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An attempt was made to estimate the amount of the cationic complex MA* adsorbed on a cation exchanger.
This method is based on the fact that the ratio of the distribution coefficients of M2+ and MA* should vary with
the ionic strength of the medium. The Ni(II) acetate system studied by Fronaeus has been reexamined. The
results show that the distribution coefficient of NiAct (Ac=acetate) is negligible compared with that of Ni2+ upon

the variation of the ionic strength from 0.2 to 1.0.

It was found that Fronaeus overestimated the distribution
coefficient of NiAct and that this caused the value of 8, to be much greater.

In conclusion, the two functions,

¢, and f, introduced by Fronaeus could not be determined with high accuracy; for the stability constants obtained
by Fronaeus’s method, they must be confirmed by conducting the experiment at a different ionic strength.

The cation exchange resin has been widely used for
the study of complex formation. In cases where the
reaction M?*++A-=MA+ or M3+4+A-=MA?*+ occurs,
it is difficult to estimate the amounts of them adsorbed
on the resion. Fronaeus proposed a method to analyze
the data under such conditions and used it to study the
acetate complexes of Ni(II)V and Ce(III)®» and the
thiocyanate complexes of Ni(II).®) In these inves-
tigations, he estimated an appreciable amount of the
cationic complex to be adsorbed on the resin. On the
other hand, it has been demonstrated, by means of
acetate labelled with tritium and with 14C, that the
cationic species of Co(II) and Mn(II) acetate complexes
are not taken up by the cation exchanger.? If Fronaeus
overestimated the distribution coefficient of the cationic
complex of Ni(II) acetate, the evaluation of the stability
constants would also be higher.

In this study, we attempted to ascertain the extent of
the adsorption of a cationic complex, MA+, experi-
mentally. Although M2+ and MA+ were both adsorbed
on the resin, the change in the ionic strength of the
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medium should have different effects on their distribu-
tion coefficients depending on the different ionic charges.
From this, we can conclude whether the extent of the
adsorption of MA* is appreciable or negligible. This
method was applied to study the Ni(II) acetate system,
and the results were compared with those obtained by
Fronaeus’s method.

Estimation of the Amount of MA+ Adsorbed on a Cation
Exchanger. When a cation exchange resin, NaR,
is added to a solution involving a free metal ion, M2+,
and the complexes MA*, MA,, ---, MA, 2", the follow-
ing exchange equilibria are established:

M2+ + 2NaR = MR, + 2Na* 1)
MA* + NaR = MAR + Na* (2)
The distribution coefficients of M2+ and MA+, [, and
l;, can be expressed as:
ly = [MR,]/[M?*] = ko[NaR]?/[Na*]?
l; = [MAR]/[MA"] = k,[NaR]/[Na‘]
where £, and £, are the equilibrium quotients of Reac-

tions (1) and (2). The distribution of the metal,
M(II), between resin and solution is given as:

= L+4LTAT])
where I, =1,8,/l, and f;=[MA2~]/(IM2+][A-]). For
the determination of f; under such conditions,
Fronaeus? introduced two functions, ¢, and f:
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o1 = (lo/e—1)/[A7] 4)
0, = lim oy, = B, — I

[A~=0]

F = [o/o){(Br— 1) [A™]— 1}+ 11/[A7]2
= Bupr — gﬁj[A-]f-z (5)

At relatively small values of [A~], the following relation
between the differences can be given:

Af = pdp;, — BA[AT] (6)
B: can be obtained graphically from Eq. (6); f,, B3 'fn
can also be obtained from Eq. (5).

This method has been widely used in the study of
complex formation containing cationic species. How-
ever, the evaluation of [/l, seems to be generally
large, considering the differences in the ionic charge
and in the size of M2t and MA*, e.g., ,/l,=0.78 for
the Mn(II) chloride system at x=0.69." In this case,
the value of k; is estimated to be greater than that
of ko If [/l is overestimated, all of the formation
constants of complexes S, fs -, B, would also be
overestimated. As may be seen from Eq. (4), the
function ¢; comes to involve a large error as [A~]
approaches 0 where [j/o~1. The value of p;—1I’
obtained from the extrapolation of ¢; to [A-]=0
must also be uncertain. Since this value affects the
function f, reliable values for f;, 85, -**, f, can not be
expected by means of the functions ¢, and f.

The use of the function 1/¢, whose accuracy is much
greater than that of ¢; at small values of [A~], may be
more feasible for the analysis of the data.

