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In this study, we employed nitrogen microwave inductively coupled atmospheric-pressure plasma (MICAP)

combined with quadrupole mass spectrometry (MS) and a liquid sample introduction system to analyze

heavy metals in soils. The vanadium, cobalt, nickel, zinc, copper, chromium, arsenic, lead, and cadmium

contents in seven reference and three environmental soil samples determined using MICAP-MS were

within the uncertainty of the reference values, indicating that MICAP-MS is promising for soil analysis

similar to the conventional inductively coupled plasma mass spectrometry (ICP-MS) technique. In

addition, the limits of detection (LODs) and sensitivity of both techniques using N2 and Ar plasma were

of the same order of magnitude. Furthermore, the performance of MICAP-MS under different N2 purity

was investigated, and we found that the plasma formation and ionization efficiency were not influenced

by the impurities in the gas. A prominent advantage of MICAP-MS is the low operating cost associated

with gas consumption. In this work, MICAP-MS used nitrogen, which is cheaper than argon, and

consumed 25% less gas than ICP-MS. Using low-purity N2 can further reduce the gas cost, making

MICAP-MS more cost effective than ICP-MS. These results suggest that MICAP-MS is a promising

alternative to ICP-MS for the analysis of heavy metals in the soil.
Owing to the fast industrial growth and the application of
metal-containing compounds, such as lithium (Li)-, cadmium
(Cd)-, and lead (Pb)-based materials in batteries,1 soil pollution
by heavy metals has become an environmental threat.2 Globally,
there are already 5 million sites of soil contaminated by heavy
metals.3 Some heavy-metal pollutants can inuence food chain
safety and food quality, which, in turn, affects human health.
For example, long-term exposure to arsenic (As)-contaminated
food has resulted in adverse health impacts, such as stomach
pain, skin lesions, and circulatory problems.4,5 Pb in the soil can
settle on or be absorbed by plants grown for fruits or vegetables
and cannot be completely washed away. High-level lead expo-
sure is harmful to the brain and nervous systems of vulnerable
populations, such as children and fetuses.6,7 Cd can accumulate
in plants with a long half-life of 25–30 years. Cd exposure is also
associated with various types of cancers, including breast, lung,
and pancreas cancers.8,9 According to the German Federal Soil
Protection and Contaminated Site Ordinance (BBodSchV), 14
rüfung (BAM), Richard-Willstätter-Str. 11,

.You@bam.de; Carlos.Abad@bam.de

Luxemburger-Str. 10, D-13353 Berlin,

-07745 Jena, Germany

tion (ESI) available. See DOI:

of Chemistry 2022
heavy metals in the soil, including As, Pb, and Cd, are classied
as heavily toxic elements.10 The adequate protection and resto-
ration of soil requires the extensive characterization and
remediation of the heavy metals.11,12 Thus, elemental analysis
and precise quantication of the heavy metals in soil are vital.

Inductively coupled plasma mass spectrometry (ICP-MS) is
an effective technique for the trace analysis of soil owing to its
multielement capability, high sensitivity, and low sample
consumption.13–15 However, despite its success and widespread
usage, ICP-MS has several consistent drawbacks, such as high
argon (Ar) gas consumption,16 Ar-based polyatomic interfer-
ences,17 and the need for complicated radiofrequency (RF)-
power generators.18 Different approaches have been employed
to overcome these drawbacks; for example, low-ow plasma
torches have been employed to reduce Ar gas consumption,16,19

and collision and reaction cells are used to mitigate Ar-based
interferences.20,21

Among these approaches, several studies have investigated
the replacement of Ar plasma gas with nitrogen (N2) gas.22–24

