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A B S T R A C T

Hydrogen selenide (H2Se) plays a central role in selenium biochemistry, yet its quantitative determination re
mains analytically challenging due to its high volatility, instability, and rapid redox transformations in aqueous 
systems. In this study, a modified atomic fluorescence spectrometry (AFS) method was developed for the trace- 
level determination of hydride-derived selenium species generated as H2Se under controlled hydride-generation 
conditions in aqueous systems. A low dead-volume Teflon T-junction was incorporated to improve hydride- 
transfer stability and gas-liquid separation efficiency. Instrumental and chemical parameters were optimized 
systematically. H2Se generated from Se(IV) standards was quantitatively trapped in 0.1 mol L− 1 NaOH and 
subsequently measured by AFS. This method exhibited a linear response over the range 5–1000 µg L− 1, with a 
limit of detection of 1.4 µg L− 1. Recovery studies in ultrapure, tap, and mineral water matrices yielded 
97.3–101.8% with relative standard deviations ≤ 3.3%, indicating good accuracy and matrix tolerance. Cross- 
validation using graphite furnace atomic absorption spectrometry confirmed quantitative retention of sele
nium during the trapping step, although reduced sensitivity was observed at 5 µg L− 1. Overall, the proposed 
method provides a reproducible analytical approach for determining hydride-derived selenium species in 
controlled aqueous systems and in analytical studies of selenium redox transformations.

1. Introduction

Hydrogen selenide (H2Se) is a key metabolic intermediate in sele
nium biochemistry, bridging inorganic selenium compounds such as 
selenite and selenate with biologically active forms like selenocysteine, 
the 21st amino acid essential for redox-regulating selenoproteins 

(Cupp-Sutton and Ashby, 2016; Kuganesan et al., 2019). Beyond its role 
as a biosynthetic precursor, H2Se is increasingly recognized as a reactive 
and potentially regulatory gas transmitter with unique effects on cellular 
signaling, redox modulation, and enzymatic activity, which exhibits 
similar despite its emerging biological significance, the precise physio
logical behavior of H2Se remains poorly understood, primarily due to 
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substantial analytical challenges associated with its detection (Kang 
et al., 2022). H2Se is extremely difficult to quantify because of its 
inherent chemical instability. In aqueous environments, it rapidly un
dergoes acid-base dissociation (H2Se ↔ HSe- ↔ Se2-), autoxidation to 
elemental selenium (Se0), or reaction with thiols and disulfides to form 
unstable selenosulfide intermediates (Hankins and Lukesh, 2024). Its 
gaseous nature under physiological conditions and short half-life in 
oxygenated media further complicates direct measurement. Endogenous 
H2Se formed during the thiol-mediated reduction of selenite is transient, 
highly concentration-dependent, and sensitive to environmental pH and 
redox conditions, making real-time quantification essential for mecha
nistic studies (Tarze et al., 2007). However, the present study does not 
attempt to measure endogenous or biologically generated H2Se; rather, 
it focuses on its controlled analytical generation and detection. Current 
speciation methods, such as gas chromatography mass spectrometry 
(GC-MS) (Moreno-Martin et al., 2021; Zhou et al., 2025), 
high-performance liquid chromatography (HPLC) (Tutar et al., 2025), 
and inductively coupled plasma mass spectrometry (ICP-MS) (Bierla 
et al., 2025; Moreno-Martín et al., 2026) are optimized for stable sele
nium compounds and generally require derivatization, trapping, or 
multi-step sample preparation. These approaches are not amenable to 
detecting free H2Se in aqueous matrices, nor do they allow accurate 
assessment of dynamic transformations between selenium redox species 
(Li et al., 2025). Hydride generation atomic fluorescence spectroscopy 
(HG-AFS) provides an attractive alternative for selenium detection due 
to its high selectivity, low detection limits, and minimal matrix inter
ference (Irizarry et al., 2001; Nakahara et al., 1980; Skok et al., 2024; 
Zou et al., 2018). However, standard AFS configurations are not opti
mized for volatile selenium hydrides. Challenges include dead volume in 
tubing, inefficient gas-liquid separation, and signal instability caused by 
turbulent flow or bubble formation (Chen and Belzile, 2010; Evans et al., 
2020; Sanchez-Rodas et al., 2013). While some modifications have been 
proposed for detecting other hydride-forming elements (e.g., AsH3, 
SbH3)(Gao et al., 2024; Liu et al., 2025), specific adaptation for H2Se 
remains underexplored (Malik et al., 2019; Sánchez-Rodas et al., 2010). 
To date, all reported H2Se detection strategies rely primarily on fluo
rescent probes (Kong et al., 2016), which enable intracellular imaging 
but provide no quantitative information in environmental or aqueous 
matrices (Xin et al., 2020). Moreover, while reduced selenium species 
may form H2Se under strongly reducing or thiol-rich conditions, no 
analytical method currently enables direct measurement of this trans
formation in aqueous media (Hu et al., 2025).

To address these challenges, the present study applies established 
hydride-generation design principles to minimize dead volume and 
improve gas–liquid transfer efficiency. A Teflon T-joint was incorpo
rated as a low-dead-volume inline mixer, enabling controlled, laminar 
merging of hydrogen gas with the sample stream, thereby enhancing 
hydride-generation efficiency and minimizing turbulence-related signal 
instability. The design also reduces hydride losses associated with in
teractions at the tubing wall and improves transfer to the gas-liquid 
separator (GLS). While similar flow-path minimization approaches 
have been reported in hydride-generation systems for other elements, 
their application to the detection of hydrogen selenide in strongly 
alkaline matrices has received limited attention. Similar flow-path 
optimization strategies have been reported for hydride-forming ele
ments such as arsenic and antimony; however, their application to se
lenium, particularly in the context of hydride stabilization and purge- 
and-trap workflows in alkaline systems, remains limited. For trapping, 
0.1 mol L− 1 NaOH was selected because its high pH (~13) promotes 
rapid deprotonation of dissolved H2Se to HSe-/Se2- species, thereby 
reducing volatility and preventing oxidative loss during collection and 
storage. The use of 0.1 mol L− 1 NaOH also minimizes the risk of re- 
oxidation or disproportionation of the trapped analyte, which can 
occur in neutral or weakly acidic conditions (Schilling and Wilcke, 2011; 
Ueta et al., 2020; Wickstrom et al., 1991). Previous studies on hydride 
generation systems have demonstrated that sodium hydroxide, at 

