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Abstract: Selenium pollution in water is a worldwide issue. Se(IV) and Se(VI) are mainly found in
contaminated water due to their high solubility and mobility; their presence poses a serious risk
as they can severely harm human health. Although iron oxide and hydroxide nanoparticles can be
efficient candidates for the removal of selenium oxyanions due to their high adsorption capacity, the
role of each iron species has not been fully elucidated. Furthermore, iron species are often found
to be less effective for Se(VI) than Se(IV). The challenge and novelty of this study was to develop a
carbon material impregnated with different iron phases, including oxides (magnetite/hematite) and
hydroxides (goethite/lepidocrocite) capable of removing both Se(IV) and Se(VI). Since the phase and
morphology of the iron nanoparticles play a significant role in Se adsorption, the study evaluated both
characteristics by modifying the impregnation method, which is based on an oxidative hydrolysis
with FeSO4 7H>O and CH3COONa, and the type of carbonaceous support (activated carbon or
sucrose-based carbon foam). Impregnated activated carbons provide better removal efficiencies
(70-80%) than carbon foams (<40%), due to their high surface areas and point zero charges. These
results show that the adsorption of Se(VI) is more favorable on magnetic oxides (78%) and hydroxides
(71%) than in hematite (<40%). In addition, the activated carbon decorated with magnetite showed a
high adsorption capacity for both selenium species, even in alkaline conditions, when the sorbent
surface is negatively charged. A mechanism based on the adsorption of inner-sphere complexes was
suggested for Se(IV) immobilization, whereas Se(VI) removal occurred through the formation of
outer-sphere complexes and redox processes.

Keywords: inorganic selenium; iron nanoparticles; activated carbon; carbon foams; adsorption
mechanism

1. Introduction

Selenium is an essential micronutrient for living creatures. However, it is toxic at high
concentrations, causing significant health and environmental concerns [1,2]. The dual effect
of Se (positive or toxic) depends on Se speciation and varies between different species and
organisms [3-5]. The presence of high concentrations of Se in the aquatic environment is of
particular concern due to its tendency to bioaccumulate through the food chain [6,7].

The main anthropogenic sources of Se in the environment are metal smelting industries,
mine drainages, selenium-containing pesticides and fungicides, and agricultural irrigation
runoffs [8-11]. Selenium is a metalloid that can exist in four oxidation or ionic states
in the environment: selenate (SeO42™), selenite (SeO327), selenide (Se?>~), and elemental
selenium (Se). The more mobile and toxic species, Se(VI) and Se(IV), are mostly found
in contaminated water, with Se(VI) being the species of major concern due to its higher
solubility and bioavailability.
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The speciation of Se in water is controlled by redox conditions, pH, the accessibility
of absorbent surfaces, and biological processes that occur in the water to be treated [2].
In water and wastewater treatment, speciation is a key factor, since the efficiency of the
method usually depends on the oxidation state.

Technologies used in the treatment of wastewater with selenium include membrane
filtration, ion exchange, coagulation—flocculation precipitation, electrocoagulation, and
adsorption [5,12-14]. These methods have disadvantages such as high cost, operational
complexity, and large volumes of Se-containing sludge resulting from post-treatment [12].
Alternatively, adsorption is currently receiving great attention because it is considered a
promising technique for industrial application in terms of its high efficiency, low cost of
implementation, and easy operational design [15,16].

