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ARTICLE INFO ABSTRACT

Keywords: We proposed a sustainable selenate (Se(VI)) removal method using in situ layered double hydroxide (LDH)
Magnesium precipitate formation and calcined magnesium precipitate (CMP) derived from an electrochlorination facility. During kinetic
Selenate

experiments, the optimal removal conditions were identified by adjusting pH and Al dosage, which enabled a
notable Se(VI) removal efficiency (127 mg/g-CMP). The initial release of Mg ions from CMP was confirmed to
occur via Al-ion hydrolysis. Subsequently, after the pH adjustment process, Se(VI) could be sequestered via outer-
sphere complexation within the interlayer space of the brucite-like sheets in LDH. The reusability of precipitated
sludges (LDHS and calcined LDHS (LDOS)), which can be secondary wastes, was also evaluated as Se(VI) ad-
sorbents. The results confirmed the high maximum adsorption capacity of LDOS (42.1 mg/g), demonstrating its
performance comparable to that of reported adsorbents. This study highlights the potential of the in situ LDH
formation method for Se(VI) removal and the possibility of transforming magnesium precipitate into sustainable
resources.

Layer double hydroxide
Surface complexation
Adsorption

1. Introduction elemental Se, Se(0); selenite, Se(IV); and selenate, Se(VI) (Liang et al.,
2013)). In neutral pH and oxidized conditions, it mainly exists as

Se is a metalloid and trace element that is naturally released into the trigonal pyramidal Se(IV) and tetrahedral Se(VI) oxyanions

environment by the weathering of the earth’s crust (Su and Suarez,
2021). It can be further discharged into aquatic ecosystems by anthro-
pogenic activities, such as mining, agriculture, and oil refining (Ullah
et al.,, 2019, 2023). Although it is an essential element for humans,
excessive exposure to Se can cause hair loss, cytotoxicity, and DNA

(Sharmasarkar and Vance, 2002). However, both oxidized species (Se
(IV) and Se(VI)) possess higher toxicities than the reduced species (Se
(—II) and Se(0)) (Ullah et al., 2019). The occurrence of 795e, a fission
product with a very long half-life (~1.13 x 10 years (Frechou et al.,
2007)), has also increased the necessity for Se remediation. Therefore,

many researchers have explored diverse methods for removing Se(IV)
and Se(VI), such as adsorption and coprecipitation (Guo et al., 2017;

damage (Letavayova et al., 2006; Ruj et al., 2022; Shao and Zheng,
2008). Se is present in various chemical states (selenide, Se(—IL);
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FTIR, Fourier-transform infrared spectroscopy; HA, humic acid; HCl, hydrochloric acid; HNOs, nitric acid; LDH, layered double hydroxide; LDHS, layered double
hydroxide sludge; MP, magnesium precipitate; NaOH, sodium hydroxide; Na,SeO4, sodium selenate; CO,, carbon dioxide; NaCl, sodium chloride; NaClO, sodium
hypochlorite; NO3, nitrate; NOM, natural organic matter; OH™, hydroxide; P03, phosphate; Se(IV), selenite; Se(VI), selenate; SEM, scanning electron microscopy;
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Jordan et al., 2018; Lounsbury et al., 2016). Furthermore, recent
research has focused on utilizing industrial and municipal waste mate-
rials for sustainable Se removal (Sun et al., 2017; Zoroufchi et al., 2023).

In power plants, electrochlorination facilities are generally installed
to produce a large-scale sodium hypochlorite (NaClO) solution using
seawater, which is then transferred to a storage tank. This solution is
subsequently used to remove microorganisms that could negatively
affect coolant systems in turbines (Lee et al., 2020). However, owing to
the high pH condition of the NaClO solution and the presence of Mg ions
in seawater, magnesium precipitate (MP) accumulates as low-crystalline
brucite (Mg(OH)2) at the bottom of the storage tank (Lee et al., 2020).
Although the brucite in MP can be readily transformed into magnesium
oxide (MgO) by calcination (CMP) and MgO is particularly effective at
sequestering anionic pollutants (Chinthala et al., 2021; Duan et al.,
2022), MP is being discarded as waste near the power plant. Hence, in
our previous study, MP was simply calcined to produce a sustainable
MgO-based adsorbent (CMP) aimed at Se(IV) and Se(VI) sequestration
(Jeon et al., 2024). CMP exhibited high Se(IV) removal efficiency,
whereas Se(VI) showed a low affinity. This difference could be attrib-
uted to their different adsorption mechanisms—inner-sphere predomi-
nant surface complexation for Se(IV) and outer-sphere complexation for
Se(VI) onto CMP, based on MgO. Consistent with these findings, Se(IV)
generally tends to form strong complexes on the surfaces of soil minerals
in nature, while Se(VI) is more readily leached (Goh and Lim, 2004;
Peak, 2006; Zelmanov and Semiat, 2013). The difference in adsorption
affinities between Se(IV) and Se(VI) has also been observed with other
oxide-based adsorbents (Table 1). In addition, Guo et al. (2017) reported
a different Se(IV) and Se(VI) removal trend (i.e., low Se(VI) removal
efficiency) when employing the ettringite coprecipitation. Therefore, it
is crucial to examine and select an appropriate method for the effective
Se(VI) sequestration in aqueous phases.

