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The extension of the equations developed in Part 1ofthis
series [1] to include anionic dyes on wool and nylon and
cationic dyes on acrylic fibres is described, thereby
producing a single treatment which can be used for any
type of ionic dye on any fibre.

INTRODUCTION

In Part 1 of this series |1] the emphasis of the work was
directed solely to the dyeing of cellulose, but it was quickly
realised that if certain other ionisable groups were included
in the equations then they could equally well be used for
evaluating the dyeing of other materials, in particular pro-
tein, polyamide and acrylic fibres. A singie equation and
method of use was thus produced which permitted the
evaluation of dyeing data from any type of dye~fibre sys-
tem, if it is accepted that a slight variation is required when
dealing with basic dyes.

The idea of having a single set of equations to describe
the dyeing properties of all dye—fibre systems has been
previously published by McGregor and Harris [2] but their
method, although depending on essentially the same basic
concepts, is sufficiently different from that described here
not to invalidate the desirability of describing the alterna-
tive approach and, more importantly, the subsequent
developments enabling its use in the circumstances of
commercial dyeing.

The assumption regarding activities and concentrations
and the symbols used for the various guantities are those

The work upon which this paper is based was originally carried out in the
laboratories of ICI ple, Organics Division, Hexagon House, Blackley,
Manchester M8 3DA.

described in Part 1[1]. The derivation of certain of the
equations used has been described in Part 1 and will not be
repeated here, but when this occurs the equations will be
given two numbers, the second referring to Part 1 for easy
reference.

ANIONIC DYES ON PROTEIN AND POLYAMIDE FIBRES

Early Work

Both wool and nylon potentially contain notonly negatively
charged groups but also, in contrast to cellulose, positively
charged groups, the amounts of each depending on the
prevailing pH conditions. Working initially with wool this
fact, together with the empirical observatiaon that the fibre
demonstrated under certain conditions of application a
tendency to become apparently saturated with anionic dye
or indeed an inorganic acid, led to the formulation of a site
mechanism of dyeing. Two models were postulated, the
Gilbert-Rideal [3] and the Donnan [4], and the arguments
and the experimental efforts devoted to establishing which
model was the most suitable are now a well documented
part of the history of dyeing theory.

Since that time further developments in the theory have
been suggested |5-8}, but the Gilbert—Rideal approach still
seems to be the most popular with warkers in this field.

Unfortunately much of the experimental work on the
dyeing of wool must be treated with suspicion because of
the reactivity of the substrate, in particular its susceptibility
to hydrolysis. This resuits in irreversible changes that can-
not be taken into account. In addition such problems due to
variations in the substrate are aggravated by changes in the
dyebath due to the presence of soluble proteins and other
soluble products arising from the decomposition of the
wool. A study of the published results from dyeing and
other experiments clearly reveals the magnitude of the
problem |9] and suggests that published data should be
treated with considerable suspicion.

Later, with the advent of nylon, the same models were
applied to the dyeing of this fibre because of the fact that,
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like wool, it contained both positive and negative ‘sites’ and

thatin dyeing behaviour it was also similar to wool. Unfor-

tunately with nylon the problems of hydrolytic decomposi-
tion are again present and many experimental results need
to be considered with some caution.

In their application to practical systems involving the
interpretation of either the adsorption of simple inorganic
acids or anionic dyes, the fundamental concepts upon
which the models are conceived {or the necessary approx-
imations which have to be made to produce practically
applicable systems) give rise to a number of problems.
For example:

{a) They do not predict or take account of the fact that
either acid or dye can be adsorbed in excess of the
so-called saturation value; this phenomenon is gener-
ally explained by the formation of new positively
charged sites by fibre hydrolysis or by the ionisation of
the backbone amide groups

(b) There is uncertainty when dealing with polybasic ions,
in that it is difficult to decide whether they are associ-
ated with a stoichiometric number of sites or only one
site.

