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Abstract: The paper presents a new method of layered double hydroxide (LDH) synthesis starting
from secondary sources, namely acidic residual solutions. The iron content of the acidic solution
resulting from the pickling step of the hot-dip galvanizing process make it suitable to be used as
an iron precursor in LDH synthesis. Here, Mg4Fe-LDH synthesized through the newly proposed
method presented structural and morphological characteristics similar to the properties of layered
double hydroxides synthesized from analytical-grade reagents. Moreover, the as-synthesized LDH
and its calcined product presented efficient adsorption properties in the removal process of Mo(VI)
from aqueous solutions. The adsorption studies are discussed from the equilibrium, kinetic, and
thermodynamic points of view. The proposed novel technologies present both economic and
environmental protection benefits.
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1. Introduction

Concerns over water resource pollution are continuously increasing, which has intensified research
efforts regarding water decontamination. Because issues arise when the contaminants are in trace
amounts but still at a concentration which exceeds the maximum admitted values, one of the most
studied water treatment methods is adsorption. The adsorption process has gained researchers’ interest
due to its simple operating conditions and the versatile types of adsorbent materials which exist on
the market [1-3]. Among the multitude of adsorbent materials, a considerable amount of attention
has been paid to layered double hydroxide (LDH) compounds. The general formula of an LDH is
M, _ ML (OH), ¥+ [A™ yn - mH,O, where MU is a divalent cation, M is a trivalent cation,
and A" is an anion. Their lamellar structure is based on brucite-like sheets, where some divalent
cations are replaced with trivalent cations, resulting in some positively charged layers that contain
between them various anions such as CO32~, C1~, NO3™~, or even organic anions [4,5]. This structure
increases their adsorptive properties, especially if the contaminant is in the form of oxyanions [6-8].
Due to the positive charge of the brucite-like lamellar layers, one of the main properties of synthetized
LDHs is anionic exchange. If the LDH is thermal treated at temperatures up to 600 °C, when the
obtained mixed metal oxides are immersed in aqueous solution, they are able to rehydrate and restore
the lamellar structure of the LDH while retaining the anions present in solution in order to provide a
neutral LDH molecule. This property is referred to as the “memory effect” and it is most often utilized
to treat water containing undesirable anions or to introduce various anions into the LDH structure.
From the multitude of Me?*/Me3* LDH types, much focus has been directed toward the Mg?*/Fe3*
pair. A literature search revealed that Mg/Fe-LDH has been used for phosphate removal from aqueous
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solutions [9-11]; as adsorbent materials of various heavy metals, such as Cr, As, Pb, Zn, Cu, Se, Sb, and
so forth [12-16]; for treatment of aqueous solutions contaminated with different reactive dyes [17-19];
or as a catalyst [20-22].

Presently, there is a focus on obtaining cheaper adsorbent materials that still retain properties
similar to those obtained from pure chemicals. Therefore, the tendency is to replace some raw materials
with secondary sources of various metals. This helps reduce production costs as well as protect the
environment by recycling and recovering various waste products. To this end, some researchers have
studied the possibility of obtaining LDHs by using, as a precursor of various metal ions, different
industrial wastes, such as fly ash, zinc ash, furnace slag, aluminum slag, and so forth. [23-27]. In most
cases, the wastes were used as precursors for magnesium, zinc, or aluminum ions. However, even
though the obtained LDHs presented very good properties similar to LDHs obtained from reagents
and the process helped the environment by recycling wastes, there were no significant reductions in
the production cost. In all of these cases, the precursor was a solid waste, which first needed to be
brought into solution. This required the use of some acid solutions and added an extra step in the
LDH production process.

Therefore, in the present study, we present a new Mg/Fe-LDH obtained from secondary sources
using, for the first time, an acidic residual solution resulting from the pickling step in the hot-dip
galvanizing process as an iron precursor. In a previous study, we demonstrated that an Mg/Fe-LDH
obtained using a secondary source as an iron precursor (iron sludge resulting from the hot-dip
galvanizing process) presented properties similar to those obtained from reagents [28]. The novelty
of this method is that, by directly using an acidic waste solution as an iron precursor, two steps are
avoided in the process of obtaining LDHs. First, the acidic solution from the hot-dip galvanizing
process is not neutralized in order to obtain the sludge, and second, the hydrometallurgical leaching of
sludge is avoided when obtaining the iron precursor. In order to determine the efficiency of using the
acidic residual solution as an iron precursor in the process of obtaining Mg/Fe-LDH, the LDH was
analyzed and used as an adsorbent material in the removal process of Mo(VI) as molybdate (MO4%)
from aqueous solutions.

