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Abstract The contamination of drinking water with
arsenic has been a problem in a lot of countries around
the world because of its toxicological and carcinogenic
effects on human health. Porous materials modified with
Fe;0,4 nanoparticles (Fe;O4 NPs) represent convenient
removers for that contaminant. A co-precipitation meth-
od of Fe(IIT) and Fe(II) in alkaline media was applied to
obtain Fe;O4 NPs. In a first stage, single nanoparticles
were synthesized and stabilized with carboxylic acids. A
characterization with attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR), Raman
spectroscopy, and X-ray diffraction (XRD) confirms a
magnetite-type structure. Moreover, transmission elec-
tron microscopy (TEM) and calculations from XRD
data using Scherrer’s equation indicate an average par-
ticle size of 13 nm and an average crystallite size of
10 nm, both independent of the stabilizer used. Then,
the co-precipitation method studied was applied to mod-
ify kaolin, bentonite, diatomite, and silica and thus
prepare magnetic composites having support-magnetite
weight ratios of 2:1. Among them, silica-modified ma-
terial presented the best hydraulic characteristics, an
important aspect for large-scale applications such as
removal under gravity. This composite has the capacity
to remove up to 80 and 70% for initial concentrations of
25 and 50 pg/L, respectively, representing a convenient
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remover for processes developed in subsequent stages
or in continuous flow.
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1 Introduction

One of the great challenges of society is to have access
to water that can be easily treated for human consump-
tion. Contamination with heavy metals (e.g., lead, cad-
mium, chromium, mercury, and arsenic) is a major
concern because of the effects they can have on human
health (Montero-Campos et al. 2010; Lata and
Samadder 2016). One of the most worrying cases is
arsenic, which can be present in water due to different
causes, including natural (e.g., weathering, stone and
soil erosion, volcanic emissions) or anthropogenic
(e.g., mining wastes, petroleum refining, sewage sludge,
agricultural chemicals, ceramic manufacturing indus-
tries, incineration of municipal and industrial wastes,
and coal fly ash) (Lata and Samadder 2016; Ahoulé
et al. 2015). Its main forms are arsenates, sulfides, and
sulfosalts and, in lower proportion, arsenide, arsenite,
oxides, silicates, and elemental arsenic (Viraraghavan
et al. 1999; Onishi 1969). In drinking water, arsenic is
available mostly as arsenate and arsenite (i.e., inorganic
form) or as methyl and dimethyl arsenic compounds
mainly in surface waters (i.e., organic form) (Smedley
and Kinniburg 2002).
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The toxicity of arsenic in water depends on aspects
such as its oxidation state (i.e., 3+ or 5+), chemical
structure, and solubility in the biological environment.
Due to lack of instrumental techniques, the total con-
centration of As was initially considered as the indicator
of toxicity. Subsequently, arsenite (AsO;>") was found
to be more toxic than arsenate (AsO4> ). After the
development of hyphenated techniques, the existence
of methylated As compounds was reported and methyl-
ation was considered the detoxification process in
humans. Moreover, toxicological studies reported that
mono- and dimethylated pentavalent As compounds
were less toxic than arsenite [As(II)] (Mandal 2014).

Chronic oral exposure to elevated levels of inorganic
arsenic has been linked to gastrointestinal effects, ane-
mia, peripheral neuropathy, skin lesions (hyperpigmen-
tation mainly), and liver or kidney damage in human
beings. In addition, long-term exposure to arsenic in
water (even at low concentrations) can increase the risk
of developing certain types of cancer, including skin,
bladder, kidney, and stomach cancer, as well as epige-
netic DNA modification and induction of telomere in-
stability (Maiti 2014). The estimated risk of arsenic-
induced cancer could be as high as 1 in 100 people for
maximum levels of contamination of 50 pg As/L in
drinking water. For this reason, the maximum levels of
arsenic in drinking water permitted should not be
exceeded by 10 pg/L (Schwarzenbach et al. 2010). On
the other hand, in addition to water intake, there are
other less important ways in which human beings may
be exposed to arsenic, such as consumption of food
containing significant concentrations or by inhalation
(Lata and Samadder 2016; Ahoulé et al. 2015; Castro
de Esparza 2008).

