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L reproducible values.

The solubility of sparingly soluble compounds, particularly when they are present in the finely dispersed
state. is difficult to measure, especially at elevated temperature and pressure. To date there have been
no simple methods of determination. A quick and very simple method is now presented, termed
‘solubilitytitration’, based on the idea that if the substance under test is added gradually in small amounts
ght scattering in the u.v./visible region must change
abruptly the moment the solubility is exceeded. Such is actually the case, and the solubility is found from
the extinction or from the light scattered, at the point indicated by the intersection of two curves. This
method was developed specifically to determine the water solubility of commercial disperse dyes under
dyeing conditions, i.e. at 130°C and elevated pressure (about 400 kPa). Tests gave precise, highly

to a solvent or dilute solution, its extinction or [i

INTRODUCTION
The solubility of sparingly soluble substances at elevated
temperature is not easy to determine. In the method most
frequently used, an excess of substance is treated with the
solvent at the dissolution temperature until it is safe to
assume that the solubility equilibrium has been established.
The residue is then filtered off and the amount dissolved in
the filtrate determined by a suitable means. This method has
also been used to determine the solubility of disperse dyes by
Bird [1], Vinh-am [2] and {recently) Datyner [3,4]. In this way
Datyner determined the solubility of pure disperse dyes in
water at 127°C; he was the first to ascertain directly the
solubility of disperse dyes at high temperatures in an exact
manner. However, the method proves unsatisfactory for
determining the solubility of substances in a state of fine
dispersion such as commercial disperse dyes. The solubility
of very finely dispersed substances is known to depend on
their particle size and degree of crystallinity [5). In a disper-
sion these two properties will change on heating, primarily
as a result of recrystallisation phenomena such as correction
of crystal structure defects, Ostwald ripening or sintering
together of agglomerated primary particles, or changes in
crystal form [5.6). Dispersions are not in a state of equilib-
rium, and they cannot be brought into such a state without
being completely destroyed and the solubility changing. This
is explained below with reference to a specific example.
When a dilute solution {0.025 a/1) of Cl Disperse Orange
56 is heated from room temperature the extinction over the
entire visible spectral range decreases unti] the temperature
reaches 95°C. It is apparent from the type of spectrum
obtained that a large proportion of the extinction can be
attributed to light scattering. If this percentage drops without
any increase of extinction resulting from dye dissolution, it
can only do so through a decrease in the number of
scattering centres. What actually happens is that the parti-

cles become larger and fewer, i.e. Ostwald ripening occurs
(Figure 1). Absorption by individual particles decreases as
their size increases [7] as does light scattering [8]. The
number of particles also decreases, as already mentioned,
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Figure 1 -Absorptionof CI Disperse Orange 56 at temperatures
from 25°C to 130°C
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contributing to a decrease in both absorption of individual
particles and in their capacity to act as scattering centres [9].
Not until the solution temperature rises above 95°C does a
new absorption maximum form and the extinction starts to
increase again, whilst the proportion of scattered light
steadily declines. The new absorption maximum is attribut-
able to the dissolved dye molecules, and is imperceptible at
temperatures below 95°C. At higher concentrations, such
as are usually encountered in mill-scale working, the situa-
tions as regards recrystallisation and Ostwald ripening are
much more critical. Numerous examples could be quoted.

A totally different approach to determining the solubility
of disperse dyes in water was adopted by Navratil [10]. He
determined the solubility indirectly from the equilibrium
isotherm for absorption of the dye on polylethylene tereph-
thalate). For low bath concentrations the distribution coef-
ficient K can be obtained as the slope of the tangent to the
equilibrium isotherm; for high bath concentrations the
solubility (saturation value) of the dye in the bath, Sy, is
determined from Eqn 1:

Sd
Sq.1 % (1)
where Sy is the solubility of the dye in the fibre.

This method of determination is extremely time-consum-
ing and has all the drawbacks of anindirect approach. A new
tmethod of solubility determination is presented below that is
both easy and quick to perform, and requires no lengthy
heating.

