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Anionic clay-type materials with layered double hydroxide (LDH) structures in the MgAlFe and 
ZnAlFe ternary systems were successfully synthesized via co-precipitation, utilizing bauxite tailings 
from the Amazon region as the starting material. X-ray diffraction (XRD) confirmed the formation of 
well-defined LDH phases, with basal reflections indicative of the effective incorporation of divalent 
and trivalent cations into the lamellar structure. Scanning electron microscopy (SEM) revealed distinct 
morphological differences: MgAlFe LDHs exhibited rough, disordered surfaces, while ZnAlFe variants 
formed larger, plate-like aggregates. Raman and FTIR (ATR) spectroscopy identified characteristic 
vibrational bands, reflecting the influence of metallic composition on the structural organization of the 
materials. This study demonstrates a sustainable and efficient route for the synthesis of anionic clays 
from industrial waste, emphasizing their potential for technological and environmental applications.
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1. Introduction
Anionic clays are inorganic compounds that belong to 

the layered double hydroxides (LDH) family, being among 
the scarcely clay minerals found on the earth’s surface1. Their 
synthetic analogs are noted for their unique properties (anion 
exchange, thermal stability, acid-base nature, optical and 
conductivity properties), all of which are directly related to their 
chemical composition and lamellar structure2,3. Among the main 
practical applications of LDH-type materials are heterogeneous 
catalysis, supercapacitors, drug delivery hosts, adsorption of 
organic and inorganic pollutants and photocatalysis2,4.

Chemically, anionic clays have general formula given 
as [M1–x

2+Mx
3+(OH)2]

x+[Ax/n]
n-·mH2O, where M2+ and M3+ 

denote di- and trivalent cations in the octahedral layer-type 
brucite, An- are the interlayer anions and x is the molar ratio 
(M3+/M2++M3+)1,3. Although the structure can be formed from 
MOH6 octahedral layers with di- and trivalent cations (binary 
system), the incorporation of a third cation (ternary system) 
or a tetravalent cation can also occur, which may result in 
a significant improvement in the previously mentioned 
technological applications5-7.

In the conventional route, LDH-type materials are obtained 
from commercial reagents of divalent and trivalent metals, 
which are mixed in appropriate proportions in a solution under 

alkaline conditions, at low-temperatures, and for short-time 
hydrothermal conditions, that is, the co-precipitation method. 
However, there is currently an intense effort to synthesize 
these lamellar materials from natural sources and industrial 
waste, especially for economic and environmental reasons. 
For example, weathered tropical soils, dolomite source, bittern 
from seawater resource, eggshell bio-waste, municipal solid 
waste incineration fly ash, aluminum saline slags, electrode 
aluminum-foil industrial wastewater, phosphate tailings and 
red mud have been employed low-cost starting materials for 
the synthesis of anionic clays8-16.

For upwards of two decades, the use of infrared and 
Raman spectroscopy has proven most useful for the 
detailed characterization of natural or synthetic anionic-type 
materials. For example, Kloprogge et al.17 analyzed the IR 
and Raman spectrum of synthetic Mg/Zn/Al-hydrotalcites 
with different ratio atomics. They identified diagnostic 
bands for Zn-OH, Mg-OH, and Al-OH bonds, along with 
specific vibrational modes of anion-H2O in the interlayer 
region, demonstrating these techniques as powerful tools 
for characterizing the chemical environments within these 
material structures. Frost and Erickson also conducted a 
similar characterization study using Raman spectroscopy of 
the desautelsite (Mg6Mn2(CO3)(OH)16·4H2O), indicating the 
technique’s high effectiveness for both mineral characterization 
and identification of individual components (Mg-OH, Mn-
OH and CO3

2- vibrations)18. In addition, Frost, Weier and 
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Kloprogee have been successfully used Raman spectroscopy 
to investigate natural hydrotalcites with sulfate and carbonate 
anions in the interlayer region. They verified a reduction in 
the symmetry of both anionic species and concluded that 
the anions are bonded to the brucite-like hydroxyl surface 
and to the water in the interlayer19. Conversely, Frost et al.20 
synthesized hydrotalcites with phosphate anions into the 
interlayer space. The anionic species PO4

3− and HPO4
2− were 

detected by Raman spectroscopy at different pH ranges, 
indicating that their presence is pH-dependent during the 
synthesis process. These findings subsequently supported the 
application of hydrotalcites in environmental remediation 
processes, particularly for the uptake and immobilization 
of phosphates in contaminated environments.

