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High-precision Nd isotope measurements provide key constraints on the evolution of the silicate Earth and
planetary bodies. As advances in mass-spectrometry and measurement techniques have brought the
precision of #2Nd/***Nd measurements down to +2 ppm (parts-per-million), systematic biases
stemming from insufficient sample purification (matrix effects and/or isobaric interferences) or non-
quantitative yields are becoming increasingly problematic. One of the most widespread approaches for
Nd purification uses cation-exchange column chromatography with o-HIBA (2-methylactic acid)
reagent. Despite its popularity, limitations pertaining to the level of purification and yield of the a-HIBA
method exist. Here we present an optimized a-HIBA purification protocol that addresses these
limitations and achieves the level of purity required for routine high-precision Nd isotope analyses. This

iig:gteez 1225&'\33{}/22002211 protocol builds on existing methodologies and a comprehensive series of tests that we performed, and
efficiently minimizes procedural blanks, the number of column passes, and thus the sample processing

DOI: 10.1039/d1ja00169h time, while maximizing recovery yields. We anticipate that this optimized protocol will benefit both
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Introduction

The ability to measure neodymium (Nd) isotope ratios at high
precision is instrumental to the study of planetary formation
and evolution. First, because the Sm-Nd system contains two
radiogenic isotopes (**’Sm — '**Nd, t;,, = 106 Byr; *°*Sm —
M2Nd, t1,, = 103 Myr'), which are widely used in (i) geochro-
nology,*™ (ii) tracing mantle sources,*” and (iii) the study of the
differentiation history of planetary silicate reservoirs.*™
Second, because Nd isotopes in solar system materials also
display isotope anomalies of nucleosynthetic origin,'*** which
have recently brought critical insights into our understanding
of early solar system dynamics.”** The analytical challenge
associated with resolving these isotopic signatures is variable.
For '**Nd excesses due to decay of "*’Sm, effects are typically
quite large, at the epsilon level (i.e., part per ten thousand
deviations relative to the standard) and therefore readily
measured with modern instrumentation. For "**Nd excesses
due to *°Sm decay and nucleosynthetic anomalies, effects are
much more subdued, typically resolvable only at the ppm to few
tens of ppm level,'>* and signatures are often close to the limit
of resolution of state-of-the-art multi-collector mass-spectrom-
eters.”” As the precision of isotopic analyses is being pushed to
higher levels, the question of measurement accuracy becomes
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established and new users of the a-HIBA column chromatography method.

paramount because systematic biases can start to affect the data
outside of the stated uncertainties.

This concern is particularly important for ***Nd/***Nd ratios
- a powerful tracer of silicate differentiation events occurring in
the first 500 Myr of Earth's history - for which precision has now
been brought down to +2 ppm or better.'**”*® The confirmed
presence®* or absence of +2-5 ppm anomalies in ***Nd/***Nd
in the rock record in the past two billion years has important
implications for constraining the timescales and vigour of
mantle mixing throughout Earth's history.>” At such level of
precision, however, isotope fractionation during chromato-
graphic purification due to non-quantitative yields, or incom-
plete separation of matrix elements/isobaric interferences could
compromise data accuracy.***°

Here, we present an optimized protocol using alpha-hydrox-
yisobutyric acid (a-HIBA; also often called MLA or 2-methylactic
acid) as an eluent on a cation exchange resin (AG50W-X4). We
show that this method simultaneously fulfils the requirements of
Nd purification and near-quantitative yield while minimizing the
number of column passes, and thus the sample processing time
and blanks. The reproducibility and robustness of the separation
are tested using both multi-elemental standard solutions and
reference material (e.g:, BHVO-2) powder digests. High precision
(£2-5 ppm) data obtained on the purified samples demonstrates
the lack of systematic biases introduced by this protocol. To allow
easier replication of our optimized methods, the full details on the
experimental setup are provided in the paper and ESIt (including
SolidWorks drawings of the columns and other custom-made
parts, available for download at www.isotoparium.org).

This journal is © The Royal Society of Chemistry 2021
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Background

Neodymium is part of a family of fourteen refractory lithophile
elements called Rare Earth Elements (REEs). They are known
for their near-identical geochemical behaviour, which stems
from (i) their very similar ionic radii, and (ii) the fact that most
of these metal ions exist primarily in the trivalent oxidation
state in geological samples (Eu and Ce can also exist as Eu”>* and
Ce*", respectively). These characteristics make the separation of
the individual members of the REEs especially difficult, and the
task has even been called “one of the greatest challenges in the
separation of metal ions”.** Although a variety of approaches
have been developed for the bulk separation of REEs,** high-
precision isotopic analyses of Nd (or any REE), generally
involve a multi-step chromatographic purification whereby
a primary column is used for matrix removal (i.e., REE pre-
concentration) and a secondary column (or series of columns)
for individual REE separation. The goal is, while ensuring near-
quantitative recovery yields, to remove any matrix element or
critical isobaric interference (e.g., **>Ce, ***Sm), which could
affect the accuracy of high precision data.

The REE pre-concentration step is typically performed using
a cation exchange resin, loading the sample in a reagent where
major elements have little affinity for the resin, while the REEs
and some other traces elements (e.g., Ba) are initially retained
and eluted after all major elements. The purification of Nd from
the other REEs is where the challenge resides and significant
improvements can be made. Two main purifications techniques
are commonly used in the literature. (i) The first method, often
called o-HIBA chemistry, uses a-HIBA as an eluent on a cation
exchange resin (e.g., AG50W-X4) (ref. 2, 3, 8,9, 17, 19-22, 25, 27,
30 and 32-87) to elute REEs in order of increasing atomic
number. This method provides good separation of Nd from
other REEs, but suffers from several limitations pertaining to
the exact experimental setup. To achieve proper Nd separation,
long and thin glass columns are used (L = 20-30 cm, ¢ = 1-2
mm), which need to be calibrated for each new batch of a-HIBA,
and sporadic low yields and residual Ce and Sm in the Nd cuts
have been reported. (ii) The second separation method, often
called the NaBrO; or oxidative method, uses the Ln-Spec
extraction chromatography resin where HDEHP (hexyldiethyl
hydrogen phosphate) acts as the resin extractant phase and
nitric or hydrochloric acid as the mobile
phase.10,11,13,19,25,30,50,60,64,68,71,74,79—81,85,88—111 On thlS resin’ REES
elutes in order of decreasing atomic number, and Ce is effi-
ciently removed by oxidation to Ce**, which complexes with
HDEHP and does not elute. The attractiveness of this approach
is that it achieves good Nd separation and consistently good
yields (80-100%), and the setup is easy to implement (no reca-
libration with each acid batch). This method has its drawbacks
too as non-quantitative yields result in ppm magnitude nuclear
field shifts effects,>® and residual Na, Br and Ba must be
removed through an additional clean up chemistry on cation
exchange resin.

