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and protactinium is, at first glance, surprisingly
large considering the fact that these elements
generally have very similar properties. Although
the ion exchange data indicated that these elements
may differ widely in their tendency to form oxy-
genated complexes, this cannot be considered the
main reason for their ease of separation. Thus the
apparently singly charged ions (species 1) existing
at very low (and possibly zero) hydrofluoric acid
concentration have very similar adsorbabilities.
Their distribution coefficients D; (amounts per cc.
of resin/amounts per cc. of solution) are in 9 M
HCI-NbOCl,—, 420; TaXs—, 210; PaOCl—, ca.
10°.% These differences in distribution coef-
ficients would at best permit separation by careful
chiromatography. The distribution coefficients D,
of the various species 2, apparently formed by
reaction of species 1 with two molecules of hydro-
fluoric acid, are also very similar, though less
similar than those of the species 1 (calculated
values of D,: niobium, 1.0; tantalum, 27; pro-
tactinium, 0.2).

The excellent separability of these elements is

(6) As mentioned earlier these formulas are only symbolie,
are probable but have not heen proved in detail.
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thus not primarily due to differences in adsorb-
ability of their ions of like charge, as one might
expect. It results more from the facts that ions
of different charge have widely differing distribu-
tion coefficients under the experimental conditions
and that the complex constants relating the various
species differ greatly. Since the ratios of the dis-
tribution coefficients of ions of different (negative)
charge depend strongly on the eluting conditions’
and may even become unity—making separations
impossible—at a cross over point P (see I), it is
important to select eluting conditions where the
ratio of the distribution coefficients is as large as
possible. In the present case this is true at ex-
tremely high chloride concentrations since P is
at a small chloride concentration. Fortunately,
the apparently singly negatively charged complex
ions of these elements have extremely high inherent
adsorbabilities and hence can be adsorbed from
solutions of very high ionic strength where dis-
tribution coefficients of ions of higher charge are
small.

(7) As shown in I plots of log D vs. log (HCI) have different slopes

for ions of different charge.
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Anion Exchange of Complex Ions of Hafnium and Zirconium in HCI-HF Mixtures

By E. H. HurrMmaN AND R, C. LiLLy

The elution of complex ions of zirconium and hafnium from an anion exchange resin with mixtures of hydrochloric and

hydrofiuoric acids has been studied in two different concentration ranges.

Differences in the dependence of the distribution

coefficient upon the concentrations of chloride ion, hydrogen ion and hydrofluoric acid have been noted for the two ranges,
and some possible ionic equilibria are discussed in connection with the data.

The separation of zirconium and hafnium by
anion exchange of their complex ions containing
fluoride and chloride has been reported by Kraus
and Moore! and by Huffman and Lilly.? The
former investigation made use of the resin Dowex-1
and an eluting solution composed of 1.0 M hydro-
chloric acid and 0.5 M hydrofluoric acid (referred
to herein as high acid concentration); the latter
investigation made use of the resin Amberlite
TRA-400 and an eluting solution composed of 0.2
M hydrochloric acid and 0.01 M hydrofluoric acid
(referred to herein as low acid concentration).
Moore and Kraus have also presented data to show
the dependence of the rate of elution of zirconium
upon the hydrochloric acid and the hydrofluoric
acid concentrations in the high acid concentration
range,? though it is not clear from this work whether
the rate of elution is dependent upon both the
hydrogen ion concentration and the chloride ion
concentration or only upon the latter.

Work in this Laboratory, principally with
hafnium, has shown that the dependence of the
elution rate upon the acid concentrations is not the
same for the two different mixed acid concentration

(1) K. A. Kraus and G. E. Moore, THis JourNavL, T1, 3263 (1949)

(2) E. H. Huffman and R. C. Lilly, ibid., T1, 4147 (1949).

(3) G. E. Moore and K. A, Kraus, Division of Physical and Inor-

ganic Chemistry, American Chemical Society, Detroit, Michigan, April
18, 1850.

ranges. This paper presents the results of this
work and discusses possible ionic species involved
in the exchanges. Data have been obtained in the
low acid concentration range to show the elution
rate dependence upon chloride ion concentration,
hydrogen ion concentration, and hydrofluoric
acid concentration. Data have also been obtained
in the region studied by Moore and Kraus,® but
using lithiumn chloride as well as hydrochloric acid
in order to obtain the effect due to chloride ion
alone. The present data were obtained using
macro quantities of zirconium and hafnium, and
Amberlite JRA-400 in place of Dowex-1. Both
of these resins are cross-linked quaternary amines
and strongly basic.

