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dual-column purification
procedure for Pb from biological materials for
subsequent high-precision isotopic analysis

Anika Retzmann, *a Kerri A. Miller,b Sebastian Champagne, c Gabriella Gelinas a

and Michael E. Wieser a

A fully automated dual-column purification procedure for Pb from biological samples, designed for

subsequent Pb isotopic analysis, is presented that utilizes the prepFAST MC™ system (Elemental

Scientific), Nobias Chelate-PA1 resin (Hitachi High-Tech Fielding Corporation) and DGA resin (TrisKem

International). The procedure developed allows the unattended processing of approx. 15–20 samples per

day and offers several advantages: low and reproducible blanks (<0.05 ng), no carry over or memory

effects, high reusability (>50 uses), high Pb yields (99% ± 15%, 2 SD, N = 23), and strong robustness to

matrix variations across biological samples (i.e., bone, hair). Additionally, Pb isotopic analysis using MC-

ICP-MS showed no significant on-column fractionation. The measured 208Pb/206Pb, 207Pb/206Pb, and
208Pb/204Pb isotope abundance ratios of biological reference materials (i.e., NIST SRM 1400, ERM-

DB001, GBW07601) are consistent with published values. For the hair reference material GBW09101,

a 208Pb/206Pb isotope abundance ratio of 2.12045 ± 0.00054 (i.e., d(208Pb/206Pb)SRM981 = −21.99& ±

0.24&) (U, k = 2), a 207Pb/206Pb isotope abundance ratio of 0.86292 ± 0.00014 (i.e.,

d(207Pb/206Pb)SRM981 = −56.56& ± 0.14&) (U, k = 2), and a 208Pb/204Pb isotope abundance ratio of

38.451 ± 0.022 (i.e., d(208Pb/204Pb)SRM981 = 47.09& ± 0.51&) (U, k = 2) are proposed.
1. Introduction

Lead (Pb) is a natural toxic trace element that is non-essential to
life1 and ubiquitous in the environment (partly anthropogeni-
cally driven).2 It has played an important role in technological
developments and remains one of today's most persistent and
nika Retzmann earned her PhD
esources and Life Sciences, Vienna
omplete postdoctoral research at
lforschung und-prüfung. Since 20
cademy of Sciences Leopoldina, con
algary, Canada. Anika's research f
heir application to research questi
ine, and life sciences. She is partic
ully automated analyte purication
oles of essential elements in biolog
ioneered the combination of the M
pectrometry for stable metal isot
ethodology and its practical appli

cs and Astronomy, 2500 University Dr.

: anika.retzmann@ucalgary.ca

ancer Institute, 3280 Hospital Dr. NW,

f Chemistry 2025
widespread anthropogenic pollutants.3 Animals and humans
are generally exposed to Pb from dietary (food and water)
intakes,4 which currently represent more than 90% of the total
exposure,3,5,6 as well as from inhalation.7,8 Exposure to Pb in the
modern population has strongly decreased over the last 40
in Analytical Chemistry in 2020 from the University of Natural
, under the supervision of Prof. Thomas Prohaska. She went on to
Montanuniversität Leoben and the Bundesanstalt für Materi-

23, she has been a postdoctoral fellow of the German National
ducting research in Prof. Michael Wieser's group at the University of
ocuses on the analysis of stable metal isotope abundance ratios and
ons in the elds of environmental science, archaeometry, biomedi-
ularly interested in developing advanced analytical tools, including
procedures and high-precision mass spectrometry, to investigate the
ical systems through their isotopic signatures. Most recently, Anika
ICAP ion source using nitrogen plasma with multi-collector mass
opic analysis. Her work supports innovation in both analytical
cation.

cUniversity of Calgary, Department of Earth, Energy, and Environment, 2500

University Dr. NW, Calgary, AB T2N 1N4, Canada

J. Anal. At. Spectrom., 2025, 40, 2783–2791 | 2783

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ja00240k&domain=pdf&date_stamp=2025-09-26
http://orcid.org/0000-0002-0208-5453
http://orcid.org/0009-0001-9746-210X
http://orcid.org/0009-0009-3715-8497
http://orcid.org/0000-0002-1037-0772
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ja00240k
https://pubs.rsc.org/en/journals/journal/JA
https://pubs.rsc.org/en/journals/journal/JA?issueid=JA040010


JAAS Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
d’

ag
os

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
8/

2/
20

26
 9

:3
5:

37
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
years. However, Pb remains a contaminant of public health
concern.3,9

Pb has four stable isotopes, i.e., 204Pb, 206Pb, 207Pb and 208Pb,
with the three heavier isotopes being formed as end-products of
radioactive decays from 235U, 238U and 232Th.10 This leads to
variability in their abundances in terrestrial materials depend-
ing on the half-life of parent isotopes, the initial Pb, U and Th
concentrations, and the time elapsed since they were formed.3

