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ABSTRACT: A method using diffusive gradients in thin films TR

(DGT) for the accurate quantification of trace-level (ug L™') Sr G c(Sr) + 5(¥7Sr/*6Sr) &
and Pb concentrations and isotope ratios [Sspy og7(*’Sr/**Sr) and % DI membyang } ¢(Pb) + 5(27Pb/2%Pb)
Ssru 051 (*’Pb/?®Pb)] in labile, bioavailable element fractions in g O\ [ Diffusive gel

soils is reported. The method is based on a novel poly- 87 N [ ‘

(tetrafluoroethylene) (PTFE) membrane binding layer with { / ‘ /_ L e [ DSl cep
combined di(2-ethyl-hexyl)phosphoric acid (HDEHP) and | \ 2
4,4'(5')-bis-t-butylcyclohexano-18-crown-6 (crown-ether) func- A\ \—'-’/ 3 |
tionality with high selectivity for Sr and Pb (TK100 membrane).
Laboratory evaluation of the TK100 DGT showed linear uptake of
Sr over time (2—24 h) up to very high Sr mass loadings on TK100 —
membranes (288 ug cm™?) and effective performance in the range

of pH (3.9—8.2), ionic strength (0.001—0.1 mol L™"), and cation

competition (50—160 mg L™ Ca in a synthetic soil solution matrix) of environmental interest. Selective three-step elution of TK100
membranes using hydrochloric acid allowed us to obtain purified Sr and Pb fractions with adequate (>75%) recovery and
quantitative (>96%) matrix reduction. Neither DGT-based sampling itself nor selective elution or mass loading effects caused
significant isotopic fractionation. Application of TK100 DGT in natural soils and comparison with conventional approaches of

bioavailability assessment demonstrated the method’s unique capability to obtain information on Sr and Pb resupply dynamics and
isotopic variations with low combined uncertainty within a single sampling step.

S trontium (Sr) and lead (Pb) are ubiquitous trace elements containing binding agents (e.g, ion-exchange resins, oxides)
in the environment whose variations in elemental content with high selectivity for the target analyte(s). Applied in soil,
and isotopic composition in bioavailable soil fractions are DGT samples kinetically labile analyte fractions, consisting of
widely used for both tracing and understanding biogeochem- free ions, complexes with inorganic and organic ligands, and
ical cycles in nature.' ™ An accurate assessment of soil Sr and exchangeable solid phase pools,ls_ls which usually comprise
Pb bioavailability is thus crucial in many fields of research, as the bioavailable fraction. Consequently, DGT has been shown
highlighted by recent applications in archeology, geology, to be a better predictor for nutrient and contaminant uptake by
paleoecology, (food) forensics, and environmental science.”” plants under diffusion-limited conditions while performing

In the past, numerous methods have been proposed to assess
the bioavailable fractions of Sr and Pb in soil. Most commonly,
soil solution sampling or equilibrium-type chemical soil
extractions using nonbuffered salt solutions (e.g, NH,NO;, ¢
= 1 mol L™") are applied.'”™"* However, these extracts exhibit
complex and variable compositions with high matrix loads,
complicating accurate Sr and Pb measurements by inductively
coupled plasma mass spectrometry (ICP-MS). As a result,
laborious sample purification strategies are required. The Received: February 1, 2022
diffusive gradients in thin films (DGT) technique™ provides Accepted:  April 5, 2022
an alternative sampling strategy, offering the potential to assess Published: April 15, 2022
Sr and Pb concentrations and isotope ratios in labile,
bioavailable fractions in soils accurately and cost-effectively.

DGT is an infinite-sink technique using hydrogel layers

equally well to chemical extractants in nondiffusion-limited
cases.> Moreover, the unique capability of DGT for analyte
preconcentration and in situ matrix separation may substan-
tially facilitate sample preparation for multicollector (MC)
ICP-MS, as recently shown for DGT-based sulfur stable
isotope measurements in labile soil sulfate.'®
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Yet, the analysis of Sr by DGT represents unique challenges,
as evidenced by the lack of an adequate DGT method for
sampling Sr. Until now, only two research groups have trialed
to assess Sr by DGT quantitatively. The first study on Sr
uptake from aqueous solutions by DGT was reported by
Chang et al,"” who used a general cation-exchange resin
(AGSOW-X8) as the binding agent. The study showed that
DGT-measured Sr concentrations agreed well with those in
natural freshwater. However, lacking selectivity for Sr, the
binding layer was quickly saturated by codissolved cations,
limiting its application in DGT to short deployment times
(<20 h) and soft water environments with a very low ionic
background (<0.001 mol L™"). In the second study, Garmo et
al."® tested Chelex DGT for the measurement of Sr among 54
other elements under laboratory conditions. While this
technique works well for divalent transition metals and can
also be used for isotope ratio measurements of Pb in aquatic
systems,'” its performance for sampling Sr is affected by the
low binding affinity of the Chelex resin for alkaline earth
metals, causing pH-dependent H* competition effects.'®