Experimental

Preparation of the Adsorbent.—Amberlite IRA-400 resin,
as received from the manufacturer, was in the chloride form.
The air-dried material was ground and dry screened to ob-
tain 200/325 mesh particles and washed free of fines by de-
cantation with water in a beaker. Columns of 6.5 mm. i.d.
were bored from 15 em. lengths of lucite rod and threaded
externally at both ends. The lower end was fitted with a
lucite cap having a capillary tip and the upper end was
fitted with a cap to which 6 mm. i.d. tygon tubing could be
attached. Teflon gaskets were used to seal the fittings.
A small cotton plug was inserted at the bottom of the
column and the resin was washed in to give a bed length of
10.5 cm. after gentle tapping.

The free column volume wus determined in the following
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manner., Upon completion of a run the resin was removed
from the column, dried at 110° and weighed. The true
volume of the resin particles was obtained by using this
weight and the true density given by the manufacturer and
defined as the dry weight divided by the volume of water
displaced. Subtracting this volume from the apparent
volume of the column bed gave the free volume. In some
instances the air-dried resin was weighed before it was put
in the column. The results of six determinations using
water, eluting solutions in the low concentration range and
eluting solutions in the high concentration range gave a
value of 2.3 = 0.1 ml. for the free volume of the column de-
scribed above.

Preparation of the Solutions.—Johnson, Matthey and
Co. zirconium metal was dissolved in hydrofluoric acid, the
solution was evaporated and the residue was ignited to the
oxide. Spectrographic analysis showed a 0.49%, hafnium
content based on the zirconium. Chemical Commerce haf-
nium nitrate, containing 0.3%, zirconium, was dissolved in
dilute hydrochloric acid, precipitated with ammonium hy-
droxide, washed with water and ignited to the oxide.
Weighed quantities of hafnium and/or zirconium oxide were
dissolved in a mixture of hydrofluoric and nitric acids in a
platinum dish, tracer solution was added and the solution
was fumed with sulfuric acid. This solution was then
transferred to a Lusteroid tube with water and precipitated
with ammonium hydroxide. The precipitate was centri-
fuged, washed with water and again centrifuged. The
metal hydroxide was dissolved in enough hydrofluoric acid
to give a final solution of approximately 0.06 M hydrofluoric
acid.

Zirconium tracer solutions were prepared from carrier-
free Zr% which was received in 10 M nitric acid and 5%
oxalic acid. This solution was diluted to about 8 M nitric
acid, a small amount of 0.5 M potassium permanganate was
added and the solution was heated in a water-bath to pre-
cipitate manganese dioxide which carries the daughter Nb#s.
The mixture was centrifuged and the supernatant liquor
filtered. Tracer Hf!'®! solutions were prepared from pile-
neutron-irradiated hafnium dioxide in the same way as were
the hafnium and zirconium solutions above. These tracers
were obtained from the Isotopes Branch, United States
Atomic Energy Commission.

In the experiments where only one element was needed to
show the dependence of the distribution coefficient on vari-
ous eluting solutions, hafnium was chosen in order to avoid
periodic separation of the daughter Nb% which would be
necessary if Zr% were used.

Adsorption and Elution.—Column runs were made both
with mixtures of zirconium and hafnium and with hafnium
alone. Adsorptions were carried out from 5 ml. of 0.06 M
hydrofluoric acid onto 60 mg. of resin by shaking for 1.5
hours in a Lusteroid tube sealed with a paraffin coated cork.
The tube and contents were centrifuged, the supernatant
solution was poured off, and the resin was washed once with
5 ml. of water. Tracer counting of the supernatant solution
and wash showed 98.0-99.8%, adsorption. The amount of
zirconium used was always 2.0 mg. with about 1.5 X 10%
counts per minute of Zr%, In order to get the same count
of H® the amount of carrier hafnium varied from 1.0 to
2.8 mg., with less than half of this variation for each series.
The resin containing the adsorbed complex was slurried onto
the prepared column of resin with water and the liquid level
brought just to the top of the resin.

The eluting solutions were contained in discarded hydro-
fluoric acid bottles made of plastic and were run into the
columns through Tygon tubing after carefully filling the
column above the resin with the eluting solution. All runs
were made at a flow rate of 2.8 & 0.2 ml. per hour and the
elutriant was collected in Lusteroid tubes at from 7.5-minute
to 60-minute intervals by means of an automatic sampler.
Aliquots of the tube contents were evaporated on platinum
discs and counted in a G.M. counter in order to obtain the
concentration of solute.

