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Abstract: This study evaluates a method for quantifying selenium (Se) concentration in soil using inductively

coupled plasma mass spectrometry (ICP-MS), with oxygen as a reaction gas. This approach addresses the

challenge of detecting low levels of Se in complex soil matrices and aims to effectively minimize interference

problems typically associated with argon plasma in traditional ICP-MS analyses. The analytical method utilizes

conditions optimized for minimizing spectral interference and were validated by linearity, accuracy, precision,
limit of detection (LOD), and limit of quantification (LOQ). The method demonstrated good linearity, high

accuracy (90-97 %), and remarkable sensitivity, achieving detection and quantification limits of 0.15 pg/kg and

0.44 ng/kg, respectively. Developed analysis method for Se in soil was applied to field samples in the different

regions of South Korea and Se concentration ranged from 0.11 to 0.52 mg/kg. Correlation analysis between

Se concentration and soil properties showed that Se concentration was significantly correlated with cation

exchange capacity (CEC) and available phosphorus among other soil properties.
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1. Introduction

Selenium (Se) is an essential micronutrient for human
health, participating in numerous physiological processes
and providing anti-aging and anti-cancer benefits.'?
Recent studies have demonstrated that Se is effective
for patients with COVID-19.3* However, the threshold
of beneficial and toxic levels of Se is a narrow
concentration range, and exceeding recommended
intakes can induce adverse effects. The Korean dietary

guidelines specify a daily Se consumption of 60 pg
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for adults, with a maximum permissible limit of
400 pg.’ It is important to note that the Se content in
the human body is highly dependent on dietary intake,
and crops represent a significant source of daily Se
intake.® Given that Se is present in soil as selenate
(Se®) and selenite (Se*") and can be transferred to
crops,’ the Se content of cultivated soil can influence
the Se concentration in crops.®

Different levels of Se concentration in soil and
crop can have significant implications for local public
health.*!® Areas with low Se concentrations in soil
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may exhibit higher incidences of Se deficiency, which
can affect thyroid function and immune response,
potentially increasing susceptibility to diseases.!":!?
Conversely, areas with excessively high levels of Se
may expose the population to risks of selenosis."
These disparities highlight the need to assess how
agricultural practices and soil properties influence Se
content in arable soil. Intercropping, the use of Se-
rich fertilizers and irrigation techniques, can affect
the level of Se in both soil and crops.'*'® Additionally,
environmental factors such as precipitation, soil pH,
cation exchange capacity (CEC), and the presence of
competing ions can significantly impact the availability
of Se for plant uptake.'”"” As a result, there can be
significant variation in Se levels in crops, even within
the same region.

The variability in Se content is also affected by the
type of bedrock underlying the soil.***' Soils derived
from igneous rocks, such as granite, generally exhibit
lower Se concentrations than those derived from
sedimentary rocks.”>?* For instance, on Hainan Island
in China where the soils predominantly composed of
granite (an igneous rock) have an average Se concen-
tration of 0.56 mg/kg,* whereas the Daba Mountain
region, with its shale-dominant sedimentary compo-
sition, reports a significantly higher average Se content
of 5.70 mg/kg.®

However, in South Korea, while active research is
being conducted on the distribution of heavy metals
such as lead, cadmium, and zinc in agricultural soils,
studies focusing on Se remain scarce, and no standard
analytical methods have been established. Additionally,
granite and granitic gneiss, which are abundant and
typical bedrock in South Korea, are known for their
generally low Se concentrations.”*?” Considering these
conditions, more precise and accurate analytical method
for Se quantification is necessitates to determine the
Se content in soil.

Because the soil is a complex environmental matrix,
precise and sensitive techniques are required for accurate
determination of Se content. Several methods have
been employed for this purpose, such as hydride
generation-atomic absorption spectrometry (HG-
AAS),?® atomic fluorescence spectrometry (AFS),”
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and inductively coupled plasma atomic emission
spectroscopy (ICP-AES).*® Although these methods
are widely used for measuring Se in soils, still there
is an incompetence to measure low levels of Se content
in soil due to their high quantification limits.*"*
Inductively coupled plasma mass spectrometry (ICP-
MS) is a highly sensitive and rapid technique that is
particularly effective for detecting and quantifying
multiple trace elements, including Se.**** Nevertheless,
despite its high sensitivity, the commonly used plasma
gas, argon (Ar), can introduce spectral interferences
that may impair quantitative measurements.*>>’
Collision/reaction cells (CRC) are widely utilized in
ICP-MS to minimize argon-based interferences and
enhance the measurement of trace amounts of Se. s
However, using hydrogen as a reaction gas in CRC
can lead to reactions with bromine in the sample,
producing polyatomic ions such as BrH" and SeH",
which complicates the accurate determination of
Se.40—42

The main purpose of this study is to evaluate oxygen
(O,) as the reaction gas in ICP-MS for quantifying
low concentrations of Se in soil and monitoring Se

levels in arable soil in South Korea.

