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Abstract: In recent years, during industrial development, the expanding discharge of harmful metallic
ions from different industrial wastes (such as arsenic, barium, cadmium, chromium, copper, lead,
mercury, nickel, selenium, silver, or zinc) into different water bodies has caused serious concern, with
one of the problematic elements being represented by selenium (Se) ions. Selenium represents an
essential microelement for human life and plays a vital role in human metabolism. In the human
body, this element acts as a powerful antioxidant, being able to reduce the risk of the development of
some cancers. Selenium is distributed in the environment in the form of selenate (SeO4

2–) and selenite
(SeO3

2–), which are the result of natural/anthropogenic activities. Experimental data proved that
both forms present some toxicity. In this context, in the last decade, only several studies regarding
selenium’s removal from aqueous solutions have been conducted. Therefore, in the present study,
we aim to use the sol–gel synthesis method to prepare a nanocomposite adsorbent material starting
from sodium fluoride, silica, and iron oxide matrices (SiO2/Fe(acac)3/NaF), and to further test it for
selenite adsorption. After preparation, the adsorbent material was characterized by scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX). The mechanism associated
with the selenium adsorption process has been established based on kinetic, thermodynamic, and
equilibrium studies. Pseudo second order is the kinetic model that best describes the obtained
experimental data. Also, from the intraparticle diffusion study, it was observed that with increasing
temperature the value of the diffusion constant, Kdiff, also increases. Sips isotherm was found to best
describe the experimental data obtained, the maximum adsorption capacity being ~6.00 mg Se(IV)
per g of adsorbent material. From a thermodynamic point of view, parameters such as ∆G0, ∆H0,
and ∆S0 were evaluated, proving that the process studied is a physical one.

Keywords: selenite removal; adsorption; silica matrix; nanocomposite; iron oxide; sol–gel

1. Introduction

Selenium is a non-metal, being considered a rare element because it can be found in
the Earth’s crust only in small concentrations (1.3 × 10−5%) [1]. Selenium is an element that
has some toxicity, but at the same time represents an important micronutrient for humans
and animals [2]. Selenium is used in different industries for the production of photocopies,
glass, or in the production of different ceramic materials. In addition, due to all of its
industrial applications, selenium can contaminate soil, air, land, municipal landfills, waste
treatment plants, and agricultural land [3].

Selenium species (selenite or selenate) are toxic, but from these selenite (Se(IV))
presents higher toxicity. The dominant species in water depends on the physico-chemical
factors and the redox conditions, but also on the pH, with the dominant species being
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SeO2−
3 [4–6]. The European Commission has established the Drinking Water Regulation

Limit (DWRL) for selenium as 10 µg L−1 [7].
There are a multitude of methods for removing Se(IV) from aqueous solutions, such as

filtration [8], nanofiltration [9], reverse osmosis [10], co-precipitation [11], ion exchange [12],
oxidation/reduction [8], electrocoagulation [13], electrochemical reduction [14], photocatal-
ysis using TiO2 [15], advanced reduction with perchlorate [16,17] or with
1,2-dichloroethane [18,19], precipitation [20], biological treatment using microbial reduc-
tion [12] and bioreactors [21], phytoremediation [22], and also adsorption [8]. Some removal
techniques generate large amounts of sludge, others are quite expensive, and some others
do not have the desired efficiency. However, from all these techniques, a special importance
is given to adsorption. It is known that in the adsorption process, an important role is
played by the materials used as adsorbents. Based on the literature data, it was found
that selenium was recovered by using different adsorbent materials, such as magnetic
nanoparticles–graphene oxide (MGO) [8,23], modified biochar [8,24], ZnO-based nanocom-
posites [8,25], activated carbon coated with copper (Cu-AC) [8,26,27], oxi-iron hydroxides
(FeOOHs) [28], carbon nanotubes with zero valence iron [29], and activated alumina [30].

The main objective of current investigation is to eliminate Se(IV) ions from aqueous
solution through adsorption using a nanocomposite adsorbent material. The desired adsor-
bent material was prepared via sol–gel synthesis using a combination of silica matrix, iron
oxide, and NaF (SiO2/Fe(acac)3/NaF) as precursors. Prepared Fe (III)-based nanoparticles
present a large number of beneficial properties, such as affordability, good environmental
stability even under extreme conditions, and a polar surface structure. All these properties
make them suitable for a large number of applications, such as catalysis and as mate-
rials used for the development of data storage devices and environmental remediation
systems [31–33].

