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INTRODUCTION

It is recognized that at the present state of development of the theory of
polyelectrolyte solutions no entirely satisfactory theory for the ion exchange of
polyelectrolytes can be worked out. However, it would be convenient to.have a
relatively simple theoretical tool, if it would help to explain most, even if not all,
of the peculiarities of the ion exchange chromatography of homologous polyelectro-
lytes. Such an approach is presented below. It accounts reasonably well for the ex-
perimental results which have been obtained with polylysines on carboxymethyl-
cellulose!, though it only takes into consideration ion exchange as interaction of
electrostatic forces, while purposefully ignoring for the morment several other factors
which undoubtedly do play a role in the chromatography of polyelectrolytes on ion
exchangers.

However, we feel justified in publishing this approach, because its rather close
agreement with the experimental data! indicates that it might have practical value
in suggesting the optimal conditions for chromatography of polyelectrolytes on ion
exchangers, and that this treatment may be taken as a basis for future developments,
in which other factors will also be considered.

THE MODEL

Only the case where those groups of the polyelectrolyte that take part in the
exchange and the groups on the exchanger’s surface have the same affinity for each
other is considered. This means that in the present model: (1) the charges of the groups
of the polyelectrolyte, which take part in the exchange, are equal; (2) the charges on
the groups of the exchanger are also equal; (3) no mutual interaction exists among the
exchanger’s groups, likewise among the polyelectrolyte s groups; (4) only negligible
conformational changes (if any) accompany the ion exchange. That is, the steric fit
between the charges of the exchanger and the charges of the polyelectrolyte only
involves conformational changes corresponding to changes in free energy which are

e neghglble in comparison to those of the exchange proper.
It is obvious that this model corresponds to a hlghly idealized case. Conditiuns

v Ziirichbergstrasse 4, 8032, Ziirich,

J. Chromatog., 18 (1955) 359~365



360 G. SEMENZA

(1), (3) and probably (4) do not hold in the case of proteins, for example. Condition (3)
certainly does not hold with highly substituted synthetic ion exchangers, where a
large pH- and ionic strength-dependent swelling obviously shows some interaction
of the charged groups. Even in the case of ion exchange of polylysines on low-substi-
tuted carboxymethyl-cellulose! some interactions among the polylysine groups and
among the exchanger’s groups certainly occur. It is clear, however, that the ion
exchange of polylysines on carboxymethyl-cellulose is closer to the idealized case
than any ion exchange chromatography of proteins.

It is compatible with the proposed model that some groups of the polyelectrolyte
are in an unfavourable steric position. Thus, %, the number of charges which take part
in the exchange, may be smaller than the total number of charges of the polyelectrolyte
and is not necessarily equal to the degree of polymerization of, say, polylysines or
polyglutamic acids. However, except for the lower mers, it is reasonable to assume
that » is proportional to the degree of polymerization. For the same reason the
““monovalent ion’’ M (see next section) does not necessarily correspond to the monomer
of the series considered. .

It is assumed that a monolayer is formed on the exchanger’s surface. This is
likely to be the case with polyelectrolytes carrying only one type of charge, but it is
probably not so with proteins.

As it has been pointed out in the introduction we are not attempting here to
treat the effect of changes of the ionic strength on activity coefficients, on counter
ion distribution, on conformation, on solvation etc. A change in counter jon distri-
bution as well as a change in tertiary structure will, for example, affect » (the number
of charged groups taking part in the exchange), and therefore also Kp (sece later).
Finally, we assume that the ion exchange is reversible.

SYMBOLS

(P) = concentration of the polyelectrolyte P.

(E) = concentration of the eluent E, monovalent.

(M) = concentration of the monovalent jon, M, having a mol. wt. equal to
We/n.
Its only chargcd group is identical with one of the ch'ugcd groups of P,
which take part in the exchange.

7 == number of the charges on P’s surface which take part in the e*«:change
They are all identical (see above).

4 = total number of charges on the surface of 1 g exchanger (in equivalents).

Wp = molecular welght of the polyelectrolyte P.

6 = fraction of the groups on the surface of the exchanger, ‘which are bound
to the polyelectrolyte, and to the eluent: Hp + 6 = 1.

o = sorption veloc1ty constant

Vi == activity coefﬁcwnt

Kp = ocpn/ocu

Knr = onr/fog. ‘ _

g .= g of polyelectrolyte (gp), and of monovalent ion (gar), respectively, which

are fixed by 1 g of exchanger.
Other symbols are used with their usual meanings..
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THE ISOTHERM

A Langmuir treatment has already been applied to ion exchange of ions of equal
charge?. Within the limits pointed out in the section on the model we will try to
apply it to ion exchange of polyelectrolytes.

