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Because of its high charge and small radius, the
ion Zr+* exhibits a marked tendency to hydrolyze
in aqueous solution. Normal compounds of zir-
conium, such as ZrCl,, when dissolved in water,
liberate hydrogen ion and even the zirconyl salts,
e.g., ZrOCl-8H,O, which are already half hy-
drolyzed, produce acidic solutions.

Recently it has been shown?® that in 2 M per-
chloric acid at 25° the average zirconium species
at low zirconium concentrations has a charge
somewhere between +3 and -4 and is not poly-
merized. This corresponds to a mixture of Zr+t*
and ZrOH™*%, or possibly ZrO+*. At high zir-
conium concentrations there is abundant evidence
that zirconium is polymerized and considerably
more hydrolyzed in the polymers than when present
as the monomer. Thus Jander and Jahr* found the
diffusion coefficient of 0.1 M zirconium(IV) to be
only half as great as that of uranyl nitrate at
acidities ranging from 1.2 M perchloric acid to no
added acid. Measurements®8 of the pH of aqueous
solutions of zirconyl chloride indicate there are
approximately three hydroxide ions per zirconium
in the polymers. Freezing point studies® also
indicate extensive polymerization and hydrolysis.
In the above cited work the evidence for polymer
formation was only qualitative or, if quantitative,
could not be uniquely interpreted because of the
variation of two or more conditions simultaneously.

The present research was undertaken to identify,
if possible, the polymeric zirconivm species which
are formed at high zirconium concentrations in
solutions of moderate acidity.

Experimental

Method.—The experimental method, which is
similar to that used by Connick and McVey,?
involves the measurement of the distribution of
zirconjum between an aqueous phase and a benzene
phase containing a chelating agent, thenoyltri-
fluoroacetone (hereafter referred to as TTA).
The formula of the enol form is

H H H
CcC——C O O

ab b ode
N Tm
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It forms a neutral chelate molecule with zirconium-
(IV), which is very soluble in benzene, but, under
the extraction conditions, the TTA does not
complex an appreciable fraction of the zirconium
in the aqueous phase.®* Assuming the zirconium
species in the aqueous phase to be unhydrolyzed
and unpolymerized, the extraction reaction is

Zrtiag + 4HK gy = ZrKyw + 4H ) 2)

where HK is used to designate TTA. Any polymer
formation by the zirconium in the aqueous phase
is reflected quantitatively as a decrease in the
extraction of zirconium into the benzene phase.

For more details as to the general method and of
the properties of TTA and ZrK,, see reference 3.

Procedure.—The distribution of zirconium between the
benzene and water phases was measured in two series of
experiments—one at 2 M perchloric acid and the other at 1
M perchloric acid and 1 M lithium perchlorate, the latter
being added to maintain an ionic strength of 2. The zir-
conium concentration was varied over a 3000-fold range in
each series.

Equal volumes of a benzene phase, containing a known
concentration of TTA and radioactive zirconium tracer, and
an aqueous phase, containing perchloric acid (and lithium
perchlorate in the low acid series) and zirconium perchlo-
rate, were shaken vigorously in a water thermostat at 25°.
In every case two or more analyses were made at sufficiently
long time intervals to demonstrate that equilibrium had
been attained.

The zirconium concentration in each phase was deter-
mined by mounting known aliquots on glass cover slides,
evaporating to dryness and counting, using a mica window
Geiger tube. ‘

It was necessary to know the TTA concentration in the
benzene phase. This could not be obtained readily from
the original concentration by difference because it was
found, through spectrophotometric measurements, that a
small, but unknown, fraction of the zirconium in the aque-
ous phase was being complexed by TTA in the experiments
at high zirconium concentration. Although the fraction
of zirconium complexed was quite small, the concentration
of TTA in the benzene phase was appreciably altered be-
cause of the relatively high zirconium concentration.

