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Abstract: FeMgAl−MoS4 LDH was successfully synthesized by a one-pot hydrothermal process
followed by ion-exchange methods, and this novel adsorbent was first conducted for aqueous selenite
and selenate elimination. The Fe as a component for metal cation layers of LDHs could modulate the
layer charge density, leading to more functional groups inserted into layers, and more importantly,
this heterogeneous Fe can catalyze the surface reactions between Se(IV) or Se(VI) with S(-II) for
oxoanions sequestration. The mechanisms are ion exchange between functional groups with HSeO3

−

and SeO3
2− for Se(IV) or SeO4

2− for Se(VI), followed by reduction by S(-II) from MoS4
2− groups.

The existence of Fe in LDH cation layers, obviously enhanced the reactions (almost two times more
for Se(IV) and three times more for Se(VI), respectively), resulting in satisfying adsorption capacities
of 483.9 mg/g and 167.2 mg/g for Se(IV) and Se(VI), respectively. Mechanisms were further revealed
by elementary analysis, XRD, FT−IR, SEM−EDX, and XPS, as well as the quantitative study. For
sorption kinetics, the calculated values of capacities from the pseudo-second-order model are much
closer to the experimental values. For sorption isotherms, Langmuir is better than the Freundlich
isotherms model for closer capacities (505 mg/g for selenite and 172 mg/g for selenate). All these
results demonstrated that the presence of heterogeneous Fe could catalyze the reduction of Se (IV/VI)
for the aqueous system, and maybe other high oxidative states hazardous ions. So FeMgAl−MoS4 is
a kind of novel adsorbent that offers a promising multi-functional and highly efficient solution for
water selenium purification.

Keywords: FeMgAl−MoS4 LDH; selenium removal; catalytic roles; surface mechanisms

1. Introduction

Selenium is an essential element for both animals and human beings, but with ele-
vated concentrations, this element can be extremely hazardous [1]. There is a confining
range between the toxic level and dietary deficiency level (>400 µg/day and <40 µg/day,
respectively) of selenium ions [2], and exposure to them also may lead to neurological or
respiratory problems [3,4]. This chemical and radiologically toxic element has caused many
environmental pollution problems worldwide [5], and many countries have conducted
strict criteria for selenium control for aqueous systems [6].

To solve these problems, efficient removal approaches of water-borne selenium are very
desirable. Biological, chemical, and physical techniques, for instance, bacteria metabolism [7],
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microbial cells [8], chemical reduction [9], and adsorption [10] were conducted for the
removal of selenium. Among these methods, adsorption is highly attractive due to its
economic effectiveness, simple design, and strong sorption functionality [11]. Based on
this concept, metal-organic framework [12], titanate nanotube [13], carbon nanotube [14],
heterogeneous iron [15,16], magnesium oxide [17], alumina oxide [18], titanium oxide [19],
and other metal oxides [20], proved to retard the mobilization of selenium in the environ-
ment. However, on the other hand, these materials present limited adsorption capacities
for selenium removal (always less than 200 mg/g), much lower than the capacity of other
hazardous elements removal, like mercury or lead [21–23]. This phenomenon may be
attributed to selenium having a relatively long half-life (t1/2 ≈ 3.27 × 105 years) and ex-
hibiting stable states in natural conditions [24]. Furthermore, selenium ions exist in the
aqueous system as HSeO3

− or SeO3
2− for Se(IV), and HSeO4

− or SeO4
2− for Se(VI), all

of these groups are negatively charged, which further constrains the capacities of many
adsorbents for selenium removal [25]. Hence, the synthesis of effective adsorbents for this
recalcitrant contaminant is still a challenge.

Layered double hydroxide (LDH) was widely applied for the removal of negatively
charged pollutants in an aqueous system. As a common two-dimensional material, LDH
consists of hosting layers (positively charged) and electrical balance anion groups in the
interlayer space [26]. Various kinds of LDHs, such as MgAl−Cl LDH, ZnAl−Cl LDH,
MgFe-CO3 LDH, and other LDHs were synthesized and applied for the sequestration of
Oxoanions [27–29]. Another lamellar structure, layered rare earth hydroxides (LRHs), such
as Y2(OH)5Cl·1.5H2O, was also synthesized for selenium oxoanions removal [30], exhibited
good selectivity while the capacities were constrained (207 mg/g for selenite and 124 mg/g
for selenate), and the removal mechanisms were the formation of inner-sphere complexation
(for selenite) or outer-sphere complexation (for selenate). This material represented the
good capacities of inorganic adsorbents, but these values were still not satisfied, which
indicated more mechanisms may need to be involved if intending to promote adsorption
performance. Other interlayer species with more functionalities for adsorbents were also
applied. For example, the MoS4

2− anions group attracted increasing attention in recent
years [31,32], such as CoFe-MoS4 LDH being applied for mercury uptake from S−Hg
mixed flue gas [33], and MnMgAl−MoS4 LDH being synthesized for heavy metal removal
from the aqueous system [34]. Besides that, MgAl−MoS4 LDH was also conducted for
selenium treatment, after the ion exchange between foreign selenium oxoanions with
interlayer anions, the following reaction of Se(IV) reduced into Se(0) while S(-II) (existed in
MoS4

2−) oxidized into S(VI) (existed as SO4
2−) was observed. However, this MgAl−MoS4

LDH exhibited a good performance (294 mg/g of selenite), with the presence of extra
heavy metals in the solution (like Hg2+ or Cd2+) only, which could accelerate the selenium
capture by enhanced reactions between MoS4

2− anions and heavy metal ions, leading to
more functional groups being released into the solution [35]. However, it is difficult to
find such types of wastewater with different pollutants while adding heavy metals from
external sources might bring more second pollution. Due to this consideration, multi-
mechanisms and efficient adsorbents for selenite and selenate immobilization without
potential environmental risks are still very desirable for applications.