Recently, two important variations have been proposed to
address some of the limitations of the main methods presented
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above. The first one is the use of high performance liquid
chromatography systems (HPLC) for the Nd separation
step.'®?#10:112113 Tndeed, as thinner and longer columns yield
better separations but their flow is prohibitively slow when
driven by gravity alone, column pressurization is an attractive
solution. However, handling of the harsh reagents used in the
Ln-Spec chemistry requires a metal-free flow path, which most
commercial HPLC systems lack. To date, only two systems have
been successfully used for separation and high precision anal-
ysis of Nd isotopes, the ESI PrepFAST'>**'** and a one-of-a-kind
fluoropolymer HPLC prototype.'>'** The clear advantage of
these systems is the purity of the separation they produce, while
their clear disadvantage is their high cost, which is a limiting
factor for broad adoption by the community. The second
development involves a series of specialized extraction chro-
matography resins (DGA-LnSpec-TruSpec), used in a sequence
of three tandem steps allowing for Nd purification without the
need for any collection or evaporation step.** This method
successfully minimizes blanks and sample processing time, but
also suffers from some limitations: it is not adapted to the
processing of large amounts of depleted samples for routine Nd
analysis on the TIMS (thermal ionization mass spectrometer)
and reported yields are only on the order of 80 to 90%.

Regardless of the method used, the end goal is always the
same: obtaining with minimal effort a sufficiently purified Nd
cut to ensure accurate and precise isotope analysis. As such, an
optimal scheme would minimize the number of column passes
to ensure a short sample processing time and low blanks, while
simultaneously providing near-quantitative (i.e., close to 100%)
recovery yields to alleviate any concern of fractionation during
column chemistry. Here, we present developments in a-HIBA
chemistry, which address the main limitations of this method
highlighted above. Our optimized separation procedure
consists of a three-step chemistry, which achieves consistently
high total recovery yields (>95%), and results in negligible
isobaric interference levels (Ce/Nd < 1 ppm and Sm/Nd ~ ppm-
level). To streamline implementation in other laboratories, we
provide a detailed description of all aspects of the analytical
setup, including SolidWorks drawings of custom-made
components.

Methods

In order to optimize Nd purification using a-HIBA chemistry, we
systematically assessed and refined each step of the process. A
step was found to be improved if, all else being equal, a partic-
ular modification led to higher recovery yields, higher purity of
the Nd cut, lower processing time and/or lower blanks. Here
and throughout the paper, the term “recovery yield” refers to the
ratio of number of atoms recovered in the Nd cut over the
number of atoms loaded onto the column. The recovery yield of
a given step might be less than 100% if (i) some Nd stays bound
to the resin (i.e., does not elute), or (ii) some Nd elutes outside of
the Nd cut fraction. The “total recovery yield” of the whole
chemistry, is the product of the yield of all individual steps. All
experiments and analyses were conducted at the Isotoparium
(Caltech).
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Sample dissolution

Rock powders (~100 mg) were placed in clean 7 mL Teflon
beakers and dissolved by acid attack on hot plate using 4 mL of
HF/HNO; (3 : 1) at 180 °C for three days. The samples were then
evaporated completely and redissolved into 3.5 mL of aqua regia
(HCI/HNOs3, 3 : 1) at 160 °C for three days. After this step, the
samples are typically digested and completely dried down again
before being redissolved in 1.5 M HCI (3 mL for every 100 mg of
sample).

REE pre-concentration chemistry

In the literature, this step typically uses cation exchange chro-
matography with HCI as the eluent.?*****5>57%” Sample loading
utilizes high purity 1.5 M HCI, while major element elution up
to Sr utilizes high-purity 2.0 M (ref. 33, 40, 47 and 87) or 2.5 M
HCI (ref. 17, 39 and 53). Higher molarity HCl (4.0-6.0 M) is
finally used to release the REE from the resin. Variable column
dimensions have been used, including long, custom-made
columns (L = 20-26 cm, @ = 0.6-1 cm),”*”*'*® to improve the
resolution of the separation.

Here, the REE pre-concentration step is performed on mass
produced polypropylene R1010 columns (Environmental
Express®, ¢ = 9.3 mm, 5.5 mL capacity), fitted with HDPE frits
(45-90 pm porosity). The high-density polyethylene frit is
provided with the polypropylene columns, and its size is manu-
factured to fit in the inner diameter of the column. This partic-
ular column was chosen for its high-capacity reservoir, low cost,
ease of acquisition, and likely long-term availability, minimizing
the chance for future recalibration due to product discontinua-
tion. The columns, frits, and reservoirs were cleaned by soaking
them in a bath of 6 M HCI (reagent grade) for three days, then
subsequently soaked in a bath of 3 M HNO; + 1 M HF (reagent
grade) for three days. The resin used during this step, AG50W-X8
(100-200 mesh size) was cleaned with one resin volume of ultra-
pure 3.0 M HNOj3, one resin volume of MQ water, then one resin
volume of ultra-pure 4.0 M HCI, and finally rinsed with three
resin volumes of MQ water. The resin was loaded onto the
column, conditioned in up to 50 mL of 4.0 M HCI (or until there
is no change in resin volume), and the resin height adjusted to
the neck of the column where the column first begins to widen
into the funnel-holder (~8 cm height).

For loading/rinse/REE elution, double-distilled HCI of three
different molarities (~1.5 M, ~2.0 M, and 4.0-6.0 M HCI) have
typically been employed. Various combinations were tested (i.e.,
1.5/1.8/3.6 M HCI; 1.5/2.0/4.0 M HCI; 1.5/2.5/4.0 M HCl) in order
to derive an optimal elution scheme for this step (see results
and Table 1).

Nd purification from other REE

Nd separation from other REEs using o-HIBA chemistry typi-
cally involves the use of long and thin columns (L = 20-30 cm,
9 = 0.1-0.2 cm) and 0.10-0.25 M o-HIBA as the eluent, cali-
brated to a pH of 4.1 to 4.8 (ref. 39, 40, 64, 83 and 87). Both
AG50W-X4**> and AG50W-X8%"*" cation exchange resins have
been used, and since a gravity-driven drip setup greatly

1948 | U Anal. At. Spectrom., 2021, 36, 1946-1959

View Article Online

Paper

Table 1 Elution scheme for Nd separation

Step I: major element-REE separation (Bio-Rad AG50W-X8 resin, 100
200 mesh)

Step Volume (mL) Eluent
Rinse with 30 mL 4 M HCI
Condition resin 5 1.5 M HCI
Load sample 3 1.5 M HCI
Rinse major elements 3 1.5 M HCI
6 +49 2.0 M HCI
Precollection Nd 3 4.0 M HCI
Collect Nd 30 4.0 M HCI
Postcollection Nd 3 4.0 M HCI

Rinse with 30 mL 4 M HCI, or discard resin

Step II. Nd purification process (Bio-Rad AG50W-X4 resin, 200-400
mesh) performed twice

Step Volume Eluent

Condition resin 7 mL pH = 4.6, 0.2 M o-HIBA
Load sample 150 uL 0.75 M HCI

Discard 0-39 drops pH = 4.6, 0.2 M o-HIBA
Collect Sm 40-60 drops pH = 4.6, 0.2 M o-HIBA
Discard 59-84 drops pH = 4.6, 0.2 M o-HIBA
Collect Nd 85-118 drops pH = 4.6, 0.2 M o-HIBA

Discard resin

increases the duration of an elution, the columns are often
pressurized and timed.>*>?*”7%11¢

Here, the o-HIBA chemistry step was performed using 0.2 M
o-HIBA (MilliporeSigma), calibrated to a pH of 4.62 (+0.03)
using NH,OH solution (Optima grade), and AG50W-X4 cation
exchange resin (200-400 mesh size) in NH*" form. As o-HIBA
solutions tend to stick to plastics (including fluoropolymers,
such as PFA/PTFE), and to a lesser extent quartz, custom-made
borosilicate glass columns with ~15 mL reservoirs (OD = 25
mm) were used.