The high-precision analysis of the resulting radiogenic Pb
isotopic compositions in biological materials (e.g., hair, teeth,
blood) are highly relevant in a variety of elds. For example, Pb
isotopes have been used as source and process tracers in envi-
ronmental research,11 to examine differences in Pb exposure
and to trace the movement of individuals in archaeological and
anthropological studies,12,13 to link a suspect to a crime scene or
to predict possible region-of-origin of unidentied human
remains in forensic studies,14,15 and in biomedical studies to
address modern human Pb exposure3 and its prevention.16,17

The variations in radiogenic Pb isotopic compositions are
signicant and measurable when using appropriate methods
like multi-collector inductively coupled plasma mass spec-
trometry (MC-ICP-MS) and suitable calibration strategies. Apart
from the issue of instrumental isotopic fractionation (IIF),18

accurate Pb isotopic analyses by MC-ICP-MS suffers from
spectral interferences (i.e., isobaric elemental ions (e.g., 204Hg+

on 204Pb+) and polyatomic ions (e.g., TlH+ on 204Pb+ and 206Pb+))
and non-spectral interferences (mainly matrix effects from Na,
Mg, K, and Ca).19 For decades, the method of choice to purify
and isolate Pb from these interferences was ion-exchange or
ion-extraction chromatography by means of manual gravity ow
procedures.20 These manual protocols are time-consuming,
labor-intensive, and prone to operator-related errors, resulting
in reduced reproducibility and increased procedural blanks.20,21

In the last decade, the focus has shied to automated puri-
cation using ‘custom-made’22,23 and commercial automated
chromatographic devices for unattended sample processing.24

The prepFAST MC™ by Elemental Scientic25 is an example of
the latter and it is characterized by its speed and efficiency due
to unattended operation, high-throughput, reproducible ow
rates and elution volumes, and low procedural blanks.20,21,26,27

Automating the Pb purication step is crucial to enable high-
throughput Pb isotopic analyses as necessary for processing
larger cohorts in archaeological/anthropological and biomed-
ical studies. Although the prepFAST MC™ can be coupled on-
line with an MC-ICP-MS, the Pb purication for isotopic anal-
yses usually is carried out off-line. Furthermore, the prepFAST
MC™ system employs automated sequential extraction proto-
cols and, therefore, requires highly reusable resins that do not
exhibit carry-over or memory effects of Pb from previous
samples, which could bias the Pb isotopic analyses. Earlier
studies have reported memory effects and limited reusability for
commonly used ion-extraction and ion-exchange resins for Pb
purication, such as Sr.Spec,28 Pb.Spec and AG® 1-X8,29–31

making them unsuitable for an automated workow using the
prepFAST MC™ system. As a result, previous studies have
combined the prepFAST MC™ with the ion-extraction resin
DGA,32,33 which is highly reusable (>100 times21), for the
2784 | J. Anal. At. Spectrom., 2025, 40, 2783–2791
automated purication of Sr and Pb from various samples types
including biological materials.20,21,26 Nevertheless, a major
limitation of these procedures is that DGA resin also retains Ca
under the same conditions as Sr and Pb.21,34 Initial procedures
using a bed volume of 1 mL had limited applicability for Sr and
Pb, as only absolute Ca amounts of <100 mg could be toler-
ated.20,21 Larger amounts of Ca led to a signicant shi of the Pb
elution peak and co-elution of Ca. A systematic study on the
effect of increasing Ca amounts on the separation efficiency of
Sr, Pb and Ca using DGA resin showed that a bed volume of
3 mL offers a more robust and efficient purication of Pb from
Ca based on the signicantly larger amount of the DGA resin,
which can handle higher matrix loads (Ca # 500 mg).26

In the present study, a novel chromatographic procedure is
presented to purify Pb from biological samples for reliable and
precise Pb isotopic analyses using MC-ICP-MS. This procedure
utilizes a true one-stage dual-column setup at the prepFAST
MC™ system similar to the setup recently presented for Zn.27

The chromatographic purication combines an ion-exchange
resin (i.e., Nobias Chelate-PA1 resin) for pre-cleaning with an
ion-extraction resin (i.e., DGA resin) for nal Pb isolation. In the
present study, the procedure has been characterized for Pb
purication from potential interferences, Pb blank contribu-
tion, column yields, matrix exibility, repeatability, and
precision.

