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Abstract: Selenium (Se) mobility and bioavailability in natural environments are influenced by its adsorption at the
aqueous interface of lepidocrocite (Lep), which is significantly affected by humic acid (HA), a common natural organic
matter (NOM). This study investigated the mechanisms by which HA influences Se adsorption on Lep, aiming to
understand how HA affects Se speciation, distribution, and mobility in natural environments. Batch experiments were
conducted using synthetic Lep and HA under varying pH values (4-8) and HA concentrations (10-100 mg C/L). Interactions
among HA, Lep, and Se were characterized using Fourier-transform infrared spectroscopy (FTIR) and scanning electron
microscopy (SEM). Zeta potential and hydrodynamic diameter measurements were also performed to evaluate colloidal
stability. HA significantly reduced Se adsorption on Lep by competing for adsorption sites, forming coordination bonds
with Se, and altering Lep’s surface charge and hydrophobicity. At higher HA concentrations, dissolved and colloidal
Se increased, while particulate Se decreased. Lower pH enhanced Se adsorption due to protonation, whereas higher
pH promoted Se mobility. FTIR and SEM analyses confirmed HA’s role in modifying Lep’s surface properties and
influencing Se adsorption behavior. HA plays a critical role in modulating Se adsorption on Lep through competitive
adsorption, coordination interactions, and surface modification. These mechanisms influence Se speciation, distribution,
and mobility, with implications for managing Se bioavailability in agricultural and environmental systems. This study
provides insights into the geochemical cycling of Se and offers guidance for optimizing Se-rich agricultural practices.

Introduction

Selenium (Se) is an essential trace element that performs
critical biological functions in the human body. Se deficiency
has been linked to various health issues, including cataracts,
cardiomyopathy, immune dysfunction, and cognitive decline.
It was estimated that over 15% of the global population is
affected by Se deficiency (Ying and Zhang 2019). Dietary
intake is the primary determinant of Se levels in the body, with
food Se content influenced by the concentration and chemical
speciation of Se in soil (Li et al. 2017). In natural systems, Se is
found in four primary oxidation states: Se(0), Se(-II), Se(IV),
and Se(VI) (Ros etal. 2016). Among them, selenate (SeO,*) and
selenite (SeO,”) are the most bioavailable and are particularly
prone to adsorption onto metal oxides, natural organic matter
(NOM), and clay minerals (Supriatin et al. 2015). These
interactions influence the environmental distribution, redox
transformations, mobility, and overall bioavailability of Se.
Rapid transformation between particulate and soluble forms
further enhances Se’s mobility in soil (Tolu et al. 2014).

Selenite (SeO,*), in particular, can adsorb onto metal oxide
surfaces or form inner-sphere complexes with NOM. These
interactions can either enhance or reduce Se bioavailability,
depending on the specific mechanisms involved (Dinh et al.
2017). Therefor, understanding the roles of NOM and iron
minerals in Se dynamics is critical.

Iron (hydro)oxides, particularly those with high adsorption
capacities such as magnetite, lepidocrocite (Lep), hematite, and
goethite, play a key role in immobilizing Se(IV) through various
mechanisms including complexation, chelation, and direct
adsorption (Francisco et al. 2018; Rovira et al. 2008). Lep is a
common, poorly crystalline, and metastable iron mineral found
in environments undergoing seasonal redox fluctuations. These
dynamic redox conditions significantly impact iron mineral
transformations (Qin et al. 2023). Lep is characterized by high
specific surface area and notable surface reactivity. According to
Das et al. (2013), Se(VI) adsorption on Lep occurs predominantly
on inner surfaces. However, Lep rarely exists in isolation; it
typically coexists with NOM, which can further influence Se
adsorption and transport in natural environments (Bao et al. 2022).
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Humic acids (HA) account for approximately 55%
to 90% of dissolved organic carbon in both aquatic and
terrestrial environments (Bogusz et al. 2024; Olaetxea et al.
2018; Zhang et al. 2020). HA can influence the speciation and
spatial distribution of Se by forming stable complexes (Qin et
al. 2012). In complex geochemical systems, Se retention and
distribution are governed by interactions with natural organic
matter (NOM), which ultimately affects its mobility, reactivity,
and bioavailability. Se can also adsorb directly onto NOM-
metal complexes, such as those formed with Fe or Al, resulting
in ternary Se-NOM-metal complexes. The high abundance
of functional groups in HA, along with its ability to chelate
metal ions, plays a central role in these interactions (Weng et
al. 2011). Research on Se adsorption has primarily focused
on individual effects of iron (hydro)oxide nanoparticles or
HA. However, studies have largely overlooked the complex,
nanoscale interactions that occur in heterogencous soil
ecosystem where these components coexist.

