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AG-MP-1M anion exchange resin is commonly used to separate and purify Cd from geological and

environmental samples. However, a second column using anion exchange, TRU Spec, or BPHA

extraction resins is also required to further purify Cd from the residual Sn for high-precision Cd isotope

ratio measurements. In this study, a new and efficient single-stage separation method using AG-MP-1M

(100–200 mesh) anion exchange resin was developed to separate Cd from geological and

environmental samples for high-precision Cd isotope ratio measurements. Most of the Sn (>99%) is

effectively stripped from the resin using a 2 M HCl + 4 M HF mixed eluent, unlike commonly used

separation protocols with AG-MP-1M anion exchange resin, which only removes ∼65% of the Sn using

HCl eluent. Furthermore, potential residual Sn is retained on the resin by elution of 0.04 M HCl + 2 M HF

and 0.005 M HCl + 2 M HF, which allows quantitative collection of the Cd fraction (∼99.5%) without Sn

tailing. The single-stage purification procedure takes advantage of the different affinities of Sn on AG-

MP-1M anion exchange resin at different HCl and HF concentrations in mixed HCl + HF solutions, which

allows direct and effective separation of Cd from Sn and other complex sample matrices. We used this

procedure and the double-spike MC-ICP-MS method to determine the d114/110CdNIST SRM 3108 values for

Mn nodule, igneous rock, shale, soil, and sediment reference materials, and obtained results that agree

within analytical uncertainty with the values reported in previous studies. In addition, the d114/110CdNIST

SRM 3108 values of soil (GSS-1a), sediment (GSD-4a), and dolomite (GSR-12) standard reference materials

are reported for the first time in this paper. The described purification procedure allows efficient and

rapid Cd isotopic analysis in different types of geological and environmental samples.
1. Introduction

Cadmium is a chalcophile, toxic, and moderately volatile
element with a main valence state of +2 and eight stable
isotopes: 106Cd (1.25%), 108Cd (0.89%), 110Cd (12.47%), 111Cd
(12.80%), 112Cd (24.11%), 113Cd (12.23%), 114Cd (28.75%), and
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116Cd (7.51%).1–3 In the past two decades, mass-dependent Cd
isotopic variations have been investigated in different geolog-
ical and environmental samples, which exhibit isotopic frac-
tionation related to numerous (bio)geochemical and
environmental processes, such as biological uptake,4–6 adsorp-
tion/co-precipitation,7–12 weathering,13–15 and evaporation/
condensation processes.16–20 The potential for Cd isotopes to
track low-temperature geological and environmental processes
on the Earth's surface and cosmochemical processes has been
reported in various studies.21–38 These studies have shown that
Cd isotopes are a promising tool for geological and environ-
mental applications.

Cadmium isotope data were initially determined by thermal
ionisation mass spectrometry (TIMS) combined with the
double-spike method for instrumental mass bias correction,
but had large analytical uncertainties of ±0.24& to ±4&
(2SD).39,40 With further developments in mass spectrometry,
high-precision methods for Cd isotopic analysis by multi-
collector-inductively coupled plasma-mass spectrometry (MC-
ICP-MS) and TIMS have been widely reported, and the long-
term analytical precision can be better than ±0.1& (2SD).41–51
J. Anal. At. Spectrom., 2023, 38, 2291–2301 | 2291
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Table 1 Isobars and molecular interfering ions for Cd isotopic measurementsa

Mass/abundance Molecular interference Isobar interference

106Cd (1.25%) 66Zn40Ar+, 90Zr16O+

108Cd (0.89%) 68Zn40Ar+, 92Zr16O+, 92Mo16O+ 108Pd (26.46%)
110Cd (12.5%) 70Zn40Ar+, 70Ge40Ar+, 94Zr16O+, 94Mo16O+, 92Mo18O+, 109Ag1H+, 93Nb17O+ 110Pd (11.72%)
111Cd (12.8%) 71Ga40Ar+, 95Mo16O+, 97Mo14N+, 93Nb18O+

112Cd (24.1%) 72Ge40Ar+, 96Zr16O+, 96Mo16O+, 96Ru16O+, 98Mo14N+, 76Se36Ar+ 112Sn (0.973%)
113Cd (12.2%) 73Ge40Ar+, 97Mo16O+, 99Ru14N+, 77Se36Ar+ 113In (4.288%)
114Cd (28.7%) 74Ge40Ar+, 98Mo16O+, 98Ru16O+, 100Ru14N+, 100Mo14N+, 77Se36Ar+, 74Se40Ar+ 114Sn (0.659%)
116Cd (7.49%) 76Ge40Ar+, 100Mo16O+, 100Ru16O+, 76Se40Ar+, 80Se36Ar+ 116Sn (14.536%)

a From the literature of Wombacher et al. (2003)2
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Lu et al. (2023)52 proposed a double spike-standard addition
technique by adding a certied standard solution containing
a Cd double-spike with a known isotopic composition to
a sample to increase the amount of Cd. This method is required
with lower sample consumption and is benecial for the Cd
isotopic measurement of ultra-trace amounts of Cd in
samples.51 However, this method requires complex calculations
aer the measurements. Irrespective of the measurement
method, Cd isotopic measurements by mass spectrometry are
sensitive to the residual matrix in the puried samples, which
may cause matrix effects, and polyatomic and isobaric inter-
ferences (Table 1). Therefore, due to the complex matrix and
relatively low Cd concentrations in geological and environ-
mental samples, establishing an efficient Cd purication
procedure is required for high-precision Cd isotopic
measurements.