2. Experimental section
2.1. Materials, reagents & reference materials

High-Quality water (HQ water, Type I reagent-grade water
(18.2 MU cm)) was obtained from a purication system
(PURELAB Plus, U.S. FILTER, ELGA LabWater, High Wycombe,
UK). Analytical reagent-grade nitric acid (w(HNO3) = 67–70%,
Aristar Plus, VWR International, Radnor, USA) and analytical
reagent-grade hydrochloric acid (w(HCl)= 34–37%, Aristar Plus,
VWR International) were puried by double-subboiling using
an acid purication system (Savillex, Eden Prairie, MN, US).
Hydrogen peroxide (w(H2O2) = 30%, Fisher Scientic, Ottawa,
Canada) was used for sample digestion without any further
purication. Diluted ammonium acetate (w(NH4Ac) =

0.1 mol L−1, w(NH4Ac) = 0.01 mol L−1) with a pH of 4–5 was
prepared from ultra-pure glacial acetic acid (Aristar Ultra, VWR
International) and ultra-pure ammonium hydroxide (Aristar
Ultra, VWR International). Consumables (e.g., centrifuge tubes,
test tubes, pipette tips) were leached for at least one week with
dilute nitric acid (w(HNO3) z 3%) before use. Peruoroalkoxy
(PFA) screw cap vials (Savillex) were pre-cleaned in a two-step
acid cleaning procedure using double-subboiled nitric acid.
PFA digestion vessels (Anton Paar Instruments, Graz, Austria)
were pre-cleaned by two rounds of blank digestions using 6 mL
of double-subboiled nitric acid (c(HNO3) = 15.8 mol L−1).

The Nobias Chelate-PA1 resin (Hitachi High-Tech Fielding
Corporation, Tokyo, Japan) and the unbranched DGA resin
(part. no. DN-B25-A, TrisKem International, Bruz, France, mean
particle size of 100–150 mm) were soaked in diluted ethanol
(w(EtOH) z 10%) before use. Empty PFA columns with a bed
volume of 200 mL (part. no. CF-200, Elemental Scientic (ESI),
This journal is © The Royal Society of Chemistry 2025
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Table 1 Elemental mass concentrations of PseudoSample(1) and
PseudoSample(2)

Sample ID

Approx. mass concentrations (mg L−1)

Pb Na Mg K Ca Fe Tl Bi

PseudoSample(1) 20 1300 1000 1000 10 000 1000 20 20
PseusoSample(2) 15 1500 1000 1000 10 000 1000 20 —
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Omaha, USA) and 500 mL (part. no. CF-200, ESI) as well as cor-
responding frits (part. no. CF-F-X4 and CF-F-X6, ESI) were pre-
cleaned and stored in diluted nitric acid (w(HNO3) z 10%).

Throughout this study, “PseudoSample(1)” was used to
characterize the elution prole of the Nobias Chelate-PA1 resin
and DGA resin (see Section 3.1) and “PseudoSample(2)” was
used to characterize the reusability of the Nobias Chelate-PA1
resin and the DGA resin (see Section 3.3). PseudoSample(1)
was prepared from a multi-element stock solution (BDH89800-
582, 100 mg mL−1: Ca, Mg, K, Al, Ba, Be, Bi, B, Cd, Cr, Co, Cu, Ga,
Fe, Pb, Li, Mn, Ni, Se, Na, Sr, Te, Tl, Zn, Aristar, VWR Interna-
tional), which was spiked with single-element standards of Na,
Mg, K, Ca, and Fe (1000 mg mL−1, Aristar, VWR International;
Sigma-Aldrich, MerckSigma, Darmstadt, Germany). Pseudo-
Sample(2) was prepared from single-element standard of Na,
Mg, K, Ca, Fe, and Tl (1000 mg mL−1, Aristar, VWR International;
Sigma-Aldrich, MerckSigma), and Pb (SRM 981, NIST, Gai-
thersburg, USA). The composition of PseudoSample(1) and (2)
are given in Table 1.

The following certied reference materials (CRMs) were
analyzed throughout this study: NIST SRM 1400 (bone ash,
NIST, Gaithersburg, USA), ERM-DB001 (human hair, ERM,
Geel, Belgium), GBW07601 (human hair, CNRM, Beijing,
China), and GBW09101 (human hair, CNRM). NIST SRM 981
(NIST), which is certied for absolute Pb isotopic composition,
was used as quality control (QC) sample, as isotope reference
material for standard-sample bracketing during MC-ICP-MS
measurements and as d-anchor for Pb isotopic analyses as
recommended.35
Table 2 Protocol for the automated purification procedure of Pb in a du
of DGA resin) using prepFAST MC™

Step Purication step (column) Reagent

1 Pre-cleaning (C2) 5 mol L−1

2 Cleaning (C2) 0.1 mol L
3 Conditioning (C2) 1.5 mol L
4 Pre-cleaning (C1) 6 mol L−1

5 Pre-cleaning (C1) HQ water
6 Cleaning (C1) 1.5 mol L
7 Cleaning (C2) HQ water
8 Activating and conditioning (C1) 0.1 mol L
9 Sample load (C1) 0.01 mol
10 Matrix wash (C1) HQ water
11 Transfer (C1 / C2) 1.5 mol L
12 Matrix wash (C2) 1.5 mol L
13 Pb elution (C2) 5 mol L−1