From all these possible applications, Se(IV)’s removal by adsorption was achieved due
to the adsorbent material’s surface area and porosity, which can be manipulated by the
synthesis parameters. To the best of our knowledge, newly prepared adsorbent material
have not yet been studied for Se(IV) recovery, emphasizing the novelty of the present
research and its potential efficacy for adsorptive processes.

2. Results and Discussion
2.1. Scanning Electron Microscopy, SEM

In order to investigate the surface morphology of the synthesized material, scanning
electron microscopy, SEM, at different magnifications (500×, 250×, 100×, and 50×) was
performed, and the obtained images are presented in Figure 1.
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By analyzing the images depicted in Figure 1, one can observe that the synthesized
adsorbent material presenst a higher degree of crystallinity. From all these images, one
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can observe the presence of crystals with different shapes and sizes (mean size of these
crystals being around 50 µm). Further, in order to determine the elemental composition of
the prepared material, the energy-dispersive X-ray spectrum (EDX) was recorded, which is
presented in Figure 2. Based on the recorded spectrum, the elemental composition of the
material was determined (Table 1).
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Figure 2. Energy-dispersive X-ray spectrum recorded for prepared SiO2/Fe(acac)3/NaF material.

Table 1. Elemental composition of SiO2/Fe(acac)3/NaF material.

Elements Wt,% At,%

C 23.73 37.70

O 36.72 43.80

Fe 26.48 9.05

Na 2.31 1.89

F 1.43 1.21

Si 9.34 6.35

TOTAL 100 100

From the data depicted in Table 1, one can observe the presence of Fe, O, and Si atoms,
which confirms the formation of the SiO2/Fe(acac)3 matrix. The presence of Na and F is
also attributed to the use of NaF as a loosener agent during synthesis. The presence of C
may also be associated with the incomplete synthesis of acetylacetonate.

2.2. Selenium Adsorption Studies
2.2.1. Kinetic and Thermodynamic Studies

It is well known that all adsorption processes are influenced by the contact time
and temperature. Such parameters can represent some limiting factors for all practical
applications of the adsorption process. In Figure 3, the experimental data are depicted,
which show the influence of contact time and temperature in the studied adsorption case.

From the information displayed in Figure 3, it can be seen that as the contact time
increases, the adsorption capacity has a similar behavior. This behavior is observed until
the contact time reaches 60 min, when the adsorption capacity remains approximately
constant, so any further contact time increase is not justified. Based on the observation
that the temperature increase leads to an increase in the adsorption capacity, one can
conclude that the Se(IV) adsorption is influenced by temperature; however, observing
that the adsorption capacity does not have significant increase, any further studies are not
justified to be performed at temperatures over 298 K.
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Figure 3. Effect of contact time and temperature on the adsorption capacity.

2.2.2. Kinetic Studies

Further, in order to explain adsorptive process kinetics, experimental data were mod-
eled by using pseudo-first-order and pseudo-second-order models, and in order to de-
termine if film diffusion or intraparticle diffusion is the determinant stage of adsorption
speed, experimental data were modeled using the Weber and Morris model. The obtained
information is displayed in Figure 4.
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By taking into account the kinetic parameters estimated for each kinetic model, it was
possible to determine which model better described the adsorption of Se(IV) ions onto the
prepared adsorbent material, based on the values of the correlation coefficient, R2.

The mechanism of Men+ adsorption can be established by finding out if the process
takes place in one or in several stages. This was established by graphically represent-
ing qt = f(t1/2) at the three operating temperatures, and the parameters Kdiff and C were
determined.

The speed constants, calculated adsorption capacity, as well as the values obtained for
the parameters Kdiff and C by applying the kinetic models are depicted in Table 2, along
with the values of the regression coefficient, R2.

Table 2. Kinetic parameters for the adsorption of Se(IV) onto SiO2/Fe(acac)3/NaF.

