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SYNOPSIS

The equations of a generalized Donnan model have been used in dimensionless form to
describe and analyze the sorption of hydrochloric acid and of C.I. Acid Blue 25 by polyamide
fibers containing an excess of basic groups. The method is applicable to a wide variety of
ionic sorption systems, and removes some of the restrictions of earlier treatments of the
problem. Acid-base reactions, ion exchange processes, electrolyte sorption, and both ion
binding and zwitterion formation have been considered.

INTRODUCTION

In Part 1,! the equations of a generalized Donnan
modelZ* for the sorption of ions by polymers were
simplified by assuming inorganic co-ion exclusion:
i.e., by ignoring the concentrations of free inorganic
ions in the equation of electrical neutrality for the
polymer. The equations were then reduced to di-
mensionless forms, and used to describe the sorption
of hydrochloric acid and anionic dyes by different
polymeric materials.

The analysis in Part I considered several partial
treatments of the topic which have received much
attention in the literature.>® Here the treatment is
extended to include specific ion binding, zwitterion
formation, anion exchange competition, and elec-
trolyte sorption, without restricting the discussion
to limited regions of the sorption isotherms, and
without restricting the ratio of the concentrations
of acidic and basic end groups in the polymer, as
has long been customary.>® Sumner has recently of-
fered a general approach to the theory of dyeing
which is closely related to the present work,” because
the same basic thermodynamic ideas underlie both
analyses of the problem.® Crespo et al. have also
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discussed many of the topics addressed here.®® The
dimensionless group approach, however, offers a
number of advantages in obtaining, interpreting, and
displaying experimental data.!'%12

The equilibrium ionic distribution equations take
the general form'™

cl=x.K,-Cs (1)

where X is the Donnan distribution coefficient which
takes account of electrical effects, z; is the electrical
charge on ion 1 including sign, and the ionic distri-
bution coefficient K; includes chemical and osmotic
effects on the ion distribution. C ,f is the concentra-
tion of ion i in the fiber, and C? is the concentration
in solution.
Electrical neutrality in the fiber requires that

SzCl + 3B -3 A7 =0 (2)
i k J

B} is the concentration of the k'th type of ionized
basic groups in the polymer, and A; is the concen-
tration of the j'th type of ionized acidic groups.

THEORETICAL

Simple Donnan Model

For brevity, only data for polyamides containing an
excess of basic groups are considered here, though
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the equations to be presented are more generally
applicable. A future paper will examine amphoteric
polymers with an excess of acidic groups. For clarity,
only systems containing a small number of singly
charged anions and cations will be discussed. The
polymer is assumed initially to have only a single
type of basic group and a single type of acidic group.
Mathieson and Whewell found it necessary to as-
sume the existence of two distinct types of acidic
groups in wool, when discussing the uptake of acids,
but this was not required for a nylon 66 fiber with
an excess of acidic groups.’

The ions present are the cations M*and H*, and
the anions D™, X~, and OH ™, as in Part I,' except
for the substitution of the general metal cation sym-
bol M* for the specific symbol Na™.

The dye anion D~ is chosen as the reference ion
because it is of primary interest, and its concentra-
tions in the fiber and in solution are easily measured.

For the cations

A
Chi=2 Ky Cy (3)

1
Cck= (X)-Kx C%
f 1 s
Cou = X - Kou* Cou (4)

If the concentration B, of basic groups in the
polymer is taken as a reference value for dimen-
sionless concentration variables, we can use the rel-
ative dye concentration 0y

Ch
0p = —
b =g (5)
to define the Donnan distribution coefficient A
K, Ch
A=——— 6
By 0, (6)

and obtain dimensionless expressions for the free
cation concentrations fy and 6y of the type

_KuKp-Cy-Ch
B§-6p

0n (7)

For the free anion concentrations 6x and fgy in
the fiber, the corresponding equations take the form

Kx- Cx%

m (8)

ﬂx = BD'

If there is no binding of M*, D™, or X, then
only the hydrogen ion is bound, as in Part 1. This
defines a simple Donnan sorption model, and eq.
(2) can then be written in the equivalent dimen-
sionless form

1 P P
————+ P = —— 5+ Pyl (9)
1+ (—OD ) b4 (—Pl“)

Py bp

The first term on the left in eq. (9) is the dimen-
sionless expression for B*/B,. The dimensionless
group P,g determines the concentration of charged
basic groups, as in Part I,! and so is a natural pa-
rameter to use for the analysis of experimental be-
havior when the polymer contains an excess of basic
groups, which are titrated first by acids.