More recently, iron ions were widely conducted for the removal of selenium Oxoan-
ions [36]. On the one hand, Fe was one of the widest distribution elements in the natural
system, more notably, Fe was proven to play a crucial catalytic role in selenium removal,
with the formation of inner-sphere complexation with selenium oxoanions [37–40], and
promising reductive potential with selenite or selenate (especially for Fe2+). Accordingly,
iron-contained ores, such as maghemite [41], granite [42], goethite [43], ferrihydrite [44],
and hematite [45] were used for investigation of the interface reactions with selenium,
adsorption processes or transformation on surfaces. Apart from their coordinating ad-
vantages, natural iron ores render lower capacities because of their nonporous structure,
which results in metals coordinating on the surface only. To overcome these drawbacks,
many porous and highly reductive iron-based adsorbents were synthesized, like nanoscale
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zero-valent iron (nZVI) [46], which was an effective material with simultaneous adsorp-
tion and reduction for Se, and other nZVI−based systems were also developed, such as
nZVI/LDH [47], nZVI/Fe3O4/Fe(II) [48], but the oxidation-related problems of nZVI sys-
tems were big issues [49]. One study by Hong et al. made iron-impregnated food waste
biochar to remove Se(VI) from an aqueous solution [21]. Another study by Satyro, S, et al.
found that the Fe-biochar composites, which were made by impregnating iron (ferric
nitrate) onto regular biochar (RB) and steam-activated biochar can remove Se(VI) [22].
However, these studies are the key to the research about S(-II). It was proved that lamellar
LDH arrangement can provide protection surroundings against solubility as well as direct
oxygen exposure of Fe(II) as well as S(-II) [50], and our group synthesized Fe-based LDH
via the co−precipitation method for heavy metals removal, while iron ions could modulate
the basal spacing of resultant adsorbent [51]. Additionally, sulfur is also essential for Se
removal (such as S(-II) in MoS4

2− anions group) [52], and the knowledge gap still exists
for the potential roles of Fe ions as reducing agents or catalysts for the sequestration of
selenium with the presence of S(-II) involved functional groups.

In this work, we addressed a suitable adsorbent with a good ability to remove un-
conventional pollutants. We synthesized MoS4

2− intercalated FeMgAl layered double
hydroxide (FeMgAl−MoS4 LDH, abbr. FeMgAl−MoS4), and reported that the potential
reductive and catalytic abilities of Fe ions were favorable to the removal of selenium oxoan-
ions. Specifically, FeMgAl−MoS4 was successfully synthesized via hydrothermal reactions
coupled with anion-exchange processes and then firstly conducted to selenium oxoanions
sequestration in the aqueous system. In addition, selenium oxoanions uptake capabilities
of FeMgAl−MoS4 were also compared with other types of cationic inorganic sorbents and
intermediate sorbents for a quantitative study, and the sorption mechanisms and the roles
of iron ions were unraveled by the combination of elemental analysis, XPS, SEM−EDX,
XRD, FT−IR, and Raman techniques. The results clearly demonstrated that Fe could mod-
ulate the charge densities of cationic layers, leading to more functional groups inserted
into galleries, after that, leaching functional groups could further catalyze with selenium
oxoanions by S(-II) reduction, Fe acted as a catalyst for these reductive reactions, which
created advantages in terms of uptake capacities and efficiency for selenium sequestration.
The presence of heterogeneous Fe could catalyze the reduction of Se(IV/VI) for the aqueous
system, and maybe as well as other high oxidative states hazardous ions.

2. Results and Discussion
2.1. Characterization

Physical and chemical characterizations of FeMgAl−MoS4 and FeMgAl−NO3 were
conducted through many techniques, compared with MgAl-NO3 and MgAl−MoS4 ad-
sorbents also listed. With the general formula of [M2+

1−x M3+
x (OH)2]x+(An−)x/n·mH2O,

where M2+ and M3+ denote the divalent and trivalent metal cations, An− represents the
interlayer anions or groups and x is defined as the molar ratio of M2+ to (M2+ + M3+), we
could calculate the formula of the adsorbent (SI Table S1). Elementary Analysis and ICP
were conducted to elucidate the components of these adsorbents, as different adsorbents
exhibited different features. There was an obvious difference in nitrogen content between
MgAl-NO3 and MgAl−MoS4 because NO3

− in the solution was exchanged with initial
CO3

2− groups and stable MgAl−NO3 was collected for further preparation. MgAl-MoS4
was obtained via this hydrothermal combined with the anion-exchange method, the value
of MoS4

2− groups was close to the reference value (0.16 and 0.17, respectively), also placing
hydrothermal as a good method for LDH preparation. However, there were more func-
tional groups obtained in the LDH structures when Fe was added as the basic component of
LDH layers, this phenomenon attributed to Fe could modulate the charge density of LDH
layers, and more MoS4

2− groups were needed to balance the charge. Moreover, according
to the mass balance and charge balance of final resultants, different partials of Fe(II) and
Fe(III) can be calculated. With the initial iron ion Fe(II) from the FeCl2·4H2O, the Fe in the
resultant FeMgAl−MoS4 adsorbent combined with 74% Fe(III) and 26% Fe(II), these values
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are in accordance with the following XPS results, and the states of Fe in the adsorbent
will be discussed in the following sections. NO3

− groups remained in MgAl−MoS4 and
FeMgAl−MoS4 adsorbents, which means the anion-exchange process was not complete,
and CO3

2− groups were also observed, indicating the pollution of CO2 from the air was
not entirely prevented.