14 Ca wash (C2) 0.1 mol L

This journal is © The Royal Society of Chemistry 2025
2.2. Sample digestion

About 100 mg of the biological reference materials were
weighed into 50 mL PFA digestion vessels (Anton Paar, Graz,
Austria) and submerged in 5 mL concentrated double subboiled
nitric acid. The dissolved samples were digested for 10 min at
200 °C with a microwave (Multiwave 5000, Anton Paar). Aer
digestion, the solution was transferred quantitatively to a pre-
cleaned 50 mL DigiTUBE (AnalytiChem Canada, Baie-d’Urfé,
QC, Canada) and diluted to a nal volume of 50 mL with HQ
water. Analyte recoveries in the digests were found to be
quantitative throughout all the experiments, and consequently,
a complete digestion is assumed. Aliquots of each digest con-
taining 20 ng Pb were transferred to a pre-cleaned 15 mL PFA
screw cap vial (Savillex), evaporated to dryness at 80 °C, and
redissolved in 2 mL of 0.01 mol L−1 ammonium acetate for
subsequent automated dual-column purication procedure.
2.3. PrepFAST MC™ purication procedure

The low-pressure chromatography sample preparation system
prepFASTMC™ (ESI) was used throughout this study to develop
and perform the fully automated dual-column purication
procedure for Pb. All purications at the prepFAST MC™ were
carried out offline. Two empty PFA columns were packed
according to standard protocol,20 one with 200 mL of Nobias
Chelate-PA1 resin (Hitachi High-Tech Fielding Corporation)
and a second one with 500 mL of DGA resin (TrisKem Interna-
tional), and utilized in a dual-column set-up. The automated
dual-column purication was performed according to the
procedure described in Table 2. The puried Pb fractions were
collected in pre-cleaned PFA vials. At the end of each purica-
tion batch, the resins in the columns were stored in HQ water to
minimize unwanted resin degradation.

The “calibration mode” of the prepFAST MC™ was utilized
for the creation of the stepwise elution prole20,26 of Pseudo-
Sample(1), ERM-DB001, and NIST SRM 1400 (see Section 3.1).
For all other analyses of the samples (PseudoSample(2), QCs,
biological CRMs), only a pooled Pb fraction (=4 mL of 5 mol L−1

nitric acid) was collected.
al-column set-up (C1: 200 mL of Nobias Chelate-PA1 resin, C2: 500 mL

Volume (mL) Flow rate (mL min−1)

HNO3 3 5000
−1 HCl 3 5000
−1 HNO3 3 5000
HCl 3 5000

3 5000
−1 HNO3 3 5000

5 5000
−1 NH4Ac 3 5000
L−1 NH4Ac 2 1000

6 2000
−1 HNO3 3 1000
−1 HNO3 2 2000
HNO3 4 1000

−1 HCl 4 5000

J. Anal. At. Spectrom., 2025, 40, 2783–2791 | 2785
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2.4. Multi-elemental analysis

Multi-elemental analysis was performed using an inductively
coupled plasma mass spectrometer, ICP-MS (iCAP™ TQ,
Thermo Fisher Scientic, Bremen, Germany) coupled to an
autosampler (SC-4 DX FAST, ESI). The elemental quantications
were accomplished by external calibration (8-point calibration,
for Pb ranging from 0.1 mg L−1 to 150 mg L−1) with standards
prepared volumetrically from multi-element stock solution
(BDH89800-580, Aristar, VWR International) including 2 mg L−1

indium (In) as internal normalization standard. General
instrumental settings are compiled in Table S1. The expanded
uncertainties for multi-element analysis were estimated as 10%.

The analyte recoveries for the elution proles (see Section
3.1), the reusability test (see Section 3.3), and the puried
reference materials (see Section 3.4) were calculated as the
amount of analyte extracted in each step or only the Pb fraction
relative to the true amount of the analyte. The true analyte
amounts were determined from an aliquot of PseudoSample(1)
or (2), or from the sample digest.

2.5. Pb isotopic analyses

Measurement of the Pb isotope abundance ratios were per-
formed using MC-ICP-MS (Neoma, Thermo Fisher Scientic) in
the Cancer Metallomics Lab at the Arnie Charbonneau Cancer
Institute, University of Calgary. The instrument is equipped
with an autosampler (MicroDX, ESI) and a high sensitivity
sample introduction system (APEX HF, ESI) in combination
with a PFA nebulizer (ESI). The instrument was optimized daily
using a solution of NIST SRM 981 for maximum intensity, signal
stability, and peak shape. All measurements were performed in
low resolution mode. General instrumental settings for the Pb
isotopic measurements are compiled in Table S2.