The presence of arsenic in water sources has been an
issue in several locations worldwide. In Latin America,
at least four million people drink water containing levels
of arsenic that have risk to their health. In Central
America, high As concentrations in volcanic surface
and underground waters in the Pacific coast have been
detected (Mora-Alvarado 2013; Castro de Esparza
2008). In the specific case of Costa Rica, even with a
high coverage of drinking water supply (i.e., 91.2% of
the population, according to the last Report on the State
of Nation in Sustainable Human Development (Herrera
2016)), close to 40,000 people have been exposed to
arsenic in water at levels up to 187 ug/L over the last
years, far above the value permitted by the local legis-
lation (10 pg/L) (Angulo-Zamora 2015; Mora-Alvarado

@ Springer

2014; Astorga 2013). This led to the declaration of
Health Emergency in 2012, whereby the corresponding
authorities implemented measures to solve the problem
in the short term, including elimination of contaminated
wells, interconnection and integration of aqueducts,
opening of new wells and aqueducts, implementation
of arsenic removal systems including filtration equip-
ments in aqueducts and Kanchan household filters, as
well as delivery of water by means of tanker trucks
(Angulo-Zamora 2015; Astorga 2013; Astorga and
Angulo 2013). Recent advances have been presented
in the implementation of treatment plants (Herrera 2016;
Angulo-Zamora 2015). Despite all this, long-term solu-
tions are still required for the communities affected.

Several methods are available to treat water contain-
ing arsenic, including oxidation, coagulation-floccula-
tion, co-precipitation, adsorption, ion exchange, and
membrane implementation (Rojas-Chaves et al. 2015;
Romero et al. 2014; Choong et al. 2007; Kartinen and
Martin 1995; Cumbal et al. 2014; Elcik et al. 2013;
Brandhuber and Amy 2001). A promising method is
the application of modified porous materials. These
materials take advantage of characteristics of porous
supports (e.g., minerals, clays, zeolites, oxides, etc.)
such as high porosity, high absorption capacity, and
low reactivity in water which make them suitable for
several purposes (including water treatment), in addition
to the capacity to be modified to improve their arsenic
removal capability and the fact that some of them are
low-cost raw materials (Montero-Campos and Puente-
Urbina 2016; Oliveira et al. 2003; Oliveira et al. 2004;
Puente-Urbina et al. 2016).

The use of iron oxides has attracted attention over the
last years. Iron oxides have been implemented either
individually or with some functionalization, as well as in
various matrices, such as the mentioned porous mate-
rials and organic materials (e.g., biomass, chitosan, and
charcoals) (Starbird-Pérez and Montero-Campos 2015;
Saiz etal. 2014; Gao et al. 2011; Thirunavukkarasu et al.
2003; Devi et al. 2014; Wang et al. 2016; Mishra and
Mabhato 2016; Akin et al. 2012; Baig et al. 2014; Hu
etal. 2015; Wang etal. 2014; Qin et al. 2016; Chen et al.
2016). If these are nano-sized oxides, they offer addi-
tional advantages such as small volume, high surface
area, high reactivity, a large amount of available active
sites as well as low diffusion resistance that increases the
significance of the application of nanoparticles as adsor-
bent. In addition, many iron oxides exhibit important
magnetic properties that facilitate their containment in



Water Air Soil Pollut (2017) 228: 374

Page3 of 13 374

the filtration system using external magnetic fields, or
their separation in case of undesired release of the ma-
terial into the water being processed (Yavuz et al. 2006;
Ngomsik et al. 2005; Salem Attia et al. 2013).

In this paper, we present the synthesis of composites
obtained from modification of porous materials with
magnetite nanoparticles, the characterization of the
NPs and the composites using spectroscopic, diffracto-
metric, and microscopic techniques, as well as their
study for arsenic removal in drinking water. The aim
of this work is to study a magnetic composite with the
capacity to remove arsenic from drinking water and with
proper hydraulic characteristics for further large-scale
applications such as removal under gravity.

