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Extraction Using a Crown Ether 

KAZUSHIGE NISHIZAWA, TOMONORI SATOYAMA, 
TAKAHITO MIKI, and TADASHI YAMAMOTO 
DEPARTMENT OF NUCLEAR ENGlNEERING 
OSAKA UNIVERSITY 
2-1, YAMADAOKA, SUITA, OSAKA 565, JAPAN 

MASAO NOMURA 
RESEARCHLABORATORYFORNUCLEARREACTORS 
TOKYO INSTITUTE OF TECHNOLOGY 
2-12-1, OOKAYAMA, TOKYO, JAPAN 

ABSTRACT 

The zinc isotope effect in a liquid-liquid extraction system using dicyclohexano- 
18-crown-6 was investigated. The enrichment factor for a unit difference of mass 
number was E,, = 0.018 as a maximum, which is greater than that for magnesium 
isotopes. The enrichment factor to eliminate “Zn from “Zn, 67Zn, 68Zn, or 70Zn 
is over 0.036. The isotope with an odd mass number, 67Zn, behaved differently 
from those with even mass numbers. This oddleven isotope effect was EO/E = 

0.056. From the values of E,, and EO,E, it was found that the crown ether separated 
the zinc isotopes more effectively on the basis of an odd or an even mass number 
than of mass difference. The separation factors vary with the concentrations of 
salt and/or conjugated acid in the initial aqueous phases of extraction. The optimal 
concentration necessary to obtain the largest separation factor had components 
of 2.0 M ZnClz and 1 .O M HCI. The large value of eU for the high atomic number 
zinc and the notable € 0 , ~  make it clear that the vibration frequencies of the intramo- 
lecular bonds should have an isotope shift which is recognized in the orbital energy 
of the atoms. 

Key Words. Zinc isotopes; Unit mass enrichment factor; Odd/ 
even isotope effect; Isotope shift; Crown ether; Liquid-liquid ex- 
traction 
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2832 NlSHlZAWA ET AL. 

INTRODUCTION 

In order to suppress 6oCo buildup in a primary coolant of a boiling water 
reactor, injection of trace amounts of soluble zinc has recently been tried 
( 1 ) .  This approach was shown to be effective in the reduction of gamma- 
ray radiation on the piping system carrying the coolant. This method to 
reduce the radiation field has been successfully put into practical use in 
several nuclear reactors used for power generation. There is, however, a 
problem with the use of zinc. It has an isotope, 64Zn, which is almost 50% 
of the naturally occurring abundance ratio. Thermal neutron absorption 
of 64Zn in the vicinity of the reactor core yields a radioactive isotope, 
65Zn, whose half-life is relatively long at 245 days. In order to suppress 
the occupational radiation dose of workers who inspect and maintain the 
reactor subsystem, 64Zn-depleted zinc is desirable. To obtain 64Zn-de- 
pleted zinc, an effective isotope separation technique has to be developed. 

Another application of zinc isotopes is for biomedical use (2), for in- 
stance, 68Zn is the precursor of radioactive 67Ga, which is widely used 
in clinical medicine for tumor localization. At present, zinc isotopes are 
enriched in electromagnetic separators. Their production is limited, and 
the costs are quite high. One purpose of the present study is to examine 
an alternative isotope separation technique. 

In a previous paper (3) we reported that the enrichment factor of zinc 
isotopes for unit atomic mass difference is eu = 0.013 in the liquid-liquid 
extraction system using a crown ether of dicyclohexano-l8-crown-6 
(DC18C6). From the viewpoint of elimination of 64Zn, since the mass 
difference between 64Zn and 66Zn is two atomic mass units, the enrichment 
factor is larger than 0.026. This enrichment factor is extremely large com- 
pared with E = 0.0007 (4), which was calculated for the chemical exchange 
reaction between 6-hydrated zinc ion and 4-iodinated complex. The zinc 
isotopes were separated by a liquid-phase thermal diffusion technique (5).  
While it seems to be effective, it is impossible to compare it with the 
present study since the separation factor cannot be deduced from the 
system itself. 

In the chemical exchange reaction, it is formerly recognized (6) that the 
isotope effect is inversely proportional to the square of the mass and 
proportional to the mass difference. Urey (7) noted that chemical methods 
are promising only for elements with atomic weights not greater than 40. 

