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Abstract: In the present work, the adsorption of arsenic (V) on a new porous material (named
BENFEP), was studied for the first time. The parameters pH, adsorbent dosage, initial concentration
and contact time were evaluated on the adsorption performance in a batch system. The results show
that maximum arsenic removal is achieved at pH 7.0–7.5 with 1.5 g/L adsorbent. The observed data
were found to follow the Langmuir adsorption isotherm between pH values of 5 and 9, indicating that
the adsorbent had mainly homogeneous sites on its surface. The experimental data obtained from
the thermodynamic study showed that the reaction was viable, spontaneous and exothermic. No
significant deterioration in water quality was observed after the adsorption process, a characteristic
that is fundamental for its application in small-scale water treatment systems, particularly in isolated
rural areas.

Keywords: inorganic arsenic; bentonite/ZVI/Polyurethane composite; zero-valent iron; natural water

1. Introduction

In the world, the lack of access to safe drinking water has generated a series of prob-
lems related to the lack of opportunities for social and economic development. These
problems affect, in an even more critical way, those communities that are rural, poor and
far from urban centers [1–4]. In this sense, arsenic (As) contaminated water is one of
the main problems affecting water quality in different areas of the planet. Countries
such as Bangladesh, India, Vietnam, Mexico, Peru, Argentina, Chile and the United
States face significant challenges to comply with national and international standards
related to the maximum limits of arsenic recommended for water intended for human
consumption [5–10].

In the particular case of the Atacama Desert, in northern Chile, surface water courses
(rivers, springs and lagoons), correspond to natural water sources that have been historically
used by local communities to supply water, both for their personal consumption and for
their main economic activities related to agriculture and livestock. However, waters from
these sources have high levels of arsenic, in the range of 1000 to 10,000 µg/L, which
corresponds to 100 to 1000 times higher than the limits considered safe for health [11–17].
Different studies have established that chronic arsenic intake has carcinogenic effects for
humans [18]. Prolonged exposure to arsenic can cause skin lesions, peripheral neuropathy,
gastrointestinal symptoms, diabetes, kidney damage, cardiovascular disease and several
types of cancer [5,14,19–21].

From a technological point of view, there are currently different methods and tech-
nologies for arsenic removal from water. These technologies include processes such as

Water 2023, 15, 2887. https://doi.org/10.3390/w15162887 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w15162887
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0009-0001-1288-4849
https://orcid.org/0000-0001-7518-0358
https://doi.org/10.3390/w15162887
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15162887?type=check_update&version=1


Water 2023, 15, 2887 2 of 18

precipitation, adsorption, ion exchange, solvent extraction, nanofiltration and reverse os-
mosis [11,22–25]. However, these conventional technologies often do not perform with the
required levels of efficiency and robustness, since they involve high operation/maintenance
costs, the need for highly qualified users for their management, high energy expenses and
previous stages of conditioning of the water to be treated. When the natural water sources
have high levels of suspended or dissolved solids, the problem increases [26–28]. This
raises the need for research, development and availability of new materials and improved
treatment systems to meet the need for arsenic-free water from complex matrix waters.

Among the technologies currently under investigation, those based on solid–liquid
adsorption processes stand out, with good levels of selectivity, low technological complex-
ity [29–31] and robustness against local environmental conditions and physicochemical
characteristics of the water to be treated, such as high salinity (presence of dissolved
sodium salts, chlorides and sulfates) and hardness (calcium and magnesium). Together,
these characteristics allow considering technologies based on adsorption processes as an
attractive and competitive solution to the problem of arsenic-free water supply, mainly in
rural and isolated areas.

Specifically, in the case of arsenic removal from water, it is necessary to have an
adsorbent medium with a high affinity for this element, allowing the reduction of this
element below 10 µg/L and the reduction of the replacement frequency of the adsorbent
materials utilized by the treatment technology [32,33].

In the literature, it is possible to find research results that have focused on the study of
arsenic removal from water considering its adsorption on iron oxides, activated carbon,
activated alumina, and natural materials (sands, minerals and organic wastes). Among
these materials, iron (III) oxides stand out for showing great potential for arsenic adsorption,
based on their affinity for different arsenic species, with a higher sorption affinity for arsenic
(V) than for arsenic (III) [34–40].

Similarly, the study and use of nanomaterials as useful adsorbents for the removal of
toxic elements present in water are expected to continue to increase in the future, highlight-
ing the use of natural and modified clay mineral materials with interesting characteristics
that make them good alternatives for the removal of metal ions, organic pollutants and
bacteria from water [41,42].

Clays such as montmorillonite have a net negative charge due to broken bonds around
the edges of the silica-alumina units that give rise to unpaired charges, which can be bal-
anced by ion exchange cations. However, for practical application, these materials require
improvement of their sorption capacity, particularly in the presence of other anions and
cations. Different studies have shown that the adsorption capacities of natural clays can
be increased by their modification using acids, bases, cationic surfactants and polyoxoca-
tions [43–45]. However, to date, there are few studies related to the use of modified clays
for arsenic removal [46–48].