AG1-X8 anion exchange resin is generally utilised to purify
Cd from various natural materials. For examples, two-step
anion exchange column chromatography utilising AG1-X8
anion exchange resin (200–400 mesh) has been successfully
used for Cd separation, in which two anion exchange columns
are utilised to remove most of the matrix elements, and then to
separate Cd from Sn, respectively.42,53,54 In addition, a two-stage
column chemistry with AG1-X8 anion exchange resin (100–200
mesh) and TRU Spec resin has been widely utilised for Cd
separation from geological samples, whereby an anion
exchange column is used to remove most matrix elements,
which is followed by a TRU Spec resin column to further sepa-
rate Cd from Sn.2,6,18,19,43,55 However, TRU Spec resin-derived
organic compounds can be introduced into the puried Cd
solutions and lead to erroneous isotopic results even with
a double-spike correction, which is due to phosphor bound
organics.56,57 Zhong et al. (2023)50 investigated the interference
of P on Cd isotopic measurements, and showed this is mainly
caused by P-related matrix effects, which further conrmed the
interference of a TRU Spec resin-derived P-related matrix on Cd
isotopic measurement. To remove TRU Spec resin-derived P
organic compounds, Murphy et al. (2016)57 used liquid–liquid
extraction with n-heptane. Liu et al. (2019)46 reported a single-
stage AG1-X8 anion exchange resin (100–200 mesh) separation
method for Cd isotope analysis of various geological samples by
MC-ICP-MS. Although all these purication procedures have
been successfully used for Cd isotopic analysis, relatively large
volumes of eluent and numerous evaporation/transfer steps are
2292 | J. Anal. At. Spectrom., 2023, 38, 2291–2301
required, which increases the column separation time and
potential blank levels.

In addition to AG1-X8 anion exchange resin, AG-MP-1M
anion exchange resin has been widely used to separate Cd
from various types of samples. However, Cd cannot be quanti-
tatively separated from Sn with a single-stage AG-MP-1M (100–
200 mesh) column.44,45,47,49,50,58,59 Therefore, two-step AG-MP-1M
anion exchange resin (100–200 mesh) column chromatography
has been successfully used for Cd separation from geological
and environmental samples, whereby the two anion exchange
columns are utilised to rst remove most of the matrix elements
and thenmainly to purify Cd from the residual Sn.47 In addition,
two-step column chromatography using AG-MP-1M anion
exchange resin (100–200 mesh) and TRU Spec resin has been
successfully used for Cd separation from environmental
samples, whereby an anion exchange column is used to remove
most matrix elements, and the TRU Spec resin column is used
to further purify Cd from the residual Sn.49 Zhong et al. (2023)50

also reported a two-step chromatographic method for Cd
separation from geological samples. Considering the risk of P-
related interferences from TRU Spec resin, BPHA extraction
resin was used instead of TRU Spec resin to further purify Cd
from residual Sn aer separation of Cd using an AG-MP-1M
anion exchange resin column. These two-step chromatog-
raphy methods can achieve good Cd separation, but require
relatively large volumes of eluent and numerous evaporation/
transfer steps, which increases the column separation time,
elution steps, and potential blank levels.

In this study, we describe a new single-stage separation
procedure with the anion exchange resin AG-MP-1M (100–200
mesh) for separating and purifying Cd from geological and
environmental samples. We used this procedure and the
double-spike MC-ICP-MS method to determine the Cd isotope
ratios in geological and environmental reference materials.
Repeated measurements of these reference materials yielded
d114/110CdNIST SRM 3108 values in good agreement with their
recommended values.
2. Experimental procedures
2.1. Reagents and samples

Mineral acids of BVIII grade reagents (Beijing Institute of
Chemical Reagents, China) were puried twice (HF, HCl, and
HNO3) in a Savillex DST-1000 sub-boiling acid distillation
This journal is © The Royal Society of Chemistry 2023
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system (Savillex, Eden Prairie, Minnesota, USA). Ultra-pure
water (Milli-Q H2O; 18.2 MU cm) from a Millipore purication
system was utilised for mixing the reagents. The standard
solution NIST SRM 3108 was used as the Cd isotopic standard
material, and Spex Cd was used as a laboratory reference
material. NIST SRM 3108 was purchased from the National
Institute of Standards and Technology (NIST), USA. Spex Cd was
generously provided by Dr Zhu at the China University of Geo-
sciences, Beijing, China. ICP-MS standard solutions (1000 mg
mL−1) of Cd and Sn were purchased from the Beijing General
Research Institute for Nonferrous Metals (BGRINM), China. In
addition, we analysed and report the Cd isotopic compositions
of 12 geological and environmental reference materials,
including 3 rocks (BHVO-2, GSP-2, and COQ-1), 1 shale (SGR-
1b), 1 soil (NIST 2711a), and 2 Mn nodules (NOD-P-1 and -A-1)
from the United States Geological Survey; and 3 stream sedi-
ments (GSD-3a, -4a, and -5a), 1 dolomite (GSR-12), and 1 soil
(GSS-1a) from the Institute of Geophysical and Geochemical
Prospecting, People's Republic of China.
2.2. Sample digestion

