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Abstract

Analytical methods for separating individual lanthanide elements from each other are needed to support various scientific
fields. This work reports a systematic evaluation of analytical separations using Eichrom Industries Ln resin and simple
peristaltic pump fed low-pressure chromatography columns. Systematic studies of isocratic elutions over a range of acid
concentrations (0.10 to 0.25 M HNO;) and column lengths (15 to 45 cm) show that with careful selection of the separation
conditions baseline separation of the majority of the lanthanide elements can be achieved, with the exception Nd, Pr, Pm and
Ce which co-elute at low acid concentrations. The employment of a novel Ce**/Ce*" oxidation—reduction approach using
NaBrO; and ascorbic acid enables isolation of Ce, however baseline separation of Nd, Pr and Pm could not be accomplished
using Ln resin, simple acids, and low-pressure chromatography. A method for rapid separation and preconcentration of fission
product lanthanides is also reported based upon the optimized conditions identified in this work; the separation approach
enables isolation of lanthanide isotopes in high purity and chemical yield, with final elution fraction volumes of 4 mLs

Keywords Ln resin - Lanthanides - Low-pressure chromatography - Rapid chemistry

Introduction

Methods for chemically separating the lanthanide elements
from each other and from matrix constituents are needed to
support numerous fields including geochemistry, astrophys-
ics, medical isotope production, nuclear fuel cycle analyses
and so forth [1-12]. The necessity for chemical separations
results from diverse application-specific requirements;
examples of these include the need to remove isobarically
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interfering species prior to mass spectrometry analyses (e.g.,
150Nd versus 7°Sm, *2Sm versus 72Gd, etc.), the required
reduction in the Compton background associated with detec-
tion of short lived lanthanide isotopes by gamma spectrom-
etry, the removal of f~ emitting impurities to enable radio-
metric analysis of non-gamma emitting lanthanide isotopes
(e.g. ¥'Sm and '¥"Pm, etc.) and the necessity for obtain-
ing extremely high yield/high purity isotope solutions for
in vitro and in vivo research and therapeutic trials [13-23].

Ln resin (Eichrom Industries) is an extraction chroma-
tographic resin that was designed specifically to enable
analytical scale lanthanide separations. The resin consists
of the cationic extractant di(2-ethylhexl)orthophosphoric
acid (HDEHP) ligand bound to a stationary hydropho-
bic resin bead surface via weak hydrophobic interactions
[24, 25]. Separation of the lanthanides using Ln resin is
achieved through exploiting two phenomena: 1) the increas-
ing charge/size ratio across the lanthanide series resulting
from decreased nuclear shielding with increasing atomic
number (known as the lanthanide contraction phenomena)
and 2) competition of the Ln*" and H* ions for the active
sites on the resin [24, 26]. Distribution coefficient values for
this resin have been published by Horwitz et al. and show
a very sharp acid dependency for this resin, with the light
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lanthanides eluting in dilute nitric or hydrochloric acid and
the heavy lanthanides eluting at high (e.g.> 6 M) acid con-
centrations [27].

While numerous studies of lanthanide separations using
Ln resin have been reported, separations to date have been
unable to achieve the high yields and separation resolution
requirements needed for many applications. For example,
Gioia et al. utilized a 6.5 cm X5 mm gravimetric column and
HCI matrix to isolate La and Sm, however they were unable
to resolve Ce from Pr and Nd, Eu, Gd, and Yb from each
other [3]. Using a 2 mL prepacked gravimetric column and
HNO;, Payne et al. achieved partial separation of La—Nd and
Sm-Eu [28]. Hirahara et al. accomplished Nd/Sm separa-
tions using a 0.5 mL Ln resin column followed by a second
0.3 mL Ln resin column, however they too were unable to
achieve baseline separation of the light lanthanides [29].
Arrigo et al. [30] utilized 2 different column sizes (2 mL
of 0.7 cm ID and 1.0 cm ID) and were able to achieve near
complete separation of Eu, Sm, and Gd, however they also
were unable to accomplish baseline separation of La, Ce,
and Nd; furthermore, the separation process took between
5 and 14 h to accomplish as they were using gravimetric
columns. Ireland et al. [31] employed a novel approach using
Ln resin within a custom fabricated high performance liquid
chromatography system (HPLC); while this technique pro-
vides baseline separation of all the lanthanides except Nd/Pr
(and possibly Pm) and Y/Er, it requires an expensive, custom
fabricated system that may not be possible to construct and
utilize in all laboratories. On the other hand, low pressure
chromatography may be advantageous when compared to
other methods as it is inexpensive and widely accessible.
However, no effective lanthanide separation method using
Ln resin and low pressure chromatography has been devel-
oped. Thus, a method is desired that enables 1) baseline
separation of individual lanthanides while 2) only utilizing
inexpensive, easily obtained chromatographic columns and
techniques.

