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A memory effect is the ability to restore the original, lamellar layered double hydroxide
structure. Herein, we have described 1) the changes in the structural and basic properties
of ZnAl mixed oxides during their transformation into ZnAl-reconstructed LDHs (RE-LDHs);
2) the extraordinary properties of ZnAl RE-LDHs compared to the original ZnAl LDHs; and
3) the changes of basic properties during the interaction of ZnAl RE-LDHs with
atmospheric CO2. Aldol condensation was selected as probe reaction to prove the
catalytic potential of ZnAl RE-LDHs. We have described a target method for preparing
ZnAl RE-LDHs with a large number of basic sites. ZnAl RE-LDHs possess significantly
higher furfural conversion in the aldol condensation of furfural than MOs. The structural,
textural, and basic properties of the studied materials were described by temperature-
programmed analysis, X-ray diffraction, N2 adsorption, temperature-programmed
desorption of CO2, and in-situ diffuse reflectance spectroscopy.

Keywords: ZnAl reconstructed LDHs, temperature programmed techniques, in-situ DRS, structural properties,
basic properties, Na leaching, aldol condensation of furfural

INTRODUCTION

Layered double hydroxides (LDHs) are the members of a group of layered materials comprising
divalent (Mg, Zn, Ni, Cu, and Co) or trivalent (Al, Ga, and Fe) metal cations. A net positive charge in
an LDH crystal lattice is compensated by extra-framework charge-balancing anions, generally
carbonates (Bukhtiyarova, 2019). A distinctive feature of LDHs is their supposed memory effect.
After a thermal treatment for the transformation of LDHs into mixed oxides, it is possible to recover
the original layered structure by rehydrating the mixed oxides in decarbonylated water (Debecker
et al., 2009; Sikander et al., 2017).

We focused on ZnAl-reconstructed LDHs (RE-LDHs). In general, ZnM LDHs (M � Al3+, Fe3+,
Ga3+, and Ti3+) (Palmer et al., 2011; Wang and Zhang, 2012; Kikhtyanin et al., 2018; Bukhtiyarova,
2019; Santamaría et al., 2020; Szabados et al., 2020) can be prepared by several methods from various
precursors of given metals, such as nitrates (Bellezza et al., 2014; Zeng et al., 2017; Tang et al., 2019),
chlorides (Ambrogi et al., 2012; Zhang and Li, 2014) or sulfates (Mishra et al., 2017).

The most widely used method for the preparation of ZnM LDHs is the coprecipitation of the
solutions of salts in different Zn/M ion ratios in a basic medium, where the pH of the medium is
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maintained and the given materials are precipitated during
synthesis. The basic buffer can be Na2CO3 (Jiang et al., 2010;
Kumar and Pant, 2020), NaOH (Nishimura et al., 2013; Tang
et al., 2019), any combination thereof (Smoláková et al., 2011;
Zeng et al., 2017; Liu and Yang, 2018; Teodorescu et al., 2020), or
other solutions that are not widely used, such as a mixture of
either Na2CO3 and (NH4)2CO3 (Korošec et al., 2020) or urea,
Na2CO3, and NaOH (Gil et al., 2020) or aqueous ammonia
solution (Bellezza et al., 2014). The quality of the resultant
product depends on the pH, which must be maintained
during synthesis. If the pH is low during the preparation, not
all the ions precipitate out of the solution. On the contrary, at high
pH values, the metal ions could dissolve. The chosen pH depends
on the use of individual cation types (Sikander et al., 2017). For
the preparation of ZnM LDHs, the pH is typically maintained
between 9 and 10 (Gil et al., 2020; Santamaría et al., 2020; Dat
et al., 2021). The resultant material is washed to remove any
residual substances such as Na+. Other important parameters of
the synthesis are the reaction temperature, concentration, dosing
of reactants, stirring of the resultant mixture, and maturation
time of the formed precipitate (Jiang et al., 2010).

A method involving urea hydrolysation is used to prepare
ZnM LDHs (Montanari et al., 2010; Teruel et al., 2010; Suárez-
Quezada et al., 2019; Sakr et al., 2021). Metal salts are dissolved in
urea, which hydrolyses extremely slowly. Thus, the resulting
material precipitates slower than that in the coprecipitation
method. The main advantage of this method is the
considerably easy washing of the prepared LDH during
synthesis, since there is no need to remove alkali metal ions,
as compared to the use of Na2CO3 or NaOH (Suárez-Quezada
et al., 2019). This method can be used to prepare LDHs with a
narrow particle distribution and good crystallite size (Liu et al.,
2014).