Py =D R (10)

Kz is the internal dissociation coefficient of the ion-
ized basic groups.

The next term P;z+ P,z/0p on the left hand side
of eq. (9) gives the total free cation concentration
in the polymer 0y + 8. The new parameter P;p
determines the relative concentrations of free M*
and H™ ions in the polymer. This product term was
neglected in Part I,' where the analysis assumed
inorganic co-ion exclusion.

K
P7B=—‘§'(1+

Ku- Cy
B, ) (11)

Ky Cy

The total concentration (dimensionless) of pos-
itive charges in the polymer given by the left hand
side of eq. (9) must be balanced by the total con-
centration of negative charges given by the right
hand side. The first term on the right hand side of
eq. (9) is the dimensionless concentration of charged
acidic groups A~ /By. The ratio of acidic to basic
group concentrations is given by Ps

P;=— (12)



The dimensionless group P;, determines the
charge on this acidic group, as in Part I,! where sub-
script 1 refers to hydrogen ion binding.

Ky Kp- C - Ch
Py = 1
14 KB (13)

K, is the internal dissociation coefficient for the
acidic group.

Since the experimental data will be related ini-
tially to P, rather than to P,,, it is convenient to
introduce the dimensionless ratio Py of the acidic
and basic group dissociation coefficients,

Py=_2="1 (14)

when specifying the parameters for a calculation.
Pia in eq. (9) is replaced by the quantity P;g/Ps.

The last term on the right-hand side of eq. (9)
gives the dimensionless total free anion sorption 6
+ 0x + 6o by the polymer. The dimensionless group
P, reflects the relative uptakes of X, OH and D~
ions, and represents anion exchange competition
with the dye anion for sorption by the fiber. As in
Part I,! we define

Kx-C% | Kou-Cbohn
P,=1+ + 15
2 Kp,-C5  Kp-Ch (15)

The theoretical model represented by egs. (9)-
(15) is more general than, but closely related to, the
Donnan models developed long ago by Peters and
Speakman,!* and by others.>® Although the model
of Mathieson and Whewell?? is based on polyelec-
trolyte theory, and introduces useful molecular con-
cepts, the essential mathematical content of that
model appears to us to be formally a special case of
eq. (9),!% contrary to the opinions expressed by
Zaikov et al.® Mathieson and Whewell also neglect
the excess of acidic groups in their nylon fibers. They
introduce a variable dissociation coefficient K, to
explain experimental data for wool.'®

Specific lon Binding

If the dye anion is assumed to bind to the charged
basic groups, forming a new component B*D~ of
the system, as in the Gilbert-Rideal type of ap-
proach,'”'® the extent of binding can be specified
by an internal dissociation coefficient Kgp for the
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bound complex B*D~, or by the dimensionless
group

Pgpp = —— (16)

Similarly, the extent of binding of X to form the
new component B*X™ can be defined using an in-
ternal dissociation coefficient Kgzx, or the dimen-
sionless group

Kpx
B,

Pypx = (17)

The expression for the fraction of charged basic
groups, which forms the first term in eq. (9), be-
comes more complicated, but can still be expressed
in terms of the concentration 6, of free or unbound
dye anion,

B* _ 1

By o,  0p
1+2+-2.p
PlB PSBD 8xD

(18)

by introducing the dimensionless group Pgxp which
determines the relative degree of binding of X~ and
D" ions

I‘SBD'KX'C.SX
P — 1+___—
8XD Papx - Kp- C3 (19)

Since there may also be cation binding of M* to
the charged acidic groups of the fiber, as postulated
by Crespo et al.,®® an internal dissociation coefficient
K,y for the species ATM™ can be introduced,
through the dimensionless variable Pgaum

KAM
B,

Pyypr = (20)

However, the first term on the right hand side of
eq. (9) may still be written as a function of 6p

A™ 1 (21)
B P
° y4lnp
fp

by introducing the dimensionless group Pgysy to de-
fine the relative extent of binding of M* and H*
ions to A™.