The column capillary internal diameter was 2 mm (OD = 5
mm), and as longer columns provide better separations
between peaks, two different column lengths were tested: 30 cm
and 60 cm (resin height). The columns were pressurized (0.35
psi) using high-purity compressed air supply and a low-pressure
regulator (Fairchild). To ensure pressure homogeneity when
running several columns in parallel, the pressurized air was
split into multiple channels using wye connectors and flexible
PVC tubing of equal length.

For each column, a holder, whose design was adapted from
the Sm-Nd separation column setup used in G. J. Wasserburg's
lab, was machined out of an ultra-high molecular weight
cylinder. The top and bottom caps of the column holder, built
out of polypropylene, secure the glass column from above and
below (see SolidWorks drawings). At the bottom of the glass
column, a Teflon nozzle (holding a frit) is placed between the
borosilicate column and the bottom cap, to guide the eluate out
of the column without contact with the cap. Below the nozzle,
a commercial infrared drop-counter (NEULOG) keeps track of
the eluted volume collected. Column holders and drop counters

This journal is © The Royal Society of Chemistry 2021
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are secured to a stand, so they can be moved as a single unit.
The frits (35 pm porosity, single-use) were cut out of filter paper
(e.g., Whatman) to the size of the outer diameter of the column,
cleaned with 4 M HCI at room temperature for one hour, before
being rinsed and soaked in MQ water for one day and air-dried
in a laminar flow hood.

The elution protocol followed a typical isocratic elution with
0.2 M o-HIBA at pH = 4.62 £ 0.03 on AG50W-X4 (Table 1). The
pH of the o-HIBA solution was originally modified from Gd-Sm
separation chemistry"'”'*® for ease of separation for lighter rare
earths such as Nd.>***” The resin was conditioned with ~7 mL
of 0.2 M a-HIBA overnight in an unpressurized state prior to
sample loading. To improve Ce removal, the REE fraction from
the matrix removal chemistry step was dried down to ~1 mL
and treated with 200 puL of 30% H,O, (Optima grade). The
beaker was capped and set on a hot plate at 80-90 °C overnight
to oxidize Ce to Ce**. The cut was then dried down completely at
90 °C, redissolved in 75 pL of 0.75 M HCI, and loaded onto the «-
HIBA column. An additional 75 pL was added to the beaker to
recover any residual sample, before loading onto the column
(150 pL total loading volume). To prevent diffusion of the
sample back into the reservoir in subsequent steps, a small
amount of «-HIBA was loaded onto the capillary in two aliquots
(~80 pL each). The column reservoir was then filled with ~7 mL
of a-HIBA solution, and the column was continuously pressur-
ized at 0.35 psi until the end of the elution. This step is repeated
twice to further remove other REEs from the Nd cut.

To optimize this chemistry, two main types of tests were
conducted. First, the performance of a 60 cm column was
compared to that of a 30 cm column to see if a single column
pass could produce a Nd cut sufficiently clean (i.e., removal of
isobaric interferences). A single column pass would be advan-
tageous, helping to decrease blanks and sample processing
time. Second, several elution conditions that could affect the
yields were systematically modified and their impact of the
yields assessed. These were (i) the elution rate, as controlled by
the amount of column pressurization, (ii) the stability of the
column pressurization, and (iii) the nozzle geometry, which
impacts the back pressure and drop size.

Mass spectrometry

Calibration and elution curves for the matrix removal and o-
HIBA columns were performed with 1.00 mL of 100 ppb REE
solutions (SPEX CertiPrep CLMS-1 multielement solution),
equivalent to 100 ng of Nd (and all other REEs), which was dried
down and redissolved into 0.75 M HCI. For elutions, small
aliquots (referred to hereafter as “column tails”), were collected
before and after the cuts in order to monitor the consistency of
the calibrations and to assess whether a loss in yield could be
attributed to a shift in calibration. For the matrix removal step,
this is ~3 mL before and after the cuts, and for the o-HIBA
elution step, ~4 drops before and after cuts. Rock samples
(BHVO-2, Columbia River Basalt) are used in a separate set of
elutions to check for consistency when using natural sample.
All analyses were performed at the Isotoparium. Concentra-
tion measurements for calibrations and elution curves, as well
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as purified cuts and column tails were performed on an iCAP RQ
(ThermoFisher) Quadrupole ICP-MS, while high-precision Nd
isotope analyses were conducted on a Triton (ThermoFisher)
TIMS.

To build an elution profile, fractions were collected in 3 mL
increments for the pre-concentration chemistry step, and 4-
drop increments for the REE columns. For yield assessments,
the entire fraction expected to contain Nd was collected as
a single cut, along with elution tails, before and after this cut,
and the amount of Nd in these fractions was compared to that
contained in the initial load (1 mL of 100 ppb SPEX CertiPrep
CLMS-1 multielement solution). All collected fractions and the
newly prepared initial load were dried down into 5 mL Teflon
beakers, redissolved in 5 mL of 3% (vol.) HNO; and run on the
iCAP-RQ. The instrument was run in STD mode, with nebulizer
and auxiliary gas flow rates set at 1 and 0.8 L min™", respec-
tively. Signal sensitivity and stability were optimized using the
iCAP Q/RQ tuning solution (ThermoFisher Scientific) contain-
ing 1.0 ppb Ba, Bi, Ce, Co, In, Li, and U in 2% HNO; and 0.5%
HCI. Calibration curves for REEs were built by measuring
gravimetric multi-elemental solutions (obtained from SPEX)
spanning a range of concentrations from 1 to 10 ppb. To
monitor instrumental drift throughout the analytical session,
a 2 ppb Ho solution was measured every four samples. To
achieve a higher degree of precision in assessing yield, a 10 ppb
In internal standard was employed to correct for instrumental
drift.**?