2. Experimental

2.1. Reagents and instruments

Nitric acid (HNOs) and hydrochloric acid (HCI),
utilized for cleaning vessels and preparing samples,
were acquired from CHEMITOP (Jincheon, Korea).
The selenium (Se) stock solution (1,000 pg/mL) was
purchased from AccuStandard (New Haven, CT,
USA). Rhodium (Rh) purchased from Sigma-Aldrich
(St. Louis, MO, USA) was selected as the internal
standard due to its uncommon abundance in soil and
its frequent use in the quantification of rare elements
The Se content in the soil was determined with an
inductively coupled plasma mass spectrometer (ICP-
MS, NexION 1000, PerkinElmer, Waltham, MA,
USA), using oxygen and argon gases of ultra-high
purity (99.999 %) and a certified reference material
(LGC6145, Bosung Science, South Korea) was used
for accuracy evaluation.
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Fig. 1. Sampling locations for monitoring of selenium in
soil.

2.2. Soill sampling and analysis methods

Samples were collected from different areas of a
domestic agricultural field in South Korea (Fig. 1).
Soil samples were obtained using hand auger at
depths of 0—15 cm after the removal of surface
debris. Five subsoil samples from each site were
combined into a single sample and thoroughly mixed
to achieve homogenization. The samples were air-
dried at 20 °C for soil analysis and then passed
through a 2 mm sieve to measure soil properties.

Soil pH and electrical conductivity (EC) were
measured using a pH meter (Orion Star™ Alll,
Thermo Fisher Scientific, Waltham, MA, USA) and
an EC meter (SevenCompact™ Conductivity Meter
S230, Mettler Toledo, Columbus, OH, USA),
respectively, after thoroughly mixing 5 g of soil with
25 mL of deionized water at 150 rpm in a 50 mL
flask for 30 min. The Walkley-Black** and Bray No.
1 method with a UV-Vis spectrophotometer (UVmini-
1240, Shimadzu, Kyoto, Japan) were used to determine
the soil organic matter (SOM) and available phosphate
(Av. P). Cation exchange capacity (CEC) was analyzed
using a 1 M NH4OAc extraction method. Total Se in
soil was extracted by aqua regia. Specifically, 3 g of
soil sample was placed into a 250 mL beaker, and
21 mL of HC1 and 7 mL of HNO; were added. The
beaker was covered with a watch glass and heated at
200 °C for one hour. After cooling to room temperature,
DI water was added to bring the final volume to
400 mL. The entire extracted sample was filtered

using a 0.45 pum hydrophilic membrane filter for
instrumental analysis.

2.3. Method validation

To evaluate the accuracy, precision, and other
validation parameters of the developed analytical
method, the standard addition method was employed. It
was assumed that each soil sample contained Se, and
a predetermined concentration of a standard Se solution
was added to each sample. The linearity of the method
was evaluated by constructing calibration curves at
five concentration levels (1, 5, 10, 20, and 40 pg/L).
The accuracy and precision were determined through
a recovery test at two Se concentration levels (0.33
and 3.33 mg/kg). Following the addition of the Se
standard solution to each sample, the observed results
were compared with both the measured and expected
concentrations. The recovery test was conducted in
triplicate, and the relative standard deviation (RSD)
was calculated to assess precision. To establish the
limit of detection (LOD) and limit of quantitation
(LOQ) for ICP-MS, soil samples were spiked with
the lowest concentration from the linear calibration
plot and analyzed seven times. Subsequently, LOD
and LOQ were derived from the standard deviation
of these measurements.

2.4. Statistical analysis method

Statistical analyses were performed using the
Statistical Package for Social Science (SPSS) version
26.0 (2021, SPSS Inc., Chicago, IL, USA) and all
experiments were performed in triplicate and expressed
as mean value and standard deviation.

3. Results and Discussion

3.1. Optimizing ICP-MS condition

Selenium (Se) has six isotopes and the selection of
an appropriate isotope for the soil is important for
the accuracy of the analysis (Table 1).% As shown
in Table 1, isotope "Se and "®Se have low linearity
(less than 0.95) and ™Se have a lowest abundance
among six isotopes. **Se has the highest abundance
and good linearity among the Se isotopes, but the
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Table 1. Information of Se isotope-specific interferences with Ar,

Isotope Atomic mass Abundance Interferences Resolution Coefficient of
P (m/z) (%) required T determination (R?)
Se 73.9225 0.89 A~ 3SAr - 0.9809
Se 75.9192 9.37 AT, “Ar - 0.9224
77Se 76.9199 7.63 - - 0.9999
83e 779172 23.77 BAr, “Ar 9,970 0.9414
80ge 79.9165 49.61 YOAr, “Ar 9,521 0.9988
82Ge 81.9167 8.73 - 10,891 0.9993

TReference from S. D’llio et al. (2011)

lower required resolution compared to *Se and **Se
can lead to increased interference in the separation
(Table 1). Sonia D’llio et al. reported that oxygen gas
is useful to avoid interference of argon gas for Se
analysis and also doesn’t require high resolution
instrument such as ICP-SFMS (inductively coupled
plasma sector field mass spectrometry).’ For these
reasons, the isotope selected for this study was **Se,
as it exhibited good linearity in the calibration curve
and did not interfere with the Ar gas.

