Dyeing of polyester fibres using ultrasound
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Ultrasound has been used in the dyeing of polyester fibres with disperse dyes at low temperature,
and results compared with those achievable in conventional dyeing at the boil using a carrier. Dyeings
were enhanced in presence of carrier and by pre-swelling the fibres, although the results obtained
were not generally as good as those that can be obtained in conventional high-temperature
processes. Taking into account the energy conservation aspect, ultrasound appears to be a promising

technique for dyeing.

INTRODUCTION

Conventional textile processes are known o consume
significant quantities of energy in heating and agitating
the goods, especially those used for synthetic fibres. In
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addition, a lot of energy is wasted in controlling the
process parameters in order to achieve uniformity in the
results. Improved dye uptake on acrylic and polyester
fibres has been obtained by adopting solvent-assisted
dyeing [1-4], the lower dyeing temperatures calling for a
reduced energy input. The enhancement in dyeing of
acrylic fibres was shown to depend on the nature of the
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plasticising solvent, which reduces the glass transition
temperature of the fibre [5]. However, many organic
solvents discharged in the effluent from dyehouses have
undesirable environmental effects.

In order to conserve energy, many other techniques are
also being investigated. Low-energy UV radiation has
been found to improve dye uptake substantially on
different substrates [6]. Enhanced dye uptake of a direct
dye on cotton has been reported through use of ultrasonic
energy [7]. The high-energy ultrasound causes the
formation and collapse of tiny bubbles, resulting in
extremely high pressures and temperatures at the
microscopic level in an aqueous bath. This cavitation
causes tremendous agitation, which helps in improving
the dye uptake. Since the electrical energy involved in
producing the ultrasonic effect is relatively low, the
technique is energy efficient.

Reviews have appeared on the use of ultrasound in
different areas of textile wet processing [8,9]. Dyeing of
nylon 6 using ultrasound has been shown by Shimizu et al.
to take place with increased rates of dyeing [10]. They
have observed that the activation energies of the dyes
decreased when they are treated with ultrasound. Further
studies using X-ray diffraction, scanning electron
microscopy and tensile strength testing techniques have
revealed that neither permanent loosening of the fibre
structure nor any morphological changes takes place as a
result of ultrasonic treatment [8].

In this paper the results of experiments conducted to
study the usefulness of ultrasound in dyeing of
polyethylene terephthalate (PET) and polybutylene
terephthalate (PBT) fibres are reported. Although the
former is a standard textile fibre, it has a compact structure
and is therefore a relatively difficult to dye. Therefore PBT
fibre, with its somewhat more open structure, enabling it
to be dyed at the boil using disperse dyes, was also chosen
for this work.

EXPERIMENTAL

Materials

PBT filament yarn (75 denier/15 filaments, type G-300 HE
manufactured by Teijin Ltd, Japan) and PET staple fibres
(manufactured by CAFI, India) were used. Both the fibres
were used after purification. The disperse dyes used were
Foron Brilliant Orange ERL (S, CI Disperse Orange 25;
rm.m. 323) an Foron Navy Blue S-2GL (S, CI Disperse Blue
79; tm.m. 640). Benzyl alcoho!, dimethyl formamide and
chlorobenzene were of laboratory-reagent grade. Dilatin
TCI(S) was used as a carrier.

Swelling of fibres

Both PBT and PET were swollen in benzyl alcohol or
dimethyl formamide for 1 h at 100°C. The excess solvent
was removed by centrifuging. The fibres were washed
first with hot and then with cold water, followed by
drying in air.
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Determination of swelling of fibres

The degree of swelling of the swollen polyester fibres was
measured by noting the percentage change in the
diameter of the fibre on a MP-3 projection microscope
(PZO, Poland), using Eqn 1:

Swelling, %= Wa =Wt 100 0
Wi
where W, = diameter of the fibre before swelling
W, = diameter of the fibre after swelling.
Dyeing of fibres

The PBT and PET fibres, both swollen and unswollen,
were dyed with and without the application of ultrasonic
energy under different conditions of time and
temperature. In some cases 3 g/l of the carrier Dilatin TCI
were added to the dyebath.