Modification of the Donnan Equation [1]

These difficulties are removed if the Donnan approach is
fully developed to a point where the same model and result-
ing equations as the ones used for the dyeing of cellulose
with anionic dyes can also be applied to anionic dyes on
proteins and polyamides. Eqn 1 is the electrical neutrality
equation developed in Part 1 [1] for a fibre containing only
potentially ionisable negative groups:

[Hle+[Mclg=[OH1+[Mals+21Bale+3[Tal+ Y z, D],

+ 2y IDl;+ 2 [CO0 |+ 3 [0 ¢ (1) (1. 30)

If this equation is extended to include, on the left-hand side,
a term for potentially ionisable positive groups then it
would apply to proteins and polyamides {Eqn 2):

S INH3 e+ [HIg+[Mcl=[OH]+[Ma]+2[Bals+3[Tal:
+3Z[Dlg+ X yAD],+ L[CO0 ¢
+2[07]e {2)

After the application of the relevant Donnan and mass
action relationships this becomes Egn 3:

Qui[Hle 0 MMl Ky | [(HIiMal,
KNHj'[H]F [Hlg [HIe {He

, AHElBals  3(HIs [Tals

+ + 3> z[Dl+ Sy IDl,;
[HIE [HE e
K Q Kon Q
n cood Ccoon oH Yon (3)
Kcoon+HI Kon+IHI:
where Qup, =amount of each available amino group in the
fibre and
Quy [H] -
T = TINHY, (4)
Knn +[HIe
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After solving Eqn 3 for [H]g, the value of |[H}; could then be
used in Egn 5 to calcuiate the affinity:

[H]E DI

—ApS=RT In ——F_
[H1Z [Dlg;

(6) (1.21)

If the affinity is known, then changing the term for z,|D|;,
in Egn 3 to that shown in Eqn 6 permits the calculation of
the concentration of dye on the fibre for each dye present
from its cancentration in the bath, just as for cellulose [1];

AIHIE [Dlg;
Sz [Dlg= Z z—%-]i (6) (1.34)
F

Application to Nylon — Affinity Determination

The validity of this approach may best be illustrated using a
number of examples initially involving nylon, which,
because of its simpler chemical structure, presents a less
complicated system than wool. Consider the results for the
titration of nylon 6.6 with pure free dye acids [10]. The
results using the dibasic dye Naphthalene Red EA are set
out in Table 1 and these figures immediately reveal a seri-
ous discrepancy. If the dyebath contains only the free dye
acid then [H]s must equal z| D] to ensure electrical neutral-
ity, but this is not so, the difference between them being
listed under the heading [X]s. Clearly the dyebaths must
contain other cations. These have presumably appeared,
assuming the dye to be pure, as a result of fibre decomposi-
tion or have been introduced with the fibre at the start of the
experiment. The fact that the value of [X]g increases as the
acidity of the experiments increases suggests that the
former is the predominating reason.

If fibre degradation is indeed the cause then not only will
the baths be affected but the properties of the fibre will be
changed, in terms of the number of available end groups,
by the hydrolysis of substituted end groups or by the far-
mation of new ones by chain cleavage.

In the absence of better experimental data these prob-
lems have been ignored and the calculations have been
carried out, using the figures for [Hlg and [D]s presented in
Table 1, employing Egn 3 to obtain values of [H]; and then
Eqn 5 to calculate the affinity (—-Au®). The vaiues of affinity
obtained using V=0.1 I/kg and an amina end group content
of 37 mmol/kg (370 mmal/l), the value suggested by the
original warkers { 10], are shown in column 7 of Table 1. The
sensitivity of the calculation, at high concentrations of
dye-on-fibre to the value used for the amino end group
contentis illustrated by comparing these figures with those
in column 8 which were obtained using a figure of
36 mmol/kg. In addition column 6 shows the effect of
applying the Langmuir approach to these results [10]. It can
be seen that these latter figures are much larger than those
calculated using Eqns 3 and 5 because the Langmuir
approach produces affinities that are the sum of the sepa-
rate affinities of both the cation and the anion, whereas
Eqns 3 and 5 give the affinity of the dye anion alone.
Nevertheless the parallel behaviour of the two sets of
results must be recognised.