The TTA in the benzene phase was determined spectro-
photometrically after diluting the sample with benzene.
Correction for the absorption of the zirconium chelate was
necessary. Zebroski’ has measured its spectrum. On re-
peating his measurements it was found that the molar ex-
tinction coefficient appeared to vary with time, probably
because of hydrolysis of the chelate in these diluted samples.
At 3300 A. however the absorption remained constant.
At this wave length the molar extinction coefficient of ZrK,
is almost exactly four times that of TTA so that hydrolysis
produces no change in the absorption.

From the absorption at 3300 A. the sum of the TTA and
four times the zirconium chelate concentrations was ob-
tained. Subtraction of the zirconium chelate concentra-
tion, calculated from the measured extraction coefficient,
yielded the TTA concentration.

In theory, it is possible with aid of the Beer law to calcu-

(7) E. L. Zebroski, University of California Radiation Laboratory
classified thesis, BC-83, 1947,
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late the concentration of both the TTA and the zirconium
chelate, providing the molar extinction coefficients are
kuown for both species at two different wave lengths. The
results of the calculation were not precise because of the
change of the spectrum at wave lengths other than 3300 A.,
however they did give approximately the concentrations of
TTA and ZrK, corresponding to the known total TTA con-
centration. The calculations therefore indicate that the
zirconium species in the benzene phase is ZrKjy, at high zir-
conium concentrations.

The zirconium perchlorate was prepared by fuming re-
crystallized zirconyl chloride with perchloric acid. The
hot solution, when rapidly transferred to a dry box and
allowed to cool, deposited a very crystalline precipitate.
The composition was not determined. The crystals were
centrifuged away from the concentrated perchloric acid and
dissolved in 2 M perchloric acid. An aliquot of this solu-
tion was treated with an excess of sodium fluoride, and ti-
trated for hydrogen ion with sodium hydroxide. The con-
centration of perchloric acid (assuming the zirconium to be
Zr{Cl0y)s) was 2.06 M. The zirconium concentration was
found to be 0.229 M by taking aliquots of the stock solution,
converting to zirconium hydroxide, and igniting to zirconium
dioxide.

The radioactive Zr% tracer, which was obtained from Oak
Ridge, was purified by the method used by Connick and
McVey.? The stock solution in benzene was kept free of
the columbium daughter by equilibrating it with an aqueous
phase in the presence of TTA. The zirconium remained
predominantly in the benzene phase under conditions where
the extraction coefficient for columbium greatly favored the
aqueous phase. Thus the columbium could be removed
as it was formed by shaking the mixture.

Lithium perchlorate was purified by recrystallization from
water.

Difficulty was experienced with an unidentified impurity
(see also ref. 3) which appeared to be present on the glass
walls of the containers. A careful cleaning procedure de-
creased its effect. In addition all vessels and pipets were
coated with Dri-film, (CHj),SiCl,.

All concentrations are expressed in moles per liter of solu-
t1on, designated by the symbol M.

Results

The data for the 2 M and 1 M perchloric acid
series are presented in Tables I and II, respectively.
The first column lists the original zirconium concen-
tration in the aqueous phase before extraction. The
extraction coefficient, £, defined as the concentration
of zirconium in the benzene phase divided by the
concentration in the aqueous phase, was corrected
to the value it would have had at unit activity of
TTA, assuming a fourth power ketone dependence.?
These corrected values are designated as E°.
In the last two columns are given the minimum
and maximum concentrations of hydrogen ion,
assuming in the first case that none of the zir-
conium was hydrolyzed and in the second that all
of the zirconium was hydrolyzed completely, thus
releasing four hydrogen ions for every zirconium
ioir. The true value surely lies between these
cxtremes,

The two or more sets of data at each initial
zirconium concentration correspond to repeat
analyses of the same experiment after longer
shaking times. The first analyses were made 6
hours or longer after the initial mixing; the second
analyses at approximately twice this time interval.
In no case was there evidence that equilibrium
had not been attained at the time of the first
analysis.