Numerous adsorbents have been synthesized and evaluated for Se adsorption from
aqueous media [17]. The adsorbents can be classified into different groups depending on
the material used for their preparation [17]. The preparation of adsorbents from industrial
by-products/wastes, agricultural/food residues and biochars has recently undergone
significant growth [18-20]. However, these materials can present problems such as low
adsorption capacity and coloration in water if they are not previously treated /modified.
Another group of materials widely used in wastewater treatment is that of the carbon-based
adsorbents, due to their high surface areas and low cost. Graphene oxide composites have
been found to be effective for Se adsorption from aqueous media, due to the large number
of oxidized functional groups that they can possess [21,22]. On the other hand, activated
carbons are undoubtedly the most used adsorbents for water purification. However, they
may present low efficiencies for some inorganic species such as Se(VI) and high costs
for production and regeneration [12]. The capacity for Se(VI) and Se(IV) removal may
be enhanced when activated carbons are supported with Fe species [23-25]. Despite the
adsorbents mentioned above, and others such as metal-organic frameworks, zeolites, and
amine-based adsorbents [16,26-29], it should be emphasized that more than 50% of the
adsorbents developed for Se adsorption are Fe-based adsorbents [17], and that the affinity of
Fe oxides/hydroxides for Se oxyanions is well known [25,30,31]. However, these materials
may present some drawbacks such as low surface areas and incomplete availability of
the active centers. Iron oxides/hydroxides such as magnetite (Fe304), hematite («-Fe;O3),
maghemite (y-Fe;O3) and goethite (x-FeOOH) are the most extensively studied [32-36].
The interaction between iron oxides/hydroxides and Se oxyanions is attributed to the
formation of Lewis acid-base complexes and, hence, is pH-dependent. In most cases, the
sorption process responds to pseudo-second order kinetics and Langmuir isotherms [17].
In general, iron oxides have been found to be more effective for the removal of Se(IV)
than of Se(VI), due to the formation of inner-sphere complexes [12,23,32,37]. Iron species
play an essential role in Se(VI) adsorption. The formation of inner-sphere complexes
was identified as the main mechanism of Se(VI) adsorption on hematite, whereas both
outer- and inner-sphere complexes may be formed on goethite and hydrous ferric oxides
depending on pH [30-32,37]. Although Se(VI) has been reported to be adsorbed more
strongly onto iron oxy-hydroxides, such as ferrihydrite and goethite [31], than iron oxides,
such as hematite [23], the mechanism of Se’s adsorption by different iron species is not yet
fully understood.

In summary, the treatment of water and wastewater for Se adsorption poses a notable
challenge for the scientific community. Although iron-based adsorbents represent a promis-
ing method for Se removal, there are still problems to be solved such as the poor efficiency
of Se(VI) adsorption, the role of iron composition, and their use in continuous flow, which
urgently call for a cost-effective, technologically viable, and environmentally sustainable
method. The challenge of this study is to combine the advantages of carbon materials and
iron oxides to give rise to a new generation of materials capable of effectively retaining Se.

Because surface complexation and Se(VI) and Se(IV) adsorption vary depending on
iron composition, the objective of this study was to quantify and compare the adsorption ca-
pacity of Se(VI) and Se(IV) in two carbon supports, an activated carbon and a sucrose-based
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carbon foam impregnated with different iron species which has been little studied until now.
This study provides new insights into the critical role of different iron species supported on
carbon materials for Se adsorption in aqueous media. The impact of Se concentration, dose,
and pH were evaluated, and the results of this study will be used in particular to determine
the applicability of Fe oxides/hydroxides-based composites to attenuating the most mobile
Se species (Se(VI)) under different conditions. Furthermore, the present study is intended
to further our scientific knowledge by clarifying adsorption mechanisms.

2. Materials and Methods
2.1. Materials

Two materials were selected as supports for iron oxides/hydroxides: an activated
carbon (AC) and a sucrose-based carbon foam (SF). The AC was the commercial activated
carbon Norit RB3. The SF was elaborated using commercial sucrose as a precursor and
Fe(NO3)3 - 9H0 (0.3 wt% Fe) as a foaming enhancer and activating agent. The preparation
of SF involves the preparation of caramel by heating sucrose with an additive up to 170 °C,
foaming the caramel at 150 °C (2.5 h) and 250 °C (3 h), and carbonizing the green foam
under Ar flow at 800 °C for 2 h. SF was then subjected to an oxidative treatment by means
of a 2 M solution of (NHy4)25,0g in HSO4 (1 M) during 5 h under reflux. All the chemicals
used in this study were of analytical grade. The resultant foam (SFox) was collected via
filtration and washed with abundant Milli-Q water. Both the sucrose foam and the activated
carbon were ground to a size of 0.2-0.5 mm.

Finally, AC and SFox were impregnated with 10 wt% Fe, using a solution of iron
sulfate heptahydrate (FeSO, - 7H,0) and sodium acetate (CH3COONa) in MilliQ water
under reflux for 2 h. With the aim of obtaining different phases and morphologies, several
thermal treatments were performed over the reaction mixture. For methods 1 and 2, the
impregnation step was carried out at 100 and 175 °C, respectively. In method 3, the sample
obtained using method 1 was subjected to an additional thermal treatment at 300 °C in
a muffle, for 2 h. The samples prepared were designated XFe-y, where X is the carbon
support (AC or SFox) and y refers to the impregnation method (1, 2 or 3).

