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Abstract

Ca isotopes have gained increasing interest as a diagnostic tool for bone diseases due to the variations in abundances as
a consequence of changes in bone-mineral balance. Optimized Ca/matrix separation prior to analysis is a prerequisite for
reliable isotope ratio measurements in complex biological matrices such as blood, serum, or urine. The online analysis of
analyte/matrix separation by ICP-MS enables direct assessment of elution profiles supporting the optimization process. The
integration of transient signals and signal suppression challenge the quantification and interpretation of the elution profiles.
Mn and Co remain unretained by the DGA Resin (TrisKem International) from nitric acid. Hence, in the present study, these
elements were investigated for their application as standards to monitor signal suppression. Successful analyte quantifica-
tion was accomplished using a dynamic correction strategy applying a linear gradient of a suppression factor based on Mn
and Co intensities. An optimized Ca/matrix separation procedure using DGA Resin is proposed based on the results during
online ICP-MS analysis.
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Introduction

DGA Resin (N,N,N',N'-tetra-n-octyldiglycolamide, TrisKem
International, Bruz, France) was developed as an extraction
resin in the early 2000s by Horwitz et al. [1]. The primary
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advantage of this resin is the high affinity for trivalent REEs
and actinides [2, 3], which originated from the need to treat
high-level radioactive waste [1, 3]. Therefore, DGA Resin
has been applied, first and foremost, for analyte/matrix sepa-
ration in the nuclear isotopic analysis. Applications include
the separation of radioactive isotopes of Sr [4, 5], Y [6], Po
[7], Ac [8], Pu [9-11], Am [12], and Cm [13]. The beneficial
features and characteristics of DGA Resin are also applicable
for analyte/matrix separation of stable isotopes in the fields
of geochemical, archaeological, environmental, and biomed-
ical sciences. Table 1 summarizes analyte/matrix separation
procedures for isotopic systems using DGA Resin. Future
development of analyte/matrix separation procedures might
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target further stable isotope systems, which are retained by
DGA Resin [1, 14, 15].

Calcium isotope abundance analysis is a growing field of
research in biomedicine and can be used as a diagnostic tool
for bone diseases like osteoporosis (e.g. [16—19]. Herein,
the natural variation of Ca isotopic composition is deter-
mined with multicollector thermal ionization mass spec-
trometry (MC TIMS) or multicollector inductively coupled
plasma mass spectrometry (MC ICP-MS). Both analytical
techniques require a quantitative Ca/matrix separation for
complex matrices such as blood, serum, or urine, to reduce
the effects of spectral interferences (e.g. K, Mg, Al, Ti, Sr)
and mass fractionation effects (e.g. by Na. Fe, P, Ba) [20].
Since MC TIMS was the preferred method for the reliable
determination of Ca isotopic composition during the last
decades, the offline Ca/matrix separation protocol from Feng
et al. [21] was selected in the present study for further inves-
tigation. Feng et al. [21] employed the DGA Resin for Ca
purification. Unwanted matrix elements, such as Na, Mg, Al,
K, Ti, and Ba, are unretained using nitric acid as eluent [15].

The development and optimization of analyte/matrix
separation procedures is a tedious and time-consuming task
including the optimization of parameters such as resin vol-
ume (RV), eluent composition and acidity, eluent volume,
and elution speed. In conventional offline optimization,
small defined volumes (e.g. 0.5 cm? or 1 cm?®) are collected
during incremental elution and analyzed for their elemen-
tal composition, leading to a elution profile (see e.g. [22,
23]). Online analysis of analyte/matrix separation provides
a powerful alternative to batch separation. The advantages
of online analysis of analyte/matrix separation lie in the con-
tinuous observation of a transient signal during the whole
separation procedure. The elution profile provides informa-
tion about the height, sharpness and broadening of the peaks,
which enables the determination of the distinct elution vol-
ume required. Further, the mixing behavior and equilibra-
tion of the eluents can be monitored, as shown in this work.
Pooled elution fractions of batch separation do not provide
this information, which is crucial for loading and elution of
the target element.

