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ABSTRACT

A liquid membrane system to enrich zinc isotope was investigated. The liquid
membrane was composed of a solution of dicyclohexano-18-crown-6 in chloroform.
Zinc chloride dissolved in diluted hydrochloric acid was used as a feed phase. A
receiving phase was made of a 0.001 M HCl solution. The zinc isotopes were enriched
(1) at the interface of the Iiquid-membrane/feed-phase and (2) at that of the liquid-
membrane/receiving-phase. The separation factor attained in the system was cc =
1.049 for the separation of MZn and ^ n . The enrichment factor of ̂ n relative to
67Zn was e = — 0.053, which is in the inverse direction of enrichment by a liquid-liq-
uid extraction. The enrichment factor of "Zn to ̂ n showed a different value from
that of 6&Z.n to ̂ Zn, regardless of their similar mass difference. The isotope effects
in the Zn-crown complex were dominated by the field shift of electronic energy in
the isotope atom. This is in contrast to the Bigeleisen-Mayer approximation for a
chemical exchange reaction.

Key Words. Zinc isotopes; Separation of MZn from ^ n ; Separa-
tion of 67Zn from 6(yZn; Isotope shift; Crown ether; Liquid membrane
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992 NISHIZAWA ET AL.

INTRODUCTION

In isotopic enrichment studies by a liquid-liquid extraction system using
a crown ether, it has been reported that odd atomic mass isotopes are enriched
by quite different separation factors from even atomic mass isotopes. This
effect has been observed for magnesium (1), zinc (2, 3), strontium (4,5) and
barium (5) isotopes. The odd atomic mass isotopes enrich preferentially in the
aqueous phase of liquid-liquid extraction. On the basis of these experimental
evidences, Nishizawa and coworkers (1, 2, 4) explained that the odd/even
isotope effect in the chemical exchange separation of isotopes is brought
about by the isotope shift in the orbital electron energy of the isotope atom,
especially from the even-odd staggering which has been recognized for many
years (6). Bigeleisen (7, 8) showed theoretically in his recent papers that the
field shift of the isotope shift results in an anomalous enrichment factor of
^ U in the U(IV)-U(VI) exchange reaction (9).

Even for the even atomic mass isotopes of the even atomic numbered
elements, the enrichment factors have exhibited a nonlinear dependence on
the mass difference in isotope separation by the use of macrocyclic ligands;
for instance, the enrichment factor of ""Ca to 40Ca was reported to show a
different value from that of 48Ca to ^Ca, but the authors did not define the
cause (10, 11). One of our present purposes is to accumulate experimental
evidence of the chemical isotope shift induced by the isotope shift of the
electronic energy of the isotope atom.

We reported in previous papers (2, 3) that we obtained in a liquid-liquid
extraction system a large enrichment factor, eu = 0.018, for a unit difference
of mass numbers of zinc isotopes. Because of its high ionization potential,
however, zinc is one of the most difficult metals for isotopic analysis by a
surface ionization mass spectrometer. The precision of the isotope ratio was
limited. In the present study this is somewhat improved by an additive effect
of the enrichment factors in a liquid membrane system. We examine the
isotope separation efficiency of a continuous process system using a liquid
membrane of dicyclohexano-18-crown-6.

The distribution coefficient of zinc in a liquid-liquid extraction system
using dicyclohexano-18-crown-6 (2) is reported to be larger than that of lith-
ium (12); that is, the stability constant of the zinc-crown complex is larger
than that of the lithium-crown complex. The flux of metal ions transported
in the liquid membrane must depend on the amount of complex formed at
the interfaces between the aqueous phases and the liquid membrane. The
enriched isotopes of zinc would be obtained at a higher rate than that of
lithium in a liquid membrane system.

In order to suppress ^Co build-up in a primary coolant of a boiling water
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ENRICHMENT OF ZINC ISOTOPES 993

reactor, injection of trace amounts of soluble zinc was recently tried (13).
This approach was shown to be effective for the reduction of gamma-ray
radiation on the piping system carrying the coolant. This method of reducing
the radiation field has been successfully put to practical use in several nuclear
reactors used for power generation. There is, however, a problem contingent
on the use of zinc which has an isotope, ^Zn, of almost 49% as a naturally
occurring abundance. Thermal neutron absorption of (AXn yields a radioaciive
isotope, 65Zn, in the vicinity of reactor core, and its half-life is relatively long
(245 days). In order to suppress the occupational radiation dose to workers
involved in the inspection and maintenance of the reactor subsystem, ^ n -
depleted zinc is desirable. To obtain ^n-depleted zinc, an effective isotope
separation technique should be developed.

