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HIGHLIGHTS GRAPHICAL ABSTRACT

e Novel method to capture volatile Se in
high-humidity and low-concentration
paddy.

e Detection limits of 1.2 pg and 1.4 pg for
DMSe and DMDSe were achieved.

e DMDSe was identified as the primary
volatile Se form in soil and rice plants.
e A potential plant-based volatile organic

Se species was discovered.
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ARTICLE INFO ABSTRACT

Editor: Christopher Rensing Selenium (Se) volatilization represents a crucial component of the Se biogeochemical cycle in paddy systems.
However, current existing methodologies for capturing volatile Se (VOSe) in high-humidity and low-volatility

Keywords: paddy systems are insufficient. This study developed an innovative approach to capture and quantify VOSe

VOIaFile_ selenium from soil and rice plants, such as DMSe (dimethylselenide) and DMDSe (dimethyldiselenide). Initially, the ef-

;f:;fé:;‘traﬁon ficacy of preconcentration was enhanced by optimizing the sampling apparatus, which significantly reduced

HPLC-ICPMS water vapour by 43.5 % and increased the Se concentration by 37.7 % within 6 h sampling. Subsequently,

HPLC-ICPMS analysis refinements included the screening and optimizing chromatographic columns and mobile
phases, achieving absolute detection limits of 1.2 pg and 1.4 pg for DMSe and DMDSe, respectively. For vali-
dation, VOSe were quantified in the paddy systems, with DMSe and DMDSe volatilized rates from soil measured
at 16.5549.94 ng-m 2h~! and 124.49+120.34 ng-m >h"?, and from rice plants at 38.38+29.85 ng-m 2-h!
and 72.54+94.66 ng-m~2-h "}, respectively. Additionally, volatile HoSe and potential plant-based volatile organic
Se species were found. This represents the first accurate and sensitive method for the in-situ capture of trace
VOSe in high-humidity, low-volatility paddy systems, providing invaluable insights into the biogeochemical
processes of Se volatilization.

Paddy systems
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1. Introduction

Selenium (Se), an essential dietary trace element, is bio-
geochemically cycled as various species in the environment, impacting
human and animal health (Tan et al., 2016; Wen and Carignan, 2007;
Winkel et al., 2012). Annually, terrestrial ecosystems release an average
of 19.7 Gg gaseous volatile Se (VOSe) into the atmosphere (Feinberg
et al., 2020). Despite atmospheric deposition more than 12.9Gg to the
soil, approximately 7 Gg-yr~! Se is transferred from land to the ocean via
the atmosphere (Feinberg et al., 2020). Se in soils is the primary factor
determining the Se concentration in crops, which is a crucial source of Se
intake for humans (Combs, 2001). This implies that the release of VOSe
can decrease soil Se concentrations and therefore Se levels in crop food
and dietary intake (Blazina et al., 2014; Feinberg et al., 2021; Feinberg
et al., 2020; Vriens et al., 2014b).

Rice plants, which serve as a fundamental staple crop for Se intake
for more than half of the global population (Fukagawa and Ziska, 2019),
covert inorganic Se species (selenite (Se[IV]) and selenate (Se[VI])) to
selenoaminoacids(e.g., SeMet (selenocysteine) and MeSeCys (methyl
selenocysteine)) and thus to volatile dimethylselenide (DMSe) and
dimethyldiselenide (DMDSe) (Kushwaha et al., 2022; Sun et al., 2010).
Similarly, soil microbes in paddy systems mediate the formation of
DMSe and DMDSe (Chasteen and Bentley, 2003), yet the types and
quantities often vary (Heine and Borduas-Dedekind, 2023; Zhang and
Frankenberger, 1999). DMSe and DMDSe have been identified as major
components of VOSe (Chasteen and Bentley, 2003; Kushwaha et al.,
2022; Quang Toan et al, 2019). However, it remains ambiguous
whether their release by soil microbes and rice in paddy systems results
in decreased Se in soil and rice. While VOSe in paddy systems can be
indirectly assessed using a Se volatilization model (Feinberg et al.,
2020), this method entails considerable uncertainty and only estimates
the total VOSe. Nevertheless, it is imperative to note that the volatili-
zation rate is intricately linked to the speciation of VOSe (Zhang and
Frankenberger, 2000). DMSe has a significantly lower vapour pressure
(0.38 kPa) and a faster volatilization rate than DMDSe (32 kPa) (Karlson
et al., 1994). Therefore, there is a strong need to accurately assess the
speciation, sources, and fluxes of VOSe to comprehensively evaluate the
biogeochemical cycle of Se in paddy systems.