Inductively coupled plasma mass spectrometry (ICP-MS)
is a preferable method for the measurement of eluted ele-
ments in online separation provided by high-performance
liquid chromatography (HPLC) or ion chromatography (IC)
[24], using micro-columns based on online flow injection
[25, 26] or automated systems [22, 23]. The transient signals
measured by the ICP-MS must be integrated for the quanti-
fication of analytes in the different elution steps to evaluate
the separation efficiency and analyte recovery. Variations in
the composition of the eluent can cause significant signal
suppression, which is a challenge for accurate quantification.

Besides interfering matrix elements, Co and Mn are also
unretained by DGA Resin using nitric acid as eluent [15].

@ Springer

These two elements do not influence Ca isotope amount ratio
measurements. Therefore, the working hypothesis of the pre-
sent work was to introduce Co and Mn continuously during
the separation procedure to monitor for possible suppression
and the mixing behavior of eluents and consequently enable
a reliable quantification of the analyte and matrix elements
in the transient signal. The aim of our study was to prove this
concept and to demonstrate that online analysis (applying
monitoring elements) is helpful to optimize offline separa-
tion protocols.

Results and discussion
Quantification of the Ca/matrix separation

The first quantification approach investigated for the tran-
sient signal (of the elements of interest) employed an exter-
nal nine-point-calibration [normalized to >°Co, prepared in
dilute nitric acid (w=3%)] from offline-analysis. The sig-
nals were integrated over a time period corresponding to
the incremental time intervals of the transient signal. The
transient elemental signal intensities were corrected for the
blank by subtracting the average signal intensity of each
corresponding fraction for nitric acid (¢c=3 mol dm~>) and
subboiled water at baseline. Each eluent was doped with Mn
and Co (1 ng g1) to provide a continuous normalization
signal. The transient signal was normalized to the signal
intensity of *Co (internal standard). >Mn was monitored
in parallel. The elution curve was divided into sample load,
matrix wash, and Ca elution sections. The calculated total
amounts of each of these three sections were summed up
and compared to the total amount loaded (see section “Data
reduction-internal normalization”). The resulting overall
recoveries indicated significant overestimates in the final
fraction for Ca as well as for the coeluting elements Sr, In,
and Pb (recoveries of 333%, 206%, 177%, and 249%, respec-
tively, see Supplementary Table 2). In contrast, Fe which
is also partly co-eluting in the final fraction showed low
recoveries (around 21%). It has to be noted, that Fe signals
were close to LOD. The gradient from subboiled water to
nitric acid (c=3 mol dm~>) and accompanying suppression
effects in the ICP as well as a potential delay of Co (also
Mn) elution due to slight retaining by DGA Resin may have
hampered this quantification strategy.

