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Abstract

Water is an essential compound on earth and necessary for life. The presence of highly toxic contaminants such as
arsenic and others, in many cases, represents one of the biggest problems facing the earth’s population. Treatment of
contaminated water with magnetite (Fe;O,4) nanoparticles (NPs) can play a crucial role in arsenic removal. In this report,
we demonstrate arsenic removal from an aqueous solution and natural water taken from the Peruvian river (Tambo River
in Arequipa, Peru) using magnetite NPs synthesized by the coprecipitation method. XRD data analysis of Fe;0, NPs
revealed the formation of the cubic-spinel phase of magnetite with an average crystallite size of ~ 13 nm, which is found
in good agreement with the physical size assessed from TEM image analysis. Magnetic results evidence that our NPs
show a superparamagnetic-like behavior with a thermal relaxation of magnetic moments mediated by strong particle-
particle interactions. FTIR absorption band shows the interactions between arsenate anions and Fe-O and Fe-OH groups
through a complex mechanism. The experimental results showed that arsenic adsorption is fast during the first 10 min;
while the equilibrium is reached within 60 min, providing an arsenic removal efficiency of ~97%. Adsorption kinetics
is well modeled using the pseudo-second-order kinetic equation, suggesting that the adsorption process is related to the
chemisorption model. According to Langmuir’s model, the maximum arsenic adsorption capacity of 81.04 mg-g~! at
pH=2.5 was estimated, which describes the adsorption process as being monolayer, However, our results suggest that
multilayer adsorption can be produced after monolayer saturation in agreement with the Freundlich model. This finding
was corroborated by the Sips model, which showed a good correlation to the experimental data. Tests using natural water
taken from Tambo River indicate a significant reduction of arsenic concentration from 356 pg L™! to 7.38 ug L™, the
latter is below the limit imposed by World Health Organization (10 pg L™}, suggesting that magnetite NPs show great
potential for the arsenic removal.
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the air of urban and industrial plants. Nonetheless, where
arsenic contamination does occur, it represents a significant
risk to human beings’ health worldwide. Besides, the main
concerns related to arsenic are long-term exposure that may
cause cancer (also severe skin lesions, dermatitis, respira-
tory, urinary tract, kidneys, liver, and lungs diseases [1, 2])
and the incidence in the frequency of other diseases [3, 4].
Due to the human health risk as a potential carcinogenic
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effect, the World Health Organization (WHO) has estab-
lished a maximum arsenic concentration of less than 10 pg
L~![5] in drinking water to minimize the risk to human
being’s health. Numerous countries have then adopted this
new limit all over the world, such as Peru, where the Min-
istry of Health’s ordinance, which regulates the quality of
drinking water, also indicates a maximum value permitted
of 10 pg L™! of arsenic by the Water Quality Regulations
for Human Consumption (D.S. N° 031-2010-S. A, 2010).
Given the high risk of arsenic exposure, there is a grow-
ing interest in using cost-effective materials and meth-
ods to extract them from water and provide less polluted
water, which is a study issue currently [6]. In this context,
the adsorption method has been recognized as a promising
technique for removing arsenic from water samples due to
being the simplest, most cost-effective, and user-friendly
[7]. Adsorption efficiency strongly depends on the type
of adsorbents. In this regard, several materials were used
for water remediation, which we can highlight the use of
Moringa peregrina seed [8], graphite oxide [9], iron oxides
10-12, among others. Nanomaterials based adsorbents such
as iron oxide nanoparticles are outstanding adsorbents for
arsenic removal because of the strong interaction between
arsenic and iron oxide (Fe-O-As) that are highly attractive
merits of magnetic adsorbents [13]. Magnetite (Fe;O4) NPs
are an iron-oxide mineral that can be synthesized through
coprecipitation, hydrothermal, thermal decomposition, and
sol-gel methods. The main benefit of the optimized and
scalable synthesis coprecipitation method is that the effect
of temperature, pH, and agitation velocity are important
variables that give the magnetite NPs specific size impor-
tant characteristics [14]. In addition, many researchers have
reported that the adsorption capacity of magnetite NPs from
1.30 to 66.53 mg g~ '10, 11 for total arsenic removal, from
1.33 to 68.3 mg g~ 'for arsenic (III) [15, 16] and from 0.35
to 85.3 mg g~ !for arsenic(V)16-19 by the kinetics model.
Hence, some of the strategies to improve the adsorption
capacity of arsenic depend on the adsorbent size [20, 21],
the increase in the adsorption surface area and active sites
of the adsorbents [22], and the co-existing cations in aque-
ous solution do not show any significant effect on As (V)
removal efficiency [17]. Iron and its compounds are known
as the most effective adsorbents but strongly depend on the
pH of the solution [17].