For the rocks, shale, sediments, and soil reference materials,
25–400 mg of sample powders containing 30–100 ng Cd (typi-
cally 30 ng) were accurately weighed into Teon bombs.
Cadmium spike solutions were accurately weighed into the
Teon sample bombs to achieve Cdspike : Cdsample = 1 : 1, and to
avoid Cd isotopic fractionation during sample dissolution and
chemical purication. Subsequently, 1 mL of concentrated
HNO3 (15.3 mol L−1) and 2.0 mL of HF (22 mol L−1) were added
to the Teon bombs, which were then sealed and placed in an
oven at 190 °C for 72 h to breakdown and dissolve the solid
minerals and organic materials. The samples were then trans-
ferred to Savillex™ PFA beakers and evaporated to dryness. To
completely dissolve the samples, aqua regia (HCl : HNO3 = 3 : 1;
v/v) was added to the Savillex™ PFA beakers, which were le on
a hotplate at 130 °C overnight. Subsequently, 4 mL of 6 M HCl
was added to the Savillex™ PFA beakers to completely decom-
pose the residues. For the Mn nodules and carbonate rocks,
25–360 mg of each sample powder containing 30–100 ng Cd
(typically 30 ng) was accurately weighed into Savillex™ PFA
beakers. Aer the Cd spike solutions were accurately weighed
and added to the PFA beakers, 4 mL of 6 M HCl was slowly
added to the samples, which were capped tightly and then
Table 2 Elution sequence of the single-stage column procedure

Column procedure

AG-MP-1M (100–200 mesh)
Cleaning
Cleaning
Condition
Loading
Matrix removal (Mg, Ca, Nb, Fe, Ga, Ge, Ag, Zr, etc.)
Matrix removal (Sn, Mo, and In)
Matrix removal (Zn)
Matrix removal (residual)
Collecting Cd

This journal is © The Royal Society of Chemistry 2023
heated at 120 °C overnight. Aer evaporating the samples, 3 mL
of 6 M HCl was added to the Savillex™ PFA beakers to
decompose the residual solids and convert these to chlorides.
Finally, aer evaporating the samples, the sample solutions
were redissolved in 2–3 mL of 2 M HCl for chemical separation.

2.3. Cadmium purication

Chemical separations were conducted in a class 100 clean hood
at the State Key Laboratory of Isotope Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences (GIG-
CAS), Guangzhou, China. The column protocol is outlined in
Table 2 and described briey here. A volume of 1.9 mL of AG-MP-
1M anion exchange resin was packed in a Teon column (15 cm
× 6 mm i.d.), which was washed with 2 M HNO3 and MilliQ-H2O,
respectively, and then conditioned with 2 M HCl. Aer an aliquot
of the spiked sample solution (2–3 mL) was loaded onto the
column, another 8 mL of 2 M HCl were added to elute matrix
elements (e.g., Na, Mg, Fe, Mn, Zr, Cu, Ni, Pb, Ge, REE, and Cr).
Subsequently, Sn, Pb, In and Mo were removed using 2 M HCl +
4 M HF, and Zn together with little Nb/In was eluted by using
16 mL of 0.05 M HCl. 10 mL eluent of 0.04 M HCl + 2 M HF can
further remove the potential residual matrix, but retain potential
Sn on the resin. Finally, the Cd fraction was collected in 0.005 M
HCl + 2 M HF and then evaporated to dryness. The samples were
then dissolved in 0.03 mL of concentrated HNO3 and evaporated
(this procedure was performed twice). Subsequently, 2% (v/v)
HNO3 was used to redissolve the samples, prior to analysis with
a Neptune Plus MC-ICP-MS.

2.4. Mass spectrometry

Cadmium isotopic compositions were measured with a Neptune
Plus MC-ICP-MS at the Hebei Key Laboratory of Strategic Critical
Mineral Resources, Hebei GEO University, Shijiazhuang, China.
The Neptune Plus is equipped with nine Faraday cups connected
to 1011 U ampliers and eight ion counters, which can measure
isotope ratios over a relative mass range of up to 17%. Cadmium
isotopic measurements were conducted in static mode at low
mass resolution (∼400), and the data were collected for 1 block
with 40 measurement cycles with an integration time of 4.194 s
per cycle. The samples were introduced into the plasma with an
Aridus III desolvator (Teledyne CETAC Technologies, Omaha,
USA) equipped with a 100 mL min−1 PFA nebuliser system. The
typical signal intensity (110Cd) was 1.3–1.7 V for a 10 ng mL−1 Cd
Eluant Volume (mL)