Layered double hydroxides (LDHs, [MZ&M2*(OH)I* (A" )y/n
-mH»0) are clay minerals exhibiting brucite-like layered structures. The
divalent (M?*: Mg?*, Fe?*, and Ca®") and trivalent (M3*: A13*, Fe3*,
and Cr®") cations in each LDH sheet comprise a positively charged layer.
The charge of each layer is balanced by anion (A"": OH™, Cl~, NO3,
CO%’, etc.) intercalation to form the layered structure (Theiss et al.,
2016). Generally, the interlayer of LDH exhibits weak bonding, allowing
the substitution of interlayer ions with other anionic substances in
aqueous solutions (Cavani et al., 1991; Goh et al., 2008). Thus, LDH has
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been employed as a host for anionic pollutants, such as As, Sb, P, and Cr
(Das et al., 2006; Goswamee et al., 1998; Lee et al., 2018b; Lee and
Takahashi, 2019). In line with this, Chubar and Szlachta (2015) inves-
tigated Se(VI) removal using COs-intercalated Mg/Al LDH and reported
Se(VI) removal capacities of 103 and 45.6 mg/g at pH 5.0 and 7.5,
respectively. These capacities were higher than those of reported metal
oxide-based adsorbents (Table 1), demonstrating the suitability of LDH
for Se(VI) sequestration, which is challenging to achieve.

Various LDH synthesis methods have been studied, including
coprecipitation, hydrothermal, and urea hydrolysis (Jing et al., 2010;
Theiss et al., 2016). Among these methods, coprecipitation is regarded
as the most economically effective (Cavani et al., 1991). To further
reduce the synthesis cost and address environmental concerns, abundant
and sustainable solid precursors from natural ores and industrial wastes
have been considered for LDH synthesis (Devi and Saroha, 2017; Jiang
et al., 2023; Kuwahara and Yamashita, 2013; Muriithi et al., 2017; Qiu
etal., 2013; Rybka et al., 2022). In this respect, the efficient extraction of
metal ions is key to producing solid-precursor-based LDHs (Jiang et al.,
2023; Muriithi et al., 2017). However, the extraction process often re-
quires strong acids, such as hydrochloric acid (HCl) and nitric acid
(HNO3), which are not eco-friendly (Muriithi et al., 2017). To overcome
this hurdle, Rybka et al. (2022) recently explored applying magnesite in
Mg/Al LDH synthesis via Al hydrolysis, which can generate hydronium
ions (H30™) to ionize the solid precursors directly (Fig. S1). Their study
found that the removal efficiency of magnesite-based Mg/Al LDH for
anionic pollutants was comparable to that of conventionally synthesized
LDHs.

After extracting metal ions (e.g., Mg?*") from the solid precursor via
Al hydrolysis, a positively charged sheet can form under alkaline con-
ditions. Subsequently, instead of generally hosted ions (e.g. CI”, NO3,
CO%_, etc.), anion pollutants, such as As and Cr, can be directly inter-
calated in the interlayer and then coprecipitated as the LDH phase (Chao
et al., 2018; Wang et al., 2021). This in situ LDH formation method can
streamline the operational steps (Figs. S1 and S2) required to sequester
anionic pollutants compared to pre-synthesized LDH adsorbents, offer-
ing greater convenience (Chao et al., 2018; Huang et al., 2019; Wang
et al., 2021). However, this method has rarely been explored for Se(VI)
removal. To the best of our knowledge, solid waste precursors have not
been utilized for the in situ LDH formation method so far. Furthermore,
the reusability of the precipitated sludge has not been extensively

Table 1

Se removal capacities of various adsorbents compared to the in-situ LDH formation method using CMP.
Adsorbents Initial pH Qqm (mg/g) Ref.

Se(1V) Se(VI)