This study aims to prove the excellent efficiency of mag-
netite nanoparticles for arsenic removal from contaminated
water samples, using a single one-step chemical route to pre-
pare the nanoparticles. The adsorption capacity of Fe;O,NPs
was tested by varying parameters such as adsorbent dose,
pH of the solution, and contact time. Finally, our experi-
mental data were fitted with the kinetic and isothermal mod-
els, Fe;0, NPs are being used for water remediation of the
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Tambo river in Peru, which is known to have a larger per-
centage of arsenic than is allowed for human consumption.

Materials and methods

The Fe;O, nanoparticles were synthesized by the chemi-
cal coprecipitation method, where the Fe(Il) sulphate and
Fe(II) chloride in a relation of 2:1 were dissolved in 100
mL of ultrapure water. The mixed solution was heated up
to80 °Cunder constant agitation. Subsequently, a NaOH
(5 M) reducing solution was added until reaching pH10 and
was left in agitation for 30 min. All process was kept in an
inert nitrogen atmosphere. Then, the synthesized nanopar-
ticles were washed several times with absolute ethanol until
obtaining a pH similar to 7. Finally, the nanoparticles were
taken to an oven at 40 °C for 24 h. The samples were char-
acterized by X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FTIR) measurements, concerning
the XRD patterns were obtained via Rigaku Miniflex 600
diffractometer using Cu-Ka radiation (0.15418 nm). Trans-
mission Electron Microscopy (TEM) images were obtained
using a Jeol JEM-1011 microscope. Superconducting Quan-
tum Interference Device- SQUID (Quantum Design, model
MPMS3) was used to obtain the M vs. H and M vs. T curves,
the latter with applied magnetic fields up to 50 Oe and tem-
perature in the range of 5 — 340 K. Mdssbauer measurements
were carried out in the conventional transmission geometry
using a 57Co/Rh source. The FTIR measurements were per-
formed by a mode ATR-FTIR spectrometer (Bruker, model
Tensor 27). Arsenic concentration in aqueous solutions was
measured by inductively coupled plasma - optical emis-
sion spectrometry (ICP-OES) (Agilent technologies, model
5100). To study the arsenic remotion, the arsenic stock
solution was prepared by dissolving arsenic acid (H;AsO,)
(Merck Millipore) in ultrapure water. The effect of the pH
on the removal of arsenic was studied by working solution,
which is adjusted using HC1 and NaOH solution standards.
A solution of arsenic (V) at a concentration of 0.31 mg L™!
was prepared from arsenic acid (H;AsO,) at 1000 mg L™ 'at
pH 2.5, and 5 mg of absorbent (Fe;O, NPs) was added. It
was sonicated for 8 h, taking out aliquots in 5, 10, 15, 30,
240, and 480 min. The samples extracted each time were
filtered using a 0.2 um microfilter to be analyzed by the
ICP-OES technique. For the triple measurement, the low-
est analyte concentration (LOQ) was 0.0055 ppm, while
the technique’s limit of detection (LOD) is 0.0017. Water
samples were taken from the Tambo River, which is located
in Islay province within the department of Arequipa-Peru
(see Fig. 1). The name only refers to a relatively short sec-
tion; about 159 km long. It starts at the confluence of the
Ene and Perené Rivers in the town of Puerto Prado. This
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Fig. 1 Location map of the Tambo River from the water sample is collected. (A) South America; (B) State of Arequipa in Peru; (C) Islay province

within the state of Arequipa

river’s water is known for the use of irrigation and the use
of the people. To determine the initial concentration of the
sample, it was firstly analyzed, and has been found an initial
arsenic concentration of 267.1 ug L~! was measured by the
ICP-OES technique, this value is higher than the permitted
by the local agency of water control. It’s worth noting that
the arsenic removal experiment was carried out in triplicate,
with the average value used in the analyses.

