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An evaluation was made of the use of MgAl-LDH with incorporated nitroprusside as an adsorbent to
remove inorganic arsenic (As(III) and As(V)) and organic arsenic (DMA) from aqueous matrices. The mate-
rial was synthesized by the co-precipitation method at constant pH and was characterized by Raman
spectroscopy, infrared spectroscopy, thermogravimetry, X-ray diffraction, and high-resolution transmis-
sion electron microscopy, before and after use in the adsorption process. The effects on adsorption of con-
tact time, initial metalloid concentration, and pH were investigated. For an initial concentration of 10 mg
L�1 and pH 2.00, the MgAl-LDH with incorporated nitroprusside was only able to adsorb the DMA and As
(V) species, with removal percentages of 25.10 and 103.8%, respectively. At pH 6.02 and 12.00, only the
inorganic species were adsorbed, with removal percentages of 22.93% and 60.07%, respectively, for As(III),
and 89.81% and 71.64%, respectively, for As(V). Application of the Langmuir and Freundlich isotherm
models indicated that the features of the adsorption process depended on the pH of the medium and
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the arsenic species. The results showed that the use of MgAl-LDH with incorporated nitroprusside has
potential for the development of techniques for the speciation of arsenic species.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

The contamination of water by arsenic is of global concern due
to the serious human health problems that can be caused by long-
term exposure to high levels of this metalloid, which can lead to
the development of several types of cancer, cardiovascular and res-
piratory diseases, nervous system disorders, and diabetes [1]. Con-
centrations of total arsenic up to 5000 mg L�1 have been found in
subterranean waters, greatly exceeding the value of 10 mg L�1 rec-
ommended by the World Health Organization (WHO) and the Uni-
ted States Environmental Protection Agency (US EPA) [2,3], which
has the increased the concerns of health agencies worldwide.

Arsenic is found in nature in different chemical forms that have
varying degrees of toxicity. Most commonly, arsenic is present as
an oxyanion in inorganic compounds in the forms As(III) (H2AsO3-
�, HAsO3

2�, and AsO3
3�) and As(V) (H2AsO4

�, HAsO4
2�, and AsO4

3�)
[4], with the trivalent form being much more toxic than the pen-
tavalent form [5]. In addition, there are organic forms of arsenic,
such as monomethylarsonic acid (MMA) and dimethylarsinic acid
(DMA), which are less toxic than the inorganic forms [6].

Research efforts have been devoted to the search for methods
that can provide efficient removal of arsenic from water, as well
as the development of techniques for speciation of the different
forms of arsenic. In this context, adsorption processes are among
the most efficient and widely used techniques for the removal of
contaminants from water [7–12], mainly due to their low cost
and ease of operation [2]. Various adsorbents have been proposed
for the treatment of water containing arsenic, including cellulose
derivatives, hydrogels, micro- and macro-porous resins, carbona-
ceous materials, red mud, lateritic soils, calcined bauxite, resins,
clay minerals, and metal oxides and hydroxides [13–17]. Many of
these adsorbents have limitations related to the difficulty of syn-
thesis, low adsorption capacity, and risk of secondary pollution
[3]. Consequently, there is continuing interest in the development
of new materials for the adsorption of arsenic.

The use of layered double hydroxides (LDHs) to remove arsenic
from water has emerged as an attractive option due to their hydro-
philic nature and high anion exchange capacity [18]. LDHs, also
known as anionic clays, are compounds analogous to brucite (Mg
(OH)2), with positively charged layers whose charges are counter-
balanced by interlamellar, interchangeable, hydrated anions. The
chemical structure of this class of compounds can be described

by the general formula ½M2þ
1�xM

3þ
x ðOHÞ2�Am�

x=m:nH2O; where M2+ and
M3+ are divalent and trivalent metal cations, Am� is the interca-
lated anion with charge m-, and x is the M3+/(M3+ + M2+) ratio
[4]. In this way, LDHs are versatile since they can be synthesized
in a variety of combinations of cations and anions. In comparison
with other conventional materials usually used in adsorption stud-
ies, LDHs present good thermal stability, have memory effect, and
they can be synthesized relatively simply and cheaply [19,20]. In
addition, the synthesis of LDHs is highly reproductible, which is
fundamental from the point of view of industrial applications.
Despite these advantages, the selectivity of LDHs can be low in
front the oxyanion adsorption.

Hongtao et al. [21] evaluated the adsorption of As(V) on LDH of
the type MgAlFe-LDH, finding that the adsorption of this arsenic
species was affected by the pH of the medium and the chemical
nature of the intercalated anion, with higher adsorption capacity
achieved with the nitrate anion, compared to chloride. Lee et al.
[2] obtained similar results for the effect of pH in the removal of
As(V) using MgAl-LDH. In addition, it was found that the adsorp-
tion capacity increased from 19.7 mg g�1, using non-calcined
LDH, to 102.9 mg g�1, using material calcined at 400 �C. More
recently, Lee et al. [16] used CoAl-LDH on a boehmite surface to
remove As(V) from aqueous matrices, achieving 100% removal of
this species from a 2000 mg L�1 solution using an adsorbent con-
centration of 1.25 g L�1, with As(V) becoming intercalated in the
interlamellar region by means of ion exchange and complex forma-
tion. Despite advances in this area, data are scarce concerning the
adsorption of other arsenic species using LDH. To the best of our
knowledge, there has been only a single study evaluating the
adsorption of As(III) [22], while no studies have considered the
adsorption of organic arsenic.