A mechanical–chemical method (Hernández et al., 2017),
where the oxides of the respective metals are mixed, and a
sol–gel method (Valeikiene et al., 2019), where the precursor
salts of the metals or their organic compounds are hydrolysed in
water or other organic solvents, were also used.

Heat treatment of the as-prepared ZnAl-LDH yields the
corresponding ZnAl mixed oxide. The thermal treatment of
LDH results in the removal of physically adsorbed substances
and structural water at low temperatures (below 200°C), while the
structure of LDH is unchanged. At high temperatures, the LDH
structure is dehydroxylated, and ZnO nuclei doped with Al3+ are
formed as an amorphous phase followed by the formation of
homogeneously dispersed ZnO nanoparticles (Zhao et al., 2010;
Smolakova et al., 2018). The transformation of LDH to a mixed
oxide depends on many parameters, such as the anion type,
material pre-treatment, and particularly the Zn/Al ratio
(Kovanda et al., 2010). One advantage of ZnAl mixed oxides
is their large specific surface area and associated accessibility of
active sites (Xu et al., 2013; Hernández et al., 2017). ZnM mixed
oxides are used as catalysts in reactions, such as the aldol
condensation of furfural (Hernández et al., 2017; Smoláková
et al., 2017a; Smolakova et al., 2018), the oxidative
dehydrogenation of ethane or propane (Smoláková et al.,
2011), alkylation (Grabowska et al., 2001), the steam

reforming of methanol (Hammoud et al., 2015) or biogas dry
reforming (Calgaro and Perez-Lopez, 2019), and
transesterification (Smoláková et al., 2017b; Jadhav et al.,
2020). In addition, they are used as photocatalysts (Sescu
et al., 2020) and semiconductors for solar cells (Teruel et al.,
2010) and CO2 adsorbents (Rossi et al., 2016).

RE-LDHs are characterised by a greater activity of the given
materials in base-catalysed reactions than in the original LDHs
(Kikhtyanin et al., 2018). The reason for this increased activity
could be a change in the basic properties of RE-LDHs associated
with the formation of additional Brønsted basic OH− sites in the
interlayer space instead of the original CO3

2− anions that are
contained in the original LDHs and are released from materials
during calcination to mixed oxides (Smoláková et al., 2017a).,
Lewis basic sites (medium Zn–O and Al–O and strong O2− sites)
of the mixed oxide change to Brønsted basic sites (typically OH−),
which are incorporated into the layers of RE-LDHs (Álvarez et al.,
2013; Hernández et al., 2017).

ZnAl RE-LDHs can be prepared by mixing a composite oxide
with decarboxylated water (Hernández et al., 2017). The resulting
material is subsequently dried in air, under vacuum, or an inert
atmosphere, which prevents undesired CO2 chemisorption. In
addition, RE-LDHs can be prepared by rehydrating the mixed
oxide in an inert gas stream of decarbonated water vapour
(rehydration in the gas phase), as reported for MgAl RE-LDHs
(Abelló et al., 2005). All reconstructed materials are highly
susceptible to the adsorption of atmospheric CO2, which
results in a decrease in the efficiency of the catalytic activity
(Abelló et al., 2005; Xu et al., 2013). ZnAl RE-LDHs can also be
prepared the hydrothermal reconstructing route (Tajuddin et al.,
2019), and the anion exchange rate, e.g. in the presence of NaCl
solution (Kang and Park, 2022).

To prevent CO2 adsorption on RE-LDHs, the formation of
RE-LDHs could be directly performed in a reaction mixture
containing water. MgZn/Al RE-LDHs have been used in
epoxidation (Angelescu et al., 2008); however, ZnAl RE-LDHs
have not been widely studied and have not been applied as much
as MgAl RE-LDHs are applied. MgAl RE-LDHs are used in aldol
condensation (Abelló et al., 2005; Xu et al., 2013; Hernández et al.,
2017; Horáček et al., 2021) or isomerisation (Debecker et al.,
2009; Kwon et al., 2020) and other reactions such as styrene
epoxidation (Chimentao et al., 2007), transesterification (Zeng
et al., 2014; Dahdah et al., 2021), steam reforming (Dahdah et al.,
2020),methanolysis (Navajas et al., 2018), Knoevenagel and
Claisen–Schmidt condensation (Abelló et al., 2005) and
Michael addition (Abelló et al., 2005).