This paper explores effective separation methods for the
light lanthanides (La-Dy) using Ln resin and simple low-
pressure chromatography columns. Systematic evaluations
of the effects of chromatographic parameters including the
column length, acid concentration, and the presence of oxi-
dation/reducing reagents are reported. Based upon optimized
conditions for Ln resin, a separation system (termed the
Lanthanide-Chromatography Separation System, Ln-CSS)
was designed and constructed. The system utilizes an ini-
tial Ln resin column for lanthanide separations, followed by
eluting directly onto a lanthanide preconcentration column
(RE Resin, Eichrom Industries) for reducing the total vol-
ume of the final purified lanthanide fractions. Ln-CSS was
then applied to a fresh uranium-fission product sample for
evaluation of the system/methodology on a complex fission
product mixture.

@ Springer

Experimental

All reagents and chemicals were trace metal grade or bet-
ter. Lanthanide resin (50—-100, and 100-150 um bead size)
was purchased from Eichrom (Lisle, IL). Multi-elemental
inductively coupled plasma-mass spectroscopy (ICP-MS)
standards were purchased from High-Purity Standards
(North Charleston, SC) and a natural uranium metal foil
(99.7% pure) was purchased from Goodfellow (Coraopolis,
PA).

Numerous literature studies using Ln resin with gravity
fed columns show long elution timescales (e.g. 2—14 +hours
with only partial separation of the majority of the lantha-
nides from neighboring elements [3, 30]. To improve sepa-
ration timelines and resolution (including minimizing band
broadening due to diffusion), separations were performed
using a peristaltic pump (ESI) and low-pressure chromatog-
raphy columns (Omnifit). Most columns were packed using
the 50-100 um Ln resin bead size in order to maximize the
separation resolution. Ln resin was added to the columns as
a dilute nitric acid-resin slurry to achieve consistent column
packing between different columns.

Initial evaluations and optimizations of lanthanide sepa-
rations were performed using multi-elemental ICP-MS
standard solution samples. Aliquots of the ICP-MS stand-
ards were evaporated to dryness and reconstituted in 0.01 M
HNO; to produce load solution concentrations of 200 or
500 ppb of the lanthanides. Appropriate quantities of the
load solution were then added to the column via peristaltic
pump, following which reagents of varying volumes and
concentrations were pumped through each column at a flow
rate of 2 ml/min (unless otherwise specified) to elute the
lanthanides. Columns were eluted to dryness between differ-
ent acid concentrations to ensure consistent elution volumes
and concentrations between each separation.

Acid concentration evaluations

Initial evaluations demonstrated that baseline or near base-
line separation of the heavy lanthanides (e.g. Tb through
Lu) could be achieved at acid concentrations greater than
1.5 M HNOj;. On the other hand, the light lanthanides Ce,
Nd, and Pr (as well as likely Pm, which was not investi-
gated during initial non-radioactive scoping studies) were
found to be more challenging to separate. To determine
the effects of slight differences in HNO; concentration
on Ce/Nd/Pr separation factors, systematic evaluation of
different HNO; concentrations was performed, with the
acid concentration varying stepwise between 0.10 M,
0.11 M, 0.12 M, 0.13 M, 0.15 M, and 0.25 M. A 10 mm
(ID) X 21.5 cm column was utilized for these tests.
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Systematic evaluation of column dimensions

To evaluate the practical effect of increasing the column
length on the separation resolution and timeline achievable,
separation experiments utilizing 3.3 mm internal diam-
eter columns with either 15 cm, 30 cm and 45 ¢cm column
lengths were performed. To balance separation resolution
with simultaneous minimization of elution volumes and
time, a solution matrix of 0.15 M HNOj; acid concentration
was utilized for these tests. Each column was filled with
100-150 um bead size due to column backpressure issues
arising from the small internal diameter and long column
length of the 30 and 45 cm columns.