In this work, evaluation was made of the use of LDH of the type
MgAl-LDH, with incorporated nitroprusside ([Fe(CN)5NO]2�),
denoted LDH-NP [23], as an adsorbent for different species of
arsenic (As(III), As(V), and DMA), based on the high affinity of
arsenic for species containing iron [24,25]. The material was char-
acterized by Raman spectroscopy, infrared spectroscopy, thermo-
gravimetry, and X-ray diffraction. Adsorption studies were
performed using different contact times, initial metalloid concen-
trations, and pH of the medium.

2. Materials and methods

2.1. Reagents

Magnesium nitrate (Mg(NO3)2�6H2O; 99%), sodium arsenite
(AsNaO2; �99.0%), and cacodylic acid (C2H7AsO2; �99.0%) were
purchased from Sigma-Aldrich. Aluminum nitrate (Al(NO3)3�9H2O;
98.0%) and sodium nitroprusside (Na2[Fe(CN)5NO]�2H2O; 99.9%)
were purchased from Vetec. Nitric acid (HNO3; 65.0%) and sodium
hydroxide (NaOH; 99.0%) were purchased from Synth. Hydrochlo-
ric acid (HCl; 37%) was purchased from Neon. Sodium arsenate
(Na2HAsO4�7H2O; 98.0%) was purchased from Merck. All the
reagents used in this study were of analytical grade and were uti-
lized as received, without further purification. Deionized water
was used to prepare all the solutions.

2.2. Synthesis of the materials

The conventional LDH, with nominal composition Mg4Al2
(OH)12�CO3�4H2O, was prepared using the co-precipitation method
at constant pH [26]. Firstly, stoichiometric amounts of the reagents
Mg(NO3)2�6H2O, Al(NO3)3�9H2O, NaOH, and Na2CO3 were sepa-
rately solubilized in deionized water. Then, the solutions with
the cations (Mg2+ and Al3+) were slowly added to a reaction flask
containing the Na2CO3 solution (1 mol�L�1), where they were kept
for 240 min, at 40 �C, under constant agitation. The pH of the sys-
tem was maintained constant at 10 during all reaction time by the
addition drop-by-drop of the NaOH solution (10 mol�L�1). After
that time, the system was allowed in a shaker-incubator with con-
trolled temperature (TE-424, Tecnal) for 30 h at 55 �C. The resulting
suspension was filtered, washed with deionized water, and dried in
an oven at 50 �C. The material obtained was macerated and stored
in desiccator until use.
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The LDH with intercalated nitroprusside (LDH-NP), with nomi-
nal composition Mg4Al2(OH)12�Fe(CN)5NO�4H2O, was also prepared
by the co-precipitation method at constant pH, in a similar way as
described above, following the stoichiometry of the following
reaction:

4MgðNO3Þ2 � 6H2Oþ 2Al NO3ð Þ3 � 9H2Oþ 1Na2½Fe CNð Þ5NO� � 2H2O
þ 12NaOH ! Mg4Al2 OHð Þ12 � Fe CNð Þ5NO � 4H2Oþ 14NaNO3

þ 13H2O ð1Þ
Firstly, stoichiometric amounts of the reagents Mg(NO3)2�6H2O,

Al(NO3)3�9H2O, NaOH, and Na2[Fe(CN)5NO]�2H2O were individu-
ally solubilized in deionized water. The cation solutions were
added dropwise to a reaction flask containing the nitroprusside
solution (1 mol�L�1), maintaining constant pH 10 by the addition
of 10 mol L�1 NaOH solution. The mixture in the flask was kept
at 40 �C, for 240 min, under constant agitation. After this period,
the resulting mixture was submitted to thermal treatment at
55 �C for 24 h in a shaker-incubator. The solid material produced
was filtered, washed with deionized water, dried in an oven at
50 �C, macerated, and stored in desiccator until use.
Fig. 1. XRD patterns for (a) LDH (blue line) and (b) LDH-NP (black line) materials.
The crystalline planes were assigned according to ICDD card #51-1525. Schematic
drawings emphasize the difference in the interlamellar spacing. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
2.3. Characterization of the synthesized materials

The crystalline structures and the presence or absence of sec-
ondary phases in the synthesized materials were investigated by
X-ray diffraction (XRD) measurements, using a PANalytical X’Pert3
diffractometer operating at 45 kV and 40 mA, with Cu Ka radiation,
and scanning in the 2h range 5–90�.

Morphological, chemical and structural features of the samples
were investigated by transmission electron microscopy (TEM) and
related techniques: selected-area electron diffraction (SAED),
energy dispersive spectroscopy (EDS), and electron energy-loss
spectroscopy (EELS). A reliable and versatile Tecnai G2-20 (FEI)
transmission microscope was employed at 200 kV in powders dis-
persed in isopropanol and ultrasonicated for 15 min. Holey carbon-
copper grids of #300 mesh were used as support for all the inves-
tigated samples.