Due to the extensive use of Mo(VI) in many practices, molybdate anions (MO,4?"), the most common
oxyanions of Mo(VI), can be found in various waste waters, such as mining waters, scrubber effluent
of municipal solid waste incinerators, waste waters from the production of stainless-steel or cast iron
alloys, and waste water from the production of various pigments and catalysts for high-temperature
chemical processes [29-31]. If molybdenum is present in drinking water at a level higher than 0.07
mg/L, which is the maximum value admitted by the World Health Organization (WHO) [32], it could
be toxic to animals and humans [33]. Therefore, finding an efficient method to remove oxyanions
from aqueous solutions is still a challenge, taking into account the fact that the traditional method
of waste water treatment, precipitation, can remove only cations and not oxyanions [30]. There are
few papers which report the removal of Mo(VI) from aqueous solutions involving an ionic exchange
mechanism using various LDHs synthesized from pure reagents [7,8,34]. The purpose of this study
was to compare the adsorption performance of the new, synthesized LDH from a secondary iron source
with those reported in the literature.

2. Experimental

2.1. MgfFe-LDH Synthesis and Characterization

The acidic residual solution was received from a local hot-dip galvanizing plant and was subjected
to chemical analysis in order to determine the metal ion concentrations. The concentration of Fe?" was
determined through titration with KMnOy. The concentrations of total iron and other ions present
in solution were determined by atomic absorption spectrometry using a Varian SpectrAA 280 FS
spectrophotometer (Agilent, Santa Clara, CA, USA).
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Mg/Fe-LDH was synthesized using the coprecipitation method at low oversaturation [4]: 200 mL
of 1 M solution containing iron residual solution and magnesium nitrate, at a Mg:Fe molar ratio of 4:1,
was added dropwise under continuous stirring to 100 mL of 1 M NayCOs5 solution. The pH of the
suspension was maintained in the range of 10-11 using a 2 M NaOH solution. The suspension was
aged at 70 °C for 20 h, then filtered and washed with distilled water several times until reaching a pH
of 7. The obtained slurry was dried overnight, then milled and sieved in order to obtain particles with
dimensions less than 90 pm, which were used in this study. A portion of the obtained Mg,Fe-LDH
was calcined at 450 °C at a heating rate of 10 °C/min. It was maintained at this temperature for 3 h
using a Nabertherm oven. The obtained material was named Mg4Fe-450.

The as-synthesized sample and the calcined one were characterized by powder X-ray diffraction
(XRD), scanning electron microscopy (SEM), X-ray dispersion analysis (EDX), and specific surface area
and pore volume. The RX diffractograms were recorded using a Rigaku Ultima IV X-ray diffractometer
(Rigaku Analytical Devices Inc., Wilmington, MA, USA). SEM images were recorded using a Quanta
FEG 250 microscope (FEI Company, Hillsboro, OR, USA) equipped with a ZAF-type EDX quantifier
(FEI Company). A Micromeritics ASAP 2020 instrument (Micromeritics, Norcross, GA, USA) was used
to determine the specific surface area and pore volume of the studied samples.

In order to determine the adsorption performance of the obtained materials, both samples—the
as-synthesized LDH (MgFe) and the calcined one (Mg,Fe-450)—were used in experiments to remove
Mo(VI) from aqueous solutions.

The resulting adsorbent after Mo(VI) adsorption was analyzed using an FEI Tecnai F20 G2 TWIN
TEM (FEI Company) at an accelerating voltage of 200 kV in bright field mode in order to determine
the morphology.

2.2. Adsorption Studies

Both materials, the as-synthesized and the calcined samples, were used in the removal process of
Mo(VI) anions from aqueous solutions. The adsorption process was conducted in batch mode using
a Julabo SW23 shaker for sample shaking at a constant rotation speed (200 rpm). The adsorption
performance of the obtained materials developed in the removal process of Mo(VI) anions from
aqueous solutions was studied taking into account the influence of the Mo(VI) initial concentrations
(15-200 mgy/L), stirring time (5-240 min), and temperature (20, 35, and 50 °C). For all the adsorption
studies, the solid:liquid ratio between the adsorbent and Mo(VI)-containing aqueous solutions was
0.025 g in 25 mL (i.e., solid:liquid ratio (S:L) = 1 g/L). The initial pH of the solution was adjusted to
pH =6.0 + 0.5. According to the literature review and our previous studies [2,35], Mo(VI) adsorption
onto LDHs is maximal at this pH due to the fact that, at this value, Mo(VI) is found in the solution
under MoO,%".