Based upon results from the column length study a final
optimized separation that balanced the resolution with elu-
tion volumes was also performed using a 21.5 cm X 10 mm
column. Separations, carried out using this column, were
performed using a 15 mL 0.01 M HNO_; load solution con-
taining 200 ppb of the lanthanides followed by the addition
of 0.15 M HNOs; to elute the light lanthanides.

Effect of oxidation/reduction reagents

To further improve the separation of the light lanthanides,
the potential oxidation of Ce>* to Ce™, with subsequent
reduction back to Ce®* following the elution of the other
lanthanides, was evaluated. NaBrO; was selected as the oxi-
dizing reagent for this reaction because of its known ability
to oxidize Ce** to Ce**. The optimal NaBrO; concentration
for this reaction was determined via a set of batch contact
studies to determine the distribution coefficient values for
Ce as a function of the NaBrO; concentration (where the
distribution coefficient, Kd, is defined as the quantity of ana-
lyte bound to the stationary phase divided by the amount
of analyte retained in the mobile phase). For this study a
series of lanthanide solutions at a fixed 500 ppb concentra-
tion in 0.15 M HNO; were utilized. NaBrO; was added to
each individual sample to achieve NaBrO; concentrations
ranging from 0.001 to 0.1 M NaBrO;. Solutions were then
contacted with ~50 mg of Ln resin for 30 min, following
which the solution was filtered, diluted gravimetrically, and
analyzed via ICP-MS. The ability to reduce Ce** back to
Ce** was later explored via additions of ascorbic acid while
eluting Ce in 1 M HNO;.

Preconcentration

While several separation methods developed in this work
show promise for application to individual lanthanide sepa-
rations, elution volumes for each separated fraction were
in many cases very large (50-200 mL). Furthermore, the
presence of NaBrO; in many of the fractions could cause
undesired interferences for certain measurement methods

(such as ionization dampening during mass spectrometric
analysis). To mitigate these factors, a method for reducing
the volume of individual purified lanthanides and removing
NaBrO; was investigated. In consideration of published Kd
values, a second RE resin column immediately following
the Ln resin column was employed due to RE resin’s high
retention of the lanthanides at 3 M HNO_; and low reten-
tion at 0.01 M HNOj; [32]. Scoping studies using a small
2.4 mL RE resin column were performed to determine the
breakthrough volume and chemical yield obtainable using
this approach. To perform these evaluations, Re resin col-
umns were loaded with 100 mLs of 3 M HNO;+0.05 M
NaBrO;+ 50 ppb of the lanthanides. Elutions were collected
in 5 mL fractions. The column was then rinsed with 25 mLs
of 3 M HNO;_, which was also collected in 5 mL fractions.
The lanthanides were then eluted using 6 mL of 0.01 M
HNO; collected in 2 mL fractions.

Optimized lanthanide separation
and pre-concentration step with stable surrogates
(Ln-CSS)

Based upon the results from previous studies, a system
for rapid elution of individual lanthanide isotopes was
designed and termed as the “Lanthanide-Chromatography
Separation System” (Ln-CSS). A flowsheet illustrating this
process is shown in Fig. 1. The system utilizes an initial
31.5 cmx 10 mm (ID) Ln resin column optimized based
upon results from previous experiments outlined in this
paper. Due to the sensitivity of Ln resin to the acid con-
centration, several cautionary steps were taken. First, the
Ln resin was never replaced in this column but was pre-
conditioned between every use using 50 mL of 8 M HNO;
followed by 50 mL of 0.01 M HNO; to rinse out any remain-
ing lanthanides and to matrix match the loading solution,
respectively. Second, the elution acids were prepared in large
volumes to ensure that the concentrations of each acid were
identical to the calibration separation, ensuring that each
lanthanide eluted at the same volume every time. Third,
NaBrO; was added to all the eluents in order to maintain
Ce** to Ce** to minimize the potential for Ce bleeding in
the light lanthinides fractions. Finally, to decrease separation
timelines the flow rate for Ln-CSS was increased to 4 mL/
min, with negligible difference in elution profiles observed
at this higher flow rate.