The ultrasonic apparatus (made by Dakshin India Ltd)
had a frequency of 26 kHz with a 120 W output. The
substrate in loose form along with dye solution was placed
in a beaker and kept in the apparatus’s water bath with
intermittent shaking. The fibres were dyed at 1% shade at
a liquor ratio of 50:1. All the dyeings were given reduction
clearing treatment.

Measurement of dye absorption

The absorbance values of the dye solutions extracted from
10 mg dyed fibres using 10 ml chlorobenzene for 30 min at
120°C were recorded at respective their ., values on a
Pye Unicam SP8-400 UV/visible light spectrophotometer.

RESULTS AND DISCUSSION

The influence of ultrasound on dyeing is suggested to be

three-fold [8]:

{a) It disperses the dye molecules in the dyebath,
breaking their aggregates

(b) 1t causes formation and collapse of tiny air bubbles in
the bath, thereby increasing pressure and temperature
at the microscopic level

(¢) It causes rapid diffusion of the dye molecules inside
the fibre structure enhancing the rate of dyeing.

The cavitation effect of ultrasound is also known to be
maximum at temperatures between 45-50°C.

Table 1 gives the results of dyeing PBT using two
disperse dyes with widely different molecular masses.
Dye uptake of CI Disperse Orange 25 at the boil increased
by 7.1% in the presence of carrier. The extent of dyeing at
45°C was negligible, obviously due to the compactness of
the fibre structure. However, at this temperature there was
a four-fold increase in dye uptake when the dyeing was
carried out in the ultrasonic bath. Furthermore, addition
of carrier to the ultrasonic dyeing bath increased the dye
absorbance value by 184%. Thus, although the dyeing
under ultrasonic energy with carrier did not achieve the



Table 1 Absorbance values of disperse dyes applied to PBT fibres
under different conditions (asterisk indicates presence of carrier)

Absorbance
Temp. Time With
Dye ("C) {min}  Control  ultrasound
Cl Disperse Orange 25 100 60 0.321
100 60 0.344*
45 30 0.020
45 15 0.081
45 15 0.230"
45 30 0.236"
CI Disperse Blue 79 100 60 0.144*
50 30 0.143"

dye uptake value of the dyeing carried out at boil without
carrier, it did reach nearly three-quarters of that value.

The effect of carrier and ultrasound together was
significantly larger than either individually. Carriers are
known to act as plasticising/swelling agents to open up
the fibre structure, whereas ultrasonic energy breaks
down the dye aggregates and enhances the rapid
diffusion of dye into the fibre. The synergistic effect of the
two thus gives an increase in dyeing efficiency. The
dyeing with the higher molecular mass dye, CI Disperse
Blue 79, showed comparatively lower absorbance values,
because of its lower diffusion inside the fibre.

Table 2 shows the data on similar dyeings on PET fibres.
Compared with PBT, the absorbance wvalues were
significantly lower. However, when dyeing with CI
Disperse Orange 25 in the presence of carrier, the use of
ultrasound gave a dye uptake of about one-third of that at
the boil. With the higher molecular mass dye CI Disperse
Blue 79, a similar comparison showed about 74% of the
dye uptake in the presence of ultrasound.

In order to enhance dyeability further, the fibres were
pre-swollen in benzyl alcohol or dimethyl formamide. The
results on swelling are given in Table 3. These two
chemicals were selected as swelling agents because their
solubility parameters (12.10 and 12.14 respectively) are
similar to that of PET (10.7). Benzyl alcohol produced
greater swelling than did dimethyl formamide, as its
dispersion solubility parameter (9.4) is closer to that of PET

Ingamells and co-workers have reported that
dispersion forces are dominant in the interactions
between PET and solvents [11,12]. Aprotic solvents such as
NN-dimethyl formamide causes significant swelling at
temperatures higher than 120°C [13], the swollen PET
structure  being stabilised by solvent-induced
crystallisation. It is likely that, under the conditions used
in the present work (1 h, 97°C), the crystallites produced
would collapse after the removal of the dimethyl
formamide, thereby giving lower swelling of PET An
insignificant decrease in the tensile strength of the swollen
PET fibres was observed.