comparable molarities, provides high trapping efficiency and chemical 
stability for other chalcogen hydrides, including H2S and H2Te, due to 
similar dissolution and stabilization mechanisms (Cao et al., 2017; Ueta 
et al., 2020). Method optimization was performed using a full factorial 
experimental design to evaluate the effects of NaBH4 concentration, 
NaOH composition, and gas-flow parameters on hydride formation and 
detection. Analytical performance was assessed by calibration, trapping 
efficiency, and cross-validation against GF-AAS after oxidation of the 
trapped species to Se(IV). In this study, H2Se is generated in situ from Se 
(IV) under controlled hydride-generation conditions and used as an 
analytical intermediate for quantifying hydride-forming selenium spe
cies, rather than being measured as a native analyte in the original 
sample. The method's applicability was evaluated using ultrapure, tap, 
and mineral water matrices, selected as representative controlled 
aqueous systems. These matrices were chosen to assess hydride gener
ation, transfer stability, and trapping efficiency under conditions rele
vant to analytical workflows commonly used for digested samples. The 
novelty of this work lies in the integration of flow-path minimization, 
external hydrogen-assisted hydride formation, and controlled in-line 
acidification into a unified HG-AFS workflow specifically adapted for 
unstable selenium hydrides in alkaline systems. Although the present 
work focuses on simplified aqueous matrices, the developed method 
provides a basis for future investigations involving more complex 
food-related systems and selenium transformation processes.

2. Materials and methods

2.1. Chemicals and reagents

Sodium selenite (Na2SeO3), sodium tetra borohydride (NaBH4, 98%, 
AR grade), sodium hydroxide (NaOH), hydrochloric acid (HCl, 37%), 
and ammonia solution (30%) were obtained from VWR International 
Ltd. (Leics, UK) and Acros Organics (Belgium). Ultrapure water (18.2 
MΩ cm) was produced using a Milli-Q Advantage A10 system (Merck 
Millipore, Germany). A 1000 mg L− 1 selenium stock solution was pre
pared from Na2SeO3 in ultrapure water and stored in the dark. Working 
standards (5–1000 µg L− 1) were prepared daily in 0.1 mol L− 1 NaOH to 
stabilize selenide/hydride-derived species during trapping and prevent 
volatility loss. The reductant solution (1.4% w/v NaBH4 was freshly 
prepared in 0.1 mol L− 1 NaOH immediately before use to prevent hy
drolytic decomposition. This 1.4% (w/v) NaBH4 solution was used 
exclusively for the initial hydride-generation step, in which Se(IV) was 
reduced under acidic conditions to generate H2Se gas for trapping and 
the preparation of working standards. For hydride generation, 3 mol L− 1 

HCl served as the acidic reaction medium. All glassware and Teflon 
components were soaked in 10% HNO3 for 12 h, rinsed extensively with 
ultrapure water, and verified to be free of selenium contamination by 
blank AFS scans prior to analysis. Although Se(IV) is known to slowly 
oxidize to Se(VI) in Teflon containers, freshly prepared standards were 
used within 2 h of preparation, minimizing oxidation-related artefacts. 
No measurable oxidation was detected in blank or control AFS runs.

2.2. Atomic fluorescence spectrometer configuration and instrumental 
modification

All fluorescence measurements were carried out using a PSA Mil
lennium Excalibur 10.055 Atomic Fluorescence Spectrometer (PS 
Analytical, Orpington, UK). The system was equipped with dual-channel 
peristaltic pumps, a standard gas-liquid separator (GLS), quartz atom
izer, photomultiplier tube detector, a drying tube, and PSA Millennium 
software (version 2.23). To improve the transfer stability of H2Se, the 
standard manifold was modified by incorporating a low-dead-volume 
Teflon T-joint based on established flow-path minimization principles 
used in hydride-generation systems. All solutions were introduced 
simultaneously using synchronised peristaltic pumping to ensure 
consistent mixing and reproducible reaction timing within the T-joint. In 
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the modified design, the sample stream and 3 mol L− 1 HCl are merged 
upstream for rapid in-line acidification, a controlled external H2 gas 
supply is introduced, and the combined stream is immediately directed 
to the GLS. This externally assisted configuration provides a continuous, 
stable flame independent of the reductant chemistry (NaBH4 & HCl) and 
improves signal reproducibility. The T-joint minimizes mixing volume, 
reduces bubble coalescence and turbulence, and shortens the hydride 
transport path, thereby reducing H2Se decomposition prior to atomi
zation. Because the sample matrix (NaOH + NaBH4) is acidified in-line 
with 3 mol L− 1 HCl, the resulting reaction forms only NaCl, which re
mains far below its solubility limit. No precipitation, clogging, or tubing 
deposition was observed across all experimental runs, confirming the 
chemical compatibility of the modified manifold. All optical and elec
tronic parameters (lamp current, slit width, EHT voltage) were adjusted 
according to the manufacturer's recommended settings.

2.3. Method optimization

Method optimization was performed in two sequential stages to 
ensure stable hydride formation, efficient H2Se transport, and repro
ducible AFS signal output. The optimization followed the workflow 
illustrated in Fig. 1. Method optimization was conducted in two 
sequential stages to improve clarity and reproducibility: (i) instrumental 
optimization of gas and liquid flow conditions in the modified HG-AFS 
manifold, and (ii) optimization of the NaBH4–NaOH reagent matrix 
used during AFS measurement. This sequential design enabled the 
establishment of stable flame conditions before evaluating the influence 
of reagent composition on signal intensity and hydride-transfer 
behavior. 