Ln-CSS separations were optimized using non-radioac-
tive lanthanide ICP-MS standard solutions and resuts shown
in Table SI-1. A 15 mL load solution containing 500 ppb lan-
thanides in 0.01 M HNO; was loaded onto the column. One
hundred milliliters of 0.15 M HNO; +0.05 M NaBrO; was
then added to rinse the column and quantitatively oxidize the
Ce** to Ce**. The lanthanides were then eluted as follows:
La was eluted using 190 mLs of 0.15 M HNO;+0.05 M

@ Springer
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Fig.1 Flow chart of procedural steps of Ln-CSS, consisting of a
31.5 cmX 1 cm column dimension of 50-100 mm Ln resin bead size
with 2.4 mLs Re resin column in tandem. Detailed procedure of this

NaBrO;, Nd and Pr were eluted using 40 mLs of 0.35 M
HNO;+0.05 M NaBrO;, Sm was eluted using 60 mLs of
0.5 M HNO;+0.05 M NaBrO;, Eu was eluted using 100
mLs of 0.5 M HNO; +0.05 M NaBrO;, Gd was eluted using
200 mLs of 0.5 M HNO;+0.05 M NaBrO;, Tb was eluted
using 60 mLs of 1.25 M HNO;+0.05 M NaBrO;, Dy was
eluted using 60 mLs of 1.5 M HNO;+0.05 M NaBrO;
and Y/Ho/Er/Tm/Yb/Lu were eluted using 30 mLs of 8 M
HNO;+0.05 M NaBrO;. The column was rinsed with
30 mL of 0.01 M HNOj (to rinse out the NaBrO; without
eluting Ce) following which Ce was eluted using 40 mLs of
1 M HNO; +0.05 M ascorbic acid.

Application of the separation method to irradiated
U foil

Final evaluation of the Ln-CSS system was performed
using a radioactive fission product sample. The sample
was generated by irradiating a natural uranium foil using
the 38 MeV electron linear accelerator at the Idaho Accel-
erator Center (IAC). The foil was irradiated for 10 h at a
38 MeV bremsstrahlung end-point energy, producing a total
of ~2x10'* total fissions. After cooling for 2 days the target
was shipped to Idaho National Laboratory (INL) for sub-
sequent separations chemistry. An initial foil dissolution

@ Springer
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flow chart is in contained within “Optimized Lanthanide separation
and preconcentrationstep with stable surrogates (Ln-CSS).”

and bulk fission product separation was performed using
the Streamlined-Rapid Chromatography Isotope Separation
System (S-RCISS) developed by Snow et al. [32]. The puri-
fied bulk lanthanide fraction (15 mL of 0.01 M HNO;) was
diluted with an additional 15 mL of 0.01 M HNO;, following
which the solution was loaded onto the Ln-CSS system and
processed according to the procedure described previously.
Following separations, the purified lanthanide fractions were
analyzed via gamma spectroscopy.

Instrumentation and analysis

Analysis of all non-radioactive samples was performed using
a Thermo iCAP-Q Quadrupole ICP-MS. Aliquots of each
sample were diluted in dilute HNO; prior to analysis. Lan-
thanide concentrations were determined via external calibra-
tion using NIST traceable ICP-MS standards (High Purity
Standards, Inorganic Ventures).

Analysis of radioactive fractions were performed using a
12% relative efficiency liquid nitrogen-cooled coaxial High
Purity Germanium (HPGe) y-ray detector shielded with lead
bricks to suppress background radiation. An Ortec DSPEC jr
2.0 digital signal processing unit was used to acquire y-ray
spectra for the various chemical fractions. Energy and effi-
ciency calibrations were performed using a NIST traceable
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mixed radionuclide calibration standard (Eckert and Ziegler
Isotope Products). Samples were generally counted for sev-
eral minutes at a distance of 1 m from the detector endcap.
The 1 m distance was chosen to limit the count rate in the
detector but still ensuring reasonable statistics could be
achieved within the minutes timescale allotted for count-
ing each of the many samples produced directly following
the Ln-CSS procedure. The chemical purity of each fraction
was assessed by careful identification of individual gamma
energy lines through comparison to spectral libraries and
nuclear decay databases.