Discussion

The decrease of E? at high zirconium concentra-
tions in cach series of cxperiments is clear evidence
of polymer formation. In order to cousider the
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data quantitatively it is necessary to derive several
equations.

For a given acidity we shall represent the total
concentration of all polymers containing # zir-
conium atoms by (Zrn). Assuming only ZrK, to
be present in the benzene phase, the extraction
coefficient E is

E = (ZrKak _ (ZrKa (3)

(Zr) + 2(Zrs) + 3(Zrg) + ... Z n(Zry)
n=1
The equilibria between the polymers may be repre-
sented at constant acidity by the equations
nZr = Zr, (4)

Ko = (Zra)/(Zry )
The values of K, will be coustant if the activity
coefficients of jall species remain constant, to which
end the ionic strength was maintained constant in
the experiments.

Substituting from equation (5) into (3)

_ _ {ZrKa)
S uKy(Zry

At constant activity of hydrogen ion and T'TA the
following relationship holds

(Zl'Kg,)b = k(Zr) (7)
where % is a constant.
Replacing E by E°% to correspond to constant

TTA activity, and substituting from equation
(7) gives

(6)

£ = Kze) (8)
Z nK.(Zr)
n=1
Differentiating
_dlg£ . ZnKa(Zon :
iTog ko ey = ~r T sk
which may be written as
dlog E _ 1
d log =n(Zr.) ~ 1+ Enfa (10)

where fn is the fraction of the total zirconium in
the aqueous phase which exists in polymers con-
taining # zirconium atoms. The expression Zufy
represents the size of the polymer in which a zir-
conium ion will be found on the average. This
quantity is the weight average degree of polymeriza-
tion.

The experimental data of Table I and II have
been plotted in Fig. 1 with log E° as ordinate and
the logarithm of the total aqueous zirconium con-
centration, <.e., log Zn(Zr,), as abcissa. According
to equation 10 the slope should be zero at low
zirconium concentrations where the monomer is
the only important species. As the zirconium
concentration is increased the slope should become
negative where polymers begin to form and should
approach minus one at high zirconium concentra-
tions, if the polymers approach infinite size.