PRINCIPLE OF THE METHOD

The new approach to solubility determination is based on
the abrupt change in absorption by the dissclved dye or in
the scattered light that occurs when the solubility iimit is
exceeded. It can be used not only for all substances that
exhibit suitable absorption in the visible or ultra-violet region
of the spectrum, but also for dispersible substances without
such absorption. For the latter substances the change in
scattered light is determined. If small amounts of the solute
in the stock dispersion form are added sequentially to the
solvent at a given temperature, the extinction increases
linearly with concentration for as long as the Beer-Lambert
law is fulfilled, i.e. a true solution is present. When the
solubility is exceeded, the increase in extinction changes
abruptly. This is true of both the extinction at the absorption
maximum and of the increase in light scattering. In the first
case the increase becomes smaller, in the second larger. The
scenario will be easier to understand if it is remembered that,
with colloidal systems, the transparency of a solution is not
only determined by actual absorption resulting from electron
excitation, but also that an additional loss of intensity occurs
through light scattering on the colloidal particles, i.e. the
intensity of transmitted light is diminished by absorpticn and
by scattering [9]. The total loss in intensity observed is the
sum of the light absorbed and scattered.

It has been found that the solubility can be determined
from the measured values as the intersection of two regres-
sion curves, because even after the solubility has been
exceeded the extinction changes linearly within a limited
range. Typical results obtained by the two methods of
determining extinction changes as a function of concentration
are plotted in Figure 2.
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Figure 2 —Determination of solubility of CI Disperse Red 55 by
the solubility titration method

EXPERIMENTAL

The experiments were performed in a Braun dyeing appa-
ratus [11]. Extinction was measured in stainless steel flow
cells with quartz windows of thickness 0.2 and 1 ¢cm, using
a Cary 15 spectrophotometer. The flow cells were heated in
a cell holder along with the liquor in the dyeing apparatus.
If quartz glass cells were used, which radiate far less heat, the
holder required no heating, provided the cell feedlines were
short and a high rate of throughput per unit time was
maintained.

Solubility was determined by two methods. In the first
{method 1), solutions (ranging from very small to very large
portions) containing different dye concentrations were heat-
ed at 130°C until their extinction achieved a constant level.
This was then measured at the absorption maximum or the
spectrum was recorded. From all the results obtained an
extinction versus concentration graph was plotted and, as
mentioned earlier, the solubility was calculated as the in-
tersection of two regression curves. This method is rather
cumbersome. Once it had been found to give satisfactory
results, a simplified procedure was sought.

A simpler, more elegant routine {method 2)is to add given
amounts of a stock dispersion sequentially to the solvent at
the temperature of dissolution and to note the extinction or
record a spectrum immediately after constant extinction has
been reached. Any number of measured values can be
obtained in this way in the course of a test. The results are
evaluated in a manner similar to that in method 1. This
simplified procedure is called solubility titration [5].

For this procedure cylinders with mobile pistons were
developed to mount on the lid of the Braun dyeing appara-
tus, permitting precise dispensing of a stock dye dispersion
to the liquor at 130°C by means of a micrometer screw
(Figure 3). One full turn of the micrometer screw corresponded
to a 0.5 mm advance of the spindle. With cylinder | this
advance delivered 0.51 ml; usually the screw was turned 5
times (2.5 mm advance) to dispense 255 ml from this
eylinder. With the smaller cylinder Il a 2.5 mm advance
delivered 1.10 ml{0.22 ml/0.5 mm}, although this cylinder
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Figure 3 - Precision dye dispersion dispenser for attachment to
the Braun dyeing apparatus [5] (only the dispersion holding
cylinder is drawn in cross-section)

was rarely used. As mentioned earlier, extinction was meas-
ured with a Cary 15 spectrophotometer. The spectra were
recorded at frequent intervals, in this case starting at a
suitable point in the long wavelength range at which the dyes
do not absorb, thus enabling the amount of light scattered to
be recorded.

