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Outline

Basics of Chromatography

Basics of metal ion extraction

Applied separations
Sr Resin
Pb Resin
DGA/Sr Resin
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Peak maximum positions:

Dw = mL eluate/grams resin  (measured by batch contact)

Dv = mL eluate/mL resin

k’ = free column volumes

Calculated from Dw using:
- Bed density
- Resin density
- Extractant density
- Extractant loading
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Elution of La, Ce, Pr, Nd on DGA, Normal
50-100 µm, 0.9 cm x 14 cm, 21(1)oC, 3.5 mL/min

Elute
3.0 M HCl

Dw, Dv, or k’ gives information 
about the position of the 
peaks……

but not the peak widths.

Separation (Resolution) is 
dependent on 

1) the separation factor…..

2) The peak widths

E. P. Horwitz, D. R. McAlister, M. L. Dietz, “Extraction chromatography versus solvent extraction: How similar are 
they?” Sep. Sci. and Technol., 41(10), 2163-2182 (2006).
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Resolution
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Resolution



www.eichrom.com

∆X (difference in peak positions) increases linearly
4σ (peaks width) increases as the square root of X

Resolution 
improves 
with longer 
columns!

For longer columns (larger X):
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EXC Resin
Eichrom EXC resins typically have very 
high separation factors (∆X) for key 
metal ions.

Large ∆X allows:
1) Small columns/cartridges
2) Large particle size resins
3) Gravity or low-pressure flow

Small ∆X require:
1) Longer columns
2) Small particle size
3) High temperature/pressure
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EXC Chromatogram (Sr Resin, 50-100 µm, i.d. 0.8 cm, length 3.2 cm, b.v. = 1.6 mL)

2 mL/min

60 mL

30 minutes

Gradient elution

21oC
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HPLC Chromatogram (c18 silica, 2 µm, i.d. 0.5 cm, length 15 cm, b.v. = 3 mL)

1.4 mL/min x 3 minutes = 4.2 mL, isocratic elution, 40oC
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Fundamentals of Extraction

Sr Resin vs Pb Resin

Factors that effect selectivity and k’
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Pb Resin vs Sr Resin
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k'-
Pb

[Acid], M

 Pb Resin - HCl
 Pb Resin - HNO3
 Sr Resin - HCl
 Sr Resin - HNO3

k' Pb on Pb and Sr ResinsSr Resin:
- dtBuCH18C6 in 1-octanol

Pb Resin:
-25% less dtBuCH18C6 in isodecanol

Pb2+
(aq) + 2X-

(aq)  Pb(Crown)X2(org)
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Water H-Bond 
Structure

Aqueous phase water structure

OH H

δ−

δ+ δ+

Adding ions to the water 
disrupts the hydrogen 
bonded structure.
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[M(H2O)n]z+

M = metal ion
n = hydration/solvation number
z = charge

John Burgess, “Metal ions in solution,” Ellis Hortwood, 
Ltd., Chichester, Sussex, England, 1978.

Aqueous phase solvation (hydration)

n = primary hydration/coordination
H = total hydration/solvation 
(secondary)

Alkali, alkaline earth and transition metals n ~ 3-6

Actinides and lanthanides n ~ 8-9

Coordinate covalent bonding is ubiquitous.[7] In all metal aquo-
complexes [M(H2O)n]m+, the bonding between water and the 
metal cation is described as a coordinate covalent bond. Metal-ligand 
interactions in most organometallic compounds and most coordination 
compounds are described similarly.

https://en.wikipedia.org/wiki/Coordinate_covalent_bond#cite_note-7
https://en.wikipedia.org/wiki/Metal_aquo_complex
https://en.wikipedia.org/wiki/Cation
https://en.wikipedia.org/wiki/Organometallic
https://en.wikipedia.org/wiki/Chemical_compound
https://en.wikipedia.org/wiki/Coordination_compound


www.eichrom.com

Aqueous activity/coefficients.

