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The influence of the kinetics of dissolving disperse dyes
on the kinetics of dyeing polyester fibres at high
temperatures has been investigated. Experimental proof
that the rate of dyeing was limited by the rate of
dissolution of the disperse dye was obtained.
Experirnental data for two disperse dyes are presented.

INTRODUCTION

At the present time the process of dyeing polyester fibres

with disperse dyes is represented as taking place in succes-

sive stages:

1. Dissolution of dye in the dyebath

2. Transport of dissolved dye through the bath to the fibre

surface

3. Adsorption of dye onto the fibre surface

4. Diffusion of monomolecular dye into the fibre mass.
The disperse dye initially present in the bath in the form

of a dispersion is assumed to get into the material by first

dissolving to give a monomolecular solution, which is con-

tinually replenished from the dispersion. Diffusion of dye

into the material is generally considered to be the slowest

and, therefore, decisive factor governing the dyeing rate.

Each individual dyeing stage is influenced by the others,

thus each is dependent on the preceding one [1]. For this

reason it is necessary to understand the kinetics of indi-
vidual transfer processes.

Adsorption of dye on the fibre is a key factor in the
solution of the levelling problem [2]. In the course of main-
taining the layer of adsorbed dye on the fibre surface as
dyeing proceeds, one of the following cases may generally
occur:

(a) The rate of dissolution of dye in the dyebath and of the
dye adsorption on the fibre surface is greater than the
rate of diffusion of dye into the fibre

(b} The rate of dissolution of dye and of dye adsorption on
the fibre surface is slower than the diffusion rate

{c) The rate of dissolution and of adscrption is equal to the
diffusion rate.

It has been shown by some authors [2, 3] that it is the
difference between the time taken for dye to be adsorbed
on the substrate surface and the time needed for it to dif-
fuse into the substrate during heating that may cause
unlevelness in polyester fibre dyeing. The existence of a
critical region of unleveiness in the temperature range
95-110°C was explained on the basis of different activation
energies of dyeing and dissolution. Under these tempera-
ture conditions situation {(a) may occur, leading to satura-
tion of the fibre surface with dye. In contrast, at 130°C, a
temperature often used for dyeing polyester fibres, it is
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found that the dye-adsorbing power of polyester is so high
that situation (b) might occur, owing to the low solubility of
disperse dyes. In fact the whole dyeing process is deceler-
ated because the supply of dissolved dye is insufficient {1].

Considerable attention has been given to the equilibrium
values for the solubility of disperse dyes at different temp-
eratures up to 130°C [4-6]. Little attention, however, has
been paid to the effect of the kinetics of dissolving on the
kinetics of dyeing. Our work has been aimed at evaluating
the dependence of dyeing kinetics on the kinetics of dis-
perse dye dissolution during the dyeing of polyester fibres
at 130°C.

EXPERIMENTAL

A series of four related experiments were carried out to
evaluate the extent to which the kinetics of dyeing of
polyester fibres with disperse dyes may be influenced by
the kinetics of dissolution of the dyes in the dyebath
(Figure 1}

To eliminate as far as possible the different effects that
influence the rate of dissolution, the experiments were car-
ried out at constant temperature, the conditions corres-
ponding to a 3% dyeing (o.w.f.} at 130°C and a liquor ratio of
40:1, using the pure disperse dyes without any dyeing
auxiliaries added. Intentionally, the two anthraquinonoid
dyes chosen differed markedly in solubility partly because
of chemical structure and partly as a result of physical form
{Table 1). A polyester woven fabric (Tesil 12) from the Silon
factory of Plana nad LuZnici was employed.

Evaluation of the kinetics of dissolution (experiments 1
and 2} was carried out using the apparatus already
described | 7). With this apparatus it is possible to insert the
dye at 130°C by means of a closed pot already containing
the required amount of dye. After heating the bath to 130°C
the pot was tilted through 180° so that the cover opened
under its own weight and the dye powder was dispersed
into the liquor. When withdrawing samples undissolved
dye was removed by filtration using a layer of filter papers,
the dye solution was run into volumetric flasks at chosen
intervals.
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TABLE 1
Dyes Used
Mean Solubility
Molecular particle in water
Dye structure size (um)  at 130°C {mg/l)
C.I. Disperse HN © O©OH
Blue 56 z 10.0 100
L I 5
HO O NH,
O NH,
C.l. Disperse O@
Red 60 6.5 10.8

O OH
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Dyeing was carried out in pressure tubes adapted to
allow either dye dissolution to start atthe same time as dye
adsorption, or a period of 20 min for the dye to dissolve
before dyeing began.

