Some remarks on the Donnan approach to the
equilibrium sorption of cationic dyes by acrylic fibres
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Recent developments in the theoretical study of the dyeing of acrylic fibres with cationic dyes are reported.
By using a simple Donnan approach and by assuming that the acrylic fibres contain strongly (K ) and weakly
(K.) acidic groups, it has proved to be possible to determine the values of the distribution coefficients for
the inorganic ions and the values of the dissociation constants of the acidic groups, which are not otherwise
directly measurable. The distribution coefficients of the cationic dyes were then determined. based on
experimental sorption measurements at different sodium concentrations and at different pH values.

INTRODUCTION

McGregor et al. have proposed a general method for the
computation of ion sorption in well defined model sys-
tems. Particular attention has been paid to the sorption of
ions by polymers containing ionisable groups [1]. The
method was used initially to clarify some of the current
problems in the theoretical explanation of the sorption
mechanism of acid dye anions by polyamide fibres. Later
the model was applied to the sorption of anionic dyes by
cellulose and cationic dyes by acrylic fibres [2-4]. In
McGregor's theoretical dyeing mode! of acrylic fibres by
cationic dyes the equilibria between the fibre phase and the
internal solution and between the latter and the external
solution were considered, assuming that the concentra-
tions of cationic dye and other ions (i) on the fibre (X ) were
related through a distribution constant (K} to the concen-
trations in the internal phase (X ). and that the concentra-
tions in the internal phase were related. through Donnan
relationships. to the concentrations of the external solu-
tion (X ). The distribution equation is Eqn 1:

X, = A KX, ()

where Ais the Donnan coefficient related to the equilib-
rium electrical potential difference between the fibre and
the solution and z is the magnitude (and sign) of the charge
on the ion.

The condition for the preservation of electrical neutral-
ity in fibre phase is Eqn 2:

Yz A7X, - XC = 0 (2)

where Y. X is the net charge carried by the fibre.

More recently Sumner described a theoretical treat-
ment of the dyeing of cellulosic fibres with anionic dyes [5].
The model was extended to include anionic dyes on wool
and nylon and cationic dyes on acrylic fibres [6.7].

In Sumner's treatment the ions in the fibre phase were
considered to be dissclved in the internal solution, which
had the same properties as the external solution. the
concentrations in the fibre phase being expressed in moles
per litre. All the concentrations in the fibre phase, in moles
per kilogram of dry fibre, had to be divided by the volume
term V (I/kg) in order to give concentrations in moles per
litre. Sumner considered the concentrations in the fibre

phase to be related. through Donnan relationships, to the
concentrations of the external solutions. The equations
derived. however, were only different in form from those
derived by McGregor.

In McGregor's treatment Egqn 1 for a monovalent
cation. e.g. sodium is written as Eqn 3:

[Na'l, = 4K, [Na']. 3

where [Na*] and [Na‘]_ are the concentrations of sodium
ions in the fibre phase and in solution phase respectively.

If the sodium ion concentration in the fibre phase is
calculated as mol/kg of dry fibre, and indicated as ((Na]} .
and that in the solution is calculated in mol/1 of solution,
the distribution coefficients of the sodium ion. (K ) . has
the units of |/kg. because Ais dimensionless.

So Egn 3 can now be written as Eqn 4:

((Na*l), = AK,),[Na), )

If the soditm jon concentration in the fibre phase.
(INa]), is divided by V, the specific volume, as in Sumner’s
treatment. the sodium ion concentration in the fibre phase
{{Na"]} is obtained in mol/I giving Eqn 5:

([Na'],) | _
—=iNa ), = A (K Ne],

the distribution coefficient of the sodium ion (K, ) being
dimensionless.
Combining Egns 4 and 5 gives Eqn 6:

(K d = VIKL) 6)

T8

From the Donnan relationships (Eqns 7 and 8):

