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Abstract: Micromorphology characteristics of layered double hydroxides are important to establish
their performances to act as adsorbents and catalysts/photocatalysts. Herein, we report the fabrication
of ZnFeAl layered double hydroxides (LDHSs) (defined by a molar ratios Zn/Fe/Al 2/0.5/0.5), in a
tailored agueous-organic synthesis medium, by using the coprecipitation method. The nature of the
organic solvent (e.g.: ethanol, ethyl acetate, glycerol and toluene) was used as a controlled variable
for obtaining specific morphology characteristics of ZnFeAl. XRD, FTIR, UV-Vis-DR spectroscopy
and SEM microscopy have been used to characterize the structural, optical and textural features of
ZnFeAl. Results show that the controlled aqueous-organic synthesis medium established important
changes in the structural features and the micromorphology characteristics (e.g.: particle sizes and
their interconnection patterns) of ZnFeAl, as indicated by the results of XRD and SEM analyses. The
FTIR spectra revealed that most of the interlayer anions are carbonate, even though the initial salts
precursors contain nitrates or sulfates anions. Furthermore, the UV-Vis-DR results underline that the
band gaps of the LDH derived oxides changed in a significant manner, as a function of the nature of
the organic solvent. Such that, ZnFeAl prepared in the presence of ethanol and ethyl acetate show
band gap values lower than 3 eV and thus could be better activated under visible light. These results
should be inspiring for fabricating layered double hydroxides with a controlled micromorphology for
specific applications for environmental cleanup.
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1. Introduction

The environment pollution is nowadays a constant concern for scientists, political and
administration leaders and even for common people. In this respect, the water resources are constantly
aggressed by spilling pesticides, pharmaceuticals (drugs, personal care products, disinfectants, food
and medicines preservatives), detergents and other surfactants, halogen-containing compounds and
plasticizers from plastic products, waste from oil processing and many other chemicals in wastewaters
or by the leakage of pollutants from the landfill deposits of solid waste [1,2]. Since the water pollution
cannot be entirely avoided, the preparation of potable water needs special attention, especially when
the available source are big rivers collecting in their flowing course wastewater outpoured upstream. In
this context, there is a high interest to develop performant materials for the adsorption and/or
(photo)catalytic transformation of low concentrations of harmful and stable compounds from
wastewaters [3]. Layered double hydroxides (LDHs) are a class of anionic clays that are emerging as
suitable candidate for cleaning the water due to their performant adsorbent and catalytic or
photocatalytic properties [4-10]. Their cost-effective synthesis methods, using “green” precursors, are
another reason for the interest of the scientific community as well as that of companies specialized in
adsorbents and catalysts manufacturing.
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The performances of a material used as adsorbent or (photo)catalyst are related to the micro-
morphology properies [11]. The performance increases when the surface area and the textural features
afford an accessible adsorption of different species from solutions [12].

This work presents how the micromorphology features of ZnFeAl LDHSs, obtained by the
coprecipitation method, can be controlled by tailoring a specific aqueous-organic synthesis medium.
Thus, we show for the first time the contribution of the organic solvent for establishing a specific
micromorphology features for ZnFeAl LDH, defined by a molar ratio of Zn/Fe/Al= 2/0.5/0.5. Ethanol,
ethyl acetate, glycerol and toluene are used as specific organic solvents and the molar ratio of
water/organic solvents is 3/1. The effect of the organic solvents is further highlighted by the changes
of the XRD patterns, micromorphology characteristics and further in the decrease of the band gap of
the semiconductive oxides. By controlling the characteristics and especially the micromorphology of
the ternary metals LDH open the opportunities to fabricate more performant catalysts that are active in
a wide-range domain. Further, the low toxicity level of these materials is offering an extra-advantage
in the perspective of their use for water decontamination.