In our previous study, several new facts for enriching medium and 
heavy isotopes have been found: 1)  the unit mass separation factor, E,, 

for zinc isotopes of atomic number 30 is larger than that for magnesium 
(8) of atomic number 12; 2) E, for zinc isotopes (3) is greater than for their 
mass numbers; 3 )  E,, for barium of atomic number 56 is greater than that 
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SEPARATION OF ZINC ISOTOPES 2833 

for strontium (9) of atomic number 38; and 4) cu for zinc is greater than that 
for nickel (10) of atomic number 28. The chemically different behaviors 
between the odd mass number isotopes and the even mass number iso- 
topes were found for various elements, including magnesium, nickel, zinc, 
strontium, and barium, by liquid-liquid extraction using DC18C6. For 
most of these elements the isotope effects assigned to odd or even mass 
numbers are greater than those assigned to the unit difference of mass 
numbers. These facts indicate that the isotopic enriching mechanism in a 
chemical exchange reaction should be reexamined. 

EXPERl MENTAL 

Dicyclohexano- 18-crown-6 (DC 18C6) was a product of Nisso Chemical 
Company. Reagent grade zinc chloride from Wako Pure Chemical Indus- 
try was guaranteed to be 99.9%. It was used without further purification. 
Reagent grade chloroform was from Nakarai Tesque. 

An organic phase was prepared by dissolving DC18C6 in chloroform 
whose concentration was 0.2 m ~ l . d m - ~  (M). Before use for extraction, 
this organic phase was scrubbed with a large amount of demineralized 
water in order to eliminate such water-soluble impurities in the solution 
as photolysis products of CHC13 and ethanol mingled as a stabilizer of 
CHC13. An aqueous phase was prepared by dissolving ZnCIz into of HCI 
solution, of fixed concentration. Each 20 mL of the aqueous phase and the 
organic phase were shaken together for the extraction. Then the solution 
mixture was transferred to a separating funnel and rested for 30 minutes 
so the phases could disengage. These shaking and standing processes were 
carried out at 293 +- 0.5 K by means of a water and ethanol bath. The 
organic phase was isolated from the aqueous phase and then scrubbed 
with 20 mL pure water for backextraction of ZnC12 into the water. The 
zinc chloride solution thus obtained was analyzed by an atomic absorption 
spectrophotometer (Shimadzu AA-640- 12). 

The ZnC12 solution was passed into a cation exchanger column, and 
then the column-adsorbing Zn2 + was purged with methanol to remove 
any organic impurity. The column was then eluted with nitric acid solution 
to obtain Zn(N03)2. The Zn(N03)JHN03 solution was dried in a vial 
made from a fluoro resin. 

The isotopic abundance ratios of Zn were measured by a surface ioniza- 
tion mass spectrometer (MAT 261, Finigan Mat). A single filament method 
was used. Almost 5 Fg of Zn was charged on the filament together with 
a small amount of silica gel powder and phosphoric acid. The filament 
was electrically heated in air to obtain zinc oxide on the filament. The 
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2834 NlSHlZAWA ET AL. 

precision of the present measuring system was less than 0.5% in one sigma 
for the isotopic ratio of &ZZn/66Zn. 

RESULTS AND DISCUSSION 

The separation factor of zinc isotope in the liquid-liquid extraction sys- 
tem is defined as 

a = ([LZn]/[68Zn]),,,/([LZn]/[68Zn]),q (1 )  

where =Zn indicates isotopes of zinc lighter than 68Zn, and ([LZn]/ 
[68Zn]),, and ([LZn]/[68Zn]),q denote the isotopic ratios found in the or- 
ganic phase and in the aqueous phase after completion of the isotopic 
equilibrium, respectively. 70Zn is the heaviest naturally occurring isotope, 
but its abundance ratio is too low (0.62%) to measure with a mass spec- 
trometer equipped with a surface ionization ion source. Therefore, we 
omitted 70Zn in the present experiment. An enrichment factor, E, is defined 
as E = (Y - 1, and in general, (Y is small compared with unity: E = In a. 
In order to compare the isotope enrichment factors of other elements, or 
to separate them from an oddleven isotope effect, the unit mass enrich- 
ment factor E,, is defined as 

(2) 
where A6* and AL show the mass numbers of 68Zn and LZn, respectively. 

Figure 1 illustrates E values for 64Zn, 66Zn, 67Zn, and 68Zn. From the 
definition, E at A = 68 is always zero. As with lithium (1 l ) ,  magnesium 
(8), and strontium (12) isotope separations, zinc isotope enrichment fac- 
tors also vary depending on the salt concentrations of the aqueous phases 
of the liquid-liquid extraction systems. The E values taken from salt con- 
centrations of 0.5 M and 2.0 M in the 1.0 M HCI aqueous solution are 
shown in Fig. 1 as examples. The E values at mass number 67 deviate 
from the lines for both 0.5 and 2.0 M zinc concentrations. The deviation 
is defined as the oddleven isotope effect. 