((Na*]), {ICl']), = [Na'] [Cl] (7)
((H1), (CH), = H [CH, 8)
Fqn 9 is derived:
(INa'l),  (IH),  [cr.
A= = = 9
Nal, L (e,
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The Donnan ceefficient A for monovatent ions is de-
fined by Eqn 10 [8]:

N t H t +
SNy, ), o, "
Na'l,  [H, (1),

Then applying Eqn 9 gives Eqn 11:

{[Na*]), = A[Na*], (11)

Comparison of Eqn 11 with the Eqns 5 and 6 gives
values for the distribution coefficients K, and (K} of
unity and V respectively.

The volume term V is the same for all inorganic ions,
and therefore it is possible to assume that all inorganic ions
behave in the same way and have the same average
distribution coefficient (K}, in units of I/kg, as in
McGregor’s treatment (Eqn 12) [4]:

Ky = (K, = (Kg), = Kg), =V =1(K) (12)

In the cationic dye—acrylic fibre system specified in
Sumner's treatment, the affinity constant A for the dye is
defined by Egn 13:

(ID"]), H],
Azr o — o
D], (H),),

where all the concentration terms are in units of mol/]. The
measured concentration of the dye. ([D*]), (in mol/kg). has
to be divided by V (I/kg) in order to give ([D*]), (in mol/]).
From Eqn 13 the measured concentration of the dye can
be expressed in terms of Eqn 14

(14)

. _AV([HT), (D',
(ID']), = V(ID}), = !
[H'),

By comparison of Eqn 14 with McGregor's distribution
eguation for a monovalent cationic dye (Eqn 15):

(D)), = AKLID*), (15)
and considering Eqn 10. Eqn 16 is obtained:
K,=AV (16)

where K, is in units of 1/kg.

Egn 16 indicates that the dye distribution coefficient
defined in the McGregor's treatment is related, through
the volume term V. to the dye affinity constant defined by
Sumner.

Recently some of us have studied the equilibrium sorp-
tion of ten cationic dyes by porous and regular acrylic fibres
[9]. The relative magnitude of the distribution coefficients
K for the cationic dyes defined an affinity series which was
essentially the same for all fibres, regardless of variations
in the fibre structure, site content and porosity. The data
have been interpreted in terms of MeGregor's approach,
with the assumption that:

(@} The dyebath contains dye, hydrogen ions, sodium
cations. chloride and hydroxyl anions or other ions (for
simplicity singly charged)

(b)Y The fibre has two kinds of anionic sites with different
dissociation constants (K, and K,)

(c) All the inorganic ions have the same distribution
coefficient K|

(d} Electroneutrality is preserved in the fibre and in the
solution phase.

Eqns 15 and 17 have finally to be solved in order to
calculate the distribution coefficient K, for cationic dyes
(Eqn 17), where [Na*] . [H*].. [D*],, [CI'], and [OH'], are the
concentrations (in mol/l) of sodium, hydrogen, dye, chlo-
ride and hydroxyl ions in solution, S, and S, (in mol/kg of
dry fibre) are the concentrations of strong and weak acid
groups, K, and K, (in mol/kg of dry fibre) are the respective
apparent dissociation constants, and K, and K, (in 1/kg of
dry fibre) are the distribution constants of the dye and of the
other inorganic ions.

Theoretical sorption isotherms can be caleculated if
numerical values of K|, K. K, and K, are assigned and if
the solution concentrations are known. The calculation
requires the solution of Eqn 17 for the unknown parameter
A followed by the use of Eqn 15 to calculate the ((D°])
value. This procedure must be followed for each change
either in the solution concentrations, or in any of the
parameters of Egn 17.

To solve this problem McGregor et al. recently devel-
oped a graphical method for the analysis of experimental
data on the equilibrium sorption of ions by charged
polymers [10]. The method uses dimensionless groups of
vartables to clarify the complex interaction between
groups of variables.