2. Materials and methods
2.1. Synthesis

The ZnFeAl LDH with a molar ratio of Zn/Al/Fe of 2/0.5/0.5 is synthesized by the coprecipitation
method. Zn and Al sources are based on nitrates salt precursors while Fe was used as nitrate and
sulfate (all from Sigma-Aldrich) salts. The metal salt precursors were dissolves in distilled water, then
mixed to reach a total concentration of 1M; 0.1 moles of Zn nitrate and 0.025 moles of each salt of Fe
and Al were used. This solution was poured in a beaker, under continuous magnetic stirring at 300
rpm, into a Na.COs solution, then NaOH solution (2M) was added in small drops to keep the pH of the
reaction medium at a constant value of 8.5+0.2 (monitored by a Hanna HI99301 instrument), by
manipulating the ratio between the flows of metallic salts and the NaOH solution. The flowrate of the
mixture of metallic salts was 5 mL.min’. In the meantime, several organic solvents were poured
together with the salts solution, in proper flow rates, to reach a 3/1 molar ratio water/solvent. The
solvents used were ethanol (sample denoted as EtOH), ethyl acetate (sample denoted EtOAc), glycerol
(sample denoted as Gly) and toluene (the sample is denoted as Tol). The Gly and Tol samples were
prepared using Fe sulfate, while for EtOH and EtOAc, nitrate was used. The resulted slurry was aged
about 12 h at room temperature (23°C), then the solid was separated by filtration and washed several
times with warm water. The solids resulted after this procedure were filtered, dried at room
temperature overnight, then under vacuum at 80°C for 4 hours.

2.2. Characterization techniques

The phase identification from the samples was performed by powder X-ray diffraction (XRD) on a
Shimadzu XRD 6100 diffractometer using the CuKa radiation (A = 0.1541 nm), operated over a 20
range 4-70°. The structure constants were calculated by the relations: a = 2 d [110 and ¢ = 3 d [003] (the
indexes indicate the orientation of the two characteristic planes from the XRD diffraction pattern),
adequate for the rhombohedral symmetry. The diffuse reflectance (DR) spectra were recorded on a
Jasco V550 spectrophotometer with integration sphere in the wavelength range 200-900 nm, using
magnesium oxide as dilution solid. The Fourier transform infrared (FTIR) spectra were collected on a
Spectrum 100 spectrophotometer (Perkin Elmer) in the range 450 - 4000 cm™, on KBr pellets. The
SEM images were obtained on a Mira Tescan Type Mira Il LMU device.

3. Results and discussions
3.1. Structural characterization

The XRD patterns of the samples, displayed in Figure 1, confirm that the layered structure of the
solids was achieved during the synthesis for all reaction systems containing organic solvents (ethanol,
ethyl acetate, glycerol and toluene).
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Figure 1. XRD patterns of the ZnAlFe LDHs prepared

in water-organic solvents systems

The planes indexation (Table 1) indicate that the double layered structure is confirmed, since the
main planes characteristic to LDHs were found for all samples, but the structures are largely distorted
in comparison with samples having similar network composition, prepared in aqueous medium only
[13].

Table 1. Structural data delivered by XRD

Sample/ [003] [006] [101] [009] [015] [107] [110] [113] a, nm ¢, nm 1S*,
Planes nm
EtOAC 10.98 22.10 34.06 34.12 38.24 45.06 59.40 62.58 3.109 24.15 3.27
EtOH 11.44 22.98 34.16 34.16 38.48 45.46 59.56 60.80 3.044 23.19 2.95

Gly 11.22 22.72 - 34.52 38.20 43.78 59.62 - 3.099 23.64 3.10

Tol 11.40 22.40 34.28 36.34 42.10 59.56 - 3.102 23.27 2.97

*1S, interlammelar space, 1S = d[003] — 4.78 (brucite layer thickness)

