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A modified Donnan model has been detived, based on hydrophobic and ionic interactions between
dyes and fibres. This model gives a good prediction of a cationic dye equilibrium sorption on an
acrylic fibre under different dyeing conditions. The decrease in dye sorption with increasing salt
concentration, followed by an increase in the dye sorption following further increase in the
concentration of some salts (such as sulphates and phosphates), can be interpreted by this model.
The study provides a quantitative approach to the dual functions of simple electrolytes during cationic
dyeing, i.e. the competition of sorption sites with dyes through ionic interactions and the promotion of

the dye sorption through hydrophobic interactions.

INTRODUCTION

The Donnan model, discussed by McGregor and Harris in
relation to the acid dyeing of polyamides [1], has been
applied successfully to describe the cationic dyeing of
polyacrylonitriles [2-6]. This model considers only ionic
interactions between sorbents and sorbates as a function
of pH, electrolytes and other conditions during dyeing.
Many researchers believe that other interactions (e.g.
hydrophobic) also play an important part in dye sorption
[7-10]. For example, Cegarra pointed out that the affinity
of cationic dyes applied at equilibrium to Orlon 42,
measured at about 59 k]/mol, was too high to be explained
solely by ionic interaction [7].

Since hydrophobic interaction also changes with
dyeing conditions, e.g. salt type and concentration, the
current Donnan model cannot be used to describe cationic
dyeing under all conditions. Alberghina et al. reported that
the Donnan model could not describe the dye sorption
when some salts such as sulphates and phosphates were
added to a concentration higher than 0.5 mol/l [11].

The thermodynamic limitations of the Donnan model
currently used have been discussed previously [10]. In
that work it was suggested that the dye distribution
coefficient K(D) is a function of salt type. The term K(D) is
related to the hydrophobic interaction between the dye
and the fibre, whereas the Donnan distribution coefficient
A reflects the ionic interaction. The objective of this work
was to determine the quantitative relationship between
K(D) and salt type, based on the current knowledge in
hydrophobic interactions, and to use the modified
Donnan approach to describe all the experimental results
given by Alberghina [11].
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THEORY
The general Donnan model for acrylic dyeing can be
described by Eqns 1 and 2 [11]:
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Ce(i) = AV KECs (i) )
where i = ith ionic species in the system
H = hydrogenion
Ci(i), Ci) = equilibrium concentration of ith
species in the fibre and in the
external solution respectively
C{H) = concentration of hydrogen ions in
the external solution
i = jthacidic group of the fibre
5(j) = concentration of the jth acidic group
of a fibre based on the dry weight of
the fibre
K = jonic distribution coefficient of i
K(j) = apparent dissociation constant of
K(H) = jonic distribution coefficient of
hydrogen ions
(1) = electrical charge on the ith ion with
sign.

We are interested in dye sorption, so Eqn 2 can be
rewritten as Eqn 3:

Ci (D) = 7 K(D)C (D) 3)
where D represents dye.

Eqns 4 and 5 can be derived from Yang and Ladisch’s
report [10]:
A%4P) - exp (-aui/RT) €Y



K(D) = exp (-Aun/RT) 5)

where —Ap; and A, are the dye affinity attributable to
ionic and hydrophobic interactions respectively. Eqn 5
shows that K(D) is a function of hydrophobic interaction
between dye and fibre, which is affected by the type and
concentration of electrolyte in the dyebath [10]. The salt
effect on hydrophobic interaction was quantitatively
analysed by Voet [12], who suggested lyotropic numbers
for different salt ions (T for cations and N for anions), as
shown in Table 1, to describe the salt effect. Relatively
small N and large T values correspond to a large
hydrophebic effect. Small N values, large T values and
high electrolyte concentrations favour dye adsorption by
increasing K(D). Therefore Eqn 6 can be written:

K(D) = K(D*)+ k(T/N)a" 6)

where K(D*) is the dye distribution constant when there is
no extra electrolyte in the dyebath (2 = 0), k and # are two
constants which depend on the salt used, and a is the
activity of the electrolyte.