In the present work, the synthesis of a material with high surface area based on ze-
rovalent iron, polyurethane and bentonite was studied in order to generate a material with
high arsenic (V) sorption capacity. The study also considered the evaluation of operational,
thermodynamic and kinetic parameters involved in the arsenic removal process.

2. Materials and Methods
2.1. Material Synthesis

Natural calcium bentonite from the locality of Alcérreca (UTM 8057686 446940 19K),
Commune of General Lagos, Parinacota Province, Arica and Parinacota Region, northern
Chile, was used. This bentonite was used as starting material without any modification.

Prior to its use, a commercial polyurethane (PU) foam was converted to powder by
wet milling in a blender machine. For this purpose, 2.0 g of PU was combined with 500 mL
of deionized water (electric conductivity < 0.045 µS/cm) and subjected to grinding for
5 min at 3500 RPM. The product obtained was filtered and dried at a temperature of 40 ◦C
until constant weight (48 h), and finally sieved under a 0.2 mm mesh.
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Commercial steel wool, used as a source of zero-valent iron, ZVI, was mechanically
cut and subsequently sieved under a 0.2 mm mesh. Additionally, tests were performed
employing two alternative iron sources, Fe(II) and Fe(III), using ACS/Reag grade reagents
FeO4S·7H2O and FeN3O9·9 H2O (Merck KGaA, Darmstadt, Germany) respectively.

Once the starting materials were arranged, they were combined in the mass ratio
Bentonite: PU:Fe:Fe:H20 of 20:2:20:28. The iron ratio (0, II and III) was suitably modified,
in order to obtain final products with an iron content of 0, 20, 30 and 50% w/w. Using
a Transferpette® S micropipette (BRAND GMBH + CO KG) with a maximum volume of
10 mL, the resulting mixture was allowed to drip gently over 100 mL of a 2% w/v sodium
alginate solution (Merck KGaA, Darmstadt, Germany).

The spheres thus obtained were separated from the solution, washed four times with
deionized water and dried at room temperature for 72 h. Once this period was over, the
spheres were calcined in a muffle at a temperature of 450 ◦C, cooled and stored for use in
the following stages of the study.

2.2. Material Analysis

The chemical composition of the materials used for the synthesis of BENFEP was
determined with an Energy Dispersive X Ray Fluorescence (EDXRF) 900 HS Spectrometer
(Shimadzu Corp., Japan). The optimal instrument conditions were: voltage 50 kV, current
300 µA, collimator 10 mm, real integration time 100 s, detector dead time < 1%, atmosphere
vacuum (pressure < 30 Pa).

XRD patterns of all synthesized powder samples oriented on a glass slide were
recorded on a D2 PHASER with XFlash® diffractometer (Bruker AXS GmbH, Karlsruhe,
Germany) using a Cu-Kαy radiation source. The morphology of materials was examined
using a scanning electron microscope (SEM) EVO LS10 (Carl Zeiss Microscopy GmbH,
Munich, Germany).

2.3. Determination of Surface Area and Porosity

Surface area of the materials was determined using the water adsorption technique.
For this, saturated solutions of CaSO4, LiCl, CaCl2 and NaCl salts were prepared by
dissolving the salts in deionized water in a 100 mL beaker.

These saturated solutions were then transferred to flasks with airtight lids. Finally,
1.00 g of each BENFEP was transferred to these tightly capped flasks, preventing the
saturated solutions from contacting the solid samples. Each of these assays was performed
in triplicate. All of the tightly capped bottles and their contents were left to stand for 24 h
to allow equilibrium to be reached. After this, we proceeded to determine the difference in
mass experienced by the adsorbent solid [8,49].

The weight difference was calculated and Equation (1) [50,51] was used to calculate
the bulk density:

%Apparent density =
weight of sample
volume of sample

∗100% (1)

The porosity of the adsorbent materials was calculated from the bulk and true density
values [50] obtained above for each sample using Equation (2):

%Porosity =
Apparent density − Solid Density

Apparent density
∗100% (2)

2.4. Point of Zero Charge (PZC) Analysis

Fifty milliliters of deionized water (electrical conductivity < 0.045 µS/cm) was placed
in 100 mL Erlenmeyer flasks, adjusting the pH of each solution between 5.0 and 9.0 units by
adding appropriate quantities of HCl 0.1 mol/L and NaOH 0.1 mol/L. To these solutions,
1.0 g of BENFEP adsorbent sample was added, and after 48 h under agitation and at room
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temperature, the final pH value was measured. The point of zero load corresponds to the
point where the final pH curve as a function of the initial pH cuts the diagonal [52].