The puried Pb fractions were evaporated at 80 °C, dissolved
in 100 mL of concentrated nitric acid (c(HNO3) = 15.8 mol L−1)
to remove residual acetates and evaporated again. For MC-ICP-
MS measurements, the nal residue was redissolved in 1 mL of
diluted nitric acid (w(HNO3) = 2%) resulting in a Pb mass
concentration of 20 mg L−1. Data collection was accomplished
with a total of 50 measurements per sample with an integration
time of 4 s. IIF during the measurement was corrected following
classical standard-sample-bracketing (SSB) approach.18 Pbmass
concentrations of sample and SSB standards were matched
within 20%. The Pb digestion blanks and the Pb blank of the
diluted nitric acid (w(HNO3) = 2%) used for the MC-ICP-MS
measurements were found negligible with contribution of
<0.4% and <0.03%, respectively. Absolute Pb isotope abundance
ratios were calculated aer correction of residual Hg interfer-
ences of 204Hg+ on 204Pb+ as described in Retzmann et al..20 In
addition, the results of this study are reported in standard d-
notation (in &), which expresses the relative difference in Pb
isotope abundance ratios between the sample and the assigned
d-zero anchor NIST SRM 981 (ref. 35) (d-value = 0&), in accor-
dance with eqn (1):

d
�
20xPb

�
20yPb

�
SRM981

¼
� 20xPb

�
20yPbsample

20xPb=20yPbSRM981

� 1

�
$1000 (1)
2786 | J. Anal. At. Spectrom., 2025, 40, 2783–2791
where x = 8 or 7 when y = 6, or x = 8 when y = 4.
The measurement uncertainty for the Pb isotopic analysis of

PseudoSample(2) was estimated based on the precision of the
measurement and the repeatability of the sample. The
expanded uncertainties for the average of the biological refer-
ence materials were estimated based on precision of the
measurement and the repeatability of the duplicate.
3. Results and discussion

In order to demonstrate that the novel chromatographic
procedure using a dual-column setup with the prepFAST MC™
is valid for Pb isotopic analysis, the following criteria were
investigated: (1) isolation of Pb from interferences and matrix
elements for different biological matrices, (2) contamination
and carry-over during processing, (3) column yields, and (4)
application to bone and hair reference materials.
3.1. Elution prole

Previous studies20,21,26 showed that chromatographic purica-
tions using the ion-extraction resin DGA with sample loading
from nitric acid (c(HNO3)= 1–3 mol L−1) are limited in presence
of large Ca amounts due to peak shiing and co-elution of Ca. A
dual-column procedure was therefore chosen in this study to
ensure the highest possible matrix exibility for biological
samples, and enable the analysis of samples with low Pb
amounts.

For the pre-cleaning step (=rst column) in which the main
matrix elements are to be removed, an ion-exchange resin, the
Nobias Chelate-PA1 resin, was selected. This resin, rst intro-
duced by Sakamoto et al.,36 is based on a hydrophilic methac-
rylate copolymer that is chemically modied with both
ethylenediamine triacetic acid and iminodiacetic acid as
chelating agent for metal capture.37 It captures Pb, as well as
transition metals and rare earth elements (REEs), without the
inuence of alkali/alkaline-earthmetals (e.g., Na, Mg, K, Ca) and
potential interferences like Tl under pH conditions of >3.37,38 Pb
and most other elements retained are released from Nobias
Chelate-PA1 resin in $1 mol L−1 nitric or hydrochloric acid.38

Furthermore, Nobias Chelate-PA1 is a highly reusable resin and
has been used, for example, for automated purication of Cu
and Ni for subsequent isotopic analysis.39

For the key purication step (=second column) of Pb in the
dual-column procedure, an ion-extraction resin, the DGA resin,
was therefore selected. The DGA resin is a synthesized tri-
dentate ligand (i.e., N,N,N0N0 tetraoctyl-1,5-diglycolamide) with
a high affinity for lanthanides, actinides and rare earth
elements.32,33 Pb is well retained on DGA resin from 1–3 mol L−1

nitric acid, while matrix elements (i.e., Na, Mg, Al, K, Fe) and
spectral interferences (i.e., Hg and Tl) are not retained under
these conditions.33 Any remaining Ca and potential present
REEs are also retained under these conditions, however, Pb is
released from DGA resin in >5 mol L−1 nitric acid while Ca and
REEs remain retained.20,21,33

To the authors' knowledge, this study is the rst to use the
combination of Nobias Chelate-PA1 resin and DGA resin for the
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Elution profile using dual-column procedure for (A) Pseudo-
Sample(1), (B) ERM-DB001 (hair) and (C) NIST SRM 1400 (bone ash)
with elution volumes of 2 mL at the Nobias Chelate-PA1 resin and
elution volumes of 1 mL at the DGA resin, except for Ca fraction in
0.1 mol L−1 hydrochloric acid with a volume of 6 mL. Relative uncer-
tainty of 10% (Urel, k = 2).
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purication of Pb from biological samples and subsequent
isotopic analysis. Preliminary testing demonstrated successful
column conditioning, sample load, and matrix wash for Nobias
Chelate-PA1 resin using 0.1 mol L−1 ammonium acetate,
0.01 mol L−1 ammonium acetate, and HQ water. However,
using only HQ water led to reduced Pb recovery with increasing
use of the resin material which is incompatible for the auto-
mated purication procedure using prepFAST MC™, as this
system requires resins to last at least throughout a single
purication run (e.g., 20 samples). Previous studies reported
that ammonium acetate was needed to activate the resin
material.40 In order to minimize potential alterations in the
retention behavior of Pb on DGA resin caused by the presence of
ammonium acetate, a 0.1 mol L−1 ammonium acetate solution
was solely used for activating and conditioning the Nobias
Chelate-PA1 resin. For sample loading, a lower concentration of
0.01 mol L−1 ammonium acetate was applied, which was suffi-
cient to redissolve the biological reference materials, while HQ
water was used for matrix wash. Pb elution in 1–2 mol L−1 nitric
acid or hydrochloric acid was tested and was found quantita-
tively at 15-times the column bed volume. Similarly, preliminary
testing for DGA resin showed effective column conditioning,
sample loading, and matrix washing with 1–2 mol L−1 nitric
acid. For the nal purication procedure, 1.5 mol L−1 nitric acid
was chosen for these steps to ensure consistent purication
performance despite minor variations in acidity. In this proce-
dure, the additional step of Sr removal, as described in the
previous studies,20,26 was omitted because Sr is not retained by
the Nobias Chelate-PA1 resin and therefore not transferred to
the DGA resin. Finally, Pb elution in 5 mol L−1 nitric acid was
successfully tested, yielding quantitative Pb recoveries at eight-
times the column bed volume.