11 1+3B[ATY )
e b 1+L[AT]
Differentiating 1/¢ and assuming that the terms greater
than [A-]? can be neglected at small values of [A~],
we obtain:

d(l/p) 1 (Bi=4L')+2B[A7] (8)
d[A-] — I,  1+2TA7]

This equation shows that when /;’ can not be neglected,
a plot of l/p vs. [A-] at small values of [A-] gives a
curve the slope of which decreases (8,/l,’<p;—1[') or
increases (B,/l;’ >f;—!,') with an increase in [A~].
On the other hand, if the plot gives a straight line and
if the intercept agrees with the value of 1//, obtained
experimentally, it can generally be concluded that [,
can be neglected and that the slope corresponds to
Bi/l,- Though it is rare, an apparent linear relation
between 1/¢ and [A~] will be given when g,/l,'~f8,—I[,".
In this case, the slope corresponds to (f,—.")/l,.
However, we can readily distinguish between the two
cases. The linear relation can be settled at any con-
centration of Na* in the former case, while it can not
be expected in the latter since the value of f,/l," be-
comes smaller of greater than that of §;—{," at a dif-
ferent Nat concentration.

The term f;—!,’, which can be obtained from the
slope of the 1/¢ plot vs. [A-] at [A~]=0 (see Eq. (8)),
is expressed by:

B — I = B{(1 -k [Na*]/(k[NaR]) } 9)
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When [Na+]>»[M?*] and [NaR]>[MR], we obtain:

By — I’ = Bi(1-K[Na]) (10)
where K is nearly constant. The 8, varying with the
ionic strength can be estimated by the change in the

activity coefficient of M?*, y. The relation expressed
by:

Br = YBiw[?@ (11)

where f,, and y, are f; and y at a fixed ionic strength
of a. By substituting this equation to Eq. (10), we
obtain:

Y (B =1y = Brw (1 —K[Na™]) (12)

When the values of (8;—1; )y /y decrease with an
increase in [Na'], a linear relation can be obtained
in a range where K is practically constant. From the
slope, the magnitude of K[Na*], that is, [;/l;, can be
estimated. On the other hand, the values remain
essentially constant; in other words, the decrease in
Bi—1,’ with an increase in the ionic strength is the
same as that caused by the decrease in the activity of
M2+, the ratio /;/l, is very small in comparison with
unity, and /;’ can practically be neglected.

Experimental

Materials. A stock solution of Ni(IT) was prepared by
dissolving NiCl,-6H,O in 1.0 M NaClO, to obtain the con-
centration of 0.01 M. The solution involving 1.0 M CHj;-
COONa and 1.0 M CH,COOH was diluted with 1.0 M
NaClQ, to produce various acetate concentrations at g= 1.0.
In a similar manner, acetate soltuions at other ionic strengths
(0.2—0.5) were prepared. All the chemicals used were of a
G.R. grade. For the cation exchanger, Dowex 50W-X8
(100—200 mesh) in the sodium form was used.

Procedures. The ion-exchange experiments were carried
out as follows. The solutions (10 ml) made up from the
stock solution of Ni(II) (1.0 ml) and the solutions in varying
acetate concentrations (9.0 ml) were shaken with portions of
dry resin (0.2—0.5¢g) in 20 ml glass vials with stoppers for
8 hr at 25 °C. Then the amount of Ni(II) in each supernatant
was determined by EDTA titration, using murexide as the
indicator. The distribution coefficient, ¢, was calculated as
follows:

__ mmol of Ni(II) in the resin/mass of dry resin (g)
~ mmol of Ni(II) in the soln./vol. of soln. (ml)

Results and Discussion

Measurements of 1. Fronaeus reported that the
distribution coefficient of Ni(II) is dependent on the
concentration of NiR,, though it is kept very small
in comparison with the exchange capacity. He con-
cluded that Ni2t ions are not as free as Na* ions in the
resin phase, but are partly coordinated to groups fixed
at the exchanger. Thus, he corrected the ¢ values to
that at a constant value of [NiR], 10-2 mmol/g, for
the calculation of the formation constants of Ni(II)
acetate complexes. It is important to know whether
or not the exchange reaction between the Ni%** ion
and NaR is reversible. In the case of a reversible
reaction involving a minute amount of M2+ compared
with [Nat] and [NaR], the value of /, should remain
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TABLE 1. EFFECT OF VARIATION IN THE MASS OF RESIN ON
I, oF Ni(1I), pH=4.5, 4=1.0, VOLUME
OF soln.=10.0 ml
Mass of resin (g) lp
0.200 15.6
0.300 16.5
0.400 16.0
0.500 15.8
10k .
10 L
0.1 1.0
aNgt
Fig. 1. Relationship between [, of Ni(II) and the activity
of Nat ion.

unchanged with a varying mass of resin, and a linear
relation whose slope is 2 should be obtained between
log [, and the log of the activity of Nat. To examine
the reversivility, we measured /, as a function of the
mass of the resin and the concentration of Nat in the
solution. As is shown in Table 1 and Fig. 1, the value
of [, remains practically constant with the variation
in the mass of resin from 0.2 to 0.5 g, and the plot of
log I, vs. the log of the activity of Nat yields a straight
line with the slope of 2. From these results, the re-
versible exchange reaction between the Ni?*t ion and
the exchanger, NaR, could be confirmed.