Another application of zinc isotopes is for biomedical use; for instance,
68Zn is the precursor of radioactive 67Ga, which is widely used in clinical
medicine for tumor localization (14). At present, zinc isotopes are enriched
in electromagnetic separators. Their production is limited, and the cost is
quite high. One of the purposes of the present study is to examine an alterna-
tive isotope separation technique.

EXPERIMENTAL

The dicyclohexano-18-crown-6 (DC18C6) used is a product of Nisso
Chemical Company. Zinc chloride is of reagent grade from Wako Pure Chem-
ical Industry, guaranteed to be 99.9%, and hydrochloric acid is of reagent
grade from the same company. They were used without further purification.
Chloroform is of reagent grade from Nakarai Tesque.

A liquid membrane was prepared by dissolving DC18C6 in chloroform
whose concentration was 0.2 mol-dm~3 (M). Before using it for the liquid
membrane, this solution was scrubbed with a large amount of demineralized
water in order to eliminate water-soluble impurities in the solution such as
photolysis products of CHC13 and ethanol mingled as a stabilizer of CHC13.
A feed phase was prepared by dissolving ZnCl2 in solutions of various concen-
trations of HCl to obtain 2.0 M ZnCl2. The receiving phase was a 0.001 M
HCl solution.

An experimental apparatus for the liquid membrane system was made of
a glass tube of the U-type, as schematically shown in Fig. 1. Two branches
were used as part of feed phase as inlets for a fresh solution of 2.0 M ZnCl2
and some concentration of HCl, and as an outlet for the solution depleted of
ZnCl2 and HCl which entered the liquid membrane. The concentrations of
ZnCl2 and HCl in the feed phase solution were kept constant by circulating
a large amount of the solution with the fixed component.
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Outlet of
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FIG. 1 Schematic diagram of liquid membrane system.

The liquid membrane was placed at the bottom of the U-tube. The liquid
for the feed phase composed of .2.0 M ZnCk and some concentration of
HC1 had a smaller specific gravity than the liquid membrane whose main
component was chloroform. The feed phase and the receiving phase were
placed on either surface of the liquid membrane. The entire system was dipped
in a water and ethanol bath, so all the liquids were kept at 273.2 ± 0.5 K.

The liquid membrane was stirred by a magnetic stirrer in order to keep the
concentration of zinc and the isotopic composition homogeneous throughout
the membrane. Care was taken that the speed of the stirrer did not intermix
liquids of the feed phase and the receiving phase. The interface between the
liquid membrane and the receiving phase was stirred by a rotator. Fresh HC1
solution (0.001 M) was continuously supplied near the bottom of the receiving
phase, and the solution containing ZnCl2 was removed to a fraction collector
by overflow, so the zinc concentration of the receiving phase was both con-
stant and low.

The zinc chloride solution was analyzed by an atomic absorption spectro-
photometer (Shimadzu AA-640-12). Before analyzing isotopic abundance by
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i

j the mass spectrometer, the ZnCl2 solution was passed through a cation ex-
| changer column and then the column adsorbing Zn2+ was purged with metha-
i nol to remove any organic impurity. The column was then eluted with nitric
| acid solution to obtain Zn(NO3)2. The Zn(NO3)2/HNO3 solution was dried
• in a vial made from fluoro resin.

Isotopic abundance ratios of Zn were measured by a surface ionization
i mass spectrometer (MAT 261, Finigan Mat). A single filament method was
! adopted. Almost 5 fig of Zn was loaded onto the filament, together with a
i small amount of fine powder of silica gel and phosphoric acid. The Filament
J was heated by an electric current in the atmosphere to convert zinc nitrate
i to zinc oxide on the filament. The filament set in the ion source of the mass
l spectrometer was slowly heated by an electric current because some organic
I ion current appeared at about 0.7 A, and we waited for 1.5 hours in that
; condition until it disappeared. It took about 4.5 hours in order to raise to 2.4
i A the filament current to obtain enough ion current to measure the zinc isotope
i ratios. The ion current was detected by a single secondary electron multiplier,
I and the signals were registered in an analog recorder. It took about 5 minutes

to scan one block of zinc isotopes from ^Zn to 68Zn. Measurement of the
zinc isotope group was repeated more than 10 times. An averaged value of
6 or 7 measurements was adopted for the isotope ratios. The decrease of the
total ion current was compensated for on the recorder chart. The precision
of the present measuring system was ±0.5% for ^Zr^Zn, ±1.9% for
^ Z n / ^ n , and ±0.9% for 68Zn/66Zn in one sigma.