However, accurately quantifying the speciation and concentrations
of VOSe in paddy systems initially requires an appropriate preconcen-
tration method, which is a considerable challenge. DMSe and DMDSe
have been extracted from plants (Dietz et al., 2003; Duan et al., 2009;
Meija et al., 2002), water (Pecheyran et al., 1998), and urine (Bueno and
Pannier, 2009) using headspace solid-phase microextraction (HS-SPME)
(Dietz et al., 2003; Duan et al., 2009; Meija et al., 2002) and purge and
cryogenic trapping (PT-CT) (Feldmann, 1997; Pecheyran et al., 1998)
for preconcentration. While complicated pretreatment for HP-SPME and
pressurized gases (e.g., He) for PT-CT is highly impractical for analysing
VOSe in paddy systems. Activated carbon, which has high-efficiency
adsorption and portable deployment, is widely used to quantify VOSe
in soil (Biggar and Jayaweera, 1993; Zhang and Frankenberger, 1999;
Zhang et al., 1999), plants (Banuelos et al., 2005; Biggar and Jayaweera,
1993; Lin et al., 1999), and the atmosphere (Haygarth et al., 1994). But
the strong adsorption of activated carbon makes desorption and speci-
ation analysis challenging. Another method for the preconcentration of
VOSe species involves using strong oxidizing solutions (Winkel et al.,
2010; Zhang and Frankenberger, 2000). For example, DMSe and DMDSe
can be converted into stable dimethylselenosulfoxide (DMSeO) and
methylseleninic acid (MSeA) respectively by HNOg oxidization (Winkel
et al., 2010), and this method has been used to quantify DMSe and
DMDSe from wetland (Vriens et al., 2014a, 2014b) and Antarctic soils
(Ye et al., 2021). However, HNOs absorbs water vapour, increasing
volume and decreasing concentration, which reduces the accuracy and
stability of speciation and quantification, particularly in high-humidity
paddy systems. Consequently, methods for preconcentrating VOSe in
high-humidity and low-volatility paddy system fields are lacking.

Science of the Total Environment 957 (2024) 177514

In addition, the analytical method following preconcentration is
another critical process for accurately identifying VOSe speciation. Gas
chromatography (GC) (Le Bras et al., 2023) and high-performance liquid
chromatography (HPLC) (Vriens et al., 2014a, 2014b; Ye et al., 2021)
are the primary methods for separating Se species. HNO3 trapping
combined with HPLC can capture and identify VOSe more quickly
(Vriens et al., 2014a, 2014b; Ye et al., 2021) than SPME (Dietz et al.,
2003; Duan et al., 2009; Meija et al., 2002) and PT-CT (Feldmann, 1997;
Pecheyran et al., 1998) combined with GC. Furthermore, inductively
coupled plasma mass spectrometry (ICPMS) has high sensitivity and low
detection limits and is more suitable for analysing samples that contain
low concentrations than atomic absorption spectroscopy (AAS) (Martens
and Suarez, 1999), atomic emission detector (AED) (Campillo et al.,
2007) and atomic fluorescence spectroscopy (AFS) (Pecheyran et al.,
1998). Accordingly, HNO3 preconcentration followed by HPLC-ICPMS
detection is a potential method for analysing VOSe (Vriens et al., 2014a,
2014b; Ye et al., 2021). However, the strongly acidic of HNOg affects
sample separation using chromatographic columns(Vriens et al., 2014a;
Ye et al., 2021), which are generally suitable for pH range of 1-14.
Previous studies have detected the DMSeO and MSeA in HNOj3 though
direct dilution, but these methods do not address the influence of
salinity and acidity in samples. Therefore, screening and optimizing
suitable chromatographic columns and mobile phases to decrease the
influence of salinity and acidity is crucial for obtaining qualitative and
quantitative results of VOSe from high-humidity and low-volatility
paddy systems.

Here, we developed a sensitive and accurate method for both the
speciation and quantification of volatile DMSe and DMDSe from soil and
rice using in situ moisture removal capture and ion exchange chroma-
tography (IEC)-HPLC-ICPMS analysis. Initially, this method optimized
outdoor capture devices, reducing moisture interference while ensuring
the efficient capture of VOSe. Subsequently, the separation effects of
PRP-X100 and PAX-500 in different mobile phases have been studied,
achieving 15 min separations of different VOSe in 0.5 mol-L™! NH4;NO;
matrix samples. Finally, we captured and measured VOSe in a high-
humidity and low-volatility soil-rice system from Enshi of China,
known as the “Se Capital of the World,” and identified another potential
plant-based volatile organic Se, demonstrating the accuracy and appli-
cability of this method for analysing VOSe in paddy systems.

