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Abstract—Magnesium isotope separation was investigated by chemical ion exchange with the 1-aza-12-crown-4
bonded Merrifield peptide resin using elution chromatography. The capacity of the novel azacrown ion exchanger was
1.0 meg/g dry resin. The heavier isotopes of magnesium were enriched in the resin phase, while the lighter isotopes
were enriched in the solution phase. The single stage separation factor was determined according to the method of
Glueckauf from the elution curve and isotopic assays. The separation factig’6f°Mg*, *Mg*-**Mg*, and
#Mg*-**Mg* isotope pairs were 1.012, 1.024, and 1.011, respectively.
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INTRODUCTION bert et al. [1961] also reported that the isotope enrichment of magne-
sium, calcium, strontium, and barium through the migration of ions
It was reported that crown ethers might also be applicable to thén molten halides.
separation of isotopes. Macrocyclic polyethers and their analogues Aaltonen [1971] reported the separation of magnesium and cal-
have the remarkable property of complexation with cations, espeeium isotopes using a recycle ion exchange technique. He found
cially, alkali and alkaline earth metal ions. Therefore, their uniquethat the separation factors of magnesium isotépdg’*-*Mg*
ability to form stable complexes with various cations has been usednd calcium isotope$Ca*-*Ca* were 1.00016 and 1.00087, re-
to separate isotopes of alkali and alkaline earth metal ions. Jepsapectively. Ammonium lactate solution for magnesium and ammo-
and De Witt [Jepson et al., 1976] attempted to segé&taté and nium a-hydroxyisobutyrate solution for calcium were used as elu-
“Ca&"* by the ion exchange reaction using dibenzo-18-crown-6 ancents. Nishizawa et al. [1996] obtained a separation factor of 1.0112
dicyclohexyl-18-crown-6. In the liquid-liquid extraction of calcium as a maximum value for tfMg*-*Mg** isotope pair by a liquid -
chloride using chloroform or dichloroethane and dicyclohexyl-18- liquid extraction system using the DC18C6. Nishizawa et al. [1996]
crown-6, the one step separation coefficient of the isotopes wageported that magnesium chloride was extracted into an organic phase
1.0010+0.0002 per 1 mass unit, which demonstrated that the enricincluding dicyclohexano-18-crown-6 (DC18C6), and showed that
ment of “C&* isotope would be possible with this method. They the partition coefficient had the largest value for liquid-liquid extrac-
also found that heavier calcium isotdffgg* was concentrated in  tion system of 3.5 M MgGlagueous phase. They also found that
the aqueous phase, while the lighter isoftpe* was concentrated  the enrichment factors for a unit difference of mass numbers varied
into the organic phase [Hiraoka, 19&Xnstantinov et al. [1965]  depending upon on the MgQoncentration in the aqueous phase,
investigated the separation1g**-**Mg** and**Cu*-*Cu#* iso- and they obtained the isotope recognizing ability of DC18C6 was
tope pairs in aqueous solutions of magnesium chloride and coppdr0016, which is smaller than the separation factor due to an ex-
chloride using the method of countercurrent electromigration. Kon-change of the aquua/dichloro complex formation constant 8f Mg
stantinov et al. showed that, as the concentration of the magnesium The production of isotopically puféMg is important because
chloride and copper chloride solutions increased, the relative difthe magnesium-24 is a precursofiifa through the nuclear reac-
ference in the mobilities of the isotofiig®* and*Mg? ions and  tion of *Mg(d, ) *Na. The reaction productNa, is one of the
in the mobilities of thé’Cu?* and®*Cu?* ions increased, and con- raref3* emitters and this isotope is used in various scientific fields
cluded that, at the high concentrations, employed magnesium chlas a source of annihilation radiation Nishizawa et al. [1B@6].
ride and copper chloride may not be completely dissociated. Neuesently, Kim et al. [2000] carried out an elution chromatographic se-
paration of magnesium isotopes wittO\azacrown ion exchange,
To whom correspondence should be addressed. and obtained the separation factors of 1.009 fofNig*-*Mg**
E-mail: chem131@trut.chungbuk.ac.kr pair and 1.027 for th&Mg*-*Mg** pair, respectively. They also
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found that the heavier isotopgsre enriched in the resin phase, containing exactly 200 ml 0.1 N NaOH with 5% sodium chloride,
while the lighter isotopes were enriched in the solution phase. lorand was allowed to stand overnight. An exchanger sample of 1.0 g
exchange elution chromatography with macrocyclic compounds iof the same material was separately weighed into a weighing bottle,
a promising method for the separation of isotopes due to the abilitylried at 110C ovemnight, and weighed again to determine the per-
of complexation with cations, especially, alkali and alkaline earthcentage of solids. Of the supernatant liquid in the Erlenmeyer flask,
metal ions. 50 ml aliquots were titrated with 0.1 N,$0, against phenol-