Pseudo first order

Temperature (K) qe,exp
(µg/g)

k1
(min−1)

qe,calc
(µg/g) R2

298 24.35 0.0383 10.07 0.9906

308 24.49 0.0386 14.78 0.9905

318 24.62 0.0388 17.64 0.9900

328 24.67 0.0371 20.61 0.9920

Pseudo second order

Temperature (K)
qe,exp

(µg g−1)
k2

(g µg−1·min−1)
qe,calc

(µg g−1)
R2

298 24.35 1238.8 26.31 0.9997

308 24.49 1811.1 26.88 0.9996

318 24.62 2183.0 27.24 0.9997

328 24.67 3164.2 27.70 0.9996

Intraparticle diffusion model

Temperature (K) Kdiff
(mg·g−1 min−1/2) C R2

298 2.62 10.2 0.8792

308 2.88 10.9 0.8173

318 2.94 11.3 0.8019

328 2.98 12.01 0.8945

From the information displayed in Table 2, we can conclude that the pseudo-second-
order kinetic model better describes the obtained experimental data, this conclusion being
supported by the almost unity value of the regression coefficient R2. Moreover, the adsorp-
tion capacity (qe,calc) value estimated from the pseudo-second-order model has a closer
value to the experimental determined adsorption capacity (qe,exp). Also, one can observe
that the temperature increase does not have a significant impact on the values of estimated
parameters k2, qe,calc, so one can conclude that it is not essential to work at temperatures
higher than 298 K. Simultaneously, it can be observed that Se(IV) adsorption takes place in
a few stages, because the linear dependence between qt and t1/2 does not pass through the
origin for all studied temperatures. Hence, it is possible to say that intraparticle and film
diffusion impact Se(IV) adsorption kinetics.

From the information displayed in Table 2, one can observe that the temperature
impacts the value of the Kdiff parameter. It is also observed that the diffusion constants
specific to stage 1 are higher than the diffusion constants specific to stage 2. From this
observation, we can conclude that the speed determinant stage is stage 2 [34].
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2.2.3. Thermodynamic Studies

The determination of the thermodynamic parameters of the adsorption process of
Se(IV) on the SiO2/Fe(acac)3/NaF material was performed in the temperature range
298–328 K. From the values of these parameters, we can obtain information related to the
spontaneity of the adsorption process and establish whether or not the process is influenced
by temperature.

The adsorbent performance of materials is described by thermodynamic variables of
the variation in enthalpy (∆H◦), entropy (∆S◦), and Gibbs free energy (∆G◦), which help to
establish the adsorption mechanism.

Representing lnKd = f(1/T) graphically, a line was obtained (Figure 5), from the slope
of which the values of the variations of free entropy and free enthalpy were obtained, and
by means of the van’t Hoff equation the variation in Gibbs free energy was calculated, with
data presented in Table 3.
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Table 3. Thermodynamic parameters for adsorption of Se(IV) onto SiO2/Fe(acac)3/NaF.

∆H◦

(J mol−1)
∆S◦

(J mol−1 K−1)
∆G◦

(J mol−1) R2

22.71 95.84
298 K 308 K 318 K 328 K

0.9899
−28.53 −29.49 −30.45 −31.41

Table 3 shows the thermodynamic parameters resulting from the three temperatures.
From the information displayed in Table 3, one can observe the positive value of ∆H0,

which is associated with an endothermic adsorptive process. The negative value of ∆G0

increases with the temperature increase, indicating that the studied adsorptive process is a
spontaneous one and is influenced by temperature. The positive value of ∆S0 is associated
with a favorable adsorptive process at the adsorbent/adsorbate interface. The activation
energy has a value of 8.3 kJ mol−1 and, because this value is lower than 40 kJ mol−1, we
can conclude that the studied adsorption process has a physical nature [35].

2.2.4. Equilibrium Studies

To describe how Se(IV) interacts with the SiO2/Fe(acac)3/NaF material, equilibrium
studies were performed, consisting of the mathematical modeling of obtained experimental
data by using the Langmuir, Freundlich, and Sips adsorption isotherms. The correlation
coefficient, R2, was also determined in order to find the isotherm that best describes the
Men+ ion adsorption process.
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Figure 6 depicts the obtained adsorption isotherms associated with Se(IV) adsorption
on the SiO2/Fe(acac)3/NaF material.
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The particular parameters associated with each isotherm used to model experimental
data were evaluated from the slopes of the linear form of each isotherm and using the
ordinate from the origin (Table 4).
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Table 4. Parameters of isotherm model for adsorption of Se(IV) onto SiO2/Fe(acac)3/NaF.