2.2. Characterization of the Carbon Materials

The specific surface area of the carbon supports was determined by the standard BET
method, using N adsorption data. The total pore volume, Vi, was obtained from the
amount of N, adsorbed at a relative pressure of 0.975, and the micropore volume, Vijcro,
was determined by fitting the Dubinin—Radushkevich (DR) equation to the N, adsorption
isotherm. The mesopore volume, Vimeso, Was calculated as the difference between Vi and
Vmicro- The samples were outgassed at 120 °C overnight before analysis. The macroporous
texture of the carbon foams was determined via Hg intrusion analysis operating at a
maximum pressure of 227 MPa.

Elemental analysis was carried out using a LECO CHN-2000 for C, Hand N, and a
LECO VTF-900 for direct oxygen determination.

The surface chemistry of the samples was studied by temperature programmed des-
orption (TPD) experiments, performed on a chemisorption analyzer equipped with a mass
spectrometer. The samples were heated up to 1000 °C with a heating rate of 10 °C min~!
under Ar flow (50 mL min~!), recording the amounts of CO and CO, released during the
thermal analysis.

The pH was measured using a Seven Multi pHmeter (Mettler Toledo). The point of
zero charge (pHyp,c) of the adsorbents was determined following the pH drift test [38].

The distribution and morphology of the iron nanoparticles was studied via scanning
electron microscopy (SEM), whereas the iron species were identified using X-ray diffraction
(XRD). The lattice parameter 4, was calculated from XRD pattern using EVA software
(http:/ /www.evasoftwaresolutions.com/) in the (311) reflection.
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2.3. Batch Adsorption Experiments

Selenate and selenite stock solutions were prepared separately via dilution of 1000 mg L~
of NaySeO4 and NaySeOs, respectively, to obtain working solutions of various concentra-
tions. In this study, an initial Se concentration of 25 mg L~! has been chosen to evaluate the
effect of adsorbent dose and pH [39]. It must be taken into account that the concentration
of Se in water can reach 100 mg L~! in some industrial activities due to concentration
processes. The effect of the dose on adsorption of Se(VI) and Se(IV) was evaluated with 1, 5
and 10 g L1, whereas the effect of pH was evaluated at 4, 7 and 9. The initial pH of the
solution was adjusted by adding HCI or NaOH (0.1 M). The concentrations of Se evaluated
were 5,10 and 25 mg L 1. All the experiments were conducted using glass bottles of 50 mL
capacity. Mixing was maintained using a temperature-controlled orbital shaker at ambient
temperature and a constant shaking speed of 100 rpm. The collected samples were filtered
using 0.45 um nylon syringe filter and further stored at 4 °C prior to analysis by inductively
coupled plasm mass spectrometry (ICP-MS, Agilent 7700x, Santa Clara, CA, USA). All the
experiments and analysis were conducted by duplicate. The overall error, expressed as
relative standard deviation, for each observation was lower than 5%.

2.4. Adsorption Kinetics and Isotherms

The kinetics of the adsorption of Se(IV) and Se(VI) by Fe-loaded carbon materials
were evaluated by fitting the experimental data to pseudo-first- and pseudo-second-order
kinetic models that are characterized by Equations (1) and (2) [40]. The selection of these
models was based on previous results reported for selenium remediation with metal
oxides [15,30,41].

Pseudo-first-order equation:

q =g, (1-e ™) M
Pseudo-second-order equation:

B kzqgt

e = 1+ kzqet )

where, q; is the amount of adsorbate adsorbed at time t, g is the amount adsorbed at
equilibrium, and k; and k; are the adsorption constants of the pseudo-first and pseudo-
second order, respectively.

Langmuir and Freundlich adsorption isotherm models were considered in this work
to study the relationship between the adsorption capacity of Se(IV) and Se(VI) on Fe-
loaded carbon materials and the equilibrium concentration. The models are defined by the
following equations [40]:

Langmuir equation:

_ KLQmCe
T~ T K Ce ©)
Freundlich equation:
q. = KeCe/" )

where Qp, is the maximum adsorption capacity, Ce is the concentration at equilibrium,
Ky is the Langmuir constant representing the energy of adsorption, and Ky and 1/n
are the Freundlich constants representing the adsorption capacity and the intensity of
adsorption, respectively.