In this work, we have examined magnesium isotope separatiophthalein. The capacity was calculated by the formula:
using a novel 1-aza-12-crown-4 bonded Merrifield peptide resin .

Capacitf meq p

by i h luti h fi hy.
y lon exchange elution chromatography _{(200CNormalityiaon) ~4(MlacaNormality,qq)} @
(Sample weight{%Solid’ 100

EXPERIMENTAL

It represents the total weight capacity of the exchanger in the dry
1. Materials and Methods H-form. The resin must be completely in the H-form before weigh-
The novel 1-aza-12-crown-4 bonded Merrifield peptide resin wasing of the sample. Since differences in equivalent weights of dif-

prepared by the method given in the literature [Bradshaw et al.ferent ions would lead to errors, the standard sodium hydroxide so-
1993].Synthetic route of the 1-aza-12-crown-4 bonded Merrifield lution was treated with 5% sodium chloride to obtain complete ex-
peptide resin is shown in Scheme 1. Magnesium chloride and anchange equilibrium by the excess of sodium ions. A reproducibil-

ity of £1% could consequently be obtained.

/N 3. Measurement of Distribution Coefficient
MeCN ° ° The batch method was employed for the determination of the
|/—\o/_\o/—\o/_\| + R, M,CO, [ j distribution coefficients [Dorfner, 1970]. Each portion of 1.0 g of the
AN 0 1-aza-12-crown-4 bonded Merrifield peptide resin, 200-400 mesh,
Where R = C,H.CH, which had been dried to a constant weight 4C6@vas weighed
Yield : 60 % out and transferred into a 100 ml polyethylene vial with a polyeth-

ylene screw top. Then, 1.0 ml of 0.01 M Mgé&lution was added,

followed by 49 ml of ammonium chloride solution of the desired

concentration to give a final volume of 50 ml. The reaction mix-

ture was subjected to reciprocal shaking at 100 strokes/min for 24 h,
O/_\o - o omo and then centrifuged for 5 min at 5,000 rpm. The concentration of

[ j Merifield peptide resin [ j magnesium ions in the supernatant was determined by using an AA-

N
M N\_/O HC W \—/O

H,, PdiC

DMF, Triethylamine Spectrophotometer (Hitachi Z-8000). The distribution coefficient,

| Kg, was calculated by the following equation:

Scheme 1. Synthetic route of the 1-aza-12-crown-4 bonded Mer- K, =(Ca—C Y @
rifield peptide resin. Cq M