E~ = €/(A68 - AL) 

Unit Mass Enrichment Factor 

When E,, is defined according to Eq. (2), the value at mass number 67 
is so far from the straight line, that it is eliminated from the calculation 
of E ~ .  The E values which vary with the salt concentrations in the initial 
aqueous phase are shown in Fig. 2(a) as a function of the salt concentra- 
tions in 1.0 M HCl solution. The E, values are always positive, which 
shows that the lighter isotope are enriched in the organic phase; that is, 
the stability constant of the complex of the lighter isotope with DC18C6 
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factor E" and oddieven isotope effect EO/E are defined in the text. 

is larger than that of the heavier one. Since Pauling's ionic radius of Zn(I1) 
is 74 nm, and in general it is larger for the lighter isotope, the lighter 
isotope is a good fit to DCiHC6 whose radius is relatively large (260-320 
nm). The larger stability constants for the lighter isotopes can be explained 
by this fit of the ion to the hole size of the crown ether. 

In Fig. 2(b), 6,s are illustrated as a function of HCI concentrations in 
the initial aqueous phase of the fixed zinc concentration of 2.0 M. Except 
for the most diluted HC1, E,S increase with HC1 concentration. The is 
identical with lithium, magnesium, and strontium isotope separations car- 
ried out by the present authors. 

A bivalent zinc ion in the aqueous solution can be dealt with like those 
of magnesium and strontium. The zinc ion exists in the aqueous solution 
as the aqua complex Zn2+(OH2), or the dichloro complex Zn2+Clz . The 
former is more popular in the system of a diluted aqueous solution rich 
of water molecules, and the latter is more popular in a solution of stronger 
ionic strength. Since each complex is counted as a different chemical 
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FIG. 2 Unit mass enrichment factors as a function of (a) ZnC12 concentration and (b) HCI 
concentration in the initial aqueous phase. 
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species, the isotopic composition of zinc in each species is not identical. 
The isotopic equilibrium in both species is as follows (if 64Zn and ‘j8Zn 
are used as the isotopic composition for simplification): 

64Zn2+(OH2)n + 68Zn2+ClF 2 642n2+C1; + 68Zn2+(OH2)n (3) 

The zinc ion complex with the neutral carrier DC18C6 has to be a neutral 
molecule accompanying counteranions to be extracted into the organic 
phase. The isotopic equilibrium between the dichloro complex in the aque- 
ous solution and the crown complex in the organic phase is: 

MZnZ+C1; + ‘j8zn~c12 K=. 642nLCl2 + 68zn2+ c1; (4) 
where L represents crown ether and ZnLCI2 is the crown complex of zinc 
in the organic phase. 

The equilibrium constants, K p  in Eq. (3) and K, in Eq. (4) have the 
following relationship (8): 

(5 )  

where W is the ratio of the chloro complex to the aqua complex of zinc 
in the aqueous solution: W = [Zn2+C12 l/[Zn2+(OH2),,l. 

Because of the relatively high salt concentration and some other differ- 
ent conditions in the present experiment, we cannot find the stability con- 
stants of zinc chloro complex formation in the aqueous solution in the 
literature. Since the enrichment factors measured in salt concentrations of 
2.0 M and 3.0 M are almost parallel, as shown in Fig. 2, and the distribution 
coefficients shown in Fig. 6 are almost identical in more concentrated 
aqueous solution to 2.0 M zinc in the aqueous solution, the W value is 
almost zero: all zinc ions exist as the aqua complex. Equation (5 )  is rewrit- 
ten as 

(6) 
In a(0.5) = In K,  + In K p  

In 4 2 . 0 )  = In K, 

where a(0.5) and 42.0)  show the separation factors given by 0.5 M and 
2.0 M zinc solutions, respectively. Since ES at 0.5 and 2.0 M are eU = 
0.01 1 and eu = 0.072 as shown in Fig. 1 ,  respectively, we can calculate 
K ,  = 1.072 and Kp = 0.941. The equilibrium constant K ,  of Eq. (4) is 
for 64Zn and ‘j8Zn, and it shows the intrinsic isotope separation ability of 
DC18C6 between 64Zn and 68Zn. 

Zinc required for the water chemistry of a nuclear reactor has to have 
64Zn depleted from its isotopic composition. The largest unit mass enrich- 
ment factor obtained in the present experiment is eu = 0.018. Since natu- 

In a = In K,  + (In Kp)l(l  + W) 
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rally occurring zinc includes @Zn, 66Zn, 68Zn, and 70Zn, the enrichment 
factor to eliminate @Zn is 0.018 x 2 = 0.036. 

OddlEven Isotope Effect 

The E value at mass number 67 differs from those expected from the 
straight line linking the ES of even mass numbers. This deviation from the 
line is eOIE, as mentioned above. If the enrichment factors are determined 
unconditionally by the mass of isotopes, the ES of 67Zn should be on the 
straight line. The significantly large value of EWE relative to eu suggests 
the existence of some other factors determining the chemical behavior of 
the isotope rather than the mass difference. 