3. Results and Discussion
3.1. Characteristics of the Carbon Supports

The values of surface area (Spgr), total pore volume (Vy), micropore volume (Vinicro)
and mesopor volume (Vpyeso) 0f the raw activated carbon and the sucrose foam are pre-
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sented in Table 1. AC is a typical microporous material with a high BET surface area
(1183 m? g~1). Unlike activated carbons, carbon foams are 3D materials that are essentially
microporous (Figure S1). Therefore, the potential use of carbon foams in monolithic form
can be beneficial for fixed-bed applications. As can be seen in Figure 52, the morphology of
support SFox consists of a network made of open spherical cells connected by macropores
with sizes between 30-500 um. The total volume of macropores determined in the ground
fraction was 0.6 cm® g~!, with pore sizes between 25-5 um. In addition, the use of iron
nitrate during foaming promoted the development of a small proportion of meso and
micropores, reaching a SBET of 214 m? g_l (Table 1).

Table 1. Textural and chemical properties of carbon supports AC and SFox.

AC SFox
Sger (M2 g~ 1) 1183 214
Vi (em3 g=1) 0.53 0.13
Vmicro (CmS g_l) 0.45 0.09
Vmeso (Cm3 gfl) 0.08 0.04
C (%) 84.7 88.4
H (%) 0.69 1.15
N (%) 0.20 0.16

S (%) 0.22 -
O (%) 14.2 10.3

The presence of oxygen functionalities on the surface of the carbon supports can
enhance the anchoring of iron oxides and hence promotes the interactions between the
adsorbent and Se. Both samples present a moderate oxygen content, 14.2% for AC and 10.3%
for SFox (Table 1). However, their CO and CO, desorption profiles obtained by TPD present
certain differences that are worth noting (Figure 1). For AC, the main release of CO took
place at around 800 °C, which corresponds to basic compounds such as carbonyls and/or
quinone-like structures [42], whereas for SFox, CO evolved at lower temperatures (<800 °C),
which suggests the presence of phenols. In addition, SFox shows a sharp peak at 650 °C in
both CO and CO, profiles, which corresponds to mineral matter decomposition and may
come from the iron compounds incorporated into the foam structure, as a consequence
of the iron nitrate used as foaming agent [43]. On the other hand, CO,; profiles are quite
similar for both samples. The release below 400 °C can be attributed to carboxylic acids
and above 400 °C to carboxylic anhydrides and lactones.

0.40 0.20
co CO:z
0.18
0.3 A AC
SFox 0.16 SFox
0 |
014
g 0B o
5 5
S 0> | S 010
S @
g 5
2 015 f e 0.8
3 3
O 0.06
010 |
004
005 | SN
_//\\ o ,l’ X AT
el /'/ i : -
0.00 ; : . . oo L . . . -
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)

Figure 1. Variation of the concentration of the evolved gases (CO and CO,) during the TPD analysis
of AC and SFox supports.
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It is worth mentioning that impregnation with iron oxides/hydroxides does not
produce significant changes in the textural parameters of the supports. A reduction of
around 10% in BET surface area and micro/mesopore volumes was observed compared to
the parent supports. Furthermore, the macroporosity of the carbon foam was not affected
by the impregnation treatment. However, its surface chemistry changed drastically after
impregnation. Thus, for AC, the pHpyc shifted from a basic value of 9.8 to 6.3, while for
SFox, it varied from 6.1 to an acid value (4.3).