Isotope ratio measurements were performed with a Triton
thermal ionization mass spectrometer (TIMS) and double Re
filaments. Prior to sample loading, one microdroplet (~0.15 uL)
out of 1.0 uL of 0.17 M H3;PO, was loaded onto the evaporation
filament (zone-refined Re filament, >99.995%, H. Cross Co,
Moonachie, NJ, USA). The sample, corresponding to ~1 pg of
Nd, was dissolved in 1 uL of 3 N HNO; and then mixed with the
remainder of the H;PO, (0.85 pL) to be loaded onto the evapo-
ration filament in no less than a total of 10 increments with
a 0.5-3.0 pL capacity pipette (Sartorius). Neodymium isotopes
were analysed as Nd*, using a dynamic "**Nd/***Nd method
adapted from Hyung and Jacobsen (2020) (ref. 27). The method,
initially developed on an Isotopx IsoprobeT, was adjusted to the
Triton TIMS. Owing to the difference in the distribution and
number of Faraday cups between the two instruments, the
beams were arranged as shown in Table 2 with **°Ce collected
in the lowest cup (L4) and "*®Nd in the highest cup (H4) in the
main sequence, while °Nd was collected in the second
sequence. Between each block consisting of 10 cycles, the
amplifier rotation function was used to cancel gains. Data were
collected in multiples of nine blocks to cancel differences in
gains across the nine amplifiers assigned to the nine Faraday
cups. The number of cycles for each measurement ranged from
360 to 1260 (Table 5), with an integration time of 8.389 seconds
and a magnet idle time of 3 seconds, corresponding to a run
time of ~4 to 11 hours. After correcting for isobaric interfer-
ences, raw isotope ratios were corrected for mass fractionation
to "*°Nd/***Nd = 0.7219 using the exponential law. We report
static measurements for all other Nd ratios.
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Table 2 Cup configuration for a 2-sequence dynamic run
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Faraday cup Zoom optics

L4 L3 L2 L1 Ax H1 H2 H3 H4 Focus (V) Dispersion (V)
Sequence 1 19Ge 1lpy 2Nd 3Nd MINd 5Nd 1eNd 7Sm 18Nd 0 0
Sequence 2 142Nd 143Nd 144Nd 145Nd 1oNd 1479m 145Nd 150Nd 0 —9.0
Results such a process is only needed once for a given column, as

REE pre-concentration chemistry

Fig. 1 shows the optimal elution curve, obtained using 3 mL of
1.5 M HCI per 100 mg of sample for sample loading, 3 mL of
1.5 M HCI and 55 mL of 2.0 M HCI for elution of the major
elements and 36 mL of 4.0 M HCI for elution of Nd (including
column tails). The same elution volume applied even when
loading of a 300 mg sample in 9 mL of 1.5 M HCL. The elution,
including resin cleaning and conditioning, takes about four
hours to complete, and 6 to 12 samples can easily be processed
in parallel. The recovery yield of Nd for this step was found to
consistently be 99%, both with multi-elemental solutions and
basaltic geostandard. Other acid combinations tested provided
either no improvement in separation while using larger acid
volumes or poorer separations (see ESIT).

o-HIBA chemistry

For the a-HIBA chemistry, elutions are reported in terms of the
number of “drops” passed through the column. Each drop was
~45-50 pL in volume, where volume variability stems from
minute differences in the inner diameter of the column, flow
rates, and the shape of the Teflon nozzle fitted at the tip of the
column. Whereas the drop size is typically uniform for
a singular drop rate on a given same column, calibrations of
different columns differed by 5-25 drops. Although this
requires a careful calibration of each column independently,

elutions were found to be highly reproducible (Fig. 2).

Our tests in the a-HIBA chemistry reveal several factors,
which can affect the Nd separation. Most importantly is the
eluent flow rate, which is imposed by the amount of pressuri-
zation applied at the column head, and which was found to
have a very significant impact on both the position of the
elution peaks and the recovery yields. Fig. 3 shows the elution
peaks for Sm and Nd for two elutions conducted under

Pre-cut tail : Nd cut Post-cut tail
3 | 5
g 10k
<@ 3 :
© r :
o
ke; 1& : ]
= £ 0.07, : :

0.1 ||
12345 12345 12345
Elution #

Fig. 2 Proportion of Nd collected in the Nd-cut elutions and column
tails for multiple elutions on the a-HIBA column, demonstrating the
high-consistency of the elution peak position (same drop intervals
used in all elutions for all three fractions).

1.0
09 ||
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

2.0 M HCI

Fraction eluted

4.0 M HCI

HREE

LREE and Ba

Sm

Nd
Ce

60 80 100 120

Volume eluted (mL)

Fig.1 REE-preconcentration elution curve. Samples are loaded in 1.5 M HCL (3 mL per 100 mg of powder digested), most matrix elements are
eluted after passing 3 mL of 1.5 M HCl and 55 mL of 2.0 M HCl, and Nd is eluted in 36 mL of 4.0 M HCl (including column tails).
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Fraction eluted
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Fig. 3 Influence of eluent flow rate on the elution of Sm and Nd on
a 30 cm long a-HIBA column: “fast” = 50 uL min~?, “slow” = 29.9
uL min~t Although calibrations are highly reproducible for a given
drop rate, a slower flow rate results in a narrower cut, allowing for
better separation.

Table 3 Drop rate vs. yield comparison (-HIBA column, single pass)

Relative flow rates

Fast Slow
Column length Yield
(cm) Pressure (psi)  Yield (%)  Pressure (psi) (%)
30 1.0 93.5 0.35 98.5
60 2.2 70.0 1.5 96.8

otherwise identical conditions (i.e., 30 ¢cm column, 35 pm
porosity frit), but with two different flow rates: ~50 uL min ™"
(1.0 psi of head pressure), and ~29.9 uL min~" (0.35 psi of head

Table 4 Isobaric interferences after a.-HIBA chemistry at a flow rate of 29.9 uL. min™
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Fig. 4 Influence of the stability of elution conditions. Two identical
elutions were performed, one free of any disturbance ("Reference”,
yield of 93.3% at a 50 uL min~t drop rate), while the pressurization
tubing was purposely disturbed during the "Unstable" elution. A
significantly lower yield (78.3%) is observed in the "Unstable" elution,
highlighting the importance of stable elution conditions.

pressure). In the faster elution, peaks elute early by 4 to 6 drops
(~0.2 to 0.3 mL) relative to the slower elution, and the recovery
yield of Nd were, respectively, only 93%, against 98% (Table 3).
An important consequence is the improvement in the separa-
tion of Pr from Nd. At a flow rate of 50 uL min ', two passes
through the o-HIBA column reduced the original amount of Pr
in the Nd cut to 5%. In contrast, >99% of the Pr was removed
after two a-HIBA column passes when changing the pressure
conditions on the column from 1.0 to 0.35 psi (29.9 uL min™ ")
(Table 4).