In this study, we take advantage of the selective adsorption
of Sr by a new binding phase with combined di(2-ethyl-
hexyl)phosphoric acid (HDEHP) and 4,4'(S’)-bis-t-butylcy-
clohexano-18-crown-6 (crown-ether) functionality (TK100).
The HDEHP binds Sr** on an organic stationary phase via a
H* ion-exchange mechanism, thereby facilitating complexation
of Sr by the crown-ether. Surman et al.”’ investigated TK100
in the resin form for batch- and column-type separations of
P%Sr from interfering radionuclides and confirmed that it
selectively adsorbed Sr from natural water samples with
quantitative recovery (93% in HCl, ¢ = 2 mol L™") under
environmentally relevant conditions (pH 2—38; ionic strength
0—0.5 mol L™"). Additionally, they demonstrated that TK100
shows a particularly high affinity for Pb, indicating the
possibility for adsorptive cosampling of both Sr and Pb from
the same sample. Therefore, we evaluated TK100 as a selective
binding phase for the simultaneous measurement of labile Sr
and Pb concentrations under natural competitive conditions by
DGT for the first time. Moreover, we investigated if TK100
DGT allows for direct matrix separation without significant
isotopic fractionation during solute sampling to enable
accurate determination of Sr and Pb isotope ratios by MC
ICP-MS. The new method was comprehensively evaluated
under laboratory conditions and tested on different types of
natural soil samples.

B EXPERIMENTAL SECTION

Details on laboratory procedures and materials are provided in
the Supporting Information. To comply with notation
conventions used in the DGT literature, the symbol ¢ is used
throughout this work for both molar and mass concentrations
in solution instead of the designated symbols ¢ and y
recommended by the International Union of Pure and Applied
Chemistry (IUPAC).

Mass Spectrometric Analyses. Elemental mass concen-
trations in sample solutions were measured using quadrupole
single-collector ICP-MS (Elan 9000 DRCe, Perkin Elmer).
External calibration and internal normalization using indium
were applied as reported previously.”' In-house quality control
standards (prepared by mixing certified multi- and single-
element standards) reflecting sample compositions were
analyzed every 6—12 samples for quality assurance. Analytical
recoveries were typically within +5% of the target value.
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Isotope ratio measurements were accomplished using Nu
Sapphire (SP017) and Nu Plasma HR (NP048) sector-field
MC ICP-MS instruments (both Nu Instruments, U.K.).
Sample and standard solutions were diluted to obtain Sr and
Pb mass concentrations of 20—75 and 2—15 ug L7,
respectively. Standard-sample bracketing (SBB) was applied
using solutions of SRM 987 (SrCO5; NIST) for Sr and SRM
981 for Pb (>99.9% purity lead metal; NIST) as the isotopic
reference.”’ Sample and standard solutions of Sr were spiked
with Zr to enable internal interelemental correction of the
instrumental isotopic fractionation (IIF). Pb isotope ratios
were corrected for IIF by SSB. Outlier removal, blank
correction, and correction of residual Rb (in Sr measurement
solutions only) were accomplished as reported previously.””
Details of instrumental setups and parameters of the MC ICP-
MS analyses of Sr and Pb for different experiments are
provided in Table S1. All samples were measured in diluted
HCI (w = 2%).

TK100 Membrane Preparation. We aimed to develop a
TK100-containing DGT binding layer using polyacrylamide-
or polyurethane-based hydrogel matrices typically used in
DGT applications. Despite our efforts to improve the gel
formulation, initial tests showed that the Sr binding
functionality of the TK100 resin (particle size 100—150 yum;
TrisKem International, FR) is compromised when incorpo-
rated into these hydrogel matrices (Figure S1). To overcome
this problem, a poly(tetrafluoroethylene) (PTFE) membrane
(6 cm diameter, 0.7 mm thickness), which had not been used
for DGT binding layers before, was used as the reversed-phase
support for the TKI100 extractant system. The PTFE
membrane was impregnated with TK100 at a mass fraction
of 37 + 3% (TrisKem International). The TK100 membranes
were cut to discs (Ag, = 4.52 cm®) using a stainless-steel
cutter, precleaned in HNO; (¢ = 0.5 mol L™") for 6 h under
constant shaking, thoroughly rinsed with water until the pH of
the storage water was ~S5, and then stored in water at 6 °C in
the dark until use.

Assembly of DGT Devices. TK100 DGT devices were
assembled by stacking a TK100 membrane disc, an agarose
cross-linked polyacrylamide (APA) diffusive gel (0.8 mm
thickness),”* and a poly(ether sulfone) (PES) filter membrane
(0.15 mm thickness, 0.45 ym pore size; Sartorius, DE) on top
of each other into DGT moldings. APA gels and PES
membranes were pre-equilibrated in NaNO; (¢ = 0.01 mol
L™!) for >24 h to avoid charge-induced disequilibrium
artifacts.'” Assembled DGT devices were stored at room
temperature in plastic zip-lock bags containing ~5 mL of
NaNO; (¢ = 0.01 mol L™") until use.