The SEM was applied to evaluate the spacing morphology of the resultant adsor-
bent. As shown in Figure 1, FeMgAl−MoS4 shows the typically layered symmetry of
the adsorbent, and these images confirmed the dominant structure in the adsorbent was
the hexagonal prismatic shape. Moreover, this plate-layered structure illustrated that the
resultant FeMgAl−MoS4 remained stable even when shaken in solution for several days
for anion-exchange processes, which proved the good stability and potential reusability
of this adsorbent. FeMgAl−MoS4 was successfully obtained by the hydrothermal pro-
cess coupled with anion exchange, which placed this fabrication method as an acceptable
method for LDH preparation, while consistent nitrogen was purged into the solution
during preparation processes.
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The X-ray diffraction (XRD) further offered detailed distinctions on the crystal struc-
ture and basal spacing (dbasal) of these obtained adsorbents (SI Figure S2). Diffraction
peaks at 2θ of 11◦, 21◦, 34◦, 61◦, and 62◦ represented that the LDH structure was obvi-
ously detected for these adsorbents [53], placing this hydrothermal process and followed
anion-exchange accessible for LDH preparation. However, some signals were weak and
shifted a little (11◦ and 21◦) for MgAl-MoS4 and FeMgAl-MoS4, which may be attributed
to consistent nitrogen being purged into the solution during the preparation processes, but
the LDH structure was still formed and further proved by the SEM observation mentioned
before. More importantly, the basal spacing of LDH galleries was different from these LDHs,
FeMgAl-MoS4 has an enlarged dbasal (0.96 nm) compared with FeMgAl−NO3 (0.83 nm),
which rectified the interlayer species of MoS4

2−, and the same phenomenon was observed
when MoS4

2− was introduced into MgAl−NO3, this was in agreement with [51]. Moreover,
dbasal decreased from MgAl-MoS4 (1.05 nm) to FeMgAl−MoS4 (0.96 nm) when the iron
was added as a component for LDH synthesis. The dbasal of the resultant FeMgAl−MoS4 is
familiar with SeO3

2− intercalated LDHs according to [35] (0.94/0.96 nm for SeO3
2− and

0.92 nm for SeO4
2−), which was beneficial to the substitution between selenium oxoanions

and inner functional groups via as-prepared FeMgAl−MoS4 adsorbent. This hypothesis on
suitable dbasal enhanced the anion exchange processes for SeO3

2− and SeO4
2− and will be

further demonstrated in the following section.
FT−IR spectra were applied to further clarify the changes in the surface functional

groups of these adsorbents (SI Figure S3). Wavenumber 3551, 3450, 3440, and 3420 cm−1 of
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these adsorbents contributed to the vibration of O−H stretching, which could form com-
plexations with heavy metal cations. While the typical band at 1587 cm−1 in MgAl−NO3
(1597 cm−1 for FeMgAl−NO3, 1602 cm−1 for MgAl−MoS4, and 1607 cm−1 for FeMgAl-
MoS4) proved the presence of CO3

2−, which was consistent with XRD results, that may be
attributed to part of the CO2 pollution and incomplete anion exchange processes between
NO3

− and CO3
2−. After the introduction of MoS4

2−, a strong band 1359 cm−1 assigned
to NO3

− almost disappeared, as the 1131 and 1127 cm−1 for M-O confirmed intercalation
in the interlayer region of MgAl−MoS4 and FeMgAl−MoS4. Moreover, a clear vibration
band when the wavenumber was below 1000 cm−1 was associated with the metal−oxygen
(M−O) or with metal–sulfur (M−S), which further confirmed the existence of MoS4

2− in
adsorbents. When adding Fe as a component of adsorbents, there are some shifts with the
metal−oxygen (M−O) or with metal-sulfur (M−S) bands, as 836 cm−1 shifted to 806 cm−1,
676 cm−1 shifted to 656 cm−1 for MgAl−NO3 and FeMgAl−NO3 adsorbents, while 986,
826, 690 cm−1 for MgAl−MoS4 shifted to 996, 792, 666 cm−1 for FeMgAl−MoS4, respec-
tively. The δ(O−M−O) vibration band showed no changes for different adsorbents at
438 cm−1. Additionally, M−S stretching and M−O vibration overlapped in the range of
459−482 cm−1, and Raman spectra (SI Figure S4) provided evidence to distinguish them.
The Mo−S stretching of (NH4)2MoS4 was observed at 479 cm−1, which was in agreement
with a reference value (300−515 cm−1) [54]. In the case of FeMgAl−MoS4, Mo−S stretching
appeared at 287, 375, and 390 cm−1, this phenomenon could be attributed to a crystal or
bridge structure between metal ions and sulfur ions in the LDHs, as Mo(S−M−LDH) [55].
These FT−IR results above were also consistent with the aforementioned elementary analy-
sis and proved the presence of related elements or groups.

To sum up, according to Elementary Analysis, XRD, FT−IR, Raman, and SEM, we
confirmed the FeMgAl-MoS4 was successfully prepared via the hydrothermal method
coupled with the anion-exchange process and the presence of heterogeneous Fe could
catalyze the reduction of Se (IV/VI) for the aqueous system. Compared with MgAl-
NO3 or FeMgAl−NO3, we found MoS4

2− groups introduced into LDHs and made a
series of changes in characteristics. Furthermore, after comparison with MgAl-MoS4,
we found FeMgAl−MoS4 has more functional groups introduced and a smaller dbasal
for LDH galleries, the same phenomenon was observed when MgAl−NO3 opposed to
FeMgAl−NO3, more NO3

− groups were introduced and a smaller dbasal when Fe as
a component of metal ions. These distinctions also directly led to their distinguished
performance in selenium removal which will be discussed in the following sections.

2.2. Adsorption of Selenium

To evaluate the performances of different adsorbents and further disclose the roles of
iron ions, a comparison was conducted and experimental values were listed in SI Table
S2. Without any adjustments of pH, the pHs of resultant adsorbents are a little higher for
Se(IV) than Se(VI), this is may be attributed to the formation of HSeO3

− for the Se(IV) and
increased pH values. Based on the previous reports [10], selenium oxoanions form aqueous
solutions and are negligible in alkaline surroundings because the surfaces of inorganic
oxides are usually negatively charged and therefore repulse anionic selenium species. The
selenate species are SeO4

2− when pH > 2, as for selenite species, the main state is HSeO3
−

at pH < 5, and HSeO3
− could coexist with SeO3

2− at pH 7 when the pH increased up to
8.5, there are nearly 40% HSeO3

− and nearly 60% SeO3
2− in the solution [30]. The removal

efficiency of Se(IV) and Se(VI) reached 484 mg/g and 167 mg/g, respectively, while the
capacities of MgAl-NO3 and MgAl-MoS4 are 155 mg/g and 271 mg/g for Se(IV). The
higher capacity achieved compared with FeMgAl−NO3 or MgAl−NO3 may be due to
the reduction process between the introduced selenite or selenate species with inter-layer
MoS4