Let us consider the exchange reaction:

Pt 4+ AE, < AP 4+ n EI* - (1)
The probability that a group of the exchanger is bound to E and is thus avail-
able for exchange with one group of the polyelectrolyte, is equal to 8g. The probability
that » groups of the exchanger should occur in sterically favourable positions, so

that the corresponding groups of the polyelectrolyte could bind to them is, of course,
Ogn. The velocity of sorption of the polyelectrolyte is thus:

o0 fp(P) o ' (2)

Similarly, since #» E ions will take the place of one P ion on the exchanger s
surface (¢f. above), the velocity of sorption of E w111 be:

wpOpf(E)n (3)

At equilibrium:
OCPO}%fI’(P) = ;'czlgopf;":(E)n | “

By introducing symbols already deﬁned and by rearrangmg, one obtains the
sorption (ion exchange) coefficient:

qar KpZWp(1 —60p)tfp ()
P n(E)f , 5

This equation, which is an obvious consequence of what has been sald pre-
viously, agrees well with what is found experimentally. The very hlgh dependence
of Ry values of polyelectrolytes on (E) is a common observation and is shown by the
fact that (E) enters into the formulation of the sorption coefficient (Eqn. 5) at the
nth power, »# being by definition higher (and probably much higher) than 1. TiseLIUS3
and BOARDMAN. AND PARTRIDGE? and others have already pointed out that every
equation for the sorption coefficient of polyelectrolytes, if based on the law of mass
action, .should indicate this. The simple derivation given above is essentxally an
apphcatlon of the law of mass action to surface phenomena
e~ It is also well known that this ‘‘all or nothing”’ chromatographlc behav1our of
polyelectrolytes ‘becomes less and less evident as their groups are titrated—and this
is actually one of the reasons why pH gradlents in the isoelectric range are extensively
used in protein chromatography®8. This fact is also shown in Eqn. (5): a decrease of
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72 will decrease this strong dependence of the sorption coefficient on (E). (Kp also will
be affected, see later).

Equation 5 also indicates that the isotherms of a polyelectrolyte increase in
curvature as 7 increases. In fact, the higher #, the more sensitive the sorption coeffi-
cient towards small changes of Op. It is known that the chromatographic behaviour
of proteins on ion exchangers corresponds to that of substances having strongly
curved isotherms (see e.g. ref. 7): where tailings or mutual displacement phenom-
ena are very frequent. This fact is also very clearly indicated by the chromato-
graphic behaviour of polylysines on carboxymethyl-cellulose (ref. 1, Fig. 2). At
constant eluent concentration the zones become more skew as » increases. Since
equilibrium conditions were approached, this observation has to be referred to an
increased curvature of the isotherms8s-11, :

Boman!2 has reported that the displacement of proteins depends not only on
the concentration of the displacer®, but also on that of the small ‘“eluting’’ ions. A’
likely explanation is provided by Eqn. (3) (and probably by other formulations!3 as
well). At low (E) the isotherm of the displacer D is too high for a displacement to
take place at the chosen (D) (Fig. xa). An increase in (E) brings about a flattening of
the isotherms, which is more evident for D than for P (Fig. rb). Thus at this (E), a
displacement can take place. At still higher (E), both isotherms become essentially
linear and therefore displacement is no longer possible.

q4

q1r (b)

af

p
S~ |7
Vol « Vol. v .
Fig. 1. Effect of (E) on the ion exchange isotherms of a poiyelectrolyte P and of its displacer D.

(a). at low (E); (b) at higher (E). For explanations of this suggested mechanism, see the section
THE ISOTHERM,

Equation (5) is therefore in good agreement with the experimental observations,
available. It is unfortunate that not more than a qualitative check of this equation is
possible at present for the limited amounts of polylysines available!l. A quantitative
check has been carried out, however, for the dependence of the chromatographic be-
haviour of polylysines on their polymerization number?. Since the equations tested
(see later) are based on the same assumptions (see the Section MODEL), the fact that
they fit the experimental data well is also indireci evidence that Eqn. (5) is essentially
correct. o ‘ o ' ‘ ‘
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THE DEPENDENCE OF Kp ON 7

In the reaction (1) the chemical potentials at the equilibrium are given by:

papy + pu°p—puap —nu’e 0r(E)* %
= 1n 22 TE_
BT n %/P(P) In Kp | (6)