The solid curves of Fig. 1 have been drawn with
zero slope at low zirconium concentrations, in
agreement with the theory. It is believed that
the experimental points fall below the lines in
this region because of an impurity in the solutious.
Exactly the same cffect was noted previously?
and it was most plausibly interpreted as arising
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TABLE I
THE HYDROLYSIS AND POLYMERIZATION OF ZIRCONIUM IN 2 M PERCHLORIC ACID AT 25.0°
Zr, initial, (HK)p Zr aq. (H*) (H*)
moles/1. E moles/l. X 108 E° moles/1. Min. Max.
7.63 X 107¢ 0.126 5.97 1.00 X 108 6.78 X 10~8 2.00 2.00
123 6.00 0.95 X 108 6.80 X 10§
7.61 X 10—¢ .106 5.71 1.00 X 108 6.88 X 10—¢ 2.00 2.00
101 5.60 1.02 X 108 6.91 X 10—+
2.27 X 10— 073 5.38 8.7 X 107 2.11 X 10°3 2.00 2.01
073 5.39 8.6 X 107 2,11 X 103
7.6% X 1073 150 7.19 5.66 X 107 6.64 X 10~¢ 2.01 2.03
156 7.02 6.46 X 107 6.61 X 10~°%
156 7.03 6.41 X 107 6.60 X 1073
3.05 X 1072 0397 (.32 2.51 X 17 2,94 X 10-? 2.01 2.13
0388 (.42 2.30 X 107 2.94 X 1072
0415 6.18 2.87 X 107 2.93 X 107*
7.63 X 10? L0156 6.77 7.45 X 108 7.52 X 102 2.03 2.33
0168 .46 9.7 X 108 7.51 X 102
0166 6.35 10.2 X 108 7.51 X 10~2
0.229 5.08 X 10~ 7.34 1.76 X 108 0.228 2.06 2.08
5.11 X 107% | 7.33 1.78 X 108 0.228
5.01 X 10°3 7.45 1.64 X 108 0.228
TaBLg 11
THE HYDROLYSIS AND POLYMERIZATION OF ZIRCONIUM 1N 1 M HCIO, anp 1 M LiClO, AT 25.0°
7r, initial, (HK)» Zr aq. (H* (H*)
moles/l. E moles/1. X 10% Ee wmoles/1. Min. Max.
1.312 X 105 0.323 4.35 9.1 X 108 9.92 X 10°¢ 1,001 1.001
.346 4.35 9.7 X 108 9.75 X 10™¢
3.93 X 1075 .390 4.32 1.12 X 10° 2.83 X 108 1.002 1.002
.378 4.33 1.08 X 10° 2.85 X 10-s
1.313 X 10~¢ 401 4.21 1.31 X 108 9.37 X 107s 1.000 1.000
379 4.22 1.20 X 10? 9.52 X 10™®
3.94 X 10 327 4.15 1.10 X 10° 2.97 X 104 1.000 1.001
.327 4.15 1.10 X 10¢ 2.97 X 107¢ :
1.313 X 103 . 166 3.94 6.87 X 108 1.126 X 10~ 1.001 1,006
152 4.00 5.96 X 108 1.140 X 10~
3.94 X 103 0611 3.88 2.69 X 108 3.71 X 1073 1.001 1.016
.0591 3.89 2.58 X 108 3.72 X 10°3
1.313 X 102 .0201 3.87 9.0 x 107 ° 1.287 X 10—* 1.001 1.0563
. 0214 3.76 10.7 X 107 1.286 X 102
3.94 X 1072 L0118 4.14 4.03 X 107 3.80 X 102 1.002 1.158
.0102 4.25 3.14 X 107 3.90 X 1072

from the complexing of an appreciable fraction of
the zirconium, by an impurity, at low zirconium
im-

concentrations. The concentration of the
purity is sufficiently low that its effect becomes
small at ca. 10—% M zirconium concentrations.
In the present experiments in 2.00 M perchloric
acid the effect is not as great as observed in the
previous work.? The presence of the impurity
obviously introduces considerable uncertainty
into the drawing of the curve at 1 M perchloric
acid and some even at 2 M perchloric acid.
Formula of Monomer.—From the limiting
values of the extraction coefficient at low zir-
conium concentration in the two sets of experi-
ments, the degree of hydrolysis of the mono-
meric ion of zirconium may be calculated.
Taking the limiting values of the curves of Fig. 1
it is found that the extraction coefficient E° has
an inverse 3.8 power dependence on the hydro-
gen ion concentration. The uncertainty in draw-
ing the curves is greatest for the experiments in
1 M perchioric acid, where, if anything, the

9.0

8.0

log E°.

7.0

preciable lowering of the extraction coefficient by
the impurity at the experiment with 3.9 X 10— M/
zirconium. Therefore the hydrogen ion dependence

Fig.

T { I 1
M HCIO,
o 0 o —
2M HCIO,
ANy .
AN
[
] 1 | ] i
—5.0 —4.0 —-3.0 —-2.0 —1.0

log Zn(Zry).
1.—Extraction coefficient of zirconium at unit activity

limiting value of E° should probably be higher of TTA in benzene phase and 1 M and 2 M perchloric acid in
than shown, since there may have been an ap- aqueous phase.
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could be as high as an inverse 4th power, corre-
sponding to a formula of Zr*4, assuming that per-
chlorate ion does not complex zirconium. In any
case the hydrogen ion dependence appears to lie
between 3.7 and 4.0 so that in 2 M perchloric acid
most of the zirconium is present as Zr*4,

In the previous work by Connick and McVey the
species in 2.00 M perchloric acid appeared to be
ZrOH*® when trace concentrations of zirconium
were used. Presumably the interference of the
impurity was the cause of this apparent hydrolysis.
The effect is in the expected direction, as they
pointed out. Their few data with macro amounts
of zirconium indicated less than one hydroxide
ion per zirconium ion, in agreement with the
present results.