2− groups, which will be discussed in the following sections.
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2.2.1. Quantitative Study

Based on the LDH structure and potential reductive abilities of MoS4
2− groups, more

details could be elucidated by comparison experiments between LDHs and only MoS4
2−

groups. Moreover, the hypothetical function of Fe also needs to be investigated, and
homogeneous as well as heterogeneous iron ions were conducted for iron performance
evaluation, with the results listed in Figure 2, and the calculation processes of ion-exchange
or S(-II) reduction utilization percent were demonstrated in SI Table S3. For homogeneous
Fe, iron ions came from the proper amount of Fe(II) and Fe(III), adding homogeneous iron
ions outside can make a comparison with FeMgAl−NO3 or FeMgAl−MoS4, this Fe as a
component of LDH structure, which can be regarded as a heterogeneous Fe resource.
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Figure 2. Capacities and utilization percent comparison of different adsorbents or their combi-
nations for Se(IV) (a), and Se(VI) (b) removal (Phase ratio = 1.0 g/L, contact time = 24 h, 25 ◦C,
C0(Se) = 1000 mg/L, without adjustment of pHs); sorption kinetics and release of Mo ions when
Se(IV) (c), and Se(VI) (d) on FeMgAl−MoS4 (Phase ratio = 1.0 g/L, 25 ◦C, C0(Se) = 1000 mg/L for
Se(IV) and 600 mg/L for Se(VI), without adjustment of pHs, at different time intervals).

Individually, for Se(IV) removal, when the solution only contained MoS4
2− groups,

directly from adding of (NH4)2MoS4, the capacity towards selenium removal is 184 mg/g,
according to former research, Mo in the MoS4

2− groups could not react with selenium
ions [35]. However, based on the charge balance between selenium ions and sulfur ions, one
molar S(-II) can reduce two molars Se(IV), with S(-II) oxidized into S(VI) in SO4

2− and Se(IV)
reduced into Se(0) for removal. Based on this electricity balance, the utilization percentage
of S(-II) can be calculated as 16%, and the following S(-II) utilization rates were measured
by the same method. Moreover, when MgAl−NO3 as a comparative LDH adsorbent was
applied, the selenite uptake capacity is 115 mg/g, and considering that NO3

− groups are
chemically inert, this process presented as an ionexchange process for selenite removal
only. Compared with the total amount of anion groups in the LDH layers, the ionexchange
rate can be calculated to evaluate the completion degree of the anion groups exchange
process between HSeO3

−, SeO3
2−, or SeO4

− with interlayer functional groups. Hence, the
ionexchange rate of MgAl−NO3 was measured as 50%, and this ionexchange rate was also
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applied for MgAl−MoS4 adsorptive reactions, as they both have the same cation layers and
close dbasal values (showed on SI text S1). As mentioned above, MgAl−MoS4 may combine
two functions of ion exchange and follow with S(-II) reduction for selenium removal, the
capacity of MgAl−MoS4 is 271 mg/g, which is close to the reference value (294 mg/g), the
lower value of this MgAl−MoS4 in this experiments may be attributed to the incomplete
ion exchange process between CO3

2− groups with NO3
− groups when in preparation, or

attributed to little pollution of CO2 from the air. According to this data, the ion exchange
rate and utilization percentage of MgAl−MoS4 toward selenite uptake are 50% and 19%,
respectively. This 19% is higher than the 17% of directly adding MoS4

2− groups, indicating
that the LDH structure can protect S(-II) to achieve a higher S(-II) utilization rate and
better performance.

Moreover, homogeneous iron ions were added to the solution in order to make a com-
parison with the heterogeneous Fe of FeMgAl−NO3 and FeMgAl-MoS4. For homogeneous
Fe, the adsorption capacity of iron ions was 2 mg/g, which is negligible compared with
functions of S(-II) reduction and ion exchange. When combining Fe with only MoS4

2−

groups, the capacity is 204 mg/g, and S(-II) utilization percentage is 19%, which is better
than the 17% of MoS4

2− groups alone, suggesting Fe has catalytic ability for S(-II) reduc-
tive reactions with Se(IV). Homogeneous Fe alone is inert with Se(IV), also proved by
adding iron ions into the MgAl−NO3 adsorptive process, the capacity is 113 mg/g, and
ion-exchange percentage is 49%, even lower than only MgAl-NO3 (the percentage is 50%),
suggesting iron ions are not beneficial to ion exchange, but may be detrimental to this
process instead, as iron ions could adhering to the LDH surface could affect Se(IV) adsorp-
tion [51]. However, when iron ions are involved with the MgAl-MoS4 system, the capacity
is 382 mg/g, which is much higher than the aforementioned combination of adsorbents
and additives. The ion-exchange percentage is the same as MgAl−NO3 (49%), but the
S(-II) utilization percentage is 31%, much higher than this percentage of only MgAl−MoS4
alone (19%), directly providing evidence that homogeneous iron could catalyze Se(IV)
reductive reaction by S(-II), with more details investigated in the following sections. Never-
theless, adding iron ions is complicated for adsorption, and also not realistic for industrial
applications as there is less economic efficiency as well as potential environmental risks.

Furthermore, FeMgAl−NO3 and FeMgAl-MoS4 were considered as heterogeneous
Fe resources, for the consideration of Fe as a component of metal cation layers, and less
was soluble in solutions. The performance of these two adsorbents on the sequestration
of selenite was also evaluated. In terms of FeMgAl−NO3, the capacity is 149 mg/g, as
the ion exchange percentage is 76%, which is higher than the MgAl−NO3 (49%), this may
contribute to the Fe as a component of the LDH structure, the resultant adsorbents get
more functional groups involved, and the d-space value of Fe-contained LDHs is close
to the selenium ions [30], and these are two factors for the ion-exchange process towards
the performance improvement of the Fe−contained LDHs. However, for FeMgAl−MoS4,
the capacity was 484 mg/g, which is the record value for selenium adsorbents described
to date, with the ion-exchange percentage of 76% and S(-II) utilization percentage of 33%,
which is almost double that of only MoS4

2− groups alone (17%), indicating heterogeneous
Fe of FeMgAl−MoS4 exhibits good catalytic performance for Se(IV) reduction by S(-II) ions.