The Ni(II) Acetate System. The Ni(II) acetate
complexes were studied by the cation exchange method.
Figure 2 shows the realtion between 1/¢ and [Ac~] at
the same ionic strength as that used by Fronaeus (u=
1.0). At the values of [Ac~] examined, a linear
relation is obtained and the intercept of the line agrees
well with the value of 1]/, obtained experimentally.
This indicates either that /,’ is negligible or that g, —/{,’
is nearly equal to §,/l;. To know the magnitude of
l,’, the experiments were carried out at the Na* con-
centrations of 0.2, 0.3, 0.4, and 0.5. The results are
shown in Fig. 3, where 1/¢ is plotted vs. [Ac™]. All
of the plots yield a good linearity, and the intercept of
each line agrees well with the values of 1/I, obtained
at the corresponding concentration of Nat. From this,
we can conclude that /;’ is negligible at an ionic strength
of less than 1, since it is unreasonable to say that the
relation B;—{'~p,/l," is settled at any concentration
of Nat. The values for f;—/,’ are given as 6.5, 5.9,
5.6, and 5.5 from the slopes of the straight lines at u=
0.2, 0.3, 0.4, and 0.5. In Eq. (12), when we take the
fixed ionic strength as 0.2, the values of y .5 (B1—4")/y
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at ©#=0.2, 0.3, 0.4, 0.5, and 1.0 were calculated to be
6.5, 6.7, 6.7, 6.8, and 6.0 by the estimation of the
activity coeflicient of Ni?+ from the formula of Davies:®
log y;=—0.5Z2/u[(14+A/u)+0.1Z2u, where Z;=2.
These values seem to be essentially the same, considering
that the y values were calculated from an approxinate
formula. That is, the extent of the decrease in f;—1,’
with an increase in the ionic strength is nearly equal
to that caused by the decrease in the activity of Ni2t,
The acetate complex of Ni(II), NiAc*, like those of
Co(II) and Mn(II),% is not taken up by the cation
exchanger to any appreciable extent. Thus, the values
of ;, at ©=0.2, 0.3, 0.4, 0.5, and 1.0 were obtained as
6.5, 5.9, 5.6, 5.5, and 5.2. The values for §, could
not be determined exactly in the range of low con-
centrations of Ac~ studied. Fronaeus reported that
p1=4.7 and f,=18 at u=1.0. Although the value of
B, is in fair agreement with our results, the value of
B, appears to be too large. If such a high value is
given for f,, the slope of the lines in Fig. 3 must be
increased with an increase of [Ac~], even at small
values of [Ac~]. This large value of 8, is caused by
the estimation of /;" as 1.9.

The value of 6.5 at x=0.2 obtained for f, in this
study is larger than that of 2.6 determined by polaro-
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Fig. 2. A plot of 1/¢ vs. [Ac~] for Ni(II) acetate system at
n=1.0.
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Fig. 3. Plots of 1/¢ vs. [Ac~] for Ni(II) acetate system at
various ionic strengths; (a) y=0.2 —@—, u=0.3 —O—,
(b) u=04 —@—, u=0.5 —O—.
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Fig. 4. A plot of 1/¢ vs. [Cl-] for Mn(II) chloride system.®

graphy? at the same ionic strength. However, this
value of 2.6 seems to be rather small in comparison
with the value of 10 determined at x=0.1 by poten-
tiometry.%)

Mn(II) Chloride System. The study of Mn(II)
chloride complexes by Fronaeus’s method® appears to
be a similar example of overestimating /,’.  Morris and
Short estimated /,' to be 2.98 and determined the
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formation constants, f;, B8,, and f,, to be 3.85, 1.80,
and 0.44 at x=0.691. These values are comparable
to those of the Fe(III) chloride complexes.? For the
calculation of the function, ¢,, from which the value
of §,—I, was obtained, they used the value of [, ob-
tained experimentally. As is shown in Fig. 4, when
we try to plot the function 1/ against [Cl-], a good
linearity is yielded over the range of [Cl-] investigated
and the intercept of the line agrees with the value of
1/l, within the limits of experimental error (+0.59%,).
Assuming that [,’~0, f, is obtained as 0.75. This value
is close to that of 1.1 obtained by polarography.i®
It is noted that the evaluation of §;—I[," by Fronaeus’s
method is much affected by the value of /, adopted;
that is, f;—/,’ is greatly varied with a minute change
in ;.

In conclusion, when [’ is estimated by Fronaeus’s
method to be appreciable, it is necessary to confirm
the results by an experiment at a different ionic strength.
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