The alternative method of determining affinities is the
desorption method |[11] which, because of the very much
shorter times of treatment involved, minimises fibre
degradation. Furthermore the presence of relatively high
concentrations of neutral electrolyte in the desorbing bath
minimises the effects of adventitious impurities in the bath.
Table 2 shows the results of such a series of desorption
experiments carried out on nylon 6.6 dyed with Solway



TABLE 1

Titration of Nylon 6.6 with Naphthalene Red EA Free Acid® (10,14}

—Ap® {kcal/mol)

This treatment

1D [NH, =0.37

[Hlg (X1s™ IDlg INH,]=0.36
pH {mol/1x1077) {mol/1x10°%) (mol/1x107%) {mol/1x107%) Langmuir mol/| mol/!
4.71 195 52.8 274 17.9 28.8 9.7 12.1
5.08 83.2 10.6 5.35 17.6 28.2 11.3 12.4
5.15 70.8 3.83 2.27 17.2 284 11.6 12.3
5.39 40.7 4.06 2.24 16.6 28.0 11.8 12.2
5.79 16.2 3.88 2.02 15.3 28.6 12.3 125
6.10 7.94 3.81 1.85 14.0 28.5 12.7 12.9
6.17 6.76 2.63 1.35 12.2 28.1 12.6 12.7
6.30 5.01 2.37 1.21 1.3 28.2 12.8 129
6.37 4.27 2.03 1.04 10.7 28.3 12.9 13.0
6.28 5.25 1.66 0.855 10.5 281 12.7 12.8
6.72 1.91 1.68 0.850 8.90 28.9 13.7 13.8
6.54 2.88 1.45 0.740 7.80 28.2 12.9 13.0
6.70 2.00 1.20 0.610 7.45 28.5 135 13.5
6.94 1.15 0.552 0.282 5.70 29.2 14.3 14.3
6.83 1.48 0.669 0.342 4.60 28.5 13.5 13.8
6.90 1.26 0.211 0.112 4.15 29.3 14.3 14.4
Average 28.5+04 12711 13.0+£0.7

{a) Fibre end groups: [NH,| =0.037 mol/kg, Ky =2.6x10""
[COOH] =0.090 mol/kg, KCOOH=1'6X 107°°
Temperature=60°C, V=0.1 I/kg, 2=2

b} [Xlg=2|Dls—{HIg

Blue A {ICI, C.l. Acid Blue 69} and desorbed with sodium
chloride [12]. The value used for the amino end group con-
tent is that described by the original authors. Again the
affinities obtained using Eqns 3 and 5 represent a perfectly
acceptable set of results bearing in mind the experimental
problems. Also they closely parallel those obtained using
the Langmuir approach but this time they are of the same
order of value since the latter, using this experimental
technique, produces the affinity of the dye anion alone.
Included in Table 2 are the effects of changing the value
used for the volume term. The value of 0.1 V/kg used
throughout was chosen from a general study of the results

TABLE 2

Affinities of C.I. Acid Blue 69 Calculated by Desorption
from Nylon 6.6 Using Sodium Chloride® [12,14]

—Ap’ (kcal/mol)

(NaCH] Sites This treatment
65" (mol/l} Donnan Gilbert-Rideal ¥=0.05 V=01 V=0.2
0346 0051 4.29 4.38 419 410 401
0.101 482 4.44 4.07
0.201 5.50 4.64 4.13
0.447 0051 4.61 4.59 4.41
0101  5.15 4,63 4.32
0.201 5.79 4.79 4.27
0.460 0.051 4.62 4.62 442
0.101  5.05 4.52 4.18
0.201 578 4.80 4.25
0549 0.051 4.88 4,72 476 458 439
0.101 581 476 4.42
0.201  6.12 5.03 4.40
Average  5.20x056 4.66+0.17 4.30+0.15

{a) Fibre end groups: [NH,]  =0.030 mol/kg, Kyy =2.6x107"
[COOH] =0.090 mol/kg, Kcgon=1.6%107°
Temperature=75°C, pH=3.52, [Hlg=3.02x107* mol/l, 2=2

(b} 8p=fraction of sites occupied by dye

obtained from numerous dyeings on nylon 6.6; the effects
of rather drastic changes in the value used for the volume
term are revealed in Table 2 to be relatively small and in no
way do they change the relationship of the results to one
another.