Ky Ky Cy
P =14+ 22
8MH Kan- K- C% (22)
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When eq. (9) is modified in this manner, it can
be solved to determine the concentrations of free or
unbound ions in the fiber. The internal binding
equations must then be applied to obtain the con-
centrations of bound ions, before calculation of the
total ion concentrations in the fiber.

fon Pairs and Zwitterions

The concept of ion-pair formation implied by the
ion binding equations raises the issue of ion-pair
formation in general. The possible existence of ion-
pairs such as M*D~, and M*X",%° and of additional
electrically neutral components such as HD and
HX,** both in the polymer and in the solution,
makes the discussion of even a nominally simple
system very complex.5?

These possibilities are recognized, but not ex-
plicitly included here. Simple models which include
the uptake of undissociated acids have been dis-
cussed elsewhere.!! This mode of uptake represents
an alternative mechanism which can produce effects
very similar to those produced by the electrolyte
sorption considered later in this paper.!!

Zwitterion formation has been discussed by Wall
and Beresniewicz,'? and others, ¢ but there is some
vagueness in the use of the term. It is not always
clear whether zwitterions represent a distinct
chemical component of the system, such as a contact
ion pair, or adjacent, electrostatically interacting
acidic and basic groups, or merely the mutual co-
existence of protonated amino groups and ionized
carboxyl groups in a water-saturated polyamide.

It therefore seems useful to explore the conse-
quences of the hypothesis that zwitterion ion pairs
B* A~ exist in the fiber and can be treated as a dis-
tinct component of these systems.

An internal dissociation coeflicient Kz can be
introduced for the postulated dissociation equilib-
rium between the zwitterion ion pairs and unpaired
acidic (A ™) and basic (B*) groups. The correspond-
ing dimensionless parameter is Kzw/B,. The anal-
ysis can be made for the basic model of eq. (9), but
requires the simultaneous solution of the three
equations given in the appendix for [B*]/B,, for
[A7]/B,, and for 8. This was achieved for assigned
values OfPIB, Pz, P5, P7B, Pg, and Oszw/B() = Pw,
by an iterative method.

APPLICATION TO EXPERIMENTAL DATA

Sorption of Hydrochloric Acid by Nylon 66

Estimation of Dissociation Coefficients and lonic
Distribution Coefficients

Wall and Beresniewicz could find no satisfactory
explanation for their experimental data on the sorp-
tion of hydrochloric acid, in absence of added po-
tassium chloride, by an undrawn nylon 66 fiber
(Nylon I) with a large excess (P5; = 0.19) of basic
groups.’® So far as we are aware these data have
never been explained.

Figure 1 compares the data which these authors
obtained for their nylon I fiber at 14°C with theo-
retical curves generated using eq. (9). The data were
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Figure 1 Sorption of hydrochloric acid at 14°C by nylon I of Wall and Beresniewicz.!

9

The titration curve is calculated using eq. (9) with P, = 1, P; = 0.19, P, = 2320 and,
(moving from left to right for # > 1), for the electrolyte sorption parameter values P,z = 1
X107 6X1079,1X107° 1X10°8 1 X107, and1 X 1075,



plotted as ¢ values on the ordinate axis against
—logyo afi - a5 as abscissa, where a is activity, and
then displaced laterally to obtain a fit to the theo-
retical curve at lower 8 values, as discussed for the
use of log,o ¢; as ordinate in Part 1.

Figure 1 has —log,y P,5 as abscissa and therefore
resembles a conventional pH titration curve. This
comparison includes corrections for nonideal be-
havior in solution. No attempt was made to optimize
the fit to the data in the second stage of back titra-
tion of the ionized acidic groups: the theoretical
curve was generated using an independent estimate
of Py = 2320 based on the data in Table III of Part
L.! Since the system was free from competing anions,
Py, =1.

There were no metal cations present, so that the
acid sorption in excess of the basic end group content
(6c; > 1) predicted by eq. (9) is attributed to elec-
trolyte sorption of the hydrochloric acid.