(a) Instrumental optimization: gas-liquid flow stability

In the first stage, a 22 full factorial design was applied to evaluate 
hydrogen gas flow rate and reagent flow rate as instrumental factors 
affecting flame stability and hydride transport. Only conditions pro
ducing a stable and uninterrupted flame were carried forward to the 
second stage. Two instrumental factors were evaluated as: 

• Hydrogen gas flowrate: 0.5 × 10− 6 and 1.0 × 10− 6 L min− 1

• Reagent flow rate: 0.5 and 1.0 mL min− 1

These parameters directly influence the continuity of the hydride 
flame, mixing efficiency at the T-joint, and the transfer of volatile H2Se 
to the GLS. Flame stability was assessed qualitatively (continuity, 
absence of flicker, atomizer noise), while peak height and integrated 
peak area (mAU) were recorded as quantitative responses. Only condi
tions producing a stable, uninterrupted flame were carried forward to 
chemical optimization. 

(b) Reagent matrix optimization

In the second stage, a three-level factorial design was used to assess 
the relative composition of NaBH4 and NaOH in the reagent matrix. Peak 
height and integrated peak area were recorded as quantitative re
sponses, while flame continuity and atomizer noise were monitored 
qualitatively to support practical selection of the final operating con
dition. To optimize the chemical composition that promotes maximum 
H2Se generation while preventing excessive foaming or turbulence. Two 
reagent factors were examined: 

• NaBH4: 10%, 40%, 70% (coded as –1, 0, +1)
• NaOH: 2%, 8%, 14%

These reagents jointly regulate reduction kinetics, solution pH, and 
hydride-forming efficiency inside the in-line acidification zone. Peak 
height and integrated peak area (mAU) were used as quantitative 

responses. Factor significance, interaction effects, and optimal condi
tions were determined through ANOVA-based model evaluation (R2, 
adjusted R2, lack of fit). A workflow diagram summarizing the optimi
zation strategy is presented in Fig. 1. The factorial design was employed 
as a systematic optimization tool; however, the primary objective of the 
study is the development and validation of a modified HG-AFS config
uration for improved hydride handling.

2.4. Method validation

Calibration was performed using seven selenium standards (5, 10, 
50, 100, 250, 500, and 1000 μg L− 1), each prepared freshly by diluting 
the Se(IV) stock solution into the optimized reagent matrix. For each 
calibration level, the standard was mixed with the optimized NaOH- 
NaBH4 solution immediately before analysis to ensure consistent 

Fig. 1. Workflow diagram for the development and validation of the optimized 
Atomic Fluorescence Spectroscopy (AFS) method.
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hydride generation conditions across all measurements. All standards 
were introduced into the AFS under the optimized instrumental settings, 
and each concentration was analyzed in triplicate. A calibration curve 
was constructed by plotting fluorescence intensity (mAU) against sele
nium concentration (μg L− 1), and linear regression analysis was per
formed. The limit of detection (LOD) and limit of quantification (LOQ) 
were calculated according to AOAC (AOAC International, 2016) and ICH 
Q2(R1) (ICH, 1995) guidelines using Eqs. (1) and (2): 

LOD =
3.3σ

S
(1) 

LOQ =
10σ
S

(2) 

where σ represents the standard deviation of ten blanks (0.1 mol L− 1 

NaOH + NaBH4) measured under identical conditions, and S is the slope 
of the calibration curve. This approach ensures that both LOD and LOQ 
reflect the actual background variability of the optimized hydride- 
generation matrix.

2.5. Trapping and recovery of H2Se in different aqueous matrices

Method applicability and matrix tolerance were evaluated in three 
aqueous matrices: ultrapure water, laboratory tap water, and commer
cial mineral water (ALDI, Debrecen, Hungary). Aqueous systems were 
selected because the formation of H2Se occurs exclusively during liquid- 
phase hydride reactions, and quantitative determination requires im
mediate stabilization of the gas in alkaline media to prevent volatiliza
tion, oxidation, or disproportionation. H2Se was generated by reacting 
Se(IV) standards (5, 10, 100 µg L− 1) with 1.4% NaBH4 and 3 mol L− 1 

HCl in a sealed hydride-generation vessel (Ueta et al., 2020). The 
evolved H2Se was purged using argon (1.5 × 10− 6 L min− 1) for 10 min 
and trapped in 0.1 mol L− 1 NaOH. The NaOH absorbent for each matrix 
was prepared using the same water type (ultrapure, tap, or mineral) to 
preserve ionic composition and ensure matrix-matched trapping effi
ciency. Trapped hydride species were quantified by AFS. Recoveries and 
relative standard deviations (RSD%) were calculated from triplicate 
measurements to assess accuracy and matrix tolerance. The inclusion of 
tap and mineral water enabled assessment of potential interferences 
arising from naturally occurring ions (e.g., Ca2+, Mg2+, HCO3

- , and Cl-), 
which may affect hydride formation, purging efficiency, or trapping 
kinetics. The trapped H2Se, stabilized in 0.1 mol L− 1 NaOH, was sub
sequently used as the working solution for analytical measurements in 
the AFS system. It should be noted that H2Se is not present in the initial 
samples but is generated during the hydride-generation reaction from Se 
(IV), and subsequently trapped and quantified. The trapping efficiency 
was evaluated under the selected purge conditions; however, the 
breakthrough capacity of the NaOH solution was not explicitly deter
mined. Although not quantitatively determined, the trapping capacity 
was considered sufficient for the concentration range studied based on 
complete recovery and absence of signal loss during extended purging. 
Given the low analyte concentrations and the strong alkaline conditions 
that promote rapid conversion of H2Se to non-volatile species, the 
trapping system was considered sufficient for the experimental range 
applied.