The tests were carried out at 130°C with commercial
versions of the dyes listed in Table 1. Datyner [3] has
previously determined the solubility of the pure versions of
these dyes at 127°C. and Navratil {10] has investigated the
commercial formulations at 130°C. In our tests we used
stock dye dispersions which in 30 ml portions contained the
amount of dye (crude) found as the solubility (in mg/! pure
dye) in Datyner's tests. Table 1 lists the concentrations of the
stock dye dispersions and the actual dye contents of the
commercial formulations. The test were carried out as
follows.

Method 1

Distilled water (300 - x) ml) at room temperature was poured
into a Braun dyeing apparatus, the circulation pump switched
on, and the spectrophotometer zeroed. Stock dye disper-
sion (x ml) was then added, the apparatus closed, the
pressure raised to about 100 kPa, and the dilute dispersion
heated to 130°C. When extinction at the absorption max-
imum had reached a constant value a spectrum was recorded.
The dispersion was then cooled and the apparatus prepared
for the next test.

Method 2

The first phase of the procedure was the same as in method
1. Once constant extinction was reached, it was logged or
a spectrum was recorded. More stock dispersion was then
added via the storage cylinder by means of the micrometer
screw. In most tests the stock dispersion addition was 2.55

TABLE 1

Concentration of stock dispersions, molecular weights
and percentage contents of the commercial dyes

Concn of Amount of
commercial Mol. crude dye in
Dye dye {g/ll  mass commercial dye (3)
CI Disperse Yeliow 82 1.482 334 11.0
Cl Disperse Yellow 54 0233 289 24.0
0.466

CI Disperse Yellow 23 0.450 302 28.0
ClI Disperse Orange 56 0.192 366 46.8
Cl Disperse Red 82 2.922 439 333
ClI Disperse Red 55 6.620 299 37.0
Cl Disperse Viloet 57 0.212 409 37.2
Cl Disperse Blue 19 0.245 314 44 4

ml (equivalent to 2.5 mm advance of the micrometer screw.)
The change of extinction was plotted at the absorption
maximum; when no further increase occurred the next
amount was added, and so on.

Evaluation of tests

The extinction values at the absorption maximum, the visible
absorption spectra or both for varying dye concentrations at
130°C were obtained from the solubility experiments. The
advantage for solubility determination of recording spectra
is that the extinction at the maximum can be taken from
thern, and/or the light scattering values at a suitable point in
the spectrum at which the dye does not absorb. These values
— extinction at the maximum or light scattering ~ were plot-
ted against dye concentration (in terms of volume of stock
dispersion in millilitres per 300 ml solution. Figure 4 is
typical of the plots obtained. The lines connecting the points
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Figure 4 - Determination of solubility of CI Disperse Red 82 by
the solubility titration method
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are the calculated regression curves; the intersection of the
two gives the solubility of the dye in millilitres of stock
dispersion per 300 ml solution (Sy). The solubility in grams
per litre of commercial dye or crude dye can be calculated
from this and the known weight of the dye sample (Eqns 2
and 3):

S - CS, 2)
©7 300
CS P
Sg=—— . —— (3)
300 100
where S, = solubility of commercial dye, ml stock
dispersion per 300 mi
S. = solubility of commercial formulation, a/l
S; = solubility of crude dye, g/l
C = amount of dye sample, g/l in the stock
dispersicn
P = amount of crude dye in commercial formu-
lation, %.

If equal amounts of stock dye dispersion are added to the
solution in method 2, the concentration of the solution must
always be converted to the arbitrarily chosen unit of C,, (ml/
300 ml) using Eqn 4:

Y+ W

= ———.300 (4)
300 +V,
where C, = volume of stockdispersion per 300 ml solution
after nth dilution
V, = initial addition of stock dispersion, ml per
300 mi
V, = volume of addition (usually 2.55 mi)
n = number of additions.

In the accompanying figures the dye concentration is
invariably indicated in millilitres per 300 mi; that is reason-
able inasmuch as the stock dispersion used was always
dispensed in ml. Conversion to grams per litre is only
required for specifying solubility, and can easily be done
using Eqn 2 for commercial dye or Eqn 3 for crude dye.