2 Experimental
2.1 Materials

Iron(IT) chloride tetrahydrate and iron(III) chloride hexa-
hydrate dissolved in deionized water were used as pre-
cursors. Concentrated ammonium hydroxide (equiva-
lent to 28.0% w/w NH; in water) was used as precipi-
tating agent. Lauric, stearic, and oleic acid dissolved in
methanol were used for the stabilization of the single
Fe;0,4 nanoparticles (i.e., Fe;0,4 nanoparticles not sup-
ported in porous materials). All reagents previously
mentioned were reagent grade and used without further
purification. The porous materials kaolin, bentonite, and
silica were all purchased in a purified form, whereas
diatomite was obtained as a raw mineral from the com-
pany Industrias Mineras S.A. (Barranca, Puntarenas,
Costa Rica). All the porous materials were used as
received.

2.2 Sample Preparation

2.2.1 Synthesis of Single Fe;0, Nanoparticles (Fe3;0,4
NPs) Stabilized with Carboxylic Acids

Single Fe3;O4 NPs were synthesized using co-
precipitation of Fe(Il) and Fe(Ill) with NH4,OH(aq.)
under N,(g) atmosphere at room temperature, using
a procedure similar to the one proposed by
Petcharoen and Sirivat (2012), with some modifica-
tions. In a typical procedure, 1.5 g of FeCl,-4H,0O
and 3.0 g of FeCl3-6H,0O were dissolved in deion-
ized water. Using vigorous stirring, 10 mL of

concentrated NH,OH(aq.) was added drop by drop.
The solution was stirred for 35 min and then centri-
fuged. The solid obtained (Fe;O,4 nanoparticles) was
washed copiously with water and then methanol to
remove the excess of NH4OH(aq.) and then dis-
persed in 50 mL of a solution 17 mM of a carbox-
ylic acid (i.e., oleic acid, stearic acid, or lauric acid)
in methanol. The mixture was stirred for 3 h and
then washed with methanol to remove the excess of
carboxylic acid. The product (Fe;O, nanoparticles
stabilized with carboxylic acids) was recovered by
centrifugation and then dried at 75 °C. The resulting
materials are named Fe;0, Lauric acid,
Fe;0, Stearic acid, and Fe;0, Oleic acid for the
NPs stabilized with lauric acid, stearic acid, and
oleic acid, respectively.

2.2.2 Synthesis of Porous Materials Modified
with Fe;04 Nanoparticles

All the syntheses were carried out under Ny(g) atmosphere
at room temperature, following a method similar to the one
presented for single Fe;0,4 nanoparticles with some mod-
ifications. Magnetic composites were synthesized using
co-precipitation of Fe(Il) and Fe(Ill) with NH4OH(aq.) in
a suspension containing the corresponding porous material
(i.e., kaolin, bentonite, diatomite, and silica). In a typical
procedure, the porous material was dispersed in a solution
containing Fe(I) and Fe(Ill) cations under inert atmo-
sphere. After that, Fe;0, nanoparticles were deposited
over the porous substrate using concentrated NH,OH(aq.)
(equivalent to 28.0% w/w NH, in water) as precipitating
agent. The resulting material was washed with water until
neutral pH and then dried. The composite obtained had a
support-magnetite mass ratio of 2:1. The products are
named Fe;0,@Kaolin, Fe;0,@Bentonite,
Fe;0,@Diatomite, and Fe;0,@Si0O, for the materials
having the porous supports kaolin, bentonite, diatomite
and silica, respectively.

2.3 Characterization

2.3.1 ATR-FTIR

ATR-FTIR measurements were developed using a Ther-
mo Scientific Nicolet 380 FT-IR spectrometer with
Smart iTR ATR sampling accessory. All the spectra

were obtained using 128 scans (both for the sample
and the background) and a resolution of 0.482 cm™ .
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2.3.2 Raman Spectroscopy Measurements

Raman spectra were recorded using a Thermo Scientific
DXR Raman Microscope using a 532-nm laser. For
single NPs, data were collected using an exposure time
0f'10.00 s and 10 exposures (both for the sample and the
background). For composites, measurements were de-
veloped using an exposure time of 7.00 s and 30 expo-
sures (both for the sample and the background).

2.3.3 XRD

XRD data of single Fe;04 nanoparticles and magnetic
composites were acquired with a PANalytical Empyrean
diffractometer with Cokx1 radiation. Each pattern was
obtained in the 20 range of 15.0091-84.9881° with steps
0f 0.0130°. The scan step times were 13.7700 s for the
single Fe;0,4 nanoparticle sample and 37.9950 s for the
magnetic composites. The obtained data were used to
obtain crystallite sizes using Scherrer’s equation.