To describe the salt effect on hydrophobic interaction, a
so-called lyotropic series is used [13]. This series lists a
number of salt anions according to their effectiveness on
hydrophobic interactions: SO > CH,COO- > CI- >
NO;™ > SCN-. The anions in the lyotropic series preceding
chloride are called kosmotropes (water structure makers).
The anions after chloride are chaotropes (water structure
breakers). The chloride anion is considered to be neutral to
the water structure {14].

As discussed earlier [10], the ordered water structure is
the driving force for increasing dye sorption: k > 0 for the
kosmotropes, k < 0 for chaotropes and k = 0 for chlorides.

When k > 0, Eqn 6 shows that decreasing N and/or
increasing T will increase dye sorption, in accordance with
the theory of hydrophobic interaction. When & < 0, there
should still be larger K(D) values for the salt which has
smaller N and larger T values. In that case Eqn 6 does not
satisfy the theory. Instead Eqn 7 can be written:

K(D) = K(D*) +k(T/Ny"a" )

where m = +1 for kosmotropes, m = -1 for chaotropes
and m = 0 for chlorides.

In Eqn 6 K(D*) is a constant that is influenced only by the
dye and fibre properties, at constant temperature and
pressure; n also does not change with the ionic situation
(including pH, salt type and concentration). Substituting
Eqn 7 into Eqn 3 gives Eqn 8:

C(D) = AZ‘D’[K(D*)+k(T/N)’"a”}Cs(D) ®)

Eqgns 1 and 8 are the modified Donnan model.

Table 1 Lyotropic numbers for cations (T) and

anions (N)[12]
Cation T Anion N
Li+ 115 NOy 116
Na* 100 Br 11.3
NH,* a (o] 10.0
K* 75 H,PO,~ 8.2
Rb* 69.5 S0,2 20
Cs* 60
a See text

EXPERIMENTAL

Dye sorption data

The equilibrium dye sorption data were obtained from
Alberghina’s paper [11]; all of the data in that paper were
included in our study. The dye used was CI Basic Blue 3,
with an oxazine structure. It was purified by recrystallis-
ation from water. The acrylic fibre was pretreated Dralon
X-100[15].

The dye sorption was performed in a refluxed bath for
about 20 h at 98.5°C with a total liquid volume of 200 ml.
The liquor ratio was kept at 10 000:1 so that the change in
dye concentration in the bath after dyeing would be
negligible. The pH of the dyebath was adjusted with
dilute acetic acid. The sorption was determined by
measuring the concentration of dye extracted from the
dyed fibre by dimethylformamide.

Calculated dye sorption curves

All the experimental sorption results were represented in
Alberghina’s paper by data points, whereas the calculated
results from our modified Donnan model are given by
curves. The calculation was based on Eqns 1 and 8. A
subroutine NEQNE of the International Mathematical
and Statistical Library [16], was used for the solution of the
equations. This subroutine solves a system of nonlinear
equations by using the Levenberg-Marquardt algorithm
and a finite-difference approximation to the Jacobian.

Constants in the modified Donnan model

lonic distribution coefficient

Alberghina et al. used K(i) values for different ions based
on the fit of their Donnan approach to the experimental
data. The value given to the cations (K(M)) related to the
hydrated size of these ions: ‘The larger size of the
hydrated cation results in a greater approach distance
from the anionic groups of the fibre and then a lower K(i)
value is obtained [11]. As we reported previously, K(M)
has a linear relationship with lyotropic number T [10]. The
smaller the K(M) value, the larger the T value. On the
other hand, the larger the T value, the larger the effect on
hydrophobic interaction and the stronger the kosmo-
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tropes (water structure maker). Hence the hydrolytic
radius is an evaluation of the effect on hydrophobic
interaction. For these reasons, we adopted all of
Alberghina’s K(M) values.