After each adsorption experiment, the samples were filtered in order to separate the phases and
to analyze the residual concentration of Mo(VI). The Mo(VI) concentration before and after adsorption
was determined through atomic absorption spectrometry using a Varian SpectrAA 280 FS spectrometer.

The mass balance presented in Equation (1) was used for the calculation of Mo(VI) uptakeon 1 g

of adsorbent: Co )V
( 0 me) (1)
where g is the adsorbed quantity of Mo(VI), expressed in milligrams per 1 g of studied adsorbent; C,
and C, represent the Mo(VI) concentration of the aqueous solutions before adsorption and after the
established equilibrium (mg/L); V is the volume of the Mo(VI)-containing aqueous solution (L); and m

is the mass of the Mg4Fe-LDH (g) used in the experiments.

e =
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3. Results and Discussions

3.1. Material Characterizations

It is estimated that, in the European Union, almost 300,000 m?3 of acidic residual solution is
produced annually in the hot-dip galvanizing industry. [36] Due to its corrosive nature and high
concentration of metal ions, this solution is considered a toxic waste and requires treatment before
dumping. The treatment processes for spent pickling solutions can be classified as neutralization
treatments, treatments for acid recovery, and treatments for metal recovery. Neutralization treatments
consist of adding NaOH or Ca(OH); when the metal ions are precipitated, and the resulting sludge
is dried and considered a solid waste. Treatment processes for acid recovery include evaporation,
membrane processes (membrane dialysis, membrane electrolysis, and membrane distillation), and
processes with fluidized beds (Ruthner or spray-roasting processes). Metal ion recovery can employ
ion exchange, crystallization, or solvent extraction. The physicochemical characterization of the acidic
residual solution resulting from the pickling step of the hot-dip galvanizing process is presented in
Table 1. It can be observed that the residual solution contains a high concentration of iron (65 g/L),
which makes it suitable to be used as an iron precursor in LDH synthesis. The concentration of iron
ions in the residual solutions can be considered constant because these acidic solutions resulting from
the pickling step in the hot-dip galvanizing industry are continuously analyzed, and when they achieve
the maximum value of iron ions and the minimum value of acidity, they are removed from the process
and can be used as a secondary source of iron ions for LDH manufacturing applications. Besides iron
ions, the residual solution also contains other metal ions, but in a smaller concentration; their presence
does not inhibit the synthesis of LDHs.

Table 1. Physicochemical characterization of the acidic residual solution.

No. Parameter Value
1. pH 2.15
2. Fe 65.0 g/L
3. Cu 57.4 mg/L
4. Cd 0.453 mg/L
5. Pb 15.2 mg/L
6. Zn 565 mg/L
7. Cl- 81.7 g/L
8. TOC 68 mg/L

The XRD patterns of the obtained adsorbent are presented in Figure 1. It can be observed that the
Mg, Fe obtained from a secondary source of iron showed a unique main phase which corresponded to
pyroaurite. The cell parameters a and ¢ were calculated using Bragg’s law, assuming a rhombohedral
symmetry of crystallization. The cell parameter a represents the cation—cation distance within the
brucite-like layer (a = 2 - d(1109) = 3.11 A) and c represents the adjacent distance of the hydroxide
layer (c =3 d(go3) = 23.9 A), where d = M2 sin 0 and A = 1.54056 A. The obtained results are in good
agreement with other results reported by several authors [19,28,37]. The impurities present in the
acidic residual solution were under 5% and they did not lead to the formation of secondary phases
in the Mg4Fe-LDH structure. In the case of the sample calcined at 450 °C, the LDH structure was
modified, and the RX diffractogram was specific to a poor crystalline phase corresponding to MgO
(periclase), with Fe3* probably dispersed in the structure. Due to smaller Fe>* than Mg?* concentration
utilized in the starting solution and the low temperature of the thermal treatment (450 °C) of Mg,Fe,
it was difficult to achieve the formation of iron oxide species such as magnesioferrite (MgFe,Oy) or
maghemite (Fe;O3). At this calcination temperature, the iron oxides were amorphous and the crystals
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were in the course of forming; therefore, they could not be identified by the RX analysis. These findings
are also in agreement with other results reported in the literature [37,38]. For this reason, it is expected
that this sample has the highest adsorption capacity in the removal process of Mo(VI) anions from

aqueous solutions [19,28].
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Figure 1. XRD pattern of the synthesized materials.
The morphology of the synthesized samples can be observed from the SEM images presented in