Consequently, a second quantification approach for the
transient signal (of the elements of interest) was investigated.
In this approach, suppression correction was applied prior
to quantification using the external nine-point-calibration
(mass vs. intensity, prepared in diluted nitric acid (w=3%))
from offline-analysis. Therefore, the suppression factors of
Mn and Co were determined in the different eluent matri-
ces first, since both elements were continuously present in
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each elution step. Table 2 lists the suppression factors of
3Mn as well as *°Co in nitric acid (c =3 mol dm™>), in nitric
acid (c=3 mol dm~) including a multi-elemental test solu-
tion (A(Ca)=975 ng g~!, see Supplementary Table 2), and
in subboiled water relative to diluted nitric acid (w=2%)
during offline ICP-MS measurements. The suppression fac-
tors of nitric acid (¢ =3 mol dm~>) with and without multi-
element matrix overlapped within standard deviation (see
Table 2). Suppression effects by multi-element matrix are
considered negligible. To cope with a variation of suppres-
sion factors between elements, a mean suppression factor for
each eluent (nitric acid (c=3 mol dm~3), subboiled water)
was calculated from >>Mn and *’Co intensities. Mean sup-
pression factors of 1.57 +0.15 (SD, n=14) for nitric acid
(c=3 mol dm™3; conditioning, sample load and matrix wash)
and 0.15+0.05 (SD, n=18) for subboiled water (column
cleaning and Ca elution), respectively, were determined.
After blank subtraction, the transient signal of each
elution step was corrected using the mean suppression
factors for the corresponding eluent (sample load with
nitric acid (¢=3 mol dm™?), matrix wash with nitric acid
(c=3 mol dm™?), Ca elution with subboiled water). Each
complete elution step was corrected with the suppression
factor (static model). Following the blank subtraction, a
quantification of the transient signal (for each element) was
performed using an external nine-point-calibration (mass vs.
intensity, see section “Data reduction-dynamic correction of
suppression factors”). Then, the calculated total amount of
analyte and matrix elements in the sample load step, matrix
wash step and Ca elution step were summed up and com-
pared to the amount loaded (see section ‘“Data reduction-
internal normalization”). This procedure led to a significant
overestimation of all elements which elute—at least par-
tially—in subboiled water: Ca, Fe, Sr, In, and Pb (recoveries
of 901%, 449%, 695%, 591%, and 757%, respectively).
Hence, a third quantification approach for the transient
signal (of the elements of interest) was investigated. Herein,
a concentration gradient from subboiled water to nitric acid
(c=3 mol dm™>) was assumed when starting the condi-
tioning. Further, a concentration gradient from nitric acid
(¢c=3 mol dm™>) to subboiled water was assumed when
starting the Ca elution due to on-column mixing. Hence,
the transient signal was dynamically corrected using a
linear gradient of the mean suppression factors from one
eluent to the other (e.g. for Ca elution from nitric acid

(¢=3 mol dm™3; 1.57 +0.15 (SD, n=14)) to subboiled
water (0.15+0.05 (SD, n=18)). Consideration of the time
required for the gradient of an entire resin volume (200 mm?,
24 s) only accounted for 30% of the overestimate observed
for the second quantification approach. Therefore, a time of
141.4 s (280 data points, 1180 mm?>=5.9 times RV) required
for the gradient was estimated based on the elution profiles
of Mn and Co reaching baseline intensities in nitric acid
(c=3 mol dm~?; covering conditioning, sample load and
matrix wash) and in subboiled water (covering Ca elution),
respectively (see Figs. 1 and 2). Under the assumption of a
linear gradient, dynamic suppression factors ranging from
0.15+0.05 (subboiled water) to 1.57 +0.15 (nitric acid,
c=3 mol dm~>) were applied for the 115.1 s of conditioning
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Fig. 1 Elution profiles of *Mn and *’Co intensities (/) during a con-
ditioning (V=1 cm? nitric acid (c=3 mol dm™>); 2 min), sample load
(V=0.5 cm? nitric acid (¢=3 mol dm™>); 1 min) and matrix wash
(V=1 cm® nitric acid (c=3 mol dm™); 2 min) and b Ca elution
(V=5 cm® subboiled water; 10 min) of the blank sample (nitric acid,
c¢=3 mol dm™>)

Table 2 Suppression factor

Matrix
of Mn and ¥Co in varying

3Mn suppression factor *°Co suppression factor Mean suppression factor

matrixes during ICP-MS
measurements

Nitric acid (¢ =3 mol dm™)

Matrix containing nitric
acid (¢=3 mol dm™)

Subboiled water

1.73+0.04 (SD, n=5)
1.66+0.04 (SD, n=2)

0.16+0.06 (SD, n=9)

1.44+0.05 (SD, n=5) 1.57+0.15 (SD, n=14)
1.39+0.05 (SD, n=2)

0.13+0.04 (SD, n=9) 0.15+0.05 (SD, n=18)
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Fig.2 Elution profiles of 3Mn and *°Co blank-corrected intensities
() during a conditioning (V=1 cm?® nitric acid (c=3 mol dm_3);
2 min), sample load (V=0.5 cm? nitric acid (¢=3 mol dm™); 1 min)
and matrix wash (V=1 cm? nitric acid (c=3 mol dm™>); 2 min) and b
Ca elution (V=5 cm? subboiled water; 10 min) of the multi-elemental
test solution

and the first 26.3 s sample load. Dynamic suppression fac-
tors from 1.57 (nitric acid, ¢=3 mol dm~>) to 0.15 (sub-
boiled water) were applied for the first 141.4 s of Ca elution.