Water treatment sludge 5 21.1 11.1 Zhou and Haynes (2012)
Nano TiO, 5.8 3.40 2.73 Yamani et al. (2014)
Nano Al,O3 5.8 10.9 9.35 Yamani et al. (2014)
MnFe;04 4 6.57 0.77 Gonzalez et al. (2010)
CuFez04 7.4 14.1 5.55 Sun et al. (2015)
o-Fe 03 6.5 17.9 7.47 Lounsbury et al. (2016)
o-FeOOH 3 13.7 6.30 Yue et al. (2020)
ZVI supported bentonite-zeolite 4 1.44 Phanthasri et al. (2023)
Fe/Si coprecipitates 5 22.5 15.2 Chan et al. (2018)
LDH-coated zerovalent iron - 35.0 Xu and Huang (2019)
Iron-loaded food-waste biochar 7 11.7 Hong et al. (2020)
Fe/cattle manure-biochar 7 52.6 Lee et al. (2021)
Sulfur loaded magnetic microsphere 6 25.8 9.25 Zhao et al. (2023)
Iron(Ill)-alginate with layered aluminum oxyhydroxide 6 11.1 10.0 Ren et al. (2024)
MgO nanosheets 10.5 103 10.3 Cui et al. (2018)
Mg/Al-CO3; LDH 7 119 45.6 Chubar and Szlachta (2015)
Magnesite based Mg/Fe LDH 5 19.7 Rybka et al. (2022)
MgFeSO4-type LDH 9.5 78.7 Paikaray et al. (2013)
Calcined Mg/Al LDH 10 76.6 Tian et al. (2020)
Calcined magnesium precipitate 7 85.0 2.97 Jeon et al. (2024)
In situ LDH formation using CMP 7 127 This study
LDHS 7 12.8 This study
LDOS 7 42.1 This study
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demonstrated, although the sludge becomes a secondary waste. There-
fore, this study aimed to (1) apply CMP as a solid precursor and Mg
source for Se(VI) removal via in situ LDH formation; (2) investigate the
effect of pH, Al concentrations, CMP dosage, and co-existing ions to
determine optimal operation conditions; (3) verify the sequestration
pathway of Se(VI) using this novel approach; and (4) assess the reus-
ability of the precipitated sludge as a Se(VI) adsorbent for sustainability.

2. Materials and methods
2.1. Materials

All chemicals in this study were obtained from Sigma-Aldrich. So-
dium selenate (NasSeQOy4, >99%) and aluminum chloride (AlCl3, >99%)
hexahydrate were used to prepare 1000 mg/L Se(VI) and 0.5 M Al stock
solutions. The solution pH was adjusted with 0.5 M NaOH and 0.5 M
HCl. The MP was sampled during the cleaning of a hypochlorous-acid
storage tank near a power plant in South Korea. The MP was rinsed
with DI water until solution conductivity was <100 pS/cm, fully dried at
60 °C, and ground to pass a 100-mesh (150 pm) sieve. The prepared MP
was calcined (CMP) for 2 h at 500 °C with a heating rate of 3 °C min !
and stored at a dry keeper to prevent moisture absorption.

2.2. Removal of selenate via in situ LDH formation and the generated
sludge

Kinetic experiments were conducted to investigate the effect of pH
and the Al concentration on Se(VI) removal via in situ LDH formation.
The influence of CMP dosage and co-existing anions on the removal
process was verified while maintaining a Mg to Al molar ratio (5:1) with
a pH adjustment to 10. The Se(VI) adsorption experiments were per-
formed using the generated sludge as a result of the removal process.
Detailed experimental procedures for Se(VI) removal and adsorption

=3
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experiments are provided in the Supplementary Material and Fig. S2.
2.3. Characterization

The oxide compositions of CMP were initially determined by X-ray
fluorescence (XRF; ARL PERFORM’X, Thermo Fisher Scientific, USA).
The particle size distribution and zeta potential of the sample were
assessed using a particle size analyzer (Mastersizer 3000, Malvern
Panalytical, UK) and a zeta potential analyzer (Zetasizer Nano ZSP,
Malvern Panalytical, UK), respectively. The surface morphology was
examined by field-emission scanning electron microscopy (FE-SEM;
SU8600, Hitachi, Japan) with energy-dispersive spectroscopy (EDS).
Crystal phases were analyzed by X-ray diffraction (XRD; SmartLab,
Rigaku, Japan) with Cu Ka 1 radiation (A = 1.5406 10%). XRD patterns of
samples were measured at a scanning speed of 2° min~* with a scanning
step of 0.01° over the 5°-70° range and quantitative fractions of the
crystal phases were calculated using Rietveld refinement (Mccusker
et al.,, 1999; Rodriguez-Carvajal, 2021). Crystallite sizes were deter-
mined using Scherrer’s equation (Cullity, 1956). Crystal phases of MP
and CMP were analyzed by XRD, and the result is shown in Fig. S3a.
Vibrational modes of the samples were examined by Fourier-transform
infrared spectroscopy (FTIR; Vertex 70v, Bruker, USA). Further, X-ray
photoelectron spectroscopy (XPS; NEXSA, Thermo Fisher Scientific,
USA) with a monochromated Al Ka X-ray source was used to analyze
chemical states on the sample surfaces. Survey and narrow XPS spectra
were obtained with step sizes of 1 eV and 0.1 eV, respectively.