The main objective of this work was to characterize 
layered-type materials with two different chemical 
compositions (MgAlFe and ZnAlFe) using vibrational 
spectroscopy (FTIR/ATR-Raman), SEM-EDS, and X-ray 
diffractometry (XRD). This multi-technique approach 
enabled a comprehensive understanding of the structural 
and morphological characteristics of MgAlFe and ZnAlFe 
anionic clays, providing insights into their potential for 
advanced material applications.

2. Materials and Methods
a)	 Synthesis of anionic clay-type materials: bauxite 

washing tailing from the Amazon were dried at 
100 °C for 24 hours, pulverized , homogenized, and 
labeled as BAUTAI. Subsequently, a 4 g sample was 
transferred to 100 mL of 30% HCl (v/v) solution 
and heated (80º C/6 h) to obtain a solution rich in 
Al3+ and Fe3+ cations (referred to as SolAlFe). A 
stoichiometric Mg2+/Al3+ ratio of 3:1 was used as the 
basis for synthesizing 2 g of Mg-based LDH, achieved 
by adding 4.14 g of MgCl2·6H2O (Sigma-Aldrich) 
to 28 mL of the SolAlFe solution under constant 
stirring for 10 minutes. Subsequently, a NaOH solution 
(approximately 3.5 mol·L−1) was slowly added to 
the mixture under vigorous stirring at 85 °C for 24 
hours, maintaining a pH of approximately 11.2. The 
final product was filtered, washed with deionized 
water, dried at room temperature, and designated 
as MgAlFe. For the synthesis of 2 g of Zn-based 
LDH, a similar procedure was employed, using a 
stoichiometric Zn2+/Al3+ ratio of 3:1. Approximately 
1.9 g of ZnCl2 was added to 19 mL of the SolAlFe 
solution and stirred vigorously. A NaOH solution 
(3.5 mol·L−1) was then slowly added to the mixture 
until the pH reached 11. The resulting suspension 
was subsequently maintained in an oven at 85 °C 
for 24 hours. The final product was filtered, washed 
with deionized water, dried at room temperature, 
and designated as ZnAlFe.

b)	 Methods of characterization: the chemical composition 
of the bauxite tailings (BAUTAI) was analyzed 
using an X-ray fluorescence spectrometer (Axios 
Minerals, Panalytical). An X-ray diffractometer 
(XRD) (PANALYTICAL®) was used to carry out 
the mineral characterization of the raw material and 
synthetic products under the following test conditions: 

CoKα radiation source (λ = 1.788920 Å), 30 kV 
working voltage, 10 mA tube current, and patterns 
were collected in the range 5–75° 2q with a step 
size of 0.02° and 0.02 s step length. The structural 
parameters of the unit cell were obtained following 
the established methodology for LDH compounds21, 
whereas the average crystallite size was derived from 
XRD peak broadening using the classical Scherrer 
equation. Raman spectroscopy measurements were 
conducted at room temperature using a Fourier 
Transform Raman spectrometer (FT-Raman), model 
Bruker RF100/S FTR, equipped with a D418-T 
detector. An Nd:YAG laser with a wavelength of 
1064 nm and a power of 150 mW was employed. 
The spectra were acquired in the spectral range 
from 40 to 4000 cm-1, with a spectral resolution of 
2 cm-1. Infrared transmittance spectra were obtained 
via attenuated total reflectance Fourier transform 
infrared spectroscopy (ATR-FTIR) using a Bruker 
VERTEX 70 model, in the spectral range from 400 to 
4000 cm-1, with a spectral resolution of 2 cm-1.