2.5. Batch Adsorption Experiments

Batch adsorption experiments were performed on 50 mL volumes of each As(V)
solution using 0.1000 g of adsorbent in a stoppered flask at constant temperature. Arsenic
solutions in the range 100–10,000 ppb (0.1–10 mg/L), were prepared from appropriate
amounts of HAsNa2O4·7H2O (Merck, Germany), dissolved in deionized water.

The solutions were adjusted to the desired pH value by adding amounts of NaOH
0.01 mol/L or HCl 0.01 mol/L and subjected to stirring on a magnetic stirrer for 4 h to
reach equilibrium.

After each of the adsorption experiments, the suspension was filtered, and the con-
centration of residual As(V) in solution was determined. The total arsenic content was
determined in an atomic absorption spectrophotometer (Spectr AA-200 Varian) with an
arsenic hollow cathode lamp (Varian). A hydride generation system (VGA77 Varian) was
connected to the equipment and arsine was atomized in a quartz cell. Sodium borohydride
(0.6% w/v) dissolved in sodium hydroxide (0.5% w/v) was used as reducing agent. As
carrier, 5 mol/L HCl was used. Instrumental conditions were: air-acetylene reducing flame,
0.5 nm slit, 193.7 nm wavelength and 10 mA lamp current.

All samples were analyzed in triplicate, and blank control tests were performed for
comparative purposes.

The adsorption capacity of As(V) was calculated by the following equations:

%Removal =
(

C0 − Ce

C0

)
× 100 (3)

qe =
(C0 − Ce)V

m
(4)

where qe is the equilibrium adsorption capacity of As(V) per unit mass of adsorbent (mg/g);
C0 and Ce are the initial and equilibrium concentration of As(V), respectively (mg/L); V is
the volume of As(V) solution in liters; and m is the mass of adsorbent (g).

The data obtained from the sorption tests were evaluated using two widely used
adsorption isotherm models: Langmuir and Freundlich, comparing to determine which of
them corresponded to the best fit. The Langmuir isotherm assumes homogeneity of the
adsorbent surface, and its linear form can be represented by the following equation:

1
qe

=
1

qm
+

1
Klqm

× 1
Ce

(5)

where Ce is the equilibrium concentration (m/L), qm is the maximum amount adsorbed on
the adsorbent surface with full monolayer coverage (mg/g), qe is the equilibrium amount
adsorbed (m/g) per unit mass of adsorbent, and Kl is the Langmuir adsorption constant (in
L/mg). Kl and qmax are determined by the intersection and slope of the linear plot of 1/Ce
versus 1/qe.

The Freundlich isotherm assumes that arsenic adsorption on BENFEPs occurs by
multilayer adsorption on a heterogeneous surface:

lnqe = lnKf +
1
n

lnCe (6)

where Kf is the adsorption capacity (mg/g), and n is the heterogeneity factor or an empirical
parameter related to adsorption intensity, which varies with adsorption heterogeneity. The
values of n and Kf were obtained from the plot of ln qe versus. ln Ce.
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2.6. Thermodynamic Studies

Experiments were carried out to determine the effect of temperature on the adsorption
capacity. Thermodynamic studies for the adsorption of As(V) on BENFEP-ZVI were carried
out from 298 to 333 K, using solutions with a concentration of 1 mg/L of As(V) and a mass
of 1.00 g of BENFEP-ZVI. The changes in enthalpy (∆H0), entropy (∆S0) and Gibbs free
energy (∆G0) were used to evaluate the spontaneity of the process and to determine its
endothermic or exothermic nature.

The Gibbs free energy makes it possible to discern whether a process is spontaneous
or not. Negative values of ∆G0 imply a spontaneous process, while positive values mean
that it is necessary to contribute energy to the system since the system is not able to evolve
on its own. It is calculated from the following equation [53]:

∆G0 = ∆H0 − T∆S0 (7)

This equation is used in the first instance at the level of ideal gas systems, but its use
can be extended to adsorption at very dilute solid–liquid interfaces, since it implies that the
intermolecular distance is large enough to guarantee ideal gas-type behavior.

The Van ’t Hoff equation allows one to obtain graphically the values ∆H0 and ∆S0.
This equation arises from the Gibbs free energy equation as follows:

∆G0 = −RTlnKc (8)

where R is the universal gas constant (8.314 × 10−3 kJ mol−1 K−1), T is the temperature in
Kelvin, and KC is the equilibrium constant. Equating the above equations gives:

−R T ln Kc = −∆H0 − T ∆S0

By subtracting ln KC, we obtain the Van ’t Hoff equation:

lnKc =
∆S0

R
− ∆H0

RT
(9)

A graph of ln Kc on the abscissa axis and 1/T on the ordinate axis should be linear,
and the intercept would be equal to ∆S0/R while the slope would be numerically equal to
∆H0/R. For its part, KC is determined as follows:

Kc =
CAe

CSE
(10)

CAe is the concentration of the adsorbate at equilibrium contained on the adsorbent
surface, and CSe is the concentration in solution at equilibrium.