In order to avoid interference of Ar gas in Se analysis,
oxygen (O,), ammonia (NH;), methane (CH,4), and
nitrous oxide (N,O) as a reaction gas were employed
in the previous studies.*®* These varied reaction
gases can provide interference reduction, improved
detection limit, and reduced on-peak background
levels. Among those reaction gases, ammonia is not
preferred to analyze Se in soil due to endothermal
reaction between Se and NHj;. In case of CHy4, when
the sample contains high concentration of Ca, CH,
can interfere with Ar gas.

In addition, N,O is also inadequate to analyze Se
because of disproportion of N,O and instability of
NO in high pressure. Meanwhile, the high ionization
potential of O, (12.07 eV) prevents the formation of
exothermic oxidation channels for most cations,
enabling accurate measurement of low Se concentra-
tions in soil.*’ For this reason, O, was adapted for a
reaction gas to measure Se with the flow rate varied
from 0.1 to 0.5 mL/min to determine the optimal
conditions for Se analysis in soil. The optimal ICP-MS
conditions obtained in this experiment are summarized
in Table 2.
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Table 2. Optimized operating conditions for ICP-MS for Se
measurement in soil

Parameter Value
ICP-MS
RF power 1600 W
Plasma gas flow 15 L/min
Auxiliary gas flow 1.2 L/min

Nebulizer gas flow 0.98 — 1.02 L/min

DRC

O, reaction gas flow 0.3 mL/min
Quadrupole rod offset -10 Vv
Rejection parameter q (RPq) 0.8

3.2. Quality analysis and quality control (QA/

QC) for Se analysis in soi
To evaluate the accuracy and precision of the

analytical process using the standard addition method
(SAM), soil samples with a known concentration
(0.16 + 0.01 mg/kg) were spiked with two Se concen-
trations (Z7able 3). The result from the recovery test
showed that recoveries of 91.6 % for the low
(0.33 mg/kg) and 97.1 % for the high (3.33 mg/kg)
concentration levels were achieved in the spiked soil
samples. The precision expressed as RSD in two
concentration levels were 1.35 % and 1.43 %, respecti-
vely. In addition, the accuracy was re-evaluated using
soil CRM (Table 3) containing Se certified value of
1.81 mg/kg, with a level of confidence of approximately
95 % and an uncertainty of 0.13 mg/kg. The test resulted
in a recovery of 93.3 % and an RSD of 0.65 %.

The LOD and LOQ were determined by spiking
soil samples with the lowest concentration (1 pg/kg)
from the linear calibration curve and analyzing them
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Table 3. Accuracy and precision of the developed method

SAM Amount added Amount recovered Accuracy Precision
Spike levels (mg/kg) (mg/kg) (Recovery, %) (RSD, %)
Low 0.33 0.31+0.01 91.6+1.2 1.35
High 3.33 3.24+0.05 97.1+14 1.43

CRM Certified value Amount recovered Accuracy Precision
(mg/kg) (mg/kg) (Recovery, %) (RSD, %)
LGC6145 1.81+0.13 1.69 + 0.01 93.3+0.6 0.65

Table 4. Limit of detection (LOD) and limit of quantification

Table 5. Selenium concentration in field samples analyzed

(LOQ) using developed analytical method
Equipment LOD (ug/kg) LOQ (ug/kg) Sample  Concentration Sample Concentration
ICP-MS 0.15 0.44 name (mg/ke) name (mg/ke)
ICP-AES 6.89 20.88 Soil 1 0.49+0.023 Soil 11 0.35+0.026
Soil 2 0.23 £ 0.002 Soil 12 0.11 +0.008
Soil 3 0.14 £ 0.006 Soil 13 0.17 £ 0.006
. . Soil 4 0.16 £ 0.009 Soil 14 0.15+0.015
seven times. Additionally, to compare these values Soil 5 0.11 = 0.009 Soil 15 0.15+ 0.006
with another instrumental method, LOD and LOQ Soil 6 0.43 + 0.015 Soil 16 0.13 + 0.023
were also calculated using an ICP-AES instrument Soil 7 0.28 + 0.008 Soil 17 0.15+0.023
(iCAP 7000 Series, Thermo Fisher Scientific) and Soil 8 0.21+0.004 Soil 18 0.52+0.023
are presented in Table 4. The LOD and LOQ for the Soil 9 0.30£0053  Soil 19°0.30+0.004
ICP-MS method were established at 0.15 pg/kg and Soil 10 0520030 Soil 20 0.19+0.013
0.44 pg/kg, respectively. In contrast, the LOD and
LOQ values for ICP-AES were found to be 6.89 uglkg ~ geology of the soil.***!

and 20.88 pg/kg. This comparison demonstrates that
the LOD and LOQ for ICP-MS are significantly
lower than those for ICP-AES, indicating superior
sensitivity of the ICP-MS method.