1.9
2 M HNO3 10
MilliQ-H2O 3
2 M HCl 10
2 M HCl 2–3
2 M HCl 8
2 M HCl + 4 M HF 16
0.05 M HCl 16
0.04 M HCl + 2 M HF 10
0.005 M HCl + 2 M HF 14

J. Anal. At. Spectrom., 2023, 38, 2291–2301 | 2293
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Table 3 Typical instrumental setup during Neptune Plus MC-ICP-MS
analysis

Rf power 1223 W

Auxiliary gas (Ar) ow rate 0.89 L min−1

Sample gas (Ar) ow rate 1.094 L min−1

Cooling gas (Ar) ow rate 15.50 L min−1

Measurement mode Static
Interface cones H sample cone + X skimmer cone

(nickel)
Acceleration voltage 10 kV
Detection system Faraday cups
Amplier 1011 U
Idle time 3.000 s
Integration time 4.194 s
Mass resolution ∼400 (low)
Spray chamber Dual cyclonic-Scott (quartz)
Cd sensitivity 360–400 V ppm−1 (low-resolution)
Sample uptake 100 mL min−1

Desolvation nebulizer Aridus III
Sweep gas ow rate 2.75 L min−1

Nitrogen gas 2.6 L min−1

Desolvation temperature 140 °C
Spray chamber temperature 104 °C
Cup conguration L3 L2 L1 C H1 H3 H4

110Cd 111Cd 112Cd 113Cd 114Cd 116Cd 119Sn
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solution, corresponding to an instrumental sensitivity of 1040–
1361 V ppm−1. The inlet system of the instrument was cleaned
with 3% (v/v) HNO3 + 0.1% HF and 3% (v/v) HNO3 solutions
between each measurement, until the 110Cd signal decreased to
<2 mV aer ∼5 min. The typical instrumental operating param-
eters are summarised in Table 3. All the measured raw data were
subjected to a double-spike correction procedure that used an in-
house Microso Virtual Basic program based on a mathematical
algorithm.60 Cadmium isotope ratios are reported in delta (d)
notation as the per mil (&) deviation relative to NIST SRM 3108,
as follows:

d114/110CdNIST SRM 3108 = ([114Cd/110Cd]sample/[
114Cd/110Cd]NIST

SRM 3108 − 1) × 1000.

2.5. Elemental analysis

During the Cd separation, elemental mass fractions were
determined for all the collected aliquots with an ICP-MS
(Thermo-Scientic X Series-2) at the State Key Laboratory of
Isotope Geochemistry, GIG-CAS. For the dri corrections during
ICP-MS analysis, Rh and Re as internal standards were added to
all samples and a quality control solution (i.e., the dri
monitor). The latter was analysed repeatedly during the ICP-MS
measurements. The relative standard deviations (RSDs) of
elements measured by ICP-MS were less than ±5%.

3. Results and discussion
3.1. Optimisation of the Cd separation procedures

Previous studies have shown that in a HCl medium, most Sn is
still retained on the AG-MP-1M anion exchange resin during Cd
elution, which results in different levels of Sn in the Cd solution
2294 | J. Anal. At. Spectrom., 2023, 38, 2291–2301
for samples with complex matrices.47,50,58 A mixture of HF and
HCl may be an alternative way to separate Cd from Sn on AG-
MP-1M anion exchange resin.61,62 To validate this approach,
a basalt standard (BHVO-2; doped with different Cd and Sn
single standard solutions to a Sn/Cd ratio of ∼4) was utilised in
our separation experiments.

The samples dissolved in 1.2 M HCl,58 and 2 M
HCl44,47,49,50,59 have been used as the loading medium during
Cd separation on AG-MP-1M anion exchange resin. In this
study, samples dissolved in 1 M and 2 M HCl were used for
loading. As shown in Fig. 1a, the sample solution in 2 mL of
1 M HCl was added to the column and sequentially washed
with 1 M HCl, which can quickly remove most matrix elements
(e.g., Ca, K, Mg, Fe, Ni, Ga, Ge, Zr, Mo, Pd, Ag, and Pb) but
causes breakthrough of ∼1.5% Cd (Fig. S1a†). Similarly, the
matrix (Ca, K, Mg, Fe, Ni, Ga, Ge, Zr, Mo, Pd, Ag, and Pb) can
be removed from the 2 mL of loading solution together with
subsequent elution of 2 M HCl, and Cd is retained on the resin
(Fig. 1b and c; S1b and c†).

Previous studies have shown that <70% of the Sn fraction is
slowly eluted and severely tails from the eluted 0.06 M HCl to
the eluted 0.0012 M HCl for Cd collection.47,50,58 In a HCl
medium, Cd and Sn have similar adsorption capacities on AG-
MP-1M anion exchange resin, which results in incomplete
separation between Cd and Sn.50 However, mixed solutions of
HF + HCl can considerably change the adsorption capacities of
Sn on anion exchange resin.61,62 In the present study, 0.2 M HCl
+ 4 M HF, 1 M HCl + 4 M HF, and 2 M HCl + 4 M HF solutions
were used to evaluate their capacity to strip Sn from the anion
exchange resin. Almost all the Sn can be eluted with 2 M HCl +
4 M HF, and most of the Sn is removed with 1 M HCl + 4 M HF,
although there is slight Sn tailing, whereas only ∼5% of the Sn
can be eluted with 0.2 M HCl + 4 M HF (Fig. 1). These results
show that the adsorption capacities of Sn on AG-MP-1M anion
exchange resin decrease gradually from 0.2 M HCl + 4 M HF to
2 M HCl + 4 M HF (Fig. 1a–c). In addition, we found that Sn can
be eluted from AG-MP-1M anion exchange resin with 2 M HF,
although Cd is also stripped from the resin (the separation
curve is not shown here). Therefore, both the HF and HCl in the
mixed HCl + HF solution control the adsorption capacities of Sn
on AG-MP-1M anion exchange resin.