The consistency of the column pressurization was also found
to impact the o-HIBA chemistry. Fig. 4 compares an elution
(labelled “Reference”) in which no disturbance (e.g., shock or

1

Sample type Ratio” Pre-chemistry After 1st pass After 2nd pass®
SPEX®4 Ce/Nd 1.0 1.14 x 1073 1.30 x 10°°
H2Ce/*2Nd 5.47 x 1077
SPEX®*¢ Ce/Nd 1.0 4.54 x 107° <1x1077
M2Ce/M2Nd <1x 1078
SPEX“ Pr/Nd 1.0 3.00 x 1072 9.00 x 10~*
SPEX” Sm/Nd 1.0 3.60 x 107° 1.30 x 107°
1449m/ *Nd 1.61 x 10°°
Chondrite’ Sm/Nd 0.324 1.50 x 10~* 4.20 x 10°
1449m/*Nd 5.20 x 1077

¢ SPEX: multi-elemental solution containing all REEs, Sc, Y, and Th in equal proportion. ? Elemental ratios are weight ratios. Isotopic ratios are
atomic ratios. ¢ Calculated based on decrease in 1st pass. ¢ Not treated with H,0, prior to loading. ¢ Treated with 30% H,O, prior to loading to
oxidize Ce.’ Calculated assuming a chondritic value from McDonough and Sun (1995) (ref. 124) and based on the results on SPEX solution.

This journal is © The Royal Society of Chemistry 2021

J. Anal. At. Spectrom., 2021, 36, 1946-1959 | 1951


https://doi.org/10.1039/d1ja00169h

Published on 30 July 2021. Downloaded by California Institute of Technology on 9/1/2021 11:40:02 PM.

JAAS

movement) affected the flexible PVC tubing used to bring the
compressed air to the column head, with another elution
(labelled “Unstable”) where the tubing was purposely moved
early in the elution (~100 drops after sample loading). Relative
to the “Reference” elution, a significant drop in yield was
observed in the “Unstable” elution: from 93 to 78%.

The impact of column geometry was also found to be
significant on the quality of the separation and recovery yields.
In one instance, a column nozzle, machined to flare outward
(Fig. 5a; top right corner), was used during a calibration curve
test. The resulting elutions are shown in Fig. 5a and c. Although
the general profile (Fig. 5a) looks similar to that obtained with
a properly shaped nozzle (Fig. 5b), the peak positions were
affected (earlier elution). More importantly, inspection of the
elution peak on a logarithmic scale revealed concurrent release
of supposedly already eluted elements with each new element
(e.g., Sm with Nd and Ce, and Nd with Ce; Fig. 5c vs. Fig. 5d).

Extending the length from 30 to 60 cm was also tested to
determine if a single column pass on a longer column could
provide as good a removal of isobaric interferences as two
passes on the 30 cm column. As for the 30 cm column, the
eluent flow rate had a pronounced impact on the recovery yield.
At 50 uL min " (2.2 psi), the Nd yield was only 70% on the 60 cm
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column. This value increased to 97% after the flow rate was
adjusted to 39.5 pL min~" (1.5 psi) (Table 3), resulting in an
elution time of 4.4 h for Nd, vs. 3.3 h for the high yield elution
on the 30 cm column (~30 pL min~", 0.35 psi) (Table 2). At the
flow rates needed to achieve >97% Nd yield, the use of a 60 cm
column reduced the Ce/Nd and Sm/Nd ratio in the Nd cut to
0.15 and 0.65%, respectively, similar to a single pass on a 30 cm
column. Only the separation of Pr from Nd was markedly
improved on a 60 cm column, where the Pr/Nd ratio was
reduced to 0.001 from 1.0, compared to 0.03 from 1.0 on the
30 cm column (Table 4).

One or two passes on an o-HIBA column?

Using the multi-REE solution from SPEX, a single pass on
a 30 cm o-HIBA column reduced the Ce/Nd and Sm/Nd from
unity to ~(1-3) x 10~>. Removal of Ce from Nd was improved by
a factor of 20 when having treated the sample with H,0, once,
prior to loading the sample onto the a-HIBA column (Table 4).
These values indicate that two steps of o-HIBA chemistry can
achieve lower than 1 ppm interference on (i) **’Nd from "**Ce,
even for samples with Ce/Nd as high as ~500, and (i) ***Nd
from '**Sm for samples with Sm/Nd ratios of about 0.6 (i.e.,
~2x the chondritic values) (Table 4). Interference levels

e
o
3
L
c
*g c. d.
T Sm
04| SM -
0.01 | i
0.001 -
0.0001 L— L ? : — o

0 20 40 60 80 100 120 140 160 180

0 20 40 60 80 100 120 140 160 180 200

Drops

Fig.5 Impact of column end geometry on the elution of Sm, Nd, and Ce on a 30 cm a.-HIBA column. (a and c) Elution calibrations using a flared
nozzle (top right corner in panel a) vs. (b and d) a fixed outer diameter nozzle (top right corner in panel b). Top and bottom panels are in,
respectively, linear and log-linear space. Late elemental release occurs with the flared nozzle, possibly due to changes in flow path induced by
the periodic back pressure associated with the formation of larger drops in the flared nozzle.
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Table 5 Nd isotope data for the unprocessed JNdi-1 standard and two reference materials processed through chemistry®

12Nd Number
beam of

142Ce/142Nd 144Sm/144Nd 142Nd/144Nd(2(7) 143Nd/144Nd(20_) 145Nd/144Nd(2(7) 148Nd/144Nd(2(7) 150Nd/144Nd(2(7)

intensity (V) cycles (ppm) (ppm) dynamic (ppm) static () static (ppm) static (ppm) static (ppm)
JNdi-1 7 450 —0.1(2.8) —10.42(0.03)  —2.2(2.9) 14.3(5.3) —0.4(7.5)
JNdi-1 7 900 —0.4(2.2) —10.32(0.02)  2.1(1.9) 9.2(3.7) 1.0(5.3)
JNdi-1 7 720 0.1(2.5) —10.40(0.03)  0.2(2.8) 11.0(4.7) 8.5(6.9)
JNdi-1 7 900 —-1.5(2.3) —10.38(0.02)  —0.6(2.0) 3.5(3.7) —18.0(5.0)
JNdi-1 7 900 0.8(2.0) —10.40(0.02)  —2.3(2.1) 12.9(3.7) —5.9(5.1)
JNdi-1 7 900 —1.2(2.4) —10.34(0.02)  4.6(2.3) —11.7(3.9) 7.0(5.0)
JNdi-1 7 720 —1.4(2.3) —10.43(0.02)  0.9(2.0) —13.9(3.9) 10.1(5.3)
JNdi-1 7 900 2.1(2.2) —10.39(0.02)  —0.5(2.2) —-8.1(3.7) 17.0(5.3)
JNdi-1 7 900 0.8(2.1) —10.40(0.02)  0.3(2.1) —12.4(4.2) 0.9(5.7)
JNdi-1 7 1260 0.8(1.7) —10.43(0.02)  —2.5(1.8) —4.7(3.0) —20.3(4.8)
Average 0.0(2.4) —~10.39(0.04)  0.0(4.4) 0.0(22.7) 0.0(23.9)
BHVO-2 #1 4 720 0.077 0.49 —2.1(3.6) 6.60(0.04) 1.5(3.2) —-16.3(5.9) 29.5(7.8)
-1
BHVO-2 #1 7 360 0.3 1 0.9(5.0) 6.58(0.03) -1.2(3.2) 4.0(5.8) 3.1(8.1)
-2
Average —-0.6 6.59 0.2 —6.2 16.3
BCR#1-1 6.5 540 0.1 2.5 0.1(2.8) —0.18(0.03) —1.0(2.8) —0.5(4.7) —11.3(6.7)
BCR#2-1 3 900 0.3 0.8 0.0(3.2) —-0.17(0.04)  1.2(3.5) —10.8(5.6) 14.5(8.6)
BCR#2 -2 7 900 0.96 1.12 0.2(1.9) —0.18(0.02) —1.2(2.0) —0.3(3.6) —-17.1(5.3)
Average 0.1 —0.18 0.3 -3.9 —4.6