2. Materials and methods
2.1. Chemicals

DMSe ((CH3)2Se, 99 %) and DMDSe ((CH3)2Ses, 99 %) are
commercially available from Alfa Aesar and are diluted 1000 times in
methanol to prepare a working solution, following the method described
by Winkel et al. (2010). Standard substances, such as selenite (Se[IV],
99 %), selenate (Se[VI], 99 %), and methylseleninic acid (MSeA, 95 %),
for trapping products verification were purchased from Sigma-Aldrich.
Chromatographically pure ammonium nitrate (NH4NO3), ammonium
acetate (NH4Ac), ammonium citrate (CcHgO7-NH4), ammonium dihy-
drogen phosphate (NH4H3PO4), aqueous ammonia (NOs-H30), acetic
acid (CH3COOH), and methanol (CH3OH) for the mobile phases were
also purchased from Sigma-Aldrich. All other reagents used were of
analytical grade or higher purity, were diluted with 18.2 MQ high-purity
deionized water, and were generated using Milli-Q.

2.2. Indoor preconcentration experiments

The preconcentration efficiencies of DMSe and DMDSe were studied
using the preconcentration apparatuses shown in Fig. 1a and b. Specif-
ically, the flowmeter, Teflon T-junction, and three 25 mL brown boro-
silicate gas-washing bottles (containing 10 mL HNOs, twice-distilled,
69.5 %) were sequentially connected using platinum-cured silicone
tubing. Following a 20 min purge of the preconcentration system with
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50 mL-min~! Ny, 10 pL of diluted DMSe and DMDSe working solutions
were injected via a micro gas chromatography syringe. HNO3 was used
to oxidize the VOSe compounds DMSe and DMDSe into specific forms,
DMSeO and MSeA, respectively (Winkel et al., 2010). And DMSeO and
MSeA can be directly used for qualitative and quantitative analysis by
HPLC-ICPMS. This preconcentration system exemplifies ideal laboratory
conditions. However, in field preconcentration experiments, water
vapour, along with VOSe, enters the preconcentration system,
increasing the volume of the trapping solution to >10 mL (see Section
3.1 for details). To minimize the influence of water vapour, a gas-
washing bottle (containing 10-15 mL ultrapure water) was positioned
ahead of the Teflon T- junction to simulate water vapour volatilization,
and a drying tube (filled with soda lime,2-5 mm, Sigma-Aldrich) was
installed before the trapping bottle to remove water vapour, thus
reducing its interference with the trapping of VOSe.

2.3. Field preconcentration experiment

The VOSe released from the paddy soil was trapped, as shown in
Fig. 1c. The sampling flux box (transparent polypropylene box, 47 L, 0.3
m?), drying system, indoor preconcentration system, and vacuum pump
(60 L-h™!, KNF) (Vriens et al., 2014a) were connected by Teflon tubing
in the paddy fields at three regions (high-Se: soil = 19.76 ppm, middle-
Se: soil = 4.45 ppm and low-Se: soil = 0.53 ppm) of Enshi, China. To
balance the atmospheric pressure and determine the atmospheric Se
background, the other end of the flux box was connected to the outside
using an activated carbon tube (0.6 g, ThermoFisher), which was used
for Se capture in a previous study (Banuelos et al., 2005; Schilling and
Wilcke, 2011; Zhang et al., 1999).

The preconcentration scheme for VOSe from rice was similar to that
used in paddy fields (Scheme 1). Rice potted in well-mixed Se-rich
natural soil from three regions mentioned above was enclosed within a
hermetically sealed acrylic tube, and a similar gas pipeline system was
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used to preconcentrate Se volatilized from the rice metabolism, as
shown in Fig. 1d. To determine the soil background, two similar thriving
rice potted plants were selected. One potted plant was used directly for
trapping volatile Se from rice, while the other had its aboveground parts
cut off at the water surface level, leaving the rest of the plant to simul-
taneously capture Se for background deduction. Supporting information
is provided in Text S1. The drying system was replaced every 6 h, and
the trapping solution was changed every 12 h (Section 3.1). The trap-
ping solution (HNOs) from the brown bottle was transferred to 20 mL
precleaned brown glass vials.