Finally, the quantifications of the transient signals for each
element were performed using external nine-point-calibra-
tion (mass vs. intensity, see section “Data reduction-dynamic
correction of suppression factors”). Recoveries were calcu-
lated accordingly (see section “Data reduction-internal nor-
malization”). In agreement with Feng et al. [21], Ca recovery
was 102% + 15% in the Ca elution step using subboiled water
(see Fig. 3 and Supplementary Table 3). Recoveries of Sr, In,
and Pb were significantly reduced (80% + 18%, 72% +30%,
and 110% +30%, respectively) and the recovery of Fe have
increased (73% +30%) (see Supplementary Table 3). The
successful quantification (approach 2) of the online analysis
of Ca/matrix separation using DGA resin, with a dynamic
suppression correction proved the concept of using Mn and
Co signal intensities as indicators for suppression effects.

Optimized Ca/matrix separation

Figure 3 shows the elution profile of Ca, as well as coeluting
matrix elements causing spectral (K, Mg, Al, Ti, Sr) and
non-spectral interferences (Na. Fe, Ba). Due to the proper-
ties of the DGA Resin, most of the matrix-based interfer-
ences (Na, Mg, Al, K, and Ti) are removed from Ca within
the matrix wash. It should be noted, that a co-elution of Sr
is not a concern for Ca isotopic analysis using MC TIMS
[21] but a serious issue for Ca isotopic analysis using MC
ICP-MS [20] because these elements cannot be separated
during analysis in the mass spectrometer when ionized in
the plasma source.

Following the results of the successful quantification dur-
ing online matrix separation, an optimized Ca/matrix separa-
tion procedure is proposed in Table 3 based on the following
considerations: (1) when re-using the DGA Resin, a pre-
cleaning step with diluted hydrochloric acid as applied in

Fig. 3 Elution profiles of sev- —e—(Ca —+—Na —e—Mg —e—A] ——K Ti Fe —e—Sr —e—Ba —e—Pb —1(Co)
lel f i i
Er:/ e etn'ler{ts o 1;1teresft tiurmg 50 | | 3000
matrix separation ot the sample ! matrix wash ' Ca Elution

multi-elemental test solution, 45 load ' (3 mol dm3) H (subboild water)
shown as cumulative recover- (3 mol dm) | ' 2500
ies (R) per 50 mm?> (6 s) after 40 ! !
quantification using approach 35 ' :

. : ) H i 2000 .,
2, applying dynamic suppres 1 i =
sion correction and external - 30 ' i 3
calibration (mass vs. intensity). i 25 ' : 1500 2
Additionally, raw intensities of &~ ' i <
Co (1) are shown as average per 20 ' i 3 %

! | 905)
[
10 ' 500
5
0 0600000000i008d880887 " "o AR IT - - Ngeee: SE00085 fflese ()
O < A0 — O O T A~ Q>N — N0 O T AN O D
N <t n >~ 0 N < O AN AN T O 0N — N v - S AN
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Table 3 Rroposed elqtion stc?ps Step Eluent Flow rate/mm?> Time/min Eluent volume/cm?

for an optimized (online/offline) min=!

Ca/matrix separation using

DGA Resin Pre-cleaning 0.1 mol dm™ HCI 500° 4 2 (10RV)
Cleaning Subboiled water 500* 4 2 (10RV)
Conditioning 3 mol dm~2 HNO, 500 3b 1.5 (7.5RV)
Sample load 3 mol dm™2 HNO; 500 0.5 (2.5RV)
Matrix wash 3 mol dm™> HNO; 500 2 1 (5RV)
Ca elution Subboiled water 500 1.5 0.75 (3.75 RV)

2Could be probably performed at a higher flow rate (1000 mm® min~")