234 TEM

TEM micrographs were obtained for the single Fe304
nanoparticles using a JEOL JEM-2100 microscope with
an accelerating voltage of 100 kV.

2.4 As Removal
2.4.1 Preliminary Gravity Filtration Tests

To obtain which magnetic composites presented appropri-
ate characteristics to be used as arsenic removal beads for
further large-scale applications such as removal under
gravity (e.g., without the need of using an external pump),
a Biichner funnel having a fitted filter paper in its bottom
was packed with each composite and water was allowed to
flow. The best properties were presented by the composite
that had silica as porous material (i.e., Fe;0,@Si0,), then
it was selected for further experiments.

2.4.2 Batch Experiments for As Removal

Batch procedures were developed to determine the effi-
ciency of the magnetic composite Fe;0,@SiO, to remove
arsenic from water. The following factors were evaluated:
amount of remover (0.10-5.00 g/L), removal time (4—
22 h), concentration of arsenic (25-50 pg/L), and pH (5
and >7). In each run, Erlenmeyer flasks (250 mL)
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containing a fixed dosage of Fe;0,@SiO, and the same
volume of arsenic solution were placed in a mechanical
shaker at constant temperature for a specific time. Then,
the mixture was separated under vacuum using a 47-mm
magnetic filter funnel with glass fiber filter paper of
0.45 um of pore size. Total arsenic was determined before
and after the removal procedure, using a Perkin Elmer
AAnalyst-800 atomic absorption spectrometer with a
FIAS-100 hydride generation system. All As measure-
ments were carried out using a method that typically had
a detection limit of 0.72 pg/L and a quantification limit of
2.38 pg/L according to Miller and Miller (2010).

3 Results and Discussion

The preparation of composite materials is attractive be-
cause it allows taking advantage of different properties of
the components involved, improving the functionality of
the resulting materials in comparison with their separate
parts. In order to remove arsenic from water by filtration, it
is desirable for the water to have contact with a large
surface of material capable of properly retaining the con-
taminant. The present research sought this by applying
modified porous materials. The chosen porous materials
(i.e., bentonite, kaolinite, diatomite, and silica) have desir-
able properties such as high porosity and surface area,
chemical inertness for the intended application, and a
significant affinity to water, which favors the contact be-
tween the filter medium and the water under treatment.
These supports were modified by deposition of nano-sized
magnetite particles, in order to obtain composites that
allow removal of arsenic from water effectively, taking
advantage of the affinity of this type of oxides towards
arsenic and their high contact surface. Moreover, the mag-
netic properties of the NPs allow the confinement of the
composite in the filtration system, as well as the retention
of particles that could be undesirably released, both using
an external magnetic field.

Composite syntheses began with a preliminary study
of synthesis of Fe;O4 nanoparticles (Fig. 1a). At a later
stage, similar conditions were applied but using porous
materials in reaction media in order to obtain the func-
tional magnetic composites (Fig. 1b). All the reactions
were carried out under simple working conditions that
could be easily scaled up later. On the other hand,
bentonite, kaolinite, diatomite, and silica represent po-
rous materials which are low cost and easy to acquire.
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Fig. 1 Schemes of a syntheses of single Fe;O4 nanoparticles
using a co-precipitation method and b preparation of magnetic
composites using co-precipitation over porous materials

NP syntheses were developed at room temperature
from Fe** and Fe’* in the presence of a base, using
water as solvent. On the other hand, bubbling of N>(g)
was used to avoid oxidation and thus maintain an ade-
quate Fe(IlT):Fe(Il) ratio for the preparation of magne-
tite, and a strong stirring was presented during the
complete process. The formation of those NPs in alka-
line media can be described as a co-precipitation process
in which a dark precipitate appears just after the mixing
of a solution containing Fe** and Fe*™ with a basic
solution. In general, this process can be depicted as
follows (lida et al. 2007):

Fe*™ + 2Fe*t 4+ 8OH — Fe;04 + 4H,0 (1)

Moreover, Petcharoen and Sirivat (2012) explained
in more detail the formation of Fe;0,4 nanoparticles by
the following reactions:

Fe’™ + 20H —Fe(OH), (2)
Fe*" + 30H —Fe(OH), (3)
Fe(OH), + 2Fe(OH),—Fe;04 + 4H,0 (4)

This process is affected by reaction conditions that
could influence the way in which the precipitate is

formed, including some related to the substances in-
volved, such as type and concentration of the reagents,
nature of the solvent and ratio of Fe(IIl) to Fe(Il), and
other operative conditions such as temperature, pH,
digestion time, stirring rate, presence of light, alkali
addition rate, presence of a stabilizer and stage of the
process in which it is incorporated, among others
(Mascolo et al. 2013; Aphesteguy et al. 2015; lida
et al. 2007; Petcharoen and Sirivat 2012;
Gnanaprakash et al. 2007; Valenzuela et al. 2009;
Shen et al. 2014; Wan et al. 2007).

The NPs were characterized by different instrumental
techniques, including spectroscopic, diffractometric,
and microscopic techniques. To study the properties of
the products avoiding the risk of agglomeration of the
particles, coatings with different carboxylic acids (i.e.,
lauric, oleic, and stearic acids) were developed. Howev-
er, bare nanoparticles were also analyzed.

Regarding the spectroscopic analyses of magnetic
nanoparticles, the results of the ATR-FTIR are shown
in Fig. 2. Measurements developed for bare NPs showed
two important signals, one at 3417 cm ' corresponding
to the stretching of O—H bonds presented in surface
hydroxyl groups as well as adsorbed water molecules,
and another at 1600 cm ' due to H-O-H bending in
water molecules. On the other hand, stabilized nanopar-
ticles (i.e., nanoparticles coated with carboxylic acids)
presented differences in their spectra in comparison with
bare NPs because of the presence of the coatings. In this
concern, stabilized nanoparticles presented differences
in the signal related to O—H bond stretching, but more
significant was the appearance of new bands, including
two at 2921 and 2852 cm™' that correspond to the
symmetric and asymmetric methylene stretching of the
coating agents, and two at 1519 and 1428 cm™' due to
the presence of symmetric and asymmetric stretching
vibrations of carboxyl groups. These last bands suggest
the surface modification of the nanoparticles by the
carboxylate groups of the carboxylic acids, after the
interaction between the hydrated surface of the oxide
and the corresponding carboxylic acid. On the other
hand, considering the Raman spectroscopy measure-
ments (Fig. 3), a main signal around 668 cm ' appeared.
This signal is consistent with previous reports presented
in literature for magnetite, and it is attributed to an
allowed transition Alg (Shebanova and Lazor 2003;
Slavov et al. 2010).

Considering XRD analyses, the measurements for
stabilized single Fe;0,4 nanoparticles (Fig. 4) confirm a
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Fig. 2 ATR-FTIR spectra of single Fe;0,4 nanoparticles

magnetite-type structure. The structure was successfully
indexed according to ICDD powder diffraction file
number 98-009-8084, with the crystallographic param-
eters shown in Table 1. Crystallite sizes of the samples
were calculated using Scherrer’s equation:

K\
d= (cosh ()

where d is the crystal size, K is the shape factor, A is the
X-ray wavelength, 3 is the width at half maximum of the
strongest peak, and 6 is Bragg’s angle. Using a K shape

] Fes0q4
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Raman intensity (cps)
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Fe304_Oleic acid
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factor of 0.89 for spherical Fe;04 NPs (Cheng et al.
2010) and the other corresponding values related to the
XRD measurements, crystallite sizes of 10.7, 10.4, and
10.6 nm for the NPs stabilized with lauric acid, stearic
acid, and oleic acid, respectively, were obtained
(Table 2).

Magnetite nanoparticles were also analyzed using
TEM measurements. The synthesized NPs had spherical
morphology as can be seen in Fig. 5 for the stabilized
NPs. In addition, the average size of the coated NPs was
129 £ 6.8, 13.3 £ 7.0, and 13.5 + 6.9 nm for the
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Fig. 3 Raman spectra of single Fe;0,4 nanoparticles
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Fig. 4 XRD patterns of single Fe;04 nanoparticles

stabilizers lauric acid, stearic acid, and oleic acid, re-
spectively. There was no significant difference among
these samples, despite the different coatings of the parti-
cles. This means that the particle size is determined by the
co-precipitation process of Fe(Il) and Fe(IlI), regardless of
the coating performed in the subsequent step. The results
are consistent with the report of Gnanaprakash et al.
(2007), who found that the growth process for magnetite
nanoctrystals is completed in very short times, considering
that coating processes were developed after the preparation
of the NPs in which a stirring time of 35 min is involved.