Terashima et al. (2023) reported that iron-induced binding
between Selenium and humic substances can preferentially
occur under groundwater conditions. Likewise, Fanetal. (2019)
investigated the influence of HA on iron redox transformations
in submerged soils and its effect on Se bioavailability. They
observed that HA reduces Se bioavailability in wetlands and
paddy soils by limiting the release of both Se and Fe into the
soil solutions. Despite the frequent co-existence of NOM
(particularly HA) and relatively stable iron (hydro)oxide
nanoparticles such as Lep, few studies have directly examined
how HA-Lep interactions influence Se speciation, distribution,
and bioavailability in natural environments.

To mimic conditions prevailing in natural environments,
a mixture of synthetic Lep and HA was used with the
combination with Se solutions. Focusing on the mechanisms
driving Se behavior, this study aims to elucidate the pivotal role
of Lep-HA complex microunits in controlling Se speciation
and distribution between solid and liquid phases under diverse
conditions. Furthermore, various characterization techniques,
including SEM and FTIR, are used to investigate the interaction
mechanisms among HA, Lep, and Se. This study aims to
provide new insights into how HA affects the transformation
of iron minerals and, consequently, influences Se speciation.

Materials and methods

Reagents and materials

Ultrapure water (18.2 MQ-cm™') was used to prepare the
solutions, and all chemicals used in the experiments were of
analytical grade. Lep was synthesized following the procedure
described by Das et al. (2013). Specifically a solution of
FeCl, was prepared by dissolving 11.93 g of FeCl,-4H,O in
300 mL of ultrapure water and subsequently oxidized. During
the reaction, the pH was maintained within the range of 6.7
to 6.9 by the gradual addition of 120 mL of 1 M NaOH. The
resulting precipitate was collected, thoroughly rinsed, and
freeze-dried. A stock solution of Lep (300 mg/L) was prepared
by dispersing 0.3 g of the freeze-dried Lep in 1 L of ultrapure
water. To prepare the HA solution, 5 g of HA (Sigma-Aldrich)
was dissolved in 1 L of ultrapure water, and the pH was then
adjusted to approximately 11 using 0.1 M KOH. Elemental
analysis was conducted of HA, conducted using an elemental

analyzer (Elementar Vario Macro), yielded the following
composition: 41.98% C, 3.19% H, 54.39% O, and 0.44%
S. The total organic carbon (TOC) concentration of the HA
solution was determined to be approximately 2,234 mg C/L
using a TOC analyzer (Elementar Vario), and the solution was
stored for future use. Prior to use, NaCl was added to adjust
the ionic strength to 10 mM. Sodium selenite (0.1095g) was
dissolved in a 500 mL volumetric flask to make a 100 mg/L
stock solution, which was stored at -4 °C for future use.