The adsorption enthalpy provides information about the exothermic or endothermic
nature of the process and also allows differentiating whether it is a process that occurs via
physical adsorption (low values) or chemical adsorption (high values). The adsorption
entropy allows predicting the magnitude of the changes on the adsorbent surface, since
if the changes are very deep on it, reversibility is affected, which would result in a neg-
ative value of the adsorption entropy; otherwise, it is indicative of a high possibility of
reversibility [52].

Using van ’t Hoff’s assumptions, it is possible to estimate the range of thermodynamic
properties such as enthalpy, entropy and Gibbs free energy of the adsorption processes
studied. For this purpose, adsorptive capacity tests of the samples were carried out at
three temperatures (25, 40 and 60 ◦C) in accordance with the work of other authors where
three temperatures were also explored, which were sufficient for the interpretation of the
adsorption process based on an approximation to its thermodynamics [52]. Starting from
an initial arsenic(V) concentration of 1 mg/L, the final concentration after the adsorption
process was determined, estimating the amount of arsenic removed from the solution.
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With this information, a ln Kc versus 1/T graph was plotted, calculating the required
thermodynamic parameters.

2.7. Water Sampling

Water samples were collected at one site of the Camarones River (19K0409709 UTM
7898390), located 700 m above sea level, close to the town of Camarones. The water samples
were collected in sterile polyethylene containers and stored at 4 ◦C until arriving at the
laboratory within 24 h for their characterization and testing (APHA, 2003).

3. Results and Discussion
3.1. Synthesis and Characterization of Materials

Figure 1 represents the synthesis process of BENFEP, starting with the preparation
of the bentonite/ZVI/PU suspension, pouring over the consolidation solution (sodium
alginate at 2% m/v), coagulation, drying and calcination at 450 ◦C.
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In the consolidation stage, the alginate solution interacts with the calcium ions in
the bentonite, acquiring a rigid structure along the suspension–consolidant solution inter-
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face. The result is a sphere, the content of which corresponds to the bentonite/ZVI/PU
suspension (Figure 2).
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Figure 2. Representation of structural changes and component rearrangements within BENFEP
during the synthesis process. (A) one drop of Bentonite/ZVI/PU suspension falls and comes
into contact with sodium alginate (2% w/w) solution. (B) The calcium ions on the surface of the
sphere bind to the alginate molecules, initiating the consolidation and solidification of the sphere.
(C) During the drying stage (24–48 h, 40 ◦C), the water molecules are eliminated from inside the
sphere, generating a solid, low-moisture intermediate product, suitable for the final calcination stage.
With calcination the elimination of alginate and PU molecules is achieved, obtaining a sphere with a
porous structure (BENFEP).

After calcination at a temperature of 450 ◦C, the final adsorbent product, BENFEP-ZVI,
is obtained (Figure 3).
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Figure 3. BENFEP-ZVI spheres synthesized in the present study. (A) BENFEP-ZVI, 0% Fe, not
calcined. (B) BENFEP-ZVI, 0% Fe, calcined at 450 ◦C. (C) BENFEP-ZVI, 20% Fe, without calcination.
(D) BENFEP-ZVI, 20% Fe, calcined at 450 ◦C.

The SEM micrographs of the starting materials used for the preparation of the BENFEP
adsorbent are shown in Figure 4. Figure 1A shows the typical lamellar structure of smectites,
with lamellar associations of the order of 2 µm. Similarly, Table 1 summarizes the main
mineral phases determined via XRD. In the case of PU and Fe(0), it is possible to determine
the dimensions of their cross sections, which can be reflected in the characteristics of the
adsorbent products generated, significantly affecting characteristics such as porosity and
surface area.
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Table 1. Main mineral phases and elemental composition of materials used in this work.

X-ray Diffraction *

Bentonite BENFEP-ZVI

Montmorillonite 22.58 21.92
Quartz 4.27 24.92
Anhydrite 10.02 16.87
Magnetite <1 8.43
Magnesioferrite <1 12.33
Cristobalita <1 1.78
Hematite <1 13.72
Andesita 13.31 <1
Muscovite 41.78 <1

X-ray Fluorescence (EDXRF) *

Bentonite ZVI Polyurethane (PU)

Silicon 79.70 <0.001 <0.001
Sulfur 7.91 <0.001 <0.001
Potassium 4.35 <0.001 <0.001
Iron 3.81 98.80 <0.001
Calcium 1.98 <0.001 0.16
Titanium 1.07 <0.001 <0.001
Manganese <0.001 0.94 <0.001
Strontium 0.76 <0.001 <0.001
Arsenic 0.25 <0.001 <0.001
Lead <0.001 <0.001 <0.001

Note: * Expressed on a dry basis and % w/w.