“ #1 and #2 denote replicates prepared from different powder digestion, while ‘-1’ and ‘-2’ denote splits of the same solution loaded on different
filaments. Ratios and 95% CI are reported in ppm relative to the average JNdi-1 value. "**Nd/***Nd are reported in e-units relative to the CHUR value

of 0.512638 (ref. 8).

observed on processed rock samples (i.e., BHVO-2, BCR-2) are
consistent with these expectations and reported in Table 5.

While the use of a 60 cm column provides some separation
improvement relative to a 30 cm column, the truly significant
separation gain comes with two passes of the sample through
the o-HIBA chemistry, and we thus favor the use of a 30 cm
column, which provides a more compact and easier to handle
setup.

Blanks

For a Nd purification involving one REE pre-concentration
chemistry step and two passes on the a-HIBA columns, the
Nd blank was found to be between 45-55 pg, a value negligible
compared to the amount of Nd needed for high precision
analyses (~1 pg).

Nd isotope data

The high-precision Nd isotope data obtained for one geo-
standard (BHVO-2) and one terrestrial sample (Columbia River
Basalt) are given in Table 5. The data are in excellent agreement
with literature data®»?728308395115 (Fig ). In particular, the
142Nd/***Nd ratios of the samples were found to be identical to
the JNdi-1 standard, within 2¢ = +2-5 ppm. In addition, the
measured PNd/**'Nd, '°Nd/**'Nd, '**Nd/***Nd, and
150Nd/***Nd ratios deviations from JNdi-1 for the Columbia
River Basalt (BCR-1, BCR-2) and BHVO-2 are in close agreement
with literature data.?>?308395113

This journal is © The Royal Society of Chemistry 2021

Discussion
Achieving consistently high yields

One of the main perceived weaknesses of the o-HIBA chemistry
is the non-reproducibility of the Nd yields, which have been
reported in the literature to vary between 60 and 100%. Our
results demonstrate that consistently high yields (>95%) and
good separations can be achieved provided the eluent flow rate
is not too high and the pressurization conditions remain stable
throughout the chemistry.

These observations naturally fit into, and can readily be
explained using, the theory of chromatography. According to
the plate theory introduced by Martin and Synge (1941) (ref.
120), a chromatographic column can be modelled as a series of
plates of identical heights, within which the analyte distribu-
tion between the liquid and solid phases is assumed to reach
instantaneous equilibrium. The lower the Height Equivalent to
a Theoretical Plate (HETP), the greater the number of plates in
the column, and therefore, the narrower the elution peaks and
the better the separation. Physically, three main factors control
the HETP: (i) the variability of eluent flow paths within the
column, which depends on the resin particle size, size distri-
bution, shape, and bed structure, (ii) the longitudinal diffusion
of the analyte within the mobile phase, and (iii) resistance to
mass transfer, whereas in practice, analytes in the solute take
some time to reach, bond to, and then leave the solid phase. As
such the HETP if often described as the sum of three terms (van
Deemter equation):
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Fig. 6 Comparison of Nd isotope data from this study (filled symbols)
and literature (open symbols) for the JNdi-1 standard, and two geo-
standards (BHVO-2, and of Columbia River Basalt). Grey bands show
20 external reproducibility from this study. Literature data: Harper &
Jacobsen (1992) (hexagon with dot), Rizo et al. (2011) (circles), Bur-
khardt et al, (2016) (downward pointing triangle), Saji et al, (2016)
(upward pointing triangle), Gautam et al., (2017) (hexagons), Garcon
et al, (2018) (squares), Pin et al, (2019) (stars), and Hyung and
Jacobsen (2020) (empty diamonds) (ref. 22, 26-28, 30, 83, 95 and 115).
u = (sample-standard)/standard x 10° while ¢ = (sample-standard)/
standard x 10* with respect to JNdi-1.

HETP = H, + Hyq + Hp, 1)

The first term, H,, is the HETP component due to the vari-
ability of flow paths, and can be described as Hj, = 2Ad,,, where
d,, is the particle diameter, and A a coefficient that depends on
the particle size distribution (close to 1). For a given resin, Hy, is
a constant value with no dependence on flow rate. The second
(Hq) and third term (H,,) describe the HETP contribution from,
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respectively, longitudinal diffusion and mass transport. These
can be described as a function of the eluent flow rate by:

D,
Hy = 27%m (2)
v
and
2
Hy = wdD_Z ), 3)

where v is a diffusion restriction factor, D, the diffusion coef-
ficient of the analyte in the mobile phase, w a coefficient
describing pore size distribution and shape, as well as particle
size distribution, and v the velocity of the eluent in the column.
Eqn (1) can be rewritten to highlight the dependency on eluent
flow rate as:

HETP = A4 + B/v + Cv. (4)

The minimum HETP is achieved for v = /B/C. At lower flow
rates, longitudinal diffusion will increase plate height, which
will decrease the degree of separation achieved. At higher flow
rates, the eluent is moving too rapidly for the analytes to
uniformly penetrate the resin and achieve equilibrium,"* which
will also decrease the quality of the separation and the yield
(without time for equilibration, a portion of the analytes bound
to the resin might not get released).