The cOIE values also increase with the concentration of salt in the initial 
aqueous phase, except for 0.8 M, as shown in Fig. 3(a). By applying the 
identical calculation with E,, to the E ~ / ~ ,  we obtain the following equations: 

In ~ O / E ( O . S I  = In K o I E ( ~ )  + In KoIE(~) 
(7) In (Y@/E(2.0) = In K o I E ( ~ )  

where aO/E(o.5) and C Y U O / ~ ( ~ . ~ )  denote the separation factors obtained in 0.5 
and 2.0 M aqueous solution; (YO/E(O.S) = 1.015 and ~ O I E ( Z . O )  = 1.058, re- 
spectively. From Eq. (7), the ability of DC18C6 to distinguish the isotope 
of the odd mass number or the even mass number (KOIECc))  and the equilib- 
rium constant ( KO/E(p)) of isotope exchange between dichloro and aqua 
complexes are calculated; K @ I E ( ~ )  = 1.056 and K o I ~ ( ~ )  = 0.960, respec- 
tively. The absolute value of the enrichment factor of E ~ / ~  is over 3 times 
larger than that of E,,. The fact suggests that some other chemical property 
of the isotope has a larger effect than the mass difference for enrichment. 

The addition of conjugated acid to zinc chloride solution gives rise to 
an increase of counteranions to the zinc ions. Consequently, the ratio of 
chloro complex to aqua complex is increased, leading to a large W value 
in Eq. (5). The odd/even isotope effects are illustrated in Fig. 3(b) as a 
function of HCI concentration. The absolute values of eOIE increase with 
HCl concentration, except at 0.2 M HCl. It is obvious that an increase in 
the HCl concentration causes the population of the dichloro complex of 
zinc in the aqueous phase to increase. 

Isotope Effect Induced by Isotope Shift of Orbital Energy 

For the chemical exchange reactions, the enrichment factors can be 
estimated through the partition functions of the isotopic compounds (6). 
The separation factor for isotope exchange between two compounds of a 
given element is described as the ratio of the partition function ratios ( f l  , 
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FIG. 3 Oddleven isotope effects as a function of (a) ZnClz concentration and (b) HCI 
concentration in the initial aqueous phase. 
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f 2 )  if the symmetric configuration is neglected: 

= f l I f 2  (8) 
The partition function ratios are related to the vibrational frequencies of 
the isotopic molecules. The vibrational frequency is a function of the force 
constants of the bonds in the molecule, especially of those between the 
isotope and the other atoms. For the coordinate bond between the isotope 
atom and the ligand, the force constants are dependent on the orbital 
energy of the isotope atom, which is known to show an isotope shift. In 
this sense the isotopes which show a greater isotope shift in the orbital 
energy give a greater difference of the force constants in the coordinate 
bond, leading to the large separation factor. 

The specific mass shift of the 3d-orbital of zinc is said to be excessively 
large (13) for its larger atomic mass. The molecular orbital of the 
zinc-crown ether complex is not precisely known, but it is assumed to 
be composed of hybrid orbital associated with the 3d, 4s, and 4p orbitals 
of zinc. Since a nucleus composed of an even numbers of protons and an 
odd numbers of neutrons possesses a smaller angular momentum relative 
to that of an even-even configuration, the s-orbital energy is higher for 
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FIG. 4 Logarithmic distribution coefficient to salt concentration in the aqueous phase. 
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the odd mass number isotope of zinc, 67Zn, compared with those of the 
even mass numbers. Thus, the extremely different behavior of 67Zn from 
#Zn, 66Zn, and 68Zn is assumed to be due to the isotope shift of orbital 
energy. 

Distribution Coefficient 

The distribution coefficients are illustrated in Fig. 4 as a function of the 
Zn concentrations in the aqueous phase of the extraction. In a simple 
extraction system which can be described as in Eq. (9), log D has to have 
linear dependency to log [Cl], and its slope should be 2.0 because D/Kex 
= [C1-I2[L]: 

Zn2+ + 2 ~ 1 -  + L % ZnLC12 (9) 
where K,, is the equilibrium constant, D is the distribution coefficient, 
and [Cl-] and [L] are the activity of CI- in the aqueous phase and the 
concentration of DC18C6 in the organic phase, respectively. As the ionic 
strengths in the aqueous phase are not always constant in the present 
experiment, the linear dependency between log D and log[Cl] is distorted. 
This is caused by the increase of the chloro complex of zinc with the 
increase of the concentration of Zn salt in the aqueous phase. 
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