We have solved Eqns 15 and 17 by using a flexible
computer program that makes it possible to calculate and
to plot directly theoretical sorption isotherms, and to test
the result by comparison with experimental data. Recently
we have analysed some published data using this computer
program [11].

In the present paper we calculate some theoretical
equilibrium sorption values with the same program using
different values of K, K, and K| at different salt concen-
trations and at different hydrogen ion concentrations in
the dyebath. The aim has been to analyse to what extent
the theoretical isotherms obtained depend on the parame-
ters used and if it is possible in some experimental
conditions to obtain critical values of K, K, K and K.

MK [Na'), + 2K|[H'], + 2K (D], = K, (CF] —~K[OH,

K5,

K,S,

S

K, +/"LK[[H+]S K, + AKI{HWS
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DISCUSSION

Equilibrium sorptions at different salt concentra-
tions

The direct determination of K, [12] by measuring the
equilibrium sorption of sodium chloride by acrylic fibre in
the absence and in the presence of dye gave values of 1.36
% 102 and 1.06 x 102 1/kg respectively. A value of 0.02
has been utilised in previous work. [9].

The parameter K. however, is not critical, as already
noted [9]. because the same isotherm is obtained by
maintaining the ratio K,,/K, and varying K| values (provided
that they are not too large).

In Figure 1 the experimental sorption isotherm of C.I.
Basic Blue 3 on Dralon X-100 (S, = 0.0505 and S, =
0.0495 mol/kg) at pH 4.6 and a sodium chloride concen-
tration of 0.02 mol/l is reported.

[D*] . molikg

5 10 15
D . moll x1¢ 7

Figure 1 — Sorption of C.1. Basic Blue 3 by Dralon X-100
containing strongly and weakly acidic groups. S, = 0.0505. S,
= 0.0495 mol/kg, pH = 4.6, NaCl concn = 0.02 mol/t: curve

calculated for K, =1 x 107 K, = I x 107 K, =0.0Z2and K,
T . i

The experimental data can be quite closely fitted to a
theoretical isotherm calculated assuming K, = 1 x 10,
K, =1x 107 K =0.0Zand K, = 55. However, a large
set of K, and K, values can equally be used to obtain the
same isotherm (on condition that the ratio K, /K, is
maintained 2750). Therefore the theoretical isotherm
does not depend at this salt concentration on the values of
K, and K,, but on their ratio.

In Figure 2 reciprocal sorption values of C.1. Basic Blue
3 on Dralon X-100 are plotted versus the sodium chloride
concentration (D], = 5.86 x 10" mol/l, pH 3.7) [13].
together with the curves calculated with the same K| and
K, values as in Figure 1, and varying K, and K|, values
(K[)/KI = 2750). At salt concentrations over 0.1 mol/1 the
theoretical curves are different and then it it possible. from
this figure, to estimate the critical K, and K;, values: they are
0.04 and 110 respectively. If some experimental data at
different salt concentrations were available. it should then
be possible to determine the critical values of K, and K,
more precisely by fitting the theoretical with the experi-
mental data.

Equilibrium sorption at different pH values
A study of the effect of change in pH on dye sorption
should give a greater insight into the dyeing mechanism.

100 -

11D°], - kgimol
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Fiqure 2 — Reciprocal dve sorption of C.I. Basic Blue 3 by

Dralon X-100 at different concentrations of NaCl; (D] = 5.86

x 10 * mold, pH = 3.7: curves calculated for K, and K, as in
Figure 1 )

Rosenbaum [14] obtained a series of isotherms at constant
sodium ion concentration and varying pH. The results
were explained in terms of the limited ionisation of the
weakly acidic groups present in the fibre.