Compared to Ar, N2 is inexpensive and easy to obtain. Moreover,
Ar-related interferences, such as 40Ar+, 40Ar12C+, 40Ar15N+, and
40Ar16O+, which interfere with the most abundant isotopes of
calcium (Ca), chromium (Cr), manganese (Mn), and iron (Fe),
respectively, can be signicantly reduced using N2 as the
plasma gas.25,26 Various N2-based microwave-induced plasma
J. Anal. At. Spectrom.
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(MIP) have been developed and used to replace the Ar-based ICP
source.22,24,27 In the 1990s, Hitachi coupled MIP with mass
spectrometry (MS), and the instrument could be satisfactorily
applied to several areas.25,28,29 Thereaer, N2-based microwave
inductively coupled atmospheric-pressure plasma (MICAP) was
implemented with optical emission spectrometry (OES) in
2016.23 This plasma exhibited good tolerance to solvent loading
and different organic solvents. In 2018, MICAP was combined
with time-of-ight mass spectrometry (TOFMS),18 which showed
slightly lower sensitivities than Ar-based ICP-MS. However, the
limits of detection (LODs) for potassium (K), Ca, Cr, Fe, As, and
selenium (Se), which are similar to those of most other
elements, can be signicantly improved. In 2021, MICAP was
coupled with quadrupole mass spectrometry using laser abla-
tion sampling (LA-(N2-MICAP)-MS) to investigate the capabil-
ities of a high-power N2 plasma with dry aerosols.30 The
performance of LA-(N2-MICAP)-MS was comparable to that of
LA-(Ar-ICP)-MS for laser-generated aerosols.

Herein, we investigated the application of MICAP andMICAP
coupled with quadrupole mass spectrometry for the elemental
analysis of soil samples with the introduction of liquid samples.
Seven reference and three environmental soil samples con-
taining vanadium (V), cobalt (Co), nickel (Ni), zinc (Zn), copper
(Cu), Cr, mercury (Hg), As, Pb, and Cd were digested with aqua
regia and used for the analysis. The mass fractions of the
selected elements were determined using MICAP-MS and vali-
dated using ICP-MS. The sensitivity, LODs, and gas consump-
tion costs of both methods were compared and discussed in
detail. Furthermore, the performance of MICAP-MS under
different N2 purity was investigated and compared.

Experimental
Sample

The reference soil samples investigated included RV24-N2
(loamy soil, grain size # 125 mm) RV25-N2 (loamy soil, grain
size # 63 mm), RV26-N1 (loamy soil, grain size # 63 mm), RV26-
N3 (loamy soil, grain size # 63 mm), BRM 9b (ne sandy soil,
grain size# 125 mm), BRM 10a (river sediment, grain size# 125
mm), and BRM 13 (mixed sandy soil, grain size # 125 mm). All
reference soil samples were initially used as prociency test
samples. They were collected from Berlin, Germany, and
prepared by BAM.31 The mass fractions of the elements con-
tained in the samples are listed in Table S1 (ESI†). The envi-
ronmental soil sample 1 (ne sandy to mixed sandy soil, grain
size # 63 mm), sample 2 (ne sandy to mixed sandy soil, grain
size 63–125 mm), and sample 3 (ne sandy to mixed sandy soil,
grain size 125–150 mm) were collected from Berlin, Germany.

Calibrations were conducted with multielement solutions
prepared from single-element ICP stock solutions (Merck AG,
Germany). The samples were diluted using 2% nitric acid
(HNO3) (Merck KGaA, Germany) in ion-exchange-cartridge-
puried water (MilliQ) (Millipore, USA). The concentration of
the multielement solutions ranged from 0.1 to 500 mg L−1,
corresponding to the concentrations of elements in the diluted
aqua regia extracts of the soil samples. 6Li, 45Sc, 89Y, 115In,
159Tb, and 209Bi were used as internal standards in the
J. Anal. At. Spectrom.
calibration standards, and the concentration of the samples was
50 mg L−1.
Soil sample preparation

The soil samples were air dried overnight and 1.5 g of each
sample was added to a digestion vessel placed in a heating block
(Behrotest ET2, Germany) under a reux condenser. Aer
moistening with 500 mL of MilliQ water, 21 mL of concentrated
hydrochloric acid (HCl) (PanReac AppliChem, USA) and 7 mL of
concentrated HNO3 were added stepwise to each sample. An
absorption vessel lled with 10 mL 2% HNO3 was placed on the
reux condenser to absorb the released nitric oxide. The reac-
tion mixture was le to stand at room temperature for 18 h for
slow oxidation. Aerward, the temperature of the heating block
was progressively increased to 140 °C, and the digestionmixture
was heated for 2 h at this temperature. Aer cooling and l-
trating (pore size: 0.45 mm, GE Healthcare, UK), the solutions
were diluted to 100 mL using 2% HNO3 in MilliQ water and
used as the stock solution. Measurements were performed on
the freshly prepared 2% HNO3 diluted stock solutions (100
times dilution for reference soil samples; 1000 times dilution
for environmental soil samples). The humidity contents in the
samples were considered. For this, 2 g of a sample was weighed
and dried at 105 °C for 3 h. Each resulting dried sample was
then weighed. The obtained dry masses were used for the
calculations.
Instruments