Discussion

The effect of varying the hydrochloric acid
concentration in the low acid range is shown
in Fig. 1. The elution rate is not only greater with
higher concentration, but the peaks are also
sharpened and the valleys between are raised.
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Fig. 1.—Elution of fluozirconate and fluohafniate with
0.009 M hydrofluoric acid in (A) 0.23 M hydrochloric acid,
(B) 0.20 M hydrochloric acid and (C) 0.17 31 hydrochloric
acid.

Identification of the zirconium and hafnium peaks
was made both by the total counts under them and
by spectrographic analysis. As it was not obvious
that the results given by Kraus and Moore! in the
high acid concentration range would be the same
on Amberlite IRA-400 as on Dowex-1, their
separation was repeated on a column as described
above. The results of this separation were sub-
stantially the same as reported for Dowex-1.

It has been shown by Mayer and Tompkins*
for ion exchange processes that

Vmax
b==F W
Where D is the distribution coefficient between the
resin and the solution in contact with it, and is
dimensionless, Vmax is the volume of elutriant
that has been collected at the peak concentration
(after subtracting one free column volume which
does not pass through the adsorbed solute) and v
is the free column volume. The complex hafnium
ions in solution and adsorbed on the resin may
contain chloride, oxide, hydroxide or hydrogen ions
in addition to fluoride. However, the data below
show that the equilibria are independent of the
hydrogen ion concentration, except for the forma-
tion of hydrofluoric acid. There are, then, no
changes in the oxide, hydroxide or hydrogen
ion content of the complexes during elution in either
series, and the equations for the reactions may be
simplified by not showing these. Thus, the
reaction for eluting a complex fluo-ion of hafnium
from an anion exchange resin with a solution of

(4) S, W. Mayer and E. R. Tompkins, THis JoUurRNAL, 69, 2866
(1947)
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hydrochloric and hydrofluoric acids may be written
as
R.HICLF, + mH™* 4+ (#n + r)Cl- =

HfCl,;, Foy_. 4+ #RCl 4+ ¢HF (2)

where R represents a unit charge on the resin, and
a (thesum of 4 — x — » — y 4+ 3) is equal to the
charge on the complex ion in solution. No in-
formation is available concerning the activity
coefficients for complex fluo-ions of hafnium and
zirconium either in solution or on resins. How-
ever, Kressman and Kitchener’ have shown that
for cation exchangers the equilibria obey the law
of mass action if concentrations are used instead
of activities. They explain this as being due to
changes in activity coefficients in the resin phase
which compensate such changes in solution. The
equilibrium constant for reaction (2) in terms of
molar concentrations is then

_ (HfCl,, F*,_,)(RCI)"HF):

K = (RECLF, (EH~(CI ) ®
and, if (RCl) may be considered constant
p - (RHICLF,) _ .,  (HFy

- (HfCl, +\Fy %) (HH)m(Cl=)y+r (4)

As the adsorbed band travels down the column
the loading of the resin changes. However, the
average loading during the elution, and hence the
average value of (RCIl), should be essentially
constant from one run to another. This assump-
tion is supported by the similarity of the results
obtained here to those obtained in the same region
when tracer amounts of zirconium were used.?
The values of D may be read from elution curves
such as those shown in Fig. 1 at the volume of
maximum concentration, according to Equation
(D).

If log D is plotted against log (Cl~), with (H+)
and (HF) constant, the slope of the curve will give

30 T A

20 =~ ]
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1.0 Ll ! I
04 06 1.0 2 34
Molarity of chloride.

Fig. 2.—Dependence of distribution coefficient of fluo-
hafniate on chloride ion concentration; O, hydrochloric acid
with 0.50 M hydrofluoric acid; 4, lithium chloride with
0.60 M hydrochloric acid and 0.50 M hydrofluoric acid.

(o T, R, I Kressman aud Jo A, Kitchener, J. Chenr. Soc.
(1{949).
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the value of (# + r) in Equations (2) and (4).
The value of 2 may be obtained in a similar manner
when (HF) is the variable. However, (H)
cannot be varied while (Cl—) is kept constant by
using another acid without introducing another
competing negative ion. For this reason the effect
due to change in (H*+) was obtained by varying
(HCI) in one plot and then using varying, con-
centrations of lithium chloride with constant {HCI)
in another plot and taking the difference between
the two slopes.