Finally, for the isotherm study, experiments were car-
ried out with 141, 310, and 531 pgL™! initial concentration
of arsenic(V) at pH 2.5. The arsenic solutions were added
to 5 mg L~! magnetite NPs.The mixture was kept on con-
stant stirring for 8 h. After, the samples were analyzed by
ICP-OES.

Results and discussion

Figure 2 shows the structural characterization by the X-ray
diffraction data analysis of the Fe;O, NPs after the As (V)
adsorption onto the magnetite surface (As-Fe;0,). The dif-
fraction pattern was refined using the Rietveld refinement
method, which indicates that all diffraction peaks corre-
spond to the cubic spinel phase of magnetite (space group:
Fd-3 m). A similar pattern was obtained for the Fe;O, NPs

before the As (V) adsorption (data not shown here). The
obtained lattice parameter was =~ 8.327 A, which is in agree-
ment with values reported for the corresponding bulk mag-
netite [23]. However, the As phase has not been observed,
suggesting that As (V) was adsorbed onto the NPs surface
to maintain the crystal structure of magnetite [24]. To assess
the crystallite size, the Scherrer's equation and the line-
width at half maximum of all diffraction peaks were used.
Our results display the same crystallite size of ~ 13 nm for
the Fe;O, NPs after and before the As (V) adsorption, sug-
gesting that there are no changes in the crystal structure.
In addition, TEM image was used to confirm the crystallite
size determined from XRD study. Figure 2 (b) shows the
transmission image of nanoparticles, an average physical
crystallite size of 13.5+0.2 nm obtained after a frequency
count of around N=200 particles and was fitting using a
LogNormal function (continuing red line, in the inset Fig. 2
(b)), being in a good agreement with results of XRD.
Figure 3(a) displays the magnetization curves as a func-
tion of the applied magnetic field performed for the Fe;0,
NPs at 300 K and 5 K. As observed, the M vs. H curve at
300 K is consistent with relaxed states, meanwhile, at 5 K
the irreversible features, indicate blocked states, evidencing
a strong temperature-dependent behavior such as superpara-
magnetism. A remanence magnetization of My ~23.2 emu/g
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Fig.2 (a) Room temperature XRD pattern of Fe;O, NPs. The points represent the experimental data, the solid red line is the calculated curve from
the Rietveld analysis, and the green line at the bottom is the difference between them, the blue lines are the expected positions corresponding to the
Bragg planes to the magnetite structure. S is a parameter that quantifies the quality of the refinement. (b) TEM micrograph and its corresponding
histogram used to determine the average physical size and polydisperse index

and a coercive field of H-~ 343 Oe are determined from
the M vs. H curve at 5 K. The ratio Mr/Ms obtained at 5 K
was 0.26 for our sample, indicating the occurrence of inter-
acting particles [25]. Besides, we use the law of approach
to saturation: M = Mg (1 —b/H?), where Mg is a satura-
tion magnetization, and b is a constant correlated with the
magnetic anisotropy constant to obtain more information.
From the data fit in the high field region (see Fig. 3 (a)) aMg
~91 and ~ 83 emu/g were determined for M vs. H curves at
5 and 300 K, respectively. The latter is in agreement with
that reported in the literature for bulk Fe;0, [26]. Figure 3
(b) are shown the zero—field-cooled (ZFC) and field-cooled
(FC) magnetization curves of the sample. As observed, both
curves show irreversibilities below 340 K. The ZFC curve
shows an increasing trend with the temperature and no clear
maximum, but a broad shoulder at ~200 K is discerned.
Contrary to what is expected, due to the particle size, the
growing trend of the ZFC curve strongly suggests the occur-
rence of particle-particle interactions, which likely reflects
the formation of aggregates. Mdssbauer spectrum obtained
at room temperature is consistent with a blocked state even
at 300 K (see Fig. 3(c)). The spectrum is well modeled with
two sextets and the origin of these sextets is assigned to Fe**
ions occupying both the tetrahedral and octahedral sites due
to the hyperfine parameters obtained from the fits: isomer
shift, IS~0.22 mm/s (~0.25 mm/s)and hyperfine magnetic
field of H,;~ 49 T (45 T) assigned to the tetrahedral (octa-
hedral) sites in the spinel structure.