Adsorption of Inorganic Acids by Nylon

Just as the equations derived for cellulose produce a
means of predicting the adsorption of alkali by cellulose, so
can the adsorption of acid by nylon be predicted from Eqn 3
if it is assumed that the hydrogen ion content of the fibre in
moles per litre of fibre phase is given by Eqn 7:

[H* kgt =[H1g+[NH3 ] +1COOH ¢ (7)

Thus |HI: is calculated fram Eqn 3 for the particular experi-
mental conditions under study and then this value is intro-
duced into Eqns 4 and 8 ta calculate the concentration of
NH* and COO" ions:

Y[COO |p= 2 KcoonQcoon

8) (L.12
Kcoont+[HIe )

or in Egn 9 to obtain the value of [COOH|¢ directly:

S |COOH|e= {AkQooon (9)
- ] z Kcoont[HIe

Use of these equations provides a means of calculating the
residual charge on nylon when it is immarsed in baths of
different pH in the presence of different concentrations of
neutral electrolyte. The resuits of such calculations are
shown in Figure 1. A study of the curves in this figure
reveals two important points. Firstly at any one pH, with the
exception of the extremes of the scale, the charge on the
fibre is very dependent on the concentration of neutral
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electrolyte, and secondly the change in the amount of
charge on the fibre between any two dyebath pH values
depends on the range of pH being considered. Both these
points are evident when the adscrption of acid by nylon is
considered.
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Figure 1 — Calculated titration curves for a nylon-type fibre
containing 0.04 mollkg NH, group (K,=2.6x70""") and
0.08 mollkg COOH group (Ka=1.6x1075) (V=0.1 l/kg)
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Figure 2 — Adsorption of monovalent acid by a nylon-type
fibre starting with the fibre in the isoelectric condition, i.e.
dyebath pH=4.8 (for key see Figure 1)
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Figure 3 ~ Adsorption of monobasic acid by a nylon-type
fibre starting with the fibre in a bath at dyebath pH=7 (for
key see Figure 1)

Figures 2 and 3 show the results of using the relevant
equations to calculate the amounts of monovalent acid
which should be adsorbed by the particular nylon invelved
in the presence of different amounts of neutral electrolyte.
Figure 2 assumes that at the start of the experiment the
nylon was in the isoelectric condition, i.e. zero residual
charge, as obtains in a bath at pH 4.8 for this particular
nylon (i.e. INH,|=[CO0 1=0.04 mol/kg). It can be seen that
each of the curves has a tendency to level off at a value of
0.04 mol/kg of acid adsorbed. This is the vaiue correspond-
ing to all carboxylic acid end groups being in the undissoci-
ated form. Further acid adsorption beyond this so-calied
saturation value is, however, predicted due to the increas-
ing concentration of acid in the internal phase ([H]:) without
involving the presence of a different type of ionisable group
or an increased number of the usual ionisable groups as a
result of fibre degradation. The curves in Figure 3 present a
quite different picture. Here it has been assumed that at the
start of the experiment the nylanis in a form corresponding
to immersion in a bath at pH 7. It can be seen that the
various curves are of completely different shape, with the
exception of that at zero concentration of neutral electro-
lyte, and that they show a tendency to level off at quite
different concentrations of acid adsorbed. M is still pre-
dicted, however, that acid adsorption in excess of the so-
called saturation value will occur,

It wouid be wrong to assume that these calculated predic-
tions indicate in any way that fibre degradation does not
occur, indeed the previous discussion of the resuits shown
in Table 1 has accepted that hydrclysis does occur. They
merely show that excessive adsorption of acid is possible
even in the idea! situation without invoking the ionisation of
the backbone amide groups of nyion. Real proof of their
validity would be available by comparison with experimen-
tally derived curves but gbtaining such curves is a matter of
some considerable practical difficulty. A study of Figures 2
and 3 reveals that curves of almaost any shape can be
obtained, even in the absence of fibre degradation, if the
conditions of the experiment are not very carefuily control-



led, in particular the starting point of the titration and the
presence of adventitious ionic impurities. These latter
could be introduced with the fibre depending on the type
and thoroughness of any pretreatment. When the results of
unavoidable fibre degradation are also included, producing
a quantity of unknown impurity in the bath and a possible
change in the number of fibre end groups (both of which
are time, temperature and pH dependent), then the chances
of producing experimental curves for comparison with
those from the calculation would seem remote.