For experiment 3, in which dye dissolution and dyeing
began simultaneously, the covered pot containing the dye
was placed in the pressure tube. After heating to 130°C the
pressure tube was tilted through 180° to open the pot and
so add the dye to the bath and begin the dyeing process
(see Figure 2(a)).

In experiment 4, in which dissolving the dye preceded
introduction of the material into the dyebath, material was
supported on a hook on the pressure tube cover and held
above the liquor surface. The liquor containing the dye was
heated to 130°C {in 10 min) and held at this temperature for
20 min. The pressure pot was then shaken to release the
material and to start the dyeing process (see Figure 2(b)).

Samples were taken after 1, 3, 5, 8, 10, 15, 20, 30, 45, 60
and 90 min. The dyed materials were washed in detergent
solution, dried and extracted with chlorobenzene. The dye
concentration in the bath, C,, (mg/l), and on the fibre, C,
(mg/g) were determined using a Specord ultra-
violet—visible light spectrophotometer (Zeiss Jena).

MATHEMATICAL TREATMENT
A mathematical model of the time dependence of the con-
centration of dye present on the fibre and in the bath was
used to compare the kinetics of the processes involved.
From the mathematical point of view it is a constantly
increasing function that may be derived in a number of
ways. Vickerstaff's equation [8], as modified by Rais [9],
was used because it is sufficiently flexible and yet simple
enough to be evaluated using a modern pocket calculator.
In deriving this equation it is assumed that the square of
the dye concentration on the fibre is directly proportional to
a positive power of the dyeing time (Egn 1).

Ci=«t" (1)

The constant of proportionality («) decreases with time
according to Egn 2:

k=(C-C) K (2)
Substituting Egn 2 in Eqn 1 and rearranging:

Kc:t
2 = o 3
f+KE" @
where
C, = dye concentration on the fibre at time {, mg/g
C., = dye concentration on the fibre as t—>%®
(i.e. equilibrium), mg/g

t = time of dyeing, min
K = rate constant of dyeing
n = constant

Eqns 1-3 can be written to relate to dye concentration in the
bath. In such a case, Cy,, {mg/l) replaces C, and C,,, (mg/l)
replaces C,_.

To calculate the constants K and n in Egn 3 it is necessary
to know the probable value of C_. Such a value may be
obtained using Vickerstaff's function in the form shown in
Egn 4:

C.= —-——C1C2 fa—t) (4)
aC,—C,

where
C, =dye concentration on the fibre after time ¢,, mg/g.
C, =dye concentration on the fibre after time t,, mg/g

Both of these are experimental values, and
a=t,/t, (5)

Eqn 4 gives a fair approximation to the final phase of
dyeing, and hence it may be reasonably used to calculate
C.. Using the experimental values of C, and C, in pairs in
Egn 4 produces a number of values of C,, from which an
average can be obtained after discarding one-third of the
results that constitute the extremes of those obtained.

To determine values of K and n Eqn 3 must be made
linear:

ce

log ———=logK+n logt (6)
g Ci-Cp g J

By using all the experimental values obtained for the
eleven different dyeing times, eleven equations of the two
variables are formed. Treating these two at a time as simul-
taneous equations, a number of values of n; and K; are
calculated from which the average values of K and n can be
determined in the same way as was used for C,.

From the results it was not possible to describe the kine-
tics of dissolution over the whole range of times considered
by one function, even when the results appeared to be
satisfactory on the basis of percentage error relative to the
average. In the case of the red dye a break in the curve
occurred (Figure 3) after approx. 10 min, which we consi-
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(a) — Concentration of dye in aqueous extract

(b) — Concentration of dye in bath in presence of polyester material
{c) — Rate of dissolution of dye in aqueous extract

{d) — Rate of dissolution of dye in presence of polyester material

Figure 3 — Dissolution of C.I. Disperse Red 60 in aqueous
extract of polyester (experiment 1), and in the presence of
polyester material {experiment 2), at 130°C

dered to be a real effect, and for the blue dye (Figure 4,
curve b) the concentration of dye in the bath began to
decrease after approx. 8 min. For this reason the results for
each dye were considered, for the purposes of calculation,
to fall into two separate parts (labelled part 1 and part 2 in
Table 2), each part being described by its own function.

The calculated values of C,, n and K, and the average
relative errors, are given in Table 2 for both functions.