For sequestration of Se(VI), which is regarded as one of the most recalcitrant oxoanions
for water purification [36], the same experimental approaches with Se(IV) adsorptive reac-
tions were designed, as the performances were compared to measure the percentages of ion
exchange and S(-II) utilization for Se(VI) removal. When the system was no Fe added, the
capacities of only MoS4

2− groups was 36 mg/g, suggesting the S(-II) utilization percentage
was 5%, which was much lower than the value of Se(IV) removal experiment (16%). This
may be attributed to the chemically inert Se(VI) in most situations, and this is also the
reason why Se(VI) is regarded as one of the most reluctant oxoanions for water purification.
Besides that, MgAl-NO3 was applied to test the ion exchange percentage of the normal
layered structure for Se(VI) adsorption. The capacity is 59 mg/g, with an exchange percent-
age of 35%. Moreover, as a combination of these two functions, MgAl-MoS4 achieved a
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capacity of 87 mg/g, with 35% for ion exchange and 6% for S(-II) reduction. The increase
in S(-II) utilization percentage was attributed to the protective layered structure of LDHs,
which was in accordance with the phenomenon of Se(IV) removal. Adding iron ions into
the solution as the source of homogeneous Fe, the capacities of only MoS4

2−, MgAl−NO3,
and MgAl−MoS4 systems are 42 mg/g (with 6% sulfur utilization), 64 mg/g (with 38%
ion-exchange) and 139 mg/g (with 38% ion-exchange and 14% sulfur utilization), respec-
tively. This increase of S(-II) utilization percentage (from 5% of only MoS4

2− groups alone
to 14% of MoS4

2− adding with Fe), suggests Fe also exhibited good catalytic performance of
Se(VI) reduction [56]. In order to further investigations, FeMgAl−NO3 and FeMgAl−MoS4
were applied as heterogeneous iron sources likewise. The capacities and ion-exchange
percentage of FeMgAl−NO3 are 81 mg/g and 55%, respectively. Moreover, the ion ex-
change percentage of 55% for FeMgAl-NO3 is higher than this value of MgAl−NO3 (35%),
indicating the Fe-contained LDHs benefited the Se(VI) adsorption, and the Fe may also
be responsible for modulating the LDH cation layer surface charge density, changing the
d-space value and involving more functional groups in the adsorbents [18]. Meanwhile, in
terms of FeMgAl−MoS4, the capacity reached 167 mg/g, with the contribution of 55% ion-
exchange percentage and 13% S(-II) utilization percentage, this capacity is the highest value
for Se(VI) by inorganic adsorbents. Besides that, 13% of the S(-II) utilization percentage is
almost three times more than the initial MoS4

2− groups, demonstrating that heterogeneous
Fe could enhance the reactions between Se of(VI) and S(-II).

According to the aforementioned quantitative study, Fe was proven to be an effective
catalyst for Se(IV) or Se(VI) reductive reactions with S(-II) from MoS4

2− groups, and
quantitative amounts were investigated by various experiments, and different contribution
rates were also calculated. LDH lamellar structure could protect MoS4

2− groups from the
pollution of air, and homogeneous iron ions are also benign for selenium reduction, but the
performance is not satisfactory. More importantly, FeMgAl-MoS4 exhibited valid removal
performances both for Se(IV) and Se(VI), for the combination of higher ion-exchange ratios
and better efficacy of S(-II) ions from MoS4

2− groups, this better efficiency of S(-II) was
attributed to the Fe in the FeMgAl−MoS4. The quantitative values and reaction mechanisms
were further proved with many techniques such as XPS, XRD, etc., which will be discussed
in the following sections.

2.2.2. Sorption Kinetics and Isotherms

Sorption kinetics for selenium species removal by FeMgAl−MoS4 was investigated
to study the reaction rates and sorption pathways. As demonstrated in Figure 2, both
Se(IV) and Se(VI), after reaction for 600 min, the concentration deduced to 479 mg/g and
164 mg/g, respectively, the resultant values meeting the aforementioned drinking water
standards. The concentrations of Mo ions were also observed by ICP, with the intention
of elucidation of ion exchange reactions between MoS4

2− groups and SeO3
2− or SeO4

2−

species. The more Mo that existed in the filtrates, the more the selenium species exchanged
into LDH layers. If all Mo ions in FeMgAl−MoS4 LDH could be leached into solutions,
the concentrations of Mo should be 158.4 mg/g adsorbent (1/103 × 0.17 × 96 × 1000),
but ICP results demonstrated Mo in the solution is 118 mg/g adsorbent, lower than the
calculated value, and the ratio is 0.746, which means there were 74.6% Mo ions leaching
into solutions. This value was in accordance with the ionexchange utilization percentage
of FeMgAl−MoS4 (76%), indicating Mo concentrations could represent the leaching of
MoS4

2− groups, and the lower Mo percentage may be attributed to other functional groups
being involved with this ion-exchange process, but the influence was limited. Moreover, the
release of Mo ions reached equilibrium at almost 300 min, with a percentage of more than
70%, indicating the equilibrium time of ion exchange is shorter than the equilibrium time of
adsorptive reactions. This phenomenon was also observed for Se(VI) removal, which could
be attributed to some reactions still existing after ion exchange and this hypothesis was in
accordance with the quantitative study, that is S(-II) reduction took place between selenite
or selenate ions with exchanged MoS4

2− groups, demonstrating there might be two steps
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for the reaction: (a) ion-exchange between original functional groups with foreign selenium
oxoanions; and (b) leached functional groups reduced other more selenium oxoanions
to insoluble states. Two models [57] were applied to the determination of the reaction
pathways, which are pseudo-first-order and pseudo-second-order, the sorption rates and
other sorption kinetics parameters were used to employ these mechanisms to describe the
reaction details and equations are as follows:
pseudo-first-order:

ln(qe − qt) = ln qe − k1t (1)

pseudo-second-order:
t/qt = 1/k2qe

2 + (1/qe)t (2)

where qe (mg/g) is the amount of target pollutant per unit mass of adsorbent at equilibrium
and qt (mg/g) is the amount of adsorbed at time t, while k1 (min−1) and k2 (g/mg min−1)
are the rate constants when reactions reached equilibrium, both for pseudo-first-order and
pseudo-second-order.

