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Abstract

Inorganic arsenic water contamination turns out to be a serious problem worldwide. According to the
World Health Organization (WHQO), more than 140 million people worldwide consume water with high
levels of arsenic, causing diseases such as cancer. Arsenic is found as As®* (As(OH)s) mainly in surface
water effluents, which increases the interest in its removal with low-cost materials and regeneration
capacity. For this reason, in this chapter, the study of As(l11) adsorption on hydrotalcite-derived mixed
oxides ZnAl, synthesized by an alternative simultaneous microwave/ultrasound irradiation method,
followed by the formation of mixed oxides by calcination. The specific surface area of the calcined
sample obtained by simultaneous irradiation was about 59 m?/g, being higher compared to the
individually irradiated materials, ultrasound, and microwaves, 20 and 50 m? /g, respectively. This
indicated that the increase in the specific surface area was attributed to a synergistic effect promoted by
combining the irradiation methods (microwaves-ultrasound). SEM images show that the morphology of
the mixed oxides also depends on the irradiation mode used during the hydrotalcite synthesis, generating
an arrangement of two phases of particles. Simultaneous irradiation provides a simple way to obtain
materials with better textural properties in a short synthesis time and favors a high adsorption capacity
(0.52 mg/g), compared to individually irradiated materials.

Synergistic, Synthesis, Mixed oxides, Arsenite, Simultaneous irradiation
1 Introduction

Wastewater from the industrial production of glass, pesticides, pigments, textiles, and metallic adhesives,
among others, usually contains inorganic contaminants like heavy metals (copper, aluminum, mercury,
cadmium, and arsenic), are toxic in high concentrations and lead to serious health problems, mainly
cancer (Sekabira et al., 2010). Therefore, arsenic removal from aqueous effluents is one of the most
important challenges for industry and society. In general, treatment technologies are believed to be most
effective using a two-step approach, consisting of the initial oxidation of As(ll1) to As(V), followed by
a procedure for As(V) removal. Therefore, one-step As(l11) removal is an excellent development for the
industry because it can reduce process costs (Mohan & Pittman, 2007; Nicomel et al., 2015).

In recent years, various techniques have been tested for As(llIl) removal, such as physical-
chemical and biological methods, ozonization, catalytic and photocatalytic degradation, and adsorption
process. Adsorption is the most widely used removal method, as it is an easily applied technique and
does not require the introduction of undesirable anions into the medium (Deschamps et al., 2003;
Nicomel et al., 2015). Thus, it can be considered an economical and fast method for As(l1l) removal
because adsorbent materials can be obtained on a large scale with low costs from nature or synthetically.
The most commonly used adsorbents today are materials with large surface areas, such as alumina, silica
gel, activated carbon, and clays (De Gisi et al., 2016) being anionic clays the most suitable due to their
capacity to retain anions and, when calcined, they originate mixed oxides, which can be reconstructed in
the initial structure of the hydrotalcite, capturing the anions during this process.

Anionic clays are natural or synthetic clays commonly designed as layered double hydroxides
(LDH), hydrotalcite like-compounds or simply designed as hydrotalcites (HT). They are non-toxic,
environmentally friendly and relatively inexpensive materials (Velazquez-Herrera, Lobo-Sanchez, et al.,
2022). Its structure is similar to the brucite [Mg(OH)2], where some Mg?" atoms can be replaced by
trivalent atoms, Figure 1, resulting in a general formula: [M7*, MZ*(OH),](A™ )x, - nH,0, where M**
corresponds to a divalent cation (Mg?*, Zn?*, Ni?*, Cu?*) and M3" corresponds to a trivalent cation (AI**,
Cr3*, Ga®*, Fe®"). A™ is a compensation anion (COz%, SO4%, Cl', NOg), and x is the metal molar ratio
M3*/(M?*+M3") (Ghashghaee et al., 2018; Nie, 2020; Velazquez-Herrera & Fetter, 2020).