RESULTS AND DISCUSSION

The enrichment factors (e's) for zinc isotopes of ^Zn, ^ n , 67Zn, and 68Zn
obtained by liquid membrane separation are illustrated in Fig. 2 as a function
of mass numbers, together with those obtained by liquid-liquid extraction
for reference. While the enrichment factors of zinc isotopes vary with the
concentrations of ZnCl2 and HCl in the feed phase, these values are obtained
for 2.0 M ZnCl2 and 1.0 M HCl. An isotope separation factor (a) for the
liquid membrane system is defined as a = (isotopic ratio in receiving
phase)/(isotopic ratio in feed phase). In the present study the isotopic ratio
(R) is determined by using 68Zn as a base; R = mZn/68Zn, where mZn repre-
sents ^Zn, ^ n , or 67Zn. The enrichment factor is e = a — 1. Since the
absolute value of e is commonly small compared with unity in the chemical

' exchange reaction; In a = e. As seen in Fig. 2, even for e's of the even
J atomic mass isotopes, they do not have a linear dependency to the mass
i number. In our recent studies on the isotope separations of zinc (15), nickel
i (16), iron (17), and chromium (18) by the chemical exchange reaction using
i the macro cyclic ligands, we found that the separation is largely influenced
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-0.05
64 65 66 67 68

Mass number

FIG. 2 Enrichment factors of zinc isotopes. The enrichment factors obtained by liquid mem-
brane system are shown as solid circles with error bars. The enrichment factors obtained by

liquid-liquid extraction are shown as squares for reference.

by the isotope shift of the electronic energy of the isotope atom. The field
shift or the nuclear size and shape of the isotope atom in the isotopomer
dominates the enrichment factors of the isotopes. Consequently, even for
isotopes of the same element, the separation factors differ for every isotope
pair. In the present study we use the enrichment factor for each isotope pair:
for instance, e^,^ means the enrichment factor of MZn relative to (^Lx\. Either
magnitude of €64,66 or direction (positive or negative of e) of the liquid mem-
brane is almost identical with that of liquid-liquid extraction. However, the
direction of €67J66 is opposite; the cause will be discussed below.

For isotope separation by means of liquid-liquid extraction, the isotope
separation factor changes depending on an existing condition of the metal
ions in the aqueous phase (1, 2, 4, 12). The cations in the diluted solution
dissociate from the counteranions, existing as aqua complex ions. In the con-
centrated solution, in turn, they form complexes with some counteranions,
and apparently exist as neutral species or anionic ions. Since the zinc ion
incorporated in the aqua complex or in the complex with the counteranions
is classified in different chemical species, the isotopic abundance of zinc in
either species must have an individual value. Therefore, in the complexes
extracted into the organic phase, isotopic ratios must show different values
between those extracted from the diluted aqueous phase and those from the
concentrated one.

In the liquid membrane system the feed phase is usually composed of a
more concentrated salt solution than the receiving phase. In this case the
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ENRICHMENT OF ZINC ISOTOPES 997

enrichment occurs at the interface between the feed phase and the liquid
membrane, and it is followed at the interface between the receiving phase
and the liquid membrane. If the liquid membrane is fully stirred to avoid
local condensation of the salt, the isotopic ratio is kept homogeneous in the
membrane.

Assigning the isotopic ratios to be Rt, Rm, and Rr in the feed phase, in
the liquid membrane, and in the receiving phase, respectively, the isotope
separation factors are shown to be af = Rm/Rt and ar = Rm/Rr<xt the interfaces
of the liquid-membrane/feed-phase and of the liquid-membrane/receiving-
phase. Since the isotope separation factor of the liquid membrane system is
defined as am = Rr/R{, the following equations are derived:

j am = af/ar and 6m = ef - er (1)
i

where em is the enrichment factor of the whole system of the liquid membrane.
j The enrichment factor at the interface of the liquid-membrane/feed-phase and
I that of the liquid-membrane/receiving-phase are shown as €f and er, respec-
1 tively.