The dye concentration on the fibre (or in the bath) is
expressed as a function of time by Eqn 3, and the rate of
dyeing (or the rate of dissolution), v, at any time, ¢, may be
determined using a derivation of Eqn 3:
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Results are presented graphically in Figures 3-6.
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(a) — Concentration of dye in aqueous extract

{b) — Concentration of dye in bath in presence of polyester material
{c) — Rate of dissolution of dye in aqueous extract

{d) — Rate of dissolution of dye in presence of polyester material

Figure 4 — Dissolution of C.I. Disperse Blue 56 in aqueous
extract of polyester (experiment 1), and in the presence of
polyester material {experiment 2), at 130°C

RESULTS AND DISCUSSION

Experiment 1 was carried out to evaluate the kinetics of
dissolution of a disperse dye when the dye is not being
simultaneously adsorbed by a polyester substrate. To
eliminate the effect of trimers on dye dissolution and for a
better comparison of the results with those from experi-
ment 2 (where the dye dissolution and adsorption occurred
simultaneously), the experiment was carried out using
freshly prepared polyester extract obtained by treating the
polyester in the dyebath (liquor ratio 40:1)} at 130°C for 60
min.

Experiment 2 was carried out to determine the amount of
dye solution in the dyebath as dissolution and adsorption
proceed simultaneously.

Experiment 3 was carried out under the same conditions
as experiment 2, but with the dye concentration on the fibre
being determined.

TABLE 2

Constants Used for Solving Eqn 3
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(a) - Concentration of dye on the fibre when dissolution and dyeing are
initiated simultaneously

{b} — Concentration of dye on the fibre when dissolution is initiated prior to
dyeing

{c) — Rate of dyeing under conditions used in (a)

(d} — Rate of dyeing under conditions used in (b}

Figure 5 — Dyeing characteristics of C.I. Disperse Red 60
under the conditions used in experiments 3 and 4

Experiment 4 was carried out to cover the situation in
which dye already dissolved is present in the dyebath at the
beginning of the dyeing process.

The results obtained can be summarised as follows:
(a) Both dyes dissolved slowly. In the case of the red dye,

only after 20 min had the concentration of dissolved
dye reached 92% of the value found after 90 min. In the
case of the blue dye the figure was slightly higher at
96%. With both dyes, at all times the dye concentration
in the liquor in the presence of polyester was much
lower than in its absence (Figures 3 and 4). In the case
of the blue dye, after 10 min the concentration in solu-
tion actually fell and continued to do so.

(b) Although the solubility of the blue dye was roughly ten
times greater than that of the red dye, the dye concent-
ration in the fibre when dyeing and dissolution pro-
ceeded simultaneously was only slightly different
{Figure 7). However, with the blue dye the initial dyeing
rate was high, then it decreased quickly and at =80
min it was even lower than that of the red dye, the rate
of adsorption of which was much lower at the begin-
ning, but throughout decreased only very slowly.

(c) A distinct difference between the dyes was observed
under the conditions used in experiment 4, i.e. where
the dye was allowed to dissolve before the material

Expt Avge relative
No. Dye Cde {mg/1) C.(mg/g) K n error (%)
1 Blue {part 1) 111 0.0743 1.23 0.08
Blue (part 2} 101 0.173 1.87
Red {part 1) 7.69 0.636 0.865 1.96
Red (part 2) 1.2 0.121 1.00
2  Blue {part 1) 48.3 0.586 1.11 1.38
Blue (part 2} 313 -1.25 0.196
Red (part 1) 5.95 0.286 1.18 0.40
Red (part 2) 6.92 0.159 0.171
3 Blue 11.2 0.0094 1.26 6.08
Red 14.6 1.86x10* 1.85 0.47
4  Blue 21.3 0.00198 1.65 -0.38
Red 12.8 7.14x10 * 1.67 2.46
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TABLE 3

Comparison of the Properties and Behaviour of C.I. Disperse Blue 56 and C.I. Disperse Red 60

Dye
Characteristic Blue 56 Red 60
Solubility in aqueous extract of ~100 ~10
polyester (mg/l)
Change in rate of dissolution over Rapid Slow
time interval 1-90 min {mg/{l min)) decrease decrease
Change in concentration of dissolved Simultanecus Continuous
dye in the liquor from t=10 min dissolution Decrease slow
onwards and dyeing increase
{Expt 3)
Concentration of dye on the fibre at 9.5 8.9
£=90 min {mg/g)
Dyeing rate compared to that in Expt 3 Dissolution
prior to dyeing
Concentration of dye on the fibre at {Expt 4}
t=90 min (as % of the corresponding 181 108
value in Expt 3)
o 15
N i
— (o)