Calculation of DGT Concentrations and Isotope
Ratios. The determination of the total analyte mass, m,
bound by the TK100 membrane disc in the DGT device
according to eq 1 allows one to calculate time-averaged
concentrations of labile analyte species at the probe—medium
(i.e., solution or soil) interface, cpgr, using eq 2°°

_ G X (‘4)1 + ‘/e)

A (1)
m X Ag
CpGT =
DXxA, Xt (2)

where ¢, (ug L") is the analyte mass concentration in the
eluate, V;,; (mL) is the TK100 membrane disc volume, V,

e
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(mL) is the eluent volume, f, is the analyte elution factor, Ag
(cm) is the diffusive-layer thickness, D (cm® s7') is the
diffusion coefficient of the analyte in the diffusive layer, A,
(cm?) is the sampling window area of the DGT device, and ¢
(s) is the deployment time. Sr and Pb isotope ratios in sample
(spl) solutions are reported relative to an isotopic reference
standard (std; i.e,, SRM 987 for Sr and SRM 981 for Pb) using
the delta (6 in %o) notation according to eq 3. The possible
isotopic fractionation by DGT was calculated as the difference
between the mean & values of the DGT eluate (DGT) and the
reference solution (ref), i.e., the immersion solution (soln) or
the NH,NO; soil extract (NH,NO,), using eq 4

Rsl
L |

5std(iE/jE)spl = (3)

std

Astd (lE/}E)DGT/ref = 5std(lE/}E>DGT - 5std(lE/]E)ref (4)
where ‘E is the heavier isotope i of the element E (i.e., 'Sr or
207pb), JE is the lighter isotope j of the element E (i.., *Sr or
206pb), and R is the corresponding isotope ratio of the sample
or standard after blank and interference correction. Details on
the estimation of combined measurement uncertainties ()
are provided in the Supporting Information. Significance of
differences between two mean values was determined
considering their expanded uncertainties (U, k = 2).”* Unless
stated otherwise, all values in the text are reported as means
+U (k = 2).

Analyte Uptake and Elution Recovery. The uptake
efficiencies, f,, and elution recoveries, f,, of Sr and Pb by
TK100 membrane discs were evaluated in mass balance
experiments using ICP-MS analysis."” The discs were deployed
in quadruplicates for 24 h in 10 mL of well-shaken NaCl
solution (¢ = 0.01 mol L™") containing Sr and Pb (both ¢ = 500
pug L7') at pH S.2. The discs were retrieved from the
immersion solution using pipette tips and tweezers, rinsed two
times on each side with water using a spray bottle, and placed
into polyethylene (PE) vials. The elution recovery was
determined by batch elution for 24 h in well-shaken 10 mL
of HCI (¢ = 6 mol L™"), which was based on previous works on
the TK100 resin, indicating minimal binding of both Sr and Pb
under these conditions.””*>® Each experiment was repeated at
least two times on different days to assess the uptake and
recovery reproducibility.

Analyte Selectivity and Chromatographic Separa-
tion. The selectivity of TK100 membranes was evaluated in an
additional mass balance experiment using the same immersion
conditions as stated above but further adding analytes, which
interfere in subsequent MC ICP-MS analysis: Ca (c = 5000 pg
L"), Rb (c = 500 ug L"), and Hg (c = 500 pug L™"). To test a
potential three-step elution scheme to chromatographically
separate Sr and Pb from the potentially cobound matrix
interferences, the loaded TK100 discs were retrieved, rinsed,
and placed into PE vials as described above. In the first step,
elution for 1 h in 10 mL of either HNO; (¢ = 8 mol L™") or
HCI (c = 0.01 mol L") was tested as a matrix wash to remove
Ca, Rb, and Hg with minimal losses of Sr and Pb. In the
second step, TK100 discs were placed in 10 mL of HCI (c = 2
mol L") for 24 h to elute Sr. In the third step, 10 mL of HCI
(¢ = 6 mol L) for another 24 h was used to elute more
strongly bound Pb. Constant shaking was applied in all elution
steps using a horizontal shaker. Between each step, TK100
discs were rinsed two times on each side with water using a
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spray bottle to avoid carry-over. The elemental masses in each
eluate fraction were determined after ICP-MS analysis and
compared to those taken up by the TK100 discs to calculate
the recovery in each fraction individually.

Blanks, Detection Limits, and Quantification Limits.
Blanks were assessed using TK100 DGT devices, which were
treated as the experimental devices but not exposed to the
deployment medium. Method detection limits (MDLs) and
method quantification limits (MQLs) were calculated as three
and ten times the standard deviation (SD) of the DGT blanks.

Measurement of Diffusion Coefficients. A diaphragm
diffusion cell was used to determine the diffusion coefficient,
D, of Sr in APA diffusive gel.l7 Details of the diffusion cell
experiment are provided in the Supporting Information. For
Pb, the conventional D value (8.03 X 107® cm?® s at 25 °C)
provided by DGT Research Ltd. was used.”” Diffusion
coefficients were corrected for temperature using the
Stokes—Einstein equation.”

Effect of pH and lonic Strength. The effect of pH and
ionic strength was evaluated by deploying triplicate TK100
DGT devices for 24 h in 2 L of well-stirred solutions spiked
with both Sr (¢ = 500 ug L™") and Pb (¢ = SO ug L") at
varying pH values [3.9-8.2; ¢(NaNO;) = 0.01 mol L™'] or
ionic strengths [¢(NaNO,) = 0.001—0.75 mol L™'; pH 4.7 +
0.5]. Recovery of Sr and Pb was considered adequate at ratios
of cpgr values to bulk solution concentration (c,,,) between
0.85 and 1.15.°**’ Details of the solution preparation and
analysis are provided in the Supporting Information.