Considering desirable characteristics to obtain an adsorbent material with high poros-
ity and also high iron content, the first BENFEP synthesis tests were oriented to establish
the maximum content of Polyurethane (PU) and ZVI to be used before producing ruptures
in the structure of the adsorbent spheres. The results of these tests are shown in Figure 5A.
The decision criterion was to increase the PU and ZVI contents in the spheres up to a
concentration such that the number of defective units remained below 5% (maximum
of 5 defects per 100 units). With this restriction, the maximum ratio of 5% w/w PU and
20% w/w ZVI was selected, which was used in subsequent studies. Figure 5B depicts the
combined effect of PU and ZVI content on the BENFEP’s stability. Above the ratio of 5%
m/m PU and 20% m/m ZVI, a significant increase in the generation of defective units was
confirmed, with the understanding that the combination of both components above the
specified amounts promoted the physical instability of the desired product.

Using van ’t Hoff’s assumptions, it was possible to estimate the range of thermo-
dynamic properties such as enthalpy, entropy and Gibbs free energy of the adsorption
processes studied. For this purpose, adsorptive capacity tests of the samples were carried
out at three temperatures (25, 40 and 60 ◦C) in accordance with the work of other authors
where three temperatures were also explored, which were sufficient for the interpretation
of the adsorption process based on an approximation to its thermodynamics [52]. Start-
ing from an initial arsenic(V) concentration of 1 mg/L, the final concentration after the
adsorption process was determined, estimating the amount of arsenic removed from the
solution. With this information, a lnKc versus 1/T graph was plotted, calculating the
required thermodynamic parameters.



Water 2023, 15, 2887 10 of 18

Water 2023, 15, x FOR PEER REVIEW 10 of 19 
 

 

establish the maximum content of Polyurethane (PU) and ZVI to be used before producing 
ruptures in the structure of the adsorbent spheres. The results of these tests are shown in 
Figure 5A. The decision criterion was to increase the PU and ZVI contents in the spheres 
up to a concentration such that the number of defective units remained below 5% (maxi-
mum of 5 defects per 100 units). With this restriction, the maximum ratio of 5% w/w PU 
and 20% w/w ZVI was selected, which was used in subsequent studies. Figure 5B depicts 
the combined effect of PU and ZVI content on the BENFEP’s stability. Above the ratio of 
5% m/m PU and 20% m/m ZVI, a significant increase in the generation of defective units 
was confirmed, with the understanding that the combination of both components above 
the specified amounts promoted the physical instability of the desired product. 

Using van ’t Hoff’s assumptions, it was possible to estimate the range of thermody-
namic properties such as enthalpy, entropy and Gibbs free energy of the adsorption pro-
cesses studied. For this purpose, adsorptive capacity tests of the samples were carried out 
at three temperatures (25, 40 and 60 °C) in accordance with the work of other authors 
where three temperatures were also explored, which were sufficient for the interpretation 
of the adsorption process based on an approximation to its thermodynamics [52]. Starting 
from an initial arsenic(V) concentration of 1 mg/L, the final concentration after the adsorp-
tion process was determined, estimating the amount of arsenic removed from the solution. 
With this information, a lnKc versus 1/T graph was plotted, calculating the required ther-
modynamic parameters. 

 

Water 2023, 15, x FOR PEER REVIEW 11 of 19 
 

 

 
Figure 5. (A): Plot of independent effect of PU (green) and ZVI (yellow) content versus number of 
defective BENFEP units. The criterion used is to select the PU and ZVI content in such a way that 
the number of defective units is less than 5% of the total:  5% w/w PU and 20% w/w ZVI maximum 
content, respectively. Circle symbols: PU content. Square symbols: content of ZVI. (B): Joint effect 
of PU and ZVI content on the number of defective units. To keep the number of defective BENFEP 
units below 5%, the contents of PU and ZVI in the spheres must be less than 5% w/w PU and 20% 
w/w ZVI. 

3.2. Porosity and Surface Area 
Salts with low relative humidities were selected because they give better results than 

salts with high relative humidities. Adsorption isotherms were plotted to obtain the vol-
ume in monolayer coverage (Vm). The slope of the figures gave 1/Vm, which was then used 
to obtain the surface area using Equation (3) [54]: Sg = 3897.63 Vm (m2/g). 

The results obtained show that the BENFEP synthesis process significantly increases 
the porosity and surface area parameters. In the case of natural bentonite, it has a porosity 
of 22% and a surface area of 110 m2/g. The synthesized adsorbent, BENFEP-ZVI, increased 
the porosity of its starting materials to reach a porosity of 45% and a surface area of 173 
m2/g, i.e., increases of 104% and 57%, respectively. These results agree with those reported 
by Mandal et al. [55], who, during the development of a new zirconium polyacrylamide 
hybrid material (ZrPACM-43), were able to relate the increase in arsenic removal to the 
increase in porosity and surface area of the final product, as a result of the synthesis pro-
cess. 