Quantitative comparisons of separations were performed
by calculating the resolution obtained for different sets of
chromatographic conditions. The resolution (R) was calcu-
lated using Eq. 1 below [33].

2(V, = V)

R =—"
(W + W) M

where V| and V, are the peak volumes of adjacent analytes
used to determine the peak distance, W, and W, are the base
peak width measured in volume. Baseline separations is
defined herein as having a resolution of 1.5 or greater [33].

Results and discussion
Acid dependence and column length studies

Isocratic separations performed at various HNO; concentra-
tions are shown in Fig. 2, with the calculated resolution for
each analyte given in Table 1. Higher resolution between the
light lanthanides is observed at lower HNO; concentrations,
at the cost of significantly larger volumes of acid required
and thus much broader elution peak profiles. At 0.13 M
HNOj; and above, significant cross-over between Ce, Pr and
Nd peaks is observed. Although the peak-to-peak separa-
tions appear to improve at a slightly faster rate than peak
broadening (as seen in available Rs values in Table 1) and
thus a slight improvement in peak separations is observed
with decreasing HNO; concentration below 0.15 M HNO;,
significant improvements in light lanthanide separations at
concentrations below ~0.15 M does not appear to be practi-
cal for most analytical separations due to the large volumes
that would be required to achieve baseline resolution. Thus,
for additional improvements in light lanthanide separations
using this resin, alternate approaches may be required.
Figure 3 shows the impact of column length upon light
lanthanide elution profiles, with the Rs values reported in
Table 1. Doubling and tripling the length of the column
results in increases in the resolution for La/Ce from 0.2
to 0.3 and 0.7 (respectively), while the resolution for Pt/
Nd is not observed to measurably improve. As observed in
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Fig.2 Isocratic separations of lanthanides on an Omnifit column
10 mmXx21.5 cm with Ln resin at the following concentrations: a
0.10M,b0.11 M, ¢0.12M,d 0.13M, e 0.15 M, and f 0.25 M HNO;

the isocratic separation studies in Fig. 2/Table 1, the small
increase in resolution gained by the increase in column
length may be outweighed by the volume of acid required.
Furthermore, at 45 cm the flow rates were significantly
reduced relative to those at shorter lengths due to the
small interior diameter and long length of this column.
This pressure may be overcome by using higher pressure
systems but cannot be easily overcome with gravimetric or
simple low-pressure systems and thus represents a limita-
tion in the total columns length.

A reasonable compromise between resolution, total
elution volume, and pressure can be obtained using a
21.5 cm X 10 mm column as shown in Fig. 4 and Table
SI-2. Separations using this column are very close to
achieving the resolution reported for T-HPLC without the
requirement for an expensive, custom instrument [31].
Using this approach, 5 pairs (La/Ce, Sm/Eu, Gd/Tb, Tb/
Dy, and Tm/Y) of the lanthanide elements have resolu-
tions greater than 1, representing a 97.7% separation of
each of the adjacent analytes from each other. Three (Gd/
Tb, Tb/Dy, and Tm/Y) of these 5 analytes have baseline
separation or greater (having a resolution of at least 1.5)
[33]. The remaining lanthanides (La/Ce, Ce/Pr, Pr/Nd,
Nd/Sm, Eu/Gd, and Dy/Ho) have resolution values rang-
ing between 0.5 and 0.8, indicating incomplete separation
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Table 1

Resolution values for each of the analytes in each isocratic separation

0.25 MHNO; 0.15M HNO; 0.13M HNO; 0.12MHNO; 0.11 MHNO; 0.10M 15 cm column 30 cm column 45 cm column

La/Ce 0.2 0.6 0.7 1.0
Ce/Pr 0.0 0.2 0.3 -
Pr/Nd 0.2 0.3 - -
Nd/Sm 1.2 - - -

1

HNO,

0 - 02 03 0.7
- 0.1 02 02
- 0.0 0.0 0.0
- 0.8 1.6 -

Dashes represent values not measured achievable with these simple systems

1.0
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Fig.3 Lanthanide elutions as a function of different column lengths
(at fixed 0.15 M HNO3): a 15 cmXx3.3 mm (L.D.), b 30 cmXx3.3 mm
(I.D.) and ¢ 45 cm)3.3 mm (I.D.)

under these conditions (though as shown in the section
Cerium Oxidation Evaluations, Ce can be isolated via the
NaBrO; oxidation approach, resulting in further improved
resolution between Ce and the light lanthanides).