The structural details presented in Figure 1 and Table 1 indicate that the use of organic solvents
generates powder diffraction patterns with rough baseline and low intensity, wide peaks, characteristic
to the presence of large ratios of amorphous solid. The positions of the maxima prove that the LDH
structure was formed in all samples, as shown by the presence of [003], [006] and [110] planes.
However, the peaks corresponding to planes [101] and [113] are missing totally and the intensity of the
peak due to [107] plane is less intense and tailed for Gly and Tol samples. In the meantime, the width
of the [003], [006] and [110] planes is much larger and their height is lower. The effects of glycerol
and toluene on the LDH structure are stronger than these of ethanol and ethyl alcohol. Indeed, the main
peaks of LDH are better defined for samples EtOH and EtOAc, though the baseline is still not
horizontal and straight. In the pattern of EtOH sample, an extra peak situated around 63° could be
assigned to [103] plane of ZnO; this is in line with the evident peaks overlap occurring in the angle
range of 32-37°, where the presence of the [100], [002] and [101] define a triplet of peaks [14]. The
values of the “a” and “c” parameters, calculated for the rhombohedral symmetry, indicate that the
thickness of the brucite-type layer varies very little with the solvent. The ¢ parameter shows similar
values, showing that the samples are quite similar in this respect. This reveals that the structure
distortion of the octahedral packed units associated to the presence of Zn, Fe and Al is quite minor;
these values are very close the ones previously calculated for both Mg-Al and Zn-Fe LDHSs. Indeed,
the a and ¢ values for Mg-Al LDHs were 3.099 and 23.473, while for Zn-Fe LDHs, a and ¢ were found
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to be 3.063 nm and 23.724, respectively [15]. The compactness of the interlayer anionic space is better
highlighted by the value of the interlayer space (IS), calculated by subtracting the thickness of the
brucite-like layer (4.78 nm) [16]. The IS values are slightly higher for EtOAc and Gly, indicating their
better ability to expand the interlayer space.

The FT-IR spectra of the samples are represented in Figure 2. The large band at around 3450 cm
is due to stretching vibration of OH groups from the brucite-like layers and to the interlamellar water
molecules. The very weak band at 1380 cm™ is due to the stretching vibration of the NOs™ groups from
the LDH interlayer space, the intense one at 1353 cm™ is given by the COs? groups, while at 1100 cm-
! the signal is due to the SO4> groups, acting as compensation anions in the interlayer. The high
affinity of the carbonate anion for accommodating in the interlayer space of LDHs as compensating
anion is confirmed by the high ratio between the intensity of the carbonate ions versus the intensity of
sulfate ions. Also, the nitrate ions present in EtOH and EtOAc samples are in very low number
compared with carbonate ions. The treatment in non-aqueous solvents seems to favor the diffusion of
carbon dioxide from air, in the ionized form of carbonate ion, to the interlayer space and progressively
replace almost totally the nitrate ions which were present in the initial precipitation medium from the
precursor salts.

O-H 052504

Transmittance (a.u)

3450 2950 2450 1950 1450 950 450

Wavenumber (cm-)
Figure 2. FT-IR spectra of samples (§ EtOH; | EtOAc; | Gly; fTol)

The association of zinc and iron as oxides in a LDH-type material, two species of semiconductive
oxides, are an extra-premise for obtaining semiconductive materials that could be used as active
photocatalysts activated by solar light. Indeed, the diffusion reflectance spectra traced in the 200-900
nm range, allow determining the band gap energy for these solids, by the extrapolation of the linear
portion of the spectrum up to crossing the abscissa. The mathematical processing of the data as Tauc
plots (Figure 3) improves the accuracy of the determination and delivers directly the band gap (BG)
energies in eV [17]. The estimation of the band gap energy from an optical absorption spectrum from
the Tauc relationship consists in the graphical representation of the function (ahv) o< (hv — BG)", where
h is the Planck’s constant, v is the frequency of light and BG is the band gap energy and n is a value
showing the electronic nature of the band gap; its values are 3, 2, 3/2, and 1/2 corresponding to indirect
forbidden (IF), indirect allowed (1A), direct forbidden (DF), and direct allowed (DA) transitions of the
electrons. In the case of semiconductive materials, the BG value is determined by extrapolating the
linear portion in the representation of (ohv)*™ (n = 1/2) versus hv plots (Tauc plot) up to meet the
abscisa. The Tauc plots for our series of samples is given in Figure 3.
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Figure 3. Tauc plots on the basis of the UV- Vis DR spectra
of the samples (§ EtOH; | EtOAc; | Gly; fTol)