2.6. Cross-validation via graphite furnace atomic absorption spectrometry 
(GF-AAS)

Graphite Furnace Atomic Absorption Spectrometry (GF-AAS) was 
used as an independent validation tool to verify the total amount of 
selenium retained in the alkaline trap following hydride generation. 
Because GF-AAS cannot directly detect volatile H2Se, the trapped hy
dride species (present predominantly as HSe-/Se2- in 0.1 mol L− 1 NaOH) 
were oxidized to Se(IV), the oxidation state compatible with furnace 
atomization. For oxidation, each trapped solution was acidified to 2% 

(v/v) with concentrated HNO3 (69%), a protocol widely used for the 
quantitative conversion of reduced selenium species prior to GF-AAS 
analysis. Oxidation ensured full dissolution, prevented volatilization, 
and provided a chemically uniform analyte for calibration and mea
surement. Analyses were performed using a Shimadzu AA-7000 GF-AAS 
equipped with an autosampler, deuterium background correction, and a 
1% (w/v) nickel nitrate matrix modifier to improve analyte thermal 
stability during pyrolysis. After trapping, the same solutions were used 
as Calibration standards (1–150 µg L− 1) with 0.1 M NaOH. HNO3 was 
added to oxidize, and then the matrix modifier was added. A 10 µL 
aliquot was injected for all measurements. The complete furnace tem
perature program, including drying, pyrolysis, atomization, and clean
ing cycles, is provided in the Supplementary Information, Table S1. 
Since GF-AAS quantifies only the oxidized selenium content and does 
not directly detect H2Se, its role in this study was limited to confirming 
the quantitative retention and recovery of selenium following purge- 
and-trap. Comparisons with AFS thus reflect the accuracy of the trap
ping process rather than the hydride-generation behavior within the 
furnace system.

2.7. Statistical analysis

All statistical analyses were conducted using Python 3.13 and IBM 
SPSS Statistics 26. Data are reported as mean ± standard deviation (SD) 
based on triplicate measurements (n = 3). Factorial optimization data 
were analysed using ANOVA to identify significant main effects and 
interactions. Model adequacy was assessed using F-tests, p-values, R2, 
adjusted R2, predicted R2, and lack-of-fit statistics. The statistical anal
ysis was applied primarily to support experimental optimization and 
confirm factor significance rather than to develop predictive statistical 
models of analytical performance. For comparison of recovery values 
across matrices and concentrations, Tukey’s HSD test (α = 0.01) was 
applied. Duncan’s multiple-range test was used to assign groups ho
mogeneously where needed. All contour and surface plots were gener
ated using Jupyter Notebook (with Matplotlib and seaborn) and 
Microsoft Excel.

3. Results and discussion

3.1. Instrumental optimization for hydride generation and AFS stability

In conventional HG-AFS systems, hydride generation and flame 
support are typically coupled through the NaBH4–HCl reaction, which 
can lead to unstable gas evolution, particularly in alkaline matrices 
(Souza et al., 2022). In contrast, the present configuration decouples 
flame stability from reductant chemistry by introducing an external 
hydrogen source, allowing controlled hydride formation following 
in-line acidification. This modification, combined with reduced dead 
volume and improved mixing geometry, enhances hydride-transfer ef
ficiency and signal reproducibility for volatile selenium species. The first 
stage of method development focused on improving hydride-transfer 
efficiency and stabilizing atomization in the modified AFS system. In 
the standard method, H2 is normally produced in situ from the 
NaBH4-HCl reaction and serves simultaneously as the reductant for 
hydride formation and the fuel gas for sustaining the quartz atomizer 
flame. However, the present workflow required selenium samples to be 
introduced into a strongly alkaline NaOH-NaBH4 matrix, in which the 
conventional hydride-generation method is incompatible due to imme
diate hydrolysis, vigorous foaming, and unstable gas evolution. To 
overcome these limitations, an externally supplied hydrogen line was 
incorporated into the manifold to sustain the AFS flame and promote the 
controlled reduction of selenium species to H2Se following in-line 
acidification of the alkaline sample. A low dead volume Teflon T-joint 
was positioned between the sample outlet and the gas-liquid separator 
(GLS) to ensure rapid mixing and minimize hydride decomposition 
before separation.
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In the modified configuration (Fig. 2), the sample solution prepared 
in 0.1 mol L− 1 NaOH and NaBH4 is introduced through one channel 
(dark maroon-colored line), while a blank solution (0.1 mol L− 1 NaOH) 
is used for baseline correction (green colored line). A separate stream of 
3 mol L− 1 HCl (magenta colored line) is merged with the sample 
immediately prior to hydride formation to ensure rapid in-line acidifi
cation. In addition, an external H2 gas line (red line) is introduced solely 
to maintain a stable flame and improve atomization stability, whereas 
the chemical conversion of selenium species to volatile hydride still 
occurs via the NaBH4-mediated reduction step, activated by in-line HCl 
acidification. Thus, the role of external H2 is supportive rather than 
reductive, and hydride formation remains governed by the NaBH4/HCl 
reaction chemistry. Immediate acidification facilitates the rapid con
version of Se(IV) to volatile H2Se while preventing premature decom
position during transit. In the conventional method, bubble coalescence, 
hydride breakdown, and back-pressure formation typically occur. 
Relocating the mixing point to a low-volume connector positioned close 
to the GLS greatly reduced these losses, producing smoother flow pro
files, reduced flame flicker, lower baseline noise, and improved trans
port of freshly formed hydride. Fig. 3(a) shows the 2D view of the AFS 
equipment before the modification, and (b) represents the 2D view of 
the equipment after the modifications.