3. Results and discussion
3.1. Effects of pH

Fig. 1a—d shows changes in the Se(VI) fraction, Mg and Al concen-
trations, and pH over time during the reaction. The initial pH of all Se
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Fig. 1. Effects of the pH values on the dissolved fractions of (a) Se(VI), (b) Mg, and (c) Al and (d) pH over time during in situ LDH formation (initial Se(VI) con-
centration (Cp): 20 mg/L, CMP dosage: 0.133 g/L (corresponding to 3 mM MgO in CMP), Al dosage: 0.6 mM, pH adjustment range: 9-12, and temperature: 20-23 °C).
(e) XRD patterns, including brucite (PDF No. 96-100-0055) and Mg/Al LDH (hydrotalcite) (PDF No. 96-900-9273), and (f) crystal-phase compositions (determined by

Rietveld refinement) of the in situ-formed LDH sludges.
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(VD)-containing solutions was set to 7. However, following the addition
of 0.6 mM Al before adding CMP, the pH values of all solutions
decreased to 4.2. It could be due to H30™ ions produced by Al hydrolysis
with water molecules (Eq. (1)) (Schofield and Taylor, 1954). After 20
min of adding CMP, we observed an increase in the Mg concentration,
attributed to the partial dissolution of MgO in CMP (Egs. (2) and (3))
(Fruhwirth et al., 1985)). Consequently, the pH values of all solutions
might have increased to 8.1-8.3 (Fig. 1d). However, the formation of the
Mg/Al LDH phase is challenging at these pH conditions (Chen et al.,
2021; Wu et al., 2018); therefore, we inferred that Se(VI) removal effi-
ciency was low at this stage (Fig. 1a). Put differently, a sufficient basic
condition was required for the nucleation and formation of the Mg/Al
LDH phase, which acts as a host for Se(VI). Thus, the pH values of all
solutions were adjusted to 9-12 using 0.5 M NaOH after 30 min of CMP
addition. Next, XRD analysis was performed to determine the crystal
phases of each generated sludge after the reaction (Fig. 1e). Diffraction
peaks corresponding to the (003) and (006) planes of Mg/Al LDH and
(101) plane of brucite (Mg(OH)2) were observed in the patterns. The
presence of two different phases might be attributable to the partial
dissolution of the MgO from CMP into Mg ions (Fig. 1b), facilitating the
formation of the LDH phase, and the hydration of the residual MgO into
the brucite phase. For the quantitative analysis of each crystal phase,
Rietveld refinement was performed (Fig. 1f). The results indicated that
the weight fraction of the LDH phase increased from 54.2% to 75.3%
with elevating pH. The crystallite size of each LDH phase also increased
from 47.3 to 98.9 A as the pH of adjusted solutions was elevated
(Table 2).

AP +H,0 - AIOH*" +H* 6
MgO +2H" — Mg*" + H,0 (2)
MgO +H,0 — Mg?" + 20H~ 3

The XRD results suggest that the LDH formed by pH adjustment
significantly enhanced Se(VI) removal (Fig. 1a). However, the lowest
removal efficiency was observed when the pH was adjusted to 12,
despite even the highest weight fraction of LDH in the sludge (72.9%).
Generally, an increase in the crystallite size causes a reduction in the
surface area of an adsorbent, lowering its sorption affinity for an
adsorbate (Ivanets et al., 2021; Wang et al., 2013). In addition, previous
studies have reported that the point of zero charge (pHp;c) of Mg/Al LDH
is approximately 10-12 (Goh et al., 2008; Han et al., 1998; Jiang et al.,
2021), which aligned with our zeta potential results for in situ formed
LDH sludge in Fig. S4. As a result, the pH elevation rendered the Mg/Al
LDH surface more negatively charged, thereby increasing its electro-
static repulsion against anionic substances. (Gu et al., 2016). The pres-
ence of more hydroxide ions (OH™) could also contribute to competition
with Se(VI) (Sato et al., 1992; Theiss et al., 2014), which may lead to a

Table 2
Effect of Al dosage and pH on the crystallite sizes of the in situ—formed sludge.

pH Al concentration (mM) Mg/Al (molar ratio) Crystallite size (A
9 0.6 5 47.3
10 0.6 5 50.7
11 0.6 5 72.1
12 0.6 5 98.9
10 0.3 10 53.3
10 1 3 52.0
10 3 2 51.4

# Mean crystallite size determined by the full width at half maximum of (0 0 3)
and (0 0 6) peaks using Scherer’s equation.
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lower removal efficiency. Conversely, the highest efficiency was
observed by adjusting the pH to 10 compared with the pH adjustment to
12 (Fig. S5a). Additionally, the sludge obtained at pH 10 (50.7 /O\)
exhibited a larger crystallite size than that obtained at pH 9 (47.3 A),
while the removal efficiencies at pH 9 were relatively similar (Table 2
and Fig. S5a). The crystallite size represents a crucial factor in the
removal process by in situ LDH formation, as a smaller crystallite size
can inhibit the sedimentation of the generated sludge (Tsuchiya et al.,
2023). In addition, the variation in crystallite size showed a similar
trend to the size of the sheet-like particles observed by SEM analysis
(Fig. 3). Based on these findings, adjusting the pH value to 10 for LDH
formation appeared to be optimal for Se(VI) removal. Hence, this
optimal pH was applied in the subsequent experiments.