RESULTS

The results of our solubility tests are summarised in Figure 2
and Figures 4-7; a fuller picture is given in Table 2. The
figures show the extinction as a function of the amount of
stock dye dispersion in millilitres added per 300 ml solution;
in those cases where the light scattering was also recorded,
scattering as a function of dye concentration is also shown
to complete the picture.

With all dyes extinction is a linear function of concentra-
tion during the initial additions, and in all cases the regres-
sion curve linking the first few points passes through the
origin. It is therefore justifiable to assurne that in this region
the solutions are true solutions and the Beer-Lambert law
applies. This assumnption is confirmed in all those cases
where the light scattering was also recorded. Here the
scattering intensifies markedly from the point denoting the
end of the linear increase of extinction with dye concentra-
tion in the initial phase. The curve for the light scattering
shows that in a few cases the dye must contain some
insoluble impurity because the light scattering increases
from the very first additions. The light scattering of the
dissolved dye at the measurement wavelength also obeys the
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Figure 5 — Determination of solubility of CI Disperse Yellow 82
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TABLE 2

Solubility of disperse dyes in water at 130°C

TABLE 3

Extinctions found in two parallel
tests to determine the solubility of
Cl Disperse Yellow 54

Solubility (mg/1}
Absorption Scattering

Crude Commercial Crude Commercial
CI Disperse dye  formulation dye formulaton
Yellow 82 49.0 445
Yellow 54 8.7 36.2
Yellow 23 348 124.4
Orange 56 12.2 26.0 12.8 274
Red 82 301.5 905.3 289.8 870.3
Red 55 433 1172 439 1187

408 1104 396 1069
Violet 57 7.7 206
Blue 19 15.1 34.0 15.7 35.3

Beer-Lambert law [8]. Calculation of the solubility value is
not altered by the additional light scattering. Only the
extinction values are shifted, but not the solubility itself. In all
cases the extinctions deviate from the initial straight lines
fairly abruptly after the solubility has been exceeded. As
more dye is added the extinction continues to increase
linearly cver a given range because here too the Beer—
Lambert law still holds [8]; at least a good linear approximation
can be used to calculate the solubility. Light scattering also
increases abruptly after the solubility has been exceeded.

An additional series of tests with ClI Disperse Yellow 23
was performed to clarify matters of principle such as repro-
ducibility. As will be shown, reproducibility was very good,
although the tests were carried out at 130°C and 400 kPa,
which are not simple conditions. However, the extinction
values in parallel tests were in very close agreement up to the
solubility limit. Beyond this limit, when there was undis-
solved dye present in the bath, the differences sometimes
became rather more marked. particularly if in one case the
additions were made very rapidly and in the other much
more slowly. These differences occur because, after the
solubility limit has been exceeded, extinction is attributable
to absorption of the coloured solution and light scattering
caused by the dispersed particles of the undissolved dye. But
the size of the scattering compeonent depends on the number
and size of the particles acting as scattering centres, and
these factors in turn depend on the test conditions, including
those that cannot be directly influenced such as crystallite
growth (Ostwald ripening). To demonstrate this, the extinction
values found in two parallel tests with CI Disperse Yellow 23
are compared in Table 3.

In the tests with this dye it was also found that the amount
of dye added after the solubility limit had been exceeded
affected the extinction level of the additions, and hence the
slope of the regression curves through the respective points.
The smaller the additions, the steeper the gradient of the
regression curves; the bigger the additions, the more abrupt-
ly the points diverge and the gentler the slope of the
regression curves. There is an approximately linear relation-

Test
Cn
{ml/300 ml) 1 2

50 0.040 0.040

7.49 0.060 0.059

993 0.081 0.080
12.34 0.100 0.100
14.70 0.118 0118
17.03 0.135 0.134
19.31 0.152 0.150
21.57 0.165 0.163
23.78 0.177 0.173
25.96 0.187 0.180

ship between the amounts added and the gradient of the
regression curves in the aforementioned sense. The reason
is again to be found in the occurrence of Ostwald ripening
when undissolved dye is present after solubility has been
exceeded; the more particles present, the faster the rate of
ripening, so that with large additions the number of particles
is reduced more rapidly than with small additions.