Aldol condensation of furfural and acetone is an interesting
and an important reaction from many aspects. From practical
point of view this reaction provides a possibility to construct
complex organic molecules with increased value starting from
simple and biomass-derived ones. Aldol condensation is also a
suitable reaction that allows probing the basic properties of solids,
especially RE-LDHs. Currently, there are no reliable instrumental
methods to characterize Broensted basic sites in RE-LDHs.
Indeed, the most common TPD-CO2 is not operative for these
materials, because CO2 is not adsorbed on basic sites but
chemically react with the exchangeable hydroxyls in the

Frontiers in Chemistry | www.frontiersin.org January 2022 | Volume 9 | Article 8037642

Dubnová et al. Formation of Reconstructed ZnAl LDHs

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


RE-LDHs which are Broensted basic sites and transform them
into carbonates.

This study aims to reconstruction ability of ZnAlMOs to ZnAl
RE-LDHs under their rehydration and to describe the changes in
the structural and basic properties of ZnAl mixed oxides during
their transformation into RE-LDHs and the relationship between
the properties observed for the ZnAl RE-LDHs, as-prepared ZnAl
LDHs, and ZnAl mixed oxides. In principle, ZnAl MOs possess
less amount of basic sites than MgAl MOs. It is due to basic
properties of MgO as a main constituent component in the MgAl
MOs. However, the basic properties of the ZnAl RE-LDHs are
much less evident, because they are originated from ZnO, i.e. host
oxide with lower basic properties. This study shows the formation
of basic sites in ZnAl RE-LDHs. ZnAl RE-LDHs with various
properties were prepared by three different syntheses of the
original ZnAl LDHs: Jiang et al. (2010), Kovanda et al. (2010),
Liu et al. (2014). This follows our previous study describing the
transformation of ZnAl-LDH into corresponding ZnAl mixed
oxides (Smolakova et al., 2018) and the catalytic behaviour of
ZnAl mixed oxides in the aldol condensation of furfural
(Dubnová et al., 2021).

EXPERIMENTAL PROCESS

Preparation of ZnAl Materials
ZnAl-X-HT (X � Zn/Al molar ratio, determined by X-ray
fluorescence (XRF) analysis) LDHs with different Zn/Al molar
ratios (1–5) were prepared by coprecipitation using an aqueous
Na2CO3 solution as a buffer, following the method described by
Jiang et al. (2010). ZnAl-1.9K-HT (Zn/Al molar ratio � 1.9,
determined by XRF analysis) LDH, with a theoretical Zn/Al
molar ratio of 2, was prepared by coprecipitation using NaOH
as a buffer, following the process reported by Kovanda et al.
(2010). ZnAl-1.9U-HT (Zn/Al molar ratio � 1.9, determined by
XRF analysis) LDH, with a theoretical Zn/Al molar ratio of 2, was
prepared by coprecipitation, involving the hydrolysis of urea as
described by Liu et al. (2014).

The resulting LDHs were calcined at 400°C to obtain the
corresponding mixed oxides (ZnAl-X-400, ZnAl-1.9K-400, and
ZnAl-1.9U-400). It has to be stressed that the temperature 400°C
is sufficient to the transformation of hydrotalcite to appropriate
mixed oxide. The thermal treatment at 400°C have been chosen
based on our previous work (Smolakova et al., 2018).
Reconstructed materials (ZnAl-X-REH, ZnAl-1.9K-REH, and
ZnAl-1.9U-REH) were prepared by stirring the mixed oxides
in distilled water at a ratio of 1 g/50 ml at 25°C for 30 min.
Subsequently, the suspension was filtered, and the residue was
dried in a muffle oven for 1 h at 50°C under a N2 flow
(100 ml/min).