To identify optimal operational parameters, a two-factor full facto
rial design was applied, evaluating hydrogen flow rate (0.5 × 10− 6 and 
1.0 × 10− 6 L min− 1) and reagent flow rate (0.5 and 1.0 mL min− 1). Only 
the high-flow combination (Run E2) produced a stable flame, consistent 
hydride introduction, and reproducible signals. All other combinations 
resulted in intermittent atomization, insufficient hydride formation, or 
turbulence-driven loss of precision (Supplementary Information tables 
S2 and S3). Overall, this externally assisted hydride-generation strategy 
addresses the key limitations noted in previous hydride-generation 
configurations, namely dead-volume-induced turbulence, insufficient 
reduction in alkaline matrices, and hydride decomposition during 
transport. The optimized configuration improves hydride-transfer sta
bility and signal reproducibility for trace-level detection of selenium via 
hydride-derived species generated as H2Se in the modified HG-AFS 
workflow. Similar flame optimization strategies have been reported in 
hydride generation systems for arsenic and antimony detection 
(Rahman et al., 2000; Wietecha-Posłuszny et al., 2006), though their 
application to selenium, particularly in volatile hydride form, remains 
limited (Murillo et al., 2008). The current setup thus provides a tailored 
solution for trace H2Se detection while maintaining AFS signal stability 
and operational simplicity.

3.2. Optimization of reagent composition

The optimization results are interpreted in the context of improving 
hydride-generation stability and transfer efficiency within the modified 

manifold, rather than as an independent chemometric study. Following 
instrumental optimization, the chemical composition of the reagent 
system used during AFS measurement was evaluated to maximize signal 
response and hydride stability. It is important to note that this optimi
zation does not refer to the initial hydride-generation step used in 
standard preparation, in which H2Se is generated from Se(IV) using 
1.4% (w/v) NaBH4 under acidic conditions. Instead, the optimization 
focuses on the reagent environment within the AFS system during 
measurement. Although the modified AFS manifold employs externally 
supplied hydrogen to stabilize the atomizer flame and assist in-line 
reduction, the primary formation of H2Se occurs inside the sealed 
hydride-generation reactor, where Se(IV) reacts with NaBH4 under 
alkaline conditions. The efficiency of H2Se generation depends critically 
on the concentration of both the reducing agent (NaBH4) and the alkali 
stabilizer (NaOH), which control reaction kinetics, pH, and stability of 
the intermediate species (Bax et al., 1986; Elsayed et al., 2000). Sup
plementary Information table S4 presents the parameters for reagent 
optimization and the levels selected for optimization. A two-factor, 
three-level full factorial design was employed to investigate the effects 
of NaBH4 (10%, 40%, 70%) and NaOH (2%, 8%, 14%) on the fluores
cence signal intensity (mAU). The NaBH4 (10%, 40%, 70%) values 
represent the relative composition of the NaBH4–NaOH reagent system 
used during AFS analysis. The experimental matrix and corresponding 
responses are shown in Table 1. The highest observed signal intensity 
(6300.49 mAU) was recorded at 70% NaBH4 and 14% NaOH. However, 
this condition was not selected as the final working condition because 
higher reagent levels led to excessive gas evolution and less stable 
hydride-transfer behavior. In contrast, 40% NaBH4 and 8% NaOH pro
vided a more favorable balance among signal intensity, reductive effi
ciency, and operational stability. Therefore, it was selected as the 
practical operating condition for subsequent calibration and sample 
analysis. At higher NaBH4 levels (70%), excessive hydrogen evolution 
occurred, leading to vigorous foaming and gas–liquid disturbance that 
impaired consistent hydride transfer to the atomizer (Wang and Tyson, 
2014). Conversely, at lower NaBH4 concentrations (10%), reductant 
availability was insufficient for complete conversion of Se(IV) to volatile 
H2Se (Suzuki et al., 2012). The contour and surface plots (Figs. 4 & 5) 
clearly illustrate the strong positive influence of NaBH4 concentration on 
signal intensity.

Statistical analysis using ANOVA revealed that NaBH4 concentration 
had a significant influence on signal intensity (p = 0.013) 
(Supplementary Information table S5), whereas the effect of NaOH 
concentration and the interaction term were not statistically significant 
(p > 0.05). Although NaOH had a smaller effect on signal magnitude, its 
role in stabilizing NaBH4, controlling the reaction pH, and preventing 
premature decomposition of intermediate hydride species remains 
critical. The model showed a good fit with an R2 of 81.8% and a standard 
error of 1322.21 (Table 2). These results support the selection of 40% 

Fig. 2. Modified flow injection system for Hydrogen selenide (H2Se) detection. P1 and P2: Peristaltic pumps; V: Valve system; Gas-liquid separator and drier modules 
are integrated before signal detection.
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NaBH4 in 8% NaOH as the practical operating condition for subsequent 
measurements, considering both signal response and system stability. 
These findings are consistent with previous works, that moderate NaBH4 
concentrations enhanced signal strength in hydride generation AFS for 
arsenic detection, while excessive reductant led to reduced precision 
(Abdel-Lateef et al., 2013; Shraim et al., 1999). However, few studies 
have optimized this matrix specifically for H2Se, underlining the novelty 
of the present approach in establishing conditions that maximize both 
signal intensity and stability for this volatile analyte (Kratzer and 

Dědina, 2007).

3.3. Method validation

The analytical signal obtained in this study corresponds to hydride- 
derived selenium generated during the reduction of Se(IV), rather 
than direct measurement of pre-existing H2Se in the sample matrix.

3.3.1. Limit of detection (LOD) and limit of quantification (LOQ)
The quantitative performance of the optimized method was evalu

ated by constructing a seven-point calibration curve using selenium 
standards at concentrations of 5, 10, 50, 100, 250, 500, and 
1000 µg L− 1. Fluorescence intensity was plotted against concentration, 

Fig. 3. (a) 2D representation of the Atomic Fluorescence Spectroscopy (AFS) Instrument before modification and (b) after modification. Colored pathways indicate 
separate fluid and gas lines.