As can be seen in Figure 2, the iron deposited in sample ACFe-1 presents heterogeneous
morphologies (nanosheets horizontally aligned, nanorods, and octahedral particles), which
agree with the different phases found by XRD (Figure 3). The main XRD peaks are identified
as iron oxides with a spinel structure (magnetite (Fe304)/maghemite (y-Fe;O3)). Due to its
similar crystal structure, magnetite and maghemite have similar XRD patterns, although
their lattice parameters are slightly different. The lattice constant of y-Fe;O3 (0.8346 nm) is
slightly smaller than that of Fe304 (0.8396 nm), so this parameter can be used to discern
the nature of the iron oxide present in the sample. The lattice parameter calculated for
ACFe-1 was 0.340 nm, which indicates that the iron oxide phase is magnetite. A mixture
of iron hydroxides (goethite (x-FeOOH)/lepidocrocite (y-FeOOH)) are also found, but
in a minor proportion (Figure 3). When the same impregnation method was performed
over sample SFox, the iron phase changed significantly. For sample, in SFoxFe-1, the iron
phase identified by XRD corresponds to hematite (x-Fe;O3), along with a small amount of
goethite (Figure 3). Moreover, SEM images show a main morphology consisting of spherical
particles made up of stacked nanosheets and a secondary morphology of thin nanorods
(Figure 2d). These findings suggest that the chemical structure of the carbon support
may play a significant role in the phase and morphology of the iron deposited. Thus,
phenols groups seem to promote hematite deposition, whereas more basic groups lead to
magnetite. On the other hand, for the same AC sorbent, the iron compound deposited can
be modified through the impregnation method: ACFe-2 presents thin nanorod structures
on its surface, corresponding to goethite/lepidocrocite (Figure 2b). Therefore, a decrease in
the impregnation temperature favors the formation of iron hydroxides instead of oxides. In
addition, further heating of sample ACFe-1 in an air atmosphere at 300 °C transforms the
iron compounds into hematite (Figure 3). SEM images also show a rearrangement of the
nanorods on sample ACFe-3, leading to flower-like structures (Figure 2c).

Figure 2. SEM images of iron-impregnated carbons: (a) ACFe-1, (b) ACFe-2, (¢) ACFe-3 and
(d) SFoxFe-1.



Water 2023, 15, 3499

7 of 14

SFoxFe-1

10 20 30 40 50 60 70

26 ()
Figure 3. XRD patterns of iron-impregnated carbon materials: ACFe-1, ACFe-2, ACFe-3 and SfoxFe-1
(H: hematite; G: goethite; L: lepidocrocite; M: magnetite).
3.2. Effect of Iron Composition

As pH is one of the main factors affecting Se speciation in water, and therefore, the
chemistry of the solution and the redox potential [44], batch experiments were carried out
at a particular pH value (Figure 4) to evaluate the role of iron composition.

100
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40

Se (VI) removal (%)
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Figure 4. Effect of iron composition on the removal of (a) Se(VI) and (b) Se(IV), using AC, ACFe-1
(goethite, lepidocrocite and magnetite), ACFe-2 (goethite, lepidocrocite), ACFe-3 (hematite), SF and
SFoxFe-1 (goethite, hematite) (initial concentration, 25 mg Lt pH, 4; dose, 10 g L-lat25 °Q).

As can be deduced from Figure 4, impregnated AC supports showed better per-
formance for both Se(VI) and Se(IV). This fact can be attributed to their better textural
parameters and its pHpzc. AC showed a surface area of 1183 m? g_1 and a micropore
volume of 0.45 cm® g1, whereas SF showed 214 m? g~! and 0.09 cm3 g~ ! (Table 1). The
pHpzc of a material is the pH value at which the net charge on its surface is zero, in such a
way that the surface will be positively charged at pH values below pHpzc and negatively
charged above pHpyc [38]. Several studies have demonstrated that the pHpzc values of
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carbon materials decorated with iron oxides may vary depending on the synthesis method
and the size distribution [45]. The value of pHpzc for sample ACFe-1 is approximately 5.3,
which means that at pH 4 the surface will be positively charged, promoting the uptake of
anions via electrostatic interactions. By contrast, sample SFoxFe-1 has a lower pHpyc (4.3).
This value is very close to the pH, so a decrease in the electrostatic interactions is expected,
as is, therefore, a lower Se adsorption (Figure 4). The higher Se adsorption capacity obtained
with ACFe as compared with SFoxFe also suggests that magnetic oxides (Figure 3) favor Se
removal as a consequence of the presence of carbonyls and/or quinone-like structures in
AC supports (Figure 1). On the contrary, the presence of phenolic groups in SFox favored
the formation of hematite, so the lower adsorption capacity of SFoxFe-1 for Se(VI) can also
be attributed to this fact (Figure 4).

Comparing the different iron compounds present in support AC, it can be seen in
Figure 4a that samples ACFe-1 and ACFe-2 are the most effective adsorbents for Se(VI)
removal, achieving removal percentages of 78 and 71%, respectively. For sample ACFe-3,
efficiency drops to values below 40%. These results suggest that the adsorption of Se(VI) is
more favorable on magnetic oxides (ACFe-1) and hydroxides (ACFe-2) than in hematite
(ACFe-3) (Figures 2 and 3), i.e., with a distribution in the form of horizontally aligned
nanosheets, nanorods, and octahedral particles (Figure 2a).

