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Calcium isotope enrichment via chemical exchange

❖ Applicable ways to isotope enrichment

Calcium isotope enrichment

❑ Chemical isotope exchange by Liquid-liquid extraction (LLE) using crown-ether

❖ Chemical exchange 

reaction

Where; L is macrocyclic 

crown-ether

Crown-Ether

Dicyclohexano-18-crown-6: 

DC18C6

Total atoms 

in the ring
Oxygen atoms 

in the ring

Hold by electrostatic attraction between Oxygen 
atoms ( negative charge) and cation (Ca2+ )

Macrocyclic polyether for Calcium extraction

➢Appropriate cavity size to calcium ion

➢High selective extraction to the Ca-ion

❖ In solid-liquid extraction 

(SLE) using calcium in 

solid form instead of 

aqueous phase

Measurement

❑ Ion concentration measurement 

by AAS

❑ Isotopic analysis by cool-plasma 

ICP-MS (Agilent 7900)

Current measurement technique

➢Apply the “cool plasma” technique

➢Reduce the RF from 1500 W to 600 W

➢To suppress and free from isobaric 

interference such as which the problematic 

in ICP-MS measurement for calcium 

measurement 

αaq =
Τ𝐼𝑅(48Ca 40Ca) aq

Τ𝐼𝑅(48Ca 40Ca) feed

Heavier enriched: αaq > 1

Final GOAL!! 

Inductively coupled plasma mass spectrometry (ICP-MS)

❖ The comparison chart of natural abundance and sample counts

❑Sample: standard calcium at 1 ppm

➢ Mass bias is smaller when using cool 

plasma

All multi-stage liquid-liquid extraction
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CaCl2 (Aq)

CaCl2 (Aq)

ID Separation Factor To get 2% 48Ca 

(iterations)

◇CaCl2 (Aq) 1.001±0.002 10690

◆CaCl2 (HCl) 1.006±0.002 1781

▲CaCl2 (HCl) 1.004±0.002 2673

△CaCl2 (Aq) 0.999±0.003 10690

❖Comparison of all multi-stage LLE

Solid-liquid extraction
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❖ Comparison the reaction efficiency (η) 

between SLE without HCl and LLE with HCl

𝜼=
𝑪𝑬 𝒓𝒆𝒂𝒄𝒕𝒆𝒅 𝒘𝒊𝒕𝒉 𝑪𝒂

𝑻𝒐𝒕𝒂𝒍 𝑪𝑬
=

𝒎𝒐𝒍𝒆 𝑪𝒂𝒐𝒓𝒈

𝒎𝒐𝒍𝒆 𝑪𝑬

➢ The reaction efficiency (η) was larger in SLE 
than in LLE

▪ LLE: CaCl2 (HCl) + 100 mL DC18C6

▪ SLE: CaCl2・2H2O (s) + 10 mL DC18C6

Conclusion

➢Mass bias was reduced with cool-plasma ICP-MS

➢The separation factor in aqueous phase at room temperature increased from 

1.001±0.002 to 1.006±0.002

➢Studying via the SLE method shows a higher reaction efficiency (η) than LLE

40 42 43 44 48

cp
s

Mass of Ca

Hot plasma

Measurement Normalization N.A.

3445854

295563

5098257

481002

1×102

1×106

1×104

1×100

1×108

40 42 43 44 48

cp
s

Mass of Ca

Reaction cell hot plasma 

Measurement Normalization N.A.

1×102

1×106

1×104

1×100

1×108
375377

56545

270724
41660

13334

y = 451,855x + 27,276,012

y = 3,841,438x - 138,100,407

y = -27,392,970x + 1,534,923,916

0.0E+00

1.0E+08

2.0E+08

3.0E+08

4.0E+08

5.0E+08

6.0E+08

0.0E+00

1.0E+07

2.0E+07

3.0E+07

4.0E+07

5.0E+07

6.0E+07

38 40 42 44 46 48 50

cp
s/

n
a
tu

ra
l 

a
b

u
n

d
a

n
ce

Calcium Mass
Cool plasma Reaction cell Hot plasma

1×107

5×107

4×107

3×107

2×107

0×107

6×107

1×108

5×108

4×108

3×108

2×108

0×108

6×108

➢The natural abundance of each calcium 

isotope and the sample count 

➢The difference in count per second (cps) 

between the natural abundance and the 

sample count of each Ca isotope (number 

in the Figure) decreases when using cool 

plasma

Natural abundance refer to the 

smaller in mass bias

Hot plasma > Reaction cell > Cool plasma

To achieve 2% of 48Ca 

Cascade separation element

➢To increase the concentration of the 
48Ca in the material being 

processed

➢Separation elements are connected 

in parallel to form stages in order 

to achieve 1781 iterations.

Room temperature Low temperature

Gas centrifuge

➢ Required a gaseous compound

× Calcium no gas compound

Electromagnetic separator

❑Small production yield

❑Costly material

 (200,000 $/g (~2千万円/g)

Chemical exchange

✓Inexpensive (low-cost)

✓Easy to handle

✓Fast and high productivity

❑ Calcium Isotope Enrichment

➢ The most advantage of LLE using an organic solvent 

containing crown-ether is that it can be applied to 

microchip separation 

➢ The microchip provides fast and high conversion of the 

extraction process, resulting in mass production feasibility
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❖ Changing the ratio between calcium and 

crown ether 

➢Large D value denotes the large quantities of 

calcium products (mass product) in the organic 

phase

➢To increase mass product, the concentration of the 

aqueous phase must be increased to get gram order

Ref: J. M. Whitaker, ORNL/TM-

2019/1311

Ref:   European Nuclear Society Newsletter

Ref:  Yergey, A. L., & 

Yergey, A. K. (1997). 

Liquid centrifugation

➢ Spend a long time for 

centrifugation (72 hours)

➢ Low Ca concentration

Liquid-liquid extraction 

(LLE) using crown-ether

Ref: Joseph  F. W. et al. 
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concentration (mg/L) of the 

organic phase increases as 

the concentration (mg/L) of 

the aqueous phase increases
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