The information presented above allowed laying the
foundations for further preparation and characterization
of composite materials by modification of bentonite,
kaolinite, diatomite, and silica with Fe;O4 NPs. The

Table 1 Crystallographic parameters of magnetite 98-009-8084

Crystal system Monoclinic
Space group P12/m1
Space group number 10

a (A) 5.9420

b (A) 5.9250
c(A) 8.3860
Alpha 90.0000
Beta 90.2550
Gamma 90.0000
Calculated density (g/cm?) 5.21
Volume of cell (10° pm®) 295.24

zZ 4.00

RIR 1.55

55 60 65 70 75 80

26(°)

materials were synthesized using the scheme presented
in Fig. 1b. On the other hand, those materials were
characterized using Raman spectroscopy and XRD. Ra-
man spectroscopy measurements showed the transition
signal Alg mentioned for the individual nanoparticle
samples (i.e., not immobilized on porous materials)
(Fig. 6). Similarly, XRD patterns coincide with the
structure previously mentioned (Fig. 7). Moreover, the
crystallite sizes were calculated using Scherrer’s equa-
tion for those samples whose diffraction patterns did not
show overlap of the most intense magnetite signal near
260 = 41.6° with characteristic signals of the porous
supports. This was possible with composite materials
whose supports were silica and diatomite, which had
crystallite sizes of 10.3 and 9.8 nm, respectively. These
results allow corroborating the applicability of the pro-
posed method for the preparation of porous materials
modified with magnetite nanoparticles.

Iron oxides have been proved to be effective ad-
sorbers of arsenic (Mamindy-Pajany et al. 2011;
Giménez et al. 2007). Surface properties are key factors

Table2 Crystallite size measured using Schrerrer’s equation from
XRD data and particle size using TEM

Sample Crystallite size (nm)  Particle size (nm)
Fe;0,4_ Lauric acid 10.7 129 +6.8
Fe;0,4_Stearic acid 10.4 13.3+£7.0
Fe;04_ Oleic acid 10.6 13.5+6.9

Fe;0,@SiO, 10.3 -
Fe;04@Diatomite 9.8 -

@ Springer
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Fig. 5 TEM micrographs (a
Fe;04 nanoparticles stabilized
with lauric acid, b Fe;0,4
nanoparticles stabilized with
stearic acid, ¢ Fe;0,4 nanoparticles
stabilized with oleic acid) and size
distribution of single Fe;O4
nanoparticles (d)
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Frequency (%)
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— M Fe;0,_Oleic acid

0 T
6.01-8

of the performance of those materials because they
influence the interaction with arsenic forms (Yean
et al. 2005). Other important aspects to be considered
are the capacity to present reversible adsorption process-
es to have reusable materials after regeneration as well
as the capacity to be confined and recovered. For these
reasons, magnetic nanomaterials have gained great
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attention in recent years. Among them, magnetite
nanoparticles have enhanced adsorption properties
because of their great surface area and the fraction
of the atoms that are in the surface, the capacity to
remove both arsenate and arsenite, as well as mag-
netic properties that allow them to be confined
using low-field magnets (Shipley et al. 2009;
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Fig. 6 Raman spectra of magnetic composites

Yavuz et al. 2006; Yean et al. 2005; Mayo et al.
2007).