where G is the metal ion concentration of the standard solution,
monium chloride were purchased from Sigma Chemical Co., USAC,, the metal ion concentration after equilibrium, V the total vol-
An Atomic Absorption Spectrophotometer (Hitachi Z-8000) was ume in ml of the solution, and m the mass in g of dry resin.
used to determine the magnesium ion concentration in the solutiordt. Separation of Magnesium Isotopes
Magnesium isotope ratio was measured by using a Thermal lon- The 1-aza-12-crown-4 bonded Merrifield peptide resin was slur-
ization Mass Spectrometer (Finnigan MAT 262) with a rhenium ried in ammonium chloride solution. The slurried resin was packed
double filament. The amount of 1.0-R§ magnesium with the  in a water-jacketed glass column of 35 cm long with inner diame-
MAT 262 was loaded on an evaporation flament. lonization waster of 0.2 cm. The temperature was maintained &€ 2Gith an
then performed by passing a heating electric current through thgVater Circulator (HAAKE A-80). Five hundred ppm of magne-
ionization filament. After the ion beam intensities‘dfg®, “Mg*, sium ion in distilled water was loaded on the top of the resin bed.
and*Mg* became sufficiently high, tiéMg*, *Mg*, andf*Mg** The 2.5M NHCI solution (K=198) was used as an eluent. The
mass scanning was repeated several times in a block, and sevemahgnesium feed solution was then passed through the column under
blocks were recorded as one measurement. The mole fraction gfravity flow. The flow rate was controlled by a fine stopcock to be
Mg, ®Mg*, and*Mg? of each feed solution was an average of 0.5 ml/h. The effluent was collected, as a fraction of 0.1 ml each

three times in our measurement. with an Automatic Fraction Collector (Pharmacia LKB FRAC-100).
2.lon Exchange Capacity
lon exchange capacity was determined by the method given in RESULTS AND DISCUSSION

the literature [Dorfner, 1991; Lee et al., 2001]. The 1-aza-12-crown-

4 ion exchanger was transformed into the H-form by slow treatment The ion exchange capacity of the 1-aza-12-crown-4 bonded Mer-
with about 1.0 N HCI in the funnel. Subsequently, it was washedrifield peptide resin was 1.0 meqg/g dry resin. This value is compa-
to neutrality with distilled water, and dried in air. Of this quantity, rable to those of the DIAION SK 102 (cation exchanger, 0.60 meg/
1.000+0.005 g was weighed into a dry 250 ml Erlenmeyer flaskg) and DIAION SK 103 (cation exchanger, 0.9 meg/g) [Dorfner,
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Fig. 1. Plot of log K, for magnesium ions on the 1-aza-12-crown-4 2.0 , ] . —— 7 ,
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1970]. The distribution coefficients of magnesium ion on the resin

were measured by changing the concentration gfoiNkblution

from 1.0x10° to 6.0 M by using a batch method. The distribution

Fi

g. 3. Separation of magnesium isotopes by cation exchange elu-
tion chromatography. @; *Mg*-*Mg*, ®; “Mg*-*Mg*, a;
25Mgz+_26Mgz+.

coefficients were calculated with Eq. (2). As shown in Fig. 1, the*Mg®)resi/ C*Mg*PMI*)souion @aNd PMg? PIMG*)gesd Mg/
distribution coefficients of magnesium ions on the 1-aza-12-crown*Mg*)s..0, Were determined by the Glueckauf theory [19883
4 bonded Merrifield peptide resin increased in a non-linear manneisotopic ratio of a fraction can be expressed #g.Gvhere Gand

with increasing concentration over a range from 1.0%4®.0 M

C, are the relative abundances of the light and heavy magnesium

NH,CI solution. The elution time increased with increasing the di- isotopes. The isotope ratio of the natural abundances is expressed
stribution coefficient due to the high adsorption of ions on the resirby C/C3, and the local enrichment factor for a fraction is given by
phase in the column. For this reason, as expected, the eluents haRe:(C/C,)(C3/C?). The data were plotted on probability paper where
the values of the distribution coefficients, ranging from 30 to 300,the abscissa was a probability scale and the ordinate was a linear
to separate isotopes in our laboratory. A 35 cm long ion exchangecale. The local enrichment factor (log R) was the ordinate and the
column was used to obtain a substantial total separation from whicfraction of the eluted mixturén/m) was the abscissa. This gave

the single stage separation factor is calculated.

a linear plot. The slopeds/N , and separation factorsisThe se-

We obtained a chromatogram from column operation with 2.5 M paration factoi, was determined from the slope of the least squares

NH,Cl solution (K=198) at 20C as shown in Fig. 2. From the elu-

line drawn through the points as shown in Fig. 3. In our experi-

tion curve, the number of theoretical plates, N, in the column wasnent, the magnesium isotope separation factordvigr-*Mg*,

calculated by the equation [Glueckauf, 1955]:
max{jz
g O

where V. is peak elution volume, afithe band width at the con-
centration C=(, /e, and ,, concentration of solute at the maxi-
mum peak height of the elution curve.