As electrolyte concentrations 
increase, interactions between 
ions becomes more important.

Water activity decreases, solvation 
decreases, and ion-pairs may 
form.

Aqueous phase activities as electrolyte concentrations increase
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Sekine 1977

Pu4+

Aqueous Phase Non-Aqueous 
Phase

Phase
Boundary PuF4 (s)

Pu(NO3)4·(TBP)2·Sx

[Pu(NO3)5]
-

N+

n

Transfer from aqueous to non-aqueous phase
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Sr2+

Aqueous Phase Resin Phase

Phase
Boundary

Sr Extraction from HNO3 into crown ether in 1-octanol

NO3
-

H3O+
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Pb Resin vs Sr Resin
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Sr Extraction from HNO3 into crown ether in 1-octanol

Sr2+

Aqueous Phase Resin Phase

Phase
Boundary

NO3
-

NO3
-NO3

-

H3O+
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Extractant, Acid, Temperature, Diluent in Sr Extraction
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Diluent (polarity/water-nitrate accepting/aggregation)
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Remove DCH18C6, add boiling points, water solubility
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Extractant Concentration (Aggregation)
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Acid Concentration (counter ion)
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Counter ion/steric effect and dehydration energy

88 kj/mol
66 kj/mol

43 kj/mol
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Anion can change selectivity
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Ionic radii

Pb2+

133
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D.R. McAlister, D. Silvestri, E. Rush, E.P. Horwitz, “Extraction of Selected Metal Ions by Mixtures of 
Diglycolamides and Crown Ethers,” Solv. Extr. Ion Exch., 39(2), 184-203 (2021).

Other diluents/phase modifiers

O

N O N

O
C8H17

C8H17

C8H17

C8H17

DGA

- Helps transfer H2O and HNO3
- Extracts Sr and Pb  at 1-3M HNO3
- Extracts REE (Y)
- Liquid, miscible w/dtBCH18C6
- Very high boiling point/hydrophobic
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Physical Properties
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Metal Ion Extraction by Crown, DGA and Mixtures

D.R. McAlister, D. Silvestri, E. Rush, E.P. Horwitz, “Extraction of Selected Metal Ions by Mixtures of Diglycolamides
and Crown Ethers,” Solv. Extr. Ion Exch., 39(2), 184-203 (2021).

Sr capacity: 9-10 mg/mL
w/o 1-octanol: ~14 mg/mL

Sr capacity: 9-10 mg/mL

Sr capacity: 3 mg/mL
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Effect of length of DGA R-group

Octyl = TO
Hexyl = TH
Pentyl = TP
Butyl = TB
iButyl = TiB
1-octanol

O

N O

O

N R
R

R
R
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Ra/Ba Separation
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Ra Concentration from 2M HNO3
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Elution of Ra-223 on TPDGA-Sr Resin
50-100 µm, 2 mL/min, 21(1)C

2 x 2mL
Cartridges

5 mL
Column
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Sr-90/Y-90 Separation (Sr Resin)
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Sr-90/Y-90 Separation for analysis



www.eichrom.com

Sr-90/Y-90 Separation (DGA, Normal Resin)
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Sr-90/Y-90 Separation (DGA-Sr Resin)
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Summary

- EXC resins are effective due to very high separation factors

- Extraction of metal ions with crown ether systems depends on many factors
- Crown ether structure
- Crown ether concentration
- Acid Type and concentration
- Diluent/Phase modifier

- Selectivity can be tuned with different aqueous acids and phase modifiers
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Future Work

- Study EXC resins based on DtBCH18C6 in other diluents
- Ketones, DOODA, Others
- How does higher water/HNO3 transfer affect the magnitude of extraction and 

the selectivity for Ca/Sr/Ba/Ra/Pb?
- Could other diluents lead to more stable Sr Resin formulations?

- Study the properties of DGA-N, DGA-B, and other DGAs
- REE separations
- Alkaline earth separations
- Other applications



QUESTIONS???
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