Figure 2. The Mg,Fe-LDH presented an aerated structure of fluffy particles. Through calcination, the
sample became more amorphous, and the surface had aspects of cotton flowers.
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Figure 2. SEM images and X-ray dispersion analysis (EDX) spectra of the synthesized samples:
(a) Mg4Fe and (b) Mg, Fe—450.
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The EDX spectra presented in Figure 2 show the peaks of the characteristic elements of the studied
materials. No characteristic peaks appeared for the impurities present in the precursor solution. This
indicates that there was a negligible quantity of impurities.

The molar ratio between Mg and Fe ions from the studied samples together with their BET specific
surface area and pore volume are presented in Table 2.

Table 2. Physical and chemical properties of the studied samples.

Parameters MgFe Mg,Fe—-450
Theoretical 4 4
Molar ratio Experimental 3.98 4.08
SgeT (m?%/g) 101 0.536
Vp (cm3/g) 192 0.802
Cd, % 0.16 0.08
Pb, % 0.12 0.22
Zn, % 1.19 1.59

The impurities present in the spent pickling solution were analyzed in the washing solutions of
the LDH in the as-synthesized solid samples and the calcined one and in the solutions after Mo(VI)
adsorptions. It can be observed from the chemical analysis that impurities could be found in the solid
synthesized samples but in a concentration under 2%, this being the reason why these do not appear
in the EDX and RX analyses, as they are under the detection limit of 5%. Impurities could not be
detected in the washing waters of the synthesized MgsFe-LDH and in the residual solutions after
Mo(VI) adsorption. This demonstrates that the impurities were not released during the adsorption
process from the solid support.

3.2. Equilibrium Studies

The equilibrium isotherms representing the dependence of the adsorption capacities developed
by the Mg4Fe and Mg4Fe-450 as a function of the Mo(VI) concentrations at equilibrium are presented
in Figure 3. Increasing the initial concentration of Mo(VI) increased the active sites available for
adsorption and, therefore, increased the adsorption capacities of both the studied materials. Mg,Fe
developed an experimental maximum adsorption capacity in the removal process of Mo(VI) from
aqueous solutions of 39.9 mg/g. Further, due to the memory effect, the calcined samples exhibited
a higher experimental maximum adsorption capacity of almost 50% (qe = 52.8 mg/g). For aqueous
solutions with Mo(VI) initial concentrations of <30 mg/L, the removal degree of Mo using a S:L ratio of
1 g/L was higher than 90%. For aqueous solutions with higher Mo(VI) initial concentrations, in order to
obtain higher removal degrees, it was necessary to increase the S:L ratio. Other studies reported in the
literature also present higher adsorption capacities for calcined samples compared with synthesized
samples [18,28].
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Figure 3. Equilibrium isotherms of Mo(VI) adsorption onto Mg4Fe and Mg,Fe-450. S:.L =1 g/L, t = 60
min, pH =6, T =20 °C.

Every adsorption study aims to determine the maximum adsorption capacity of the studied
adsorbents and the equilibrium coefficient in order to achieve the design. Therefore, several isotherms,
such as Langmuir, Freundlich, Temkin, and Dubinin—-Radushkevich (DR) isotherms in their linear form,
have been employed for this purpose [2,18,39]. The Langmuir isotherm supposes that the adsorption
process takes place in a single layer on a uniform surface containing equivalent sites of the studied
adsorbents. The Freundlich isotherm is used to express the affinity of the studied adsorbent to the
retained pollutant. If the adsorption data fit the Temkin isotherm well, this means that the adsorbent
surface is heterogeneous. In order to design the equilibrium adsorption regarding Mo(VI) removal
using Mg4Fe and Mg,Fe-450, the linear graphs of the mentioned isotherms were plotted (Figure 4) and
the obtained equilibrium isotherm parameters together with the regression coefficients are presented
in Table 3.
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Figure 4. Equilibrium isotherms of Mo(VI) adsorption onto the studied adsorbent: (a) Langmuir,
(b) Freundlich, (c) Temkin, and (d) Dubinin—-Radushkevich.
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Table 3. Equilibrium sorption isotherm parameters for Mo(VI) adsorption onto Mg,Fe and Mg, Fe-450.