Thermogravimetric analysis (DTA-TG) was performed using a
Shimadzu DTG60 analyzer equipped with an alumina sample
holder. The samples were heated from 30 to 600 �C, at a rate of 10 �-
C min�1, in an atmosphere of N2.

Infrared spectroscopy (FTIR) analyses were performed using an
MB 3000 FTIR spectrometer (ABB Bomen, Quebec, Canada) oper-
ated in attenuated total reflection (ATR) mode. The spectra were
acquired in the range from 500 to 4000 cm�1.

Raman scattering data were collected in a Horiba Jobin-Yvon
LABRAM HR spectrometer equipped with a Peltier-cooled CCD
detector, and excitation source from a helium–neon laser
(632.8 nm and power of 6 mW on the surface of the sample). An
Olympus confocal microscope (100 � objective lens) was used
for obtaining a typical experimental resolution of 1 cm�1 in 10
accumulations of 10 s. All resulting spectra were corrected using
the Bose-Einstein thermal factor [27].

The point of zero charge (PZC) of the LDH-NP was obtained as
follows [28]: 0.0250 g of the material was added to 25 mL of a
0.1 mol L�1 NaCl solution in deionized water, with the initial pH
adjusted to 2.01, 4.00, 5.98, 8.08, 10.01, and 11.99. The pH adjust-
ment was performed using solutions of HCl (0.1 or 1 mol L�1) or
NaOH (0.1 or 1 mol L�1). The mixtures were then stirred for 24 h
at 150 rpm and 25 �C, followed by collection of the supernatants
for determination of the final pH. The difference between the final
and initial pH values (DpH) was plotted against the initial pH and
the PCZ was defined as the initial pH value at which DpH was zero.
The experiments were performed in triplicate.
2.4. Adsorption experiments

2.4.1. Adsorption of different As species using the conventional LDH
and LDH-NP

Initial arsenic adsorption tests were performed using the con-
ventional LDH and LDH-NP. For this, 15.0 mL volumes of a
10.00 mg L�1 solution of arsenic (As(III), As(V), or DMA), with the
pH adjusted to 2.00, 6.02, or 12.00, were added to 125 mL Erlen-
meyer flasks containing 0.0200 g of the adsorbent (LDH or LDH-
NP). The pH adjustment was performed using solutions of HCl
(0.1 or 1 mol L�1) or NaOH (0.1 or 1 mol L�1). The systems obtained
were agitated for 24 h, at 150 rpm and 25 �C, in a shaker-incubator
with controlled temperature (TE-424, Tecnal). The samples were
then collected and transferred to 50 mL centrifuge tubes, followed
by centrifugation at 3000 rpm (Model 280, Excelsa 3, Fanem). The
supernatant was then collected for analysis using Inductively Cou-
pled Plasma Optical Emission Spectrometry (ICP-OES – Varian
725 ES). Systems without the presence of the arsenic species were
prepared in the same way and used as blanks. The experiments
were performed in duplicate.

The extraction percentages (%E) obtained for the arsenic species
under each condition evaluated were calculated using Equation (2).

%E ¼ As½ �initial � As½ �final
As½ �initial

x100 ð2Þ

where As½ �initial and As½ �final are the concentrations of the arsenic spe-
cies in the supernatant before and after the adsorption process,
respectively.
2.4.2. Adsorption isotherms
Adsorption isotherms for adsorption of the arsenic species

investigated (As(III), As(V), and DMA) on LDH-NP were obtained
at pH 2.00, 6.02, and 12.00. The experiments were similar to those
described in Section 2.4.1, varying the initial concentrations of
arsenic in the supernatant, as follows: 10, 20, 30, 40, 60, 80, and
100 mg L�1 for As(III) and DMA, and 10, 20, 30, 40, 60, 80, 100,
150, and 200 mg L�1 for As(V). The supernatants collected were
suitably diluted prior to analysis using ICP-OES.
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The amounts of the arsenic species adsorbed on LDH-NP (qe)
were calculated using Equation (3).

qe ¼
Co � Ceð Þ � V

m
ð3Þ

where Co and Ce are the initial and equilibrium concentrations in
the supernatant, respectively, V is the total supernatant volume,
and m is the mass of adsorbent. The experiments were performed
in duplicate.

All pH values reported throughout the Sections 2.2 and 2.3 were
the values measured in pH meter, respecting the significative
digits.

2.4.3. Effect of contact time
Evaluation was made of the effect of the contact time on the

adsorption of As(V) on LDH-NP. The experiments were performed
as described in Section 2.4.1, using an arsenic solution with an ini-
tial concentration of 20 mg L�1. The contact times used were 0.5, 1,
3, 5, 7, 9 12, 16, 20, and 24 h. The adsorbed amount at each time
(qt) was obtained by Equation (3), in which Ce was replaced with
Ct, the arsenic concentration in the supernatant at time t. The
experiments were performed in duplicate.