@ Springer

ATR-FTIR studies were conducted to examine the func-
tional groups present in the magnetite NPs surface before
and after arsenic adsorption. As shown in Fig. 4, the trans-
mittance as a function of the wavenumber, the bands between
565 and 700 cm™! were attributed to the Fe-O stretching
vibrations in iron oxide 27-29. The FTIR spectrum before
and after arsenic adsorption shows bands at ~ 549 cm™!, and
~624 cm™! which are related to Fe-O vibration characteris-
tic of the magnetite phase [10], these bands have been not
displayed changes after the As (V) adsorption suggesting
that the magnetite do not show major structural alterations,
in good agreement with the XRD results. However, some
differences have been observed after the removal of As(V)
such as (i) the decreasing of the bands located at ~ 1635 and
~3394 cm™! correlated with the OH vibration of the physi-
cally adsorbed water 30, this behavior can be associated to
the fact that in an aqueous medium, the Fe and O atoms on the
magnetite NPs surface increase the hydroxyl groups (-OH),
meanwhile, these groups in the As(V) presence can be form
arsenic complexes [31, 32], provoke a reduction of the OH
groups, this fact can explain the observed reduction of the
vibration modes related to the hydroxyl groups after As (V)
adsorption. (ii) The rise up of the bands at ~ 1049 cm™! and
~1399 cm™!, located in the fingerprint region, exhibited in
the magnetite sample after As (V) adsorption could be asso-
ciated with arsenic composite on the particle surface.

The pH effect on arsenic removal efficiency is depicted
in Fig. 5. The experiments were carried out at room
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Fig. 3 (a) Magnetization as a function of the applied magnetic field (/) curves of the Fe;O, nanoparticles at 300 K and 5 K. The inset shows a
magnification of the M vs. H curve in the low field region. (b) ZFC and FC curves were recorded by applying an external magnetic field of 50
Oe, and (c) Méssbauer spectrum of Fe;O, NPs obtained at room temperature. The cross represents the experimental data and the red line is the

calculated one

temperature and conducted at pH 2.5 and 7.5 at different
contact times with a fixed nanoparticles concentration of
5000 pug L~ that was put in contact with an initial arsenic
solution concentration of355 pug L™!. The results showed
that the highest arsenic adsorption onto magnetite was at
pH 2.5, and it showed a decrease in pH 7.5. However, the
arsenic adsorption in both pH 2.5 and pH 7.5 was not dif-
ferent before 30 min of contact time. After 8 h, the maxi-
mum removal percentages of arsenic were 90% and 40%
for pH 2.5 and pH 7.5, respectively. It suggested that As(V)
adsorption onto Fe;O, NPs surface is more efficient in an
acid pH. These results are in good agreement with the lit-
erature, for instance, Kango reported that using sand-coated
magnetite NPs, the total removal percentage of As(V) was
99.99% at pH 2 17, 33. The arsenic adsorption showed a
decrease as the pH increased 18, 34, 35. The variation in As