Considering the application of the composites
intended for arsenic removal in water, the experiments
started with appropriate filtration tests to evaluate hy-
draulic performances of the materials prepared. This is
particularly relevant for further applications in
continuous-flow systems operating by gravity (e.g.,
without the use of external pumps) in which the com-
posite materials are used as removers of such contami-
nant (Montero-Campos and Puente-Urbina 2016). The
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material that showed the best hydraulic performance
was the composite material whose support is silica
(i.e., Fe50,@8Si0,), therefore the one used in later tests.
The experiments were carried out evaluating some var-
iables that could affect the removal process such as pH,
removal time, arsenic concentration, and amount of
magnetic composite (i.e., the adsorbent). For an initial
arsenic concentration of 50 pg/L and apH > 7, there is a
considerable removal increase between 0.10 and 1.00 g
of adsorbent per 1 L of arsenic solution, which tends to
continue without apparent increase. In the case of
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Fig. 7 XRD diffraction patterns of magnetic composites
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Fig. 8 Batch arsenic removal using pH > 7 and concentration of
50 pg/L

1.00 g/L, similar percentages of removal for both short
times (4 h) and longer times (22 h) were observed (Fig.
8). Removal percentages are significantly improved by
decreasing the pH of the initial solution to 5 (Fig. 9),
reaching maximum removals of 70%. On the other
hand, lower concentrations allowed achieving a removal
of up to 60% in 4 h with that pH and up to 80% in
22 h (Fig. 10).

Adsorption tests show clear influences of the vari-
ables evaluated. Considering the time tested, the amount
of arsenic adsorbed increases as expected for longer
contact times among the species involved in the removal
processes. A variation with the pH of the initial solutions
was also observed. This pH modifies the surface charge.
It is reported that the point of zero charge is reached at
pH = 6.8 for Fe;04 NPs (Yean et al. 2005), meaning that
lower pH values lead to positive surfaces. Such condi-
tion affects the interaction between the surface and the
arsenic species. In fact, arsenate removal increases with
lower pH values for different iron oxides including
magnetite (Yean et al. 2005; Raven et al. 1998;
Mamindy-Pajany et al. 2011; Giménez et al. 2007),
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Fig. 9 Batch arsenic removal using pH = 5 and concentration of
50 pg/L
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Fig. 10 Batch arsenic removal using pH = 5 and concentration of
25 ug/L

while arsenite has been reported with a different behav-
ior, increasing the removal with increasing pH in some
cases (Raven et al. 1998; Jain and Loeppert 2000; Dixit
and Hering 2003) or being independent of pH in others
(Dixit and Hering 2003; Yean et al. 2005). In our case,
an increase in the adsorption with lower pH values
suggests the presence of mainly As(V), as expected for
testing solutions prepared from commercial standards
which are stored under air in acidic media.

Finally, the arsenic removal results showed a higher
initial increase at the shorter time evaluated (4 h) for
higher concentrations of arsenic. This is reasonable
considering that a higher concentration of arsenic ions
could affect their initial adsorption rate and, consequent-
ly, the percentage of arsenic removed. However, at
longer times (22 h), the removal percentage of arsenic
decreased with the increase of the initial arsenic concen-
tration. By that time, the system should be closer to
equilibrium, meaning that enough time has been provid-
ed for the arsenic ions to compete for the available
surface active sites (i.e., binding sites). There is a certain
capacity of the surface active sites for a given amount of
adsorbent, resulting in a lack of sufficient sites for all the
arsenic ions presented in the initial solution, resulting in
the trend obtained (Salem Attia et al. 2013; Chen et al.
2016; Mamindy-Pajany et al. 2011). Nevertheless, the
results suggest that convenient removal of arsenic can
be achieved. Treatment could be done in subsequent
stages, in which a continuous decrease could be
achieved to obtain a certain arsenic concentration. In
fact, previous reports have proved that this material is
effective to treat water with high contents of arsenic in
continuous flow and reach levels lower than those
established in the Costa Rican regulation (10 pg/L)
(Montero-Campos and Puente-Urbina 2016).
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4 Conclusions

A complete study for the preparation and characteriza-
tion of composite materials for arsenic removal in water
is presented. An initial study of the synthesis and char-
acterization of Fe;0,4 nanoparticles allowed the deter-
mination of the properties of the resulting materials as
well as the obtainment of a method suitable for further
preparation of magnetic composites. Then, composite
materials obtained by the co-precipitation of Fe(IIT) and
Fe(III) in alkaline media over kaolinite, bentonite, diat-
omite, and silica were prepared. Among them, modified
silica presented the best hydraulic properties that allow
its consideration for further applications in continuous-
flow systems operating by gravity. This material was
able to remove properly arsenic from waters of 50 ng/L
and 25 mg/L, being affected by the initial As concen-
tration, amount of adsorbent, removal time, and pH.
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