Figure 1 Hydrotalcite structure representation

Source: “By the Authors”

As hydrotalcites are scarce in nature, they are usually synthesized through different methods such
as coprecipitation, sol-gel, and urea hydrolysis (Conterosito et al., 2018; Lima-Corréa et al., 2018). The
most common method is coprecipitation at constant pH, followed by a crystallization step that can be
proceeded by hydrothermal treatments in autoclaves or microwave or ultrasound irradiations apparatus
(Garzon-Pérez et al., 2020; ZarazUa-Aguilar et al., 2018). Microwave and ultrasound irradiations allow
obtaining particles of regular size and reduce crystallization times. With these irradiation techniques,
textural and morphological properties of hydrotalcites can be controlled and improved for specific
applications such as adsorption.

Another way to improve the adsorption capacity of the hydrotalcites is by the structural
reconstruction method, i.e., when hydrotalcites are calcined between 400—600 °C, the layered structure
breaks down, generating mixed oxides that are characterized by higher specific surface area and porosity
compared to pristine materials. By rehydrating these oxides in the presence of anions such as those of
As, the hydrotalcite regenerates its lamellar structure through the "Memory Effect” (Palomares et al.,
2004; Velazquez-Herrera, Sampieri, et al., 2022).

Then, consider the adsorption characteristics of hydrotalcites and the increase of their specific
surface area when calcined. In this work, ZnAl hydrotalcites in their mixed oxide form were synthesized
by the coprecipitation method at constant pH, assisted by three different crystallization procedures:
microwave irradiation, ultrasound irradiation, and synchronous irradiation mode (microwave and
ultrasound), to compare their textural and morphological properties generated by the three crystallization
methods in the retention of As(l11) from aqueous solutions.

2 Methodology
2.1 Synthesis of hydrotalcites and mixed oxides

Hydrotalcite ZnAl was synthesized by coprecipitation at room temperature, constant pH 8 £ 0.5, and N>
(42 psi) flow to avoid carbonates formation. Determining amounts of Zn (Sigma Aldrich, 98%) and Al
(Caledon L.C., 98%) nitrates in a Zn/Al 1M solution with a molar metal ratio x=2.5. This solution was
coprecipitated with a NaOH 1M solution (JT Baker, 97%). The resulting suspension was divided into
three equal parts; each one was aged in a SBL CW-2000A reactor with microwave (800 W, 2.4 GHz),
ultrasound (50 W, 40 kHz), and simultaneous (microwave/ultrasound) irradiation for 5 min. After
crystallization treatment, the samples were washed with deionized water and dried in an oven at 70 °C.
Subsequently, the samples were calcined at 450 °C in an air atmosphere for 8 h to obtain mixed oxides.
Samples were identified with ZnAl to denote the pristine hydrotalcites, followed by U for ultrasound, M
for microwave, and UM for synchronous irradiation. Letter C corresponds to calcined samples.



2.2 Materials Characterization

X-Ray Diffraction. The XRD spectra were obtained with a Rigaku Miniflex 600 diffractometer equipped
with an X-ray tube with a copper anode with a linear focus of 0.60 W (40 kV and 15 mA). For calcined
and uncalcined materials, the measurements were performed from 5 to 80° 26 using a scan step size of
0.5%min.

Fourier Transform Infrared Spectroscopy. Infrared spectra were recorded with a Perkin EImer Spectrum
100 FT-IR with Universal ATR accessory fitted in a wavenumber interval of 4000 to 650 cm™.

Nitrogen Physisorption. The specific surface areas of the solids were determined by the BET method
(Brunauer-Emmet and Teller) using a Gemini VII model 2390-t equipment. The sample pretreatment
was carried out at 80°C for 2 h, followed by 12 h at 150°C with an N2 atmosphere.

Scanning Electron Microscopy. Micrographics were obtained with a JEOL model JSM7800F scanning
electron microscope at an acceleration of 3 eV.

2.3 As** adsorption
2.3.1 Adsorption experiments

The adsorption process was performed as follows: aliquots of 10 mL of an As(lI1) solution [NaAsO:
(Sigma Aldrich, 90%)] (1 mg/L) were put in contact with 0.01 g of adsorbent for every contact time (30,
60, 90 min), for triplicated. All samples were stirred in a vortex shaker (Vortex-GENIE 2) and were
filtered through a 45um Teflon syringe filter. This procedure was repeated for each sorbent material. The
filtered aliquots were quantified by forming iodine and measured by UV-Vis spectroscopy at 460 nm.