(V) removal efficiency at these pH values may be attributed
to different affinities of magnetite NPs for different species
of As(V). In aqueous media at low pH, the magnetite NPs
surface is coated by positively charged species such as Fe?*,
FeOH?, iron (III) hydroxide (Fe(OH)**) 36, iron II hydrox-
ides (Fe(OH)**) 37, 39, 40, 43. Since arsenic dissociates in
the form of H2AsO* (negatively charged species) with a
pH in the range from 2.2 to 7 [6, 30, 38]; meanwhile, for
pH in the range from 6 to 8, the arsenic species are HAsO*"
and HAsO4?", and for higher pH (ranging from 7 or 8 to
11) the HAsO42’ dominants [38—40]. Other authors reported
that a pH 4 can already find HAsO, %[41, 42]. The expla-
nation for this behavior could be related to the distribution
of As (V) species in the aqueous medium, when the con-
centration of arsenic increases, the pH used for adsorption
decreases [38].0n the other hand, As could also bind to the
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Fe;0, NPs surface by electrostatic interaction [43]. This
interaction would be affected by an increase in pH causing
areduction in the As (V) adsorption or competition between
hydroxyl ions and arsenic species, for adsorption sites [39],
or both As species can be effectively adsorbed by NPs. This
explains why the arsenic adsorption onto Fe;O, NPsare bet-
ter for acidic pH values than for higher pH values [39, 40].

After the optimal determination of the pH value (acid) for
As adsorption, the effect of the adsorbent dosage (5000 pg
L~!and 10,000 pg L") for the arsenic removal from a pre-
pared solution was evaluated at different times (from 10 to
2880 min). The adsorption results obtained for an arsenic
concentration of 355 ug L™! and pH 2.5 was rapid in the
first 10 min, as shown in Fig. 6. The removal percentage
initially increases with the adsorbent dosage increase. An
arsenic adsorption percentage of 83.7% and 95.4%, was
obtained for 5000 pg L~! and 10,000 pg L', respectively.
The fast adsorption at the initial stage could be due to prob-
ably the increase in adsorbate concentration in the adsorbent
as there must be an increased number of available active
sites due to the over-crowding of particles. As the contact
time elapses, the active sites are saturated with more arsenic
ions or slower mass transfer. Arsenic adsorption on Fe;0,
NPs is contact time-dependent. After 1 h of contact, stabil-
ity in the adsorption rate and a removal percentage (with an
average value of 95%) were determined for both masses.
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Wavenumber (cm™)

As adsorbent dosage showed similar adsorption trends, we
decide to work with the lower adsorbent dosage (5000 pg
L") of Fe;O, NPs that are enough to get good removal
efficiencies.

The adsorption equilibrium of arsenic on Fe;O, NPs
exhibited faster kinetics and after 10 min, the initial arse-
nic concentration of 310 pgL~! was reduced 28.3 pgL ™.
Longer contact periods (60 min) were required to reach
the adsorption equilibrium of 3.25 pgL~!, which is below
the limit value (10 pgL™!) imposed by WHO in water [5].
The arsenic removal efficiency was 90% and 99% at 10 and
60 min, respectively. The rapid adsorption rate and high
arsenic removal efficiency could be related to the high sur-
face area, pore volume, and the formation of complexes
or electrostatic interactions [44]. In order to understand
the adsorption mechanism and the efficiency of the NPs,
the experimental data were analyzed with kinetic models
as the pseudo-first-order (Eq. (1)) and the pseudo-second-
order (Eq. (2)) kinetic models [45, 46] (see Fig. 7)that are
expressed as:

Ln (q. — q¢) = Lng, — kit (1)
t_ 1t )
A keq? @
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where kl(h’l) is the pseudo-first-order adsorption rate con-  time, t (h). The results obtained for each of the kinetic
stant, k, (mg g~! h™!) is the pseudo-second-order rate con-  models showed a correlation coefficient constant (R?) (that

stant of the kinetic model, q,(mg g"') and q(mg g" ") are the  significantly describes the models) of 0.88 and 0.99 for
amounts of As adsorbed at equilibrium and at any contact  the pseudo-first order and pseudo-second order models,
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Fig. 7 dsorption kinetics for pseudo-first-order and pseudo-second-order models applied for arsenic adsorption onto magnetite nanoparticles