N =8 3)

Mg*-*Mg*, and®Mg*-**Mg?** were obtained as values of 1.012,
1.024 and 1.011, respectively. These values are larger than that of
the factor determined by Aaltonen [198éparation factors for

our system were considerably greater, perhaps hundredfold more,
than 1.00016 for tH@Vig**-*Mg?* pair obtained by Aaltonen [1971].
Aaltonen [1971] carried out an elution chromatographic separation of
magnesium isotopes with a strongly acidic cation exchanger, Dowex

From the elution curve and isotopic assay data, the single stage0x8, and reported that the value of the separation factor for the

separation factor21g*?Mg*)resd C*MI? PMI* )sonion C Mg/

Concentration(ppm)
S
o

0 2 4 6 8 10 12 14 16 18 20
Effluent(ml)

Fig. 2. Elution curve for magnesium isotope separation with 2.5
M NH,CI.
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AMg>*-**Mg** pair was 1.00016. Nishizawa et al. [1996], reported
the separation factor for tfvg*-**Mg?* pair of 1.0112 as a maxi-
mum value in a liquid-liquid extraction system including the dicy-
clohexano-18-crown-6(DC18C6). Separation factor of 1.0112 ob-
tained by Nishizawa et al. [1996] is same order of our results. Se-
paration of isotopes of some divalent elements by ion exchange is
shown in Table 1, and it was shown that, for the separation of iso-
topes, the magnesium isotope effect was about hundredfold larger
than that achieved on Dowex ion exchangers. From the experimen-
tal data, it appears that the isotope exchange reaction can be re-
presented by the following equations:

2 2+ 25) 2+ <=2 2+ 2 2+

4M g Resin+ M g Solutionﬁ 4M g Solution+ S'VI g Resin (4)
2 2+ 2 2+ <= 24 2+ 26) 2+

4I'\/Ig Resin + 6'\/Ig Solution > Mg Solution+ Mg Resin (5)
2 2+ 2 2+ <— 25| 2+ 26) 2+

S'VIQ Resin + 6'Vlg Solution > Mg Solution+ Mg Resin (6)
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Table 1. Separation of isotopes of some divalent elements by cation exchange

Atomic Isotopic Separation factor Enrichment factor1C

number pair (a=1+¢) (e=a—1) €/AMx10° Method Reference
12 Mg*-*Mg* 1.00016 0.16 0.16 Elution, Dowex%8 Aaltonen, 1971
“Mg*-*Mg* 1.0112 11.2 5.6 Extraction, DC18C6 Nishizawa et al., 1996
*Mg*-*Mg* 1.012 12 12 Elution, Azacrown This Work
*Mg*-*Mg* 1.024 24 12 Elution, Azacrown This Work
*Mg*-*Mg* 1.011 11 11 Elution, Azacrown This Work
20 “ca-“cat 1.00047 0.47 0.12 Elution, Dowexs8 Aaltonen, 1971
“CEr-Cet 1.00087 0.87 0.11 Elution, Dowex%8 Aaltonen, 1971
“CE-rCet 1.00026 0.26 0.04 Elution, Dowex Lee, 1976
“«car-“cat 1.019 19 5 Elution, Dowex52 Heumann et al., 1972
“car-cat 1.040 40 5 Elution, Dowex52 Heumann et al., 1972
38 Bgpr-sig 1.0000036 0.0036 0.00090 Breakthrough AsahiLS-6 Oietal., 1992
segpr-sig 1.0000023 0.0023 0.00115 Breakthrough Asahi LS-6 Oietal., 1992
FISpr-BEg Rt 1.00000097 0.00097 0.00097 Breakthrough Asahi LS-6 Oietal., 1992
56  PBa-Chat 1.000041 0.041 0.0052  Breakthrough Asahi LS-6 Kondoh et al., 1996
19 -Bht 1.000016 0.016 0.0055  Breakthrough Asahi LS-6 Kondoh et al., 1996
¥Ba*-Bh 1.0000053 0.0053 0.0053  Breakthrough Asahi LS-6 Kondoh et al., 1996