11.8

/ r
>

Dye concentration on the fibre (C}), mg/g

/
\ \\\44(3)
[ _ \htk—‘,_;,—l;;(L
7510 20 30 45 60 %0

38 15

Momentary rate of dysing (v,), mg/{g min)

Time (t), min

{a) — Concentration of dye on the fibre when dissolution and dyeing are
initiated simuitaneously

{b) ~ Concentration of dye on the fibre when dissolution is initiated prior to
dyeing

{c) — Rate of dyeing under conditions used in (a)

{d) — Rate of dyeing under conditions used in (b}

Figure 6 — Dyeing characteristics of C.I. Disperse Blue 56
under the conditions used in experiments 3 and 4

was introduced. In case of the blue dye the rate of
dyeing, as well as the concentration of the dye on the
fibre, was nearly twice as great. With the red dye the
rate of dyeing initially increased but then decreased
rapidly and after 30 min was even lower than when dye
dissolution and dyeing were made to proceed simul-
taneously {Figure 5). Under these conditions the dye
concentration in the fibre was at all times only slightly
lower than when the dye had been allowed to dissolve
before dyeing had begun.

It is evident that a higher concentration of the dissclved
dye in the bath results in a higher concentration gradient
and, in consequence, a higher rate of dyeing. However, the
results show that high solubility alone is not sufficient.
According to the Nernst partition coefficient an excessively
high solubility may influence the balance between dye in
the bath and on the fibre in favour of the bath and so reduce
the degree of exhaustion of the dye.

In the case of a highly soluble dye it has been shown that
the dyeing rate is decelerated by the rate of dissolution. If

Dye concentration on the fibra (C;), mg/g

P L — t L

1510 20 30 45 60 0
3 8

Time {t), min

{a} - C.I. Disperse Blue 56: simultaneous dissolution and dyeing
{b) — C.l. Disperse Red 60: simultaneous dissolution and dyeing
{c} — C.\. Disperse Blue 56: dissolution prior to dyeing
(d) ~ C.. Disperse Red 60: dissolution prior to dyeing

Figure 7 —Comparison of the behaviour of C.I. Disperse Red
60 and C.I. Disperse Blue 56

the dye is dissolved in advance, the dyeing rate (and the dye
concentration on the fibre) are increased (Figure 6). In the
case of a dye of low solubility this difference was not so
evident because the concentration of the dissolved dye was
roughly ten times lower. This was the cause of the initial
acceleration of dyeing rate at the beginning and its subse-
quent rapid decrease until it was less than the dyeing rate
when dissolution and adsorption were simultaneous (Fig-
ure 5). This phenomenon may be accounted for by a higher
concentration of the dye on the fibre due to the initial
acceleration of the dyeing process. To maintain a higher
dyeing rate a greater supply of dissolved dye would be
necessary, but this was not available because of the dye’s
low solubility and, chiefly, its slow rate of dissolution. Itis
possible to conclude that even in the case of dye with low
solubility the rate of dyeing was limited by the rate of
dissolution.

A summary for both the dyes is given in Table 3.

These results illustrate the way the rate of dissolution can
influence the rate of dyeing. However, it must be acknow-
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ledged that in addition to the experimental conditions
studied, the situation will also be affected by the conditions
of manufacture of commercial dyes. For example, milling,
crystal form, incorporation of dispersing agent, and the
particle size distribution are all factors that can influence
the rate of dissolution.

REFERENCES
1. McDowell, Melliand Textilber., 61 (1980) 946.

DA wN

~N o

. Bendak and Abdou, Textilveredlung, 15 {1980) 214.

. Schreiner, Textiltechnik, 30 {1980) 257.

. Bird, J.5.D.C., 72 (1956) 343,

. Hasler, Contribution & I'Etude de la Stabilité des Systemes Dispersés des

Colorants Plastosolublies, Lyon 1970,

. Patterson and Sheldon, J.5.D.C., 76 (1960} 178.
. Odvarka, Schejbalové and Gértner, J.5.D.C., 96 (1980} 410.
. Vickerstaff, ‘The Physical Chemistry of Dyeing’, (London: Oliver and

Boyd, 1954) 130.

. Rais, Lectures presented at the 16th Cangress of Czechoslovak Colour-

ists, Pardubice, (Mar 1981},