The K(i) value for anions (K(X)) is also worthy of
discussion. Acrylic fibres are negatively charged in water.
It is unlikely that the phosphate ion (X = H,POy; K(X) =
0.6) is sorbed less readily than the sulphate ion (X =
SO, K(X) = 0.7). For the same reason, it is unlikely that
K(NaSO;) = K(SO,*) and K(Br) = 0; whereas K(CI") =
0.14 and K(SO,*) (0.7) 2 K(CI") (0.14). The increase in dye
sorption caused by adding anions such as sulphate and
phosphate is not because they are adsorbed by the fibre
(hence increasing the ionic attraction for the dye), but
because they change the water structure [10}. Acrylic fibre
has negative charges and dye has positive charges. The
resultant ionic attraction is largely responsible for the dye
having a much higher affinity than the inorganic anions.
For instance, if there is no dye in the bath, the relationship
K(CI) (0.14) > K(Na™) (0.021) will not hold true for acrylic.
The only way to explain this is that chloride ions move
onto the fibre along with positively charged dye ions. As
we know, the larger the lyotropic number N, the lower the
ability of the anions to make ordered water structure and
the easier it is for the anions to move with dyes onto the
acrylic fibre. Therefore K(X) should increase on increasing
the lyotropic number. This suggests that K(X) should be
directly proportional to N [10]. But as discussed here, some
of the K(X) values given by Alberghina are hard to explain,
so the linear relationship of K(X) values with N could not
be very good.

If we choose K(CI) = (.14 as our arbitrary datum point,
the values of K(X) in relation to all the other ions can be
calculated based on the assumption of the linear
relationship between K(X) and N. This assumption is
supported by a similar relationship between K(M) and T
data [10]. For example, K(CI") = 0.14 and N(CI") = 10.0,
and since N(SO,%) = 2.0 (Table 1), then K(SO*) = 0.14 x
2.0/10.0 = 0.028.

All the K(i) data were calculated by this method and are
shown in Table 2. The fact that K(CI") = 0.14 depends on a
particular combination of fibre, dye and dyeing
properties; it may not always be true. But it is possible to

Table 2 Relative ionic distribution constant K{#) (K{M)
for cations, K{X) for anions)?

Cation K(M) Anion K(X)
H+ 0.020 OH- 0.020
Li+ 0.013 SO, 0.028
Na* 0.021 H,PO, 0.115
NH,* 0.030 Cl- 0.140
K+ 0.055 Br- 0.158
Rb* 0.065 NO;~ 0.162
Cs* 0.074

a Relative data
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write K(CI") = ki) x 0.14 and include all these factors in
ki), which is a constant for all the other anions. In the
applications of Eqn 1, this k17) is included in the Donnan
coefficient A.

Fibre acidic group concentration and its apparent dissociation
constant

We adopted Alberghina’s data for Dralon X-100: 5; = 50.5
and S, = 49.5 mmolkg; K; = 0.007 and K, = 10~%, where 1
represents a strongly acidic group and 2 a weakly acidic

group [11].

Dye distribution constant

The dye distribution constant is defined by Eqn 6, and the
molar concentrations quoted in this paper are
approximations.

The quantities N and T are lyotropic numbers given by
Voet for anions and cations respectively {12]; their values
are listed in Table 1. Voet did not give a T value for NH,™",
because of the linear relationship between K(M) and T,
and K(K*) (0.055) > K(NH,*) (0.030) > K(Na*) (0.021), it
can be assumed that T(K*) (75)* < T(NH;*) < T(Na")
(100). In this work we choose T(NH,*} = 85, which gives a
good fit of the experimental data,

The dye distribution constant when there is no
additional salt in the bath, K(D*} was taken as 55 kg for
CI Basic Blue 3 sorption on Dralon X-100. This is the same
value of K(D*) as used as K(D) by Alberghina and is
consistent with all the dye sorption results when salt
concentrations were low [11]. It is a function of dye, fibre
and dyeing conditions such as pH and temperature.

The constants k, m and n reflect the extent of
hydrophobic interaction. For the dye, fibre and temp-
erature combination used in this study k = 8.6 for kosmo-
tropes, —247.8 for chaotropes and 0 for Cl. As previously
mentioned, m = +1 for kosmotropes, 0 for chlorides, and
1 for chaotropes. The value of n does not change with salt
properties. In this study we used n = 1.25.