Adsorption of Anionic Dyes of Different Affinities by Nylon
{Overdyeing}

The adsorption curves of dyes of known affinity under vari-
ous experimental conditions may be calculated using Egn
3, suitably modified with Eqn 6, to calculate [Hir and hence
D]¢ using Egn 10:

A[HIZDIs
D= —— {10) {1.33)
] [H]z

where A=exp(-Au°/AT).
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log |H|g or log [ Dig {{HIg and | Dlg in mol/l)
Figure 4 — Calculated isotherms for pure dye free acids of
different affinities applied to a nylon-type fibre {mono-

valent dyes (2=1), no other additions {\H1s=|Dls}, temper-
ature=60°C, fibre constants as in Figure 1)

TABLE 3

Relationship Between A and Ap®

In Figure 4 curves are presented for a series of monobasic
dyes of increasing values of A when they are applied as the
pure free acid in the absence of any other electrolyte (4 can
of course be a value obtained at any temperature). The
relationship between A and standard affinity is shown in
Table 3 for various temperatures. The dyes are assumed to
be strong acids, so that concentrations of dye anions and
hydrogen ions are equal. it is also assumed that the solu-
tions are ideal, i.e. no activity effects, and that there is no
restriction as a result of limited dye solubility. The shapes of
the curves are typical of those obtained by experiment in
terms of both concentration of dye applied (and hence
dyebath pH} and also of the effect of increasing affinity.
Unfortunately, for the reasons already discussed, no really
valid experimental curves are available for direct compari-
son. It can be seen that all the curves have a point of
inflexion when the concentration of dye adsorbed is equi-
valent to the number of basic end groups in the fibre and
that further dye adsorption in excess of this amount, i.e.
‘overdyeing’, is predicted. The equations used therefore
predict that overdyeing is possible without invoking the
formation of new positive ‘sites’ on the fibre either from the
ionisation of other groups (e.g. amide linkages) or as a
result of fibre degradation. The fact that overdyeing does
produce fibre degradation in nylon has been demons-
trated |13] and this is not surprising when the predicted
values for the internal pH of the fibre are considered. These
are shown in Figure 5 for the same series of calculations as
produced the curves in Figure 4. It can be seen that the
logarithm of the internal hydrogen ion concentration of the
so-called ‘saturated’ fibre is —2.45 in all cases, i.e. a pH of
2.45 on the normal scale, but that this situation occurs at a
different external pH depending upon the affinity of the
dye. Further dye adsorption results in an increase in the
internal hydrogen ion concentration to values that can be
exceptionally high. Even allowing for the fact that such
ideal behaviour would not be encountered in practice, it is
not surprising that fibre degradation does occur, resulting
in a further practical enhancement of the resultsin Figure 4.
One conclusion that these results tend to confirm is that
overdyeing produces high internal acidity; this leads to
fibre degradation which in turn results in an increased ten-
dency for more dye to be adsorbed as a result of the forma-
tion of more positively charged amino end groups. The
often postuiated reverse case where fibre degradation
results in overdyeing is not supported, and indeed if this
were the only effect it would really be only overdyeing in
respect to the fibre at the end of dyeing after fibre degrada-
tion had taken place.

All the curves in Figure 4 are for monovalent dyes. The
effects of increasing dye basicity are illustrated in Figure 6
for the highest affinity dye. It must be noted that the amount
of dye adsorbed is in terms of z| Dl mol/kg of fibre. The
differences between the curves would be greater in terms
of [D]; mol/kg of dye on fibre.

—-Au® {kcal/mol} at T°C

A 20 30 40 50 60 70 80 90 100

10 1336 1382 1427 1473 1518 1664 1610 1655 1701
102 2672 2764 2854 2946 3036 3128 3220 3310 3402
10 4008 4146 4281 4419 4554 4692 4830 4965 5103
104 5344 5528 5708 5892 6072 6256 6440 6620 6804
10° 6680 6910 7135 7365 7590 7820 8050 8275 8506
10° 8016 8292 8562 8838 9108 9384 9660 9930 10206
107 9352 9674 9989 10311 10626 10948 11270 11685 11907
10° 10688 11056 11416 11784 12144 12512 12880 13240 13608
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Figure 5 — Relationship between internal and external
hydrogen ion concentration for the fsotherms in Figure 4

Effect of Dyebath Conditions on the Adsorption of Anionic
Dyes by Nylon

Tables 4—6 show the results from a number of calculations
involving monovalent dyes of different affinity applied
under various dyebath conditions. In ali cases the dye was
assumed to be applied as the sodium salt with the neces-
sary pH being achieved using hydrochioric acid. In each
table the results are calculated on the basis of no addition of
neutral electrolyte and in the presence of added sodium
chloride, so that a comparison of the two parts of each table
pravides an indication of the effect of added electrolyte in
the system under consideration.