The MICAP-MS used in this work consists of a MICAP plasma
source (Radom Research & Development, USA) coupled with
a PlasmaQuant MS Elite quadrupole mass spectrometer (Ana-
lytik Jena GmbH, Germany). A liquid sample was introduced
using a concentric pneumatic nebulizer (MicroMist, USA)
combined with a cooled double pass spray chamber. The
samples were transported to the nebulizer using a peristaltic
pump, and the rate of liquid uptake was approximately 500
mL min−1. N2 5.0 (N2 content $ 99.999%, Linde Gas, Germany)
was used as the general nebulizer, auxiliary, and plasma gases
for most MICAP-MS measurements. Furthermore, N2 2.5 (N2

content $ 99.5%, Air Liquide, France), N2 2.8 (N2 content $
99.8%, Linde Gas, Germany), and N2 6.0 (N2 content $

99.9999%, Linde Gas, Germany) were used to investigate the
performance of MICAP-MS under different nitrogen purity. Data
acquisition, including mass calibration, data processing, and
plots, was performed using Aspect MS soware (Analytik Jena
GmbH, Germany). The LODs were determined by the soware
according to the three-sigma rule.32

An Agilent 7500 quadrupole mass spectrometer (Agilent
Technologies, USA) was used for ICP-MS. A concentric nebulizer
(MicroMist, USA) was combined with a cooled double pass spray
chamber and a peristaltic pump for sample introduction to
keep the operating conditions as similar as possible. Ar 5.0 (Ar
content $ 99.999%, Linde Gas, Germany) was used as the
nebulizer, auxiliary, and plasma gases. Helium (He) 5.0 (He
content $ 99.999%, Linde Gas, Germany) was used as collision
This journal is © The Royal Society of Chemistry 2022
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gas in the collision cell. ICP-MS MassHunter soware (Agilent
Technologies, USA) was used for data acquisition and process-
ing. The operating conditions for both instruments are listed in
Table 1.
Results and discussion
Characterization of the reference soil samples

To investigate the applicability of MICAP-MS in soil analysis, the
reference soil samples, including RV24-N2, RV26-N1, BRM 9b,
and BRM 10a, which contained V, Cr, Co, Ni, Cu, Zn, As, Cd, Pb,
and Hg, were characterized by MICAP-MS and validated by ICP-
MS. The choice of isotopes for the analysis was mainly based on
the nonisobaric overlap from other elements, their abundance,
and the absence of polyatomic ion interferences from the
plasma. For example, the most abundant Cr isotope (52Cr)
suffers polyatomic ion interference from 40Ar12C+ in ICP-MS.
Therefore, 53Cr was selected for the measurements for both
instruments. On the other hand, 60Ni can interfere with Ca,
forming 44Ca16O+; thus, 62Ni was selected. Based on these
Fig. 1 Percentage deviation of the mass fractions of selected elements
determined by ICP-MS (blue) and MICAP-MS (red) compared with their r
limits of the reference ranges.

Table 1 Operating parameters in MICAP-MS and ICP-MS

MICAP ICP

Plasma power 1500 W 1500 W
Nebulizer gas ow 1.25 L min−1 N2 0.85 L min−1 Ar
Auxiliary gas ow 2.25 L min−1 N2 0.9 L min−1 Ar
Plasma gas ow 9 L min−1 N2 15 L min−1 Ar
Sampling depth 5 mm 9 mm
Sampling cone Pt 1.1 mm Pt 1.0 mm
Skimmer cone Ni 0.5 mm Pt 0.5 mm

This journal is © The Royal Society of Chemistry 2022
considerations, 51V, 53Cr, 59Co, 62Ni, 65Cu, 66Zn, 75As, 112Cd, and
207Pb were selected. No signicant difference was observed
between matrix-adjusted calibration (2.5 mg L−1 Ca and
0.25 mg L−1 Mg in 2% HNO3) and water-based calibration (2%
HNO3) for the selected elements, indicating that no signicant
non-spectral interferences occurred during the measurements
with the high dilution factor. To guarantee reproducibility, each
soil sample was digested four times independently, and the
measurements for each digestion were repeated at least four
times. The results obtained using both methods are the average
values of the fourfold measurements.