Cerium oxidation evaluations

Figure 5 shows the Kd values for Ce as a function of the
concentration of NaBrO;. Kd values of Ce are observed to
increase as the concentration of NaBrO; increases until the
concentration reaches 0.05 M NaBrO;, beyond which the Kd
value is observed to decrease slightly. Increasing retention
of Ce at increasing NaBrO; concentrations up to 0.05 M
is likely due to the oxidation of Ce** to Ce** [34, 35]. As
HDEHP is a cationic extractant, the decreasing retention
of Ce on the resin at concentrations above 0.05 M NaBrO,
is likely a result of Na* ion competition with Ce** for the
active cationic extractant sites [36]. Later column studies
using NaBrO; showed that oxidation of Ce** to Ce** could
be performed directly on the column and that reduction of
Ce** back to Ce** could be accomplished on-column using
0.05 M ascorbic acid. The large increase in Kd values as
a result of NaBrO; addition indicates significant potential
for improving Ce/La, Nd, Pr, Pm separation factors using
this approach (as demonstrated in the section Optimized

+Y
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Fig.4 Elution profiles for an optimized lanthanide separation on a 21.5 cm)10 mm column in~2 h, in concentrations of HNO,
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Lanthanide separation and pre-concentration step with sta-
ble surrogates (Ln-CSS) and Radioactive sample).

Optimized lanthanide separation
and pre-concentration with stable surrogates
(Ln-CSS)

Optimized Ln-CSS separations are shown in Fig. 6, with the
chemical yields of each lanthanide when fraction collections
are balanced between obtaining high yields and high resolu-
tion given in Table 2. Baseline separation of Ce from all of
the other lanthanides is achieved using the NaBrOs/ascorbic
acid procedure described previously. The chemical yields
for Ce, Pr, Nd, and Y are >95%, while those of La, Sm, Eu,
Gd, Tb, and Dy are greater than 75% (due to greater overlap
between neighboring lanthanide fractions).

The optimization of purity over fraction volume created
fractions of up to 200 mLs, thus necessitating a volume
reduction or preconcentration step. The retention of the lan-
thanides on RE resin with a large load volume and a small
elution volume is shown in Figure SI-2. Lu, Yb, Tm, Er, and
Ho begin to bleed within 30 mL of loading solution onto
the column. Lower retention of these elements is due to the
gradual decrease of Kd values across the lanthanide series
on RE resin, with Kd values for La and Lu at 3 M HNO—;
on the order of 100+ 10 and 10+ 2, respectively [32]. As
isotopes of these heavy lanthanides are not produced to an
appreciable extent during nuclear fission, this bleeding does
not impact performance of Ln-CSS on radioactive samples;
should preconcentration of these elements be required for
other applications, however, the RE resin column length can
simply be extended to improve their retention at high load
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Fig.6 Gradient elution plot for optimized lanthanide separation
utilized for Ln-CISS (31.5 cm)10 mm column with 50-100 pm Ln
resin bead size). (I) 0.15 M HNO;+0.05 M NaBrO;, (II) 0.35 M
HNO;+0.05 M NaBrO;, (IIT) 0.5 M HNO;+0.05 M NaBrO;, (IV)

1.25 M HNO5 +0.05 M NaBrO;, (V) 1.5 M HNO;+0.05 M NaBrO,
(VI) 8 M HNO;3+0.05 M NaBrO;, (VII) 0.01 M HNO;, (VIID1 M
HNO;+0.05 M ascorbic acid
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Table 2 Percent yield calculation one of all the Lanthanides analyzed in the optimized separation