Isotherm investigation conducted by adding FeMgAl-MoS4 as adsorbents into so-
lutions for Se(IV) (SI Table S4) and Se(VI) (SI Table S5) removal and maximum sorption
capacities can be calculated. Uptake for the selenium species was increased successively
with the Se(IV) and Se(VI) concentrations increased. Sorption of Se(IV) reached an equi-
librium when the selenite concentration of 1072 mg/g, and the maximum capacity is
484 mg/g, while Se(VI) reached sorption balance at the concentration of 586 mg/g, and
the resultant capacity of Se(VI) is 167 mg/g. The concentrations of element Mo were also
observed by the ICP instrument, and pHs before and after reactions were also detected for
mechanism understanding. The distribution coefficient Kd represents the affinity between
selenium species and adsorbents, and the Kd values were summarized and discussed. As
known, when Kd values of >104 mL/g were widely regarded as exceptional adsorbents,
and as shown in these tables, Kd values of these adsorbents are satisfied for applications.
The Langmuir isotherms thesis represents the sorption process without mutual interactions
between surface sites with adsorbed molecules, and only the monolayer sorption with the
homogeneous surface, moreover, all adsorption sites are equivalent to sorption energy. The
equation for the Langmuir model [57] was put up as follows:

Ce/Qe = Ce/Qm + 1/QmKL (3)

where Qe is the capacity of FeMgAl-MoS4 towards selenium oxoanions removal (mg/g),
Ce is the equilibrium concentration of selenium oxoanions in solution (mg/L), Qm is the
maximum capacity of FeMgAl-MoS4 towards selenium oxoanions (mg/g), while KL is
the Langmuir coefficient of adsorption on mercury. According to the following equation,
related parameters can be calculated and are listed in Table 1. Meanwhile, the Freundlich
isotherm model is also widely applied for exponentially decaying adsorption site energy
distribution, which is also functional to multilayer adsorption and heterogeneous surface
sorption, and the equation of Freundlich isotherms [56] expressed as follows:

log Qe = log KF + 1/n log Ce (4)

where KF and n are the capacity of o and intensity of adsorption, respectively. Qe and
Ce are the capacity of FeMgAl-MoS4 towards selenium oxoanions removal (mg/g) and
the initial concentration of selenium oxoanions in an aqueous system (mg/L). Therefore,
related parameters can be calculated and listed in Table 1.
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Table 1. Fitting results of the sorption isotherms and sorption kinetics for selenite and selenate.

Target Items Parameter 1 Parameter 2 R2

Se(IV)

Adsorption Kinetics
Pseudo-first-order K1 = 6.9 × 10−3 min−1 Qe = 320.60 mg g−1 0.9111

Pseudo-second-order K1 = 5.4 × 10−5 mg/g min−1 Qe = 500.00 mg g−1 0.9997
Adsorption isotherm

Langmuir KL = 1.8 × 10−3 L mg−1 Qm = 505.05mg g−1 0.9998
Freundlich n = 0.870 Kf = 1.38 mg g−1 0.9213

Se(VI)

Adsorption Kinetics
Pseudo-first-order K1 = 5.7 × 10−3 min−1 Qe = 76.08 mg g−1 0.9436

Pseudo-second-order K1 = 2.5 × 10−4 mg/g min−1 Qe = 169.49 mg g−1 0.9999
Adsorption isotherm

Langmuir KL = 6.1 × 10−3 L mg−1 Qm = 172.41 mg g−1 0.9998
Freundlich n = 0.699 Kf = 2.38mg g−1 0.9709

Parameters for fitting sorption kinetics are listed in Table 1. The calculated values
of capacities from the pseudo-second-order model are much closer to the experimental
values (500 mg/g is close to 484 mg/g for Se(IV), and 170 mg/g is close to 167 mg/g
for Se(VI)), and goodness of correlation coefficient (R2) is ~1, indicating the selenite and
selenate sorption processes by FeMgAl-MoS4 can be described well by the pseudo-second-
order model, which is consistent with a chemisorption process as mentioned above. For
sorption isotherms, Langmuir is better than the Freundlich isotherms model for closer
capacities (505 mg/g for selenite and 172 mg/g for selenate), indicating the sorption is
monolayer sorption and all adsorption sites are equivalent sorption energy. Based on
sorption kinetics and isotherms, assumptions of the reaction process could be presented:
firstly, selenium oxoanions exchanged with inner MoS4

2− groups and related complexation
was formed. After that, S(-II) in the released MoS4

2− groups could reduce selenite or
selenate species, in solutions. Moreover, Fe from the LDH layers was involved as catalysts
for selenium reduction for chemical reactions, which will be discussed in the adsorption
mechanisms section.

2.3. Adsorption Mechanisms

In order to investigate the mechanisms of FeMgAl−MoS4 for selenium removal, the
solid phase after adsorption was dried and analyzed by XRD, FT−IR SEM, and XPS for
more details elucidation. After adsorption for different concentrations, the adsorbents
maintained the hexagonal prismatic shape, confirming the dominant layered structure even
after adsorptive reactions.