Surprisingly, ∼76.3% Cd (Fig. S1a†) along with the Zn frac-
tion can be eluted with 0.025 M HCl aer the elution of 1 M HCl
+ 4 M HF (Fig. 1a). The Cd fraction was not stripped and the Zn
fraction and residual matrix elements were removed by using
0.05 M and 0.015 M HCl, respectively, aer the elution of 2 M
HCl + 4 M HF (Fig. 1b and S1b†). Interestingly, no Sn was
removed by either 0.05 M HCl + 2 M HF or 0.015 M HCl + 2 M
HF, aer the elution of 0.2 M HCl + 4 M HF (Fig. 1c), which may
be due to the high adsorption capacity of Sn on AG-MP-1M
anion exchange resin in both 0.05 M HCl + 2 M HF and
0.015 M HCl + 2 M HF. In previous studies, 0.0012 M HCl has
always been utilised to collect Cd from the AG-MP-1M anion
exchange resin column.47,50,58 In the present study, 0.0012MHCl
(the separation curve is not shown here) and Milli-Q H2O were
used to collect Cd (∼92.7%, Fig. S1b†), but trace amounts of Sn
remained in the Cd cut (Fig. 1b). In addition, the Cd fraction
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Elution curves of the Cd purification procedures using different reagents on AG-MP-1M anion exchange (100–200mesh) resin. (a), (b) and
(c) represent the elution curves of trace elements and Cd with AG-MP-1M resin. Different molarities of HCl (1, 2, 0.05 and 0.025 M) and the
molarities of mixed acid (HCl + HF) were tested; (d) represents the elution curve of trace elements and Cd using AG-MP-1M anion exchange
(100–200 mesh) resin.
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(∼99.1%, Fig. S1c†) can be collected earlier using 0.015 M HCl +
2 M HF without Sn tailing (Fig. 1c).

Based on these results, the purication procedures shown in
Fig. 1b and c can potentially be utilised to separate and purify
Cd from the matrix of natural samples. Four BHVO-2 samples
(with a Sn standard solution added to ∼0.1 g BHVO-2) with
different Sn/Cd ratios (e.g., 10, 50, 200, and 500) were puried
using the purication procedures shown in Fig. 1b and c.
However, the four samples subjected to the purication proce-
dure in Fig. 1b contain residual Sn, which increases as the
initial Sn/Cd ratios of the samples increase. This demonstrates
that Sn cannot be completely removed by using 2 M HCl + 4 M
HF, and the residual Sn fraction may be eluted into the Cd cut
for samples with high Sn/Cd ratios. Furthermore, apart from the
sample with Sn/Cd = 10, the other samples with higher Sn/Cd
ratios subjected to the purication procedure in Fig. 1c also
contain residual Sn in the Cd cuts. It is clear that when samples
have a high Sn/Cd ratio (e.g., >10 to 500), Sn cannot be strongly
adsorbed on the resin, and some Sn will be collected in the Cd
cut during Cd elution.

Our experiments show that the adsorption capacity of Sn on
AG-MP-1M anion exchange resin increases gradually with
decreasing HCl concentrations in the mixed HCl + HF (e.g.,
from 2 M HCl + 4 M HF to 0.015 M HCl + 2 M HF), which
indicates that both HCl and HF in the mixture control the
This journal is © The Royal Society of Chemistry 2023
distribution coefficient of Sn on AG-MP-1M anion exchange
resin (Fig. 1). This may be due to the complexes formed between
Sn4+, and Cl− and F− ions. In 2MHCl + 4MHF or 1MHCl + 4M
HF, the Sn4+, Cl−, and F− may occur mainly as Sn chloride/
uoride complex ions such as SnF2Cl4

2− and SnF3Cl3
2−, which

have a low adsorption capacity on AG-MP-1M anion exchange
resin. Moreover, Sn can also be eluted from AG-MP-1M anion
exchange resin with 2 MHF, possibly to form SnF6

2−, which has
a low distribution coefficient on the resin, unlike Sn
chloride/uoride complex ions in a mixed acid solution with
a low HCl concentration (e.g., 0.2 M HCl + 4 M HF to 0.015 M
HCl + 2 M HF).