Overall, this procedure allows Pb to be eluted from Nobias
Chelate-PA1 resin in 1.5 mol L−1 nitric acid and directly loaded
on DGA resin in the same acid. There are no intermediate
sample handling steps including evaporation and redissolving
as required in previous multiple-stage procedures using prep-
FAST MC™.39,41

Fig. 1 shows the elution prole for Pb as well as potentially
interfering isobaric elements (i.e., Tl) and major matrix
elements (i.e., Na, Mg, K, Ca, Fe) in PseudoSample(1) for the
dual-column procedure using the prepFAST MC™ according to
Table 2. Variations inmatrix composition could potentially alter
the elution prole of the automated dual-column purication
resulting in incomplete Pb elution and possible isotope frac-
tionation.41 Hence, two different types of biological CRMs, i.e.,
hair and bone, with Ca/Pb mass fraction ratios of approx. 400
and 60 000 were tested as well. Pb is recovered quantitatively in
the nal Pb fraction (104% ± 15% (U, k = 2)), which excludes
the possibility of operationally induced isotopic fractionation
during sample processing. Pb is puried from isobaric elements
(i.e., Tl) and major matrix elements (i.e., Na, Mg, K, Ca) during
sample load and matrix wash on the Nobias Chelate-PA1 resin.
During the transfer from the Nobias Chelate-PA1 resin onto the
DGA resin and the matrix wash on the DGA resin, Pb is puried
from any remaining matrix as well as from Hg and Fe. Note, Hg
is not quantied in the elution prole, but 202Hg signals
This journal is © The Royal Society of Chemistry 2025 J. Anal. At. Spectrom., 2025, 40, 2783–2791 | 2787
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Fig. 2 Repeatability of (A) Pb yields and (B) d208Pb/206PbSRM981 values
of PseudoSample(2) repeats (N = 15) processed through the auto-
mated dual-column purification procedure. Error bars correspond to
expanded uncertainties (U, k = 2).
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detected in the nal Pb fractions were <0.2 mV which is
considered negligible. The nal Pb fraction from the automated
dual-column purication procedure is very clean and therefore
will not cause any bias, neither from isobaric interferences (i.e.,
Tl, Hg) nor from matrix elements: It contains Na/Pb < 1.5, Mg/
Pb < 0.6, K/Pb < 1.1, Ca/Pb < 11.3, Fe/Pb < 2.0, and Tl/Pb < 0.002.

Previous studies using DGA resin for Pb purication re-
ported that the applicability for Pb is limited, as only absolute
Ca amounts of <100 mg could be tolerated for 1 mL bed volume
and <500 mg could be tolerated for 3 mL bed volume.20,21,26 For
the elution prole of the bone (i.e., NIST SRM 1400), an absolute
amount of 40 ng Pb was puried which corresponds to approx.
2000 mg of Ca. This signicantly larger amount of Ca is not
a problem for the smaller DGA column (i.e., 500 mL) with the
present procedure, as Ca is already separated by the Nobias
Chelate-PA1 resin.

3.2. Contamination and carry-over

Reusing the same resins for high precision Pb isotope abun-
dance ratios requires that Pb blanks and Pb carry-over from
previous samples are negligible.20,26 Initial test of the dual-
column procedure indicated total procedural Pb blanks of
approx. 0.06 ng prior to any samples and approx. 0.16 ng when
alternated with PseudoSample(2). This observed Pb carry-over is
most-likely caused by the Nobias Chelate-PA1 resin as previous
studies using DGA resin did not report carry-over for Pb.20,26 The
implementation of an additional pre-cleaning step for the
Nobias Chelate-PA1 resin with 6 mol L−1 hydrochloric acid (see
Table 2) lead to improved Pb blanks and eliminated carry-over.
The total procedural Pb blanks of the nal procedure were
consistent at 0.03 ng ± 0.02 ng (2 SD, N = 5). Despite the dual-
column set-up, this Pb blank is signicantly lower than previous
studies that reported Pb blanks of approx. 0.12 ng when using
1 mL DGA columns and <0.5 ng when using 3 mL DGA
columns.20,26 Further, the Pb blank contribution is less than
0.25% for a Pb load of approx. 20 ng which can be considered
negligible.