The band gap value (BG), in eV, is connected to the light wavelength (in nm) able to activate the
electron promotion from the valence band to the conduction band by the relation:

L =1240/BG 1)

The BG values highlighted on Fig. 3, of 2.65 eV (EtOH), 2.75 eV (EtOAc), 3.15 eV (Gly) and 3
eV (Tol) correspond to light wavelength of: 468 nm (EtOH), 450 nm (EtOAc), 393 nm (Gly) and 413
nm (Tol), respectively. The values higher than 400 nm correspond to the visible light range. So, the
EtOH, EtOAc and Tol samples can be activated by visible light, meaning that the promotion of an
electron from the valence band to the conduction band can be promoted under solar irradiation. This is
a premise for the decomposition of stable organic pollutants from wastewaters, by using the solar
energy — readily available and green source — for the advanced oxidation (AOPs) water treatment, in
the presence of such solids used as photocatalysts.

Together with the band gap value which can be activate by natural light, another requirement for
the solids used in heterogeneous (photo)catalysis is their morphology and texture. A successful solid
for a catalytic application should be able to receive the activating light on as many as possible exposed
particles, but also be a good adsorbent for the interaction with the target pollutant. The organic
molecule is oxidized during a surface reaction, from adsorbed state. The success key remains however
the generation of numerous HO* radicals, resulting from the interaction between water adsorbed on the
solid and a hole formed on the solid after the electron promotion from the valence to the conduction
band. Therefore, the solids with a scattered appearance of the particles are more suited for these kinds
of processes.

The investigation of the solid morphology was performed by SEM microscopy. Some
representative images are shown in Figure 4.
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Tol

Figure 4. SEM images of the samples

The images highlight the very important influence of the solvent used to achieve the organizing of
the final product. The characteristic morphology of LDHSs, well-known in the literature, consists of
associations of thin disks with more or less ordered perimeter after all directions, giving association
with tagetes flower-like morphology [18]. In the case of the samples from this study, obtaining the
samples in non-agueous solvents generates this feature only in part for the EtOH sample. The
measured thickness of the sheets was 2.9 nm, while the planar sheet size varies widely between tens to
hundreds of nm.

The appearance of the Gly sample is somehow similar, the sheets united to each other are present
in high number, but there is a strong trend to form rather chains of disks covered with many pseudo-
spherical grains of 25-35 nm in diameter.

The treatment on ethyl acetate (EtOAc sample) results in the formation of a mixture of particles
very irregularly shaped and having different sizes, from 10 up to 100 nm.

The Tol sample is made of particles with irregular shapes and quite different sizes. The particles
are less agglomerated however than in the case of EtOAc sample.

It is worthy to mention that the use of hydrophilic/water soluble solvents (ethanol and glycerol)
generated particles having in a certain extent the same morphology as the product synthesized in water
medium, while the use of hydrophobic solvents drastically changed the usual morphology.
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4. Conclusions

The synthesis of ZnFeAl LDH, with Zn/Fe/Al molar ratios of 2/0.5/0.5 was synthesized by the
coprecipitation method, at a constant pH value of 8.5. The use of several organic solvents (ethanol
ethyl acetate, glycerol and toluene) during the coprecipitation procedure produced important changes
of their structural and micromorphological properties.

The XRD patterns confirm the formation of the layered structure for all the samples. The samples
prepared with toluene and glycerol were less crystalline than those prepared with ethanol and ethyl
acetate while the interlayer space is expanded in the case of the samples prepared with glycerol and
ethyl acetate. The particles sizes and their interconnection pattern are also a function of the nature of
the solvent.

The FT-IR spectra highlighted the main species from the interlayer. The nitrate anions from the
interlayer of the samples prepared from nitrates have been almost totally replaced by carbonate, while
in the case of the sample prepared using sulfate, in the interlayer some sulfate ions are still present.
The band gaps values are in the range of 2.65 - 3 eV and point out that these solids could be used as
photocatalysts, since the activation energy values allows using the natural solar light for the promotion
of the electron from the valence band to the conduction band.

The present findings open novel perspectives to efficiently synthesize LDHs with a controlled
morphology for applications in environmental cleanup.
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