Balmforth et al. [15] studied the effect of pH on the
sorption of a cationic dye by some experimental acrylic
copolymers. A series of curves of dye sorption against pH
on different substrates indicated that for some acrylic fibres
(Acribel. Acrilan 16. Orlon 42) or experimental acrylic
copolymers {acrylonitrile-vinyl acetate, acrylonitrile—vinyl
acetate—sodium styrene sulphonate) the dye sorption was
almost constant in the pH range 3-9. whereas for some
others acrylic fibres (methacrylic acid. Courtelle, Acrilan
1656) there was a change in sorption over the same pH
range.

These results were explained by the presence of at least
two kinds of acidic groups in the polymer, i.e. strongly
acidic sulphonic and sulphuric acid end groups and weakly
acidic carboxylic acid groups. It was suggested that vari-
ation in dye sorption cbserved when changing pH was
dependent on the number and strength of the two types of
acidic groups present in the fibre.

Guion and McGregor [2] studied the sorption of sodium
and chloride ions on acrylic fibre as a function of pH. The
data indicated what in the pH range 4-5 only the strongly
acidic groups were dissociated. and at pH values around 6
the weakly acidic groups began to ionise, so that the
apparent pK values of the two kinds of acidic groups were
separated by at least four units.

The theoretical curves reported in Figures 1 and 2 have
been calculated assuming K, = 1 x 10 “and K, = 1x 10"
However. the curves can also be reproduced using
different K, and K, values. The critical values can be
evaluated by studying the dye sorption at low and high pH
values respectively. In Figure 3 dye sorption curves are
reported as a function of pH: these have been calculated
using different K, and K, values and it can be seen that it
is possible to discriminate between the dissociation con-
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stants of strongly and weakly acidic groups. It is evident
that at low pH values dye sorption depends on the
dissociation of the strongly acidic groups and at high pH
on the dissociation of the weakly acidic groups [15].

Figure 4 shows the effect of pH on dye sorption using
some of Balmforth's data; here K,/K, = 2000 for all the
fibres and a dyebath concentration of 1.5 x 10 mol/1 is
assumed. For Acribel, Beslon and Dralon Neu there is a
close agreement between the experimental and the theo-
retical data at K, = 0.07 (taking into account pH values
lower than 6) and at K,=1x10" 1x10%and 1x107
for pH values of 6, 7 and 8 respectively.

Courtelle fibre contains no strongly acidic groups. but a
very large number of weakly acidic groups (a concentration
of 0.154 mol/kg [16). Valldeperas [17] has reported a
total content of weakly acidic groups of 0.148 mol/kg
(0.091 mol/kg of the weakly acidic group | and 0.057
mol/kg of the weakly acidic group 1I). We have found a
correlation for this kind of acrylic fibre by assuming
K =2x10%and K,=1x 10°.

1

pH

a) 1x10¢
D) 1x107
}1x 107
1= 107
o 1x10¢
i 1=10®

Figure 3 - Calculated curves for different values ofK,andK,;
S, =0.0505, S, = 0.0495 molkg. NaCi concn = 0.02 mol/,

K =0.04.K, =110, (D] = 5.86 x 10 moll

Therefore it is possible to obtain some indication of the
values of the dissociation constants of the various acidic
groups for use in Eqn 17 in order to enabie experimental
data to be reconciled with the theoretical values. provided
that experimental sorption data are available over a wide
range of pH values.

CONCLUSIONS

An equation describing the sorption of cationic dyes by
acrylic fibres, based on a simple Donnan approach and on
the assumption that acrylic fibres contain two different
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Figure 4 ~ Curves calculated from published data [15}: NaCi
conen = (.02 mol/, K,/K, = 2000

types of anionic sites, has been used in a computer
program to analyse theoretical sorption isotherms at
different salt concentrations and at different hydrogen ion
concentrations in the dyebath. The results indicate that if
itis possible to achieve equilibrium sorption at different salt
concentrations with a dye of satisfactory affinity,
unequivocal K, and K|, values can be obtained. If experi-
mental sorption data are available over a wide range of pH
values it is also possible to determine the dissociation
constants of the strongly and weakly acidic groups present.
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