The PET and PBT fibres are structurally different from

each other. PBT has a more open structure, indicated by its
slightly higher moisture regain value than that of PET.
Moreover, the chain molecule of PBT has a longer aliphatic
residue. These differences mean that the solubility
parameters of the solvents are unlikely to be closer to that
of PBT, and hence are likely to produce less swelling.

The pre-swelling process was found to improve
dyeability (Tables 4 and 5), the opening up of the fibre
structure increasing dye penetration. However, the effect
of carrier in enhancing dye uptake diminished, obviously
due to limitations of carrier action on already swollen
substrates. In these cases also ultrasound imparted good
dyeability at 50°C, especially in the presence of carrier. The
results in Tables 4 and 5, compared with those in Table 3,
show that dyeing on pre-swollen fibres was significantly
increased, both for PBT and PET fibres. Also, the use of
ultrasound made it possible to dye these highly compact
fibres at lower temperatures.

Experiments on the ultrasonic dyeing of natural fibres
such as silk constitute the next phase of this study, and
have shown considerable potential for increasing uptake
of several different classes of dyes, compared with
conventional dyeing methods.

CONCLUSION

Ultrasound appears to be an effective technique for
dyeing even structurally compact fibres such as PET and
PBT, although the levels of dyeing are not as high as in
conventional commercial dyeing processes. The addition

Table 2 Absorbance values of disperse dyes dyed on PET fibres
under different conditions (asterisk indicates presence of carrier)

Absorbance
Temp. Time With
Dye (°C) {min)  Control ultrasound
Ci Disperse Orange 25 100 60 0.069
100 80 0.086"
45 30 0.016"
45 30 0.032*
Cl Disperse Blue 79 100 60 0.049*
50 30 0.036"

Table 3 Results on swelling of fibres with different
solvents; time 1 h, temp. 97°C

Fibre Reagent Swelling {%)

PET Benzyl alcohol 2719
Dimethyl formamide 18.42

PBT Benzyl alcoho! 9.62
Dimethyl formamide 9.20
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Table 4 Effect of pre-swelling on dyeability of PBT fibres (asterisk indicates presence of

carrier)
Absorbance
Benzy! alcohol Dimethyl formamide
swollen swollen
Temp. Time With With
Dye (°C) (min) Control ultrasound  Control  ultrasound
Cl Disperse Orange 25 100 60 0.341 0.332
100 60 0.362* 0.349"
50 30 0.077
50 30 0.108*
50 30 0.290
50 30 0.330* 0.294"
45 30 0.319"
Cl Disperse Bilue 79 100 60 0.152*
50 30 0217*

Table 5 Effect of pre-swelling on dyeability of PET fibres (asterisk indicates presence of

carrier)
Absorbance
Benzyl alcohol Dimethyl formamide
swollen swaollen
Temp. Time With With
Dye (°C) {min) Control ultrasound Control  ultrasound
Cl Disperse Orange 25 100 60 0.103 0.077
100 80 0.110" 0.108"
50 30 0.068 0.009
50 30 0.083" 0.036*
Cl Disperse Blue 79 100 60 0.165"
50 30 0.143*

of carrier is useful in enhancing dye uptake. On the other
hand, pre-swelling the fibres prior to dyeing increases dye
penetration, but defeats the purpose of the exercise: to
conserve energy. Higher energy ultrasound may be more
effective, and this area needs to be explored.

The authors are grateful to Dr § D Samant for providing
the ultrasound facilities.
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