The enrichment factor e ^ ^ of the liquid membrane system is illustrated
in Fig. 3 as a function of HC1 concentration in the feed phase, together with
that of liquid-liquid extraction. Since the enrichment of isotopes by the liquid
membrane system is performed at both interfaces, and the enrichment factor
of €f or €r corresponds to that of liquid-liquid extraction carried out at that
concentration in the initial aqueous phase.

The liquid volume in the receiving phase is kept constant by a continuous
supply of 0.001 M HC1 solution and overflowing the exhaust of the solution
reacted with the liquid membrane. Zinc chloride and hydrochloric acid are
also transported at a constant rate into the receiving phase through the liquid
membrane about 4 hours after the system is run. Thus, the concentrations of
HC1 and ZnC^ result in equilibrium in the receiving phase. The equilibrium
concentrations are shown in Fig. 4. Both HC1 and ZnCl2 concentrations are
low in the receiving phase relative to those in the feed phase. In the liquid-liq-
uid extraction, the enrichment factor cannot be observed in such a diluted
aqueous phase, but it can be estimated from the enrichment factor of the
whole system of the liquid membrane, e ^ ^ m ) , and that of the feed mem-
brane interface, €6466(0, using the relationship shown in Eq. (1). In these,
e64,66(0 is identical with the enrichment factor obtained in the corresponding
concentration of HC1 in the initial aqueous phase of liquid-liquid extraction.
Consequently, er is given by the difference between the enrichment factor of
liquid-liquid extraction and em. The values of e^^W's are shown in the
4th column of Table 1, where e^^O") in parentheses at 0.01 M HC1 of the
feed phase is estimated to be similar with that at 0.1 M HC1 of the feed phase,
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0.06

-0.04 -

-0.06

0 0.2 0.4 0.6 0.8 1
HCl Concentration (M)

FIG. 3 Enrichment factors of ^*Zn relative to 6&Zn. Enrichment factors obtained by the present
liquid membrane system are shown as solid circles, and those by liquid-liquid extraction as

open circles for reference.

because the concentrations of HCl and ZnCk are almost the same for both
cases, as seen in Fig. 4.

The values of e64>66(r) in the present system correspond to the enrichment
factors obtained by liquid-liquid extraction undertaken in the extremely di-
luted aqueous phase; for example, even in 1.0 M HCl of the feed phase, the
concentrations of HCl and ZnCl2 in the receiving phase result in 0.0051 and
0.0043 M, respectively. In the concentration region of HCl in the feed phase
from 0.01 to 1.0 M, except for 0.5 M, the e^^W's show a negative value,
meaning that the enriching direction of the isotopes in the diluted aqueous
phase is opposite to that in the concentrated aqueous phase.

As shown in Fig. 2, the odd mass number isotope, 67Zn, gives a different
isotope effect from the even mass number isotopes in the isotope separation
system of the liquid membrane. The direction of enrichment by the liquid
membrane system is opposite to that by liquid-liquid extraction. In our previ-
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FIG. 4 Concentrations of Zn2+ (A) and of H+ (•) in the receiving phase after equilibrium.

ous study (2) on the isotope separation of zinc, we defined an odd/even atomic
mass effect, eo/E. Since the enrichment factor differs for every isotope pair as
mentioned above, the unit mass enrichment factor and the odd/even separation
factor do not have any meaning in isotope separation for some transition
elements using a macro cyclic ligand. In the present study we use e ^ ^ ,
which means the enrichment factor of 66Zn relative to 67Zn.