Type of Isotherm Parameter Adsorbent
Mg,Fe Mg,Fe-450

K, L/mg 0.137 0.151

Langmuir qm calc, mg/g 42.1 55.2
R2 0.9981 0.9964

Kp, mg/g 9.33 14.7
Freundlich 1/n 0.3086 0.2908
R? 0.9112 0.9330

K, L/g 1.006 1.016

Temkin br, J/mol 875 758
R? 0.9286 0.9074

K,q, mol%/kJ? 2x107° 3x1077

Dubinin-Radushkevich qs, Mg/g 33.2 40.04

R? 0.7725 0.6644

Both studied materials presented affinity for Mo(VI) ion removal (1/n parameters were below unity).

By comparing the equilibrium isotherm parameters presented in Table 3, it can be concluded
that Mo(VI) removal from the aqueous solutions occurred as a monolayer at the uniform surfaces of
the Mg, Fe and Mg, Fe-450 materials because the Langmuir isotherm obtained the highest regression
coefficients (closed to unity). Further, there was no significant difference between the maximum
adsorption capacity calculated from its plot and those determined experimentally.

The lowest regression coefficients were obtained for the DR plots. At the same time, different
values were obtained for the monomolecular adsorption capacities qs for the studied materials and the
values experimentally obtained in the adsorption process of Mo(VI) removal from aqueous solutions.
The results suggest that the DR plot cannot be used to model the adsorption data of MoO42~ onto
Mg, Fe and Mg4Fe-450 [18,39].

3.3. Kinetic Studies

Kinetic studies were used to determine the optimum time necessary to establish the equilibrium
between the Mg,Fe-LDH and the Mo(VI) anions. The experiments regarding the various stirring times
were conducted at three different temperatures (Figure 5). Mo(VI) removal occurred quite quickly in
the first minutes of contact between the adsorbent and adsorbate, especially when the calcined sample
was used. After 60 min of stirring, the adsorption capacity increased slowly, so it can be considered
that equilibrium was achieved in 60 min at all the studied temperatures for both adsorbent materials.
The temperature increase led to a slight increase of the adsorption capacity of MgsFe and MgyFe-450 in
the removal process of Mo(VI).

The well-known models of pseudo-first-order, pseudo-second-order, and intraparticle diffusion
were used to simulate the kinetics of Mo(VI) adsorption onto the studied materials [18,19,40]. The
representations of their linear plots are presented in Figures 6-8, and the kinetic parameters together
with the obtained correlation coefficients are summarized in Table 4. From the linear representation of
the experimental data according to the pseudo-first-order and pseudo-second-order kinetic models
(Figures 6 and 7) and the interpretation of their parameters (Table 4), it can be concluded that Mo(VI)
adsorption onto Mg4Fe and Mg4Fe-450, separately, is best described by the pseudo-second-order
kinetic model. In this case, for all three temperatures, correlation coefficients were obtained that were
close to 1, and the calculated adsorption capacities were similar to those determined experimentally.
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Figure 5. Effect of contact time on the adsorption capacity of (a) MgsFe and (b) Mg4Fe-450 at three
different temperatures in the removal process of Mo0O,2~ from aqueous solutions. SSIL =1g/L, Cy =

50 mg/L Mo(VI), pH = 6.
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Figure 7. Pseudo-second-order kinetic model of MoO42~ adsorption onto (a) MgsFe and (b) Mg4Fe-450.
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Figure 8. Intraparticle diffusion model of MoO42~ adsorption onto (a) Mgy Fe and (b) Mg4Fe-450.

Table 4. Kinetic model parameters for Mo(VI) adsorption onto Mg4Fe and Mg, Fe-450.