Investigation of Time-Dependent Accumulation and
Isotopic Fractionation. The analyte accumulation and
possible isotopic fractionation over time were investigated by
deploying triplicate TK100 DGT devices for varying times (2—
24 h) in 3.5 L of well-stirred NaNO; solution (¢ = 0.01 mol
L") spiked with Sr [¢ = SO mg L™%; gy 0s7(¥St/%Sr) =
—3.74 + 0.30%0] at pH 6.6 + 0.1. After removal and DGT
disassembly, TK100 membranes were subjected to single-step
elution in HCl (¢ = 6 mol L™'). Details of the solution
preparation and analysis are provided in the Supporting
Information.

Performance in Synthetic Soil Solution. TK100 DGT
devices were deployed in triplicates for 24 h in 3.5 L of
synthetic soil solutions to evaluate the performance of the
technique under competitive conditions. The elemental
composition of the synthetic soil solutions was based on
typical literature values and is presented in Table S2. To test
competitive effects of Ca, three different levels of Ca
competition were included, thus giving three different
immersion solutions “A”, “B”, and “C”. The ionic strength
was balanced at 0.013 mol L™" using Na* as the counterion. To
further test whether TK100 DGT sampling enables accurate
isotope ratio measurement and source tracing under
competitive conditions, solutions “A”, “B”, and “C” were
spiked with three different Sr isotope standard solutions. These
solutions were prepared by mixing the Sr(NO;), stock solution
[Ssrai 057 (¥7St/%8Sr) = =371 + 0.25%0] with SRM 987
[Ssrm 057(¥7Sr/%Sr) = 0.00 + 0.37%0] to give three
significantly different gy og7(*’Sr/%Sr) values in solution
[“A”: Ssrmos7(¥7Sr/%Sr) = —3.71 + 0.25%0 “B”:
Ssrat 957 (F7Sr/%6Sr) = —2.34 + 0.25%0; “C”: Sspag 957 (¥ Sr/%Sr)
—1.39 & 0.26%o]. All solutions were prepared over two days
under constant stirring to ensure equilibration before DGT
deployment.
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Application in Soils. Three contrasting mineral soils (0—
30 cm depth), one from an agricultural site and two from
metal-contaminated sites, were used. The agricultural soil was
an acidic cambisol with a sandy loam texture from
Siebenlinden, AT (“SL”), and has been previously charac-
terized by Oburger et al.’® The two contaminated soils
included an acidic cambisol with a loamy texture from
Arnoldstein, AT (“AC”), and a calcic cambisol with a loamy
texture from MeZica, SI (“MC”). These soils originate from
former Pb minin% areas and have been previously characterized
by Lestan et al.*" The soils were air-dried, sieved to <2 mm,
and stored at room temperature in plastic zip-lock bags until
use. Details on DGT deployment, soil solution sampling, and
NH,NO; (¢ = 1 mol L") extraction and sample preparation
are provided in the Supporting Information.

B RESULTS AND DISCUSSION

Analyte Uptake and Elution Recovery. The average
uptake efficiencies, f,, over all mass balance experiments were
1.00 + <0.01 for Sr and 0.98 + 0.01 for Pb. This demonstrated
quantitative sampling of Sr and Pb by TK100 membranes. The
average elution recoveries, f,, were 0.95 + 0.02 for Sr and 0.82
+ 0.04 for Pb after single-step elution of TK100 membranes
for 24 h in HCI (¢ = 6 mol L™") (Table S3; elution scheme 1).
These values are consistent with previously reported Sr and Pb
recoveries for TK100 column-type separations®”>® and
indicate adequate elution recovery of Sr and Pb for isotope
ratio measurements by MC ICP-MS.”' The low combined
uncertainties (1) on these values demonstrate the high
intermediate precision and reproducibility of the analyte
uptake and recovery (calculated as SD of within and between
batch variation of TK100 membranes).

Analyte Selectivity and Chromatographic Separa-
tion. TK100 has been shown to be selective for Sr in the
presence of major matrix cations including Na*, Mg**, K*, and
Ca®>".*° However, to date, no information is available on the
adsorption of Rb and Hg, which represent critical isobaric
interferences in Sr and Pb isotope ratio measurements by MC
ICP-MS.”' To determine if TK100 membranes also adsorb
these elements, they were deployed in solutions containing Ca,
Rb, and Hg along with Sr and Pb to ensure competitive
conditions. Despite quantitative uptake of Sr (f, = 0.99 +
0.01) and Pb (f, = 0.99 + 0.01) (mean =+ u), significant co-
uptake of Ca (f, = 0.91 + <0.01), Rb (f, = 0.45 + 0.01), and
Hg (f, = 0.98 + <0.01) was observed (mean + 1SD, n = 4).
Therefore, the ability of the TK100 membranes for chromato-
graphic separation of Ca, Rb, and Hg from Sr and Pb was
further investigated by applying different eluents. Application
of HNO; (¢ = 8 mol L™") as a matrix wash in the first elution
step as recommended for column-type TK100 separations by
Surman et al.”’ resulted in high losses of Sr and Pb (Table S3;
elution scheme 2) and consequently inadequate recoveries for
isotope ratio measurements.”’ Using HCI (¢=0.01molL™") in
the first elution step, cobound Ca and Rb were effectively
removed, while the losses of both Sr and Pb were significantly
reduced as compared to the original elution scheme (Table S3;
elution scheme 3). However, Hg remained strongly retained
(f. = 0.02 + <0.01), indicating its high affinity for the TK100
membrane as for the conventional Chelex gel.32 Hence, direct
matrix-free sampling of Pb by TK100 DGT for isotope ratio
analysis involving ***Pb is limited and eventually requires
correction for residual ***Hg. In the second elution step, Sr (.
=0.75 = 0.03) and Pb (f. = 0.31 + 0.01) were eluted in HCI
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(c =2 mol L™"). Finally, residual Sr (f, = 0.01 + <0.01) and
the main part of Pb (f, = 0.56 = 0.02) were eluted in the third
elution step using HCI (¢ = 6 mol L™"). This elution scheme
(3) was applied in all further experiments where Sr and Pb
were sampled by DGT under competitive conditions. As Pb
recoveries in the individual eluate fractions were low, samples
of the HCI eluates from elution steps two and three were
combined (¢ = 1) for MC ICP-MS analysis, giving an overall
Pb recovery of 0.87 + 0.02.