2.4. Analysis of total gaseous Se and speciation

To mitigate the influence of Ar? (m/z = 76, 78 and 80), total Se (m/z
= 78 and 80) was quantified by ICPMS with an instrument (Agilent
Technologies 8900, USA) equipped with an oxygen collision cell after 10
predilutions of the trapping solution. The mass values detected for the
analytical element Se and the internal standard element Ge were 94 (m/
z = 78 + 16) and 88 (m/z = 72 + 16), respectively (Text S2). Se
speciation analysis initially involved the addition of 1 mL of the trapping
solution (HNO3) and NH3-H>O in an ice water bath to form a 0.5 mol.L !
NH4NOs salinity system with a pH of 7.5, which ensured chromato-
graphic column separation efficiency without the use of a strong acid.
Subsequently, an HPLC instrument (Agilent Technologies 1100, USA)
was used, with the mobile phase eluting at a flow rate of 1 mL min~' and
an injection volume of 100 pL. And the sample was injected into anion
exchange PRP-X100 (Hamilton, 4.6x250 mm, 5 pm) and PAX-500
(Thermo Scientific, 4x250 mm, 8.5 pm) columns. The eluate was
mixed with the internal standard Ge through a T-junction before
entering the ICPMS for analysis. The speciation was identified by
matching retention times and quantified by peak integration using
MassHunter Workstation (Agilent Technologies, USA) software. Un-
known Se speciation was analysed by a Q Exactive instrument (Thermo
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Scheme 1. Preconcentration coupled with HPLC-ICPMS to analysis VOSe from paddy systems.

Fisher Scientific, USA). Isocratic elution was performed at a flow rate of
1 mL-min~! with 10 mM ammonium acetate (pH 7.5) and 1 % methanol
as the mobile phases and PAX-500 as the chromatographic column.
Additional information is provided in Table S1.

All the above experiments were conducted in triplicate to express the
uncertainty and errors that is associated with the analysis. Sample
pollution was strictly controlled during the collection, pretreatment, and

analytical processes. The glassware used for capture and storage was
heated at 480 °C for 3 h after being thoroughly cleaned, and the other
containers were rinsed with ultrapure water three times before use and
completely dried. After collection, the samples were transferred quickly
and sealed in three-layer self-sealing bags.
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3. Results and discussion
3.1. Preconcentration method

3.1.1. Construction and evaluation of preconcentration

Se preconcentration experiments utilizing a capture device config-
ured for indoor experimentation revealed a capture efficiency for DMSe
and DMDSe mixture of 83.9 + 4.0 % in first trap and <1 % in second and
third trap (Fig. 2a), which is similar to previous studies by Winkel et al.
(2010) and Ye et al. (2021). However, this ideal indoor simulation was
unsuitable for outdoor environments characterized by high humidity
and low Se concentrations, with an 85.8 % of the weights increase in
trapping solution observed after 12 h of continuous sampling in paddy
fields (Fig. 2c). To reduce water vapour interference, simulations of
water vapour volatilization and removal in the laboratory yielded pre-
concentration efficiencies for DMSe and DMDSe mix solution of 84.0
+3.5 % and 80.4+1.7 %, respectively (Fig. 2a). Trace amounts of water
vapour accompanying Se in the capture solution did not significantly
impact the Se preconcentration efficiency (p > 0.05) (Fig. 2b). Although
the excessively long piping and drying system reduced the DMDSe and
DMSe capture efficiency by 4 %, this reduction was significantly less
than the interference caused by water vapour on VOSe
preconcentration.

Compared to the indoor conditions, the decrease in water vapour
caused by the drying system was better demonstrated in the field envi-
ronment, with only an 8.0 % weight increase of trapping solution over 4
h, which was significantly lower than the 27.5 % increase for direct
capture. Moreover, the diminished absorption of water vapour led to a
46.7 % increase in trapping solution concentration, facilitating the
acquisition of more precise environmental data. It's noted that when the
capture time exceeded 8 h, the volume of the solution began to increase
rapidly (Fig. 2c), which means that the absorption of water vapour by
this desiccant was limited. Hence, it is recommended to replace the
drying tube every 4-6 h.

3.1.2. Time and efficiency of preconcentration

Fig. 2d and e illustrate the variation in Se preconcentration efficiency
with time in paddy fields. Both the Se concentration and content
exhibited a linear relationship with time (p < 0.05) within the first 12 h
of preconcentration, whereas prolonged sampling led to a logarithmic
curve in the preconcentration efficiency (p < 0.01). Because the drying
system cannot completely prevent the absorption of water vapour, an
extended preconcentration time will cause it to be ineffective, as evi-
denced by 78.8 % and 92.8 % increases in the weights of the two types of
trapping solutions after 24 h (Fig. 2c). Additionally, the contents
measured by both methods showed no significant differences within the
first 6 h (p>0.05). This observation might be because within a certain
concentration range, HNO3 can effectively retain VOSe, suggesting that
acid dilution within 50 % by water vapour does not significantly impact
the content of VOSe. However, employing a drying system can signifi-
cantly reduce moisture absorption, enhancing the capture efficiency and
sample concentration, particularly within the 4-6 h range, where the
concentration increased by 46.7 % and 37.7 %, respectively. Overa 12 h
sampling period, the weight increase was maintained within 30 % by
changing the drying system every 6 h. Thus, this method achieves higher
preconcentration efficiency and requires less time to obtain higher
concentration samples within 6-12 h, which is much less than that
previously reported (24 h) (Vriens et al., 2014a, 2014b; Ye et al., 2021).
Overall, this method can enrich VOSe in different environmental media
based on validation in actual field environments. When sampling in
high-humidity environments, it is recommended to use a drying system
and collect samples over 12 h.
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3.2. IEC-HPLC-ICPMS method