Adsorbent
Parameter MgaFe MgaFe-450
Model Temperature Temperature

20°C 35°C 50°C 20°C 35°C 50°C

Ge exp, Mg/g 31 32 325 35 35.5 36
Ky, min~! 0.0176 0.0115 0.0142 0.0120 0.0194 0.0247

Pseudo-first-order ge calc, mg/g 6.095 5.37 5.04 391 3.59 2.72
R2 0.8887 0.9189 0.9478 0.7772 0.6894 0.5104
Ky, min/(mg/g) ~ 0.00934 0.0109 0.0119 0.0137 0.0163 0.0185

Pseudo-second-order ge calc, mg/g 314 318 326 35 357 362
R2 0.9998 0.9999 0.9999 0.9999 0.9999 0.9999
Intraparicle diffusion Kint 1.082 0.909 0.874 1.051 1.038 1.004
R2 0.9905 0.9777 0.9850 0.9356 0.8901 0.8780

The pseudo-second-order kinetic model can be used to simulate the experimental data regarding
MoO,2~ adsorption onto the studied materials; this means that the process is controlled by a chemical

sorption [19,40,41].

Through the simulation of the experimental data according to the intraparticle diffusion model
(Figure 8), it can be observed that the straight line does not pass through origin, indicating that the
rate-limiting step for Mo(VI) adsorption is not the intraparticle diffusion. Also, the straight line presents
a fragmentation after a while, suggesting that the adsorption process is more complex. The fast removal



Crystals 2019, 9, 514 11 of 16

of Mo(V]) in the first minutes of contact between the adsorbent and adsorbate was controlled by the
film diffusion when the studied adsorbent surfaces were covered with MoO,%~ anions. After the
surface coverage, the transportation of Mo(VI) inside the adsorbent particles occurred, as suggested by
the second straight line obtained through the representation of q versus t? (Figure 8) [19].

3.4. Thermodynamic Studies

From the linear plot representation of the Arrhenius equation (In(Kj) versus 1/T, Figure 9), the
activation energy of Mo(VI) adsorption onto the studied materials was determined. The activation
energy value confers information regarding the type of adsorption process (physical, when E <
4.2 kJ/mol, or chemical, when E > 4.2 kJ/mol) [33]. The activation energy determined for MoO42~
sorption onto Mg, Fe and MyFe-450 was determined to be 6.37 and 7.89 kJ/muol, respectively, indicating
chemisorption (Table 5).

-3.9

Ln(k,)

* MgdFe MgdFe-450

-4.8

0.00305  0.0031  0.00315  0.0032  0.00325  0.0033  0.00335 0.0034  0.00345

UT, UK
Figure 9. Arrhenius plot of MoO42~ adsorption onto the studied materials.

Table 5. Thermodynamic parameters for Mo(VI) adsorption onto Mg, Fe and Mg, Fe-450.

Adsorbent
Parameter
Mg Fe Mg4Fe-450
E, kJ/mol 6.37 7.89
AHP, kJ/mol ™1 3.35 2.14
AS°, J/(mol - K) 15.3 14.4
R? 0.9869 0.9997
293 K -1.13 -2.15
AG®, KJ/mol 308 K 136 230
323K ’ '
-1.59 -2.51

The thermodynamic equilibrium constant Ky, defined as the ratio between the Mo(VI)
concentration in the solid phase and the solution at equilibrium, was used to calculate the Gibbs free
energy (AGP) at the studied temperatures and for the van "t Hoff representation in order to determine
the thermodynamic parameters enthalpy (AH®) and entropy (AS°) for MoO,2~ adsorption onto the
studied materials [19,40,41]. The plot of the van "t Hoff representation is shown in Figure 10 and the
thermodynamic parameters are listed in Table 5.
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Figure 10. Van 't Hoff plot of MoO,2~ adsorption onto the studied materials.

The MoO4%~ adsorption onto the Mg,Fe and Mg, Fe-450 materials was an endothermic process,
due to the obtained positive value for AH®, and spontaneous because the Gibbs free energy presented
negative values, which decreased as the temperature increased. Also, the positive values for AH® and
AS° suggest that, during the adsorption process, the solid-liquid interface increases the randomness
and the adsorption takes place due to chemical interactions [41].

3.5. Adsorption Performance

The adsorption performances of the synthesized materials developed in the removal process of
MoO,2~ adsorption from aqueous solutions were compared with the adsorption capacities developed
by similar materials that were reported in the literature. The results are presented in Table 6, and it can
be observed that Mg/Fe-LDH obtained from secondary sources can be efficiently used as an adsorbent
material for treatment of water with dissolved Mo(VI).