The experimental data in the intermediate range
of 8¢, deviate strongly from the theoretical curve.
Possible explanations for this will now be examined.

Anion Binding

Figure 2 shows the experimental data from Figure
1, together with theoretical curves for different val-
ues of the bound anion dissociation parameter Py of
eq. (16), which here refers to chloride ion binding
only because this is the only anion present. The ab-
scissa is now log,o P;g, to focus attention on the role

1.20 T T T
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of the ionic or activity product for the acid, rather
than on the role of pH alone.!!?12?

In agreement with Wall and Beresniewicz,!® the
assumption of anion binding does not explain the
sorption of hydrochloric acid in the absence of po-
tassium chloride. It provides in fact a poorer fit to
the data than does eq. (9).

It is interesting to note that the binding assump-
tion gives steeper curves for the initial titration of
the basic group, but then gives curves of lower slope
for the subsequent second stage of back titration of
the acidic group, if the curve from eq. (9) without
anion binding is taken as the reference.

The Parameter P;

The analysis of a polyamide for the concentrations
of acidic and basic end groups can be difficult, and
not all of the acidic and basic groups in the polymer
may be accessible to the hydrochloric acid.!

Figure 3 shows the experimental data at 14°C,
plotted now against theoretical curves from eq. (9)
for different values of the ratio P; of acidic groups
to basic groups. The bounding curves for a single
basic group only (Ps = 0), and for equal concentra-
tions of basic and acidic groups (Ps = 1), have the
same shape, ! but are displaced relative to each other
by more than 3 log units along the abscissa.

Figure 3 shows clearly that accuracy in the dif-
ficult measurements of the accessible acidic and ba-
sic end group concentrations of a polymer is essential
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Figure 2 Predicted effects of chloride anion binding. The data of Figure 1 are plotted in
reversed mode, and compared with curves calculated from eq. (9) and modified to include
anion binding of chloride ion to charged basic groups. The same values of P,, P;, and P,,
with Pz = 6 X 107'°, are used as in Figure 1. Moving from right to left, the anion binding
dissociation parameters Pg for each curve are Pg = oo (solid line, calculated for zero binding),
and Pg = 10, 1, 0.1, 0.01, 0.001, and 0.0001 (solid line).
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Figure 3 Predicted effects of the ratio P; of acidic groups to basic groups. The data and
the main parameters are the same as for the zero binding curve in Figure 2, but now P;
takes the following values as one moves from top to bottom of the graph: P5 = 0, 0.2, 0.3,

0.4, 0.5, 0.6, 0.9, 1.0, and 1.1.

for reliable theoretical analysis, and that both the
acidic and the basic groups must be taken into ac-
count in the analysis of these problems.

Zwitterion Formation

Figure 4 shows the same 14°C-data, compared this
time with theoretical curves from the equations in
the Appendix for an approach to zwitterion for-

mation based on the law of mass action, and in-
cluding the creation of a new ion-pair component of
the system.

This hypothesis does not provide a good expla-
nation of the experimental data in the middle range
of 8, values. It is obvious that a very low dissociation
coefficient (P, < 0.0001) for the zwitterion complex
would either eliminate the second stage of back-ti-
tration of the acidic groups, or greatly increase the
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Figure 4 Predicted effects of zwitterion complex formation. The data and the basic
parameter values remain the same as for Figure 3, but as the zwitterion dissociation pa-
rameter P, takes the values P, = 0.0001, 0.001, 0.01, 0.1, 1.0, and 10,000, the upper curves
move from right to left while the lower curves move in the opposite direction.



apparent value of the acidic group dissociation coef-
ficient (i.e. of Py = K,/ Kg).

It is interesting that the effects of this type of
zwitterion formation would also extend to the initial
stage of titration of the excess basic groups, and so
lead to errors in the calculation of Kg from the data
at low theta values.