Blanks, Detection Limits, and Quantification Limits.
The average blank values were 1.32 + 1.23 ng disc™" for Sr (n
=13) and 15.9 + 2.9 ng disc™" for Pb (n = 10). This equates to
average MDLs and MQLs of 0.21 and 0.69 ug L™' for Sr,
respectively, and 0.38 and 1.28 ug L™" for Pb, respectively, for
a DGT deployment of 24 h at 25 °C. The MDL for Sr was thus
three times lower than previously reported for Chelex DGT'®
and also substantially lower than the minimum concentrations
of Sr in soil solutions of highly weathered tropical soils (1 ug
L™").*>* However, the MDL for Pb was 19 times higher than for
Chelex DGT,"® indicating Pb contamination of the TK100
membrane. While this is not relevant for the most important
application of the technique, i.e., Pb-contaminated soils where
Pb concentrations in soil solutions of >100 ug L™" are found,"’
it may limit Pb measurements in natural noncontaminated soils
where Pb concentrations in soil solutions are often <1 ug
L™1.** Therefore, precleaning of TK100 membranes in HCI (c
= 6 mol L") for 24 h was performed, which lowered the MDL
for Pb by 1.5 times down to 0.25 ug L™". Yet, the MDL was
still 12.5 times higher than for Chelex DGT. This indicated
that the main blank issue was related to the TK100 itself, as
previously regported for the conventional crown-ether-based Sr
spec resin.”> Further precleaning of the TKI100 prior to
embedment in the PTFE membrane may be required to enable
Pb measurements at ultratrace levels.

Diffusion Coefficients. The mass of Sr that diffused with
time from the source into the receptor solution through the
APA gel is shown in Figure la. The resulting diffusion
coefficient of Sr at 25 °C (D) calculated from the regression
line slope (0.74 ng s™") was 6.17 X 107° + 0.58 X 107 cm?
s™!. This value is 23% lower compared to the D, of Sr in water
(7.94 x 107% cm? s71),* confirming previous works showin:
restricted diffusion of cationic solutes in APA gels.’””
However, Chang et al.'” reported a D, for Sr in an APA gel
of 7.72 X 107¢ cm? 57, i, indicating almost free diffusion of
Sr in the gel. The apparent difference is likely caused by a
different composition of the APA gel used by Chang et al.'” as
compared to those that are now available commercially and
routinely used. Changes in the manufacturing process of the
agarose derivative cross-linker have resulted in gels with
slightly smaller pore sizes,”” causing a more tortuous diffusion
pathway through the polyacrylamide matrix and thus slower
diftusivity. Diffusion coeflicients of Sr and Pb in APA gels from
1 to 35 °C are provided in Table S4. These values were used
for all calculations in this study.

Effect of pH. Concentrations of Sr measured by TK100
DGT (cpgr) were in excellent agreement with those in
solutions (cyy,) in the pH range of 3.9—8.2 with an average
a1/ Csoin Tatio of 1.00 + 0.03 (mean + 1SD; Table 1). This
shows that Sr concentration measurements by TK100 DGT
are independent of typical pH values found in natural soils. For
Pb, cpgr/csorn Was well between 0.85 and 1.15 for all pH
conditions, except for pH 7.5 (Table 1). In this solution, ¢, of
Pb was only 34% at the start of DGT deployment compared to
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Figure 1. (a) Mass of Sr in receptor solution of the diffusion cell
against time at 22 °C. The dashed line shows the linear regression (R*
> 0.99). (b) Mass of Sr per TK100 disc in DGT devices with
increasing deployment time in solution. The dashed line shows the
theoretical uptake line calculated using eq 2. (c)
Agra 057(¥St/%S1) pG1/som With increasing Sr mass on TK100 discs.
Error bars and gray areas in the plots show expanded uncertainties (U,

k=2).