3.2.1. Prevention of interferences from matrices

In this work, Hamilton PRP-X100 and Thermo PAX-500 columns
were utilized to separate various Se species. The PRP-X100 column was
able to effectively separate DMSeO and MSeA in the four mobile phases
NH4NO3, NH4Ac, CgHgO7-NHy4, and NH4H,PO4, with retention times
ranging from 118 to 129 s for DMSeO and 158-235 s for MSeA,
respectively (Fig. 3, as-ds). Among them, NH4NOs and NH4H3PO4
demonstrated superior peak shapes and longer separation intervals
compared to the other solvents. Similarly, the PAX-500 column was able
to separate MSeA and DMSeO effectively using the same four mobile
phases, with retention times of 108-112 s for MSeA and 133-136 s for
DMSeO, respectively (Fig. 3, es-f3). Since PRP-X100 and PAX-500 are
anion exchange columns, the MSeA and DMSeO retention effects should
be similar. However, the retention behaviours of MSeA and DMSeO were
notably opposite.

Because of the neutralization dilution, we speculated that the sample
matrix significantly influences the separation of MSeA and DMSeO. In
fact, three signal peaks were found in the MSeA and DMSeO trapping
solutions separated by Q Exactive full scan PAX-500, occurring at 109 s,
135 s, and 307 s. Here, the peak at 135 s corresponds to DMSeO (m/z
128.949), while those at 109 s and 307 s represent MSeA (m/z
126.9656) (Fig. S2, Text S3). This is because the NH4NOs in the sample
matrix directly elutes MSeA. However, the presence of NH4NOs in the
MSeA matrix is inevitable, as the HNOs trapping solution requires
neutralization and dilution before analysis. Similarly, previous study
have reported that matrix effects lead to peak shifts when different
species of Se can be separated by direct 50-fold dilution in HNO3 (Vriens
et al., 2014a). Although the matrix interference can be reduced by
increasing the dilution, a higher concentration of Se in the initial solu-
tion is needed. Therefore, it is necessary to further optimize the matrix
effect to reduce its interference with sample separation.

3.2.2. Optimization of the column and mobile phase

Matrix effects are eliminated by purifying the sample and optimizing
the analytical method. Although the sample can be purified by adsorp-
tion and desorption (Karasinski et al., 2024), the additional experi-
mental process will increase the uncertainty. This study uniformly
diluted all the samples 30 times to a 0.5 mol-L™! NH4NO3 matrix to
mitigate interference from the solvent effect. Fig. 3 illustrates the sep-
aration effects of NH4NO3, NH4Ac, CgHgO7-NH,4, and NH4H,PO,4 for
various Se species using PRP-X100 and PAX-500 columns. Within the
PRP-X100 column, MSeA and DMSeO coeluted when directly eluted by
NH4Ac and NH4NOs, with retention times of 113-117 s (Fig. 3, by and
c). In addition to DMSe and DMDSe, HySe present in the environment
can be oxidized to Se[IV] or Se[VI] by HNOgs (Vriens et al., 2014a,
2014b). Although C¢HgO7-NHy effectively separates DMSeO (129 s) and
MSeA (158 s), it also directly elutes Se[IV], causing the overlap of MSeA
and Se[IV] at 158 s (Fig. 3, ag). In the PRP-X100 column, NH4H;PO4
proved to be the optimal mobile phase for the separation of DMSeO
(150 s), MSeA (263 s), and Se[IV] (400 s) from 0.5 mol-1L ! NH4NO3
matrix samples (Fig. 3d), but also for the separation of Se[VI] (Fig. S3
and Text S4).

In comparison to PRP-X100, the 0.5 mol-L™! NH4NO3 matrix in PAX-
500 directly retained MSeA and DMSeO without peak repetition at 108 s
and 135 s, respectively. However, C¢HgO7-NH4, NH4Ac and NH4H2PO4
also eluted Se[IV] (106 s) and Se[VI] (103 s-112 s), resulting in direct
overlap of MSeA, Se[IV] and Se[VI] in the 103 s-112 s region (Fig. 3, e-
g). Fortunately, NH4NO3 eluted MSeA, DMSeO, Se[IV] and Se[VI] at
109 s, 1355, 545 5, and 691 s, respectively (Fig. 3h). Although some Se
[IV] (29.6+ 3.2 %) and Se[VI] (<1 %) peaks drifted to 110 s, this drift
was stable, which did not impede qualitative and quantitative analyses
of Se species. Thus, the NH4NO3 matrix influences Se species separation,
but selecting appropriate chromatographic columns and mobile phases
can markedly enhance the separation effect and efficiency. In addition,
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Fig. 3. Separation of Se species in various mobile phases using PRP-X100 and PAX-500 columns. For PRP-X100: (a) C¢HgO7-NHy, (b) NH4Ac, (c) NH4NO3, (d)