XRD patterns and FT-IR spectra of FeMgAl−MoS4 after adsorption of Se(IV) or Se(VI)
are demonstrated in Figure 3. According to a comparison with the original FeMgAl-MoS4,
peaks at 2θ of 10.0◦, 35.6◦, and 62.9◦ could be found, which clearly demonstrate the existence
of LDH structure (JCPDS No. 00-039-1346). A new obvious peak at 24.8◦ of adsorbents
formed when Se(IV) concentration was more than 100 ppm, indicating Se(0) was formed,
which is consistent with others previously reported on this iron-based compound [35].
When the concentration was low, the main process was ionexchange, and the amount of
Se(0) was limited, however, when the selenium concentration was increased, the leached
MoS4

2− can react with selenium species for further removal process and Se(0) was formed.
Moreover, no 30 was observed, indicating no inner-sphere complexation was formed,
which is different from other Fe-based materials for selenium immobilization [58], and
maybe this was attributed to the states of iron ions on the LDH surface and catalyst roles of
Fe, the competition between S(-II) reduction and formation of inner-sphere complexation.
The XPS results (Figure 4) also proved there was almost no difference in Fe(II) and Fe(III)
percentages before and after adsorption (76% Fe(III) and 24% Fe(II)), and further proved the
Fe could act as a catalyst with the same physical and chemical characterizations before and
after adsorptive reactions. The same phenomenon was observed for Se(VI) removal, but
the Se(0) peaks at 24.8◦ were too weak to be discernable, indicating the reduction of Se(VI)
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is a hard chemical reaction, in accordance with the previous conclusions [50]. However, in
the FeMgAl−MoS4 system, with the presence of Fe, Se(0) was also detected after reactions,
calculated by the quantitative study. The dbasal value is 0.96 nm for used adsorbents, which
is much closer to the adsorbents precursor, and for selenite removal, the amount is not
large enough to generate a discernible phase, which means FeMgAl−MoS4 could still
act as the dominant phase. When the concentration increased, the dbasal became more
discernible, and the values of dbasal are nearly no different with other people-prepared
SeO3

2− LDHs, which suggests the inter-layered anions of materials are almost SeO4
2−

and SeO3
2−. However, a large amount of Mo from ICP analysis of the selenium species

adsorbents indicates the existence of MoS4
2−, also consistent with the dbasal of 0.92 nm

assigned to SeO4
2− LDH. FT−IR spectra confirmed the formation materials and stability

of adsorbents after sorption processes, even with the increase in concentrations. After the
adsorption, the dbasal of 0.83 nm of adsorbed FeMgAl-MoS4 also proved the existence of
SO4

2− in the structure. The FT−IR band at 1127 cm−1 in Figure 3 proved the presence of
SO4

2−, also supported by the XRD data collection revealed the presence of Se(0) [35], which
means the degradation of MoS4

2− and the reduction process of Se(IV) or Se(VI). For Se(VI),
the bands at 996/792 cm−1 were observed as vibrations of Se−O, which is also found in
the salts of Na2SeO4, which is also in good agreement with the reference data.
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original FeMgAl−MoS4 (a,b), and after FeMgAl−MoS4 adsorbed 500 ppm Se(IV) (c,d), and 500 ppm
of Se(VI) (e,f), respectively.

SEM−EDX (SI Figure S5) also showed Mo uniformly existed on the surface of LDH,
further proving some Mo ions remained on the adsorbents after adsorption. The main com-
ponents of elements on the adsorbed FeMgAl−MoS4 are Se (28.82 wt%) and S (48.45 wt%),
a phenomenon observed both for Se(IV) and Se(VI), demonstrating that when MoS4

2−

groups are leaching from galleries, the surface reactions are mainly involved with selen-
ite or selenate, as well as S(-II). Mo inserted into LDH galleries is attributed to a similar
charge and special structure between MoS4

2− and selenium species, as they both have
good affinity with LDH cations layers, but remaining Mo on the adsorbents after reactions
also demonstrated the ion exchange process was not complete. When the concentration of
Se(IV) or Se(VI) increased, the FeMgAl-MoS4 could keep a good shape, as exhibited in SI
Figure S6, indicating this kind of adsorbent is stable in aqueous systems.

XPS was conducted to reveal the detailed changes of these surface elements before and
after adsorption. A freshly prepared FeMgAl−MoS4 Fe(III) is a dominant state of iron ions,
and the ratio of Fe(III) (76%) at 714.5 eV and Fe(II) (24%) at 710.6 eV was in agreement with
element analysis calculation. Sulfur ions in adsorbed FeMgAl−MoS4 were detected and
XPS peaks at 168–170 eV also support the existence of SO4

2−, attributed to the oxidation of
S(-II), and consistent with XRD and FT-IR results. For XPS analysis, Se(IV) and Se(VI) as
discussed above, the Se 3p energies around 163 eV (Se 3p1/2) and 170 eV (Se 3p3/2) also
verified the capture of selenium, which is also consistent with the reduction of Se(IV), and
the reduction of Se(IV) and Se(VI) to Se(0) is mainly accompanied by the oxidation of S(-II)
to S(VI), and the relative peak of S 2p energy(~168 eV) was also observed.
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As discussed, the mechanism of Se(IV) and Se(VI) oxoanions removal can be demon-
strated in two steps for the reaction and exhibited in Figure 5: (a) ion-exchange between
original functional groups with foreign selenium oxoanions; and (b) leached functional
groups reduced other more selenium oxoanions to insoluble states. With the good affinity
between MoS4

2− and LDH layers, the ion exchange processes are not complete. The remain-
ing selenium species in the solution could reduce by leached S(-II), and the resultant Se(0)
was observed for both Se(IV) and Se(VI) reduction, and SO4

2− formed as the oxidative re-
sultant of S(-II), and then as the substitute of MoS4

2− inserted into LDH galleries. Moreover,
iron species on the FeMgAl-MoS4 also reacted with Se species to enhance the reductive
reactions. All these mechanisms contributed to the record-high removal capacities for
selenite and selenate species and were compared with other adsorbents in Table 1.
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3. Material and Methods
3.1. Synthesis and Characterization

FeMgAl-MoS4 was synthesized via a hydrothermal process followed by anion-exchange
methods (SI Figure S1). Briefly, 0.3 g FeCl2·4H2O (1.5 mM), 2.5 g MgCl2·6H2O (12.5 mM),
1.2 g AlCl3·6H2O (5 mM) were mixed in 50 mL deionized water, and added to 2.5 g HMT
(17.5 mM). All were mixed and a Teflon-lined autoclave was used for the hydrothermal
process for 24 h under the temperature of 140 ◦C. Then CO3

2− intercalated FeMgAl layered
double hydroxide (FeMgAl−CO3 LDH, abbr. FeMgAl−CO3) was further applied for the
synthesis of NO3

− intercalated FeMgAl layered double hydroxide (FeMgAl−NO3 LDH,
abbr. FeMgAl-NO3). 0.8 g FeMgAl−CO3 was put into degassed deionized water, nitrogen
was purged into the system with the speed of 0.05 L/min through a sealed conical flask,
to avoid, or at least minimize the pollution of CO2 from the air. After that, FeMgAl-MoS4
LDH was synthesized by simultaneously adding FeMgAl−NO3 LDH and (NH4)2MoS4
into deionized water, ultra-sonication, and washed and vacuum filtrated, dried. The
detailed synthesis routes of the different LDHs, including MgAl−CO3, MgAl-NO3, and
MgAl−MoS4 are described in the Supporting Information (SI).