respectively. The significant value of R? indicates that the
adsorption kinetics follows the pseudo-second-order model
that showed a better fit for As (V). This model suggests that
the mechanism of adsorption is chemical interaction or che-
misorptions [45]involving valence forces through sharing
or exchange of electrons between As and Fe;O, NPs [24].
Both models give the calculated value of q, along with the
prediction of q,. According to the fitting results, the value of
q. for the pseudo-first-order model and the pseudo-second-
order model were found to be 35.2 mg g~ ! and 60.97 mg g~ !,
respectively. Then, the q, value obtained from the pseudo-
second-order model is very close to the experimental value,
Qe_exp~S8.2 mg g~ ! confirming the excellent agreement
with the model, whereas, for pseudo-first-order model, the
q. is much lower than q,_,,. This fact also indicates that
the pseudo-second-order model better describes the experi-
mental data to explain the arsenic adsorption carried out by
Fe;0, NPs. Hence, the adsorption process is controlled by
a chemisorption rate occurred during the arsenic removal
process.

Adsorption isotherm models are fundamental for describ-
ing the equilibrium between the adsorbate and adsorbent,
and it is also essential to investigate mechanisms of adsorp-
tion [ 10]. The experimental isotherm for a contact time of 8 h
was analyzed from three models, the Langmuir, Freundlich,
and Sips models. The results of the fits are shown in Fig. 8.
The Langmuir model is based on the monolayer adsorption
on the homogenous surface, and no significant interaction
among adsorbed species [15], while the Freundlich model

@ Springer

is based on the multilayer adsorption on heterogeneous sur-
faces sites, suggesting the multilayer adsorption of arsenic
was heterogeneous (on the heterogeneous surface) [11]and
it has different absorption force. The experimental adsorp-
tion data were analyzed by the Langmuir (Eq. (3)), Freun-
dlich (Eq. (4)), and Sips (Eq. (5)) isotherm models in their
lineal form given by [47-50]

Ce 1 Ce
_|_

= 3
Qe KLqmax Umax ( )
1
logq, = logKy + logC, 4
n
e 1
In ( ) =, - InC, + InK %)
gmax — qge

where C, (mg L™ 1) is the equilibrium arsenic concentration,
Qe is the amount of As adsorbed, K; (L mg~!) is the Lang-
muir adsorption constant related to the affinity between the
solute and adsorbent, and q,,,,, (mg g') is the theoretical
maximum adsorption capacity. Ki (L mg™!) is the Freun-
dlich constant, and n is an empirical parameter of the maxi-
mum adsorption capacity.

The fit of the data provided R? value comparable with
the Langmuir model (R?~0.993), the Freundlich model
(R?=0.996), and the Sips model (R?=~0.999). All of the
equilibrium adsorption constants are listed in Table 1,
where the values collected from the literature are included
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Table 1 Parameters assesses from the Langmuir, Freundlich, and Sips fitting models for arsenic (V) adsorption for our data (OD). * Data obtained
from Ref [10] for nanoparticles of magnetite nFe;O, (~ 12 nm) and commercial cFe;0,. ** Obtained from Ref [12] for y-Fe,03 (~23.5 nm)

Sample Langmuir Freundlich Sips

K;@MLmg)  9maz(mgg) R, R? n K p(L/mg) R? n K ,(L/mg) R’
OD 67.16 81.04 0.095 0.993 136 964.87 0.996  1.007  64.46 0.999
nFe304* 0.297 66.53 0.048  0.999 1.24 437 0.877 - - -
cFe,0,* 0.200 39.26 0.113  0.887 1.56 2.77 0.896 - - -
y-Fe,03** 6.025 12.74 - 0.898 10 10.50 0.724 - - -

for comparison. According to the results of the Langmuir
fit, the values of q,,,, and K; were found to be 81.04 mg g~ !
and 67.16 L mg™!, respectively, which suggested the for-
mation of an adsorbed monolayer on the surface during the
absorption process [16].