the average ¢, in all other solutions and decreased further by
55% over the 24 h deployment period. This observation
indicates specific interaction between Pb and the 3-
(morpholin-4-yl)propane-1-sulfonic acid (MOPS) buffer ex-
clusively used in the solution with pH 7.5, leading to a
substantial and continuing decrease of kinetically labile Pb in
solution. It is possible that, at pH 7.5, deprotonation of the
heterocyclic nitrogen atom in the morpholine ring of MOPS
caused Pb complexation, as recently shown by isothermal
titration colorimetry.®” Yet, it is unlikely that the dissociation
rate constant of these complexes is sufficiently low to
significantly limit the DGT uptake of Pb. More likely, Pb
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Table 1. Effects of pH and Ionic Strength on Sr and Pb
Sampling by TK100 DGT*

Sr Pb

pH DG/ Cooln

3.9 1.03 + 0.12 1.04 = 0.13
4.8 1.04 + 0.13 1.06 + 0.14
6.5 1.00 + 0.12 1.06 + 0.13
7.5 098 + 0.13 0.68 + 0.11
8.2 0.96 + 0.13 0.95 + 0.14
ionic strength (mol L")

0.001 1.1§ + 0.35 1.18 + 0.21
0.01 1.02 + 0.13 1.01 = 0.13
0.1 0.90 + 0.11 0.94 + 0.13
0.75 0.51 £ 0.15 0.71 £ 0.19

“Errors are expanded uncertainties (U, k = 2).

complexation by MOPS enhanced Pb adsorption to the plastic
container walls at pH 7.5, which has been shown to also occur
even at slightly acidic pH of 6.0.*" Although further research
may be required to fully explain this observation, it is
important to note that a direct pH effect is implausible, as
o1/ Coln Of St was close to 1 also at pH 7.5, while both Sr and
Pb were sampled quantitatively under all other pH conditions.

Effect of lonic Strength. The cpgr/c,,, ratios of both Sr
and Pb were generally within 0.85—1.15 in solutions with ionic
strengths of 0.001—0.1 mol L™ (Table 1), which is the range
found in natural porewaters of agricultural, metal-contami-
nated, and slightly to moderately saline soils.”**"** Thus, the
TK100 DGT is applicable for use in natural soil environments
with respect to the ionic strength. The performance of the
TK100 DGT was, however, affected at very low and very high
ionic strengths. At 0.001 mol L7} the uncertainty on both Sr
and Pb increased significantly and the measured cpgr/cyl, of
Pb was slightly higher than 1.15. Conversely, at 0.75 mol L™,
which was included to test the method’s potential for
application in seawater environments,”’ the measured cpgr/
Ceoln Of both Sr and Pb was evidently lower than 0.85. This is
consistent with previous DGT works using different binding
layers”***> and can be explained by changes in the effective
diffusion coefficient because of charge (at I < 0.001 mol L")
and viscosity effects (at I > 0.1 mol L™") in diffusive gels and
solutions, respectively.

Investigation of Time-Dependent Accumulation and
Isotopic Fractionation. Time-dependent analyte accumu-
lation and possible isotopic fractionation during incremental
uptake were investigated by deploying TK100 DGTs for up to
24 h in solutions with high levels of Sr (¢ = 51.7 + 0.4 mg L™").
Sr was chosen as a test element for the experiment given its
generally higher abundance in natural soil solutions (Table
S2), lower binding affinity of TK100,” higher relative isotopic
mass difference, and a smaller isotopic natural-abundance
variation as compared to Pb, which implies that the
determined accumulation and isotopic fractionation are
conservative estimates that can be expected to be applicable
to Pb as well.

Figure 1b shows that the TK100 DGT accumulated Sr
linearly over time (R* > 0.99). The DGT-measured masses,
corrected for f, were in excellent agreement with those
predicted from eq 1 with an average M,c;sured/ Mpredicted Tatio of
0.99 + 0.06 (mean + 1SD). The maximum Sr mass loading
was 904 ug (288 ug cm™ at A, = 3.14 cm?), which was still
very close to the predicted value of 862 pg and, notably, 1.6
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Table 2. DGT-Measured Solution Concentrations (cpgr), Bulk Solution Concentrations (c,,), cper/c

soln

Ratios, DGT-

Measured Isotope Ratios [Ggra o57(*7Sr/%¢Sr)pgr], Isotope Ratios in Bulk Solution [Sggy 057 (¥7Sr/%6Sr) 1], and Isotopic
Difference between DGT- and Bulk Solution Isotope Ratios [Aggy 0s7(*St/%°Sr)pr/somm] Of St in Synthetic Soil Solutions”

Sr concentration

87Sr/%Sr isotope ratio

Osru 987 (87Sf/ $8r ) DGT

¢(Ca) DGT Csoln
solution (mg L) (ug L) (ug L) Gl Bt oo
A S14 + 1.6 254 + 48 259 + 13 0.98 + 0.19 —3.67 £ 0.28
B 112 + 10 272 + 36 289 + 24 0.94 + 0.15 —2.41 + 0.26
C 159 + 6 252 + 37 282 £ 18 0.86 + 0.14 —1.46 + 0.26

Osru 987 (875f/ Eésr)soln
‘00

=3.71 £ 0.25
—2.39 + 0.25
—1.39 £ 0.26

87q.. /86
Aspym 937( St/ Sr)DGT/soln
‘00

0.03 = 0.37
—0.01 + 0.36
—0.07 £ 0.37

“Errors are expanded uncertainties (U, k = 2). The composition of the synthetic soil solution matrix is provided in Table S2.