The adsorption capacity (q) of the materials was calculated according to the g = (Co - Cy)V/m
equation, where V is the volume of the solution in litters, m is the mass of the adsorbent in grams, and
Co is the initial concentration and C; the concentration at the desired time in mg/mL (Zhou et al., 2017).

2.3.2 Quantification of As®*

The colorimetric detection and quantification of arsenic removal were performed by UV-Vis
spectroscopy in a UV-Vis Halo DB-30 equipment with a10 mm quartz cells. The quantification process
requires the formation of iodine (Pal et al., 1996; Pasha & Narayana, 2008). K10z (Sigma Aldrich, 99.5%)
at 2% and HCI (Fermont, 36.5%) at 1.8 mol/L were used for the formation of iodine. After filtration, 1
mL of KIOz and 0.5 mL of HCI were added to every As(I11) remaining solution and were subjected to an
ultrasonic bath for 5 min, obtaining yellow-colored species.

3 Results
3.1 Materials characterization

The XRD diffraction patterns of synthesized materials are shown in Figure 2. For uncalcined samples
(Figure 2A), ZnAl-U, ZnAl-M, and ZnAl-UM samples spectra correspond to the layered zinc-aluminum
double hydroxide material according to JCPDS 48-1023 pattern card at 10, 20, 34, 39, 60, and 61° 20
corresponding to (003), (006), (012), (015), (110), and (113) crystallographic planes; this indicates that
the synthesized samples present a rhombohedral crystalline symmetry (Cavani et al., 1991; Wu et al.,
2012). Furthermore, the (110) and (113) crystallographic planes were shown as a single peak at 61° 260,
attributed to an irregular distribution of the cations in the hydrotalcite lamellae (Velazquez-Herrera &
Fetter, 2020). Figure 2B shows characteristic signals of ZnO according to the JCPDS 36-1451 reference
card; reflections (400), (511), and (440) are observed at 44, 59, and 65° 20, corresponding to the spinel
(ZnAl204). This indicates that the samples synthesized after calcined have mostly hexagonal crystalline
symmetry (Macedo et al., 2017).



Figure 1 X-ray diffraction patterns of A) Hydrotalcites and B) Mixed oxides
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Figure 2A shows that the crystalline ordering in the samples was affected by the irradiation type
in the crystallization step. ZnAl-M sample exhibit signals with lower intensity and width peak, which
corresponds to a lower ordering and crystal size, in contrast with ZnAl-U and ZnAl-UM samples, which
present similar intensity and width signals (Paredes-Carrera et al., 2015), indicating that ultrasound
irradiation favors the growth and crystals order due to the cavitation effect, which forms points of high
pressure, and temperature, favoring the nucleation, orientation, and growth of the crystals in a greater
proportion than microwave oven (Garzon-Pérez et al., 2020). In the case of simultaneous irradiation,
ultrasonic irradiation was the predominant treatment, probably due to the application of a large amount
of vibratory energy to small volumes, limiting the effect of the microwave (Flores-Cantera et al., 2022;
Mufioz et al., 2017). In Figure 2B, the effect of the type of irradiation used during the crystallization
stage is not appreciable for the mixed oxides.

Table 1 summarizes the structural parameters of the synthesized samples. The crystalline domain
was calculated by the Debye-Scherrer equation, D = 0.94 A/(fcos 6). Where D is the crystalline domain
(nm), A is the X-ray wavelength (0.15406 nm), B is the width of the peak at half the maximum height
(rad), and 0 is the Bragg angle (rad). Considering crystals with cubic symmetry and a spherical shape
factor (Evans & Slade, 2006). For hydrotalcite, the 003 plane was considered, while for mixed oxides,
the 002-plane belonged to ZnO.