Characterisation of ZnAl Materials
X-ray diffraction (XRD) patterns were recorded using a
diffractometer (MiniFlex 600, Rigaku, Japan) with a PDF-2
database and D/teX Ultra detector. The X-ray source was a
CuKα tube operated at 40 kV and 15 mA. The slit width was
set at 10 nm. The samples were measured at 10°/min at a step size

of 0.02° and a 2θ range of 5–80°. The content of each phase was
determined using reference intensity ratio (RIR) method. For the
ZnAl LDHs and ZnAl RE-LDHs, the width of the space between
the LDH layers was calculated as follows: interlayer width (Å) �
c
3 − 4.8 (Zeng et al., 2017; Smolakova et al., 2018), where 4.8 Å is
the width of the ZnAl layer (Sakr et al., 2013).

XRF analysis was used to determine the real Zn/Al molar ratio
in the ZnAl LDHs. The analysis was conducted using a
spectrometer (ARL 9400 XP) equipped with a rhodium lamp.

The specific surface area of the ZnAl materials was determined
by N2 adsorption at 77 K in a static volumetric adsorption system
(TriFlex analyzer, Micromeritics, Norcross, USA). The resulting
adsorption isotherm was applied to Brunauer–Emmett–Teller
functions to calculate the specific surface area of the materials.

Ex-situ diffuse reflectance ultraviolet–visible (DR UV–VIS)
spectroscopy was performed using a GBC Cintra 303
spectrometer (GBC Scientific Equipment, Australia), equipped
with an integrating sphere.

In-situ DR UV–VIS spectroscopy was performed using a
spectrophotometer (Evolution 300, Thermo Scientific)
equipped with a DR accessory containing a reaction chamber
(The Praying Mantis, Harrick) (Smolakova et al., 2018; Dubnová
et al., 2021). The DR spectra of the corresponding ZnAl LDHs
were recorded in a He flow at temperatures ranging from 25 to
400°C; the temperature was constant for 4 h, after which the
temperature was decreased to 50°C, and the rehydration of
materials was conducted using home-made equipment.

Temperature-programmed (TP) techniques were measured
on an Autochem II 2920 analyser (Micromeritics, Germany)
connected to a mass spectrometer (Omnistar GSD 320,
Pfeiffer Vacuum, Germany) with a quadrupole analyser and
photomultiplier.

For the ZnAl LDHs and ZnAl RE-LDHs, TP analysis (TPA)
was performed when the thermally controlled analysis
programme was commenced, and the sample was heated in
He atmosphere (25 ml/min) at temperatures ranging from 25
to 900°C at a heating rate of 10°C/min.

The TP desorption (TPD)-CO2 programme for CO2

adsorption on ZnAl hydrotalcites and ZnAl RE-LDHs
commenced with pre-treatment at 50°C in He (25 ml/min) for
30 min. The duration was selected according to the temperature
used to dry materials after rehydration. The mixture was cooled
to 25°C, saturated with CO2 (10% CO2 in He atmosphere at
15 ml/min) for 30 min, and purged with He (25 ml/min), to
remove physisorption molecules. Finally, desorption was
performed at a heating rate of 10°C/min at a temperature
range of 25–900°C.

The TPD-CO2 of the ZnAl mixed oxides was conducted as
previously mentioned (Smolakova et al., 2018; Dubnová et al.,
2021).

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was used to determine the quantities of Na+, which
were measured on an Agilent 5100 ICP-OES spectrometer.

Catalytic Tests
The aldol condensation of furfural with acetone was performed in
a glass-stirred batch reactor at 50°C. A mixture of acetone (Penta,
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p. a.) and furfural (Penta, p. a.), at a molar ratio of 1/10 pre-
warmed to 50°C, was used. The rehydration of the freshly calcined
mixed oxide was performed in water. After filtration, the RE-
LDH catalyst was immediately transferred to the reactor and was
studied throughout the aldol condensation for 4 h. Samples were
retrieved from the reactionmixture during the experiment after 5,
10, 20, 40, 60, 90, 120, 150, 180, and 240 min. After filtration, the
reaction products were analysed using an Agilent 7890A gas
chromatograph equipped with a flame ionisation detector using
an HP 5 capillary column to remove any residual catalyst. FAc-
OH (4-(2-furyl)-4-hydroxybutan-2-one), FAc (4-(2-furyl)-3-
buten-2-one), and F2Ac (1,4-pentadien-3-one-1,5-di-2-furanyl)
were the main products formed. Acetone self-condensation
products were observed to be insignificant. The carbon
balance exceeded 97% in all experiments.