Table 3. DGT-Measured Soil Solution Concentrations (cper), Ratios of cpgr Values to Bulk Soil Solution Concentrations
(¢soln), DGT-Measured Isotope Ratios [84(‘E/E)pgr], and Isotopic Difference between DGT- and NH,NO,-Extractable
Fractions [A4("E/E)pgr/nu No,] of Sr and Pb in Natural Soil Samples”

Sr Pb
A A
soil et (87512‘51{%[89:)71,GT (*78t/ 865551\;()0917/NH4N03 (207P5bs/w6%’%)DGT (*Pb/ 206%%32T/NH¢N03
sample (ng L) pa1/ Csoln 00 (%o) cpgr (kg L™ pa1/ Csoln ‘00 (%o)
SL 578 £ 9.7 0.32 + 0.08 12.6 + 0.42 —0.29 + 0.52 0.95 1.00 n.m. n.m.
AC 46.6 + 9.1 0.21 + 0.07 0.17 £ 0.35 —0.16 + 0.45 231 + 36 0.64 + 0.11 —67.0 + 0.3 0.20 + 049
MC 168 + 25 0.19 + 0.03 —1.43 + 0.29 —0.18 + 0.41 74.8 + 159 0.69 + 0.15 —67.3 + 0.4 0.17 + 0.44

“Errors are expanded uncertainties (U, k = 2). No errors are shown for Pb values in SL, as these were <MQL. n.m. = not measured.

times higher than the total Sr capacity reported for a
nonselective binding layer containing the general cation-
exchange resin AGS0W-X8.'” The isotopic fractionation of
87Sr/%Sr, expressed as Agpy og7(*"St/%S1) par/som (eq 4), with
increasing Sr mass loadings on TK100 membranes is shown in
Figure lc. It is evident that no significant isotopic fractionation
of ¥7Sr/%0Sr occurred at Sr mass loadings between 72 pug and
904 pg, as all Agpyog7(¥St/%Sr)pgr/som values were not
significantly different from zero with respect to the uncertainty.
The average expanded uncertainty (U, k = 2) of
Ssrnt 057(¥7St/%6Sr) pr values was 0.26%o, with MC ICP-MS
analysis being the main contributor (85%). These results
confirmed that (i) there is sufficiently rapid uptake and high
total binding capacity by the TK100 membrane to ensure zero-
sink sampling of Sr, and (ii) that the TK100 DGT is an
appropriate passive sampler for the accurate and precise
assessment of *’Sr/%Sr isotope ratios over the investigated
time scale and conditions used in this experiment.

Performance in Synthetic Soil Solution. The perform-
ance of the TK100 DGT was tested in synthetic soil solutions
spiked with Sr (¢ =275 ug L™") and Pb (c = 15 ug L") as well
as different levels of Ca to encompass environmentally relevant
competition conditions (Table S2). As for the time-series
experiment, Sr was chosen for evaluating the isotopic
fractionation, given the higher relative isotopic mass difference
and smaller natural-abundance variation as compared to Pb
and hence the increased susceptibility to mass-dependent
fractionation effects. The Sr concentrations and %Sr/%°Sr
isotope ratios assessed by TK100 DGT and in the immersion
solutions “A”, “B”, and “C” are shown in Table 2. DGT-
measured Pb concentrations are provided in the Supporting
Information (Table S5).

The results showed that competition effects are likely to be
negligible in typical soil solutions, with all cpgr/ ¢y, ratios of Sr
and Pb between 0.85 and 1.15 (Tables 2 and SS5). Only at a Ca
level of 159 mg L™!, which confines the upper range typically
encountered in arable soil solutions,** the uptake of Sr was
slightly impaired, as evidenced by cpgr/cqq1, ratios approaching
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0.85. It is noteworthy that the performance for sampling Sr at
the two upper levels of Ca was substantially improved by
precleaning the TK100 membrane in HCI (¢ = 6 mol L™") for
24 h followed by thorough rinsing and storage in water.
Thereby, increased cpgr/ ¢y, ratios of Sr from 0.81 + 0.14 to
0.94 + 0.15 at 112 mg L™' Ca and 0.72 + 0.16 to 0.86 + 0.14
at 159 mg L™" Ca were obtained. The HDEHP in TK100 is a
cation exchanger having some affinity for Ca at near-neutral
pH, causing its uptake into the organic phase. Precleaning of
the TK100 membrane in HCI increases protonation of the
organic phase, thus effectively lowering the HDEHP affinity for
Ca while maintaining high affinity for Sr and Pb even at pH 2
and 3.”° Therefore, the proposed precleaning procedure may
be an effective strategy to improve the TK100 DGT binding
efficiency for Sr when applied in soils with elevated Ca levels.
Other elements with high affinity for TK100 (i.e., Y, Ba, Bi, Ra,
U, and Am)*” are unlikely to compete with Sr uptake, given
their trace to ultratrace contents typically present in natural
soils.’