In these and other tests it was noted that stock dispersions
of disperse dyes can change fairly quickly, even when
standing at room temperature, so that different solubilities
can be brought about by recrystallisation and Ostwald
ripening. Figure 8 shows the results of two solubility tests
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Figure 8 — Comparison of solubilities of Cl Disperse Yeliow 54
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with CI Disperse Yellow 54, the first {curves A) with a stock
dispersion prepared immediately beforehand, the second
{curves B) with a stock dispersion a few days old. The
difference is solubility is remarkable, and it clearly exempli-
fies the instability of dispersion colloids. Colloids of this kind
are invariably unstable because they are not in a state of
equilibrium [5] and tend towards a state of lower energy [12].

A further seven parallel solubility tests were performed
with CI Disperse Yellow 54. Figure 9 shows the average
values of the results obtained, the deviations from these
means and the regression curves through the means. The
results of two of these tests are markedly different form the
rest, and this was caused by a zero displacement of the
spectrophotometer. These deviations do not alter the posi-
tion of the means, all that happens is a slight increase in
scatter. The results obtained demonstrate the good repro-
ducibility of the solubility tests even with very sparingly
soluble dyes. It must be borne in mind, however, that
dispersions are always unstable systems which change their
state very easily, particularly on heating. The titration
method is therefore eminently suitable for determining
solubility because it involves the addition of enly very small
amounts of dye to the solution at the test temperature,
thereby avoiding the risk of recrystallisation or change of
crystal form entailed by prolonged heating of an excess of
dye to the dissolution temperature. After each addition
constant extinction was reached in 1-2 min, and the next
addition can then follow. This is an enormous advantage
because it greatly shortens the time required to perform a
solubility test.
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Figure 9—Determination of solubility of CI Disperse Yellow 54,
means and scatter of results in seven parallel tests and the
regression curves calculated from the means

DISCUSSION

The simplicity and precision of the titration method for
determining the water solubility of sparingly soluble dyes
should be clear from the details set out above. Speed is the
method’s main advantage. Solubility can be calculated very
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easily from the test results, and it is best to construct a graph
beforehand because this immediately shows which points
the regression curves are to pass through. In terms of time
and effort required, the titration method is a considerable
improvement on the procedures reported by Datyner [3]and
Navratil [10}].

The dyes tested were selected because their solubility had
previously been determined by Datyner and Navratil, as
mentioned previously, and the outcome of the present study
could be compared with the results of the earlier work. A
further reason, of course, was to compare those authors’
methods with the new method. The drawback of Datyner’s
method is the prolonged heating required of the entire, large
amount of dye to and at the dissolution temperature, and the
invariably problematical filtration step when solubility equi-
librium has been achieved. The possible consequences of
heating particles of different sizes for prolonged periods
have been mentioned several times. The particles in Datyn-
er's tests, the smallest dimension of which was larger than
1 um, are so big that the influence of their size on solubility
can practically be neglected [5]. This means that Datyner
determined the thermodynamically defined solubility of a
pure compound, and not the higher solubility resulting from
fine grinding and formulation of the dye, which is a relevant
factor in mill practice. Datyner's method does yields absolute
solubility values, while this is not the case with solubility
titration. The amount of a given commercial dye that dis-
solves under given test conditions can be precisely deter-
mined, and in most cases this is certainly sufficient. Conversion
to concentration of actual dye present in grams per litre is
subject to uncertainty, however, because the actual dye
content can vary slightly. If the absolute solubility of the dye
is to be determined, there is no alternative but to plot a
calibration curve for the purified dye in a suitable solvent.
The extinction obtained by measuring in the same solvent
the amount of dye corresponding to the point of intersection
of the regression curves, i.e. the solubility of the commercial
dye, can then be compared with this calibration curve.