Based on these experiments, we optimised the column
separation procedure (Table 2; Fig. 1d and S1d†). Following
sample loading and removal of most of the matrix with 2MHCl,
most of the Sn is effectively removed by elution of 2 MHCl + 4 M
HF. The Zn fraction and residual matrix are subsequently
removed with 0.05 M HCl and 0.04 M HCl + 2 M HF. Compared
with 0.015 M HCl + 2 M HF, 0.005 M HCl + 2 M HF can more
quickly elute Cd without Sn tailing. Therefore, the quantitative
collection of the Cd fraction (∼99.5%, Fig. S1d†) is undertaken
with 0.005 MHCl + 2 MHF, and potential residual Sn is strongly
retained on the resin by elution of 0.04 M HCl + 2 M HF and
0.005 M HCl + 2 M HF. This procedure takes advantage of the
different affinities of Sn for AG-MP-1M anion exchange resin
J. Anal. At. Spectrom., 2023, 38, 2291–2301 | 2295
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with different concentrations of HCl and HF in a mixed HCl +
HF solution. As such, this technique can effectively separate
pure Cd from the matrix element, and eliminate Sn in the Cd
cut, which allows high-precision and accurate determination of
Cd isotope ratios.

3.2. Evaluation of matrix effects, and molecular and isobaric
interferences

Some elements can generate direct isobars interferences and
potentially form argide-, nitride-, and oxide-related molecular
interferences during Cd isotope analysis (Table 1). To assess the
effectiveness of our purication method, the Cd cuts from six
reference materials (GSP-2, BHVO-2, NOD-P-1, COQ-1, GSD-5a,
and GSS-1a) puried by the presented procedure (Table 1)
were analysed by ICP-MS.

The results show that the matrix elements are efficiently
removed from Cd with the residual element/Cd ratios being
<0.02% (Fig. 2). For example, matrix elements such as Mg, P, Ca,
Fe, Sm, and Pb have matrix element/Cd ratios of <0.0002, which
are much lower than those that can cause matrix effects as
constrained by doping experiments.46,47,50,55,56,58 For the
elements that form molecular interferences on Cd isotopes, the
Zn/Cd, Ga/Cd, Ge/Cd, Zr/Cd, Nb/Cd, Mo/Cd, and Ag/Cd ratios in
the six Cd cuts are lower than 0.000121, 0.000013, 0.000088,
0.000110, 0.000130, 0.000100, and 0.000134, respectively
(Fig. 2). Furthermore, Sn, In, and Pd have direct isobaric
Fig. 2 Purification effectiveness of protocols at removingmatrix elements
COQ-1, and (f) NOD-P-1. The concentration ratio of the matrix element t

2296 | J. Anal. At. Spectrom., 2023, 38, 2291–2301
interferences on Cd isotopes, and the Cd cuts have Sn/Cd, In/
Cd, and Pd/Cd ratios that are lower than 0.000125, 0.000012,
and 0.000004, respectively (Fig. 2). The results indicate that
matrix elements are effectively separated from Cd and reduced
to very low levels in the Cd cut (Fig. 3), which are lower than
those that can cause matrix effects or molecular and isobaric
interferences during Cd isotope analysis.44,46,47,49,56,59 As such,
the presented analytical protocols (Table 2) are suitable for
purifying Cd and the high-precision and accurate determina-
tion of Cd isotope ratios.
3.3. Precision and accuracy of the Cd isotopic analysis

We assessed the precision and accuracy of our Cd isotopic
analysis. Cadmium standard solutions NIST SRM 3108 and
Spex-Cd were measured repeatedly to evaluate the instrumental
stability. Repeated analysis of NIST SRM 3018 over 18 months
yielded an average d114/110CdNIST SRM 3018 value of −0.001 ±

0.043& (2SD; n = 500) (Fig. 3a). Spex Cd was used as
a secondary standard to monitor the stability during sample
analysis. The long-termmeasurements of Spex Cd yielded a d114/
110CdNIST SRM 3018 value of −2.103 ± 0.056& (2SD; n = 52)
(Fig. 3b), which is in agreement with the values of −2.13 ±

0.09& (2SD; n = 74), −2.121 ± 0.042& (2SD; n = 18), and
−2.094± 0.049& (2SD; n= 16) reported by Li et al. (2018),59 Tan
et al. (2020),47 and Zhong et al. (2023),50 respectively.
for six selected samples:(a) GSP-2, (b) BHVO-2, (c) GSS-1a, (d) GSD-5a, (e)
o Cd is expressed as [X]/[Cd] (where X denotes a matrix element).

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The long-term reproducibility of the d114/110CdNIST SRM 3018 values for (a) NIST SRM 3108 and (b) standard solution Spec-Cd. Error bars
represent two standard errors of each measurement. The grey area represents twice the standard deviation of the d114/110CdNIST SRM 3018 value of
NIST SRM 3108 and Spec-Cd, respectively.
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3.4. Procedural blanks

The total procedural blanks were determined by isotope dilu-
tion mass spectrometry. The total procedural blank from
sample digestion to nal Cd isotopic measurement is 0.042 ±

0.012 ng (2SD; n = 6), which is approximately 0.14% of the
typical sample size (Cd = 30 ng) and negligible.
3.5. Cadmium isotopic compositions of geological and
environmental reference materials

All the reference materials were independently digested and
analysed$2 times utilising the proposedmethod to: (1) validate
the accuracy of our proposed method; and (2) consolidate and
enlarge the pre-existing database for international reference
materials. The results are presented in Table 4 and Fig. 4, along
with a compilation of published d114/110CdNIST SRM 3018 values.