3. Results and discussion

3.1. Characterization of LDH and LDH-NP

Fig. 1 shows XRD data for the magnesium and aluminum lay-
ered double hydroxides intercalated with carbonate anions (LDH)
and nitroprusside (LDH-NP).

The diffractograms confirmed the intercalation of nitroprusside,
which caused a spacing increase of approximately 42%. After the
intercalation, the basal space was around 6.6 Å, which is in accor-
dance with the size of the anionic complex of the transition metal
[23,29]. The materials exhibited diffraction patterns characteristic
of the hydrotalcite structure, with sharp and symmetric reflections
of the (0 0 3), (0 0 6), and (0 0 9) basal planes, and asymmetric
reflections for the (0 1 2), (0 1 5), and (0 1 8) non-basal planes.
The crystalline planes were assigned according to ICDD (Interna-
tional Centre for Diffraction Data) card #51–1525. Basal (00l)
planes are related to the stacking of the layers. Non-basal (hk0)
planes are associated with the organization of the structure inside
the layers, while (0kl) planes are related to the ordering of one
layer relative to an adjacent layer [30]. In the present case, it could
be seen that there was a blue-shift of the basal planes, due to the
intercalation of the nitroprusside.

The lattice parameters a and c were calculated as described by
Pérez-Ramírez et al. [31] for a hexagonal unit cell, assuming 3R
polytypism for the hydrotalcite. The value of the cell constant a
is calculated as a = 2d(1 1 0) and corresponds to the average distance
of the cations present within the layers of the LDH structure. The c
parameter is related to the layer thickness and interlayer distance
and is commonly calculated as c = 3d(0 0 3). However, it has been
proposed that c can be better determined by averaging the posi-
tions of the diffraction peaks corresponding to the basal planes:
c = 3/2{d(0 0 3) + 2d(0 0 6)} or c={d(0 0 3) + 2d(0 0 6) + 3d(0 0 9)} [31].
In the present case, the second formula was used, since the posi-
Table 1
Lattice parameters, basal spacings, and crystallite sizes for the synthesized LDH materials

Samples Interplanar distance (Å) Basal sp

d003 d006 d009

LDH 7.57 3.78 2.57 4.64
LDH-NP 10.65 5.43 3.62 6.57
tions of all the basal planes were easily identified. The values for
the lattice parameters and the basal spacing are provided in
Table 1.

The d(0 0 3) interplanar spacing represents two lamellar layers
and one interlamellar layer, provided with hydrated anions. On
the other hand, the d(0 0 6) distance refers to the lamellar layer con-
sisting of divalent cations, trivalent cations, and oxygen. The values
found for the LDH-NP were very close to those reported by Boclair
et al. [29] and Taylor et al. [32], who obtained values of 11.09 and
11.0, respectively, for d(0 0 3), and 5.57 and 5.47, respectively, for
d(0 0 6). The basal spacing (d) was calculated by the Bragg equation,
using the average: 1/3(d(0 0 3) + d(0 0 6) + d(0 0 9)). The basal spacing
values (Table 1) are consistent with the size of nitroprusside
anions, indicating the intercalation of the complex [23,29]. The
average crystallite size was determined by the Scherrer method,
considering the average size between the first two well-defined
peaks, either (0 0 3) or (0 0 6) [31]. The results showed that the cal-
culated particle size of LDH-NP (8 nm) was lower than that of the
conventional LDH (23 nm) (Table 1). Smaller particles imply
greater peak widths, which in turn reflect less crystalline materials.
Therefore, the values obtained are in accordance with the XRD
results.

The results obtained from TEM analysis of the LDH-NP samples
are presented in Fig. 2. Morphological features are presented as
low-magnification and high-resolution TEM images, while struc-
tural characteristics of the LDH-NP samples are exhibited as SAED
patterns. The morphology of the samples shows nanometer-sized
platelets formed by agglomerated smaller particles (Fig. 2a, inset:
top right). High-resolution TEM image (Fig. 2) shows dominating
interplanar spacings of the order of 10.3 Å, which can be related

to the (0 0 3) planes of the rhombohedral (R 3
�
m) space group, in

agreement with the XRD data (Table 1). The polycrystalline charac-
ter of the synthesized materials was verified by the SAED pattern
(Fig. 2a, inset: bottom right), where only diffuse rings can be visu-
alized. Chemical characteristics of the LDH-NP materials are pre-
sented in Fig. 2b. In this Figure, EDS/EELS spectra reveal both the
valence electron (low-loss) peaks and the ionization edges of the
fine structure of the materials. It was possible to observe and attri-
bute many spectral features, corresponding to different excitation
processes, thus corroborating the high purity of the samples. EDS
spectrum evidenced the presence of Mg, Al, O, and Fe (Cu lines
are due to the TEM grids), while EELS spectrum detected the pres-
ence of C, N, O, and Fe ions, as expected for chemically pure
samples.