3. Results and Discussion
The chemical composition of BAUTAI was as follows: 

31.3 wt% of Al2O3, 23.2 wt% of SiO2, 27.3 wt% of Fe2O3, 
4.28 wt% of TiO2, and 13.92 wt% of L.O.I (Loss on ignition). 
Figure 1a shows X-ray diffraction analysis indicating the 
mineral phases in BAUTAI. The raw material comprised mainly 
gibbsite (PDF 00-012-0460), hematite (PDF 00-013-0534), 
anatase (PDF 01-078-2486), quartz (PDF 01-082-0512) and 
kaolinite (PDF 00-006-0221), as crystalline phases. It is also 
possible for amorphous silica and Fe oxyhydroxides to be 
present22. In the ZnAlFe sample (Figure 1b), crystal planes 
(003), (006), (101), (012), (104), (015), (107), (018), (10 10), 
(01 11), (110) and (113) were observed at positions 13.5º, 
27.2º, 39.52, 40.3º, 43.47, 45.7º, 51.44, 54.72, 62.16, 66.26, 
71.11 and 72.11º, respectively. These crystal planes and their 
respective positions are characteristic of LDH samples, as 
described in PDF 00-048-1021. Similarly, the XRD patterns 
of the MgAlFe sample (Figure 1c) showed typical LDH peaks 
with reflections at 2θ angles of 12.7º, 25.6º, 39.8º, 44.6º, 52.89, 
70.65 and 72.12º (PDF 00-024-1110), corresponding to planes 
(003), (006), (012), (015), (018), (110) and (113), which are 
close to the positions observed for the ZnAlFe sample. The 
low intensity of certain peaks in both samples is attributed 
to the amount of Mg, Zn and Al present in the samples, as 
discussed in Zhang et al.23, where an increase in the amount 
of these elements results in an increase in the intensity of 
the diffraction peaks. Therefore, both the diffractograms 
and the crystal planes confirm the anionic clay structures 
of the samples. Table 1 presents the unit cell parameters 
and crystallite sizes of the LDH samples synthesized from 
ZnFeAl–Cl and MgFeAl–Cl. For the ZnFeAl–Cl structure, 
an interlayer distance of 7.59 Å was observed, along with 
calculated unit cell parameters of a = 3.04 Å and c = 22.78 Å, 
and a crystallite size of 31 nm. These values are in good 
agreement with those previously reported for ZnFeAl–NO3 
LDHs synthesized from both mining residues (7.62 Å) and 
commercial reagents (7.54 Å)24,25, suggesting structural 
consistency across different interlayer anions, synthetic 
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approaches, and precursor sources. For the MgFeAl–Cl 
structure synthesized in this study, an interlayer distance of 
8.09 Å was observed, along with unit cell parameters of a = 
3.08 Å and c = 24.22 Å, and a crystallite size of 46 nm. These 
values are slightly higher than those reported for LDHs with 
the same cationic composition and nitrate as the interlayer 
anion, synthesized either from mining residues (interlayer 
distance = 7.78 Å, c = 23.23 Å, crystallite size = 8 nm) or 
from commercial reagents (interlayer distance = 7.57 Å, c = 
20.81 Å, crystallite size = 21 nm)24,26. This difference in the 
observed values may be primarily attributed to the nature 
of the interlayer anions present in the layered materials.