RESULTS AND DISCUSSION

Structural Properties of
ZnAl-Reconstructed LDHs
Figure 1 shows the XRD patterns of RE-LDHs (ZnAl-X-REH
with the Zn/Al molar ratios of 1.0–4.4, ZnAl-1.9K-REH, and
ZnAl-1.9U-REH). The diffractograms of all materials contained
diffraction lines, which are a characteristic of the presence of a
crystalline LDH structure (2θ ≈ 11.6°, 23.5°, 34.6°, 39.2°, 46.8°,
52.9°, 60.2°, 61.6°, and 65.6°; reflections with planes (003), (006),
(112), (015), (018), (1010), (110), (113), and (116); PDF 2, 01-
080-6503 Quality: I) and a well-crystalline ZnO phase (2θ ≈ 31.8°,
36.2°, 56.5°, 62.9°, and 67.9°; reflections with planes (100), (101),
(110), (103), (112); PDF 2, 01-080-6503 Quality: I).

Notably, the ZnAl RE-LDHs possessed crystalline LDH and
ZnO structures. This is a fundamental difference compared to the
corresponding LDHs containing either crystalline LDH or ZnO
structures (ZnAl-1.9K-REH) or a pure crystalline LDH structure

(ZnAl-X-HT with a Zn/Al molar ratio of 1.0–4.4 and ZnAl-1.9U-
HT). The details are shown in the XRD patterns of the
corresponding ZnAl LDHs (Supplementary Figure S1,
Supplementary Table S1) and ZnAl mixed oxides of the
corresponding materials (Supplementary Figure S1,
Supplementary Table S2) or our previous studies on ZnAl
mixed oxides (Smolakova et al., 2018; Dubnová et al., 2021).

The content of well-crystalline ZnO phase (Table 1) in the RE-
LDHs depended on the synthesis of the LDHs and Zn/Al molar
ratio. Firstly, for the RE-LDHs with approximately the same ZnAl
molar ratio, the highest ZnO content was observed for ZnAl-
1.9K-REH (31.4%), followed by ZnAl-1.6-REH (11.0%), and
ZnAl-1.9U-REH (5.9%) (Table 1). Secondly, the ZnO content
in the RE-LDHs increased with an increasing Zn/Al molar ratio
(ZnAl-X-REHs) from 3.6% for ZnAl-1.0-REH to 45.2% for ZnAl-
4.4-REH (Figure 2).

Table 1 lists the lattice parameters of the LDH phase in the RE-
LDHs. The calculated width of the space between the layers in the
RE-LDHs ranged from 2.71 to 2.86 Å. This corresponded to the
presence of CO3

2− ions (2.7 Å) (Marcus, 2012) in the interlayer.
The space between the layers in the corresponding original ZnAl
LDHs ranged from 2.80 to 2.88 Å (Supplementary Table S1).

Figure 3 shows the DR spectra of the ZnAl RE-LDHs. DR
spectroscopy (DRS) is suitable for determining the band-gap
energy of ZnO semiconductors. Generally, the presence of ZnO
semiconductors is the characteristic of a band-gap energy of
3.37 eV (Zhao et al., 2010; Ahmed et al., 2012). Wan et al.
obtained a value of 3.05 eV for ZnO nanorods vertically
aligned on the two LDH sides (Wan et al., 2012). For the
ZnAl RE-LDHs, we specified the term “the shift of the edge of
the band,” using the Kubelka–Munk function and Tauc plot
(Table 1) (Smolakova et al., 2018). The advantage of “the shift of
the edge of the band” is that it reflects the presence of crystalline
and amorphous ZnO phases. This method has been used for ZnAl
mixed oxides (Dubnová et al., 2021).

Figure 4 shows the linear dependence of “the shift of the edge of
the band” (DRS) for ZnAl-X-REH and ZnAl-1.9K-REH on the
content of thewell-crystalline ZnOphase (XRD). The only exception
is that ZnAl-1.9U-REH possesses a “shift of the edge of the band”
value above its observed linear dependence on the content of the
well-crystalline ZnO for ZnAl-X-REH. This can be explained by the
low contribution of the amorphous ZnO phase and/or the high
degree of the interaction of the ZnO and LDH phases, resulting in
the detection of a low content of the XRD-detectable ZnO phase in
ZnAl-1.9U-REH (coprecipitation by hydrolysing urea) than in
ZnAl-X-REH (coprecipitation using Na2CO3 as a buffer).