It is well accepted that adding neutrai electrolyte to dye-
ings carried out on the acid side of the isoelectric point of
the fibre results in reduced uptake of dye whiist the reverse
is true on the alkaline side. In other words, when the fibre
possesses a positive charge then dye uptake is reduced by
adding electrolyte, whereas when the fibre possesses a
negative charge uptake is increased. In the Iatter case the

TABLE 4®

60

z|Djg, mmol/kg

40 —»
‘Saturation’

20

log [Hlg or log z|D|g {IHlg and | D]g in mol/1)

Figure 6 — Effect of basicity on dye uptake by nylon-type
fibre (dye is free acid with A=10° no other additions
(IHls=zIDg), temperature=60°C, fibre constants as in
Figure 1)

situation is the same as that in the dyeing of cellulose with
anionic dyes since cellulose, which has no groups capable
of producing a positive charge, is always negatively
charged, i.e. it never exhibits an isoelectric point and addi-
tions of neutral electrolyte always promote increased dye
uptake. Obviously the pH of the isoelectric point of nylon is
very much dependent upon the relative concentrations of
basic and acidic groups present. A fact that is not always
appreciated, however, is that the pH of the isoelectric point
is not a constant for any given type of nylon at any one
temperature, but changes depending upon the number of
equivalents of anionic dye adsorbed and the concentration

Effect of Dye Affinity on Salt Sensitivity at a Dyebath pH of 3 (All Concentrations in mmol/I)

No added NaCi
{i.e. [Nalg=0.1, [Cllg=1)""

Plus 100 mmol/I NaCl
(i.e. [Nals=100.1, [Cllg=101)""

A IDIe [COO7 ¢ {DIg+[COO~ I Dlg {COO7 I [D]e+[COO07]¢ AlDg
iDis=0.1 mmol/I
100 193 188 381 348 42.2 77 —-158
200 253 135 388 64.8 394 104 ~-188
400 305 87.1 392 114 348 149 -1
600 330 64.7 395 152 31.2 183 -178
800 344 51.6 396 184 28.4 212 -160
1000 354 42.9 397 210 26.0 236 -144
[Dls=1 mmol/Il
100 354 429 397 210 26.0 236 -144
200 376 234 399 299 18.7 318 - 77
400 389 12.3 a0 393 12.4 405 4
600 394 8.32 402 451 9.50 461 54
800 397 6.31 404 494 7.83 502 97
1000 400 5.08 405 537 6.75 544 137

(a) Tables 4-6 concern the application of a monavalent dye (z=1} in the form of its sodium salt to a nylon type fibre containing 40 mmol/kg of basic and
80 mmol/kg of acid end groups and V=0.1 l/kg; the pH values required were achieved using HCI, which is assumed to behave ideally

(b} For [Dig=1mmol/t, |Nalg=1
(e} For (Dlg=1 mmal/l, [Nalg=101
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TABLE 5

Effect of Concentration of Dye Applied on Salt Sensitivity at a Dyebath pH of 3 (All Concentrations in mmol/l)

No added NaCl

{i.e. [Nalg={Dlsg, [Cllg=1}

Plus 100 mmaol/l NaCi

{i.e. {Nalg=100+[Dlg, [Cllg=101)

(Dlg (DI [COO | IDj+(COO | (Dl¢ (COO | IDJ+ICOO™ AlDJ
A=100
0.01 41.2 318 359 3.75 45.2 49.0 — 374
0.02 71.9 292 364 7.42 44.9 52.3 - 645
0.05 134 240 374 18.1 438 61.9 ~116
0.10 193 188 381 34.3 42.2 77.0 ~158
0.20 253 135 388 64.8 39.4 104 -188
0.50 320 74.3 394 134 32.9 167 -186
1.0 354 42.9 397 210 26.0 236 -144
2.0 376 234 399 299 18.7 318 - 77.0
5.0 397 10.0 407 427 108 438 30.0
100 421 5.35 426 543 6.89 550 122
A=1000
0.01 193 188 381 35.0 42.5 77.5 -158
0.02 253 135 388 64.8 39.4 104 —188
0.05 320 74.2 394 134 32.9 167 -186
0.10 354 42.9 397 210 26.0 236 —144
0.20 375 23.3 398 299 187 318 ~ 76.0
0.50 391 9.89 401 424 10.7 435 33.0
1.0 400 5.08 405 537 6.75 544 137
2.0 412 2.63 415 670 4.26 674 258
5.0 464 1.19 465 942 2.40 944 478
10.0 587 0.75 583 1264 1.62 1266 677