Table 1 
Reagent experimental design matrix.

Runs NaBH4 (%) NaOH (%) Response (signal, mAU)

E1 0 0 5220.00
E2 1 -1 6000.22
E3 0 0 5220.43
E4 1 1 6300.49
E5 0 0 5210.35
E6 -1 -1 500.49
E7 0 0 5230.31
E8 -1 1 600.43

Fig. 4. Contour plot showing the influence of Sodium borohydride (NaBH4) 
and sodium hydroxide (NaOH) concentrations on signal intensity (mAU).

Fig. 5. 3D surface plot representing the signal response (mAU) as a function of 
Sodium borohydride (NaBH4) and sodium hydroxide (NaOH) concentrations.

Table 2 
Model summary.

S R2 R2- (adj) R2-(pred)

1322.21 81.79% 68.13% 0.00%
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and the curve showed excellent linearity across the tested range, with a 
regression coefficient of determination R2 = 0.9973, indicating a strong 
correlation between signal and analyte concentration (Fig. 6). The 
regression equation was derived as: 

Signal(mAU) = 1.599 × [Se] − 14.91 

where [Se] is the selenium concentration in µg L− 1. The regression slope 
was statistically significant (p < 0.0001).

The limit of detection (LOD) is 1.4 µg L− 1, and the limit of quanti
fication (LOQ) is 4.2 µg L− 1, which were calculated according to AOAC 
(AOAC International, 2016) and ICH Q2(R1) (ICH, 1995) guidelines 
using the standard deviation of the blank (σ) and the slope (S) of the 
calibration curve, as described in the Section 2.4. These values 
demonstrate that the method is sufficiently sensitive to detect trace 
levels of selenium in environmental and aqueous matrices, particularly 
as selenium via hydride-derived species generated as H2Se under 
controlled conditions. Compared to conventional approaches, the 
modified AFS system exhibits strong analytical performance. Previous 
studies utilizing hydride generation with atomic absorption spectros
copy (HG-AAS) or ICP-MS reported comparable or slightly lower LODs; 
however, these methods often require more complex instrumentation, 
pre-reduction steps, or inert gas shielding to stabilize reactive selenium 
intermediates (Haygarth et al., 1993; Li et al., 2012). The current 
method achieves comparable sensitivity with a simplified setup and 
minimal sample handling, offering a more accessible and cost-effective 
solution for selenium speciation. Repeatability across calibration 
levels was consistently < 5% RSD, and signal stability was maintained 
over multiple runs, confirming the robustness of the modified system. 
Conventional HG-AFS methods typically achieve detection limits in the 
ng L− 1 range under direct measurement conditions (Nakahara et al., 
1980; Sanchez-Rodas et al., 2013). In contrast, the higher LOD observed 
in this study (1.4 µg L− 1) results from a multi-step workflow that in
cludes hydride generation, purge-and-trap collection, and subsequent 
analysis of the trapped solution. These steps introduce dilution and 
increased background variability associated with the alkaline trapping 
medium. Similar increases in detection limits have been reported in 
purge-and-trap-based hydride systems and multi-step analytical work
flows (Ueta et al., 2020). Therefore, the present method prioritizes 
controlled hydride stabilization and reproducibility over the achieve
ment of ultra-trace detection limits. It is important to note that the 
developed HG-AFS workflow does not provide comprehensive specia
tion of selenium in complex food or biological matrices. Instead, the 

method quantifies hydride-derived selenium species generated as 
hydrogen selenide under controlled hydride-generation conditions. 
Consequently, the analytical performance demonstrated here reflects 
the method's sensitivity in detecting reduced selenium species that can 
form volatile hydrides (Sanchez-Rodas et al., 2013). While this capa
bility may support mechanistic studies of selenium redox trans
formations or analytical workflows involving hydride-generation 
reactions, additional separation techniques, such as chromatographic 
speciation methods, would be required to complete the characterization 
of multiple selenium species in complex biological or food-derived 
samples (Ferreira et al., 2022).

3.3.2. Recovery and spiking of H2Se
The accuracy and trapping efficiency of the developed AFS method 

were evaluated using spike and recovery experiments performed at two 
concentration levels (5 and 100 µg L− 1) across three aqueous matrices: 
ultrapure water, tap water, and commercial mineral water. All samples 
were prepared in the optimized NaOH-NaBH4 matrix; the spiking ex
periments also evaluated the stability of hydride formation. In each case, 
Se(IV) standards were reduced with 1.4% NaBH4 in the presence of 
3 mol L− 1 HCl under the optimized hydride-generation conditions, 
generating volatile H2Se. The evolved gas was carried by argon into 
0.1 mol L− 1 NaOH, prepared using the corresponding matrix. The 
trapped selenium species were quantified using the modified AFS sys
tem. Fig. S1 (Supplementary Information Section) shows the schematic 
representation of the spiking experiment. Table 3 shows the recovery 
efficiency of the AFS method with various aqueous matrices with 
different spiked concentrations. Across all matrices and spike levels, 
recoveries ranged from 97.31% to 101.77%, with RSD values below 
3.3% (Table 3). Recoveries slightly exceeding 100% may be attributed to 
localized pH enhancement effects, improved bubble stabilization in the 
GLS, or minor spectral overlap, phenomena previously observed in 
hydride-based systems (Greda et al., 2015; Lampugnani et al., 2003). 
The consistency of recoveries across the tap and mineral water indicates 
that dissolved ions typically present in drinking water (e.g., Ca²⁺, Mg²⁺, 
HCO₃⁻, Cl⁻) do not significantly influence hydride formation or H2Se 
capture. These results align with previous findings that variable recov
ery of volatile selenium species depends on reductant concentration, 
reaction time, and carrier gas flow (Chatterjee et al., 2001; Suzuki et al., 
2012). Importantly, no statistically significant differences were 
observed between matrices or spike levels (Tukey’s HSD, p > 0.05), 
demonstrating the robustness of the method in diverse aqueous condi
tions. These findings demonstrate that the developed AFS approach 
reliably quantifies hydride-derived selenium species under controlled 
analytical conditions and may support future investigations of selenium 
redox transformations in aqueous systems. Comparable recoveries 
(94–102%) have been reported for selenium in drinking water using 
hydride-generation ICP-MS, although those workflows required exten
sive pretreatment and inert gas shielding (Robberecht and Van Grieken, 
1982).