Langmuir Isotherm

qm,exp (µg g−1) KL (L µg−1) qL (µg g−1) R2

6180 6.2·10−4 7086 0.9810

Freundlich isotherm

KF (µg g−1) 1/nF R2

208.2 0.35 0.8391

Sips isotherm

KS qS (µg g−1) 1/nS R2

1.62 6718 0.21 0.9916

Temkin isotherm

AT [L/g] bT R2

0.52 144.07 0.2788

Dubinin–Radushkevich isotherm

qm [mg/g] ε R2

1.01 0.366 0.5649

The interdependence established between the Se(IV) equilibrium concentration and
the adsorption capacity illustrate that an increase in the equilibrium concentration leads to
an increase in the adsorption capacity, until an equilibrium is reached, corresponding to
the experimental obtained maximum adsorption capacity (qe,exp).

Based on the information presented in Table 4, it is observed that the Se(IV) adsorption
on the prepared adsorbent material better fits the Sips isotherm, due to the value of the
regression coefficient being almost 1. In addition, one can observe that the calculated value
of the adsorption capacity is closer to the experimentally determined one.

From the information found in the scientific literature, we are able to provide a
comparison of the adsorption capacities of different adsorbent materials, and compare them
with the adsorption capacity of the SiO2/Fe(acac)3/NaF. From the information presented
in Table 5, we can conclude that SiO2/Fe(acac)3/NaF presents a good adsorption capacity.

Table 5. Comparison of adsorption performance with other materials for Se(IV) adsorption.

Materials q, mg g−1 References

Graphene oxide nanocomposite hydrogel beads 1.62 [36]

Fly ash extracted char carbon 0.68 [37]

Chitosan beads 2.00 [38]

Iron-Oxy hydroxides 0.001 [28]

Mesoporous activated alumina 0.0054 [39]

Fly ash extracted char carbon 0.44 [37]

Hematite 0.24 [40]

Magnetite 0.25 [41]

Iron-coated granular activated carbon 0.39 [42]

Corundum 0.59 [43]

Nano-Jacobsite 0.77 [44]

Aluminum-oxide-coated sand 0.92 [45]

Binary oxide [Fe (III)/SiO2] 1.33 [46]



Gels 2023, 9, 497 9 of 16

Table 5. Cont.

Materials q, mg g−1 References

Ferrihydrite 2.00 [47]

Chitosan beads 2.00 [38]

SiO2/Fe(acac)3/NaF 6.00 This paper

2.2.5. pH Effect

Figure 7 shows how the adsorption capacity of Se(IV) is influenced by the evolution
of pH.
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In this way, we can observe that at a pH lower than 6 the adsorption capacity increases
with the increase in the pH. When the pH is in the range of 6 to 8, it is observed that the
adsorption capacity reaches maximum values (~24 µg Se(IV) g−1 material). This behavior
can be explained only by taking into account the value of pH-pZc (presented in [32]). In this
pH range, the adsorbent surface is positively charged, allowing the adsorption of anionic
species from the solution. The experimental data proved that stable Se species at this pH is
HSeO3

–, which presents a higher affinity for Fe atoms from adsorbent material. Further,
when the pH is higher than 8, the adsorption capacity decreases. According to Section 4.1,
the species of selenium that can be adsorbed on the surface of the material are HSeO−

3 or
SeO2−

3 [48].
Based on this information, a possible mechanism has been proposed. In the first step,

we must consider that the aqueous medium γFe2O3 undergoes a superficial hydrolysis
process with the formation of iron oxo-hydroxides. Further, HSeO3

– or SeO3
2– will be

linked onto the material surface by attraction forces established between these negative
charges and hydrogen atoms from superficial iron oxo-hydroxides.

3. Conclusions

In our study, a new adsorbent material was prepared based on SiO2, Fe(acac)3, and
NaF as a porogenic agent, with the preparation of the desired adsorbent material being
proved based on physical-chemical analysis. After that, the obtained material was tested as
an adsorbent for Se(IV) removal from aqueous solutions.