Fig. 7 shows the HETP obtained on the 30 cm column for the
three elutions rates tested in this study, and three possible fits
through the data using eqn (4). The higher HETP obtained at
higher flow rates (Fig. 7) indicates that equilibrium is not fully
achieved in the column, which is the most likely explanation for
the low yields observed at such flow rates (Table 3). As such,
pressurizing a column or using a vacuum box to increase the

HETP (mm)

0 " ' i 1 " 'l " ' A '}
0 10 20 30 40 50

Volumetric flow rate (uL/min)

Fig.7 HETP vs. flow rate plot, showing the data for three elution rates
(circles) on 30 cm a-HIBA columns, and three possible fits to the data
(lines) of the van Deemter equation: HETP = A + B/v + Cv. HETP (egn
(4)) were calculated as o®/L (ref. 122), where ¢ is the width (1SD) of the
elution peak (assuming a Gaussian curve) scaled to the height of the
resin (L). Similar HETP values are inferred using the Nd partition
coefficients and simulation chromatography code of Li et al. (2021)
(ref. 123) and comparing the elutions to modelled elution peaks.
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flow rate of the o-HIBA chemistry (and anion/cation exchange
chemistries in general), will eventually compromise yield, or the
quality of separation by broadening elution peaks. Acceptable
fits of eqn (4) through the data allow us to derive the minimum
HETP achievable for this a-HIBA chemistry configuration as
~0.50-0.75 mm. This in turn, provides a means to determine an
optimal elution speed (and thus column pressurization). At face
value, the gravity-driven elution (which takes 6.5 h, flow rate of
~15 uL min~') achieves an HETP closest to the minimum
achievable HETP and would result in a higher yield than pres-
surized columns. Yet, the still very high yield (>98%) and
shorter elution time (3.3 h) of the lower pressure elution (0.35
psi, flow rate of ~30 pL min~') makes it a more attractive
configuration to ensure high-precision data (at the +£2 ppm
level), while minimizing sample processing time.

It is not only the eluent flow rate that can impact the sepa-
ration and yields, but also the consistency of the flow. As shown
in Fig. 4, disturbances to the pressurizing tubing during the
elution can result in lower yields, highlighting the importance
of maintaining constant elution conditions to achieve high
yields. Mechanistically, the observation of lower yield when
pressurization conditions vary during the elution might be
explained by changes in the eluent flow paths throughout the
resin, resulting in the isolation of resin domains that have
already bound to some of the analytes, which can no longer be
released into the flowing eluent as the chemistry proceeds.

Although there have been reports of variable Nd recovery
yields when using a-HIBA chemistry,***° as low as 60%, we show
here that consistently high yields can be achieved with slow,
stable elutions conditions that (i) allow resin-eluent equilibra-
tion, and (ii) avoid sudden flow path modifications. Indeed,
given the recovery yield of 99% measured for the matrix-removal
step, and the 98.5% yield for a single pass on the a-HIBA
column (at a drop rate of ~30 pL min "), a routine total recovery
yield of ~95% is achieved using the optimized protocol pre-
sented here, (i.e., one matrix removal step + two o-HIBA steps).
This value is similar to the highest yields reported for the triple
tandem columns,**® and NaBrO;/oxidative®*® methods.

Achieving high quality Nd separation

Near quantitative yields are necessary but not sufficient to
ensure the accuracy of high-precision data, owing to the impact
of potential matrix effects (e.g., from residual major elements,
Pr) and/or isobaric interferences (e.g., from '**Ce or **Sm for
2Nd/***Nd analyses).

Comparisons of different molarity acids (1.8 M vs. 2.0 M vs.
2.5 M HCl/3.6 M vs. 4.0 M HCI) for the matrix removal step
demonstrated that small changes in acid molarity led to rela-
tively large changes in elution volumes. For instance, using
3.6 M HCI for the elution of REE compared 4.0 M required an
extra 15 mL (50% increase) to fully elute Nd (ESI Fig. S17).
Similarly, using 1.8 M HCl for the matrix removal step instead of
2.0 M HCl increased the amount of HCI to be eluted for this step
by at least 30 mL. We find that near quantitative removal (>99%)
of matrix elements can be achieved most efficiently using 55 mL
of 2.0 M HCI (Fig. 1). At this molarity, REEs are efficiently

This journal is © The Royal Society of Chemistry 2021
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retained unto the column until their release using 4.0 HCI (Nd is
collected into 36 mL, including column tails).

As major elements are efficiently removed by the REE pre-
concentration chemistry, the main concern in terms of matrix
effect comes from praseodymium (Pr), a monoisotopic element
(atomic mass of 141). The impact of Pr on high precision Nd
isotopes in general, and '*>Nd/**’Nd in particular, is low.
Praseodymium does not directly cause isobaric interferences
onto **Nd, and tailing effects of large **'Pr beams have been
shown to have negligible effect on "**Nd/"**Nd ratios in TIMS
analyses.*® Yet the production of hydrides (PrH) may be
a concern for '*’Nd/***Nd measurements on MC-ICPMS,*
making Pr removal an important part of a successful Nd sepa-
ration scheme. Specifically, Saji et al. (2016) (ref. 28) found that
"1pr/'>Nd ratios below ~0.2 were needed for accurate MC-
ICPMS analyses. Our procedure removes 97% of the Pr with
each pass on the o-HIBA column, such that less than 1 permil of
the initial Pr makes it to the purified Nd cut after two column
passes (Pr/Nd ~ 2 x 10~* from Pr/Nd = 0.22; Table 4). The
efficiency of Pr removal of our method is comparable to the
tandem separation methods of Pin et al., (2019)*** (Pr/Nd ~ low
10" starting from Pr/Nd = 0.22), and a vast improvement
compared to the oxidizing method involving NaBrO; (ref. 30)
(Pr/Nd < 0.05 from Pr/Nd = 0.22), or fluoropolymer HPLC
systems®*°* (Pr/Nd ~ 1 x 10> from Pr/Nd = 0.22 in ref. 28;
significant overlap of Pr and Nd elution peaks in ref. 101).

More than the removal of Pr, the main advantage of the a-
HIBA chemistry may be in the quality of Ce separation (Table 4).
Owing to the order of REE elution, only ~1 permil of the initial
Ce makes it into the Nd cut in a single column pass, yielding at
most low ppm levels of Ce in the final Nd cut (Table 4). The
addition of H,O, to a sample, promoting the oxidation of ce**
to Ce*", further improves the separation, which is particularly
beneficial for samples with high initial Ce/Nd ratios, such as for
carbonatites or granites (Table 4 and 5). Processed samples all
show sub-ppm "**Ce interference level on '*>Nd (Table 5). While
Ce oxidation on Ln-Spec resins typically uses NaBrO; as a strong
oxidizing agent,**® tests with H,0, should be performed by
groups using the NaBrO; method. Indeed, in the event that
H,0, is not affecting the affinity of other REEs for the Ln-Spec
resins, it would provide a way to achieve lower blanks and
circumvent the need for a clean-up chemistry to remove Na and/
or Br from the purified Nd cut.

In eliminating Sm interference on ~“°Nd, tests conducted
with the multielement SPEX solution suggested that two passes
through the o-HIBA column may suffice in reducing ***Sm to
near-sub-ppm levels for most basaltic and granitic composi-
tions and samples whose Sm/Nd ratios are generally within
a factor of two of chondritic values (Table 4). The degree of
purity achieved for BHVO-2 and Columbia River Basalt (Table 5)
confirms these expectations, with interference levels on "**Nd
ranging from 0.5 to 2.5 ppm. Due to tailing of Sm into the Nd
cut, the purification is not as good as for Ce, yet it is sufficient
for accurate interference correction and for achieving +2 ppm
precision on '*>Nd/''Nd. At these interference levels,
8Nd/***Nd and "°°Nd/***Nd measurements of BHVO-2 and
Columbia River Basalt were also reproducible at the level of
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precision for static measurements with the TIMS (Table 5).
Eliminating "**Sm to sub-ppm levels may require a third pass
on a-HIBA for samples characterized by light REE depletion,
such as clinopyroxenes and garnet-rich rocks.