It should be noted that the present validation was conducted 

Fig. 6. Calibration curve of selenium standards (5–1000 µg L− 1) measured 
using the optimized Atomic Fluorescence Spectroscopy (AFS) method.

Table 3 
Recovery efficiency and precision of Hydrogen Selenide (H2Se) detection in real 
samples.

Sample Spiked concentration (μg L¡1) Recovery (%) RSD (%)

Ultra-pure water 100 101.77 ± 0.9a 0.82
5 99.76 ± 1.6a 2.48

Tap water 100 99.77 ± 1.70a 1.71
5 97.31 ± 2.10a 2.15

Mineral water 100 100.43 
± 0.91a

0.90

5 101.01 
± 2.81a

3.26

Data are presented as mean ± SD (n = 3). Superscript letters indicate statistically nonsignificant dif

ferences between groups based on Tukey’s HSD test (p >0.05).
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primarily using spike-and-recovery experiments in relatively simple 
aqueous matrices, which confirm the efficiency of hydride generation, 
trapping, and detection under controlled analytical conditions. How
ever, the method's applicability to complex matrices requires further 
investigation, as components such as dissolved organic matter, proteins, 
lipids, thiol-containing compounds, and sulfide species may influence 
the kinetics of hydride formation and trapping efficiency. In typical 
analytical workflows, food samples are subjected to acid digestion (e.g., 
HNO3/H2O2), converting selenium species into soluble inorganic forms, 
predominantly Se(IV) and Se(VI), which are amenable to hydride gen
eration. Under such conditions, the proposed method could be extended 
to quantify hydride-forming selenium fractions, although additional 
clean-up or masking strategies may be necessary to minimize matrix 
effects. Furthermore, the breakthrough volume and maximum trapping 
capacity of the NaOH solution were not systematically evaluated and 
should be addressed in future studies. Therefore, further work is 
required to validate the method in complex food and biological matrices 
and to assess matrix-specific interferences under realistic analytical 
conditions.

3.3.3. Cross-validation using graphite furnace atomic absorption 
spectrometry (GF-AAS)

GF-AAS was used to confirm the total amount of selenium recovered 
in the NaOH trap after hydride generation, as GF-AAS is a well- 
established reference technique for trace elemental analysis. Trapped 
H2Se is present as HSe-/Se2-, all solutions were oxidized to Se(IV) prior 
to GF-AAS detection. This oxidation step converts all trapped hydride 
species into the same oxidation state, ensuring matrix-matched quanti
fication during furnace atomization. GF-AAS to serve as a validation 
tool, rather than a direct detector of volatile hydrides. As shown in 
Table 4, recovery values of 60.2 ± 0.34% for 5 µg L− 1 and 100.9 
± 0.30% for 100 µg L− 1 were obtained, with RSDs of 0.24% and 3.26%, 
respectively. The quantitative recovery at 100 µg L− 1 agrees closely with 
the AFS results, confirming the efficiency of the purge-and-trap process 
at moderate concentrations. In contrast, the lower recovery observed at 
5 µg L− 1 requires careful interpretation. While GF-AAS is widely used for 
trace selenium determination, its analytical performance (Kratzer and 
Dědina, 2007), can decline at low concentrations due to background 
noise, atomization inefficiencies, and matrix effects. In addition, 
because the trapped hydride species must first be oxidized to Se(IV) 
prior to GF-AAS analysis, the possibility of minor losses during trapping 
or oxidation cannot be completely excluded at very low concentrations. 
Similar concentration-dependent losses have been documented in 
hydride-related selenium studies, particularly when operating near the 
method’s sensitivity threshold (Ding and Sturgeon, 1996; Kratzer and 
Dědina, 2007). Therefore, the GF-AAS comparison should be interpreted 
primarily as supportive confirmation of selenium retention in the trap
ping solution, rather than as definitive evidence of efficient trapping at 
the lowest concentration. In contrast, the modified AFS method directly 
detects hydride-derived selenium species and provides consistent re
coveries across all spike levels in the tested aqueous matrices. This is 
attributed to higher susceptibility to background noise and incomplete 
atomization at low concentrations.

Tukey’s HSD test indicated significant differences between spike 
levels (p < 0.001), with 100 µg L− 1 assigned to Group A and 5 µg L− 1 to 
Group B, demonstrating that GF-AAS performance declines at ultra-trace 

concentrations. In contrast, the modified AFS method provided consis
tent recoveries across all spike levels and matrices, confirming its 
improved sensitivity under the tested conditions for volatile selenium 
determination. Unlike GF-AAS, which detects selenium only after 
oxidation and high-temperature atomization, AFS responds directly to 
hydride-derived species, enabling improved detection limits, reduced 
sample handling, and greater analytical stability. These advantages 
position the modified AFS workflow as a more reliable and operationally 
efficient platform for trace-level H2Se analysis, particularly in aqueous 
matrices where hydride behavior plays a critical role (Heilier et al., 
2005).

The developed AFS method demonstrated acceptable analytical ac
curacy within the tested aqueous matrices while employing a relatively 
simple workflow. These results support its usefulness for controlled 
hydride-generation studies and suggest potential for broader application 
following further validation. Table 5 compares this study with previ
ously reported methods, along with their LODs and applications.