Fig. 1 shows the percentage deviations in the mass fractions
of the elements determined by ICP-MS (blue) and MICAP-MS
(red) compared to their reference values (green). For most
elements, the results obtained using both methods are
comparable and mostly lie within the reference ranges (black).
The mass fractions of V and Co in the BRM samples were not
certied; therefore, they are not compared for BRM 9b and BRM
10a. Due to the smaller reference ranges, the mass fractions of
several elements in the BRM samples (e.g., Cu and Pb) are
slightly out of the reference ranges. Samples RV25-N2, RV26-N3,
and BRM 13 showed similar results (Fig. S1–S3†).

Surprisingly, the Nimass fractions determined byMICAP-MS
differ signicantly from the reference values and the ICP-MS
results. Although 62Ni suffers polyatomic ion interference from
48Ca14N+, due to the low abundance of 48Ca (0.19% of all Ca
isotopes), the effect of the interference could be negligible.
Another possible interference might be 48Ti14N+ since Ti was
detected in all reference soil samples (see Table S2†), and 48Ti is
the most abundant isotope of Ti. Moreover, the skimmer cone
used in MICAP-MS is made of Ni, which can enhance the
in soil samples (a) RV24-N2, (b) RV26-N1, (c) BRM 9b, and (d) BRM 10a
eference values (green). The black lines represent the upper and lower

J. Anal. At. Spectrom.
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Fig. 2 Comparison of (a) Zn, (b) As, (c) Cd, and (d) Pb mass fractions in the reference soil samples determined by ICP-MS (blue) and MICAP-MS
(red) with the reference values (green).
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background of Ni and might also contribute to the excessive
signal of Ni. The mass fractions of Zn determined by ICP-MS are
lower than those determined by MICAP-MS. Although a He
collision cell was employed in ICP-MS, the results could be
inuenced by Ar-related interferences, such as 26Mg40Ar+.
Besides, when the soil sample with a high Ca matrix was
introduced into the plasma, some plasma energy was consumed
to break down the Ca matrix, which could result in the
incomplete ionization of Zn since the rst ionization potential
of Zn (9.4 eV) is higher than that of Ca (6.1 eV). This might
indicate that MICAP-MS has higher plasma energy and ioniza-
tion capability than ICP-MS. However, more investigations are
needed to clarify this.

Hg was also present in the reference soil samples. However,
because of the strong memory effects in sample introduction
systems, the Hg mass fractions determined using both methods
differ greatly from the reference values and are relatively irre-
producible. Therefore, 100 mg L−1 of a gold (Au) solution was
added to the calibration standards and samples to improve the
measurement performance. Au can form a complex with Hg,
presumably forming an amalgam, which, theoretically, should
allow Hg to be more effectively washed out33 and correspond-
ingly enhance its signal intensity. However, no signicant
intensity enhancement was observed aer adding Au solution.
One possible reason is the low Hg concentration (0.1–5 mg L−1)
in the diluted samples. Because of the inevitable memory effects
in ICP-MS and MICAP-MS, Hg in the soil samples could not be
further investigated.
J. Anal. At. Spectrom.
As, Cd, and Pb are heavily toxic elements, which can cause
serious health problems. To compare their contents, their mass
fractions in all reference samples were determined using ICP-
MS and MICAP-MS. The Zn mass fractions determined by ICP-
MS were lower than those obtained by MICAP-MS (Fig. 1).
Therefore, Zn mass fractions in all reference samples were
measured for a more comprehensive analysis. Fig. 2 shows the
obtained mass fractions and compares them with the reference
values.