To determine if the adsorption process is favorable, an
equilibrium parameter was defined to measure the adsorp-
tion efficiency R; with the following expression: R; = 1/
(1+K;Cg), where C (mg L") is the concentration of ini-
tial metal ions. An R; value of 0.095 was obtained, which
confirms that the adsorption process is favorable (0 <R, <1)
by the isothermal model of Langmuir [10, 34, 37]. This
is also consistent with the Freundlich constant 1/n=0.74
which oscillates in the range of 0< 1/n< 1, so the adsorption
process through the Freundlich model is also considered

favorable 17, 37, 51. If n<1, it would indicate that the
adsorption of As on the surface is not favorable [11]. Thus,
it was suggested that the Langmuir and Freundlich adsorp-
tion isotherm data form homogeneous and heterogeneous
surfaces that are covered by adsorbed arsenic ions 10, 15,
37. To corroborate the latter, the Sips model is tested, which
merged the Langmuir and the Freundlich isotherms into a
single equation [49], As observed, a better correlation with
the experimental data is obtained. Figure 8 (d) is present
a schematic representation showing how the arsenic (V)
complexes can be adsorbed on the surface of the particles.
Reports about the study using the X-ray Absorption Fine
Structure (EXAFS) technique 52, 54 suggested the biden-
tate binuclear inner-sphere complexes (i) are the most
thermodynamically favored and thus the most abundant
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Fig.9 The arsenic removal
efficiency of Fe;O, NPs as a

function of the contact time for 100 T T
the arsenic adsorption from the
Tambo river’s natural water B
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species found on the iron oxide surface. However, the pres-
ence of the bidentate mononuclear (ii) and monodentate
complexes (iii) are not likely present [53]. The magnetite
NPs were evaluated for the arsenic removal from natural
water samples (see Fig. 9) taken from the Tambo river in
Arequipa, Peru. The arsenic content was analyzed before
and after adsorption via the ICP-OES technique. Results
indicated that the removal process was optimal, achieving
97.24% of total arsenic present in the water of the Tambo
River. After 24 h of contact, using 5000 ug of NPs in 1 L of
the river water, the initial arsenic concentration of 267 ug
L~! was reduced to 7.38 ug L™}, which is below the WHO
limit value (10 pgL~") accepted for water. Hence, one of the
main advantages of using this type of adsorbent is the short
contact time to get a high removal efficiency.

Conclusion

Magnetite NPs with a size of ~13 nm were successfully
synthesized by the coprecipitation method. Magnetic
measurements reveal the magnetic thermal relaxation of
strongly interacting particles with a blocking temperature
above 340 K. FTIR spectroscopy data analysis indicates that
the hydroxyl groups related bands show a drastic weakening
after the adsorption of As (V) likely at the particles’ surface.
The optimal pH value for the arsenic removal from water
using Fe;O4 NPs is found to be 2.5, the best contact time
of 60 min, and the highest efficiency of ~97% is obtained
for 5000 pg L~ 'of adsorbent. It is found that the adsorption

@ Springer
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kinetics is better described by the pseudo-second order
model, suggesting that the adsorption process is taken by
a chemisorption process with an equilibrium capacity of
60.97 mg g~ '. Data analysis using Langmuir’s isotherm
model provides a q,,,,, ~ 81.04 mg g~ and an RL of 0.095,
and Freundlich’s isothermal model provides a value of
1/n~0.73, indicating that the arsenic adsorption can happen
on the surface of Fe;O, NPs. Meanwhile, the Sips model
provides better data correlation, suggesting that the arsenic
is adsorbed forming a monolayer on the NPs surface, and
after the complete covering, additional layers are adsorbed.
Tests of arsenic removal from a water sample collected from
the Tambo river (a Peruvian river) indicate an efficiency of
~97% within 24 h, which corresponds to an arsenic reduc-
tion from 267 ug L' to 7.38 ug L™!, which is below the
limit established by WHO (10 pug L™"). The obtained results
strongly suggest that the Fe;O, NPs synthesized for this
work show good potential for arsenic removal from con-
taminated water. Although this method seems may be suit-
able for the arsenic removal from static water, it is important
to determine the chemical stability of the magnetite NPs and
their consequences on the arsenic remotion efficiency.
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