Table 1 Structural parameters of samples synthesized

Sample do3) (nm) ¢ (nm) a (nm) D (nm) Sample ¢ (nm) a (nm) D (nm)
ZnAl-M 0.83 2.56 0.304 4.6 | ZnAl-MC 0.52 0.32 17.1
ZnAl-U 0.86 2.61 0.304 4.6 | ZnAl-U-C 0.52 0.32 18.1
ZnAl-UM 0.85 2.58 0.304 4.8 | ZnAl-UM-C 0.52 0.32 175
dog) is the interlamellar space, a and c are structural parameters (¢ = 3do3) and a = 2d.10) for hydrotalcite and, ¢ = 2d o)
and a = 2d110) for mixed oxides).

Source: “By the Authors”

The crystalline domain, D, for the ZnAl-UM, ZnAl-U, and ZnAl-M samples is close to 4.7 nm,
not showing a significant difference for the hydrotalcite, Table 1. Nevertheless, mixed oxides crystalline
domains increased to 17.1, 18.1, and 17.5 nm for the ZnAl-M-C, ZnAl-U-C, and ZnAl-UM-C samples,
respectively. It is common in mixed oxides as the hydrotalcite structure collapses, promoting an increase
in the crystalline domain. Thus, large crystals of ZnO and ZnAl2O4 are obtained (Cavani et al., 1991). In
the mixed oxides, these differences indicate simultaneous irradiation mostly favors the heterogeneous
crystalline domain growth due to the cavitation effect of ultrasound. The temperature increase caused by
microwaves generated a combined or synergistic effect in the crystalline domains (Garzén-Pérez et al.,
2020).
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The ZnAl-M, ZnAl-U, and ZnAl-UM samples had an interlayer distance (doos) of 0.84 nm,
showing that nitrates are the majority compensating anions. Thus, the lattice parameter c is about 2.6 nm,
while the reflection (110) related to the lattice parameter a is 0.304 nm, corresponding to HT material
(Veldzquez-Herrera & Fetter, 2020). In the case of mixed oxides, the distance between planes of
reflection (002) is related to the lattice parameter c. The distance between planes of reflection (110) is
related to the lattice parameter a, being for all samples ¢ = 0.52 nm and a = 0.32 nm, characteristic of
mixed oxides derived from hydrotalcites (Aryanto et al., 2019; Macedo et al., 2017) and similar to zinc
oxide.

Figure 3A shows the FTIR spectrum of the ZnAl-U, ZnAl-M, and ZnAIl-UM samples. The bands
at 3400 cm™and 1637 cm are associated with the stretching and bending mode, respectively, of hydroxyl
groups and interlayer water molecules. The strong signal at 1360 cm™ is attributed to nitrates and
carbonates in the interlaminar space (Wang et al., 2014). The bands that appear at 400-700 cm
correspond to the stretching of Zn-O and Al-O (Sommer et al., 2013). Figure 3B shows that the
characteristic bands of hydrotalcite disappear for calcined materials, and only bands smaller than 1000
cm?, corresponding to the vibrations of metals with oxygen, are shown (Kirankumar & Sumathi, 2017).

Figure 3 FTIR spectra of the synthesized samples. A. Hydrotalcites and B. Mixed oxides
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The differences observed in transmittance are dependent on the variation of the dipole moment
of the molecules, with the coordinate of the vibration mode and the concentration of the molecules in the
sample (Wang et al., 2014). Furthermore, samples do not show differences attributed to the crystallization
method. Therefore, mixed oxides do not show differences concerning the synthesis method but confirm
the correct formation of the hydrotalcite material.

Figure 4 shows the SEM images of the ZnAl-M, ZnAl-U, and ZnAl-UM samples. ZnAl-U
sample, Figure 4B, shows a well-defined compact flake-like arrangement of hydrotalcite materials
(Bergada et al., 2007; Velazquez-Herrera et al., 2018). It can be appreciated lamellar sheets are about 50
nm. For the ZnAlI-M sample, in Figure 4A, an irregular mix of flakes and chunks of particles on a smooth
surface is observable (ZarazUa-Aguilar et al., 2018). Also, a low quantity of flake particles is barely
perceptible. Furthermore, for the ZnAl-UM sample, Figure 4C, a homogeneous combination of flakes
and chunks is obtained due to the variety of irradiations, which favors the heterogeneity of the particles.
Furthermore, can be appreciated the characteristics of ZnAl-M and ZnAl-U samples in different zones.