Methods based on fluorescent probes, such as ESIPT-based ratio 
metric sensors (Xin et al., 2020), Hcy-H2Se conjugates (Kong et al., 
2017), near-infrared fluorophores (Kong et al., 2016), and activatable 
probes (Tian et al., 2019) are primarily applied in biological contexts, 
especially for cell imaging (e.g., HepG2 cells), and offer high specificity 
but are generally not optimized for selenium transformation studies or 
aqueous matrices. In comparison, conventional HG-AFS-based methods, 
such as D-CPE–HG-AFS (Wang et al., 2017) and MSFIA–HG-AFS (Souza 
et al., 2022), achieve significantly lower detection limits due to direct 
hydride generation and immediate atomization without intermediate 
trapping steps. However, these methods are primarily designed to 
determine stable selenium species (e.g., Se(IV) or total selenium) in 
complex matrices such as food and beverages. In contrast, the modified 
AFS method developed in this study focuses on the controlled genera
tion, trapping, and quantification of hydride-derived selenium species 
formed as H2Se. The inclusion of a purge-and-trap step enables stabili
zation of this highly volatile and reactive intermediate, albeit with a low 
limit of detection (1.40 µg L− 1) over a broad linear range 
(5–1000 µg L− 1) and consistent analytical performance across aqueous 

Table 4 
Recovery efficiency and precision of selenium detection using Graphite Furnace 
Atomic Absorption Spectroscopy (GF-AAS).

Sample (μg L¡1) Recovery (%) RSD (%)

5 60.2 ± 0.34b 0.24
100 100.9 ± 0.30a 3.26

Data are presented as mean ± SD (n = 3). Superscript letters indicate statistically significant differences 

between groups based on Tukey’s HSD test (p < 0.001).

Table 5 
Comparison of reported analytical methods for hydrogen selenide (H2Se) 
detection, including detection limits, linear ranges, and application matrices.

Method Target 
species

LOD 
(μg 
L¡1)

Linear 
range 
(μg L¡1)

Sample 
matrix 
used

Ref.

ESIPT-based 
ratiometric 
fluorescent 
probe

H2Se 16.2 0–7288 - (Xin 
et al., 
2020)

Fluorescent 
probe (Hcy- 
H2Se)

H2Se 55.1 0–8098 Cell 
imaging 
(HepG2 
cells)

(Kong 
et al., 
2017)

Near-infrared 
fluorescent

H2Se 0.57 0–972 Cell 
imaging 
(HepG2 
cells)

(Kong 
et al., 
2016)

Activatable 
fluorescent 
probe

H2Se 92.7 0–1215 Cell 
imaging 
(HepG2 
cells)

(Tian 
et al., 
2019)

D-CPE method 
with HG-AFS

Total Se 0.023 0.5–6.0 Food 
samples

(Wang 
et al., 
2017)

MSFIA-HG-AFS Total 
inorganic 
Se,

0.02 0.08–5.0 Beer 
samples

(Souza 
et al., 
2022)

Se (IV) 0.02 0.07–5.0
Modified AFS Hydride- 

derived 
H2Se

1.40 0–1000 water This 
study
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matrices, demonstrating its suitability for trace-level quantification 
under controlled conditions. Overall, the developed approach comple
ments existing AFS-based techniques by enabling the study of hydride 
formation and transformation processes and by providing a methodo
logical basis for future extensions to more complex systems, including 
digested food matrices.

4. Future perspectives and limitations

The developed AFS method provides sensitive and reliable deter
mination of hydride-derived selenium species generated as H2Se in 
controlled aqueous matrices; however, its applicability to complex food 
digests, biological fluids, or high-salinity samples has not yet been 
evaluated and will require further validation. Future studies should 
focus on extending the method to more complex food-related matrices 
and assessing the influence of dissolved organic matter, sulfide or thiol- 
containing compounds on hydride generation and trapping efficiency. 
Further studies are required to develop appropriate sample pretreatment 
strategies, such as digestion, dilution, or chemical masking, prior to 
hydride generation. Coupling the present method with chromatographic 
separation techniques may also be necessary for comprehensive sele
nium speciation in complex systems. In addition, investigations into the 
stability of trapped reduced selenium species during storage and 
handling would further strengthen the method’s applicability. These 
developments will be essential for broadening the use of the method in 
food-related analytical systems, environmental water matrices and se
lenium transformation studies.

5. Conclusion

This study presents an integrated and experimentally validated 
workflow for quantifying hydride-derived selenium species generated as 
hydrogen selenide (H2Se) in controlled aqueous matrices using a 
modified atomic fluorescence spectroscopy (AFS) platform. The key 
advancement lies in the redesigned HG-AFS configuration, which in
corporates a low-dead-volume Teflon T-joint that enhances hydride 
transfer efficiency, reduces signal instability, and enables reliable 
operation under alkaline conditions. Factorial optimization identified 
40% NaBH4 in 8% NaOH and a hydrogen flow rate of 1.0 × 10− 6 

L min− 1 as optimal conditions, providing a balance between signal in
tensity and system stability. The method demonstrated excellent line
arity over the range of 5–1000 µg L− 1 (R2 = 0.9973), with limits of 
detection and quantification of 1.4 µg L− 1 and 4.2 µg L− 1, respectively. 
Recovery experiments across ultrapure, tap, and mineral water matrices 
yielded values of 97.31–101.77% with RSDs below 3.3%, confirming 
high accuracy and minimal matrix interference in aqueous systems. 
Cross-validation using GF-AAS further verified the quantitative effi
ciency of the trapping step and highlighted the robustness of the 
developed approach. While the current work is limited to controlled 
aqueous matrices, the method provides a practical foundation for 
investigating selenium transformations and for future extension to more 
complex matrices, including food and biological systems, following 
appropriate sample preparation.
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