NH4H,PO,; for PAX-500: (€) CeHgO,-NHy, (f) NH,Ac, (g) NH4NOs, (h) NH4H,PO,.

the neutralization method directly solves the problem of sample acidity,
which prevents damage to the column from HNOgs, and the dilution ratio
is 20 times lower than that of previous studies (Vriens et al., 2014a).
Comprehensively, the PRP-X100 column with NH4H,PO4 and the PAX-
500 column with NH4NOj in this study represent two Se species sepa-
ration methods suitable for analysing trace high-salt samples.

3.2.3. Evaluation of limit detection

The detection limits for PRP-X100 and PAX-500 are detailed in
Table 1, along with comparisons with detection limits from other
methods to further substantiate the viability and precision of the pre-
viously mentioned methods. All substances within the range of 0.2-20
ppb (RPR-X100) and 0.05-20 ppb (PAX-500) exhibited excellent line-
arity, with correlation coefficients exceeding 0.99 (Fig. S4). The abso-
lute detection limits (ADLs) of DMSeO, MSeA, Se[IV], and Se[VI] with

Table 1
ADLs and MDLs of VOSe species determined by different methods.
Preconc. Analysis method Species ADLs ® MDLs &P« Sample Ref
method (pg) (gL ™
DMSe 190 25
GC-AED DMDSe 50 7.0 Water Campillo et al., 2007
Se(IV) 20 3.0
[]))1\1/\[/[135; - ;gg Dietz et al., 2003
GC-ICPMS ];)I\I/\I/[Dssee - Z Plant Meija et al., 2002
HS-SPME ];)I\i\[/IDSSee - ;’3; Duan et al., 2009
]I]ODI\I/\I/IDSSee - g? Water soil and biological Ghasemi et al., 2011
GeMs DMSe 0.54 n,
DMDSe 0'42 ng Microbial Moreno-Martin et al., 2021
GC-ICPMS I])DI\I/\I/[DSSee g;z - Normal urine Bueno and Pannier, 2009
GC-ICPMS ];)1\1/\[/1138; - ;g Water Amouroux et al., 1998
PT-LT Total Se 66 0.033 pg-L ! Air Feldmann, 1997
-1
GC-AFS ];)1\1/\[/1138; 445 2; gi t’l Water Pecheyran et al., 1998
Tenax TA DMSe 9*1073 0.4 pgL! i s
adsorption TD-GC-ICPMS DMDSe 8+10-3 0.2 pgL! Air Le Bras et al., 2023
—1
Dl\l/\[/[ss:;) gi ;: gi E’l Soil Vriens et al., 2014a
DM 1.2 (12 pg-g 3pgl!
Static chamber HPLC-ICPMS/MS Se0 (2pgg ) 8.3pgl
MSeA 1.4 (14 pg-g ") 9.7 pg-L . .
Se(IV) 1111 pggh) 7.6 pgrL-! Soil and plant This study
Se(VI) 0.7 (7 pgg™h) 4.9 pgL7!

Note: a, MDLs = ADLs* Dilution Multiple/Recovery rate/preconcentration volume.

b, Preconcentration volume is 720 L of captured air volume within 12 h.
¢, Here, pg-L.! was the unit of MDLs for convenience in comparison with other methods. In practical applications, ng-m~2h~! was the unit. Text S5.
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the PAX-500 column were 1.2 pg, 1.4 pg, 1.1 pg, and 0.7 pg, respec-
tively. Correspondingly, the ADLs for DMSeO, MSeA and Se[IV] with the
RPR-X100 column were 15.0 pg, 15.0 pg, and 14.2 pg, respectively. The
determination of ADLs is significantly influenced by instrument sensi-
tivity and the signal-to-noise ratio. In this research, ADLs = (30-b)/a, (o,
a and b were the standard deviation, intercept and slope respectively).