In the case of Se(IV), similar removal percentages were obtained for all the adsorbents
derived from AC, being higher than 80% for samples with iron oxides (ACFe-1 and ACFe-3)
and around 70% for the sample with iron hydroxides (ACFe 2).

Considering the results obtained, subsequent experiments have been carried out with
ACFe-1 supports, which showed the highest removal efficiency for both Se(VI) and Se(IV).
Furthermore, the magnetic properties of the iron oxides deposited on ACFe-1 will facilitate
its recovery (Figure S3).

3.3. Effect of Adsorbent Dosage, pH and Initial Concentration

The experiments were performed with an initial concentration of 25 mg L~! over a
period of 72 h. The effect of dosage was studied at pH 4, 7 and 9 (Figure 5). The removal
percentage of both Se(VI) and Se(IV) increases with the increasing ACFe-1 dose, which
means a greater surface area and a greater number of available active adsorption sites.
For an ACFe-1 dose of 10 g L™!, removal percentages of 66-74% of Se(VI) were achieved,
depending on pH, whereas for Se(IV), a constant removal percentage of 85% was achieved.
The adsorption of both Se(VI) and Se(IV) drops significantly at a dose of 1 g L1

100
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Figure 5. Effect of adsorbent dosage at pH 4, 7 and 9 on the removal of (a) Se(VI) and (b) Se(IV) using
ACFe-1 (initial concentration: 25 mg L-1at25°Q).
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It is well known that the adsorption of inorganic Se species onto Fe oxides/hydroxides
occurs mainly through electrostatic interaction between the negatively charged Se oxyan-
ions and the partially protonated groups of the Fe oxides/hydroxides depending on pH [15].
In general, the adsorption of Se is favored by acidic pH due to an increase in the posi-
tive charge density of the adsorbent surface at lower pH [30]. From the results obtained
(Figure 5), alkaline conditions seem to be less favorable for the adsorption of Se(VI) than
for Se(IV). However, it should be mentioned that the efficiency of Se(IV) adsorption on
ACFe-1 was unaffected by the change in pH, except for the dose of 1 g L~! (Figure 5b). The
immobilization of Se(IV) in iron oxides and hydroxides is attributed to the formation of
inner-sphere complexes, and recent works have demonstrated that Se(IV) can be immobi-
lized by magnetite/maghemite through the formation of inner-sphere complexes, even in
alkaline conditions (pH > 10), wherein the iron oxide particle is negatively charged [46].
Therefore, the presence of these inner-sphere complexes between the solid surface and
Se(IV) could explain the removal efficiency of sorbent ACFe-1 over the entire pH range.
In addition, Se(IV) adsorption at acidic pH could also occur via dissolution of the mag-
netite, leading to the formation of Se-Fe aqueous species and further complexation of these
species [47]. In the case of Se(VI), removal efficiencies of 60 and 75% were obtained at
pH 4 and 7 with 5and 10 g L1, respectively (Figure 5a). Several studies have reported a sig-
nificant decrease in Se(VI) adsorption onto goethite and/or hematite at pH > 4 [30,37], but
magnetite and maghemite can be effective up to neutral pH [46]. The Se(VI) adsorption on
ACFe-1 could occur through the following mechanisms: (1) the formation of outer-sphere
complexes, which takes place up to pH 7, and (2) a redox process at pH > 9, which involves
the reduction of Se(VI) to Se(IV) and the subsequent formation of inner-sphere complexes,
or the adsorption of a more reduced species (Se(0)) [23,48,49]. This mechanism based
on reduction—adsorption processes has been confirmed under basic conditions (pH 8-9)
for Se(VI) immobilization using green rust sulphate, a mixed Fe(II)-Fe(IlI) hydroxide
compound [50].