Impact of pH and HA concentration on Se
adsorption by Lep
Batch experiments simulating natural environmental conditions
were conducted to investigate the adsorption of Se onto Lep.
Equal volumes (49.5 mL each) of Lep (300 mg/L) and HA (80
mg C/L) were mixed and pre-equilibrated in 100 mL glass
bottles for 12 hours at 25 °C. Two additional treatment groups
were prepared: one by mixing 49.5 mL of water with 49.5
mL of Lep (300 mg/L), and the other by mixing 49.5 mL of
water with 49.5 mL of HA (80 mg C/L), ensuring consistent
volumes and homogeneity across all experimental conditions.
Following the pre-equilibrium period, 1 mL of Se solution
(4 mg/L) was added to the mixture, and the pH was adjusted
to 6. This resulted in final concentrations of 150 mg/L for Lep,
40 mg C/L for HA, and 40 pg/L for Se in each suspension.
Samples were collected at predefined intervals (15, 30, 60,
240, 480, and 1440 min), sequentially filtered, and analyzed to
determine the distribution of Se across different size fractions.
To study the impact of varying pH levels on Se speciation
transformation in Lep-HA-Se suspensions, the pH was adjusted
to4,5,6,7,and 8 (£0.1), and the mixtures were shaken for 12
h. To assess the impact of HA concentration on Se adsorption
by Lep, 49.5 mL of a 300 mg/L Lep suspension was mixed
with 49.5 mL of HA solutions at concentrations of 20, 40,
80, 160, and 200 mg C/L, yielding final HA concentrations
of 10, 20, 40, 80, and 100 mg C/L. These mixtures were then
equilibrated under oscillation for 12 h. Subsequently, 1 mL of
Se solution (4 mg/L) was added to each system, resulting in
a final Se concentration of 40 pg/L, and the pH was adjusted
to 6. The mixtures underwent oscillatory equilibration again
for 12 h. Se concentrations were measured using hydride
generation atomic fluorescence spectrometry (HG AFS-9700).
After filtration through a 450 nm membrane, the Zeta potential
and kinetic diameter of the colloidal and solution fractions
from the different HA concentration treatment groups were
measured using dynamic light scattering (DLS). This approach
supports the elucidation of Se distribution in the Lep-HA-Se
system at the nanoscale. Se was categorized into three size
fractions: particulate (>450 nm), colloidal (3-450 nm), and
dissolved (<10 kDa). To ensure the accuracy and consistency
of the results, all experiments were conducted in triplicate.

Characterization

The prepared HA, Lep, HA-Se, Lep-Se, and Lep-HA-Se
samples were collected following freeze-drying. To investigate
their chemical structure, particularly functional group
composition, the potassium bromide (KBr) pellet method
was utilized. Fourier-transform infrared spectroscopy (FTIR,
Thermo Nicolet 6700, USA) was used to perform the analysis.
Spectra were recorded in the range 0f 400 to 4000 cm' to capture
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Fig. 1. Percentage of Se concentrations in (a) Lep-Se, (b) HA-Se, and (c) Lep-HA-Se suspension in the size fractions as a function
of time. Variation in Se Adsorption Capacity on (d) Lep and (e) HA, and (f) Lep-HA system; (Experimeng condition: pH 6 + 0.5;
10 mM NaCl; 40 mg C/L HA; 150 mg/L Lep; 40 pg/L Se. The percentages represent the proportion of Se in each form relative to
the total Se, and the error bars indicate the range of error based.

a wide array of chemical bond vibrations, with a resolution of 4
cm' to ensure high data accuracy. Each spectrum was averaged
over 32 scans to improve the signal-to-noise ratio and enhance
data reliability. To observe changes in the solid morphology
of the Lep, Lep-Se, Lep-HA, and Lep-HA-Se after reaction,
freeze-dried samples were examined using scanning electron

microscopy (SEM, EM 30, Korea) operated at an accelerating
voltage of 20 kV. The high-resolution imaging capability of
SEM provided in-depth insights into microstructure, particle
shape, and possible aggregation or dispersion of the samples,
thereby revealing physical transformations resulting from the
reaction.
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Results and discussion

HA influences the distribution of Se in the HA and
Lep-HA system

Se adsorbed on Lep occurs rapidly, reaching equilibrium within
15 min in the absence of HA. Due to the strong binding affinity
between Se and Lep, over 98% of Se was adsorbed onto Lep under
these conditions, with the equilibrium adsorption capacity ( Qe,
representing Se adsorbed on particles >450 nm) reaching 40 ug/L
(Fig. 1a and d). This process is driven primarily by electrostatic
interactions between the positively charged surfaces of Lep and
the negatively charged Se anions. Additionally, the relatively
high specific surface area of Lep provides abundant active sites
for Se adsorption (Das et al. 2013). Most of the adsorbed Se
was associated with the particulate fraction, consistent with the
particulate nature of Lep (Fig. 1a). Similarly, Se was rapidly