Both methods provided comparable results, which lie mostly
within the reference ranges. The metrological compatibility of
the obtained results with the reference values was validated
using the En value (Tables S3–S6†), which equals the difference
between the two values divided by the expanded uncertainty of
this difference.34,35 When En is less than 1, the values are
considered metrologically compatible. The results of the RV
samples are metrologically compatible with the reference
values, whereas several values obtained for the BRM samples
are not metrologically compatible due to the small reference
ranges. This agrees with the results shown in Fig. 1. The Zn
mass fractions in the RV25-N2, RV26-N3, and BRM13 samples
determined by ICP-MS are also lower than those obtained by
MICAP-MS. For As, ICP-MS showed better accuracy for RV-25-
N2, RV-26-N1, and BRM 10a, whereas MICAP-MS showed
better results for the other samples. For Cd and Pd, the ICP-MS
results are slightly closer to the average reference values than
those of MICAP-MS. Fig. S4–S7† compare the mass fractions of
other elements (V, Cr, Co, and Cu) in all reference samples.
This journal is © The Royal Society of Chemistry 2022
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Characterization of the environmental soil samples

To investigate the availability of the results obtained for the
reference soil samples, three environmental samples were
collected from Berlin, Germany. The mass fractions of the
selected elements in these environmental samples were deter-
mined by ICP-MS and MICAP-MS, and the results are shown in
Fig. 3.

ICP-MS and MICAP-MS showed comparable results for the
environmental samples. The Zn contents determined by ICP-MS
are lower than those obtained by MICAP-MS. The Ni mass
fractions determined using both methods also differ signi-
cantly. For example, the Ni contents in sample 1 determined by
ICP-MS and MICAP-MS are 267 and 290 mg kg−1, respectively.
Thus, we conclude that, like ICP-MS, MICAP-MS is a promising
method for elemental analysis and precise quantication of
heavy metals in the soil.
Fig. 4 Comparisons of (a) limits of detection (LODs) and (b) sensitiv-
ities of ICP-MS (blue) and MICAP-MS (red) for the selected elements in
the soil samples.
Comparison of LODs and sensitivities

Fig. 4(a) and Table S7† compare the LODs of both methods for
the selected elements in soils. The LODs of MICAP-MS for light
elements (m/z# 112) were slightly higher than those of ICP-MS,
which is attributed to the weaker ionization efficiency of the
method due to the susceptible oxide and nitride formation in
N2-based plasma.18 For Ni, the LOD of MICAP-MS (337 ng L−1)
was 15 times higher than that of ICP-MS (22 ng L−1), which is
because the skimmer cone in MICAP-MS is made of Ni. For the
heavier elements (Pb), MICAP-MS showed slightly lower LODs.
The sensitivities of the methods showed a similar trend
(Fig. 4(b)). For the light elements (m/z # 112), ICP-MS showed
higher (Co) or similar sensitivities, whereas MICAP-MS showed
higher sensitivities for heavier elements, such as Pb. This could
be attributed to the dissimilarities in the construction of the
ion-transfer optics and different potentials applied on the
instruments (see Table S8†), which could result in mass-bias of
the mass analyzers in both instruments.18 It could also be
attributed to the stronger dependence of the ion kinetic ener-
gies on mass from the supersonic expansion of N2 than Ar.36
Fig. 3 Mass fractions of selected elements in the environmental soil
samples determined by ICP-MS (square) and MICAP-MS (circle).

This journal is © The Royal Society of Chemistry 2022
Comparison of MICAP-MS performances under different
nitrogen purity

Depending on the manufacturing process, N2 can be produced
with different purity, which refers to the proportion of N2 in the
gas bottle compared to the impurities present, such as O2, H2O,
Ar, CO, and CO2.37 To investigate the performance of MICAP-MS
under different N2 purity, sample RV25-N2 was characterized
using MICAP-MS under N2 2.5 (N2 content $ 99.5%), N2 2.8 (N2

content $ 99.8%), N2 5.0 (N2 content $ 99.999%), and N2 6.0
(N2 content$ 99.9999%). The mass fractions determined under
different N2 purity are similar (Fig. 5). For most elements, the
mass fractions are almost the same. Only the results of Cr and
Zn showed slight differences. This indicates that impurities in
the gas do not inuence the plasma formation and ionization
Fig. 5 Mass fractions of selected elements in RV25-N2 determined by
MICAP-MS using N2 with different purity grades (N2 2.5: N2 content $
99.5%; N2 2.8: N2 content$ 99.8%; N2 5.0: N2 content$ 99.999%; N2

6.0: N2 content $ 99.9999%).