The morphological and compositional characteristics 
observed in both MgAlFe and ZnAlFe samples (Figure 2) 

are in agreement with previously reported studies. For 
MgAlFe sample (Figure 2a), similar rough surface textures 
and submicron particle sizes (ranging from 0.1 to 0.3 µm) 
have been described for Mg-based layered double hydroxides 
(LDHs), typically attributed to rapid nucleation during synthesis 
processes27. The presence of irregularly shaped, compacted 
particles in the MgAlFe sample is consistent with the findings 
of Cui et al.28 and Golban et al.29, who reported comparable 
features in LDHs synthesized under alkaline conditions. 
On the other hand, the plate-like morphology observed 
for the ZnAlFe sample (Figure 2b), with particles ranging 
from 3 to 5 µm, aligns with studies such as Hafez et al.30, 
which associate this morphology with the most common 
layered crystalline structure of based LDHs. The elemental 
compositions confirmed by EDS (Mg, Al, Fe for MgAlFe; 
Zn, Al, Fe for ZnAlFe) also match those typically found in 
ternary LDHs reported in the literature31-33. These results 
reinforce the reproducibility of such structures under similar 
synthesis conditions and support their potential application 
in areas such as catalysis and adsorption.

Figure 3 shows the infrared spectra (ATR-FTIR) of the 
layered double hydroxides in the ternary system, ZnFeAl-
Cl (Figure 3a) and MgFeAl-Cl (Figure 3b), while Table 2 
lists all the bands observed in this work and in other studies 
that obtained LDHs from bauxite residues (bauxite washing 
residues and/or red mud), along with their respective 
assignments. Initially, both samples exhibited a broad and 
low-intensity band in the range of 3000 to 3600 cm−1, which 
is characteristic of O–H stretching vibrations associated with 
the brucite-like layers of the lamellar materials. Around 
1620 cm−1, a narrow band was observed, also attributed to 
O–H vibrations, but associated with the bending modes of 
water molecules16,37-40. Besides the asymmetric stretching 
vibration near 1490 cm−1 assigned to M2+M3+–Cl/CO3 
interactions, bands around 1405 cm−1 correspond to high-
valence cation–OH (e.g., Ti4+–O–H) stretching in octahedral 
layers, likely linked to anatase Ti4+ in the bauxite residues36. 
In the range between 1370 and 1220 cm−1, bands related 
to C–O stretching vibrations of carbonate group species 
(monodentate, bidentate, and bicarbonate) were also 
identified. The bands near 1365 cm−1 in both samples were 
well correlated with the symmetric stretching of monodentate 
carbonate groups M–O–CO2 (M = metal), whereas the band 
at 1320 cm−1 refers to symmetric C–O stretching vibrations 
of bidentate carbonate groups O–M–O–CO2. As for the band 

Figure 1. XRD patterns of BAUTAI (a), ZnAlFe (b) and MgAlFe 
(c) samples. (Kln: kaolinite, Gib: gibbsite; Qtz: quartz; Ana: anatase; 
Hem: hematite)

Table 1. Interlayer distance (d003), crystal lattice parameters (a and c) and crystallite sizes of the lamellar materials investigated.

LDH structure Starting material
Basal spacing (Å) Lattice parameters (Å) Crystallite size 

(nm)d003 d006 a c

ZnFeAl-Cl* bauxite tailings 7.59 3.80 3.04 22.78 31

MgFeAl-Cl* bauxite tailings 8.09 4.03 3.08 24.22 46

MgFeAl-NO3 
24 saline slag wastes 7.78 3.85 3.08 23.23 ~ 8

ZnFeAl-NO3 
24 saline slag wastes 7.62 3.82 3.09 22.90 ~30

ZnFeAl-NO3 
25 commercial reactants 7.54 n.d 3.09 22.63 n.d

MgFeAl-NO3 
26 commercial reactants 7.57 n.d 3.03 22.81 21

*Observed in this study. n.d = not determined
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Figure 2. SEM-EDS analyses of MgAlFe (a) and ZnAlFe (b) samples.

Table 2. FTIR band positions of anionic clays synthesized from Bauxite Residues.