The measured d114/110CdNIST SRM 3018 values of basalt BHVO-
2, granodiorite GSP-2, shale SGR-1b, and carbonatite COQ-1 are
in good agreement within uncertainty with published values
(Table 4). BHVO-2 (0.048 ± 0.036&) has a similar Cd isotopic
composition to the upper continental crust (UCC; 0.03 ± 0.10)63

and is slightly heavier than bulk silicate Earth (BSE; −0.06 ±

0.03).63 GSP-2 (−0.191 ± 0.035&) has a slightly lighter Cd
isotopic composition relative to BSE and UCC, while for SGR-1b
(0.076 ± 0.046&) it approaches that of BSE and UCC. The shale
standard materials SDO-1 and SCO-1 have been discontinued,
and thus shale SGR-1b can be utilised as an alternative standard
for shale samples. Dolomite GSR-12 has a d114/110CdNIST SRM 3018

value of 0.162± 0.044& (2SD; n= 9), which is indistinguishable
This journal is © The Royal Society of Chemistry 2023
from the values for carbonatite COQ-1 (0.143 ± 0.053&). Both
GSR-12 and COQ-1 have slightly heavier Cd isotopic composi-
tions relative to those of BSE and UCC.

The ferromanganese nodule NOD-P-1 has a d114/110CdNIST
SRM 3018 value of 0.185 ± 0.048& (2SD; n = 9), which is in
agreement with published values (Table 4). The published d114/

110CdNIST SRM 3018 values of the ferromanganese nodule NOD-A-
1 vary signicantly from −0.16 ± 0.12& (ref. 58) to 0.23 ±

0.06&.64 Our measured value is 0.184 ± 0.057& (2SD; n = 11),
which is in good agreement with most reported d114/110CdNIST
SRM 3018 values (Table 4). In addition to the variable Cd isotopic
compositions, the Cd contents of NOD-A-1 (18.97 mg g−1)
determined by isotope dilution mass spectrometry in this study
are also signicantly different as compared with those reported
in previous studies, such as 6.13 mg g−1 and 7.60 mg g−1 (Table
4). These results may suggest the heterogeneity of NOD-A-1.50

The measured d114/110CdNIST SRM 3018 values of stream sedi-
ments GSD-3a and GSD-5a are consistent with their published
values.47,49 Data for stream sediment GSD-4a and soil GSS-1a are
reported for the rst time, and yielded d114/110Cd values of 0.004
± 0.047& (2SD; n = 9) and −0.078 ± 0.050& (2SD; n = 8),
respectively. The Cd isotopic compositions of GSD-3a (−0.095 ±
0.055&) and GSS-1a (−0.078 ± 0.050&) are similar to those of
BSE and UCC, while the Cd isotopic compositions of GSD-5a
(0.062 ± 0.046&) and GSD-4a approaches those of UCC and
BSE. The mean d114/110CdNIST SRM 3018 value of soil NIST 2711a is
0.568 ± 0.057& (2SD; n = 7), which is identical within uncer-
tainty to the reported value for this standard (Table 4). NIST
SRM 2711a was collected from Montana, USA, and has severe
J. Anal. At. Spectrom., 2023, 38, 2291–2301 | 2297
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Table 4 Cd isotopic composition of reference materials relative to NIST SRM 3108

Sample name Sample type Cd (mg g−1) Reference d114/110Cd 2SDd na

Spex Cd Reference solution This study −2.103 0.056 52
Li et al. (2018)59 −2.130 0.090
Tan et al. (2020)47 −2.121 0.042
Zhong et al. (2023)50 −2.094 0.049

BHVO-2 Basalt 0.088 This study 0.055 0.026 2
This study 0.040 0.048 2
Average (M = 2)c 0.048 0.036 4
Liu et al., (2019)46 0.039 0.047
Tan et al. (2020)47 −0.031 0.077
Lu et al. (2021)66 0.021 0.074
Zhong et al. (2023)50 −0.014 0.061
Chang et al. (2023)51 0.017 0.028

GSP-2 Granodiorite 0.091 This study −0.194 0.025 2
This study −0.188 0.053 2
Average (M = 2)c −0.191 0.035 4
Liu et al. (2019)46 −0.196 0.068
Zhong et al. (2023)50 −0.228 0.079

COQ-1 Carbonatite 0.611 This study 0.147 0.060 3
This study 0.138 0.055 3
Average (M = 2)c 0.143 0.053 6
Liu et al. (2019)46 0.098 0.052
Zhong et al. (2023)50 0.123 0.048

GSR-12 Dolomite 0.085 This study 0.153 0.057 3
This study 0.181 0.018 3
This study 0.154 0.031 3
Average (M = 3)c 0.162 0.044 9