3.2. Batch Experiments

The sorption experiments for FeMgAl-MoS4 for the Se(IV) and Se(VI) oxoanions
were performed at room temperature (25 ◦C), Se(IV), and Se(VI) solutions with different
concentrations in sealed polytetrafluoroethylene bottles at room temperature, the pH values
were generally local values as dissolving related salts to proper concentrations, for the
selenium removal were carried out adding 0.01 g of adsorbents to 10 mL of Se(IV) and
Se(VI) solutions to achieve mass/volume ratio (m/V) to 1.0 g/L. The uptake experiments
were performed by dispersing 0.01 g of FeMgAl-MoS4 into 10 mL (m/V = 1.0 g/L) of
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aqueous solutions in 30 mL polypropylene centrifuge tubes, after blending the prepared
solutions with adsorbents, these as-obtained mixtures in the centrifuge tubes were shaken
for 24 h, to ensure enough contact between oxoanions and adsorbents. After reaction
for 24 h, liquid and solid phases were separated by centrifugation and concentrations of
elements through ICP−MS, the capacity of adsorbents was calculated by the equation of
qe = (Co − Cf) V/m, where qe is the capacity of adsorbents (mg/g), V is the solution volume
(mL), m is the mass of adsorbents (mg). C0 and Cf are the concentrations of elements before
and after reactions, respectively. The distribution coefficient (Kd) in adsorption processes
is calculated by the equation of Kd = (V × [(C0 − Cf)/Cf])/m, and removal percentage of
elements was calculated by 100% × (C0 − Cf)/C0.

3.3. Quantitative Study

For comparison of directly reduced selenium amount with the heterogeneous FeMgAl-
MoS4 reduced amount, homogeneous experiments were conducted by adding 4.3 mg
(NH4)2MoS4 for 10 mL solution, in order to simulate the same amount of MoS4

2− groups in
FeMgAl−MoS4. For the same reason, the proper amount of iron ions, 0.9 mg FeCl2·4H2O
and 3.42 mg FeCl3·6H2O to simulate the Fe content and molar ratio of FeMgAl-MoS4 for
each 10 mL solution, 1000 ppm Se(IV) or Se(VI) was used to evaluate maximum adsorptive
capacities. Moreover, without Fe experiments were conducted with only (NH4)2MoS4,
MgAl-NO3, and MgAl-MoS4 while homogeneous Fe experiments were conducted by using
FeCl2·4H2O and FeCl3·6H2O as Fe sources instead of Fe-contained LDHs. FeMgAl−NO3
and FeMgAl−MoS4 were regarded as heterogeneous Fe sources and used for heterogeneous
experiments. XPS is also involved in incomputable experiments with the aim of elucidation
of reaction mechanisms.

4. Environmental Implications

In the above analysis, we form the conclusion that MoS4
2− groups introduced into

LDHs made a series of changes in characteristics compared with MgAl-NO3 or FeMgAl-
NO3. More importantly, the remaining selenium species in the solution could reduce by
leached S(-II), and the resultant Se(0) was observed for both Se(IV) and Se(VI) reduction,
and SO4

2− formed as the oxidative resultant of S(-II), and then as the substitute of MoS4
2−

inserted into LDH galleries. Moreover, Fe from the LDH layers was involved as catalysts
for selenium reduction for chemical reactions, which will be discussed in the adsorption
mechanisms section. With the good affinity between MoS4

2− and LDH layers, the ion
exchange processes are not complete.

Oxoanions are always regarded as categories of reluctant pollutants in the natural sys-
tem, negatively charged and chemically inert making them hard to immobilize. Selenium
in the environment has raised great concern for its stability and long-term radiotoxicity.
Synthetic or natural inorganic mineral materials were widely applied for selenium up-
take. However, previous reports mostly focused on investigations of detailed interaction
mechanisms more than the improvement of adsorptive capacities. Reduction coupled with
adsorption (like the nZVI-related system) is a solution, but economically feasible adsor-
bents are still desirable. Therefore, a novel Fe-catalyzed system for selenium uptake was
designed, the roles of Fe in FeMgAl-MoS4 were investigated and reaction mechanisms for
oxoanions removal were also elucidated. All the results presented in our work confirmed
that the FeMgAl-MoS4 could be a promising and emerging adsorbent for the efficient
removal of selenium oxoanions, maybe even other oxoanions environmental pollutants.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal12121592/s1. Figure S1: Scheme of adsorbents preparation, Figure S2: XRD patterns,
Figure S3: FT-IR spectra, Figure S4: Raman spectra, Figure S5: SEM morphology and EDX profile
of LDH, Supplementary Figure S6: SEM images of the original FeMgAl-MoS4 adsorbents (a) and
samples after FeMgAl-MoS4 adsorbed of (b, b′) 10 ppm Se(IV) and 10 ppm Se(VI), (c, c′) 100 ppm
Se(IV) and Se(VI), (d, d′) 200 ppm Se(IV) and Se(VI), (e, e′) 500 ppm Se(IV) and Se(VI),Table S1:

https://www.mdpi.com/article/10.3390/catal12121592/s1
https://www.mdpi.com/article/10.3390/catal12121592/s1
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Elemental analysis, the chemical formula of synthesized LDH, Table S2: Comparison of selenite
and selenate removal capacity, Table S3: Calculated values of maximum uptake capacities (qm) for
oxoanions calculated based on ion-exchange or S(-II) reduction or combined, Table S4: Sorption
isotherms of Se(IV) on FeMgAl-MoS4.
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