J. Anal. At. Spectrom.
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Fig. 6 Comparison of MICAP-MSmass scans for a 2% HNO3 solution obtained using N2 with different purity grades (N2 2.5: N2 content$ 99.5%;
N2 2.8: N2 content $ 99.8%; N2 5.0: N2 content $ 99.999%; N2 6.0: N2 content $ 99.9999%).
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efficiency of MICAP-MS; thus, they do not interfere with the
selected elements in the soil.

To compare their background plasma species in MICAP-MS,
themass scans for 2%HNO3 were performed using N2 of different
purities. The mass-to-charge ratios (m/z) of the major plasma
species inMICAP-MS were below 35 (Fig. 6), which corresponds to
the N-related species, such as 14NO+, 14N+, and 14N2

+. Signicant
differences were observed in the results obtained using N2 withm/
z of 23, 39, and 40. The species observed at m/z 23 is attributed to
23Na+ resulting from the gas manufacturing process, and those at
m/z 39 and 40 are attributed to 38ArH and 40Ar, indicating that the
N2 gas bottle could also contain Ar and result in Ar-related
interference. This could inhibit the analysis of isotopes, such as
40Ca, 56Fe, and 75As. Unexpectedly, N2 2.8 contains more impuri-
ties compared to N2 2.5. This was validated by replication
measurements and could be attributed to the large quality devi-
ation of the production process for less-pure N2 of different
manufacturers (see Fig. S8 and S9†).

A remarkable advantage of MICAP-MS is the low operating
cost associated with gas consumption since nitrogen is cheaper
than argon. In addition, based on the calculations from the gas
ow rates used in this work, MICAP-MS consumed 25% less gas
than ICP-MS. The use of low-purity N2 (N2 2.5 and N2 2.8) could
further reduce the gas cost of MICAP-MS, and make MICAP-MS
more cost effective than ICP-MS. Furthermore, a N2 generator
that can purify N2 in indoor air can be coupled with MICAP-MS,
enabling the operation of MICAP-MS using indoor air; thereby,
eliminating the cost of gas.
Conclusions

We found that MICAP-MS using a liquid sample introduction is
a reliable alternative to ICP-MS for the determination of heavy
metals in soils. The proposed technique provided results that
are comparable with ICP-MS, and consumed signicantly less
gas. The mass fractions of V, Co, Cu, Cr, As, Pb, and Cd in the
J. Anal. At. Spectrom.
seven reference soil samples by MICAP-MS and ICP-MS were
comparable and found mostly within the reference range. Only
the results for Ni and Zn showed differences. Three environ-
mental soil samples were collected from Berlin, Germany and
used to validate the performance of both techniques. The
results obtained from both techniques were comparable,
proving the applicability and reliability of MICAP-MS in soil
analysis.

In general, the LODs in MICAP-MS were similar or even
better than ICP-MS, indicating that LODs of the same order of
magnitude can be achieved using N2 and Ar plasma. We
observed an exception for Ni, where the LODs in MICAP-MS
were 15 times higher than ICP-MS. This was attributed to the
Ni skimmer cone used in MICAP-MS. Because of the similar to
LODs, the sensitivities of both techniques were considered
comparable.

The performances of MICAP-MS were investigated using N2

gas with four different purity grades. The mass fractions of the
elements obtained under the N2 purities were almost the same,
indicating that plasma formation and ionization efficiency were
not inuenced by the gas impurities. Mass scans of 2% HNO3

showed that Ar may be present in the gas, which can affect the
analysis of isotopes that interfere with Ar (e.g., 40Ca, 56Fe, and
75As). In the absence of interference with the analytes, the use of
low-purity N2 (e.g., N2 2.5 and N2 2.8) could further reduce the
gas cost of MICAP-MS, making MICAP-MS more cost effective
than ICP-MS.
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