3.3. Column yields and column life span

Isotopic fractionation of Pb might occur during the automated
dual-column purication procedure, and if this takes place it
will be most likely during sample loading and Pb elution.
Previous studies reported no on-column fractionation for Pb
recoveries as low as 75% when using only DGA resin for puri-
cation.20,26 However, the high Pb yields ($90%) achieved with
this procedure ensured that practically all Pb was retained and
released by the resins, thereby eliminating potential on-column
isotopic fractionation and inaccurate measurement of Pb
isotope abundance ratios, which was demonstrated by
comparing processed to unprocessed NIST SRM 981 solutions.

Fieen aliquots of the PseudoSample(2) solution were puried
re-using the same resin materials according to the purication
protocol described in Table 2. The Pb yield of these aliquots is
101% ± 14% (2 SD, N = 15) (see Fig. 2A) which shows reliable,
quantitative recovery over a series of at least 15 purications.
These high Pb recovery rates of the dual-column purication
2788 | J. Anal. At. Spectrom., 2025, 40, 2783–2791
procedure eliminate the need to monitor for potential isotopic
fractionation during chromatography and simplies sample
preparation and subsequent Pb isotope measurements. Further-
more, the d208Pb/206PbSRM981 value of the PseudoSample(2) solu-
tion was 0.00& ± 0.10& (2 SD, N = 15) (see Fig. 2B). Since the
puried Pb fractions of PseudoSample(2) were compared to NIST
SRM 981 which was used to prepare the PseudoSample(2) solu-
tion, the d-value of 0 indicates that the dual-column purication
procedure does not induce isotope fractionation. This observa-
tion is supported by the d207Pb/206PbSRM981 and
d208Pb/204PbSRM981 values for PseudoSample(2) which are all
overlapping withing uncertainty with the d-zero anchor (see
Fig. S1A and B). The Pb yields and the d208Pb/206PbSRM981 values
indicate high reliability and high repeatability of the automated
dual-column purication procedure for subsequent Pb isotopic
analysis. Further, no apparent systematic change in
d208Pb/206PbSRM981 values were observed with Pb yields of at least
89% (R2 = 0.34) (see Fig. S2). This suggests that, under the given
conditions, the Pb isotopic composition does not fractionate
signicantly on the two columns to induce systematic bias in the
isotopic composition of the sample.

It is expected that Pb yields will decrease with column
degradation indicating the end of the column life span.42

Throughout this study, up to 50 samples were processed on the
same resins without any signs of degradation. In previous
studies, Nobias Chelate-PA1 resin and DGA resin have proved
high reusability (Nobias: >400 times,39 DGA: >100 times20,21,26),
consequently a similar life span is expected in the dual-column
set-up. However, it is recommended that the column
This journal is © The Royal Society of Chemistry 2025
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performance is monitored for Pb yield and isotope fractionation
by processing of a QC solution every ve to ten samples.
3.4. Application to bone and hair CRMs

Finally, the automated dual-column purication procedure was
validated by applying it to biological reference materials with
varying matrix composition. Duplicates of the biological bone
reference material (i.e., NIST SRM 1400) and hair reference
materials (i.e., ERM-DB001, GBW07601, GBW09101) were pro-
cessed in random order. The Pb yield remained high across
these biological matrices with 95% ± 14% (2 SD, N = 8) (see
Table S3). The repeatability (expressed as RSD) of the absolute
Pb isotope abundance ratios is <0.01% for the duplicates (see
Table S3). This indicates high repeatability of the automated
dual-column purication procedure across the tested biological
samples.

In Table 3, the d-values and absolute isotope abundance
ratios for 208Pb/206Pb, 207Pb/206Pb, and 208Pb/204Pb of the
different bone and hair reference materials are reported and
compared to data reported by previous studies. Overall, the
values reported by the present study for the NIST SRM 1400,
ERM-DB001 and GBW07601 overlap within uncertainty with
previous reported data. For the hair reference material
GBW09101, a 208Pb/206Pb isotope abundance ratio of 2.12045 ±

0.00054 (i.e., d(208Pb/206Pb)SRM981 = −21.99& ± 0.24&) (U, k =

2), a 207Pb/206Pb isotope abundance ratio of 0.86292 ± 0.00014
(i.e., d(207Pb/206Pb)SRM981 = −56.56& ± 0.14&) (U, k = 2), and
a 208Pb/204Pb isotope abundance ratio of 38.451 ± 0.022 (i.e.,
d(208Pb/204Pb)SRM981= 47.09&± 0.51&) (U, k= 2) are proposed.
The close agreement between results for NIST SRM 1400, ERM-
DB001, and GBW07601 and their respective literature values
further demonstrates that the developed automated dual-
column purication procedure is free from signicant carry-
over, memory effects, or on-column fractionation, and yields
results comparable to those obtained by more labor-intensive
and error-prone methods. Overall, this indicates high accu-
racy and high exibility for biological matrices using the
procedure described here.
4. Conclusion