Polymer Formation,—The points at the highest
zirconium concentration of the 2 M perchloric
acid series are so low on the plot that a slope more
negative than —1 would be required to fit a curve
through them. Such a slope is not allowable
according to equation (10} and the obvious ex-
planation for the deviation of the data is the high
acidity of this solution, as shown in the last column
of Table II. The zirconium is practically all
polymerized and, if the number of hydroxide
ions per zirconium ion in the polymers is four, the
acidity is 2.98 M rather than 2.00.

From equation (10) the weight average degree
of polymerization may be calculated, 7. e.

1
" slope + 1 an

The data are presented in Table III in column 5.
It is clear that polymers of zirconium containing
several zirconium atoms are formed. The values
are dependent on the way the curves were drawn
and, as can be seen from Fig. 1, the data are not
sufficiently accurate to fix the curves at 4ll pre-
cisely. Therefore the values of Zuf, are only
approximate and especially so at high zirconium
concentrations, where the slope approaches minus
one. For example the data could probably be
fitted with a curve which would give a value of
Znfy of 10 rather than 300 for the point at 10~!
M zirconium concentration in the 2 M perchloric
acid series.

Enfa

TABLE III
THE DEGREE OF POLYMERIZATION OF ZIRCONIUM IN AQUE-
ous PERCHLORIC ACID SOLUTION AT 25°
(H*) log

moles/ log S n(Zr,) Znfa

1 E n=1 Slope =1 A 2z

2 7.975 -—-3.00 -—0.138 1.16 0.86 2.2
2 7.89 —-2.50 — .245 1.32 71 2.1
2 7.713 —-2.00 - .515 2.06 .47 3.0
2 7.35 —-1.50 — .890 9 .20 11

2 6.85 —1.00 — .997 ca. 300 .067 ca. 320

1 9.13 —4.00 — .133 1.15 .90 2.6
1 9.03 —-3.50 — .283 1.39 .72 2.4
1 8.83 —-3.00 — .529 2.12 .45 3.0
1 8.51 —-2.50 — .770 4.4 .21 5.3
1 8.09 —-2.00 — .8%89 9 .082 10

1 7.68 —150 — .944 ca. 18 .029 ca. 19

The weight average degree of polymerization,
excluding the monomer, may be calculated. This
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quantity, designated by g, is given by the equation

1

g = [Znfo = fil =7

The fraction of monomer, fj, is calculated from the
equation

(12)

f = E/E} (13)

where £ is the limiting value of E’ at low zir-
conium concentration, ¢.e., it is the extraction
coefficient of the monomer.

It is clear that the values of g which appear in
the last column of Table III are not precise as the
trend is inverted in the first two points of each
series of experiments. This inversion indicates
that the curve was drawn with too great a curva-
ture in the region where the polymers are beginning
to form. The data do indicate, however, that a
zirconium dimer does exist in these solutions.
If the dimer did not make an appreciable con-
tribution to the total zirconium concentration, the
lowest value g could have would be three, corre-
sponding to the trimer.

It can also be seen from Table III that the dimer
is not the only polymer present, as the value of g
increases as the zirconium is increased. Since
large polymers are formed at high zirconium con-
centrations and since the dimer exists, there is
every reason to believe that all intermediate poly-
mers also exist. The higher values of g, i.e,
from three up, are only order of magnitude values
because the calculation is extremely sensitive to
the slope of the curve as it approaches minus one.
The formation of polymers above the trimer, ap-
pears, from the data, to be more sudden with in-
creasing zirconium concentration at 2 3/ than at
1 M perchloric acid. However, because of the un-
certainty in drawing the curves, there is in reality
no significant difference.