absorbed onto HA, with approximately 37% of Se associated
with the particulate fraction and about 60% remaining in the
dissolved phase within 15 minutes, corresponding to a Qe of
about 17 pg/L. The presence of HA significantly influenced
Se speciation and distribution, promoting the formation of
dissolved Se species (Fig. 1c and f). In the Lep-Se mixture, the
particulate Se fraction ranged from 96.7 to 98.7%, compared
to 33.1 to 40.7% in the HA-Se mixture, and 25.6 to 26.8% in
the Lep-HA-Se mixture. Conversely, dissolved Se fraction was
only 1.3 to 3.6% in the Lep-Se system but increased to 58.4 to
66.9% in the HA-Se system, and to 54.4 to 59.2% in the Lep-
HA-Se system. In the Lep-HA-Se mixture, Se was also present
in the colloidal form, ranging from 14.5 to 18.8%. Over time,
concentrations of both dissolved and colloidal Se increased.
The Qe of Se in the Lep-HA mixture was notably lower
(~14 pg/L) than in systems containing either Lep or HA alone,
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Fig. 2. (a)Effect of pH on Se adsorption by the Lep-HA System, (b) Variation in Se Adsorption Capacity by Lep under different pH
conditions. (10 mM NaCl; 40 mg C/L HA; 150 mg/L Lep; 40 pg/L Se. The percentages represent the proportion of Se in each form
relative to the total Se, and the error bars indicate the range of error from three replicate experiments).
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Fig. 3. (a) Effect of HA concentration on the distribution of Se species adsorbed by Lep, (b)Variation in Se Adsorption Capacity
by Lep under Different HA Concentrations. (Experimeng condition: pH 6 + 0.5; 10 mM NaCl; 150 mg/L Lep; 40 ug/L Se. The
percentages represent the proportion of Se in each form relative to the total Se, and the error bars indicate the range of error from
three replicate experiments).
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suggesting that HA influenced the redistribution and speciation
of Se. This may be attributed to the ability of NOM to form
aqueous and surface-bound complexes with cationic metals and
metal oxides. Interaction between HA and Lep likely modified
the surface characteristics of Lep, reducing the number of
available adsorption sites. Furthermore, the adsorption process
is influenced by surface site availability, charge interactions,
and rate of complexation between dissolved Se species and the
surface sites (Bu et al. 2023; Pintor et al. 2020). Compared to
other minerals, iron oxides like Lep generally offer a greater
number of binding sites (Peng et al. 2022). However, the
substantial reduction in Se adsorption in the Lep-HA system
may be due to HA occupying a significant portion of the
adsorption sites. Organic ligands in HA can chelate surface
sites, thereby hindering Se diffusion to the oxide surface and
reducing its adsorption, resulting in elevated concentrations
of dissolved and colloidal Se (Bu et al. 2023; Favorito et al.
2018).

Effect of pH on Se adsorption by Lep-HA complex

The pH influences not only the surface charge of Lep but also
its complexation behavior with HA. As pH changes the degree
of HA protonation, HA competes with Lep for Se adsorption
sites, thereby influencing Se adsorption efficiency (Kusmierek
etal. 2023). As shown in Fig. 2a, the concentrations of dissolved
and colloidal Se increase with rising pH, consistent with the
findings of Favorito et al. (2018). Specifically, as the pH
increased from 4 to 8, the proportions of dissolved Se rose from
approximately 3.4% to 9.7%, colloidal Se from 5.7% to 16.0%,
while particulate Se dicreased from 91.3% to 74.3%, indicating
a substantial reduction in solid-phase adsorption. This trend is
consistent with the known behavior of metal oxides in SeO,*
adsorption, where increasing pH typically reduces adsorption
capacity within environmentally relevant pH ranges (Francisco
et al. 2018). At higher pH levels, HA becomes increasingly
deprotonated, resulting in a more negatively charged structure.
This intensifies electrostatic repulsion both among HA
molecules and between HA and SeO,*, while also diminishing

the attractive forces between Se and the Lep surface (Fig. 4b),
thereby limiting Se adsorption (Cheng et al. 2024; Sefatlhi et al.
2024). At lower pH values, H* ions preferentially adsorb onto
Lep surfaces, enhancing their positive charge and strengthening
electrostatic attraction with negatively charged Se species.
Conversely, increasing pH leads to the ionization of acidic
functional groups, enhancing electrostatic repulsion. This not
only weakens Se adsorption but also inhibits aggregation of
Se particulates, further reducing overall adsorption capacity
(Alsaiari et al. 2024; Xie et al. 2017).