A column with 200 mm? resin volume needs at least six times RV for the concentration gradient between
nitric acid (c=3 mol dm~>) and subboiled water

previous studies [22, 23, 27] should be considered to remove
remaining REEs (e.g. Y and U, see Supplementary Table 3)
from the DGA Resin. (2) Since the time required for the
concentration gradient from subboiled water to nitric acid
(c=3 mol dm~>) exceeds the time required for the condi-
tioning step and interferes with the accurate loading acid-
ity of the nitric acid (¢ =3 mol dm™?), an extension of the
conditioning step to 1.5 cm? (3 min at 500 mm? min~' pump
speed) should be considered. (3) Based on the observed elu-
tion profile, the Ca elution volume can be reduced to 750
mm?® (1.5 min at 500 mm? pump speed, 3.75 RV), while
maintaining a recovery of 102% (see Supplementary
Table 3: Ca elution (750 mm?), Fig. 3) (Note: Total mass
fraction of Ca in the sample load was 721 ng+ 72 ng, the
collected mass fraction of Ca in the Ca elution using 5 cm?
was 741 ng + 111 ng, the collected mass fraction of Ca in Ca
elution using 750 mm? was 740 ng+ 111 ng).

Conclusion

The quantification of a transient signal during an online
separation is challenging because of the dynamic gradient
of eluents in an online analysis of analyte/matrix separation
following on-column mixing. A modified approach using
dynamic suppression correction, based on indicator elements
(Mn, Co) that were unretained by the DGA resin, proved to
be a robust approach for accurate quantification as a pre-
requisite for the optimization of analyte/matrix separation
procedures.

The online analysis of Ca/matrix separation using DGA
Resin enabled insights in the mixing behavior of the elu-
ents (subboiled water, nitric acid (¢c=3 mol dm™>)) which
was revealed by the elution behavior of indicator elements
Mn and Co. Based on the results during online separation,
an optimized Ca/matrix separation procedure using DGA
Resin is proposed for subsequent Ca isotope ratio analysis
by TIMS analysis.

The approach is advantageous for separation procedures
with alternating elution solutions and can be applied to any
system once suitable monitoring elements (i.e. will not
be retained on the resin) are found. This can dramatically
increase the efficiency of the method development and allow
for rapid checks of ion exchange methods for various differ-
ent matrices.

Experimental

Type I reagent-grade water (18 MQ cm) (F+L GmbH,
Vienna, Austria) was further purified by sub-boiling distil-
lation (Milestone-MLS GmbH, Leutkirch, Germany). Ana-
lytical reagent-grade nitric acid (w =65%; Merck-Millipore,
Darmstadt, Germany) was purified by double sub-boiling
using a Savillex DST-1000 sub-boiling distillation system
(AHF Analysentechnik, Tiibingen, Germany). Polyethylene
flasks, tubes and pipette tips (VWR International, Radnor,
USA) were pre-cleaned in a two-stage washing procedure
using diluted nitric acid (w=10% and w= 1%, respectively).

Single-element standards were purchased from Inorganic
Ventures (Christiansburg, USA: Na, Mg, Al, K, Ca, Fe, Mn,
Co, Cu, Zn, Sr, Y, Cd, In, Ba, Pb, and U), Merck (Ti, Cr,
Ni, and Mo) and VWR International (Radnor, USA: T1, Rb
(Aristar)).

Two grams of the unbranched DGA Resin (TrisKem
International) with a particle size of 50 um—100 pm was
soaked in diluted ethanol (w ~ 30%, Merck) and shaken
for 1 h. For the online analysis of Ca/matrix separation, an
empty PFA column with a resin volume of 200 mm? (part.
no. CF-0200, ESI) was utilized and self-packed with the
soaked DGA Resin following the standard procedure [22].

A multi-elemental test solution containing 10 ng g~! of
Na, Mg, Al, K, Ti, Fe, Cr, Ni, Cu, Zn, Rb, Sr, Y, Mo, Cd, In,
Ba, T1, Pb, and U and 1000 ng g~! of Ca was gravimetrically
prepared in nitric acid (c=3 mol dm™) including 1 ng g~! of
Mn and Co spike. The nitric acid (¢=3 mol dm™) as eluent
was prepared gravimetrically and spiked with 1 ng g=! of

@ Springer
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Mn and Co. The subboiled water as eluent was spiked with
1 ng g~! of Mn and Co.