In addition, a comparison of thematerials with approximately the
same Zn/Al molar ratio showed that ZnAl-1.9U-REH contained the
lowest content of the well-crystalline ZnO phase (5.9%), but laying
on the observed linear dependence on the content of well-crystalline
ZnO for ZnAl-X-REH. It was suggested that at the same Zn/Al
molar ratio, the coprecipitation by hydrolysing urea resulted in a
ZnAl-1.9U-REH material with a greater degree of interactions
between the ZnO and LDH phases than in ZnAl-1.6-REH and
ZnAl-1.9K-REH.

While in the case of LDH it is possible to prepare pure ZnAl
LDHs with any detectable ZnO phase, ZnO phase was always

FIGURE 1 | XRD patterns of reconstructed LDHs: ZnAl-X-REH with Zn/
Al molar ratio 1.0–4.4, ZnAl-1.9K-REH and ZnAl-1.9U-REH.
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observed in ZnAl RE-LDHs. In agreement, the presence of ZnO
phase in RE-LDHs have also been reported by other authors
(Tajuddin et al., 2019). Tajuddin et al. observed increasing
intensity ratio of ZnAl LDH phase to ZnO phase in
hydrothermally treated ZnAl RE-LDHs with an increasing
ZnAl molar ratio from 41,2% (Zn/Al � 1.6) to 82,2% (Zn/Al �
3.3). Thus, there was not reported complete reconstruction of
hydrothermally treated ZnAl LDHs. In contrast to that, we
obtained the highest level of the LDH phase reconstruction for
ZnAl-1.0-REH with a low Zn/Al molar ratio value, i.e. for ZnAl-
1.0-REH containing 4.3 wt% ZnO phase and ZnAl-1.9U-REH
containing 5.9 wt% ZnO phase (both materials without any
detectable ZnO phase in ZnAl LDHs).

Basic Properties of ZnAl-Reconstructed
LDHs
Figure 5 shows the TPD-CO2 profiles of the ZnAl RE-LDHs.
Desorption peaks were observed at maximum temperature ranges
of 70–90, 180–210, and 260–280°C. Other desorption peaks were

observed above 400°C (above the temperature of the thermal
treatment performed during the synthesis of the materials).
Above 400°C, desorption peaks show both desorption of CO2

from the strong basic sites that is usually reported up to 480°C and
CO2 released from the residual carbonate species, which was not
decomposed during calcination of the hydrotalcite-like precursor
or that can be formed with interaction of RE-LDHs with air. In
order to describe the interaction of ZnAl RE-LDHs with
atmospheric CO2 and possible carbonate formation, we
performed both TPA and TPD-CO2 experiments up to 900°C.
Notably, with the rising temperature during the TPD-CO2, the
release and subsequent detection of CO2 could be reflected from
the amount of CO2 adsorbed on the materials during the TPD-
CO2, and the release of CO2 present in the RE-LDH prior to CO2

adsorption occurred during the TPD-CO2. Therefore, for all ZnAl
RE-LDHs, the CO2 signals during the TPD-CO2 and TPA
(experiment without CO2 adsorption) were compared (Figure 5).

A desorption peak was at a maximum at a temperature range
of 70–90°C and was observed only during the TPD-CO2 of ZnAl
RE-LDHs but not during the TPA (Figure 5). This desorption
peak represented the amount of CO2 adsorbed on the material

TABLE 1 | Crystallite size, lattice parameters, phase analysis and the shift of the edge of band from ex-situ DRS measurement of ZnAl-X-REH, ZnAl-1.9U-REH and ZnAl-
1.9K-REH RE-LDHs.