Volume eluted (mL) Y (%) La (%) Ce (%) Pr (%) Nd (%) Sm (%) Eu (%) Gd (%) Tb (%) Dy (%)
125-225 <1 91+3 <1 <1 <1 <1 <1 <1 <1 <1
329-344 <1 <1 <1 99+2 97+2 <1 <1 <1 <1 <1
389-429 <1 <1 <1 <1 <1 94+2 <1 <1 <1 <1
439-500 <1 <1 <1 <1 <1 <1 91+2 4+1 <1 <1
500-610 <1 <1 <1 <1 <1 <1 <1 79+2 <1 <1
784-820 <1 <1 <1 <1 <1 <1 <1 <1 93+2 <1
838-873 <1 <1 <1 <1 <1 <1 <1 <1 <1 90+2
876-892 33+1 <1 <1 <1 <1 <1 <1 <1 <1 2+1
892-902 68+1 <1 <1 <1 <1 <1 <1 <1 <1 <1
907-917 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
950-960 <1 <1 97+2 <1 <1 <1 <1 <1 <1 <1
Total yield 102+2 91+3 97+2 99 +2 97+2 94 +2 91+2 83+2 93+2 92+2

The yield is calculated based upon total ng loaded on the column. Uncertainty was calculated based on replicate analysis on the instrument

solution volumes. On the other hand, the light lanthanides
(e.g., La, Ce, Pr, Nd, Sm, Eu, Dy, and Tb) remain on the col-
umn with up to 100 mL of 3 M HNOj; load solution and are
not eluted until the addition of 0.01 M HNO;. The RE resin
approach thus presents an excellent option for rapid precon-
centration of the individual lanthanides without requiring
evaporation or matrix transpositions.

Analysis of lanthanides from the U foil

The gamma spectra of each lanthanide fraction extracted from
the photo-irradiated U foil are shown in Figures SI-3 and 4.
Each of the fractions contain *™Tc and '*'I contaminants
which were present in the initial bulk lanthanide fraction pro-
duced by the S-RCISS system (see separation of radioactive
sample). In the fractions of Y, La, Ce, Pm, Sm, Eu, and Gd
no adjacent lanthanides were observed, while only a small
amount of Pm was observed in the Nd fraction. The Tb and
Dy fractions are shown separately in Fig. 8. Since these are
produced to a much lesser extent in fission compared to the
lighter lanthanides, they had to be positioned up against the
front of the HPGe endcap in order to observe their decay lines
within the minutes timescale allotted for counting each sample.
Moreover, the activities were so low that even minor impuri-
ties dominated the spectra. For example in the Dy fraction,
Ce was the primary lanthanide contaminant; while this Ce
represented 0.04% of the total Ce from the sample it appears
as a major contaminant in the gamma spectrum due to the trace
concentrations at which '®Dy is produced during the nuclear
fission process compared to those of Ce isotopes (0.0006%
fission yields of Dy versus 4% for Ce from standard 14 MeV
neutron fission of 2**U). In the case of Tb several lanthanide
impurities were present including Ce (0.002% of total Ce) and
Nd (0.003% of total Nd). Further refinements in the Tb and Dy

@ Springer

separation from Ce could be achieved by simply changing the
separation conditions to elute Ce prior to Tb and Dy.

Conclusions

An evaluation of an effective separation of the light lantha-
nides (La-Dy) and the practical limits for individual lan-
thanide separations using Ln resin is reported in this work.
Through careful selection of the column dimensions, acid
concentrations and volumes, baseline separation of the
majority of the lanthanides can be achieved using Ln resin.
The use of simple peristaltic pumps (rather than gravimet-
ric columns) results in improvements to both the separa-
tion timeline and resolution versus gravimetric approaches
previously reported in the literature and is thus highly
recommended for applications where sample analyses are
time sensitive or higher resolution than simple light-heavy
lanthanide separation is required. On the other hand, light
lanthanide separations are found to be challenging using this
resin; while La can be isolated by careful selection of the
separation conditions and Ce isolation from Nd and Pr (and
likely Pm) can be achieved using the NaBrOs/ascorbic acid
Ce’*/Ce** oxidation—reduction approach outlined herein,
baseline separation of Nd from Pr or Pm was not accom-
plished under the conditions utilized in this work. Further
refinements in Nd/Pr/Pm separations using this resin might
be possible using novel approaches such as the usage of
high pressure chromatography systems, selective chelating
agents, and so forth. For standard lanthanide separations
from nuclear fission samples, the Ln-CSS approach outlined
in this work represents an attractive option for rapid isola-
tion and preconcentration of light lanthanide isotopes, with
high purity achieved for all but Dy and Tb (with additional
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improvements to Dy and Tb purities possible via simple elu-
tion of Ce prior to Dy/Tb elutions).
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