In order to fully exploit the potential of applying Pb isotope
abundance variation data in biological materials across various
elds such as archaeology, environmental sciences, forensic,
and biomedicine, more robust and reproducible protocols are
required that enable routine analysis with high sample
throughput. This work describes a new rapid purication
procedure that utilizes automated chromatography for puri-
fying Pb from biological samples (i.e., bone, hair) using a prep-
FAST MC™ system for subsequent isotope analysis by MC-
ICP-MS.

The dual-column purication procedure developed effec-
tively isolates Pb from biological matrix elements, thus avoiding
spectral interferences and minimizing matrix effects during the
isotopic analysis. A quantitative recovery of Pb is achieved and
the total procedural Pb blanks are negligible for Pb isotopic
2790 | J. Anal. At. Spectrom., 2025, 40, 2783–2791
analysis. The dual-column purication procedure for Pb was
validated using bone and hair reference materials (i.e., NIST
SRM 1400, ERM-DB001, GBW07601). Purication of these
samples by the prepFAST MC™ system followed by Pb isotopic
analysis using MC-ICP-MS generated d-values and absolute
isotope abundance ratios for 208Pb/206Pb, 207Pb/206Pb, and
208Pb/204Pb that agreed well with previously reported data.
Duplicate digestions and repeated purication indicated overall
low uncertainties.
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H. S. Peiser, K. J. R. Rosman and P. D. P. Taylor, Pure Appl.
Chem., 2003, 75, 683–800.

11 J. G. Wiederhold, Environ. Sci. Technol., 2015, 49, 2606–2624.
12 T. J. A. Munkittrick, T. L. Varney and V. Grimes, J. Archaeol.

Sci., 2023, 156, 105803.
13 J. A. Evans, V. Pashley, K. Mee, D. Wagner, M. Parker

Pearson, D. Fremondeau, U. Albarella and R. Madgwick,
PLoS One, 2022, 17, e0274831.

14 E. J. Bartelink and L. A. Chesson, Forensic Sci. Res., 2019, 4,
29–44.

15 L. M. Kootker, S. T. M. Ammer, D. J. Wescott, G. R. Davies
and H. L. Mickleburgh, Int. J. Leg. Med., 2024, 138, 151–164.

16 K. Samekova, C. Firbas, J. Irrgeher, C. Opper, T. Prohaska,
A. Retzmann, C. Tschegg, C. Meisslitzer, A. Tchaikovsky,
G. Gouya, M. Freissmuth and M. Wolzt, Sci. Rep., 2021, 11,
14796.

17 J. Irrgeher, T. Berger, A. Tchaikovsky, C. Tschegg, G. Gouya,
P. Lechner, A. Retzmann, C. Opper, C. Firbas,
M. Freissmuth, K. Peschel-Credner, K. Anderle,
C. Meisslitzer, M. Wolzt and T. Prohaska, Anal. Bioanal.
Chem., 2022, 415, 255–268.

18 L. Yang, S. Tong, L. Zhou, Z. Hu, Z. Mester and J. Meija, J.
Anal. At. Spectrom., 2018, 33, 1849–1861.

19 T. Prohaska, Chapter 7 Interferences, Sector Field Mass
Spectrometry for Elemental and Isotopic Analysis,
ed. T. Prohaska, J. Irrgeher, A. Zitek, and N. Jakubowski,
The Royal Society of Chemistry, 2015, pp. 121–125.

20 A. Retzmann, T. Zimmermann, D. Profrock, T. Prohaska and
J. Irrgeher, Anal. Bioanal. Chem., 2017, 409, 5463–5480.

21 S. J. Romaniello, M. P. Field, H. B. Smith, G. W. Gordon,
M. H. Kim and A. D. Anbar, J. Anal. At. Spectrom., 2015, 30,
1906–1912.

22 F. Y. Zhou, D. He, X. Miao, C. Yang, J. H. Dong, H. T. Zheng,
Z. Cheng, X. Liu and Z. L. Zhu, Anal. Chem., 2021, 93, 7196–
7203.
This journal is © The Royal Society of Chemistry 2025
23 D. Peng, X. Yu, X. Li, A. Sun, L. Wang, T. Wang and J. Xu, J.
Sep. Sci., 2023, 46, e2200905.

24 B. M. Mahan, F. Wu, A. Dosseto, R. Chung, B. Schaefer and
S. Turner, J. Anal. At. Spectrom., 2020, 35, 863–872.

25 S. J. Romaniello, G. W. Gordon, D. Wiederin, P. Field and
A. D. Anbar, Goldschmidt 2012, Montréal, 2012.
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