(a) See Table 4, note (a)

TABLE &'

Effect of pH of Application on Salt Sensitivity atan Applied Concentration of [D]s= 1 mmol/1{All Concentrations in mmol/l)

No added NaCl

(i.e. [Nalg={Dlg=1, [Cl]g=10"")

Plus 100 mmol/l NaCi

i.e. INalg=101, (Cljg=100+10""")

pH IDlg [COO | [DI+[CO0" J¢ [Dle ICOO " |¢ [DI+[COO™ ¢ AiDJg
A=100

7 1.02 497 498 23.7 779 803 227

6 6.563 409 415 30.9 666 €697 24.4

5 49.3 363 402 67.4 415 482 18.1

4 203 196 399 154 158 312 - 50.0

3 354 42.9 397 211 26.1 237 -143

2 362 4.61 367 221 2.82 224 -141
A=1000

7 9.92 491 501 35.0 679 714 25.1

6 52.7 366 419 815 453 534 28.8

5 207 199 405 230 215 445 23

4 360 435 404 380 458 426 20

3 400 5.08 405 419 5.32 424 19

2 421 0.54 422 439 0.56 439 18

(a) See Table 4, note {a)

of ionised fibre carboxylic acid groups. Therefore it is
dependent an the affinity of the dye, the concentration of
dye in the dyebath and the conditions of dyeing insofar as
they effect the internal pH of the fibre and hence the ionisa-
tion of the fibre's acid groups.

These points are well iliustrated in Tables 4—6 where the
concentrations presented have been calculated using Egqn
3, suitably modified using Eqn 6, to obtain the value of [H]¢
in each case which isthen used in Egns 10 and 8 to calculate
DI and [COO | respectively. The columns headed
z|D]+{COOQ | give the total concentration of negative
charge on the fibre, which must be compared with the con-
centration of positively charged amino end groups

(40 mmol/kg in every case considered). The figures in the
columns headed A|D|; give the differences in the amounts
of dye adsorbed by the fibre as a result of adding electro-
lyte, positive for an increase and negative for a decrease. In
every case where z|D|+{COO7}f is greater than
40 mmol/kg then the effect of added electrolyte is to
increase the adsorption of dye and the opposite when it is
less than 40 mmol/kg, the greater the difference the larger
the value of A[D|. in either the positive of negative direc-
tion. The figures clearly show that the changeover of effect
of adding electrolyte is dependent on the affinity of the dye
{Table 4), the concentration of dye applied (Table 5} and the
dyebath pH (Table 6).
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All of the above calculations have been concerned with
the effect of a mono-monovalent electrolyte on the adsorp-
tion of a manovalent anionic dye. The equations used (Eqns
6 and 3) would equally well apply to all other electrolytes
and dyes with no restriction, contrary to the equations
derived for a site mechanism which require, for example,
that bivalent dyes should be desorbed with an electrolyte
possessing a bivalent anion. Many of the other experimen-
tal restrictions, imposed by necessary approximations in
the site mechanism approach, do not apply.

Application to Wool

So far the whole of the discussion has related to anionic
dyes on nylon, butthe methods used can be applied equally
inthe dyeing of wool. Obviously, because of its much more
complicated chemical structure, a greater number of fibre
variables would have to be taken into account, and there
would be greater uncertainty in allocating concentrations
and dissociation constants to the various groups consi-
dered. In addition many of the effects observed in the dye-
ing of nylon, although still present in the dyeing of wool,
will be obscured because of the much higher ‘saturation’
value of wool, e.g. approximately 900 mmol/kg of basic
end groups in wool compared with 40 mmol/kg in an aver-
age nylon. Unfortunately all of the problems associated
with the decomposition of the fibre and its effects on fibre
properties and contents of the dyebath, as previously dis-
cussed for nylon, are again present, which makes interpret-
ation of many of the available experimental results difficult
and possibly misleading. However, ignoring these prob-
lems, the results of calculating the affinity of Metanil Yellow
YKAICI, C.I. Acid Yellow 36) for wool are presented in Table
7, in which the various fibre constants used in the calcula-
tion are defined. In the penultimate column of Table 7 are
the published figures obtained from the Gilbert—
Rideal {Langmuir) equation and again, as for nylon, it can
be seen that they are much larger than those obtained from
this treatment shown in the final column because they
include the “affinity’ of the hydrogen ion, whereas Eqns 3
and 5 give the affinity of the dye anion alone. Again the
parallel behaviour of the two sets of results is clear. Also
included in Table 7, under the column heading [X]s, is the
difference between [H]g and [Dls. Since [Hig should equal