Washing bauxite tailings Red mud
Assignments suggested

ZnFeAl-Cl* MgFeAl-Cl* MgFeAl-NO3 
34 MgFeAl-Cl 16 MgAl-CO3

 35 CaFeAl-Cl 36

3420 3440 3480 3440 3440 3468 O-H groups stretching 
(brucite-like layers)

1610 1620 1638 1635 1631 1665 O-H bending vibration 
(water molecules)

1495 1498 - - 1491 1481
(M2++M3+)-(Cl/CO3) 
(asymmetric tensile 

vibration)

1405 1400 - - 1403 1411 Ti-O-H stretching (brucite-
like layers)

1360 1368 1384 - 1361 -
C-O symmetric stretching 
of monodentate carbonate 

groups

1312 1318 - 1300 - -
C-O symmetric stretching 

of bidentate carbonate 
groups

1228 1228 - - -
C-OH bending mode 

vibrations of bicarbonate 
groups

- 984 - - - 994
Si-O-Si asymmetric 

stretching (SiO3
2- anions 

interlayer space)

870 868 839 - - (M2++M3+)-OH stretching

775 776 - 785 - 785 (M2++M3+)-OH stretching

- 730 - - - (M2++M3+)-OH stretching

610 608 - 653 - M-O-M stretching

- - 590 - - 582 (M2++M3+)-OH stretching

466 - 400 - - 424 M-O bending vibration

*Observed in this study. M = Metal
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at 1228 cm−1, it was possible to infer that it corresponded 
to bending mode vibrations of C–OH bonds in bicarbonate 
groups M–O–CO–OH 40. Anionic clays, such as layered 
double hydroxides (LDHs), can adsorb atmospheric CO2 
through molecular interactions at their surface. Following 
adsorption, CO2 molecules react with basic sites on the LDH 
- typically hydroxyl groups - forming carbonate ions (CO3

2−). 
These carbonate ions are subsequently intercalated into the 
interlayer galleries of the LDH structure, thereby stabilizing 
and effectively sequestering the CO2 within the material. 
The extent of CO2 uptake depends on factors like the type 
of metal ions in the LDH structure, the presence of other 
intercalated anions, and the specific synthesis conditions41-43. 
It is noteworthy that the band around 984 cm−1, observed 
in the spectrum of the MgFeAl HDL (Figure 3b), may be 
attributed to Si–O–Si vibrations of SiO3

2− anionic species 

located in the interlayer region of the anionic clay36. The 
presence of silicon ions is likely derived from the starting 
material, similarly to the titanium ions. In the region between 
800-400 cm-1, M-O, M-OH and M-O-M type stretching were 
observed, as evidenced by the band around 870, 775, 610, 
and 466 cm-1, present in both spectra37-43.

Figure 4 presents the Raman spectra of the Zn–Fe–Al 
and Mg–Fe–Al LDH samples, while Table 3 summarizes the 
Raman bands identified in this study alongside those reported 
in previous works involving LDHs synthesized from bauxite 
residues (including bauxite washing residues and red mud). In 
the Raman spectrum of the MgFeAl sample (Figure 4b), two 
distinct bands were observed at higher wavenumbers, specifically 
at 3390 and 3231 cm−1. These bands were attributed to O–H 
stretching vibrations. The band at 3390 cm−1 was associated 
with O-H stretching region of the M3OH units (M = Al, Fe 

Figure 3. Infrared spectra (a) LDH ZnAlFe and (b) LDH MgAlFe samples.

Table 3. Raman Band Positions and Vibrational Assignments of Anionic Clays Synthesized from Bauxite Residue.

Washing bauxite tailings Red mud
Assignments suggested

ZnFeAl-Cl* MgFeAl-Cl* MgFeAl-NO3 
34 MgFeAl-Cl 44 MgAl-CO3 

45

- 3390 - 3411 3387 O-H stretching vibrations

- 3231 - 3296 - O-H stretching vibrations

1272 - - - - Fe-O stretching

1109 1122 - - - Al-O-H stretching

- 1044 - 1033 1062 C-O stretching (CO3
2- groups)

- 713 711 706 712 Mg-O vibration

672 - - 679 - in-plane C–O stretching (CO3
2- groups)