The recorded data proved that the Se(IV) adsorption is dependent on solution pH, with
an optimum pH range between 7 and 8. Based on the recorded experimental data, kinetic,
thermodynamic, and equilibrium studies were performed. Kinetic studies demonstrated
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that the Se(IV) adsorption is better described by the pseudo-second-order model. The
Weber–Morris model proved that the porous structure of the SiO2/Fe(acac)3/NaF adsorbent
material also favors the placement of the active adsorption sites on the interior surface
of the adsorbent channels. Such active site distribution indicates that the Se(IV) ions are
adsorbed on the material surface in the first step, and in the second step the adsorption
process reaches an equilibrium, meaning that the intraparticle diffusion is not at the limiting
stage. Based on these observations, we can conclude that Se(IV) adsorption takes place as
a film adsorption. From the value of activation energy, we can conclude that the studied
adsorption process is a physical one.

Thermodynamic studies confirm that Se(IV) adsorption is an endothermic and sponta-
neous process, being influenced by temperature. Also, it was confirmed that the adsorption
process takes place at the adsorbent material/solution interface. Following the equilibrium
studies, the Sips model is the one that best describes the adsorption process, establishing
the maximum adsorption capacity of the SiO2/Fe(acac)3/NaF material as ~6 mg Se(IV) g−1
material. A comparative study with data from the literature regarding the affinity of the
synthesized material, SiO2/Fe(acac)3/NaF, for selenium, has been shown to be significant.

4. Materials and Methods
4.1. Synthesis and Characterization of SiO2/Fe(acac)3/NaF Material

The present research paper reports the synthesis of a (SiO2/Fe(acac)3/NaF) nanocom-
posite via sol–gel method, as outlined in reference [32]. Sol–gel synthesis represents an
effective method to obtain materials with desired surfaces. One important advantage of
sol–gel synthesis is the possibility to obtain materials with higher surface areas [32].

For adsorbent material preparation, the following materials were used: Fe (III) acety-
lacetonate, Fe(acac)3 (Sigma Aldrich, St. Louis, MO, USA); methanol (Chimopar, SC CHI-
MOPAR TRADING SRL, Bucures, ti, Romania); tetraethyl-orthosilicate -TEOS, Si(OC2H5)4,
(Sigma Aldrich), and sodium fluoride, NaF (Sigma Aldrich).

During the initial phase, the Fe(acac)3 solution was prepared by dissolution of 4 g of
Fe(acac)3 in 50 mL of pure methanol. Obtained mixture was kept in contact and stirred for
30 min at 50 ◦C. The subsequent phase involved the dissolution of the silica precursor in
10 mL distilled water, alongside 10 mL of TEOS.

Further, obtained solutions were mixed and kept in contact for 120 min at 50 ◦C by
stirring the mixture at 400 rpm. After 1 h, 0.5 g of sodium fluoride, NaF (Sigma Aldrich),
was added by mixing, which acted as a loosening agent for the gelled material. After one
week of undergoing the aging process, the emergence of slender-needle-shaped crystals
was observed. Resultant gel underwent a drying process for 24 h at a temperature of 100 ◦C,
before being subjected to a subsequent heat treatment at 200 ◦C. Schematic representation
of the adsorbent material preparation is presented in Figure 8.

In order to provide information regarding material surface morphology, but also
to qualitatively confirm the composition of the synthesized material, scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were performed by
using the Quanta FEG 250 (FEI, Hillsbro, OR, USA) scanning electron microscope.
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Figure 8. Schematic representation of SiO2/Fe(acac)3/NaF adsorbent material preparation.

4.2. Selenium Adsorption Studies
4.2.1. Kinetic and Thermodynamic Studies

In order to analyze Se(IV) adsorption kinetics, but also to understand the kinetic
mechanism governing Se(IV) adsorption on the prepared adsorbent material, experimental
data obtained were modeled using 3 different kinetic models: pseudo-first-order (Lagergren
model) and pseudo-second-order kinetic model (Ho-McKay model), and intraparticle
diffusion (Weber and Morris model).