In this experiment, three-step elution (Table S3; elution
scheme 3) of TK100 membranes was applied after DGT
sampling to achieve separation of Sr and Pb from cobound
matrix cations (Mg*, K, Ca’, and Rb*). The obtained
average cation separation efficiency, expressed as the relative
difference between the elemental mass concentration ratio in
the synthetic soil solutions and in the DGT eluates, was >96%
for Sr and 100% for Pb (Table S6). Therefore, TK100 DGT
sampling in combination with the selective three-step elution
procedure in HCI enables direct in situ matrix separation of Sr
and Pb and is thus beneficial for Sr and Pb isotope ratio
measurements by MC ICP-MS. Comparison of the isotopic
data for Sr sampled by TK100 DGT and in the standard
solutions confirmed that neither diffusive-based sampling nor
selective elution caused fractionation of Sr isotopes, as
Agrn 057(YSt/%81) g1 /s01n Values remained close to zero with
low expanded uncertainty for all deployments (Table 2). This
proves that the isotopic composition of labile Sr can be
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accurately and precisely assessed using the proposed method,
even under highly competitive conditions.

Application in Soils. The TK100 DGT was applied to
three soils with different physicochemical characteristics for 24
h and compared to conventional approaches for bioavailable Sr
and Pb concentrations and isotope ratio assessment in soil, i.e.,
soil solution and NH,NO; extraction, respectively. Results are
presented in Table 3.

The cpgr values of Sr ranged between 46.6 ug L™ in acidic
AC and 168 pug L™" in calcic MC and were significantly and
systematically lower than the total dissolved concentrations,
Coomy in soil solution (Table S7), as shown by cpgr/cyn ratios
between 0.19 and 0.32. This indicates that the concentration of
Sr in soil solution of the investigated soils is limited by
diffusional transport and thus only partially maintained by
resupply via desorption from soil solid phases.'>*® For Pb, the
results of the concentration measurements by DGT were
distinctly different. As expected, cpgp values of Pb in the
agricultural SL soil were significantly lower than in the metal-
contaminated MC and AC soils (Table 3). The cper/coom
ratios for Pb were consistently higher than those for Sr,
confirming a high degree of kinetic lability and quick resupply
from soil solid phases as previously determined in stable
isotope dilution experiments,'' thus approaching steady-state
conditions.”” For subsequent isotope ratio analysis by MC
ICP-MS, Sr eluates were further subjected to column-type
matrix separation using the Sr spec resin (TrisKem)47 due to a
more complex matrix of real soil DGT eluates (screening
showed elevated levels of barium and rare-earth elements). Pb
eluates were analyzed without additional separation following
dilution to 10 ug L™" of Pb. To cope with this, we recommend
that DGT eluates should always be screened to check if matrix
loads are low enough to allow for direct isotope ratio analysis
by MC ICP-MS.

The resultin§ isotope ratios of Sr measured in DGT eluates,
Ssrt 057(¥'St/%°Sr) b1, Were significantly different between all
soils, ranging from 12.6%o in SL to —1.43%oc in MC (Table 3),
which reflected the different geological backgrounds where the
soils were sampled from. For example, the high
Ssra 087(VSt/%Sr) pgr in SL results from weathering of the
ancient granitic bedrock,*® releasing radiogenic 878y during soil
formation. For Pb, only the metal-contaminated AC and MC
soils were analyzed due to a predominant contribution (>60%)
of the procedural blank to the total Pb sampled by DGT in the
arable SL soil. The obtained Sggy 951 (**’Pb/**Pb) gy values of
AC and MC were not significantly different (Table 3),
indicating a similar source of Pb originating from common
carbonate-hosted Pb—Zn deposits typical for these areas.*’
Overall, the DGT-measured Sr and Pb isotope ratios were in
excellent agreement with the corresponding 6 values in
NH,NO;-extractable soil fractions (Tables 3 and S8),
suggesting that both methods access similar pools of Sr and
Pb in soils. This is of high relevance for the application of the
TK100 DGT technique as a tool for tracing the (geographic)
origin of agricultural products or sources of Sr and Pb
contamination in the environment, where soil extraction using
NH,NO; has been indispensable in the past.”*'°

B CONCLUSIONS

This work has evaluated a new method for the accurate
assessment of the elemental and isotopic compositions of
labile, bioavailable Sr and Pb in soils with low uncertainties.
Using the selectivity of TK100 membranes together with the

mechanistic sampling principle of DGT, concomitant
information on elemental resupply dynamics and natural
isotopic variations of Sr and Pb in soil was obtained for the first
time. This method is a significant advancement in environ-
mental analysis of Sr and Pb by allowing for simultaneous and
time-integrated measurements of labile Sr and Pb fractions
with adequate elution recovery and quantitative matrix
reduction already in the sampling step, thereby possibly
facilitating sample preparation for MC ICP-MS. The total
capacity of the TK100 DGT for binding Sr is very high
compared to all existing Sr DGT techniques, and it performs
effectively in the range of pH, ionic strength, and cation
competition of environmental interest. Our results also showed
that neither diffusive-based sampling nor selective elution or
mass loading effects caused isotopic fractionation. Although
detection limits for Pb were high compared to previous DGT
techniques, there is scope for substantial improvement by
further precleaning of the TK100 itself, offering the potential
for simultaneous analysis of Sr and Pb isotopes at ultratrace
levels in the future. Application of the TK100 DGT to natural
soils demonstrated its unique capability as a passive sampling
tool for Sr and Pb analyses and source tracing for further
understanding of biogeochemical cycles of Sr and Pb in soils.
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