Compared with ADLs, method detection limits (MDLs) are true in-
dicators for assessing method efficacy. In this study, the MDLs of PAX-
500 were 8.3 pg~L’1 (DMSe), 9.7 pg-L’1 (DMDSe), 7.6 pg-L’1 (Se
[IV]), and 4.9 pg-L’1 (Se[VI]). Here, DMSe and DMDSe were pre-
oxidized species of DMSeO and MSeA. The MDLs was generally lower
than those previously reported by other methods. Despite the fact that
two methods, low-temperature enrichment and material capture, can
achieve relatively low MDLs (0.033 pg~L_1 to 0.4 pg-L_l) (Feldmann,
1997; Le Bras et al., 2023), but low-temperature enrichment only reports
total Se in air (Feldmann, 1997), and material capture requires labora-
tory equipment modifications for thermal desorption (Le Bras et al.,
2023). In contrast, our method can enrich VOSe from soil and plants in
paddy environments and achieve lower MDLs through simple dilution,
representing an effective approach for pg-level environmental Se anal-
ysis. Additionally, while the MDLs of RPR-X100, 10.4 pg-L~! (DMSeO),
10.4 pg~L’1 (MSeA), and 9.9 pg-L’1 (Se[IV]), were higher than the PAX-
500 column, the former is sufficient for paddy systems analyses of VOSe
(Fig. S3) and is widespread availability in laboratories further supports
its potential for broad application.

3.3. Trace VOSe in the paddy systems

3.3.1. Quantitative and qualitative analysis VOSe

Using the developed method, VOSe was collected from soil and
plants in three regions of Enshi, known as the “Selenium Capital of the
World” (Fig. 1). Comprehensively, the concentrations of various Se
forms released from the soil were 16.5549.94 ng-m~2h~! DMSe and
124.49+120.34 ng:-m 2h~! DMDSe. In contrast, the plants released
38.38+29.85 ng-m~2-h~! DMSe and 72.54+94.66 ng-m~2-h~! DMDSe,
both exceeding the method detection limits (Fig. 4b). Among them,
DMSe and DMDSe released from soil were 15.31+1.93 ng-m~2h ! and
168.26+23.29 ng-m~2-h~! in high-Se region, 25.83+11.44 ng-m 2-h~*
and 194.964+151.56 ng-m 2h~! in middle-Se region, 8.51+3.12
ngm 2h! and 10.25+2.34 ngm 2h! in low-Se region. Corre-
spondingly, DMSe and DMDSe released from plants were 93.00+3.51

(a) A0 = MSeA DMSeO =——Se[IV] Se[VI] unkonw
100
DMDSe—MSeA
50
| soil
n 0 Se[IV]
N €
A -
3 150 N
H,Se
100 5 DMSe—DMSeO
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04 kb e
1 1 1 1 1 1
0 200 400 600 800 1000
Time(s)
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ng-m 2h~! and 246.58+21.11 ng-m 2h~! in high-Se region, 28.37
+3.24 ng-m~2h~! and 25.65+20.93 ng-m~2h~! in middle-Se region,
15.31+1.33 ng'm 2h! and 19.024+3.04 ng-m~2h ! in low-Se region.
This shows that the developed method can be applied to environments
with different soil Se concentrations. Additionally, small quantities of Se
[IV] and Se[VI] were found in the trapping solution from both soil and
plant Se volatilization (Fig. 4). The concentrations of Se[IV] and Se[VI]
in soil trapping solution were 0.55 +0.28 ng-g~* and 0.94 +0.58 ng-g ",
and that Se[IV] and Se[VI] in plants trapping solution were 0.24+ 0.06
ng-g ' and 0.14+0.04 ng-g~*. Given the use of ADL and MDL calculation
methods with higher confidence and detection limits, some Se[IV] and
Se[VI] concentrations were below the detection limit. However, the
contents of Se[IV] and Se[VI] could still be quantitatively analysed.

Furthermore, a potential plant-derived volatile organic Se compo-
nent was found (Fig. 4a). Previous studies have indicated that soil and
seawater may release minor amounts of DMSeS, alongside DMSe and
DMDSe (Le Bras et al., 2023). However, the order of reactivity for
oxidation reactions is Se—Se (172 kJ -rnol’l) > Se-S > S-S (240
kJ-mol™!) (Shao et al., 2018; Xu et al., 2013), making DMSeS more
predisposed to forming MSeA (Vriens et al., 2014a, 2014b). Thus, this
substance may not be DMSeS. Additionally, the elution time for this
compound was 506 s, positioned between MSeA and Se[IV]. This posi-
tioning leads to the hypothesis that the substance could be an organic
molecule exhibiting properties similar to inorganic Se. Because sub-
stances bearing organic functional groups are eluted before inorganic
salts in ion-exchange chromatography columns. This discovery sug-
gested that the potential plant-derived volatile organic Se component
might represent a third type of volatile organic Se. Such findings are
supported by research on Brassica juncea (Meija et al., 2002), which has
shown that plants can release other VOSe components, thus challenging
the traditional understanding that plant metabolism primarily focuses
on producing DMSe and DMDSe. This insight contributes to establishing
a new physiological and biochemical selenium cycle within plants.