3.3. Method utiization concentration of selenum
in field samples

A comprehensive Se analysis using ICP-MS was
conducted on a total of 20 topsoil (0—15 cm) samples
collected from diverse regions across South Korea.
The results are presented in 7able S as the mean and
standard deviation (mean + SD), obtained from three
replicate experiments. The results for Se concentration
in arable soil samples were determined to range from
0.11 to 0.52 mg/kg. The Se content of the soils
analyzed in this study is similar but tends to be lower.
This is likely due to the influence of various physi-
cochemical and environmental parameters such as
organic-mineral binding, accumulation, transport, and
bioavailability of Se in the soil, in addition to the

Previous studies have demonstrated that the Se
content of granite-bearing soils ranges from 0.15 to
1.01 mg/kg.> This result agrees with our study that
the sampling sites were in area where was characterized
by igneous rocks known as predominantly comprised
of granite-bearing material and showed low Se con-

centrations.>>>*

3.4. Relationships between Se content in

samples and physicochemical properties
The correlation between Se content and soil physi-

cochemical properties is presented in 7able 6. Chemical
forms of selenate (SeO4") and selenite (SeO;>") are
the primary forms of Se in typical agricultural soils,
both of which possess anionic properties.’”> Among
the physicochemical properties, significant correlation
was obtained for CEC, Av. P and Cu, while pH, EC,
SOM, Ni, Zn, Pb, As and Hg showed no significant
correlations. Concentration of Se exhibited a positive
correlation with CEC, Av. P, and Cu at 0.56 (p <0.05),
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Table 6. Correlation of physicochemical properties of soils related to Se concentration (n= 20)

Variables pH EC CEC Av. P SOM

Cu Ni Zn Pb As Hg

Se 0.08 0.15 0.56"

0.61" 0.39

0.47 0.12 0.39 -0.08 -0.05 0.30

*Correlation are significant at p < 0.05; **Correlation are significant at p < 0.01.

0.61 (p<0.01), and 0.47 (p < 0.05), respectively. While
phosphorus has been demonstrated to facilitate Se
extraction, its correlation may be influenced by the
availability of crops across different species.’®>’ Cu
exhibited a significant positive correlation in this study,
in contrast to prior results which suggested a non-
significant negative correlation.”® Numerous factors
can influence this correlation, including soil type, the
mineral content available to plants, sampling depth,
the type and content of oxides, as well as potentially
low selenium concentrations.> '

The physicochemical properties that were not found
to be significant in this study include pH, which
exhibited a weak negative correlation, increasing in
significance with the subsoil layer.” The anionic
nature of Se in soil is typically anticipated to exhibit
a negative correlation with pH. However, in this
study, topsoil samples were collected and analyzed,
leading to the conclusion that varied research outcomes
may have resulted from the influence of factors
exhibiting stronger correlations than pH. To clarify
the correlation between Se and pH, it is necessary to
consider various factors such as the mobility of Se in
the soil in accordance with pH, and the adsorption of
Se in the soil due to aluminum and iron oxides.***
Regarding the correlation with SOM, previous
studies have indicated that Se is bound to 67—86 %
colloidalized organic matter in soil, thus suggesting an
anticipated positive correlation between organic matter
and Se.%

4. Conclusions

This research developed and validated a method
using oxygen as a reactive gas in ICP-MS for the
effective quantification of selenium (Se) in soil samples.
The isotope of Se to be analyzed was selected as
82Ge, and the method demonstrated good sensitivity
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and accuracy, with low detection and quantification
limits that facilitate the assessment of Se at trace
levels. When applied to agricultural field samples,
the concentration of total Se was found to be in the
range from 0.11 to 0.52 mg/kg, which is similar to
previous studies with granite as the underlying bedrock.
An investigation of correlations with soil physico-
chemical properties was conducted and found
significant positive correlations were found in CEC,
Av. P, and Cu. However, due to the lack of studies on
Se and variables, it will be important to consider soil
characteristics and the physiological characteristics
of the crops grown to understand the relationship
between Se and variables according to specific
agricultural soils. This study confirms the utility of
the method for accurate monitoring of Se in agricultural
soils, contributing to better dietary management and
public health policies regarding Se exposure.
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