Concurrently, as shown in Table S1 and presented in Fig. S7, XRF
analysis of CMP revealed that the Ca content (as CaO, 3.65%) was very
low compared with the Mg content (as MgO, 91.15%) and the concen-
tration of Ca (Fig. S7) did not change significantly compared with that of
Mg (Fig. 1b) during the reaction. Furthermore, a possible Ca-related
mineral phase for Se(VI) sequestration, such as hydrocalumite (Ca/Al
LDH) or CaSeO4, was not detected by the XRD analysis. These findings
indicated that the influence of Ca could be excluded under the optimal
condition.

3.2. Effect of the aluminum dosage

The molar ratio of M2t/M3* (Mg?*/AI*") in LDH can significantly
influence its anionic-pollutant-scavenging ability (Huang et al., 2019;
Wang et al., 2021; You et al., 2001). Therefore, we evaluated the effect
of Al concentration on Se(VI) removal and measured changes in Mg and
Al concentrations and solution pH during the experiment (Fig. 2a—d).
Upon adding different Al concentrations to Se(VI)-containing solutions,
a further pH decrease was observed, particularly at higher Al concen-
trations (Fig. 2d). This decrease was attributed to the increased con-
centration of Al ions, thereby facilitating hydrogen ions generation, as
indicated in Eq. (1). Consequently, more MgO in CMP dissolved into Mg
ions in the stronger acidic environment at 20 min after CMP addition
(Fig. 2b). Contrary to the result described in Fig. 1a (Section 3.1.), lower
Se(VI) fractions were observed at 1 and 1.5 mM Al concentrations at this
reaction time (Fig. 2a). Considering the acidic pH of 4.5-5.5 at this re-
action time (20 min after adding CMP, Fig. 2d), LDH phase generation is
challenging. Under similar pH conditions to our results, previous studies
have reported that Al ions preferentially precipitate as AI(OH)3 (Egs. (4)
and (5)), whereas Mg ions remain in a dissolved form, (Boclair and
Braterman, 1999; Saha et al., 2017; Tsuchiya et al., 2023). Thus, the
precipitation of Al ions might be attributed to the significant decrease in
Al concentration observed at 20 min of reaction time (Fig. 2c). Addi-
tionally, aluminum hydroxide (Al(OH)s), the precipitated form of Al (e.
g., gibbsite), is known to exhibit affinity toward Se(VI), and this may
account for the lower fraction of Se(VI) observed in our study (Xi et al.,
2023). However, under our experimental conditions, the solutions
mixed with CMP without pH adjustment remained unseparated into
distinct liquid and solid phases, even after prolonged sedimentation
(Fig. S8). This indicated that pH adjustment is necessary to achieve
effective separation and ensure practical operation.

xAI** 4 3xOH™ —xAl(OH), (s) 4
XAI(OH),(s) + xOH™—x[Al(OH),] (5)

(1 — x)Mg** +x[Al(OH),]” + (2 — 4x)OH — [Mg_>*AL>* (OH),|""
(6)
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[MglfoAleJr (OH)z]X+ +(A™)

x/n

After adjusting the pH values of all solutions to 10 and completing
the reaction, XRD analyses of the generated sludges were performed
(Fig. 2e). The peak intensities of the (003) plane of the LDH phase
increased, while those of the (001) plane of the brucite phase decreased
with the increasing Al concentration, indicating that the weight fraction
of LDH phases increased with the higher Al concentration (Fig. 2f). This
result might correspond to the greater thermodynamic stability of LDH
compared with that of brucite (Bernard et al., 2022). Put differently, the
higher Al ion concentration enhanced MgO dissolution into Mg ions
through Al hydrolysis (Fig. 2b). The dissolved Mg ions then preferen-
tially contributed to LDH formation by pH adjustment, as described in
Egs. (6) and (7), A" represents SeO?{ and Cl, and 0.2 < x < 0.33)
(Forano et al., 2006; Min et al., 2022; Saha et al., 2017; Zhu et al., 2021),
rather than reprecipitating into brucite owing to differences in ther-
modynamic stability. The more reduced Se(VI) fraction at higher Al
concentrations (1 and 1.5 mM) might be ascribed to the increased LDH
phase quantity at the same pH conditions (Fig. 2a). Meanwhile, the
United States Environmental Protection Agency (USEPA) regulates
maximum Al concentration to 0.2 mg/L (USEPA, 2017) due to its
toxicity. However, the residual Al concentrations at higher Al dosages (1
and 1.5 mM) were 4.6 and 15.0 mg/L, respectively, whereas the con-
centrations were below the standard at 0.3 and 0.6 mM (Fig. 2c). Hence,
the optimal Al dosage was determined to be 0.6 mM, equivalent to a
Mg/Al molar ratio of 5. Under these optimal conditions (Mg/Al ratio of 5
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and pH 10), the Se(VI) removal capacity per CMP amount reached 127
mg/g-CMP (Fig. S5), which was significantly higher than the reported
efficiencies with various adsorbents (Table 1). This highlighted the su-
perior Se(VI) removal ability of this method.