It can be seen in Fig. 1 that the two curves
approach each other at high zirconium concen-
trations. If they coincided this would mean that

“the large polymers contained four hydroxide ions

per zirconium. The observed limiting separation
(at a given zirconium concentration) is 0.29
logarithm unit which is almost exactly a factor of
two. Assuming that activity coefficients are the
same in the two sets of solutions this result corre-
sponds to polymers containing three hydroxide ions
for every zirconium, a formula which is in agree-
ment with the results of pH measurements cited
earlier.®® Presumably these large polymers ap-
proximate to the stoichiometric formula (Zr-
(OH)3xH,0)f" and in addition may contain
perchlorate ions to neutralize some of the charge.

From the data it is possible to obtain a rough
value of the number of hydroxide ions in the dimer.
This value is related to the zirconium concentra-
tions at which polymers first begin to form at the
two different acidities. Under conditions where
only the monomer and dimer are important

E} _ (Zr) + 2Ky(Zr)?

B0 (Zr)

If one chooses the same value of EJ/E" for 1 M
and 2 M perchloric acid

Koy (Zr) g wy = Koy (Zr)g

=1+ 2KyZr) (14)

(13)
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Still applying the above condition, it may be shown
that
I: (Zr) _ I: (Zr)
In(Zra), T L2n(Zra) oy
Substituting into equation (15) and letting x be the

exponent of the hydrogen ion dependence of K,
one obtains

(16)

Koy ) - En(Zrn)(2 M) — 9 amn
Ky En(Zrn)(l M)
or
‘= log=m(Zra), yy, — log Zn (Zra) (18)

0.301

The above equation applies where polymer forma-
tion is very slight. The difference in the logarithms
of the total zirconium concentration must be taken
where each curve has decreased the same amount
from the limiting value of the extraction coefficient
of the monomer. From Fig. 1 it is found that
polymer formation begins to occur approximately
1 to 1.5 logarithmic units higher in the 2 M than
in the 1 M perchloric acid series. Therefore there
are of the order of 3 to 5 hydroxide ions in the
dimer.

Equilibrium Constants for Polymer Formation.
—The precision of the data does not allow accu-
rate calculation of the equilibrium constants for
polymerization. Rough values of K; were cal-
culated to be 102 and 102 for 2 M and 1 M perchlo-
ric acid, respectively.

Since the successive polymers differ only in the
addition of one more zirconium ion (and an un-
specified number of hydroxide ions), it would seem
likely that there should be a fairly simple rela-
tionship between the successive equilibrium con-
stants, especially the higher ones. With this in
mind it was of interest to try to fit the experimental
data with theoretical polymerization curves cal-
culated on the basis of several assumptions con-
cerning the K’s.$

Case 1.—Assume K, = k*~!. This assump-
tion is equivalent to saying that the free energy
change on the addition of each successive zir-
conium ion (along with the accompanying hy-
droxide ions) is constant. The constant, &, is
raised to the » — 1 power rather than the »’th
power so that K; will equal unity, as it must.

The total zirconium concentration is

In(Zry) = ZnKo(Zr)r = Snkr—t (Zr) (19)
E}  Zn(Zr, -
= -%;r—;) = =nlk(Zr)] (20)
This series when summed is equal to
B 1 _ 2n(Zra)
B A =KZOF = (Zn) @0
Sn(Zry) = [1 - (—%)V’ % (22)

This equation contains two arbitrary parameters

? and £ which are to be fitted to the data.