Instabilities in elution conditions might affect the quality of
the separation, as suggested by the late release of (i) Sm during
the elution of Nd and Ce, and (ii) Nd during the elution of Ce,
during the experiment conducted using a flared Teflon nozzle
(Fig. 5). The main effect of the shape of the flared nozzle was
that it hindered the formation of small (~50 pL) drops at the
bottom of the column. Instead, surface tension tended to
maintain the eluate inside the nozzle, creating a small amount
of back pressure that was periodically released with every drop
eventually formed. The larger drop volume can be seen in the
apparently earlier elution (i.e., lower drop number) of Sm, Nd
and Ce (Fig. 5a) relative to the reference elution (Fig. 5b), where
a straight nozzle was used. The periodic changes in pressuri-
zation of the column induced by the formation of these larger
drops could have impacted the compaction of the resin, and
therefore the eluent flow path, resulting in more pronounced
and longer elution tails for each element.

If correct, this hypothesis suggests that parameters leading
to back pressure in the column (e.g., low frit porosity, resin with
low particle size) may result in similarly poor separations. While

Step . Sample digestion

i. HF/HNO, (3:1) —
+ ii. HCI/HNO, (3:1) —» =
Acid attack

Powder  on hot plate Solution
(~300mg) (9 mL 1.5 M HCI)

Step Il. REE pre-concentration (~4 hr)

1) Conditioning: - up to 50 mL 4.0 M HCI
-5mL 1.5 M HCI

2) Sample loading:

Steps Il & IV. Nd purification (~4 hr)

—— 8) Sample loading:
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more work would be necessary to fully explore this idea, the
problem was solved by replacing the flared nozzle with one that
was well-machined (Fig. 5b, top right corner).

A related potential issue is the fact that column pressuriza-
tion will result in some decrease in resin porosity over the
duration of the elution. This may lead to shifts in elution peak
positions, as porosity is a factor that affects plate height. To
minimize the compaction of the resin, a high-porosity frit is
recommended, which enables a reasonable flow rate for the
duration of the chemistry. In our case, we found that a 35 pm
frit was optimal, where a pressure of 0.35 psi for a 2 mm ID,
30 cm long column was sufficient to create a slow and steady
flow, achieving high yields. By pressurizing the column
consistently from run to run, changes in peak position can be
successfully avoided and the calibration remains robust and
reliable.

An optimized, scalable setup

Based on the results described and discussed above, an opti-
mized protocol was established and is summarized in Fig. 8.
This protocol is relevant to the column dimensions used in this
study (see full details in ESI}). Although each column needs to
be individually calibrated to account for small differences in
column dimensions, the setup is scalable. When setting up

7) Conditioning*: ~7 mL 0.2 M a-HIBA
(pH = 4.62)

9) Fill reservoir: ~7.5 mL a-HIBA

10) Pressurize:
0.35 psi

/ Compressed
air

upt09mL1.5MHCI A N
- Dry down to 1 mL |\\ L
- Ce oxidation w/
oot 200 L-508% FHIO, Pressurized
rasarvar - Flux 12 hrs at 80°C columns
- Dry down fully
- Redissolve in L=30cm
AG50-X8 Gravity driven 150 uL 0.75 M HCI ®=2mm
100-200 mesh L=8cm Cut conversion AG50-X4
Vol = 5.5 mL ®=93 5
G * i A 200-400 mesh
3) 3mL1.5MHCI : Repeat 1x for sub-
55mL2.0M HCI] Major elements ppm interferences

(H,0, step optional)

4) 3 mL4.0 M HCI : Column tail

6) 3 mL4.0 M HCI : Column tail

11) Drop ~ 40-60: Sm cut

12) Drop ~ 85-118: Nd cut

Fig. 8 Summary flowchart of the optimized protocol for Nd separation. * Conditioning of the a-HIBA column is gravity driven, and is typically

done overnight.
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multiple pressurized o-HIBA columns, paying attention to the
following details will help ensure homogeneity/consistency in
flow and applied pressure. (i) Tubing diameters should be larger
near the compressed air source and decrease to smaller diam-
eters toward the direction of the columns. (ii) Wye-connectors
are recommended to ensure identical pressurization of each
branch. (iii) To ensure pressure consistency across multiple
columns, tubing of equal length should be used to set up each
column. (iv) The a-HIBA columns should be set up in a dedi-
cated area to avoid disturbances to the columns or pressuriza-
tion tubing, and ensure stable elution conditions.

Conclusions

We present the results of a series of tests aimed at refining the o-
HIBA column chromatography method used to purify Nd for
high-precision isotope analyses. We find that this method is
capable to produce consistently high yields (>95%) and
extremely good separation of Ce, Pr and Sm from Nd, provided
stable elution conditions are maintained, and elution flow rates
are kept low enough to enable full equilibration of the analytes
between the mobile and the solid phase. The timescale for
sample purification is ~4 days, and multiple samples can be
processed in parallel.

Using this optimized method, we report high-precision data
on a geostandard and a terrestrial sample to show that our
protocol does not result in any resolvable systematic bias,
within the precision of our measurements (e.g., =2 ppm on
M2Nd/***Nd). The full details on the experimental setup are
presented here and in the ESI, T to facilitate knowledge transfer
and installation in other laboratories.
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Supplementary text

Tests conducted with different acid molarities (2.0 M vs 2.5 M HCI/3.6 M vs 4.0 M HCI) for
the REE-preconcentration step revealed that small changes in acid molarity led to relatively large
changes in elution volumes.

For the elution of matrix elements, our optimal method uses 3 ml of 1.5 M HCI followed by 55
ml of 2.0 M HCI (Fig Sla). A test conducted with 2.5M HCI (instead of 2.0 M) decreased the
amount of acid needed to elute the matrix elements to 45 mL but also resulted in an early release
of the heavy REEs (Fig Slc). As the isotopic composition of all REEs are becoming of interests
in geo/cosmochemical investigations, we prefer the use of 2.0 M HCI to ensure both matrix
element removal (>99%) and elution of the REEs in a single cut.

For the second part of the elution, we tested two acid molarities: 3.6 and 4.0 M HCI. Using 3.6
M HCI for the elution of REE instead of 4.0 M required an extra 15 mL (50% increase) to fully
elute Nd (Figure S1b). We therefore prefer the use of 4.0 M HCI, which allows release of the REEs
in ~30 ml and minimizes the molarity of acid needed, and thus the blanks.
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Figure S1. Comparison of the REE pre-concentration elutions.
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