The percentage of removal for various initial concentrations of Se(VI) and Se(IV) with
a constant dose of ACFe-1 of 10 g L~! and pH 4 is shown in Figure 6. The capacity of Se(VI)
and Se(IV) adsorption increased from 75 to 87% and from 85 to 96%, respectively, when
the initial concentration of Se decreased from 25 to 5 mg L~1. Therefore, shorter times are
expected to achieve steady-state equilibrium concentration for an initial concentration of
Se<25mg L~
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Figure 6. Effect of the initial concentration on the removal of (a) Se(VI) and (b) Se(IV) using ACFe-1
(adsorbent dosage, 10 g L™1; pH 4 at 25 °C).
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3.4. Kinetics of Adsorption

Figure 7 shows the kinetic results of Se(VI) and Se(IV) removal using ACFe-1 with an
initial concentration of 25 mg L~! and 10 g L~! at pH 4, 7 and 9 over a period of 80-96 h.
ACFe-1 attained an equilibrium within a time period of 32 h, with a removal percentage
ranging from 70-85% for both Se(VI) and Se(IV). No significant reduction in Se adsorption
was observed after prolonged residence time or increasing pH.

(a) (b)
100 100
e ©0 © °
)
g 80 ® $ v O o ] g 80
- = [
© ©
é 60 @ E 60 >
o ) ®pH4
L 4 ®pH 4 = 40 P
=3 pH7 2 pH 7
[} ]
@ 20 pH 9 v 20 pH 9
0 0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time (h) Time (h)
Figure 7. Kinetics of (a) Se(VI) and (b) Se(IV) removal using ACFe-1 (initial concentration, 25 mg LY
10g L1, pH4,7and 9 at 25 °C).

The graphical correlations of these results with pseudo-first-order and pseudo-second-
order kinetic models are displayed in Figures S4-59. In general, pseudo-second-order
kinetics characterized Se(VI) and Se(IV) removal kinetics for ACFe-1 in all the pHs studied.
This observation is corroborated by Table 2, which lists the values of the kinetic constants
and the correlation parameters obtained with the two kinetic models considered. The values
of the correlation parameter (R?) corresponding to the pseudo-second-order model are
sensibly better, indicating that the adsorption rate is not determined by the concentration
of adsorbate in the solution and that the rate-limiting step is the capacity of chemisorption
on the surface of the adsorbent material [40].

Table 2. Kinetic constants and correlation parameters of the adsorption of Se(IV) and Se(VI) by
ACFe-1 at different pH conditions, corresponding to pseudo-first and pseudo-second order models.
Pseudo-First Order
Se(IV) Se(VI)
pH4 pH7 pH9 pH4 pH7 pH9
R? 0.8303 0.9737 0.9838 0.8039 0.9969 0.9922
Qe (ugg™h) 19.81 19.98 18.97 18.11 20.60 18.18
k; (min~1) 0.1542 341 x 1073 321 x 1073 0.1542 2.64 x 1073 3.13 x 1073
Pseudo-Second Order
Se(IV) Se(VD
pH4 pH7 pH9 pH4 pH?7 pH9
R? 0.9940 0.9917 0.9926 0.9943 0.9949 0.9943
Qe (ug g’l) 22.48 21.45 20.51 20.86 22.63 19.67
ko (g ug~! min1) 3.20 x 1074 236 x 1074 222 x 1074 3.00 x 1074 1.56 x 1074 225 x 1074
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3.5. Adsorption Isotherms

The correlations of the adsorption data corresponding to the experiments carried out
for Se(VI) and Se(IV) using ACFe-1 at pH 7 with the Langmuir and Freundlich models are
displayed in Figure 8. Similar correlations can be observed with the two models for both Se
species. To gain a more accurate insight, the values of the model constants and correlation
parameters are compared in Table 3. The Langmuir model provides the best values of
the correlation parameter (R?), suggesting the homogenous distribution of energetically
equivalent adsorption sites in the surface of ACFe-1 for both Se(VI) and Se(IV), and with
each site adsorbing only one molecule of adsorbate [15,40]. The theoretical maximum
adsorption capacity Qn, is higher in the case of Se(VI). On the other hand, the less than 1
value of 1/n obtained using the Freundlich isotherm model suggests a non-cooperative
sorption process [41].

Se(VI) Se(lV)
Langmuir 15l Langmuir
Freundlich — Freundlich
o
g 10
L1
o
5,
7/
4
. | 1], ] h|
10 20 s 30 40 0 10 20 30 40
C, (ngcm™) C, (ug cm™)

Figure 8. Correlation of the adsorption data corresponding to Se(VI) and Se(IV), using ACFe-1 at
pH 7 with the Langmuir and Freundlich isotherm models.