3.3. Effect of CMP dosage

To achieve a maximum Se(VI) removal efficiency, CMP dosage was
varied under the obtained optimal Mg/Al molar ratio of 5 and pH
adjustment to 10 (Fig. 4d). The initial Se(VI) concentration was set at 20
mg/L, which is the highest reported Se(VI) concentration discharged
from industrial effluents (Santos et al., 2015; Stefaniak et al., 2018). Se
(VD) removal efficiency increased with a greater MgO content (higher
CMP dosage) and nearly reached the maximum at a MgO molarity of 6
mM (corresponding to 0.265 g/L CMP). The highest Se(VI) removal ef-
ficiency was achieved at a 12 mM MgO dosage (0.531 g/L CMP),
resulting in a residual Se(VI) concentration of 0.24 mg/L, with a removal
efficiency of 98.8%. Although this concentration did not meet the
USEPA standard, 0.05 mg/L (USEPA, 2024), the result demonstrates the
significant potential of this in situ method to effectively reduce Se(VI)
levels from a highly contaminated condition, i.e., 20 mg/L Se(VI).
Moreover, the residual Al concentration remained below 0.05 mg/L in
all solutions, indicating that no further Al treatment process was
necessary.

15 3 6 9 12 45
MgO molar mass in CMP (mM)

Fig. 4. Effects of the (a) ionic strength, (b) humic acid (HA), (c) co-existing anions, and (d) CMP dosage on the Se(VI) removal efficiency via in situ LDH formation
(Co: 10 mg/L for (a—c) and 20 mg/L for (d), CMP dosage: 0.133 g/L (except for (d)), Al dosage: 0.6 mM (except for (d)), pH adjustment: 10, temperature: 25 °C, and

reaction time: 12 h).
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3.4. Effects of the ionic strength and co-existing ions

The effect of the ionic strength and natural organic matter (NOM) on
Se(VI) removal by this method was assessed at different concentrations
of NaCl and humic acid (HA) (Fig. 4a and b). Results showed a
remarkable decrease in Se(VI) removal efficiency with increasing NaCl
concentration, likely due to weakened electrostatic attraction, a mech-
anism for separating charged pollutants (Gu et al., 2016). Additionally,
outer-sphere complexation is generally sensitive to a change in the
electrostatic attraction (Gu et al., 2016). HA, a typical NOM, can nega-
tively affect removal efficiency by forming complexes on adsorptive
surfaces, thereby impeding the removal process. Fig. 4b shows that the
Se(VI) removal efficiency decreased by only ~11% in the presence of 20
mg/L HA, which is generally the highest concentration observed in
natural environments (Basumallick and Santra, 2017).

The influence of co-existing anions, including NO3, SO‘Z(, F, CO%’,
and PO}, was further investigated at varying concentrations (Fig. 4c).
At low co-existing ion concentrations (5 mg/L), Se(VI) removal effi-
ciency remained at >80% compared to the control group. NO3 had
minimal impact on removal, while a 15% decrease was observed with F~
at the higher co-existing ion concentrations (25 mg/L). In contrast, the
co-existence of SO3~, CO3™, and PO~ exerted an adverse effect on Se
(VD) removal at the same concentrations, with the competition order as
follows: NO3 < F~ < SO~ ~ CO3~ ~ PO3 . The negligible influence of
NOj3 might be attributed to its low adsorptive characteristics onto Mg/Al
LDH surfaces (Constantino et al., 2017). Conversely, a strong interaction
has been reported for F~ sorption onto oxide surfaces, which could exert
a different effect (Gao et al., 2014; Pokrovsky et al., 2005). The signif-
icant impact of SO37~, CO%™, and PO3~ was similar to those in previous
LDH studies (Constantino et al., 2017; Goh and Lim, 2010; Lee et al.,
2018b; You et al., 2001). This is likely attributable to the greater affinity
for ions with higher charge numbers compared with monovalent ions in
the LDH interlayer (Cavani et al., 1991; Constantino et al., 2017).

3.5. Selenate removal mechanism

For the effective application and further development of this method,
an understanding of the Se(VI) sequestration pathway is important.
Accordingly, the pathway was investigated using SEM-EDS, XRD, FTIR,
XPS, and batch test results. First, SEM-EDS analysis confirmed the uni-
form distribution of Se(VI) on the surface of the precipitated sludge after
the Se(VI) removal process (Fig. S9). Next, the XRD patterns of precip-
itated samples obtained in the presence (with) and absence (without) of
Se(VI) were compared (Fig. 5a). Similar to the patterns observed in the
presence of Se(VI), peaks corresponding to the (003) and (006) planes of
the LDH phase were also observed in the absence of Se(VI). This might
be attributed to OH™ generated by the pH adjustment and Cl~ from the
AlCl3 solution, which acts as hosted anions to form the LDH phase even
in the absence of Se(VI). The measured basal spacings were 7.88 A
without Se(VI) and 8.06 A with Se(VI), indicating a difference in the
interlayer spacing due to the presence of different intercalated anions,
particularly CI™ (0.181 nm (Custelcean and Moyer, 2007),) and Se(VI)
(0.249 nm (Constantino et al., 2017),) in this case.

