

TABLE IV
Thermodynamic Parameters of Untreated Silk and Cationized Silk Dyed with CI
Acid Orange 7

b (mL/mg) AG® (kJ/mol) AH® (k]/mol) AS° (J/mol K)  R?

Temperature
Sample °O)
Untreated® 70 14.31
80 11.95
90 9.84
Cationized® 70 30.70
80 22.86
90 18.99

—7.6 —15.55
-7.3
—6.9
-9.77
—9.18
—8.89

—22.95 0.9994

—20.13 —30.06 0.9844

@ A dye concentration of 50-1000 mg/L, 1 g/L NaySO,, 1 : 100 liquid ratio, and pH

3.0 were used.

b A dye concentration of 50-1000 mg/L, 1 : 100 liquid ratio, and pH 7.0 were used.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE V
Comparison of k; and k, for Untreated and Cationized Silk and Calculated g, Values for CI Acid Orange 7

Pseudo-first-
order equation

Pseudo-second-order equation

Temperature Je,exp ky X 100 k> X 100 e cal h;

(°Q) (mg/g of silk) (min ") R? (g of silk/mg min) (mg/g of silk) (mg/g of silk min) R?
Untreated® 70 15.67 1.68 0.9755 1.51 15.73 3.72 0.9986

80 15.42 1.82 0.9541 297 14.95 7.06 0.9982

90 14.32 2.87 0.8317 5.33 14.00 10.46 0.9997
Cationized® 70 18.01 1.58 0.9341 2.29 17.69 7.16 0.9995

80 17.58 412 0.9657 3.83 17.57 11.83 0.9996

90 16.92 6.16 0.9634 6.86 17.04 18.05 0.9998

? An initial dye concentration of 200 mg/L, 1 g/L Na,SOy, a 1 : 100 liquid ratio, 3 h, and pH 3.0 were used.
P An initial dye concentration of 200 mg/L, 1 : 100 liquid ratio, 3 h, and pH 7.0 were used.

of the results with R* is also shown in Table V. The
R? values (<0.97) for the pseudo-first-order kinetic
model are very low, indicating a poor pseudo-first-
order fit to the experimental data.

The pseudo-second-order kinetic model is based
on the adsorption equilibrium capacity and can be
expressed as follows:

W o(qe — g ®
where k, (g of silk/mg min) is the rate constant for
pseudo-second-order  adsorption.***®  Integrating
eq. (8) and applying the initial conditions, we have

ot ©)
or, equivalently,
ot (10)
hi = kg, (11)
&
5 |

1/gt{a silk min/mg)
[}

0 10 20 30 40 80 B0 70 80
tirne(rmin)
Figure 7 Plot of the pseudo-second-order equation of
untreated silk dyed with CI Acid Orange 7 (initial dye

concentration of 200 mg/L, 1 g/L Na,SO,, pH 3.0, 1 : 100
liquid ratio, and 3 h).
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where h; is the initial dye adsorption rate (mg/g of
silk min). A straight line of ¢/g; versus t suggests the
applicability of this kinetic model to the experimen-
tal data. k; and g, were calculated from the slope
and intercept of this line, as shown in Figures 7
and 8. The k, values of the untreated and cationized
silk fabrics and the R? values at different tempera-
tures are listed in Table V. It is likely that the be-
havior over the whole range of adsorption was in
agreement with the chemisorgtion mechanism being
the rate-controlling step.'**** On the basis of Table
V, the adsorption of CI Acid Orange 7 onto the
untreated and cationized silk was considered to be
pseudo-second-order with high R* values above 0.99.
In addition, g, which is the adsorption capacity,
agreed very well with both the experimental and
calculated values, as listed in Table V.

The results indicated that the rate constant of
the silk fabrics increased with an increase in the tem-
perature, and the R” values were all above 0.98.
Cationized silk had a higher rate constant even with
dyeing at 70°C and under neutral conditions.

1/qt(g silk min/mg)
- s

[=]
o

time (min)

Figure 8 Plot of the pseudo-second-order equation of cat-
ionized silk dyed with CI Acid Orange 7 (initial dye con-
centration of 200 mg/L, pH 7.0, 1 : 100 liquid ratio, and
3 h).
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Figure 9 Plot of the Arrhenius equation of silk dyed with
CI Acid Orange 7.

Activation energy

The rate constants at different temperatures (listed in
Table V) were applied to estimate the activation
energy of the adsorption of CI Acid Orange 7 onto
silk by the Arrhenius equation:

E
lnk—lnA—ﬁ (12)

k is the rate constant of pseudo-second order adsorp-
tion.

where E, R, and A refer to the Arrhenius activation
energy, the gas constant, and the Arrhenius factor,
respectively.”® The slope of the plot of In k versus
1/T was used to evaluate E, as presented in Figure 9
and Table VI. The activation energy of the cationized
silk decreased from 61.87 to 53.32 kJ/mol, and this
indicated that cationization decreased the energy
barrier of dye diffusion. Thereafter, the dyeing pro-
cess could be realized easily.

FTIR

The FTIR spectra of cationic modifying agent HSQA,
untreated silk fabric, and cationized samples are pre-
sented in Figure 10(a—c), respectively. As shown in
Figure 10(a), the absorption bands at 1191.33,
2853.50, and 2924.94 cm ™! have been attributed to
Si—OCHj; stretching. The nitrogen atom stretching
of the quaternary ammonium group can be observed
at 952.77 cm ™.

TABLE VI
Activation Energy of Adsorption of CI Acid Orange 7
for Untreated and Cationized Silk

Sample Activation energy (kJ/mol) R?
Untreated 61.87 0.9999
Cationized 53.32 0.9936
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Figure 10 FTIR spectra of (a) HSQA, (b) untreated silk,
and (c) a cationized sample.

Figure 10(b,c) illustrates the fibroin absorption
bands around 1508.76 and 1654.77 cmfl, which have
been assigned to C=O stretching and N—H stretch-
ing of amide I and amide II, respectively. It is evi-
dent that the FTIR spectrum of cationized silk is
almost identical to that of the untreated sample,
except that the absorption increased at wave num-
bers of 974.79 and 2926.10 cm '. Hence, the FTIR
spectra of the cationized silk indicated a crosslinking
reaction between the silk and modifying agent
HSQA.

CONCLUSIONS

The cationic modification of silk enhanced the dye-
ability of acid dyes and made it possible to dye silk
under neutral conditions at 70°C.

The dye adsorption behavior of HSQA-cationized
silk dyed with acid dyestuff still followed the Lang-
muir adsorption isotherm model. The maximum
adsorbed amount of the cationized silk dyed with CI
Acid Orange 7 in a neutral dye bath was higher than
that of the untreated silk under normal dyeing
conditions.

The values of AG® for both the untreated and cat-
ionized silk samples were under zero, showing that
acid dyestuff adsorption on both the untreated and
cationized silk samples was a spontaneous process.
AH® and AS° of the adsorption of CI Acid Orange 7
onto cationized silk were —20.13 KJ/mol and —30.06
J/mol K, respectively, whereas those for the untreated
silk were —15.55 and —22.95 kJ/mol, respectively.

A pseudo-second-order kinetic model agreed well
with the dynamic behaviors for the adsorption of CI
Acid Orange 7 onto the cationized silk under neutral
conditions. The rate constant of the cationized silk
was higher than that of the untreated silk. The acti-
vation energy of the cationized silk dropped from
61.87 to 53.32 kJ/mol.

Journal of Applied Polymer Science DOI 10.1002/app
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