A Distribution of Dissociation Coefficients

Davidson noted that the sorption of methylene blue
by acidic oxycelluloses could not be explained by
assuming the existence of acidic groups with only a
single dissociation coefficient.?® It was obvious from
our own analysis of that system that it would be
necessary to assume the existence of at least two
types of acidic groups with different dissociation
coefficientsinthealkaline hypobromite oxycelluloses
in order to obtain a completely satisfactory fit to
the experimental data shown in Figures 1 and 2 of
an earlier publication.’> The deviations between
theory and experiment observed in that work'? are
analogous to those under discussion here. Some
acrylic fibers also appear to contain at least two types
of acidic groups, with markedly different dissociation
coefficients.

The highly unbalanced end group content char-
acteristic of nylon I of Wall and Beresniewicz, data
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from which are shown in Figure 1, can often be ob-
tained by using polymerization terminators which
introduce an additional type of basic group into the
polymer. The end-group composition of this nylon
indicates that it was not typical of the commercial
products available at the time of the original work,
but was probably an experimental fiber.2

In the absence of any other obviously acceptable
explanation for the data, we adopted the hypothesis
that a fraction 8, = 1 — Pjs of the total basic group
concentration B, consists of amino groups which are
more basic in character than the remaining basic
groups, which have a higher dissociation coeflicient.
The latter groups are presumed to be contributed
by a polymerization modifier, or to be in a different
local environment from the other basic groups. The
equations used in this analysis are given in the Ap-
pendix. The principal parameter values for P; and
P, were based on data from Part I,! and since there
are no other competing anions, P, = 0. Figure 5
shows that this hypothesis can generate curves
which reproduce very well the general trends in the
data of Wall and Beresniewicz, obtained at three
different temperatures in the absence of potassium
chloride. Even the anion sorption in excess of the
basic end-group content is well described by the
electrolyte sorption term.

0.20 +
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-40 =20 00 20
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Figure 5 Data tests assuming two types of basic groups. The solid curve is calculated
for P, = 1, Py = 0.19, P;z = 6 X 107'°, as in the previous figures; here we have assumed
that a fraction equal to 0.19 of the total basic group concentration B, consists of basic
groups with a dissociation coefficient greater by a factor of 100 than that for the major
fraction of basic groups. The parameter Py is also set equal to 500. The experimental data,
in the absence of potassium chloride, are taken from Wall and Beresniewicz!®: (@) at 14°C,
(O) at 35°C and (+) 50°C; (W) data obtained in the presence of 0.2 M potassium chloride
at 25°C. These last are fitted better at the lower ¢, values by the curve from Figure 2 for

Pg = 0.01, based on anion binding.
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A nonlinear least squares curve fitting procedure
was used to determine the parameter values shown
in Table 1. The coefficients of determination ranged
from 0.969 to 0.997.

When there is no sorption of acid in excess of the
basic end group concentration By, it is possible to
determine only the composite quantity Ky * K¢/ Kp
for the basic group.'

However, when the ion sorption exceeds By it is
possible to determine the parameter P, and this
permits the estimation of both the basic group dis-
sociation coefficient Kg, and the ionic distribution
coefficient product Ky - K. Separate estimates of
Ky and K¢ can be obtained only through additional
assumptions, or by the adoption of a specific con-
vention for assigning individual ionic distribution
coefficients.?®

The confidence limits on the parameter K,, are
large, but the order of magnitude is clear. To main-
tain objectivity, parameter restraints were used
based on the data from Part I,’ and on the hypoth-
esis for 3, stated earlier. Free adjustment of all pa-
rameters was not permitted.

For comparison with the approach of Mathieson
and Whewell,® the fiber end-group concentrations
were based on the water-swollen volume of the fibers,
assuming a density of 1.14 g/mL.

On this basis the average ionic distribution coef-
ficient for hydrochloric acid is (Ky+ K¢;) /2 = 0.85
at 14°C, and 0.92 at 34.7°C. These data are close to
unity, which supports the assumption that the wa-
ter-swollen volume of the fiber is an appropriate ref-
erence volume for calculations based on a simple
Donnan model.’® On the other hand, only the ratio
Kg/B, can be determined from the present data,
and the concentration units assigned to B, determine
the conclusions reached about Kg and the average
ionic distribution coefficient (Ky - Kcp) /2.