Similarly, for the exchange reaction:
M'% 4+ AE & AM + E'# , (7)
the chemical potentials are given by:

hoap + p°m —poam — B8 In OmiE(E)
RT Ozt s (M)

= In K pr (8)

From the assumptions made in the section MODEL

1ary = NUCAE 1oap = nvuam 1op = nuyr

Thus,

nwin Kar = In Kp (9)

At constant (E), for (E) > (P) and for (E) > (M) (z e., at the initial part of the
1sotherm where Op and 07 can be neglected), by assuming that

7 ;f:_ = X : (x0)

one obtains, by comparison between the sorption coefficients of P and M at the same
(E), that they are related as follows:

qr » gn K : . - gt
(P) 111-(7‘4—)-—*-(%—— )ln-(—E | .(...I)

In —
Within a homologous series of polymers In[¢ar/(M)] is, of course, constant.

Since the retention volumes 4 are directly proportional to the sorption coefficients?,
one obtains:

Ind=a+ (n—1)In %"E—)' | (12)

== where a is a constant, which depends on the type of polymer series, on the exchanger
“.. on the column and on the initial conditions.

" Equation (11) has been checked in batchwise isotherms and equatmn (x2) in
column experiments with elution at constant (E) (ref. 1, Fig. 1). In each set of ex-
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periments the agreement with the theory was excellent. Moreover, similar values of
K s were found in both cases, in spite of the somewhat different experimental con-
ditions. :

These equations also provide an explanatlon for the common observation that
in ion exchange chromatography of polyelectrolytes (e.g., proteins, nucleic acids, etc.)
it is usually not possible to elute more than a few components with a single concen-
tration of the eluent. It is apparent, in fact (Eqn. 1x2), that at high values of » the
retention volumes reach unworkable values.

Elution of polyelectrolytes is often accomplished by increasing (E) gradually.
The individual polyelectrolytes travel more slowly than the gradient until they are
reached by the lowest (E) in which they have an Rp of 1. From this moment on all
polyelectrolytes have the same sorption coefficient and travel at the same speed as
the gradient. Thus, if the column is long enough for the gradient used, a simple corre-
lation exists between » and the (E) in which the individual polyelectrolytes emerge
from the column. At (E) > (L) and (E) > (M), from the formulations of the adsorp-
tion coefficients of P (Eqn. g) and of M (from I:qn 9), and assuming the validity of
Eqn. (10), it is easy to show that such a relation is:

I pmt Koar K
= , 2.e. In (E In Kpr —— ln 1
En7 (B (Ep) =In Kar ) (13)

where (Ep) and (Ep) are the lowest (E) at which P and M, respectively, have an
Rp of 1.

This equation also has been tested with polylysines on carboxymethyl—cellulose
(ref. 1, Fig. 3): it fits well the experimental data, except for the higher mers, which
require a higher (E) than predicted. This is probably due to salting out effects, which
are likely to be more evident with higher mers than with low ones. It is interesting
to note that the value of Kjr obtained from Eqn. (13) agrees well with those obtained
from Eqns. (11) and (12), in spite of the different experimental approach.

CONCLUSIONS

The present equations should not be expected to hold quantitatively in ion
exchange of proteins. In fact, in the latter case, some of the stated or understated
assumptions of the present treatment are not likely to hold: (x) The charged groups
on the protein molecule are of different types and often show evident interactions;
(2) proteins, being polyfunctlonal may well form multiple layers on the exchanger
surface; and (3) it is doubtful whether equilibrium condltlons are ever a.ttalned in
the chromatography of very large molecules; etc.

The combined effects of these and other factors are that the sorption isotherm
is more curved, and it may not reach a saturation level, the ‘‘elution isotherms’ do
not necessarily coincide with the sorption isotherms, etc. In the case of proteins,
the present treatment can therefore only be regarded as semiquantitative. However,
the equations obtained can be used as a guide to establish the conditions for protein
chromatography, as they point out some of the main parameters affecting the sorp-
tion coefficient; in changing the conditions care should of course be taken that no
opposing. effects mﬂuence the sorption coefficient.
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SUMMARY

Some considerations on the ion exchange of polyelectrolytes are presented.
The approach is limited by the several assumptions. Nevertheless, the equations
presented describe reasonably well the ion exchange of polylysines on carboxymethyl-
cellulose (described in the following paper) and they agree, also, at first approximation,
with the chromatographic behaviour of proteins on ion exchangers.
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