Figure 4 SEM images of synthesized samples: A. ZnAl-M, B. ZnAl-U, and C. ZnAl-UM.
Magnifications are presented in order from top to bottom at 10000 and 25000 X

Source: “By the Authors”

The ultrasound irradiation promotes platelet and compact particle arrangements due to the
cavitation phenomenon (Morales-Zarate et al., 2018). On the other hand, the microwave method
generates uniform surfaces with flakes that are attributed to the diffusion of ions and their rapid
integration into the hydrotalcite sheets (Garzon-Peérez et al., 2020). Therefore, simultaneous irradiation
(microwave/ultrasound) generates a regular distribution of particles from both irradiations (Garzon-Pérez
et al., 2020). In general, morphological differences were attributed to the crystallization method

Figure 5A shows the nitrogen adsorption-desorption isotherms of ZnAl-M, ZnAl-U, and ZnAl-
UM samples. All samples showed a Type IV isotherm (IUPAC classification) characteristic of
mesoporous materials, with a hysteresis loop of the H1 type (IUPAC classification), which corresponds
to aggregates of compact particles of lamellar materials (Seftel et al., 2008; Valente et al., 2009). The
specific surface area BET of uncalcined samples was 1 m?/g. These results agreed with those reported
for hydrotalcite containing Zn cations and interlayer nitrate anions (Velazquez-Herrera et al., 2018).

Figure 5 Nitrogen adsorption-desorption isotherms of the samples. A. Hydrotalcites and B. Mixed
oxides
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Mixed oxides, Figure 5B, showed a Type IV isotherm with a hysteresis loop of the H1 type
(IUPAC classification) characteristic of mesoporous materials with large and narrow pore size
distributions (Thommes et al., 2015).
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The specific surface area BET increased from 1 to 20 m?/g for the ZnAl-U-C, while for ZnAl-M-
C increased to 50 m?/g. As expected, ZnAl-UM-C surface area increased, achieving a value of 59 m?/g,
due to a combination of crystallization methods, i.e., the well-defined particle arrangement of ZnAl-U-
C is damaged after calcination, collapsing the porous hydrotalcite structure generating a compact
arrangement and decreasing the specific surface area. However, for the ZnAl-MC sample, the surface
particle arrangement is a mix of different irregular particles that, when calcined, preserve a disordered
structure producing a large specific surface area (Rodrigues et al., 2003). Furthermore, tiny particles of
both irradiation methods should be in a close, freely arranged interaction forming a cloud-like network,
Figure 4C, as reported for composite materials where different mixed particles are obtained (Veldzquez-
Herrera et al., 2020). Thus, simultaneous irradiation in the crystallization step improves the specific
surface area due to the agglomerate homogeneous particle distribution. In contrast, pore volume results
similar for all ZnAl-M-C, ZnAl-U-C, and ZnAl-UM-C samples, about 0.18 cm3/g, not showing the
influence of the thermal treatment. However, the average pore size increased for the ZnAl-UM-C sample
to 6.94 nm; this is in accordance with the specific surface area.

3.2 As (111) adsorption

Figure 6 shows As (I11) adsorption capacity for the calcined samples expressed in mg/g vs. contact time.
In the ZnAI-M-C and ZnAl-U-C samples, the adsorption capacity remained constant at 0.44 and 0.42
mg/q, respectively, while the ZnAl-UM-C sample increased adsorption capacity to about 0.52 mg/g.

Figure 6 The adsorption capacity of mixed oxides for As(I11) removal
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The simultaneously irradiated sample (ZnAl-UM-C) showed the highest adsorption capacity for
As (111), which is attributed to the specific surface area, 59 m?/g, and the heterogeneous dispersion of the
particles. In addition, the differences found in the adsorption capacity per unit area, 0.021, 0.009, and
0.009 m?/g for the ZnAl-U-C, ZnAl-M-C, and ZnAl-UM-C samples, respectively, suggest that the ZnAl-
U-C sample presents a higher adsorption capacity per unit area than the other samples. This can be
attributed to the type of physical adsorption that occurs in the pores, i.e., the isotherms obtained are Type
IV, in which the initial monolayer-multilayer adsorption occurs on the mesopore walls and is followed
by pore condensation. On the other hand, the relative equality in adsorption per unit area of the ZnAl-M-
C and ZnAl-UM-C samples agrees with the isotherms obtained, Figure 5, which are similar. Moreover,
it is well known that the hydrotalcite adsorption properties increase considerably if the hydrotalcite is
calcined to form mixed oxides (Blanch-Raga et al., 2014).