For the most basic group we then find that pKp
=10.2 at 14°C, and 9.4 at 34.7°C. An Arrhenius plot
extrapolation of the data for log;o K1+ K¢/ Kp gives

an estimate of pKg = 10.6 at 0°C, on the assumption
that Ky - Ko = 1. Hexamethylene diamine at 0°C
has pK, = 11.19 in water.?” There is a difference of
the order of 2 units in pKg between the two types
of basic groups assumed to be present in the Nylon
1. Differences of this order of magnitude can be found
in aqueous solution at 25°C between aliphatic
amines such as n-hexylamine (pK, = 10.56) and
amines such as morpholine (pK, = 8.33), 2,4-di-
methyl imidazole (pK, = 8.36), and several other
amines.?” The high temperature dependence of pKg
in Nylon I fibers makes accurate comparison diffi-
cult, but the above data show that the present results
are not unreasonable.

If it is assumed instead that the accessible volume
fraction of the fiber is 0.080,2! then B, increases from
0.136 mol /L to 1.70 mol /L, and at 34.7°C pKg = 8.3
and (Ky- K¢ )Y/? = 12. This is a very different pic-
ture, requiring very high local concentrations within
the fiber, and implying significant specific interac-
tions of the inorganic ions with the water-swollen
polymer matrix. The real situation is probably
somewhere between the two limiting calculations
given above, but nevertheless the experimental data
for both high and low theta values at all tempera-
tures are well represented by eq. (9), modified for
the presence of two types of basic groups.

We are not aware of any previous attempts to use
dimensionless groups in this manner, to extract in-
dependent information on dissociation coefficients
and ionic distribution coefficients from the analysis
of different regions of the same titration curves or
sorption curves for polymers or other materials.

Sorption of Hydrochloric Acid in Presence of
Potassium Chloride

In Figure 5 the data for the first stage of sorption
of hydrochloric acid by nylon I of Wall and Beres-
niewicz, at 25°C in presence of 0.2 mol /L potassium

TableI Nonlinear Least Squares Parameter Estimates®

Temperature Lng(KH : KC!)
°C) Py Ky Ko Kp (Ku+Kc)'?
14 10.01 5.2 % 10710 0.72 7.1 X 107! 0.85
34.7 9.28 3.3 X 107° 0.84 4.5 X 1071 0.92
50 8.73 — — — —

2 The data are based on the water-swollen volume of the fibers, assuming By = 0.136 mol/L for the total concentration of basic
groups, and 3; = 1 — P; = 0.81 for the fractional concentration of the more basic amino groups. The dissociation coefficient ratios for
the two types of basic groups were found to be K;; = 150 at 14°C, 80 at 34.7°C, and 240 at 50°C. The ratio for the dissociation coefficients
of the acidic groups and the most basic groups was set at Py = 2360 at 14°C, 1030 at 34.7°C, and 597 at 50°C".



chloride,'® are better represented at low ¢, values
by a theoretical curve assuming anion binding, as
pointed out by Wall and Beresniewicz, and deviate
strongly from the other data for nylon I obtained in
absence of potassium chloride.

Further exploration of this problem will be com-
bined in a later paper with a discussion of other
titration curves in presence of potassium chloride.

Sorption of C.I. Acid Blue 25 by Nylon 6

Anion Exchange Competition and Electrolyte
Sorption

Figure 6 shows experimental data? for the sorption
of C.I. Acid Blue 25 at 95°C by a drawn nylon 6
fiber with an excess of basic end groups (polymer 3
of Table II of Part I).!

The solid curve is a good fit to the data points,
which extend well into the overdyeing region (8,
> 1), and is calculated from eq. (9) neglecting anion
exchange competition from buffer anions in the sys-
tem (i.e. for P, = 1), and assuming that only one
type of basic group is present.

The experiments were carried out in a phosphate
buffer system at pH 7.5 and at pH 6.1, for different
dye concentrations. The phosphate anion concen-
tration was constant at 0.012 mol/L, and greatly
exceeded the dye anion concentration. In this situ-
ation the parameter P, of eq. (15) is not constant.