The results obtained by Moore and Kraus® for
zirconium show that the elution rate is independent
of the hydrofluoric acid concentration and that it
varies with the second power of the hydrochloric
acid concentration, This could be interpreted as
meaning that the elution rate depends upon the
first power of the concentration of hydrogen ion as
well as upon the first power of the chloride ion, as
illustrated by the following two possible reactions
if the results also apply to hafnium as expected

RHICLFy-. + H* 4+ Cl- = HHfCL.F;—. + RCl (5)
RHHfCLFs—, + H+ 4 ClI- = H;Hf;Fs—. + RCl (6)

The alternative explanation, given by Moore and
Kraus, is that the rate depends upon the second
power of the chloride ion concentration, thus
suggesting the possible reactions

RyHfCL,Fs—z + 2C1~ = HfCL,F=_, + 2RCl (7)
R,HHICLF;_, 4 2Cl~ = HHfCL,LF~_, 4+ RCl (8)

as well as the reaction
RHfCLF;_, 4+ 2ClI7 = HfCl,4+, F~5 ., + RCl (9)

in which the charge on the adsorbed ion is not the
same as the number of chloride ions entering the
reaction.

The data presented in Fig. 2 show a negative
slope of 2.0 for the plot of log D vs. log (Cl™)
when lithium chloride is used in varying concen-
tration with a fixed concentration of 0.60 M
hydrochloric acid, as well as when hydrochloric
acid alone is the source of chloride. The concen-
tration of hydrofluoric acid was maintained at
0.50 M for these results. Since the elution rate is
independent of the hydrogen ion concentration,
the reactions given in Equations (5) and (6) are
seen to be eliminated as possibilities. The elution
rate has been found to be independent of hydro-
fluoric acid concentrations from 0.25 to 4.00 M
at a constant concentration of 1.00 M hydrochloric
acid on Amberlite IRA-400. Since this confirms
the results previously found for tracer zirconium
on Dowex-1° the present data are not given here.

The picture presented in the low acid concentra-
tion range is somewhat different. The dependence
of D on hydrofluoric acid concentrations from 0.005
to 0.40 M at a constant hydrochloric acid strength
of 0.23 M is shown in Fig. 3, The slope of 1.1
for this curve shows that there is one less fluorine
atom in the coniplex in solution than in the complex
on the resin. The slope of —1.5 for the dependence
of D on the chloride ion concentration is more
difficult to interpret. This slope is shown in curve
A of Fig. 4 for an eluting solution of 0.20 M hydro-
chloric acid and 0.05 to 0.20 M lithium chloride.
Curve B sliows a slope of —2.5 when hydrochloric
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Fig. 3.—Dependence of distribution ratio of fluohafniate
on hydrofluoric acid concentration in 0.23 M hydrochloric
acid.

0.05

acid alone is used as eluting solution. The differ-
ence between these slopes gives a first power de-
pendence on the hydrogen ion concentration,
showing that hydrogen ion is used only in combining
with the fluoride ion released when the complex is
eluted from the resin.

If the slope of the log D vs. log (C1-) plot were an
even 1.0, then the two reactions

RHfCLF;_, + H* + Cl- = HfCLF_, + HF 4 RCl
(10)

RHHICLFs_, + H* + Cl~ = HHCLF;_, + HF + RCI
(11)

would be possibilities. Simiiarly a slope of 2.0
would allow the reactions

R,HfCL,Fs_, + H* 4 2CI~ = HfCL,F~_, + HF + 2RCl
(12)

R:HHICLFr_. + H* 4 2CI- =

. HHfCLF~¢_. + HF + 2RCl (13)

The slope of 1.5 probably indicates that one of the
reactions (10) or (11) and one of the reactions (12)
or (13) are both operating in this elution. The
present data are insufficient to clear up this point.
One thing further can be pointed out. It is
highly unlikely that reaction (7) in the high acid
concentration and reaction (13) in the low acid
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Fig. 4 —Dependence of distribution coefficient on chlo-
ride jon concentration and on hydrochloric acid concentra-
tion; A, lithium chloride in 0.20 M hydrochloric acid and
0.009 M hydrofluoric acid (fluohafniate); B, hydrochloric
acid and 0.009 M hydrofluoric acid (fluohafniate); C, same
as B for fluozirconate. Points for 0.17, 0.20 and 023 M
hydrochloric acid taken from Fig, 1.

concentration can both be true, as this would
require R,HfCl,Fs—, when the fluoride ion con-
centration in the solution is about 10~* M and
R,HH{CI,Fr—, when the fluoride ion concentration
is about 10—% M. It would also call for HfCL,F,_,~
in about 1.0 M hydrochloric acid and HHfCl,Fs_ .~
in about 0.2 A/ hydrochloric acid.
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