In addition to XRD and TEM, spectroscopic techniques were
used to provide evidence of the insertion of anion complexes into
the LDH. The FTIR and Raman spectra of LDH-NP are shown in
Fig. 3. According to the literature, the insertion of cyanide-
containing anions and complexes into LDH is easily demonstrated
by the appearance of m(CN) vibrations in the 2200–2000 cm�1

region of the infrared spectrum of the material [29]. A broad band
at around 3360 cm�1 was related to stretching vibrations of the OH
groups in the brucite-like layer [23,29]. A band at 2039 cm�1 could
be attributed to CN stretching, while a band at 1622 cm�1 could be
attributed to NO and OH stretching [23,29]. According to da Silva
et al. [23], the presence of a strong band at 2039 cm�1 for interca-
lated materials is due to replacement of the NO ligand by water
.

acing (Å) Lattice parameter (Å) Crystallite size (nm)

a c

3.04 22.84 23
3.04 32.37 8



Fig. 2. (a) High-resolution TEM image for the LDH-NP materials with interplanar spacings of 10.3 Å, which are related to the (0 0 3) planes of the rhombohedral (R3
�
m)

structure. Inset: low-magnification TEM image (top right) and SAED pattern (bottom right) evidencing the polycrystalline character of the sample; (b) EDS/EELS spectra with
the electronic energies of the ions present into the structure: Mg, Al and Fe signals are shown in the EDS spectrum, while C, N, O, and Fe signals are shown in the EELS
spectrum.
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molecules, forming [Fe(CN)5H2O]3�, while bands at around
1360 cm�1 are related to carbonate. In addition, a weak band at
760 cm�1 could be assigned to Fe–N stretching and FeANAO bend-
ing [33].

The Raman spectrum of LDH-NP was consistent with its crys-
talline structure and chemical composition. The hydrotalcite struc-

ture is rhombohedral (R3
�
m, Z = 3) and the Raman spectra for

different compositions have been described in detail by Bellotto
et al. [34] and Richardson et al. [35]. However, according to Vieira
et al. [36], the number of modes observed in the spectra for LDH-
like materials are fewer than expected from the Wyckoff sites of
all atoms of the unit cell. This is because these materials can exhi-
bit very disordered structures, which can lead to deviation from
the selection rules and the activation of prohibited modes in
Raman spectroscopy (the same is true for infrared spectroscopy)
[36]. Therefore, the present analysis was based on the main Raman
modes observed for LDH materials and nitroprusside anions. It
should be noted that, to the best of our knowledge, this is the first
study to present the Raman spectrum for LDH with intercalated
nitroprusside.

The Raman spectrum was collected in the region from 250 to
2500 cm�1, at room temperature. A band at 562 cm�1 corre-
sponded to Al–OH vibration [26,36,37], while a band at around
1064 cm�1 was related to CO3

2– symmetric stretching vibration
[26,37]. Both of these bands are characteristic of brucite-like struc-
tures and were in agreement with the literature [26,36–38]. Modes
related to the presence of nitroprusside anions were observed in
the frequency range from 2000 to 2200 cm�1. According to theoret-
ical group calculations for the [Fe(CN)5NO]2� anion, strong modes
would be expected at around 2066, 2103, and 2136 cm�1, related



Fig. 3. FTIR and Raman spectra of LDH-NP. The positions of the main bands are
indicated, for better visualization. The inset in the Raman spectrum shows the
modes related to CAN equatorial and axial vibrations.
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to CAN equatorial and axial vibrations. For better visualization,
these bands are highlighted in the inset of Fig. 3, from which it
can be seen that the most intense band was the second band cor-
responding to CAN equatorial stretching. The Raman spectrum
also showed low frequency modes at around 364 cm�1 and
496 cm�1, related to FeACAN equatorial bending and Fe–C axial
stretching, respectively.

The thermogravimetric analysis and derivative curves for LDH-
NP, shown in Fig. 4, revealed three stages of thermal decomposi-
tion. The first, from room temperature to 171 �C, corresponded to
the release of adsorbed and interlamellar water molecules
[26,36], with a mass loss of 20.5%. This release enabled determina-
tion of the number of water units present in the interlayers, with a
calculated value of 7.3. The second stage of decomposition was the
removal of hydroxyl ions [26,36] at around 279 �C, with a mass loss
of 11.9%. The last stage, at around 371 �C, was related to decompo-
sition of the intercalated anions [26,36,39,40], with a mass loss of
16.7%.

3.2. Removal of As using LDH and LDH-NP

Fig. 5 shows the removal percentages of the As(III), As(V), and
DMA species by LDH and LDH-NP, at different pH values.
Fig. 4. Thermogravimetric analysis curves for LDH-NP: TGA (black line) and DTG
(blue line). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
LDH presented high removal capacity for the As(V) species,
under all the conditions investigated (101.07% removal at pH
2.00, 89.40% removal at pH 6.02, and 47.31% removal at pH
12.00), while low removal of the As(III) species was observed at
pH 6.02 (7.93% removal). For these same species at the same pH
values, the extraction percentages increased when LDH was
replaced by LDH-NP, which also showed capacity for the adsorp-
tion of DMA at pH 2.00 (25.10% removal) and As(III) at pH 12.00
(60.83% removal). These results indicated that both materials
(LDH and LDH-NP) were able to selectively adsorb one or another
species of arsenic, which would enable their use in speciation stud-
ies. Notably, As(V) could be selectively adsorbed at pH 2.00 or
12.00, using LDH. On the other hand, at pH 2.00, LDH-NP could
be used to adsorb DMA and As(V), but not As(III), while at pH
6.02 and 12.00, it could be used to adsorb only the inorganic As
(III) and As(V) species. Since arsenic is most commonly found as
an oxyanion in inorganic compounds in the forms of As(III) (arsen-
ite, AsO3