To investigate the contact time and temperature impact adsorption capacity, a precisely
measured quantity of 0.1 g of adsorbent material was utilized, onto which 25 mL of Se(IV)
aqueous solution of an initial concentration of 100 µg L−1 was applied. Obtained samples
were agitated at 200 rpm, for a range of time spanning 15, 30, 60, and 90 min, as well as at
several temperatures (298 K, 308 K, 318 K, and 328 K) by using a thermostated bath.

4.2.2. Kinetic Studies

The kinetic equations used to model the acquired experimental data for the pseudo-
first-order equation (Lagergren model) [49] are as follows:

ln
(
qe − qt

)
= ln qe − k1t (1)

where qe—equilibrium adsorption capacity, µg g−1;
qt—adsorption capacity at t time, µg g−1;
k1—speed constant for pseudo-first order equation, min−1;
t—contact time, min.

The equation for pseudo-second-order model (model Ho and McKay) is as follows:

1
qt

=
1

k2q2
e
+

1
qe

(2)

where qe—equilibrium adsoprtion capacity, µg g−1;
qt—adsorption capacity at t time, µg g−1;
k2—speed constant for pseudo-second-order equation, g µg−1 min−1;
t—contact time, min.
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When the pseudo-first-order model was used, associated parameters (k1 and qe,calc)
were obtained from the linear dependence between ln(qe − qt) and time. Similarly, in
the case of pseudo-second-order model usage, associated parameters (k2 and qe,calc) were
evaluated based on linear dependence between t/qt and t. In addition to these two typical
kinetic models, obtained experimental data were also modeled by using an intraparticle
diffusion model. In order to determine the controlling factor for adsorption speed, namely,
to determine if it is governed by film or by intraparticle diffusion, recorded experimental
data were subjected to analysis by using Weber and Morris model [50]:

qt = kdifft
1
2 + C (3)

where qt—adsorption capacity at t time, µg g−1;
kdiff—speed constant for intraparticle diffusion, µg g−1 min−0.5;
C—constant correlated with the thickness of the liquid film surrounding the adsorbent
particles.

4.2.3. Thermodynamic Studies

All thermodynamic investigations were conducted over a temperature range of
298–328 K. The value of the Gibbs free energy was calculated by using the Gibbs–Helmholtz
equation [51]:

∆G0 = ∆H0 + T∆S0 (4)

where ∆G0—standard Gibbs free energy variation, J mol−1;
∆H0—standard enthalpy variation, J mol−1;
∆S0—standard entropy variation, J mol−1 K−1;
T—absolute temperature, K.

Values of entropy standard variation ∆S◦ and enthalpy standard variation ∆H◦ were
computed by using the van’t Hoff equation and its linear from, which was obtained through
representing ln Kd as function of 1/T.

ln kd =
∆S0

R
− ∆H0

RT
(5)

where Kd—equilibrium constant;
∆S0—standard entropy variation, J mol−1 K−1;
∆H0—standard enthalpy variation, J mol−1;
R—the ideal gas constant, 8.314 J mol−1 K−1.

The proportional relationship between adsorption capacity at a specific state of equi-
librium (qe) and the concentration at equilibrium (Ce) represents the equilibrium constant.

Kd =
qe
Ce

(6)

For the adsorption of Se(IV) on the SiO2/Fe(acac)3/NaF material, another aim was to
ascertain the value of the activation energy Ea associated with studied adsorptive process.
This value was evaluated by employing the Arrhenius equation in conjunction with the
speed constant (k2) obtained through the application of pseudo-second-order kinetic model.

ln k2 = ln A − Ea

RT
(7)

where k2—speed constant, g min−1 mg−1;
A—Arrhenius constant, g min mg−1;
Ea—activation energy, kJ mol−1;
T—absolute temperature, K;
R—the ideal gas constant, 8.314 J mol−1 K−1.
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The activation energy value was utilized to elucidate the character of the studied
adsorption process, mainly to distinguish if Se(IV) adsorption occured through physical or
chemical interactions.