The FTIR spectra of samples with and without Se(VI) exhibited
characterized peaks (Fig. 5b), including a strong peak at 419 cm™!
(attributed to the metal-oxygen bond within the LDH lattice), a peak at
3699 cm™! (vibrations from Mg-OH stretching attributed to brucite
generated from hydrated CMP), a sharp band at 3453 cm™! (associated
with H-bonding from OH in the LDH interlayer LDH), and a peak at
1634 cm™! (indicative of the physically adsorbed water molecules)
(Chubar, 2014; Goh and Lim, 2010; Ji et al., 2017; Xu et al., 2020). The
peak at 1372 cm ™! corresponds to CO3~ on the surface (Chubar, 2014;
Palmer et al.,, 2009). likely sorbed during sample storage, as no
CO%-containing chemicals were used in this study. The samples were
also generated under closed experimental conditions to avoid the effect
of CO%’. Further, a peak at 876 em™! corresponding to Se(VI) was
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observed in the sample obtained in the presence of Se(VI) (Chubar,
2014; Su and Suarez, 2000). This result combined with the XRD findings
indicated the intercalation of Se(VI) using this in situ method.

Fig. 5c-h shows the XPS full and narrow spectra and elemental
compositions of samples with and without Se(VI). The Mg/Al ratios of
the samples (4.8 and 4.47, respectively) were similar to the set molar
ratio of 5 (Fig. 5¢). In the absence of Se(VI), the Cl content was 1.24%;
however, it decreased significantly in the presence of Se(VI), with a
corresponding increase in the Se content. This indicated that divalent Se
(VI) exhibited higher selectivity than monovalent Cl~ during the in situ
LDH formation process involving Cl~ and Se(VI). Therefore, Se(VI)
might preferentially intercalate into the LDH interlayer in the presence
of Se(VI) and Cl™ ions, supporting the XRD result. Chubar (2014)
investigated Se(VI) removal by Mg/Al LDH, demonstrating its superb
sequestration. However, no chemisorption of Se(VI) with Mg or Al atoms
was observed, indicating outer-sphere complexation due to long
Mg/Al-Se(VI) distances observed by EXAFS analysis. Moreover, Se(VI)
in the LDH phase was not reduced to Se(IV) in the sorption process. In
another report, a significant decrease in the Al(OH)3 peak was observed
by XPS analysis when Se(VI) interacted with Mg/Al LDH (Chubar,
2018), indicating the primary localization of Se(VI) on the Al(OH)s3
surface regardless of chemisorption (outer-sphere complexation). In our
high-resolution XPS results, no significant difference was observed in the
Mg 2p spectra between samples (Fig. 5f), indicating that Mg atoms did
not participate in Se(VI) sequestration. Meanwhile, the intensity of the
Al(OH)3 peak decreased in the deconvoluted Al 2p spectra (Fig. 5d),
suggesting outer-sphere complexation driven by the primary localiza-
tion of Se(VI) (Chubar, 2018). Consistent with the FTIR result in Fig. 5b,
the Se(VI) peak in the Se 3d narrow spectra matched the NaySeOg4
reference (Fig. 5g), indicating no reduction occurred, as reported in
previous studies (Chubar, 2014). Additionally, as discussed in Section
3.4., Se(VI) removal efficiency decreased with increasing ionic strength,
a phenomenon that could be related to outer-sphere complexation (Gu
et al., 2016). In summary, our results indicated that CMP preferentially
dissolved via Al-ion hydrolysis upon the AlCl3 addition, releasing Mg
ions. Subsequently, pH adjustment to an alkaline environment facili-
tated the in situ formation of Mg/Al LDH, which primarily sequestrated
Se(VD) in the interlayer space rather than the Cl™ ions through
outer-sphere complexation, consequently precipitating as a sludge. The
Se(VI)-sequestration pathway by this method is illustrated in Fig. 5i.

3.6. Reusability of the generated layered double hydroxide sludge

Considering sustainability and practical applicability, we explored
the reusability of the generated sludges instead of their disposal as
waste. Therefore, the cured sludge for generating crystalline LDH
(LDHS) and its calcined sample (LDOS) were examined as Se(VI) ad-
sorbents. XRD analysis of both adsorbents (Fig. 6b) showed that LDHS
exhibited a more crystalline LDH phase, characterized by stronger (003)
and (006) peaks, compared to uncured samples (Fig. 1e and 2e). A well-
crystalline LDH is required as an adsorbent, as the low-crystalline form
readily dissolves in aqueous systems. (Goh et al., 2010). Thus, these
results represented the applicability of LDHS as an adsorbent.
Conversely, the peaks reflecting the LDH phase, i.e., the (003) and (006)
planes, disappeared from the calcination process. The disappearance
was ascribed to the loss of interlayer anions along with water molecules
under high-temperature conditions, resulting in the collapse of the LDH
interlayer and its transformation into layered double oxide (LDO) (Lee
et al., 2018b). This XRD result correlated with the SEM images of LDHS
and LDOS (Fig. 6a and d).