Thus, the increase in the percentage of arsenic removal could be attributed to the 
availability of a greater number of adsorption sites in the solid phase. The availability of 
specific surface area and micropore volume plays a vital role in the surface adsorption 
process. 

3.3. pH Effect 
The pH of the solution can significantly affect the As(V) removal process, employing 

BENFEP-ZVI adsorbent, as it affects factors such as surface charge and adsorbent mor-
phology, along with the speciation of arsenic in aqueous solution [56]. 

Figure 6 shows the removal of As(V) at different pH values (5–9); it can be observed 
that, from the pH in the range of 5–8, there is an increase in the removal of As(V), which 
drops considerably at pH 9.  

Figure 5. (A): Plot of independent effect of PU (green) and ZVI (yellow) content versus number of
defective BENFEP units. The criterion used is to select the PU and ZVI content in such a way that
the number of defective units is less than 5% of the total: 5% w/w PU and 20% w/w ZVI maximum
content, respectively. Circle symbols: PU content. Square symbols: content of ZVI. (B): Joint effect
of PU and ZVI content on the number of defective units. To keep the number of defective BENFEP
units below 5%, the contents of PU and ZVI in the spheres must be less than 5% w/w PU and 20%
w/w ZVI.

3.2. Porosity and Surface Area

Salts with low relative humidities were selected because they give better results than
salts with high relative humidities. Adsorption isotherms were plotted to obtain the volume
in monolayer coverage (Vm). The slope of the figures gave 1/Vm, which was then used to
obtain the surface area using Equation (3) [54]: Sg = 3897.63 Vm (m2/g).

The results obtained show that the BENFEP synthesis process significantly increases
the porosity and surface area parameters. In the case of natural bentonite, it has a porosity of
22% and a surface area of 110 m2/g. The synthesized adsorbent, BENFEP-ZVI, increased the
porosity of its starting materials to reach a porosity of 45% and a surface area of 173 m2/g,
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i.e., increases of 104% and 57%, respectively. These results agree with those reported by
Mandal et al. [55], who, during the development of a new zirconium polyacrylamide hybrid
material (ZrPACM-43), were able to relate the increase in arsenic removal to the increase in
porosity and surface area of the final product, as a result of the synthesis process.

Thus, the increase in the percentage of arsenic removal could be attributed to the avail-
ability of a greater number of adsorption sites in the solid phase. The availability of specific
surface area and micropore volume plays a vital role in the surface adsorption process.

3.3. pH Effect

The pH of the solution can significantly affect the As(V) removal process, employ-
ing BENFEP-ZVI adsorbent, as it affects factors such as surface charge and adsorbent
morphology, along with the speciation of arsenic in aqueous solution [56].

Figure 6 shows the removal of As(V) at different pH values (5–9); it can be observed
that, from the pH in the range of 5–8, there is an increase in the removal of As(V), which
drops considerably at pH 9.
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This decrease is a consequence of the increase in electrical repulsion due to the
formation of a layer of iron oxide-hydroxides on the adsorbent surface at alkaline pH
(self-passivation). In an acidic or slightly alkaline solution, there is a significantly higher
population of H+ ions, which promotes the continuous oxidation of Fe(0), increasing the
concentration of Fe(II) and Fe(III) in solution. This allows the generation of greater amounts
of iron oxide-hydroxides, which in turn increase the elimination of As(V).

Different studies have revealed that pH plays an important role in As(V) ion species
and their adsorption capacity on ZVI [57]. These investigations suggested that with in-
creasing solution pH, the adsorption capacity of As(V) on ZVI gradually decreases, and the
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main reason has been attributed to electrostatic interactions [58,59]. In the pH range of 5–7,
the dominant form of As(V) is H2AsO4

−, a negatively charged ion [60], while the surface
of nZVI is positively charged. The opposite charges between the adsorbate and adsorbent
will lead to enhanced arsenic removal through electrostatic attractive force. As the pH
increases further, the dominant form of As(V) changes to HAsO4

2−, while the surface of
ZVI becomes negatively charged. Therefore, the electrostatic repulsive force would result
in a decrease in As(V) adsorption.