Material ZnO phase Hydrotalcite phase DRS

wt% D, Å a, Å c, Å D, Å a, Å c, Å x, Å Eg, eV

ZnAl-1.0-REH 4.3 73 3.2638 5.2538 224 3.0592 22.5352 2.71 3.38
ZnAl-1.6-REH 11.0 50 3.2332 5.1668 103 3.0670 22.6663 2.76 3.33
ZnAl-1.7-REH 6.8 71 3.2448 5.1618 197 3.0677 22.6736 2.76 3.31
ZnAl-2.6-REH 21.4 78 3.2575 5.1729 154 3.0675 22.6136 2.74 3.29
ZnAl-3.4-REH 34.0 59 3.2621 5.2048 161 3.0829 22.9928 2.86 3.26
ZnAl-4.4-REH 45.2 83 3.2416 5.2277 212 3.0662 22.6047 2.74 3.19
ZnAl-1.9U-REH 5.9 42 3.2785 5.1994 114 3.0688 22.8225 2.81 3.61
ZnAl-1.9K-REH 31.4 84 3.2669 5.2320 191 3.0781 22.8989 2.83 3.22

*x is width of interlayer.

FIGURE 2 | Dependences of the content of well crystalline ZnO phase
determined by XRD (red marks, left side) and the shift of the edge of the band
(blue marks, right side) on Zn/Al molar ration of ZnAl-X-REH reconstructed
materials.

FIGURE 3 | Recalculated DR spectra of ZnAl-X-REH reconstructed
materials, ZnAl-1.9U-REH and ZnAl-1.9K-REH.
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during the TPD, indicating the presence of weak basic sites
(Smolakova et al., 2018). The number of weak basic sites
could not be unambiguously determined from the intensity of
this CO2 desorption peak, as the peak was often affected by the
presence of desorption peaks at temperatures higher than 90°C.

The intensities of the CO2 desorption peaks were at a
maximum within temperatures ranging from 180 to 210 and
260–280°C and were close in case of both the TPD-CO2 and TPA.
Although a slight discrepancy could be observed for ZnAl-1.6-
REH and ZnAl-2.6-REH (the TPA signal was relatively intense
for the desorption peak at a maximum within the temperature
range of 260–280°C) and ZnAl-1.9U-REH (the TPA signal was
similarly intense but within a temperature range of 180–210°C).
This would perhaps occur in exceptional cases rather than in
systematic circumstances. This is perhaps because the desorption
peaks with maxima within the temperature ranges 180–210 and
260–280°C originated from the rapid interaction of atmospheric
CO2 with the RE-LDHs, which rapidly occurred when the RE-
LDHs came in contact with air. Thus, these desorption peaks were
observed for the TPD-CO2 and TPA. Noteworthily, these
desorption peaks were not observed for the ZnAl mixed
oxides (Figure 6); however, they were close to those present
for the TPD-CO2 and TPA signals of the corresponding original
ZnAl LDHs (Figure 6). The presence of CO2 desorption peaks
with maxima within the temperature ranges of 180–210 and
260–280°C, during the TPD-CO2 and TPA, could be explained by
the loss of physically adsorbed CO2 and the decomposition of the
interlayer CO3

2− (Cavani et al., 1991; Tu et al., 1999; Zhao et al.,
2010). This indicated that although the OH− ions could be present
in the interlayer of the RE-LDH (Marcus, 2012), these ions could
easily be replaced by more thermodynamically stable CO3

2− ions.
Figure 6 compares the desorption curves of the selected ZnAl-

1.6 LDH, corresponding mixed oxides, and RE-LDH during the
TPD-CO2 and TPA (the rest of the materials can be found in
Supplementary Figure S2). In the TPD-CO2 (red) and TPA

(black) of ZnAl-1.6-HT LDH, CO2 desorption peaks with
maxima at temperatures of 105, 180, and 270°C were observed.
The intensity of the desorption peak at 105°C was slightly higher
during the TPD-CO2 than during the TPA. For the other cases, the
intensities of the desorption peaks were the same. These CO2

desorption peaks corresponded to the loss of physically
adsorbed CO2 and the decomposition of the interlayer CO3

2−

groups. During the TPD-CO2 (green) of the ZnAl-1.6-400 mixed
oxide, there was a dominant desorption peak with a maximum at
90°C associated with its shoulder at high temperatures. During the
TPD-CO2 (light blue) and TPA (blue) of ZnAl-1.6-REH, CO2

desorption peaks were observed withmaxima at 75, 210, and 280°C
(Figure 6). In addition, the desorption peaks with maxima at 210
and 280°C observed during the TPD-CO2, and the TPA
experiments of ZnAl-1.6-REH were observed at higher
temperatures than in experiments with ZnAl-1.6-HT, where the
maxima of the desorption peaks were observed at 180 and 270°C.
This shows the reorganisation (reintroduction) of the LDH
structure in the RE-LDHs as compared to the LDHs.