Table 6. The comparison between the adsorption capacities of similar adsorbents developed for the
treatment processes of aqueous solutions containing MoO42~ anions.

Adsorbent qm mg/g References
Zn3Al-CO;-LDH 13.7 ]
ZnzAl-CLDH 39.8
ZnAl;-Cl-LDH 114.9 (8]
ZnAl;-CO;-LDH <10
MgFeSO4-type HT-LDH 15.5 [42]
Mg,Fe 42.1

Present paper
Mg4Fe-450 55.2

After adsorption, the solid materials were recovered by filtration and were subjected to XRD
analysis. The XRD patterns of the Mg,Fe and Mg, Fe-450 are presented in Figure 11.

The as-synthesized material, Mg,Fe, did not suffer any change in its crystalline structure after
adsorption, with the unit cell parameters being a = 3.11 A and ¢ = 24.0 A (compared to the unit cell
parameters before adsorption: a = 3.11 A and ¢ = 23.9 A). The 003 reflection was almost the same for
Mg,Fe before adsorption (d(gg3) = 7.967 A) and after adsorption (dgg3) = 8.000 A). This demonstrates
that the adsorption of Mo(VI), as molybdate anions, was performed on the LDH surface and not through
anion exchange, considering that carbonate is the most difficult to replace among the anions present in
the LDH interlayer gallery. On the other hand, as shown in Figure 11, the calcined material, Mg, Fe-450,
regained its layered double hydroxide structure, and all the characteristic peaks of pyroaurite were
present in the diffractogram. The unit cell parameters of Mg,Fe-450 after adsorption (a = 3.12 A and ¢ =
24.7 A) suggest that the rehydration process of the calcined material (the memory effect) was developed
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through adsorption of Mo(VI) as molybdate anions from the solution and incorporated in the interlayer
space of LDH. Furthermore, d(go3) for Mg4Fe-450 after adsorption increased to 8.233 A. This increase
in basal spacing indicates that molybdate anions were intercalated into the interlayer spaces of the
reformed LDH. During Mo(VI) adsorption onto the calcined sample, instead of carbonate ions from
the atmosphere, Mo(VI) anions were intercalated from the solutions due to the fact that the anion
volume of Mo(VI) is higher than that of carbonate (VMoos?™ = 0.088 nm?3; V32~ = 0.061 nm?) [43].
The retention of Mo(VI) through the memory effect between the interlayer gallery and also through
adsorption onto the layer of the Mg, Fe-450 surface explain the higher adsorption capacity developed
by this material compared with its precursor. These results agree with other results reported in the
literature [34,44].

(003)

* - Pyroaurite

(110) (113)

——Mg4Fe after adsorption ——Mg4Fe 450 after adsorption

Intensity, a.u.

10 20 30 40 50 60 70 80
2 Theta, °

Figure 11. XRD patterns of the materials after Mo(VI) adsorption.

The morphology of the samples after Mo(VI) adsorption can be observed from the TEM images
presented in Figure 12. The specific hexagonal morphology with ultrathin layers for the LDH samples
can be observed in the presented TEM images. Due to their small crystallite size and the fact that it is
difficult to isolate a unique crystal, the formation of some aggregates can be observed. The calcined
sample, through the memory effect after Mo(VI) adsorption, returned to the hexagonal shape specific
to LDH due to reformation of the layer structures.

(@) (b)

Figure 12. TEM images of the materials after Mo(VI) adsorption: (a) MgsFe and (b) Mg4Fe-450.



Crystals 2019, 9, 514 14 of 16

4. Conclusions

This paper reports the successful synthesis of a new MgyFe-LDH using, as iron precursor,
a secondary source, namely, the acidic residual solution resulting from the pickling step of the hot-dip
galvanizing process. The obtained LDH presented similar properties to those obtained from pure
reagents. The impurities present in the residual solutions, besides the iron ions, did not interfere with
the structure of the obtained LDH. The obtained Mg;Fe and the calcined product presented efficient
adsorption properties in the removal process of MoO,2~ from aqueous solutions. The proposed method
of obtaining LDH presents multiple benefits: (1) it decreases the cost of obtaining LDH; (2) it decreases
the cost of acidic residual solution neutralization; (3) it reduces waste discharge into the environment,
and (4) it minimizes the use of raw materials.
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