On the other hand, it is worth noting that pH can also affect the corrosion of ZVI in
solution [57,61]. Previous studies have shown that pH strongly influences the redox reac-
tions occurring on the ZVI surface by accelerating corrosion at low pH and passivating the
iron surface at high pH through the formation of iron hydro(oxides) [57,62]. Investigation
revealed that ZVI corrosion products include lepidocrocite (γ-FeOOH), magnetite (Fe3O4)
and/or maghemite (α-Fe2O3), each having different adsorption capacity toward arsenic.
In this context, it has been reported that magnetite shows higher adsorption affinity for
As than lepidocrocite [63–65]. This shows that the interactions and dissociation between
As(V) and ZVI cannot be simply attributed to electrostatic interaction. However, how pH
affects the formation of the oxide layer on the nZVI surface is not fully understood [62],
let alone the systematic evaluation of the contribution of phases to As(V) adsorption at
varied pH. Therefore, the mechanisms of pH influence on arsenic removal by nZVI, when
considering influencing factors including electrostatic interaction and the corresponding
corrosion phases of nZVI, are still cause for investigation.

In the present study, and considering the results obtained, BENFEP-ZVI presented
good As(V) adsorption performances in the pH range of 5–8. Likewise, BENFEP-ZVI
contains important contents of magnetite (8.43%), magnesioferrite (12.33%) and hematite
(13.72%) phases, minerals formed since the synthesis stage and that increased arsenic
removal under the conditions of the study (Table 1).

The point of zero charge, PZC, is defined as the pH value at which the total net
charge (external and internal) of the particles on the surface of the adsorbent material is
neutral, i.e., the number of positive and negative sites is equal. This parameter is very
valuable in determining the particular affinity of a given adsorbent for a specific adsorbate.
With respect to PZC, the following results were obtained for BENFEP calcined at 450 ◦C
(Figure 3B,D): BENFEP-ZVI, 0% Fe, pH = 7.6 and BENFEP-ZVI, 20% Fe, pH = 7.3. The
slight variation in the zero charge point with respect to the value of 7.3 corresponding to
BENFEP-ZVI (20% Fe) may be associated with the substitution of silicon atoms, which
generates a change in the charges [65].

3.4. Adsorption Isotherm Studies

The adsorption isotherms were analyzed using the Langmuir and Freundlich models
(Equations (5) and (6)), and correlation coefficients were determined to evaluate the best
fit. Adsorption isotherms show the interaction of the adsorbate with the adsorbent and
provide information on the adsorption capacity of a specific adsorbent material. The linear
forms of the Langmuir and Freundlich adsorption models were evaluated by using the
correlation coefficients (R2). In both cases, the adsorption process of As(V) was performed
at different pH values between 5 and 9. The Langmuir model presented R2 values in
the range of 0.981–0.997, while the Freundlich model presented lower R2 values, in the
range of 0.915–0.931. Based on these results, it was concluded that the model that fit the
experimental data was the Langmuir model. In this model, the maximum adsorption
capacity (qmax) of BENFEP-ZVI was in the range of 1.44 (pH 9.0) to 4.25 (pH 5.0) mg/g.

The adsorbent BENFEP-ZVI exhibited higher As adsorption capacity compared to
other reported adsorbents such as magnetic nanoparticles obtained from metal wool,
qmax = 2.2 mg/g [66,67], and iron-impregnated Lapsi seed nanoparticles and stone,
qmax = 2 mg/g [68]. On the other hand, the results are comparable to those presented
by Rahman and Yanfu [69], who worked with magnetite-maghemite nanoparticles, obtain-
ing values of qmax = 3.69 mg/g.
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3.5. Thermodynamic Studies

The thermodynamic parameters Gibbs free energy change (∆G0), enthalpy change
(∆H0) and entropy change (∆S0) can predict the feasibility and nature of the adsorption
process. The thermodynamic parameters evaluated from Equations (7)–(9) are listed in
Table 2. From the plots of ln Kd vs. 1/T, the parameters ∆H0 and ∆S0 were calculated, using
the slope and the intercept, respectively. Negative values of ∆G0 indicated that the adsorp-
tion process on BENFEP-ZVI was feasible and thermodynamically spontaneous. The (∆G0

values ranged from −12.19 to −12.13 kJ/mol, indicating that the mechanism was feasible
and thermodynamically spontaneous in the temperature range of 298–333 K [8]. The ∆H0

was negative, reflecting that the process was exothermic in nature, while the ∆S0 value
was negative, indicating a decrease in randomness at the solution–solid interface during
adsorption [70,71], a product of the loss of freedom upon binding on the adsorbent surface.

Table 2. Thermodynamic parameters of the As(V) adsorption process on BENFEP-ZVI.