TABLE 7

Adsorption of C.I. Acid Yellow 36 Free Acid by Wool™ [8]

[Dlsthese figures reveal that the dyebath must contain ions
that have not been accounted for, presumably arising for
the same reasons as already discussed for nylon.

Cationic Dyes on Acrylic Fibres

In this dyeing system the same approach may be used for
the calculation of affinities, or conversely for calculating
values of [DJ; from a known affinity as described above for
anionic dyes. Thus by introducing the various fibre con-
stants and the dyeing conditions into Eqn 3 a value of [H];
can be calculated, remembering, of course, that the charge
on the dyes is now positive, so that the term ¥ z,[D]; will
appear on the left-hand side of the equation and not the
right as for anionic dyes. This value can then be used to
calculate the affinity. Here, however, Eqn 5 cannot be used
since the affinity of dyes of this type is defined by Eqn 11:

iy
~Au=RT In ADTHX)e (11)
[D*]g [X71g

for a monobasic dye. Applying the Donnan membrane
equation (Eqn 12):

[HI[X)e=[HIsgl Xl (12)
gives Eqn 13:
D
_.AMO:RT In [ ]F[HJS “3)
[DlglHIe

The calculated vaiues of |H] can then be used in Eqn 13 to
give a value for the affinity. If the affinity is known and it is
required to determine [D]g, then Eqn 10 must be replaced by
Eqn 14:

A|DJg[H
lDJF=7l JelHle (14)
[Hls

The procedure is then the same as already described, that is
Eqn 14 is used to replace ¥ z/[D] in Eqn 3 modified, as
above, for a dye cation, in order to calculate [H];, and then
this latter value is used in Eqn 14 to obtain [D];.

~-Ap° {kcal/mol)

tHlg iXlg Dl IDIg
pH {mol/1x107%) (mol/1x107%) {mol/1x 1074} {maol/l) Langmuir This treatment
5.77 0.170 0.491 0.508 0.123 11.1 5.00
5.83 0.148 1.39 1.40 0.223 11.4 5.45
5.77 0.170 2.34 2.36 0.310 1.4 5.58
5.58 0.263 3.34 3.37 0.427 14 5.60
5.48 0.331 4.02 4.05 0.563 1.5 5.79
5.27 0.537 4.36 4.41 0.650 1.4 5.66
5.30 0.501 5.49 5.54 0.797 11.7 5.90
4.92 1.20 543 5.565 0.933 1.4 5.59
4.63 2.34 6.11 6.34 1.32 11.6 5.71
3.98 10.5 11.3 12.4 1.84 11.1 5.03
Average 11.4+0.2 5.53+0.28

{a) Assuming wool contains: 600 mmoi/kg of basic group with pK4=12.5
180 mmol/kg of basic group with pK,=10.3
50 mmol/kg of basic group with pKa= 6.1

790 mmol/kg of an acidic group with pX,= 4.1
27 mmol/kg of an acidic group with pK4=10.3

¥=0.3 I/kg, z=1, [Nalg=0, [Clig=0
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CONCLUSIONS

It has been demonstrated that the equations developed
from the fuli Donnan approach are applicable to the dyeing
of protein and polyamide fibres with anionic dyes. Their
use produces reasonable affinity values within the prob-
able errors in the experimental results and, in contrast to
the previous treatments based on ‘sites’, they predict that
overdyeing can occur without invoking the need for extra
sites in the fibre. Their application to dyeing with multi-
valent dyes presents no uncertainties or problems,

With only slight modification they can be applied to
cationic dyes on acrylic fibres. The derived equations there-
fore present a treatment which is applicable to any ionic
dye on any type of fibre.
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