Therefore, the adsorption capacity can be explained by several factors; the first one is related to
the nature of Zn, which, it has been demonstrated that in its oxide form, has a great affinity to adsorb
heavy metals (Gu et al., 2020). Secondly, the pore size, which is related to the synthesis method, is
observed to increase with simultaneous irradiation, as shown in the SEM images (Figure 4) and verified
by nitrogen adsorption-desorption (Figure 5).
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Then, simultaneous irradiation generates materials with better textural properties than materials
using single irradiation. Consequently, the adsorption of As(lll) from aqueous solutions was promoted.
Thirdly, the specific surface area allows As(111) ions to distribute on the surface of the mixed oxides.
Fourth, it has been reported that particle size influences the adsorption process (Yang et al., 2006). In
this case, the calcined samples have a particle size close to 17.5 nm, larger than the uncalcined
hydrotalcite, about 4.7 nm. However, the particle arrangement to form the agglomerates was different
for each sample, i.e., sample ZnAl-UM-C (Figure 4) showed a combination of two-particle phases
generated by both irradiations, Figure 7C, which increases the probability of access of As(l11) molecules
to the pores of the material.

Ultrasound irradiation generated a uniform distribution of particles, generating a compact
agglomerate, Figure 7B, which probably hinders adsorption, whereas microwave irradiation generates
not highly ordered agglomerates, Figure 7A. In addition, another aspect being considered is the synthesis
process of the hydrotalcite precursors of the mixed oxides. This aspect can be explained in terms of the
nature of both irradiations: microwave electromagnetic radiation travels with the speed of light, providing
an amount of energy lower than that needed to break a chemical bond (Kumar et al., 2020), which distorts
the structure of the material, while ultrasound waves have a high frequency, 40 kHz, which, compared
to microwaves is low, so this radiation is confined to the surface of the particles, hindering the cavitation
phenomenon (Rezk et al., 2021) and favoring the size of the pores, generating two phases of particles.
Thus, the adsorption process contributes to the synthesis method. A simultaneous irradiation method
promotes a synergistic state between microwaves and ultrasound in terms of morphology and texture.

Figure 7 Irradiation effect in the particle distribution of the hydrotalcite agglomerate
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Source: “By the Authors”

To get an idea of the actual adsorption capacity of materials, before calcination and considering
the EDS technique, the synthesized ZnAl-hydrotalcites can exchange anions in the interlaminar space up
to about 0.41 gaso2/g wt in the lamellar space, which is higher than what has been reported by other
authors (Ramos-Ramirez et al., 2014; Yadav et al., 2017).

4 Conclusion

To sum up, the As(l11) removal process resulted from a contribution of particle size, surface adsorption,
and the crystallization method (microwave, ultrasound, and simultaneous irradiation). In comparison,
microwave irradiation promotes a compact uniform arrangement of particles that increase the specific
surface area BET through the improvement of cation diffusion within hydrotalcite lamellae. At the same
time, ultrasound generates a distortion in the hydrotalcite lamellae promoting an irregular arrangement
of particles that decreases the specific surface area BET, which originated by the cavitation phenom.
Therefore, the simultaneous irradiation, microwave/ultrasound, enhances the effect of both irradiations,
generating two phases of particles within the agglomerate, which increases the specific surface area BET.
This improvement allows obtaining superior materials for the As(lll) adsorption process, with which
adsorptions of up to 0.52 mg/g in 30 min.
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Furthermore, this work provides a simple way to obtain superior materials in a short synthesis
time with many potential applications such as catalysts, adsorbents, and others, inclusive in the
pharmaceutical industry such as controlled drug liberation.
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