∆G0 (kJ/mol) at Studied Temperature (K)

∆H0

(kJ/mol)
∆S0

(kJ/mol ∗ K)
298 313 333

−12.66 −0.002 −12.19 −12.15 −12.13

3.6. Adsorbent Regeneration

The technologies employed for arsenic removal from water are largely based on the
use of adsorbents, due to their simplicity and efficiency. Current practice is to replace
the media when they no longer reduce arsenic below the maximum contaminant level of
10 µg/L. However, medium replacement generally accounts for approximately 80% of the
total operating and maintenance costs of the water treatment process [72,73]. One potential
option to reduce the cost is in situ regeneration and reuse of media [74,75]. To evaluate
the regeneration option of the BENFEP-ZVI adsorbent, regeneration tests were performed
using NaOH wash solutions of 1, 3 and 5% w/v concentration, and subsequent rinsing
with deionized water until no alkaline response was observed in the pH measurement.
After regeneration, arsenic adsorption tests were performed under the same optimized
conditions: As(V) concentration 1 mg/L, 1.5 g/L BENFEP, pH adjusted to 7.0, contact time
of 1 h. The results of this test indicate that a caustic regeneration process and subsequent
rinsing of the adsorbent with deionized water was effective in removing arsenic and other
contaminants from the depleted medium (Table 3).

Table 3. Arsenic removal with the use of regenerated sorbent media.

Sample NaOH First
Regeneration

Second
Regeneration

Third
Regeneration

(% w/v) (%) (%) (%)
1 83.2 81.1 80.2

BENFEP 20 3 93.0 92.3 90.1
5 99.3 99.0 98.5

3.7. Natural Water Sample Test

The Camarones River is a water system in which the physicochemical characteristics
vary seasonally. Its waters present high levels of arsenic, with an average concentration
100 times higher than the WHO recommended value of 10 µg/L [16,76]. Table 4 presents
the physicochemical parameters of a point sample of water from the Camarones River
before and after being subjected to the adsorption process. The sample showed a pH value
of 7.5 and conductivity higher than 1.9 mS/cm. Additionally, a low iron concentration was
found in the Camarones River water sample (<0.10 mg/L).
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The most likely arsenic oxidation state is +5, according to previously reported results
from the Camarones River waters using HPLC-AAS and HPLC-ICP-MS [77,78]. The arsenic
adsorption levels in these waters were 99%, indicating that the proposed process presents
adequate robustness, allowing the treatment of waters with high salinity levels. It was
observed that more than 95% of the adsorption of As(V) in BENFEP occurred in contact
times of less than 30 min (Figure 7).

Table 4. Physicochemical parameters of Camarones river water before and after treatment using
BENFEP-ZVI.

Parameters Unit Before Treatment After
Treatment

Test
Method *

Electrical conductivity mS/cm 1.90 ± 0.02 1.94 ± 0.03 SMWW 2510B
Sulfates SO4

2− mg/L 340 ± 10 325 ± 8 SMWW 4500-SO42-D
Chloride Cl− mg/L 350 ± 5 332 ± 6 SMWW 4500-Cl-B
Calcium Ca mg/L 310 ± 3 323 ± 3 SMWW 3111B

Iron Fe mg/L <0.1 <0.1 SMWW 3111B
Manganese Mn mg/L <0.1 <0.1 SMWW 3111B

Copper Cu mg/L <0.1 <0.1 SMWW 3111B
Zinc Zn mg/L <0.1 <0.1 SMWW 3111B
Lead Pb mg/L <0.1 <0.1 SMWW 3111B

Chromium Cr mg/L <0.1 <0.1 SMWW 3111B
Total dissolved solids mg/L 1750 ± 6 1823 ± 9 SISS-ME-31-2007

Boron B mg/L 3.1 ± 0.2 2.8 ± 0.15 ISO9390.1990
Total arsenic As mg/L 1.0 ± <0.010 ± 0.009 SMWW 3114C

Note: * SMWW: Standard Methods for Examination of Water and Wastewater [79].
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Figure 7. Arsenic removal curve as a function of time. Conditions: Test in batch system, initial
solution conc. As(V) = 1.0 mg/L; adsorbent mass = 1.5 g; solution volume 100 mL; BENFEP-ZVI, 20%
Fe, pH solution adjusted to 7.5 with buffer (HCO3

−/CO3
2−). Each point corresponds to the mean of

three determinations and its respective standard deviation (bar).

4. Conclusions

It was possible to establish that the BENFEP adsorbent is a good alternative as a low-
cost adsorbent to reduce the concentration of As(V) in water. Tests were carried out with
both synthetic and natural water, and it was observed that more than 95% of the adsorption
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of As(V) in BENFEP occurred in contact times of less than 30 min. The tests with real water
samples (Camarones river) established that the proposed process is robust and efficient for
the treatment of water with high levels of dissolved salts. The maximum As(V) removal
efficiency was observed at a pH value in the range of 5 to 8. In the isotherm studies, the
experimental data established a good fit to the Langmuir adsorption model, indicating that
the adsorbent has mainly homogeneous sites on its surfaces. The thermodynamic results
showed that the adsorption process was feasible, spontaneous and exothermic.

Finally, it is essential to highlight that there was no deterioration in water quality after
adsorption of As(V) using BENFEP as adsorbent. This is essential for its application in
small-scale water treatment systems, particularly in isolated rural areas.
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