3.3.2. Possible mechanisms for VOSe from different sources

Previous studies have shown that DMSe is the primary VOSe released
from soil, water, plants and other media (Bueno and Pannier, 2009;
Meija et al., 2002; Vriens et al., 2015). In contrast, in this study, volatile
DMDSe significantly exceeded DMSe in paddy soil, which was in
accordance with previous findings on wetland soil and marine volatili-
zation (Campillo et al., 2007; Vriens et al., 2014a, 2014b). Generally,

(b? Soil | Plant
10° 5
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& : . -
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Fig. 4. (a) VOSe species from soil and plants by PAX-500; (b) release flux of different Se species; triangles indicate MDLs (Text.S5).
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DMSe is more volatile than DMDSe due to its higher vapour pressure (32
kPa compared to 0.38 kPa for DMDSe) (Karlson et al., 1994), and it is
less readily absorbed by soil and water (Zhang et al., 1999). However,
the volatilization of DMSe is also influenced by soil and water, with only
4.3-16.8 % of DMSe released into the air from moist soil (Zhang et al.,
1999). Recent studies suggest that DMDSe, with its longer half-life
(Heine and Borduas-Dedekind, 2023), may exhibit a longer volatility
duration. Additionally, soil microbes mediate the formation of DMSe
and DMDSe through methylation, but different microbes produce
different methylation products; for instance, Staphylococcus aureus can
specifically produce DMDSe (Moreno-Martin et al., 2021). It is hy-
pothesized that the microbial community in paddy fields primarily
consists of microbes that produce DMDSe. Furthermore, Se[IV] and Se
[VI] are likely oxidation products of HySe. Although current research on
volatile HySe in microbes is limited, Se?>~ is widely recognized as an
essential product of Se metabolism (Kushwaha et al., 2022). Recent
studies have also shown that HsSe, like HyS (Liu et al., 2021), is an
important intracellular signalling molecule produced via the mediation
of selenoamides and cysteine (Kang et al., 2022).

Similarly, plants produce volatile DMSe and DMDSe. However, the
volatilization of Se, in the form of DMDSe and DMSe from plants, is
considered essentially equivalent. It is generally believed that plants
absorb tetravalent Se[IV], Se[VI] and organic Se from the soil, trans-
porting these forms into their tissues (Natasha et al., 2018; Quang Toan
et al., 2019). Due to selenium's chemical similarity to sulfur, this Se is
converted into selenoamino acids such as selenomethionine (SeMet) and
selenocysteine (SeCys). Plants subsequently convert SeMet and SeCys
into DMSe and DMDSe, respectively (Natasha et al., 2018). Since the
formation of DMSe and DMDSe in plants follows distinct pathways, the
production of VOSe may be more dependent on the plant's inherent
metabolic conversion efficiency (Wei et al., 2023). Additionally, the
presence of Se [IV] and Se [VI] in the trapping solution suggests that
plants may also generate HoSe. While Se?” is widely recognized as a key
step in the biological Se metabolism that transforms inorganic selenium
into organic selenium (Natasha et al., 2018), further investigation is
required to determine whether HjSe originates from this pathway.

Overall, both plants and microorganisms can produce VOSe, but the
differences in metabolic processes and pathways lead to variations in the
amount and forms of volatile selenium generated. More comprehensive
biochemical studies are needed to fully understand the metabolic
mechanisms of VOSe in microbes and plants, which could further
elucidate the complex biogeochemical cycle of selenium.

4. Conclusion

This study combined in situ moisture removal with
IEC-HPLC-ICPMS analysis to develop and validate a method for deter-
mining VOSe species in paddy soil-rice systems. The HNO3 preconcen-
tration method for capturing DMSe and DMDSe in the field proves to be
both swift to deploy and cost-effective, thereby enhancing the analysis
of VOSe in intricate environments. The collocation of RPR-X100 and
PAX-500 columns at high salinity enables rapid separation of different
species within 15 min, suggesting potential applicability in other high-
salinity environments such as seawater. Furthermore, this method
facilitated the first systematic analysis of VOSe species in paddy soil-rice
system, revealing that plants and soil not only DMSe and DMDSe but
also HySe and other VOSe species. Despite the low Se concentration
hindering the qualitative identification of the third possible VOSe spe-
cies in plants, it offers a promising direction for exploring the physio-
logical metabolic pathways of Se. Moreover, this method has the
potential to be applied in a wide range of natural environments, such as
grasslands, lakes, and swamps, proving useful for accurately assessing
the speciation, sources, and fluxes of VOSe. Comprehensively, this
prospective work provides a practical approach for characterizing the
environmental behaviour of VOSe in fields with high-humidity, low-
volatility and difficult capture, contributing to a more comprehensive
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understanding of the biogeochemical cycle of Se in terrestrial
ecosystems.
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