Figure 5 shows e^^'s as a function of the concentration of HCI in the feed
phase, along with those obtained.by liquid-liquid extraction. Like €64,66 (r) at
the interface of the liquid-membrane/receiving-phase, €66,67(r)'s at the inter-

Enrichment Factors of wZn i

Q (M)a

0.01
0.1
0.5
1.0

e«.66(m)»

-0.048
0.032
0.016
0.049

TABLE 1
to (A2R of the Liquid

(-0.066)
0.014
0.022
0.044

Membrane System

€64.66(r)d

(-0.018)
-0.018

0.006
-0.005

" HCI concentration in feed phase.
* Enrichment factor of liquid membrane system for ^Zn to
c Enrichment factor at feed-membrane interface for ^Zn to ''Zn.
** Enrichment factor at receiving-membrane interface for (AZa to
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0.2 0.4 0.6 0.8

H d concentration

FIG. 5 Enrichment factors of ̂ n relative to 67Zn. Enrichment factors obtained by the present
liquid membrane system are shown as solid circles, and those by liquid-liquid extraction as

open circles for reference.

face can also be calculated using Eq. (1). These values, €66-67(r)'s, appear in
the 4th column of Table 2. They are positive and large for all concentrations
of HCl in the feed phase, being opposite to e ^ v (m)'s which are given by
both enriching processes of the feed-phase/membrane and the receiving-
phase/membrane. The isotopic enrichment given by the interface between
the receiving phase and the liquid membrane corresponds to that given by
liquid-liquid extraction undertaken at the extremely diluted aqueous phase,
as mentioned above. If the liquid-liquid extractive separation of isotopes
could be carried out under extremely low concentrations of HCl and ZnCl2

(0.0051 and 0.0043 M, respectively), the €66>67 value would therefore be posi-
tive and large.

Hydrochloric acid is also transported from the feed phase to the receiving
phase through the liquid membrane. This transport is thought to be carried
out in two ways. The first is that hydrogen ions coordinate directly to the
crown ether, and the chloride ions are accompanied by H+-crown complexes
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ENRICHMENT OF ZINC ISOTOPES 1001

TABLE 2
Enrichment Factors of 6&Zn Relative to 67Zn, e&5,67, of the Liquid

Membrane System

Cf(M)° 666.67(m)&
 £66.67(f)c £66.67(r)if

0.01 -0.053 (0.010) (0.063)
0.1 -0.044 0.019 0.063
0.5 -0.052 0.038 0.090
1.0 -0.051 0.074 0.125

" HC1 concentration in feed phase.
* e66-67 of the liquid membrane system,
c £66.67 a t feed-membrane interface.
d e66.67 a t receiving-membrane interface.

to neutralize the charge of complex ions. This method of transport is assumed
to be negligible because in the experiment carried out on the feed phase
without zinc salt, HC1 is not transported. The second is that (ZnCl3)~ or
(ZnCl4)

2~ coordinates to the crown ether, and H+ ion(s) is added for neutrali-
zation of the complex ion. The ratio of HC1 to ZnCk carried into the receiving
phase is 0.83, meaning that 0,1, or 2 H+ ions are accompanied by a Zn-crown
complex.

The rate of transport of zinc salt from the feed phase into the receiving
phase varies with the concentrations of ZnCl2 and HC1 in the feed phase,
with the vigor of a magnetic stirrer placed in the liquid membrane, and with
the speed of a rotator placed near the interface of the membrane/receiving-
phase. It is desirable to obtain as large an amount of enriched isotope as
possible, but care is necessary to avoid intermixing both liquids of the feed
phase and receiving phase.

CONCLUSIONS

1. Zinc isotopes are firstly enriched at the interface between the liquid mem-
brane, including DC18C6, and the feed phase of zinc chloride solution
in hydrochloric acid, and second at the interface between the liquid mem-
brane and the receiving phase.

2. The separation factor attainable in the present system is a = 1.049 for

3. The isotope of 67Zn is observed to behave differently from the even
mass number isotopes. The direction of enrichment is the inverse to that
observed in liquid-liquid extraction. The enrichment factor of 66Zn rela-
tive to 67Zn is 666.67 = -0.053.
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1002 NISHIZAWA ET AL.

4. The even atomic mass isotopes ^Zn, ^Zn, and 68Zn also exhibit individ-
ual enrichment factors upon the isotope pair, regardless of the similar
mass difference. The enrichment factor for MZn to 66Zn is e ^ g = 0.049,
and that for 66Zn to 68Zn is e ^ g = 0.011.

5. The isotope effect in the chemical exchange reaction using DC18C6 is
dominated by the isotope shift of the electronic energy in the isotope
atom. This is in contrast to the isotope effect predicted by the Bigel- «
eisen-Mayer approximation (18) on the chemical exchange reaction. [
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