RESULTS AND DISCUSSION

Using Eqns 1 and 8 and the constants given in the
experimental section, we compared all the experimental
results reported by Alberghina (data points) with the data
calculated from the modified Donnan model (curves) [11].
For comparison, the figure numbers and the experimental
results in the figures are the same as they were given in
Alberghina’s paper. All the experiments were for CI Basic
Blue 3 sorption on Dralon X-100 at 98.5°C. Since the
experimental data were read directly from Alberghina’s
paper, some errors might have been introduced.

Figure 1 shows how well the model fits the experi-
mental data in terms of the influence of sodium chloride
concentration. Since k = 0, Eqn 8 is the same as Eqn 3 for
chloride salts. K(Na*) = 0.021 and K(CI") = 0.14 are used
for Eqn 1 instead of K(Na*) = K(CI") = 0.02 to maintain
consistency in using the same value for each constant in all
experimental situations.



Figure 2 gives another example of how the model can
predict dye sorption in terms of the influence of sodium
chloride concentration. Since Eqn 8 is the same as Eqn 3
for sodium chloride, and the present K(Na™) and K(CI)
data are the same as those used by Alberghina, the result
from the model is the same as that in Figure 5 of
Alberghina’s work [11].

Figure 3 shows the influence of ammonium
dihydrogen phosphate (ammonium orthophosphate) on
dye sorption. The first decrease of dye sorption with
increasing salt concentrations can be explained by an ion-
exchange effect. But a further increase in salt concen-
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Figure 1 Sorption isotherm at pH 4.6 and sodium chloride
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Figure 2 Influence of sodium chloride concentration on dye sorption;
C,(D) = 5.86 x 10~5 mal/l, pH 3.7
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Figure 3 Influence of ammonium arthophosphate concentration on
dye sorption;. C(D) = 5.86 x 1075 mol/, pH 3.7

tration causes the subsequent increase in dye sorption
shown by the data points. This phenomenon cannot be
explained by the Donnan model, which is based on ionic
interaction between sorbent and sorbate. Although this
behaviour can be interpreted qualitatively in terms of the
hydrophobic interaction that exists between cationic dyes
and acrylic fibres [10], the modified Donnan model now
being proposed explains it quantitatively.

For the phosphates k > 0, because the phosphate ion is
a kosmotrope (Table 2). Eqn 7 indicates that K(D) increases
with increasing salt concentrations, while Eqn 3 shows
that when the equilibrium dye concentration in the
solution C,(D) stays constant, the dye sorption C¢(D) is
directly proportional to both 1 and K(D). The value of A
decreases with salt concentration, while that of K(D)
increases. The modified Donnan model not only yields
sorption isotherms that tend to have a concave shape but
also provides a good fit for the experimental values.

Figures 4-7 describe the influence of chlorides, nitrates
and phosphates on dye sorption. Since nitrates are
chaotropes, they decrease dye sorption through
hydrophobic interaction. This is the reason that the dye
sorption in the presence of nitrates is lower than with
chlorides. Since both 4 and K(D) decrease with increasing
nitrate concentration, dye sorption does not increase with
salt concentration. The modified Donnan model predicts
this behaviour well. The phosphate ion, being a
kosmotrope, increases the hydrophobic interaction
between dye and fibre. Thus dye sorption is higher than
with other salts and shows a characteristic initial decrease
followed by a subsequent increase (Figures 6 and 7).

The influence of cations on dye sorption is also
illustrated in Figures 4-7. Using chlorides as an example,
the magnitude of decrease in dye sorption due to the
presence of cations increases with ascending distribution
constants (Table 2) and descending lyotropic numbers of
the cations (Table 1), i.e. Li* (Figure 4) < Na* (Figure 5) <
NH," (Figure 6) < K* (Figure 7). These cations compete
with the dye cations to be sorbed by the fibre through
ionic interaction. At the same time, the cations with higher
lyotropic numbers have a greater hydrophobic effect on
dye sorption. Thus lithium salts, which have the highest T
and lowest K(M) values among these salts confer the
smallest decrease of dye sorption.