Effect of HA concentrations on Se Adsorption by Lep
As illustrated in Fig. 3a and b, an increase in HA concentration
was accompanied by a decrease in Se adsorption by Lep. The
proportions of dissolved and colloidal Se increased in parallel
with rising HA concentrations. At 100 mg C/L HA, particulate
Se accounted for only 20%. This phenomenon can be attributed
to the strong interactions between the functional groups of HA
and the surface of Lep, resulting in competition between HA
and Se for available adsorption sites. As the HA concentration
increased from 10 to 100 mg C/L, a greater number of adsorption
sites on the Lep surface were occupied by HA. This led to a
notable decrease in Se adsorption and a corresponding increase
in the concentration of unbound Se (Xie et al. 2017).

To further investigate the impact of HA concentration on
Se distribution, particle size and Zeta potential were measured
across various HA concentrations (Fig. 4). Under conditions
of constant pH, uniform ionic strength, and consistent HA
chemical composition, the interaction between Lep and HA
is primarily governed by the molecular size and structural
characteristics of HA (Terashima et al. 2023). In the presence
of HA concentrations ranging from 10 to 100 mg/L, Lep-HA
complexes exhibited ahydrodynamic diameter ofapproximately
130 nm, indicating the formation of relatively stable colloidal
structures. This stability is attributed to the ability of HA to
stabilize iron particles within the colloidal size range at higher
concentrations (Xing et al. 2020). When Se was introduced,
the hydrodynamic diameters of Lep-HA-Se increased to 90.81,
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Fig 4. The impact of varying HA concentrations on particle size and Zeta potential. (a) The hydrodynamic diameter for Lep-HA-Se
and Lep-HA; (b) The Zeta potential for Lep-HA-Se and Lep-HA. (Samples were filtered through a 450 nm membrane to assess
the particle size distribution of the dissolved and colloidal phases; pH6 + 0.5; 10 mM NaCl; 150 mg/L Lep; 40 ug/L Se. Error bars
represent the range from three replicate experiments).
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93.77, 102.07, 113.62, and 141.29 nm, respectively (Fig. 4a),
suggesting variation in particle size distribution due to the
incorporation of Se. These results confirm that the increase in
particle size is associated with the presence of Se colloids. Se
adsorption onto Lep-HA was also found to reduce the surface
charge, leading to particle aggregation. Conversely, increasing
organic matter content enhanced the negative surface charge
and improved colloidal stability (Xing et al. 2020).

A decrease in Zeta potential was observed in the presence
of the reactive solute SeO,*, attributed to its adsorption onto
iron oxide surfaces (Fig. 4b). The variation in surface charge
of Lep-HA at low and high HA concentrations is hypothesized
to be linked to surface coverage. At 100 mg/L C, particles
are likely fully coated with HA, masking the electrochemical
properties of the underlying iron oxide surfaces (Si¢liéchi et al.
2008). Additionally, the presence of Se was shown to potentially
reduce HA adsorption due to competitive ion effect. At higher
HA concentrations, Se may exhibit increased mobility. This
behavior is likely due to the coating of iron hydroxide surfaces
by organic matter and the propensity of soluble organic acids
to form complexes with Se, thereby affecting its stability and
mobility (Dinh et al. 2017). As a result, concentrations of
dissolved and colloidal selenium species increased. Because
SeO,” is an anionic species, it is expected to influence
adsorption processes similarly HA, chiefly by reducing surface
charge, attracting cations, and promoting the formation of
ternary surface complexes.