2,40 T T T
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If the hydroxyl ion is neglected, we can introduce
the parameter P, of Part I! to define the extent of
anion exchange competition between D™ and X~
ions,

where

_ Ku Kx- Cy - Cx

P
4 Kz- B,

(24)

Since this aspect of the calculation is intended to
be illustrative only, P, has been calculated for an
equivalent concentration of 0.012 mol /L of an added
salt with the competing anion X~. For data at pH
6.1, P, = 3.64, and for data at pH 7.5, P, = 0.145. It
is clear from Figure 6 that the effect of anion ex-
change competition is much less at pH 7.5 than at
pH 6.1.

Only the six data points for the highest 0y values
were obtained at pH 6.1, so that the effects of com-
petition from buffer anions are probably small in
this experiment, in agreement with the conclusions
in Part 1.

Competition of this type makes the sorption curve
steeper, and might be mistakenly taken as evidence
for an anion binding mechanism of sorption.
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Figure 6 Sorption of C.I. Acid Blue 25 by a nylon 6 fiber at 95°C. The solid line is
calculated for a simple Donnan model with only one type of basic group, without anion
binding, and for hydrogen ion binding only, with negligible anion exchange competition
from buffer anions: P, = 1, P, = 0.324, Py = 80, and P;5 = 5 X 1075, The broken curves
take into account anion exchange competition, as discussed in the text. The data are by

Fienberg.?
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The data for overdyeing, with 6p > 1, are rather
scattered, but the curve calculated for Pz =5 X 107°
represents the data reasonably well. If we base cal-
culations on the water-swollen volume of the nylon
polymer, and assume that Kz = 3.6 X 1078 mol/L
at 95°C, as would follow from applying the implicit
assumptions of Mathieson and Whewell to the
extrapolated data for HCI at 95°C in Table III of
Part 1,! we are forced to conclude from the definition
of P.g in eq. (11) that the ratio K,/ Ky = 6 X 1073,
The sorption of hydrogen ions is greatly preferred
by the fiber to the sorption of sodium and potassium
ions.

CONCLUSIONS

The sorption of dye and inorganic ions by polymers
can be described using dimensionless groups of vari-
ables. Different dimensionless groups represent dif-
ferent aspects of the sorption processes. The effects
of changing the numerical value of a given dimen-
sionless group can be clearly shown, and it is not
necessary to restrict the analysis to a limited region
of a sorption isotherm, or to a limited choice of the
ratio of acidic groups to basic groups in the polymer,
as has long been customary.

Changes in the numerical value of a given di-
mensionless group can originate in any of the com-
ponent variables comprising that group. This is one
reason why there are often several different as-
sumptions which can account for the same pattern
of experimental behavior, and why controversies
arise over issues which cannot in fact be resolved
unambiguously without additional data. For exam-
ple, Mathieson and Whewell were able to account
for the uptake of acids by wool by introducing a
variable acidic group dissociation coefficient,'® and
Gilbert and Rideal were able to explain the same
data by assuming anion binding to the basic groups
in the wool.'’

Examples have been given to show how an ex-
amination of all regions of a sorption curve or titra-
tion curve can yield the maximum amount of infor-
mation about the key parameters for a sorption pro-
cess.

The sorption of hydrochloric acid by a nylon fiber
with an excess of basic groups, in the absence of
potassium chloride, can be well described by equa-
tions and assumptions which are closely related to
the polyelectrolyte theory of Mathieson and
Whewell.

These same assumptions give a good account of
the sorption of an acid dye by a nylon 6 fiber, though

there is evidence that the fiber sorbs hydrogen ions
in preference to sodium ions.

APPENDIX

Zwitterion Formation

The three simultaneous equations solved for the
zwitterion calculations are as follows.

(B*1\*  (1B*1\ [(Kaw | B
( B, ).a+( By )[( B, ° 6)+P5 1]

__BT.ﬂzo
() o (5| (Breos) =]
_ps.K;:V a=0
(551 2
where

and sz/Bo = PlO-

Two Types of Basic Groups

The fraction of groups of type 1is

The dimensionless electrical neutrality equation
is

B, _1-8 P
01) K21'0D PIB
1+-2 1422 14+ 212
PB PIB P9'0D
Pig- P
_p2.0D+u:0
bp

The ratio of the dissociation coefficients for the
two types of basic groups is
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