Figure 8 describes the effect of sulphates on dye
sorption. Since the sulphate ion is a stronger kosmotrope
than the phosphate ion, dye sorption in its presence is
higher (Figures 6 and 8); its sorption curve is more
concave also (Figures 6-8). Figure 8 shows that sodium
salts act to decrease dye sorption to a lesser extent than do
ammonium salts, due to the greater effect that the sodium
ion has on hydrophobic interactions between the dye and
the fibre. The proposed model provides a good
description of this behaviour in practical dyeing.

The influence of different concentrations of phosphates
and sulphates on dye sorption at different equilibrium
concentrations is described in Figures 9 and 10. When dye
concentrations in solution are low (e.g. less than
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Figure 4 Effect of lithium salts with different anions on dye sorption;
C,(D) = 5.86 x 10 mol/l, pH 3.7

40
O NH4H:PQO,
® NH4CI
2 =\ [0 NH4NO3
3
E 20 |- ~
a %tr
"~
S = ..!‘:_—_T._ ————-
O " a--
| |:II u-- s
0
0 04 08 1.2
C,, mol/i

Figure 6 Effect of ammonium salts with different anions on dye
sorption; C,(D) = 5.86 x 105 mol, pH 3.7

0.10 mmol/), the model gives a satisfactory prediction. For
example, the modified Donnan model predicts that dye
sorption at a sodium sulphate concentration of 0.922 mol/l
is higher at concentrations of 0.11 and 0.45 mol/l, the same
result as observed in the experimental results (Figure 10).
When dye concentrations are higher than 0.10 mmal/], the
model does not give such a good fit with experimental
findings, especially with the stronger kosmotrope
(sulphate).

One explanation for this is that concentrations are used
in the Donnan model as approximations for chemical
activities. When the dye and the salt concentrations are
very low, or if the salt does not greatly change the water
structure, the concentration and activity this is a valid
assumption. Therefore the simplification gives good
results. Once the dye and salt concentrations are high, and
the influence of the salt on water structure is large,
concentrations are no longer a good approximation to
activities.

CONCLUSIONS

The proposed modified Donnan model, with its
consideration of hydrophobic interactions, represents an
accurate model for the dyeing of acrylic fibres with
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Figure 5 Effect of sodium salts with different anions on dye sorption;
C.(D} = 5.86 x 108 mol/l, pH 3.7
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Figure 7 Effect of potassium salts with different anions on dye
sorption; C,(D) = 5.86 x 10-% mol/l, pH 3.7

cationic dyes. The dye distribution constant, K(D), is a
function of salt properties and concentrations; it is a factor
that reflects hydrophobic interactions during dyeing,
whereas the Donnan distribution coefficient 1 includes
only ionic interactions.

The ionic distribution constants for other ions are also
related to their effect on hydrophobic interactions. The
linear relationship between the ionic distribution
constants, together with the lyotropic numbers of these
ions, gives good results in predicting the dye sorption.

The concave shape of the dye sorption isotherms with
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Figure 8 Effect of sulphate salts with different cations on dye sorption



60
a0
[=]
£
E
a8
Sl . P ’/_ -4 NH H,FO, concn
ot ﬂ’ O 0.045 moift
',I:I' ® 0.22 mol
& [ 0.56 mol
] I
0
0 10 20

C,{D), moll x 10

Figure 9 Influence of the concentration of ammonium orthophosphate
on the dye sorption isotherms at pH 3.7
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Figure 10 Influence of the concentration of sodium sulphate on the
dye sorption isotherms at pH 3.7

increasing salt concentration, i.e. the dye sorption first
decreases with increasing salt concentrations and then
increases, for some of the salts such as sulphates and
phosphates has been predicted by the modified Donnan
model. This model further vindicated our suggestion that

the concave shape of these plots is due to the combined
effects of ionic and hydrophobic interactions between the
dye and the fibre in the presence of some salts that are
strong kosmotropes [10].

Although the model fits most of Alberghina’s
experimental data, further improvement is necessary to
predict the dye sorption accurately at high dye
equilibrium concentrations in the presence of high
concentrations of strong kosmotropes.
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