The subscripted symbols such as solution and resin refer to the stie fact that the hydration and complexation effects are less than
lution and 1-aza-12-crown-4 bonded Merrifield peptide resin phaseshe isotope mass effect.
in this chemical isotope exchange. Egs. (4), (5), and (6) stated that
the heavier isotopes of magnesium were enriched in the resin phase, CONCLUSIONS
while the lighter isotopes were enriched in the solution phase. Aal-
tonen [1971] reported that the heavier isotopes of magnesium are Separation of magnesium isotopes was investigated by chemical
enriched in the front parts of magnesium adsorption bands formeén exchange with the 1-aza-12-crown-4 bonded Merrifield peptide
in chromatographic separation columns, packed with strongly acidicesin by using an elution chromatographic technique. The capacity
cation exchanger, Dowex 50x8, 400 mesh. Kondoh et al. [1996]pf the novel monoazacrown ion exchanger was 1.0 meg/g dry resin.
Heumann et al. [1972], Oi et al. [1992], Ooi et al. [1999], Jepson efThe heavier isotopes of magnesium were enriched in the resin phase,
al. [1991],and Fujine et al. [1983], also reported that the heavierwhile the lighter isotopes were enriched in the solution phase. The
isotopes were preferentially concentrated into the solution phase dfingle stage separation factor was determined according to the meth-
chromatography by using strongly acidic cation exchangers, anion exad of Glueckauf from the elution curve and isotopic assays. The
changer, titanium phosphate exchangers, and polymer-bound crowseparation factors #Mg**-*Mg™, Mg*-*Mg*, and®Mg**-*Mg**
ether. These results are in contrast with our work. On the other handvere 1.012, 1.024, and 1.011, respectively.
Oi et al. [1991], Klinskii et al. [1974], Heumann et al. [1980], Aal-

tonen et al. [1974], and Lee [1976] reported that the heavier iso- ACKNOWLEDGEMENT
topes were enriched in the resin phase of cation and anion exchange
chromatography. This Work was supported by the Basic Science Research Insti-

Lee [1976] has shown that the metal ion species in the resin phasete Program, Ministry of Education, Korea, 1998, Project No. BSRI-
is less hydrated than the metal ion species in the solution phase. T8-3435.
contributes to a difference in bonding and subsequent enrichment
of the lighter isotopes in the resin phase. These phenomenona are NOMENCLATURE
in contrast with our system. The enrichment facteo(-1) for
isotopes separated by ion exchange or extraction chromatograply,, : metal ion concentration of the standard solution [rfjole/
depended upon the mass of the isotope as well as the difference @, : metal ion concentration after equilibrium [mdéje/
the masses of the isotope pairs [Lee, 1976]. It was shown in TableK, : distribution coefficient
that the separation factor decreased as the mass of the isotopes M- : mass of ion exchanger [g]
creased, and increased as the difference in the masgesfthe N :number of theoretical plated in the column
isotope pairs increased [Kondoh, 1996; Lee, 1976]. Isotopes withir/  : total volume of solution [ml]
approximately the same mass range may have an increase or dé;,, : peak elution volume [ml]
crease in factor due to ion complexation, but the mass effect is more
significant [Lee, 1976] as shown in Table 1. The magnesium iso-Greek Letters
tope separation system in our work, therefore, can be explained by  : separation factor [1¢}
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