3�) and As(V) (arsenate, AsO4
3�), and since the inorganic

forms, especially As(III), are more toxic than the organic forms,
the characteristics of adsorption of the different arsenic species
on LDH-NP indicate the potential of this material to provide their
speciation. Given these observations, isotherm studies were per-
formed for adsorption of the As(III), As(V), and DMA species on
LDH-NP.
3.3. Adsorption isotherms for the removal of different As species on
LDH-NP

Fig. 6 shows the adsorption isotherms for removal of the As(III),
As(V), and DMA species on LDH-NP, at 25 �C. The corresponding
extraction percentages are shown in Fig. S1 (Supplementary
Material).

In general, the adsorption isotherm profiles showed strong
dependence on the adsorbed arsenic species and the pH of the
medium. At pH 2.00 (Fig. 6a), only the As(V) species was adsorbed
in a large extension, with a rapid increase of qe as Ce increased to
around 40 mg L�1, after which qe became constant at around
76.9 mg g�1, indicating saturation of the adsorbent surface. Under
the conditions evaluated, almost all the As(V) was removed from
the solution, with extraction percentages varying between
103.8% and 87.7% (Fig. S1).

When the pH was changed from 2.00 to 6.02 (Fig. 6b), the
amount of As(V) adsorbed decreased markedly, with maximum
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Fig. 5. Percentage extraction of As(III), As(V), and DMA, using LDH and LDH-NP, at
different pH values. Conditions: 25 �C, 150 rpm, contact time of 24 h, initial As
concentration of 10 mg L�1, and adsorbent concentration of 1.33 g L�1. The pH
values reported are the values measured in pH meter, respecting the significative
digits.



Table 2
Parameters of the Langmuir and Freundlich isotherm models for the adsorption of different arsenic species on LDH-NP. Conditions: 25 �C, 150 rpm, contact time of 24 h, and
adsorbent concentration of 1.33 g L�1.

Species Model Parameters pH 2.00 pH 6.02 pH 12.00

As (V) Langmuir qmáx (mg g�1) 77.63 18.84 24.15
KL (L mg�1) 0.92 0.10 0.07
R2 0.9996 0.9501 0.9866

Freundlich KF 1 6.1476 3.6089
n 5.8082 4.5446 2.3752
R2 0.9609 0.9215 0.9912

As (III) Langmuir qmáx (mg g�1) – 31.91 10.11
KL (L mg�1) – 0.0066 0.07
R2 – 0.4464 0.8774

Freundlich KF – 0.31 3.26
n – 1.2172 4.7776
R2 – 0.9825 0.7253

*Fitting was not performed for the adsorption of DMA or for the adsorption of As(III) at pH 2.00, because the adsorptions were very low.

Fig. 6. Isotherms for adsorption of As(III) (j), As(V) (d), and DMA (▲) on LDH-NP at (a) pH 2.00, (b) pH 6.02, and (c) pH 12.00. Conditions: 25 �C, 150 rpm, contact time of
24 h, and adsorbent concentration of 1.33 g L�1.
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Fig. 7. Adsorption of As(V) on LDH-NP, as a function of time, at different pH values.
Conditions: 25 �C, 150 rpm, initial adsorbate concentration of 20 mg L�1, and
adsorbent concentration of 1.33 mg L�1.
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qe of 18.0 mg g�1 when the equilibrium concentration was 75.8 mg
L�1. This decrease of qe was accompanied by a change in the
adsorption isotherm profile, which exhibited a continuous increase
of qe as Ce increased, within the range investigated. In addition,
there was the adsorption of a small amount of As(III), with a linear
increase of qe as Ce increased.

Finally, at pH 12.00 (Fig. 6c), the amounts of As(III) and As(V)
adsorbed were similar to those obtained at pH 6.02. There was a
marked change in the isotherm for As(III), with the LDH-NP surface
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becoming saturated at very low concentrations of the adsorbate.
The maximum qe values obtained for As(V) and As(III) were 20.8
and 10.00 mg g�1, respectively.

The results obtained for the adsorption of As(V) were similar to
those reported by Guo et al. [24], who found that higher pH caused
a decrease of the amount of As(V) adsorbed on LDH of the type
CuMgFeLa-LDH, which was attributed to increased electrostatic
repulsion between the As(V) species and the LDH surface. Similar
Table 3
Lattice parameters, basal spacings, and crystallite sizes for the LDH-NP saturated with As(

Samples Interplanar distance (Å) Bas

d003 d006 d009

LDH-NP (pH 2.00) 10.56 5.37 3.61 6.5
LDH-NP (pH 12.00) 9.92 5.50 3.67 6.3

Fig. 9. (a) High-resolution TEM image for the LDH-NP materials saturated with As(V) at p
of the rhombohedral (R3

�
m) structure. Inset: low-magnification TEM image (top left) an

spectra showing the electronic energies of the ions present. Note the signals from As io
results and explanation were presented by Hongtao et al. [21] for
the adsorption of As(V) on LDH of the type MgAlFe-LDH with inter-
calated chloride or nitrate anions.