Case 2,—Assume K, = nk*—!. This assump-
tion implies that the free energy of addition of
each successive zirconium ion is somewhat more
positive, the change becoming negligible at high

(8) See F. Graner and L. G, Sillen (Acte Chem. Scand., 1, 631
(1947)) for a similar treatment of bismuth polymerization.
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values of #. Thus each successive zirconium atom
is less stably held on the polymer.
Proceeding as before

En(Zr,) = Itk (Ze) (23)
E}/E® = Zn? [R(Zr) 1 (24)
This series when summed is
E} 1+ kZr) En(Zry)
BT =RZOF - Z) (25)
Case 3.—Assume K, = #n~ %"l This as-

sumption means that the free energy of addition
of each successive zirconium ion is more negative
than that of the preceding one, the difference be-
coming negligible at high values of #. Thus
each successive zirconium is more stably bound in
the polymer.

With*the above assumption we write

n(Zry) = kY (Zep (26)
EY/E° = Z[k(Zr)]*? (27)
On summing the series we obtain
E _ 1 _ Znu(Zry)
B 1=z  (Zn (28)
n(Zry) = (E} — E%)/(kE") (29)

Theoretical curves of log E'/E} versus log Zun-
(Zry) for cases 1, 2 and 3 were plotted on trans-
parent graph paper. For these curves the value
of & for each case was assumed to be unity. The
curves were then shifted horizontally and verti-
cally over a plot of the experimental points, on the
same scale, until the best fit was obtained. The
horizontal placement of the theoretical curve
relative to the experimental points determines the
value of 2 in each case.

It was found that case 2 did not give a good fit
while cases 1 and 3 represented the data within the
accuracy of the measurements. Case 3 appeared
to give slightly better agreement than case 1.
For case 3 the best values of £ are approximately
1.2 X 10% and 1.3 X 10? for the 1 M and 2M
perchloric acid series, respectively. The corre-
sponding values of log E} are 9.21 and 8.05.

Polymer Formation in Other Systems.—All
simple -4 ions exhibit strong tendencies toward
polymerization accompanied by hydrolysis, as
shown, for example, by their ready formation of
colloidal solutions. Cerium(IV), which is con-
siderably hydrolyzed even in 1 M perchloric acid,®
forms a dimer and higher polymers® of undeter-
mined composition. The ions of uranium(IV)
and “plutonium(IV) polymerize under approxi-
mately the same conditions as cerium(IV)!! but
the equilibria have not been investigated. The
formula of the plutonium polymer formed in
perchloric acid solutions has been reported!! to be
(Pu(OH);55) %1%,  Zirconium polymerizes some-
what more readily than the above three ions as
would be expected from its smaller size.

Recently Bi*® has been studied in detail by
Graner and L. G. Sillen® who showed that it simul-
taneously hydrolyzes and polymerizes like zir-

(9) M. S. Sherrill, C, B, King and R. C. Spooner, TH1s JOURNAL, 665,
170 (1943).

(10) L. J. Heidt and M. E. Smith, ibid., 70, 2476 (1948).

(11) K. A. Kraus and F. Nelson, U, S. Atomic Energy Commission
Declassified Report, AECD-1888.
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conium. Other ions which are known to react
in this manner are UQ,™+ and Be*+. It seems
likely that such a behavior is more common than
is generally assumed and that more cations when
carefully studied will be found to act similarly.

Summary

The polymerization of zirconium(IV) in 1 M
and 2 M perchloric acid solutions has been in-
vestigated by measurement of the extraction of the
zirconium chelate of thenoyltrifluoroacetone into
benzene as a function of the zirconium concen-
tration. Polymer formation is quantitatively re-
flected as a decrease in the extraction coefficient
of the zirconium, and equations expressing this
relationship have been developed and applied to the
data.

In 2 M perchloric acid polymers begin to form
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at zirconium concentrations of approximately 2
X 10—* M while in 1 M perchloric acid they appear
at concentrations as low as 2 X 10~* M. The
dimer was shown to exist; it contains between 3
and 5 hydroxide groups. Higher polymers were
formed and it is believed that a continuous series
of polymers, starting with the dimer, exists.