4.2.4. Equilibrium Studies

Another aim of the present study was to evaluate the impact of Se(IV)’s initial concen-
tration on the adsorption capacity of the material SiO2/Fe(acac)3/NaF. In order to achieve
this specific objective, solutions of varying Se(IV) concentrations were prepared (200, 400,
800, 1000, 2000, 3000, 5000, 7000, 8000, 10,000, 15,000, 20,000, 30,000, and 50,000 µg L−1).
These concentrations were achieved by performing an appropriate dilution from a concen-
trated stock solution of 1000 mg L−1. Further, the adsorption tests were conducted at a pH
value between 7 and 8, by keeping the studied Se(IV) solution in contact with adsorbent
material at a temperature of 298 K for 60 min. Residual Se(IV) concentration was evaluated
by using the atomic absorption spectrophotometer equipped with graphite furnace, AA
6800, Schimadzu (having a measurement error of 5%).

In order to determine the adsorption mechanism of Se(IV), obtained experimental
data were further modeled by utilizing 3 different isotherms: Langmuir, Freundlich, and
Sips. Langmuir isotherm [52] is used to evaluate the maximum adsorption capacity of used
adsorbent material. The maximum adsorption capacity of prepared adsorbent material
was acquired based on linear form of the Langmuir adsorption isotherm:

Ce

qe
=

1
qLKL

+
Ce

qL
(8)

where qL—Langmuir maximum adsorption capacity, µg g−1;
KL—Langmuir constant.

The assumption of the Freundlich adsorption isotherm is that the adsorbent material
surface is heterogeneous, so the heat distribution required for the studied adsorption
process onto adsorbent material surface is uneven, leading to the occurrence of multilayer
adsorption due to an unlimited number of active centers. Freundlich-isotherm-associated
parameters were determined from linear form of Freundlich isotherm [53]:

logqe = logKF + 1/nFlogCe (9)

where KF and nF—characteristic constants that may be related to the relative adsorption
capacity of the adsorbent and the adsorption intensity.

Sips adsorption isotherm [54] was inferred based on Langmuir and Freundlich isotherms.
Within the case of low adsorbate concentrations, all the characteristics associated with Fre-
undlich isotherm are present, and at higher adsorbate concentrations all the characteristics
of Langmuir isotherm are present. Subsequently, this isotherm was used to calculate the
adsorption capacity:

qe =
qSKSC1/nS

e

1 + KsC1/nS
e

(10)

where KS—constant related to the adsorption capacity of the adsorbent;
nS—heterogeneity factor.

Temkin isotherm was developed in order to describe the adsorption on heteroge-
neous surfaces, surfaces characterized by a non-uniform distribution of sorption heat [55].
Another assumption of the Temkin model is that the heat of adsorption depends on tem-
perature. Specific to this isotherm is the factor which takes into account the interaction
established between the adsorbate and adsorbent, ignoring limit concentrations—low and
large ones. Linear form of the Temkin model is

qe =
RT
bT

ln AT +

(
RT
bT

)
ln Ce (11)



Gels 2023, 9, 497 14 of 16

where AT—Temkin isotherm equilibrium binding constant (L/g), bT—Temkin isotherm
constant, R—universal gas constant, and T—temperature. Temkin isotherm parameters
were evaluated from the linear dependence between the quantity of sorbed ions (qe)
and lnCe.

Dubinin–Radushkevich (DRK) isotherm represents a general and empirical model
able to explain adsorption processes on heterogeneous surfaces with a Gaussian energy
distribution, being related with the sorbent porous structure [56]. Linear form of the DRK
isotherm is [57]

ln qe = ln qm − βε2 (12)

where ε = RTln
(

1 + 1
Ce

)
, qm—maximum adsorption capacity (mg/g), β—activity coeffi-

cient constant related to sorption energy, and ε—Polanyi potential.

4.2.5. pH Effect

pH’s impact on the Se(IV) adsorption on the prepared adsorbent material was studied
by varying selenium solution pH in the range of 1–14. Hence, 0.1 g of adsorbent material
was kept in contact at 298 K for 60 min with 25 mL of Se(IV) solution (SeO2 in HNO3
0.5 mol L−1 Merck) of initial concentration C0 = 100 µg Se(IV) L−1. Selenium solution pH
was adjusted to the desired range by using HNO3 and NaOH solutions, with concentrations
in the range of 0.1–1 N. These solutions were prepared from HNO3 (63%, Carl Roth) and
NaOH pellets (Sigma Aldrich).
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