However, it should be noted that the highest qe values for As(V)
were obtained at pH 2.00, at which some of the As(V) species were
in the neutral form (Equation (4)). At the same time, the adsorption
of As(III) increased when the pH was increased from 2.00, at which
the species were in the neutral form, to 6.02 or 12.00, at which they
V).

al spacing (Å) Lattice parameter (Å) Crystallite size (nm)

a c

1 3.04 32.13 6
6 3.04 31.93 5

H = 2.00, showing interplanar spacings of 10.6 Å, corresponding to the (0 0 3) planes
d SAED pattern (bottom right) for the polycrystalline LDH-NP sample; (b) EDS/EELS
ns (Ka and Kb) observed in the EDS spectrum.
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were neutral or positively charged, respectively (Equation (5)).
Finally, no adsorption of the DMA species was observed at pH
6.02, at which they were partially negatively charged (Equation
(6)) and the LDH-NP was positively charged (pHpzc equal to 8.30;
Fig. S2, Supplementary Material). Hence, the adsorption of the
arsenic species on LDH-NP was not only due to electrostatic
attraction, but could also have involved specific interactions
between the arsenic species and the nitroprusside incorporated
in the LDH.

ð4Þ
Fig. 10. (a) High-resolution image for the LDH-NP materials saturated with As(V) at pH
low-magnification TEM image (top left) and SAED pattern (top right) evidencing the pol
energies of the ions clearly identified. The signals from the As(V) ions (Ka and Kb) can b
ð5Þ

ð6Þ
= 12.00, showing interplanar spacings of 10.0 Å related to the (0 0 3) planes. Inset:
ycrystalline nature of the LDH-NP sample; (b) EDS/EELS spectra with the electronic
e observed in the EDS spectrum.



Fig. 11. (a) FTIR and (b) Raman spectra of LDH-NP after As(V) adsorption. The green
and magenta lines represent the results obtained for pH 12.00 and 2.00, respec-
tively. The positions of the main FTIR bands are indicated, for better visualization.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Table 2 shows the parameters for fitting of the Langmuir
and Freundlich isotherm models to the experimental
adsorption data. The fits are shown in Fig. S3 (Supplementary
Material).

For the adsorption of As(V) on LDH-NP at pH 2.00 and 6.02, the
Langmuir model provided the best fit to the experimental data
with R2 values equals to 0.9996 and 0.9501, respectively. The max-
imum adsorption capacities (qmax) (77.63 and 18.84 mg g�1) are in
agreement with the values obtained experimentally (76.9 and
18.0 mg g�1), respectively. On the other hand, at pH 12.00, the best
fit was obtained using the Freundlich model, with R2 values of
0.9912. For the adsorption of As(III), the Freundlich and Langmuir
models provided the best fits to the experimental data obtained
at pH 6.02 and 12.0, respectively. These results suggested that
the features of the adsorption process were dependent on both
the pH of the medium and the arsenic species.

Fig. 7 shows the amount of As(V) adsorbed (qt) as a function of
time, for different pH values. The process presented rapid kinetics,
with the value of qt becoming practically constant after 30 min.

3.4. Characterization of LDH-NP saturated with As(V)

Characterization was performed of LDH-NP once it had been
saturated with As(V). Fig. 8 shows XRD data of LDH-NP after
adsorption of As(V) at pH 2.00 and 12.00, as well as of pure LDH-
NP, in order to compare the structures of the materials before
and after the adsorption. It can be seen that the adsorption of As
(V) did not alter the structure of the material, since the samples
exhibited the same diffraction pattern. The interplanar distances
for LDH-NP saturated with As(V) at pH 2.00 were 10.56, 5.37,
and 3.61 Å for d003, d006, and d009, respectively. The calculated basal
spacing was 6.51 Å and the crystallite size was 6 nm. For LDH-NP
saturated with As(V) at pH 12.00, the values obtained for the inter-
planar distances were d003 = 9.92 Å, d006 = 5.50 Å, and d009 = 3.67 Å,
resulting in basal spacing of 6.36 Å and crystallite size of 5 nm. The
basal spacing remained almost unchanged after the adsorption of
As(V), suggesting that arsenic did not replace the nitroprusside in
the LDH structure (see Table 3), but it interacted with the anionic
complex.