Assuming relatively simple relationships be-
tween the successive equilibrium quotients for
polymer formation, it was shown that theoretical
curves could be deduced which fitted the data
within the accuracy of the measurements.

The limits of the extraction coefficient at low
zirconium concentrations indicated that the zir-
conium(IV) monomer in 1 to 2 M perchloric acid
solutions is mainly present as unhydrolyzed Zr+4.
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Ion Exchange Measurements of Activity Coefficients and Association Constants of
Cerous Salts in Mixed Electrolytes!

By ROBERT E. CONNICK AND STANLEY W. MAYER

Introduction.—In the study of equilibria in-
volving polyvalent ions it is often important to
know the activity coefficients of such ions in mixed
electrolytes. In many cases the deviations of
activity coefficients from normal behavior are
caused by complex-ion formation and a knowledge
of the dissociation constants of such species is
equally desirable. These data are not available
except for a few cases, particularly insoluble salts.?

It has been pointed out by several investiga-
tors®P¢4 that measurements of ion exchange
equilibria provide a convenient method of ob-
taining such information and it was adopted in the
present work for the study of cerous salts.

Theory.—It has been shown by Bauman and
Eichhorn® that a cation exchange resin of the Dowex
type may be thought of as a highly concentrated
salt phase in which the negative ions are fixed in
position but the positive ions move more or less
freely, as in a normal aqueous phase. In order to
neutralize the negative charges of the resin an
equal number of positive charges must always
be present within the resin and, therefore, the
normality of positive ions is fixed by the “capacity”
of the resin.

The exchange equilibrium of +4-3 and 41 positive
ions between a resin and an aqueous phase may be
represented by

Mt 4 3Nt = M¥% + 3N* (1)

(1) Presented at the Atlantic City Meeting of the American Chemi-
rral Society, September, 1949,

(2) H. S. Harned and B. B. Owen, "The Physical Chemistry of
Electrolytic Solutions,’* Reinhold Publishing Corp., New York, N. Y.,
1943, Chapt. 14.

(3) (a) G. E. Boyd, J. Schubert and A. W. Adamson, THIS JOURNAL,
69, 2818 (1947); (b) E. R. Tompkins and S. W, Mayer, ibid., 69, 28569
(1947).

(4) J. Schubert, J. Phys. Colloid Chem., 83, 340 (1348).

(5) W. C. Bauman and J. Eichtiorn, Tris Jour~ar., 69, 2830 (1947).

where the subscript R represents the resin phase.
The equilibrium constant for this reaction is

IMESIINAJ  (MED(N ) 7m* vy
[M+3][N#] - (M *3)(NL) Y u +37]3v‘§

where brackets indicate activities, parentheses
represent concentrations and v is the activity
coefficient of the species indicated.

Multiplying numerator and denominator of
equation (2) by 7% - gives

- _ MANNH Mg anx - QVydrinx
(MANDY L uxY i

The quantity Q is experimentally measurable. If
in a series of experiments the concentration of M*?
is kept small relative to that of N+ in both phases,
Yng and Ymg? should remain constant and ¥ «nxx

should be equal to that for solutions containing
only NX. Then

Y=yx, = kar[QVigx]Ye (4)

where kyx-+ is a constant for a given temperature
if the resin is nearly all in the N+ form. Similar
equations are readily derived for other types of
electrolytes.

Experimental.—The experimental method was
the same as that described by Tompkins and
Mayer? except that the temperature was main-
tained within =0.5° at 25° in all experiments.

Materials.—A single, large batch of Dowex 50
resin, 100-200 mesh, was the source of resin for
all experiments. It was thoroughly washed with
6 molar hydrochloric acid and water and dried in
air at 999, relative humidity in the acid form.
The capacity of this resin was 2.700 equivalents
per 1000 g. For equilibrations involving sodium
salts, a portion of this resin was neutralized with
sodium hydroxide, washed and air-dried. The

K =

(2)

(3)

4 3
Y MXzny-]*-l