NOD-P-1 Manganese nodule 25.0 This study 0.185 0.048 3
This study 0.180 0.055 3
This study 0.181 0.052 3
Average (M = 3)c 0.185 0.048 9
Cloquet et al. (2005)58,b 0.03 0.12
Schmitt et al. (2009b)65,b 0.17 0.08
Horner et al. (2010)64,b 0.20 0.06c

Pallavicini et al. (2014)44 0.120 0.038
Li et al. (2018) (DS)59 0.21 0.03
Liu et al., (2019)46 0.163 0.040
Tan et al. (2020)50 0.133 0.038
Peng et al. (2021)49 0.12 0.04
Borovička et al. (2021)48 0.14 0.07
Lu et al. (2021)66 0.135 0.074
Gou et al. (2022)55 0.16 0.04
Zhong et al. (2023)50 0.196 0.073

NOD-A-1 Manganese nodule 20.8 This study 0.164 0.053 3
This study 0.178 0.058 4
This study 0.204 0.041 4
Average (M = 3)c 0.184 0.057 11
Cloquet et al. (2005)58,b −0.17 0.12
Schmitt et al. (2009b)65,b 0.13 0.02
Horner et al. (2010)64,b 0.23 0.06c

Pallavicini et al. (2014)44 0.086 0.031
Murphy et al. (2016)57 0.17 0.05
Li et al. (2018)59 0.16 0.10
Tan et al. (2020)47 0.124 0.067
Peng et al. (2021)49 0.08 0.02
Zhong et al. (2023)50 0.193 0.047
Chang et al. (2023)51 0.133 0.038

SGR-1b Shale 1.21 This study 0.086 0.045 3
This study 0.067 0.046 3
Average (M = 2)c 0.076 0.046 6
Tan et al. (2020)47 0.069 0.049
Lu et al. (2021)66 0.054 0.074

GSD-3a Stream sediment 0.519 This study −0.081 0.043 3
This study −0.110 0.057 3
Average (M = 2)c −0.095 0.055 6
Peng et al. (2021)49 −0.08 0.04

2298 | J. Anal. At. Spectrom., 2023, 38, 2291–2301 This journal is © The Royal Society of Chemistry 2023
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Table 4 (Contd. )

Sample name Sample type Cd (mg g−1) Reference d114/110Cd 2SDd na

GSD-4a Stream sediment 1.05 This study 0.012 0.029 3
This study 0.004 0.049 3
This study 0.011 0.035 3
Average (M = 3)c 0.004 0.047 9

GSD-5a Stream sediment 1.52 This study 0.074 0.022 3
This study 0.055 0.056 3
Average (M = 3)c 0.062 0.046 6
Tan et al. (2020)47 0.036 0.064
Peng et al. (2021)49 0.01 0.02

NIST 2711a Soil 54.1 This study 0.552 0.031 4
This study 0.591 0.056 3
Average (M = 2)c 0.568 0.057 7
Li et al. (2018)59 0.57 0.07
Liu et al., (2019)46 0.551 0.051
Tan et al. (2020)47 0.532 0.038
Borovička et al. (2021)48 0.57 0.05
Lu et al. (2021)66 0.561 0.055

GSS-1a Soil 2.98 This study −0.073 0.055 3
This study −0.086 0.060 3
This study −0.072 0.050 2
Average (M = 3)c −0.078 0.050 8

a n – the number of measurements. b The d114/110Cd value of samples in previous studies was recalculated relative to that of NIST SRM 3108,
according to Abouchami et al. (2013).67 c M – the number of independent digestions of the same reference material powder. d 2SD = 2 times the
standard deviation of n repeated measurements.

Fig. 4 d114/110CdNIST SRM 3018 values of geological reference materials including the data from this study and previous studies. Blue triangle
symbols represent the data from this study; other symbols represent the literature data (Table 4). Error bars reflect two standard deviations (2SD).
The grey area represents the d114/110CdNIST SRM 3018 value of Bulk Silicate Earth (−0.06 ± 0.03&, 2SD).63

This journal is © The Royal Society of Chemistry 2023 J. Anal. At. Spectrom., 2023, 38, 2291–2301 | 2299
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metal contamination with Cd contents of up to 54.1 mg g−1.
Furthermore, NIST SRM 2711a has a signicantly positive d114/

110CdNIST SRM 3018 value relative to the BSE and UCC, and may
have been contaminated by an anthropogenic source with
a heavy Cd isotopic composition. This highlights the potential
application of Cd isotopes for tracing sources of metal
contamination.
4. Conclusions

We developed a new technique for separation of Cd from
geological and environmental samples using a single-step AG-
MP-1M (100–200 mesh) anion exchange resin column. The
procedure takes advantage of the weak and strong affinity of Sn
in 2 M HCl + 4 M HF and 0.005 M HCl + 2 M HF on AG-MP-1M
anion exchange resin, respectively. Compared with previous
methods, our technique is not only effective in reducing the
matrix element/Cd ratios of all potentially interfering elements
to negligible levels, but is also simple and efficient due to the
single column separation step. As such, it is ideal for high-
precision and accurate determination of Cd isotope ratios.
The Cd isotopic compositions in geological and environmental
reference materials determined with our method are in good
agreement with published data, indicating that the proposed
method is precise and accurate.
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