603 - - - 623 M2+-O-H stretching

574 - - 560 552 Zn-O-H stretching

- 536 - 542 - Al-O vibration

516 Fe-O vibration

430 462 466 499 464 M2+-O-H stretching

369 - - 398 - Al-O-H stretching

323 310 - 334 303 Fe-O stretching

*Observed in this study. M = Metal

Figure 4. Raman spectra (a) LDH Zn-Fe-Al and (b) LDH Mg-Fe-Al.
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or Mg) within the brucite-like layers. In contrast, the band at 
3231 cm−1 corresponds to the stretching vibrations of water 
molecules coordinated to the cations located in the octahedral 
sheets. These findings suggest the presence of structurally 
bound water in different chemical environments, indicating 
successful incorporation of hydroxyl groups and coordinated 
water into the layered double hydroxide structure. For the 
band located at 1044 cm−1 in the MgFeAl sample (Figure 4b), 
a correlation was observed with C–O stretching vibrations of 
carbonate groups associated with Mg3OH units45. In contrast, 
the band at 672 cm−1 in the ZnFeAl sample (Figure 4a) was 
also associated with carbonate group vibrations but specifically 
corresponds to in-plane C–O stretching40. In the spectrum of 
the LDH Zn-Fe-Al sample (Figure 4a), low-intensity peaks 
were observed at 368 and 1109 cm-1 whose vibrations were 
well associated with Al-O-H stretching46. In the range between 
400 and 600 cm-1, several overlapping bands were observed, 
forming a broad band of high intensity, with peaks observed 
at 430 and 603 cm-1 which are vibrations associated with M2+-
O-H vibrations47. The band at 574 cm−1 was well associated 
with Zn–O–H stretching vibrations, indicating the presence 
of hydroxyl groups coordinated to zinc within the brucite-
like layers. Moreover, low intensity bands were observed at 
516 and 1272 cm-1 corresponding to iron Fe-O vibrations48. 
In the region below 200 cm-1, lattice modes in which the 
interactions occurring in the crystals were also observed. Three 
overlapping modes were identified in this region and associated 
with interactions in the crystal. Additionally, at 536 cm−1, a 
well-defined low-intensity band was observed and attributed to 
Al–O vibrations, further confirming the presence of aluminum 
in the octahedral layers49,50. The bands at 310 and 323 cm-1 
have low intensity and were related to Fe-O stretching51-53. At 
713 cm-1, a band with very low intensity and barely visible, 
related to the vibration of Mg-O was identified49,50. Some bands 
observed in Figures 4a and 4b were not identified as vibrations 
of Mg, Zn, Fe or Al, but were vibrations attributed to LDH54,55.

4. Conclusions
In this work, the morphology and vibrational properties 

of ZnAlFe and MgAlFe lamellar double hydroxides (LDHs) 
were synthesized and investigated. X-ray diffraction (XRD) 
results confirmed the formation of the characteristic crystalline 
structure of LDHs and showed that bauxite tailings are viable 
as precursors in the synthesis of these materials. The differences 
observed in the intensities of the diffraction peaks indicated 
that the divalent cations (Zn2+ and Mg2+) influenced the crystal 
structure. Analysis of the chemical composition revealed the 
presence of metallic oxides, such as Al2O3, SiO2 and Fe2O3, 
from the tailings used. Morphological analysis by scanning 
electron microscopy (SEM) showed that, despite their similar 
composition, LDH MgAlFe had a rougher surface, while ZnAlFe 
formed plate-like agglomerates, indicating that the nature of 
the divalent cation significantly affected the microstructure 
of the materials. The spectroscopic analyses (Raman and FT-
IR) confirmed the typical interactions of LDHs, as well as the 
presence of the constituent ions in the synthesized structures. 
These results show that the substitution of divalent cations 
allowed the structural and morphological modulation of LDHs, 
making it possible to modify their physicochemical properties 
in environmental, catalytic and adsorption applications.
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