Characterization analysis

FTIR spectroscopy was utilized to analyze changes in
HA functional groups to investigate how HA impacted
Se adsorption onto Lep (Fig. 5). HA is a complex NOM
exhibiting characteristic peaks corresponding to various

functional groups. The broad peak observed at 3200-3500
cm™ is attributed to O-H stretching vibrations (from carboxyl
and hydroxyl groups), while peaks in the range of 2800-
3000 cm! correspond to C-H stretching vibrations (aliphatic
and aromatic groups). An intense peak in the range of 1600-
1700 cm™ is ascribed to C=O stretching vibrations (carboxyl
and carbonyl groups), and peaks in the range of 1400-1500
cm™ are likely associated with C-H bending or symmetric
stretching of carboxylate groups (Park et al. 2011). These
functional groups suggest that HA has abundant surface-
active sites capable of interacting with Lep and Se via
hydrogen bonding, coordination, or electrostatic forces.
Lep, a typical iron oxyhydroxide, displayed a distinct broad
peak in the FTIR spectra within the range of 3200-3600 cm
!, attributed to the O-H stretching vibration of Fe-O-H. This
indicates that the Lep surface is rich in -OH groups, which
serve as primary active sites for interactions with HA and
Se. Additionally, peaks observed in the range of 1000-1200
cm™ may correspond to vibrations of Fe-O bonds (Rahimi
et al. 2021). These characteristic peaks confirm that the Lep
surface possesses numerous active sites capable of forming
interactions with HA and Se through coordination or hydrogen
bonding.

Compared to Lep, the FTIR spectra of the Lep-HA complex
exhibited a noticeable shift in the O-H peak within the range
of 3200-3600 c¢cm™, indicating hydrogen bonding interactions
between the hydroxyl groups of HA and the Fe-O-H groups
on the Lep surface. Additionally, the reduced intensity of the
C=0 peak in the range of 1600-1700 cm™' suggests that the
carboxyl groups of HA may coordinate with the iron sites on
the Lep surface (Yuan et al. 2023; Zhang et al. 2021). These
results demonstrate that HA interacts strongly with the Lep
surface through its abundant functional groups, potentially
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Fig. 5 FTIR analysis of Lep, HA, Lep-HA, Lep-Se, HA-Se, and Lep-HA-Se. ( pH6 £ 0.5; 10 mM NaCl;40 mg C/L HA; 150 mg/L Lep;
40 ug/L Se).
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influencing the adsorption capacity for Se. The spectra of the
Lep-Se complex reveal slight shifts in both the Fe-O-H (3200-
3600 cm™) and Fe-O (1000-1200 cm™) peaks, indicating that
Se is adsorbed onto the hydroxyl groups and iron sites on the
Lep surface. This observation aligns with the inner-sphere
coordination mechanism of Se on iron oxide surfaces reported
in previous studies (Kumpulainen et al. 2008). Se may adsorb
onto the Lep surface by displacing hydroxyl groups or forming
coordination bonds with iron. In the spectra of the Lep-HA-
Se complex, significant changes are observed in the O-H peak
(3200-3600 cm™) and the C=0O peak (1600-1700 cm™) (Jia
et al. 2013). The shift in the O-H peak suggests competitive
adsorption among Se, HA, and Lep hydroxyl groups, while

the decreased C=0 peak intensity indicates that HA’s carboxyl
groups may participate in Se coordination. Furthermore,
the shift in the Fe-O peak (1000-1200 cm™) confirms the
interaction between Se and the iron sites on the Lep surface
(Peng et al. 2022). These results suggest that HA significantly
modifies Lep’s adsorption characteristics for Se, potentially
through competitive or synergistic effects.

Based on the comprehensive analysis of FTIR spectra, the
mechanisms by which HA influences Se adsorption onto Lep
can be summarized as follows: (1) Competitive adsorption:
the hydroxyl and carboxyl groups of HA strongly interact with
hydroxyl groups and iron sites on the Lep surface, potentially
occupying adsorption sites and competing with Se for binding.