For corrections of suppression effects and for the quan-
tification of recoveries, a nine-point-calibration with the
same multi-elemental mixture as the test solution was gravi-
metrically prepared in diluted nitric acid (w=2%) covering
the range of 0.05 ng g~! and 150 ng g~!. All calibration
standards were spiked with 1 ng g~! of Mn and Co. Further-
more, the performance of the multi-elemental analysis was
monitored with in-house quality control solution prepared in
nitric acid (c =3 mol dm™), diluted nitric acid (w=2%) and
subboiled water. The quality control solutions were spiked
with 1 ng g™! of Mn and Co.

Offline multi-elemental analysis

To correct suppression effects of the different eluents and for
quantification of recoveries, multi-elemental composition of
the different eluents and the multi-elemental test solution
were determined in standard liquid set-up using the ICP-
QMS (NexION 2000B, PerkinElmer) coupled to an ESI
SC-2 DX FAST autosampler. General instrumental settings
are described in Supplementary Table 1.

Online analysis of Ca/matrix separation

Multi-elemental online analysis of Ca/matrix separation
was carried out by connecting an autosampler probe (i.d.
1 um, ESI, Omaha, USA) using a 10-cm-long PFA Capillary
Extension (i.d. 1 um, ESI) to a pump tubing (i.d. 1.1 pm, red/
red, PerkinElmer, Ontario, Canada), which was clamped into
a peristaltic pump (part. no. 3642, Ismatec, Wertheim, Ger-
many). The sample was taken up and transported at a flow
rate of 500 mm? min~! via a PFA capillary (i.d. 1 um and
14-28 nut, ESI) into the PFA column (ESI). The column was
filled with 200 mm? unbranched DGA Resin (part. no. DN-
B25-S, TrisKem International). Sampling was performed
manually. The column run-off was directly connected to
an ICP-QMS (NexION 2000B, PerkinElmer) equipped
with a sea-spray glass nebulizer (max. uptake 2 cm® min~!,
PerkinElmer).

The multi-element composition was monitored online
in a time-resolved sequence using the ICP-QMS (NexION
2000B, PerkinElmer). General instrumental settings are
described in Supplementary Table 1.

Procedure of the Ca/matrix separation

Ca/matrix separation was performed following the separa-
tion procedure of Feng et al. [21] using unbranched DGA
Resin (TrisKem International): A conditioning step using
nitric acid (¢ =3 mol dm™?) was followed by a sample load-
ing step using nitric acid (¢ =3 mol dm™%), and a matrix
wash step using nitric acid (c =3 mol dm~>). Ca was finally
eluted using subboiled water. The elution volumes were
adapted according to the resin volume used. The correspond-
ing elution steps and parameters are shown in Table 4.

Transient multi-elemental signal was recorded by online
analysis for the Ca/matrix separation (transient signal)
of a blank sample containing nitric acid (¢ =3 mol dm~,
500 mm3). Further, the transient multi-elemental signal
was recorded by online analysis for the Ca/matrix separa-
tion (transient signal) of a multi-elemental test solution pre-
pared in nitric acid (c=3 mol dm™3, 500 mm3). The multi-
elemental test solution contained approx. 750 ng total Ca
as major matrix element and < 10 ng of Na, Mg, Al, K, Ti,
Cr, Fe, Ni, Cu, Zn, Rb, Sr, Mo, Cd, In, Ba, TI, Pb, and U as
minor elements.

Data reduction-internal normalization

Elution steps were identified and defined by >>Mn and *Co
raw intensities. Blank correction of each elution step (load-
ing, matrix wash, Ca elution) was performed by subtracting
the average intensities of the corresponding blank elution
step. In the case of loading with nitric acid (c=3 mol dm~>)
and Ca elution with subboiled water, only data points
recorded after the signal reached baseline (141.1 s, see
“Results and discussion”) were used.