The LDH-NP samples saturated with As(V) were also investi-
gated by TEM, and the results are displayed in Figs. 9 and 10. Mor-
phologies and chemical/structural features of the LDH-NP
materials saturated at pH = 2.00 and pH = 12.00 were examined.
Fig. 9 presents TEM/SAED images (Fig. 9a), and EDS/EELS spectra
(Fig. 9b) obtained for the LDH-NP materials saturated at
pH = 2.00. The morphology of the samples shows also
nanometer-sized platelets (Fig. 9a, inset: top left), while high-
resolution TEM image (Fig. 9) shows well-defined interplanar spac-
ings of the order of 10.6 Å, which are related to the (0 0 3) planes,
in agreement with the results from XRD (Table 1). The polycrys-
talline character of these LDH-NP materials (pH = 2.00) could be
verified (SAED pattern, Fig. 9a, inset: bottom right), where diffuse
rings are present. Fig. 9b presents the EDS/EELS data with many
spectral features corresponding to different excitation processes.
EDS spectrum showed the presence of As(V) ions, as expected for
the samples treated at pH = 2.00. Fig. 10 shows the results of the
TEM characterization for the samples saturated at pH = 12.00.
Again, polycrystalline, nanometer-sized platelets could be
observed (see inset, top images), with interplanar spacing of about
10.0 Å, which is in agreement with the XRD data (Table 1). As(V)
ions were easily detected in these LDH-NP samples by EDS
(Fig. 10b), as expected for these saturated materials at pH = 12.00.

Fig. 11 shows the FTIR (Fig. 11a) and Raman (Fig. 11b) spectra
for LHD-NP saturated with As(V). The bands in the FTIR spectra
were practically the same for all the samples analyzed, indicating
that there was no structural change of the LDH after the incorpora-
tion of As(V). However, a band at around 1932 cm�1 in the spectra
for pure LDH-NP (Fig. 3) and LDH-NP saturated with As(V) at pH
12.00 was not observed when the material was saturated with As
(V) at pH 2.00. This band at around 1932 cm�1 was related to NO
stretching, so the results suggested that the acidic medium favored
the release of the nitric oxide ligand from the complex during
intercalation [23,29]. It is known that nitroprusside decomposes
to produce ferrocyanide and nitrosyl groups, following insertion
into LDH [29]. Hence, the presence of [Fe(CN)5H2O]3� was predom-
inant in the interlamellar domain of LDH-NP at pH 2.00. On the
other hand, for LDH-NP and LDH-NP loaded with As(V) at pH
12.00, the spectra showed the presence of bands related to NO
stretching, suggesting the coexistence of [Fe(CN)5NO]2� and [Fe
(CN)5H2O]3� in the interlamellar domain of MgAl-LDH [23]. Finally,
the Raman spectra for the pure material and the materials satu-
rated with As(V) were very similar, corroborating the XRD and FTIR
results indicating that the adsorption did not cause structural
changes in the material. There was only a slight difference in the
region from 2000 to 2200 cm�1, with the presence of the arsenic
species in the structure of the material resulting in the absence
of the third vibrational mode corresponding to the equatorial and
axial vibration of CAN, at approximately 2136 cm�1. Therefore, it
was likely that the presence of As(V) inhibited this vibrational
mode, characteristic of the [Fe(CN)5NO]2� anion.

3.5. Comparison with literature data

Table 4 presents a list of different adsorbents that have been
used to remove As(V) from aqueous solutions. Comparison among
the materials shows that LDH-NP present a good performance,
because its adsorption capacity (qmax) is between the maximum
and minimum values reported in the literature for other LDHs. In
addition, this value is comparable to most of other conventional
materials such as hydrogels and cellulose derivatives.

4. Conclusions

The LDH of the type MgAl-LDH with incorporated nitroprusside
as an adsorbent was applied for the removal of different species of
arsenic from aqueous solutions. For the first time, the adsorption of
organic arsenic on LDH was evaluated. The incorporation of nitro-
prusside in the LDH affected the adsorption characteristics of the
material, leading to increases of the extraction percentages for



Table 4
Comparison among different adsorbent materials for removal of As(V) from aqueous solutions.

Adsorbent qmax (mg g�1) T (�C) pH Equilibrium time (min) Reference

MgAl-LDH-NP 77.63 25 2.00 30 This study
Calcinated MgAl-LDH 102.9 25 3.00 360 [2]
CuMgFeLa-LDH 25.6–43.5 25 6.00 480 [24]
La(III)-montmorillonite Hydrogel beads 58.75 25 4.00 240 [41]
CoFeAl-LDH@Fe3O4@PA 167 25 6.00 5 [42]
Magnetite-loaded amino modified nanocellulose 85.3 25 6.00 90 [43]
Magnetite-loaded amino modified microcellulose 18.5 25 6.00 60 [43]
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inorganic arsenic species, at all the pH values studied. The amounts
of arsenic adsorbed varied according to the initial pH of the solu-
tion and the chemical nature of the arsenic species, indicating that
the adsorption process was governed by electrostatic forces and
specific interactions between the arsenic species and the nitro-
prusside incorporated in the LDH. In addition, the features of the
adsorption process depended on the pH of the medium and the
arsenic species as suggested by the analysis of the Langmuir and
Freundlich isotherm models. Finally, the antagonistic behaviors
of adsorption for the different arsenic species in the different con-
ditions studied indicated the possibility of the material being used
to selectively remove DMA, As(III), and/or As(V) under specific con-
ditions, making this material a potential adsorbent for the treat-
ment of water contaminated with arsenic or for the arsenic
speciation.
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