The adsorption characteristics of LDHS and LDOS were investigated
as functions of time and the Se(VI) concentrations. The data were fitted
to kinetics and isotherm models, with results shown in Fig. 6¢ and f, and
Tables S2 and S3. The LDHS attained faster reaction equilibrium
compared to the slower reaction with LDOS, whereas LDOS exhibited
higher adsorption capacity. The maximum adsorption capacity of LDOS
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(42.1 mg/g), as calculated by the Langmuir model, was much higher
than that of LDHS (12.8 mg/g). As aforementioned, LDO contains fewer
anions due to the loss of interlayer anions. In aqueous phases, LDO can
reconstruct the LDH phase through a memory effect and intercalate
surrounding anions (Lee et al., 2018a; Yang et al., 2005). Additionally,
LDO generally exhibits a higher surface area than uncalcined LDH due to
structural transformation caused by the decomposition of LDH into
layered double oxide (LDO) (Fig. 6a and d), resulting in different
removal efficiencies (Lee et al., 2018b; Tran et al., 2019; Yang et al.,
2005). Therefore, we recommend applying the calcination process for
reusing the generated sludge, rather than employing solely LDHS.
Compared with the Se(VI) removal efficiency of the in situ LDH for-
mation (127 mg/g in Fig. S5), that of LDOS was low. However, under the
experimental pH condition, the efficiency of LDOS was very compatible
with that of reported LDHs or other Se(VI) adsorbents (Table 1).
Moreover, the sorption efficiency of LDOS was maintained at >88% in
its 4th cycle (Fig. 6e) compared with that of fresh LDOS, indicating its
applicability as an adsorbent and the sustainability of this green Se(VI)
removal method.

3.7. Environmental implications

Se(VI) is more challenging to remove than Se(IV) (Liang et al., 2015;
Mondal et al., 2004; Tang et al., 2016), but LDH has proven effective for
its removal (Chubar, 2014; Chubar and Szlachta, 2015). Recent studies
on LDH adsorption have emphasized practical considerations, such as
energy efficiency, cost-effectiveness, and environmental sustainability
(Feng et al., 2022), rather than the conventional adsorption process after
its laboratory-scale ex-situ synthesis (Fig. S1). Therefore, we focused on
using CMP, a waste material with very high Mg content, as a precursor
for in situ Mg/Al LDH to remove Se(VI). This method offers a simpler
alternative (Fig. S2) compared to the conventional ex-situ LDH prepa-
ration followed by Se(VI) adsorption, suggesting further economic

advantages. Moreover, no strong acids, such as HNOs, were utilized for
Mg extraction from CMP, providing environmental advantages. The
applicability of the generated sludge further highlighted its potential
environmental benefits. This study provided insights into sustainable Se
(VD) removal by in situ LDH formation from Mg-containing waste (CMP).
We believe that this novel and green method can be extended to other
solid wastes and natural ores containing Me?* (e.g., Mg?*, Ca?*, and
Fe®") for the removal of hazardous anionic pollutants.

4. Conclusion

This study aimed to sequester Se(VI) through in situ Mg/Al LDH
formation via Al hydrolysis, utilizing calcined magnesium precipitate
(CMP) as a green precursor. Kinetic experiments optimized the solution
pH and Al dosage for Se(VI) removal. Under optimal conditions (Mg/Al
molar ratio of 5 and pH 10), a high Se(VI) removal efficiency of 127 mg/
g-CMP was achieved with low residual Al. The highest removal effi-
ciency (98.8%) was obtained in a 20 mg/L Se(VI) solution under optimal
conditions with increased CMP dosage. Therefore, this method could be
suitable for Se(VI) removal in solutions contaminated with high Se(VI)
concentrations. The removal efficiency was stable in the presence of
humic acid and monovalent ions but decreased with increasing ionic
strengths. XRD and FTIR analyses of the precipitated sludge confirmed
the intercalation of Se(VI), and the XPS analysis indicated the indirect
interaction between Se(VI) and the LDH surface. The overall results
suggest that Mg ions are initially released from CMP via Al hydrolysis.
Subsequently, Se(VI) is intercalated through outer-sphere complexation
within the interlayer of Mg/Al LDH sheets, facilitated by pH adjustment.
Furthermore, the precipitated sludge after the reaction was cured
(LDHS) and calcined (LDOS) to produce sustainable adsorbents. LDHS
and LDOS exhibited adsorption capacities of 12.8 and 42.1 mg/g,
respectively, which are comparable to those of reported LDHs and other
adsorbents. This study demonstrated a practical in situ LDH formation
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method utilizing a sustainable Mg-based precursor for Se(VI) seques-
tration. This novel approach could be applied in the future to remove
other hazardous anionic pollutants from various solid wastes.
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