(b)Lep,Se

Fig. 6 SEM analysis of (a) Lep, (b)Lep-Se,(c) Lep-HA , and Lep-HA-Se. (pH 6 + 0.5; 10 mM NaCl; 40 mg C/L HA; 150 mg/LLep;
40 pg/L Se)
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(2) Coordination: carboxyl groups of HA may form coordination
bonds with Se, altering its adsorption morphology and stability.
(3) Surface modification: HA adsorption on the Lep surface
may modify its surface charge and hydrophobicity, thereby
affecting Se adsorption behavior. These results demonstrate
that HA plays a complex and significant role in modulating Se
adsorption on Lep through multiple interaction pathways.
SEM imaging provided a visual representation of the
initial surface morphology of Lep, revealing stacked, rough,
and irregular flakes (Fig. 6). The observed morphology is
consistent with the plate-like and blocky structure previously
described by Das et al. (2013). Following Se adsorption, notable
morphological changes were observed. The initially dense
and compact structure became more relaxed, with individual
particles more clearly distinguishable. These changes likely
result from interactions between Lep and Se, leading to surface
modification and the possible formation of Se-containing
complexes (Yoon et al. 2011). Further alterations were evident
upon the co-adsorption of HA and Se. The surface exhibited
increased aggregation and cluster formation, resulting in a
more heterogeneous and less uniform morphology compared
to Lep-Se. This transformation is likely due to the deposition
of HA coatings, which introduce additional complexity
and contribute to the irregular and bulky appearance. These
HA layers may influence both the adsorption behavior and
chemical reactivity of the Lep particles (Bu et al. 2023).

Mechanisms of HA affected Se adsorption on Lep
The mechanisms by which HA influences Se adsorption on Lep
are multifaceted, involving competitive adsorption, coordination
interactions, and surface modification. HA competes with Se
for adsorption sites on the Lep surface through its abundant
functional groups, such as -OH and -COOH groups. This
competition is evidenced by shifts in the O-H (3200-3600
cm') and C=0 (1600-1700 cm™) peaks in the FTIR spectra,
indicating hydrogen bonding and coordination between HA and
Lep surface sites. Additionally, the carboxyl groups of HA can
form coordination bonds with Se, thereby altering its adsorption
morphology and stability. Surface modification by HA further
reduces Se adsorption by altering Lep’s surface charge and
hydrophobicity, as demonstrated by changes in Zeta potential
and hydrodynamic diameter. At higher HA concentrations,
increased electrostatic repulsion and colloidal stabilization
enhance the mobility of dissolved and colloidal Se, leading to
reduced particulate Se adsorption. pH also plays a critical role:
lower pH levels favor Se adsorption due to surface protonation
effects, while higher pH conditions promote Se mobility.
Collectively, these mechanisms highlight HA’s significant role
in modulating Se adsorption behavior, emphasizing its impact
on Se speciation, distribution, and environmental mobility in
systems involving iron oxides and NOM.

Conclusion

This study elucidates the complex mechanisms by which HA
influences the adsorption of Se onto Lep, highlighting the
pivotal role of HA in regulating Se speciation, distribution, and
mobility within environmental systems. The findings reveal that
HA significantly alters Se adsorption behavior through three
primary mechanisms: competitive adsorption, coordination

interactions, and surface modification. Specifically, HA
competes with Se for adsorption sites on the Lep surface via
its functional groups, such as hydroxyl and carboxyl groups,
as evidenced by shifts in FTIR spectra. Additionally, HA
forms coordination bonds with Se, altering its adsorption
morphology and stability. Surface modification induced by
HA further reduces Se adsorption by changing Lep’s surface
charge and hydrophobicity, as supported by Zeta potential and
hydrodynamic diameter analyses. At higher HA concentrations,
increased electrostatic repulsion and colloidal stabilization
enhance the mobility of dissolved and colloidal Se, consequently
reducing its particulate fraction. Moreover, pH emerges as a
critical factor; lower pH conditions favor Se adsorption through
surface protonation, whereas higher pH levels enhance Se
desorption and mobility. Collectively, these results underscore
the significant role of HA in controlling Se bioavailability and
mobility in natural environments, particularly in geochemical
systems where iron oxides and NOM coexist.

This study provides valuable insights into the geochemical
cycling of Se and offers practical guidance for managing
Se-rich agricultural systems to optimize Se bioavailability
while mitigating associated environmental risks. Moving
forward, future research should prioritize investigating these
interactions under dynamic redox conditions to better simulate
field environments. Additionally, employing advanced
spectroscopic and molecular techniques will be essential for
uncovering the precise binding mechanisms at the molecular
scale. From an applied standpoint, developing HA-based
strategies to optimize Se bioavailability in agricultural systems,
alongside comprehensive assessment of the environmental risks
posed by colloidal Se-HA transport in groundwater, represent
critical areas for further exploration. Such multidisciplinary
efforts will not only improve predictive models of Se behavior
but also inform more effective management practices in both
Se-deficient and Se-contaminated ecosystems.
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