Unlike Datyner, Navratil [10] preferred to use commercial
dyes for his solubility determinations. His method is there-
fore more consistent with dyeing practice, and it also gives
the solubility indirectly as the result of a large number of
dyeing tests. With small amounts of dye the tests yield the
coefficient of dye distribution between fibre and bath, with
large amounts the dye saturation in the fibre (solubility). Only
the amount of dye in the fibre is determined experimentally.
The amount in the bath is calculated as the difference
between the amount added and the amount taken up by the
fibre — itself not an unproblematical calculation! Finally the
solubility in the bath is found as the intersection of two
tangents, one representing the distribution coefficient for
small amounts of dye, the other the dye saturation in the
fibre. A clear-cut determination of dye saturation in the fibre
is not feasible because dye can be either stripped from the
fibre by a change in the state of dye distribution in the bath
or its crystal form can be modified [5,6,13]. Navratil's
method is even more cumbersome than Datyner’s. It re-
quires even longer heating times, with all the inherent risks
of solubility changes. The solubility titration method offers a
sophisticated alternative of determining the solubility of
disperse dyes.

The solubilities found by Datyner, Navratil and in the
present study are listed in Table 4. Not only did the methods



TABLE 4

Solubility of disperse dyes according to Datyner [1],
Navratil [10] and the titration method

Datyner Navratil Solubility
titration

Pure dye Pigment  Crude dyel®

at 127°C at 130°C at 130°C
CI Disperse {mg/1) {mg/1) (ma/1)
Yellow 82 16.3 56 49.2
Yellow 54 56 7 8.7
Yellow 23 157 32 34.8
Orange 56 9.0 11 125
Red 82 97.3 295.7
Red 55 245 224 419
Violet 57 7.9 13 7.7
Blue 19 10.9 24 15.4

(a} Mean of the values in Table 2

of obtaining this data differ, but also what was tested as dye.
[n Datyner’s case it is quite straightforward: he determined
the solubility of the pure dyes. Navratil used commercial dyes
but determined the solubility of the dye in the fibre experi-
mentally. He refers to the value he obtained as the *solubility
of the pigment’. In our method the solubility is worked out
from the amount of commercial dye added in the form of a
stock dispersion and from the known crude dye content of
the commercial product. A glance at the values found by the
different methods reveals that Datyner’s are usually lowest.
That is understandable because he performed his tests at
only 127°C with recrystallised pure dyes. In those cases
where his values are substantially lower than those in the two
other sets, e.g. for CI Disperse Yellow 82, CI Disperse
Yellow 23 and Cl Disperse Red 82, the reason is certainly
the form of dye he chose.

It is interesting to note that the differences between the
values determined by the various methods are smallest
between the least soluble dyes: Cl Disperse Yellow 54, Cl
Disperse Violet 57 and CI Disperse Orange 56; but Ostwald
ripening also decreases with solubility [14]. With increasing
solubility the differences become more marked and it is
significant that Datyner, who used the ‘coarsest’ particles

and probably also the largest excess of dye, found the lowest
solubilities. For these dyes Navratil's values are close to the
present ones; in a few cases where Navratil found fairly high
values, e.g. for Cl Disperse Violet 57 and CI Disperse Blue
19, the reason could well be peculiarities of the method of
determination. Summing up, we may safely state that the
solubilities found for the sparingly soluble dyes by the three
methods are in fairly close agreement whereas, owing to
experimental peculiarities, those for the more readily soluble
dyes differ fairly markedly. It cannot be claimed that the
values obtained by one method are more correct than those
found by another. On the contrary, only the solubility of
preparations differing in particle size distribution and crystal-
linity was determined.

CONCLUSION

In conclusion the new solubility titration method can be
regarded as offering a very simple and convenient method
for determining the solubility of disperse dyes. The proce-
dure involved is greatly facilitated by recent advances in
measurement technology, e.g. glass fibre optics, and in
small apparatus construction.

So far discussion has been confined to dyes. But as
mentioned at the beginning of this paper our method of
solubility titration can also be used for colourless substances.
If there is no suitable absorption in the near u.v., the tests can
be performed by recording the light scattering, as shown in
a few examples. The method can hence be regarded as a
general-purpose procedure to determine the solubility of
sparingly soluble substances.
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