After blank subtraction, the intensities of the transient
signals (elements of interest) were normalized point-by-
point with the corresponding °Co signal intensity, applied
as an internal standard. Point-by-point mass fractions

Table 4 Elution steps for online

h b X Step Eluent Flow rate/ Time/min Eluent volume/cm?
analysis of Ca/matrix separation mm? min=!
Cleaning Subboiled water 500 42 2.0* (10 RV)
Conditioning 3 mol dm™> HNO; 500 2 1.0 (5RV)
Sample load 3 mol dm~2 HNO, 500 0.5 (2.5RV)
Matrix wash 3 mol dm™> HNO; 500 2 1.0 (5RV)
Ca elution Subboiled water 500 10 5.0 (25 RV)

3The cleaning procedure was extended to 10 min using 5 cm® of subboiled water for the blank sample
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(ng g7!) during the transient signal were quantified using the
nine-point-calibration of the offline multi-elemental meas-
urement, which was also normalized to *°Co signal intensity.
Cumulative mass fractions for all elements under investiga-
tion were calculated as the integral over each elution step.
To evaluate the recovery, the overall integrated mass frac-
tions were calculated as the sum of the sample load, the
matrix wash and the Ca elution (Note: Only an elution time
of 1.5 min corresponding to an elution volume of 750 mm?
for Ca elution was used) and compared to the mass fractions
of the loaded sample.

The Limits of Detection and Quantification (LOD, LOQ)
was calculated according to DIN ISO 11843-2 [37]. For each
elution step, the LOD was defined as 3 X SD of the corre-
sponding baseline blank signal. (Note: In the evaluation of
the multi-elemental test solution, all values below LOD were
set to zero.) Mass fractions, recoveries, LODs and LOQs,
including expanded relative uncertainties (U, (k=2)) are
summarized in Supplementary Table 2.

Data reduction—dynamic correction of suppression
factors

Elution steps were identified and defined by >>Mn and *Co
raw intensities. Blank correction of each elution step (load-
ing, matrix wash, Ca elution) was performed by subtracting
the average intensities of the corresponding blank elution
step. In the case of loading with nitric acid (¢ =3 mol dm~>)
and Ca elution with subboiled water, only data points after
reaching the baseline (141.1 s, see “Results and discussion’)
were used.

After blank subtraction, the intensities of the transient
signals (elements of interest) were dynamically corrected for
suppression effects in the sample loading and the Ca elution
step. Therefore, a linear gradient of the mean suppression
factors from one eluent to the other was applied. The time
required for the gradient was estimated based on the elution
profiles of >>Mn and °Co signal intensities reaching baseline
intensities (see “Results and discussion”). To enable a quan-
tification without internal normalization, a nine-point-cali-
bration based on total mass (accounted by sample volume
(500 mm?®) and the density of diluted nitric acid (w=3%))
plotted against signal intensity was a set-up from the offline
multi-elemental measurement. Point-by-point total masses
(ng) during the transient signal were quantified using the
slope of this nine-point-calibration (mass vs. intensity).
Cumulative masses for all elements under investigation were
calculated as the integral over each elution step. To evalu-
ate the recovery, the overall integrated total masses were
calculated as the sum of the sample load, the matrix wash
and the Ca elution (Note: Only an elution time of 1.5 min
corresponding to an elution volume of 750 mm? for Ca elu-
tion was used) and compared to the total mass of the loaded

sample. The mass of the loaded sample was quantified by
the nine-point-calibration (accounted by sample volume
(500 mm?) of the test solution and density of the nitric acid
(¢c=3 mol dm™3)). The LOD and LOQ for the total mass
were defined as 3 X SD and 10 X SD, respectively, of the
baseline blank signal from the corresponding eluent. Total
masses, recoveries, LODs and LOQs, including expanded
relative uncertainties (U, (k=2)) are summarized in Sup-
plementary Table 3.

Uncertainty calculations

The total combined uncertainty for each elemental total mass
(mg,) was calculated using a simplified Kragten approach
[38] using Eq. (1) as the model equation. The precision of
the measured raw intensity of the sample (/,), the estimated
correction factor for the suppression effect (f(/),,) and the
slope of the calibration curve (k) were identified as the main
contributors to the uncertainty.

" _Ispl_lblkxl 1
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Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00706-021-02754-2.
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