Table 3. Isotherm constants and correlation parameters of the adsorption of Se(IV) and Se(VI) by
ACFe-1 at pH 7, corresponding to the Langmuir and Freundlich isotherm models.

Langmuir
Se(IV) Se(VI)
R? 0.9966 0.9972
Qm (ugg™) 27.96 36.42
Ky (Lg™h 4.25 x 1072 3.01 x 1072
Freundlich
Se(IV) Se(VI)
R? 0.9806 0.9859
n 1.79 1.96
1/n 0.56 0.63
Kg 2.287 1.964

4. Conclusions

The adsorption of Se(VI) and Se(IV) varied depending on the Fe species deposited on
the carbon material used as a support. Therefore, the challenge of this work was to better
understand the role of Fe species via deposition of different iron oxides/hydroxides on two
types of carbonaceous supports. Special emphasis was placed on Se(VI), the most mobile
and difficult to retain in water. The morphology and composition of the Fe nanoparticles
deposited on the supports depended on the chemical characteristics of the carbon material
and the experimental conditions of the impregnation method, mainly the thermal treatment.
The basic oxygen functionalities present in the activated carbon led to magnetite deposition,
whereas the acidic groups of the carbon foam promoted hematite formation. In addition,
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the chemical and textural properties, the high surface area, and the micropore volume
of the activated carbon and its pHpyzc were more favorable to Se adsorption than those
of the carbon foam (<40%). Efficiencies higher than 70% were obtained with a dose of
10 g L™, using the activated carbon as the support and magnetite as the iron phase,
with the highest number of active centers. The deposition of this phase was effective for
both Se(VI) and Se(IV). Adsorption of Se(VI) and Se(IV) by ACFe-1 was characterized by
a pseudo-second-order kinetic model, with better correlations obtained with the latter,
suggesting the importance of chemisorption as the rate-limiting step. The Langmuir
isotherm model provided the best correlations for the adsorption of both selenium species at
pH 7, suggesting the homogenous distribution of energetically equivalent adsorption sites
on ACFe-1. The adsorption of Se(IV) could involve the formation of inner-sphere complexes
with magnetite particles, whereas Se(VI) adsorption involved different processes depending
on pH, i.e., adsorption of outer-sphere complexes in contact with magnetite or redox
reaction. The electrostatic attraction between Se species and the developed material did
not decrease under neutral pH conditions, which would allow its implementation within a
wider pH range. Although it would be premature to perform a comparative cost analysis
between adsorbents at the level of development of this study, it is worth highlighting that
the carbon materials developed in this study were prepared using both foaming processes
and low-cost precursors. Based on the results obtained in this preliminary study carried
out on synthetic waters, further research is focused on the applicability of Fe-based carbon
materials for wastewater treatments, the use of surface complexation models to predict
and corroborate the adsorption mechanisms, and the influence of other anions present in
the water.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15193499/s1, Figure S1: Structure of AC and SF, highlighting the
microporous and macroporous structure, respectively. Figure S2: SEM images of SF; Figure S3: The
magnetic property of ACFe-1.; Figure S4: Removal of Se(IV) using ACFe-1 (initial concentration,
25mg L 110 g L% pH 4, 25 °C). Correlation with pseudo-first-order and pseudo-second-order
kinetic models; Figure S5: Removal of Se(IV) using ACFe-1 (initial concentration, 25 mg L-1;10 g L
pH 7, 25 °C). Correlation with pseudo-first-order and pseudo-second-order kinetic models; Figure Sé:
Removal of Se(IV) using ACFe-1 (initial concentration, 25 mg L-L 10 g L% pH9, 25 °C). Correlation
with pseudo-first-order and pseudo-second-order kinetic models; Figure S7: Removal of Se(VI) using
ACFe-1 (initial concentration, 25 mg L1 10 g L1 pH 4, 25 °C). Correlation with pseudo-first-
order and pseudo-second-order kinetic models; Figure S8: Removal of Se(VI) using ACFe-1 (initial
concentration, 25 mg L~1; 10 g L~1; pH 7, 25 °C). Correlation with pseudo-first-order and pseudo-
second-order kinetic models; Figure S9: Removal of Se(VI) using ACFe-1 (initial concentration,
25mg L1 10 g Lt pH 9, 25 °C). Correlation with pseudo-first-order and pseudo-second-order
kinetic models.
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