What Occurs During the Repeated
Transformation of ZnAl Mixed Oxides Into
RE-LDHs?
The ZnAl-LDH was repeatedly reconstructed with intermediate
calcination (three times) to clarify as to which phenomenon
occurred during the repeated transformation of ZnAl
mixed oxides into RE-ZnAl-LDHs. Simultaneously, the change
in the structural (in-situ DRS and XRD) and basic properties
(TPD-CO2, including the comparison with TPA) was measured.

Figure 7 shows the XRD patterns of ZnAl-1.6-RE-LDHs after
the first, second, and third cycles of the reconstruction of the LDH
structure in the liquid phase. The diffractograms of the materials
contained diffraction lines, which are a characteristic of the
presence of a crystalline LDH structure and a well-crystalline
ZnO phase. The repeated reconstruction of the LDH structure
led to an increase in the content of well-crystalline ZnO, which
possessed a small crystallite (D) and an increased width of the space
between the layers (Table 2). However, the increasing number of
cycles of the reconstruction of the LDH structure did not affect any
amorphous ZnO phase following “the shift of the edge of the band”
(Table 2), which corresponded to the aforementioned linear
dependence of “the shift of the edge of the band” on the
content of the well-crystalline ZnO (Figure 4).

Figure 8 shows the in-situ DRS results during the
transformation of ZnAl-1.6-HT into a mixed oxide (thermal
treatment), the subsequent transformation of the mixed oxide
into ZnAl-1.6-REH (treatment in the gas phase at 50°C), and
ZnAl-1.6-REH to mixed oxide (three times). Firstly, the value
of ‘the shift of the edge of the band’ decreased with an increase
in the number of cycles for the reconstruction of LDH
structure (3.77, 3.31, and 3.29 eV). This trend correlated
with that in the ex-situ DRS; however, the observed values
of “the shift of the edge of the band” were relatively high after
the first cycle, 3.77 eV (gas phase) vs. 3.29 eV (liquid phase)
(Table 2). This is because the in-situ gas phase reconstruction
after the first cycle led to a low LDH structure recovery than in

FIGURE 4 | The dependence of the shift of the edge of band on the
content of well crystalline ZnO phase determined by phase analysis from XRD.
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the liquid phase. Conversely, the values of “the shift of the edge
of the band” were comparable after the second and third
reconstruction cycles in the liquid and gas phases (ex-situ

spectra: 3.24–3.31 eV, Table 2). Thus, a repeated or sufficiently
long reconstruction in the gas phase can result in a similar
LDH structure recovery as in the liquid phase. Secondly, the

FIGURE 5 | (A) TPD-CO2 and TPA (experiment without CO2 adsorption) profiles of ZnAl RE-LDHs: ZnAl-1.0-REH, ZnAl-1.6-REH, ZnAl-1.7-REH, ZnAl-2.6-REH.
(D) TPD-CO2 and TPA (experiment without CO2 adsorption) profiles of ZnAl RE-LDHs: ZnAl-3.4-REH, ZnAl-4.4-REH, ZnAl-1.9K-REH, ZnAl-1.9U-REH.
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value of “the shift of the edge of the band” increased during the
thermal treatment of RE-LDH into mixed oxide (Figure 8),
confirming that a greater interaction of ZnO and Al2O3 oxides

was observed for the ZnAl mixed oxide than for the ZnO and
LDH phases in ZnAl RE-LDHs.

Figure 9 shows the TPD-CO2 of ZnAl-1.6-REH after the first,
second, and third cycles of the LDH structure reconstruction.
First, the maxima and the intensities of CO2 desorption peaks
at 225 and 260°C (ZnAl-1.6-REH after the first cycle) shifted to
low temperatures with an increase in the number of cycles.
This showed that the degree of interaction of the interlayer
CO3

2− groups with the LDH structure decreased with an
increase in the number of cycles. In addition, the space
between the layers increased with an increase in the number
of LDH structure reconstruction cycles, which perhaps
weakened the fixation of the CO3

2− groups. Secondly, the
intensity of the CO2 desorption peak with a maximum in
the temperature range of 65–70°C represented an increase in
the number of weak Brønsted basic sites with an increasing
number of reconstruction cycles. Thus, although the presence
of OH− ions in the interlayer was not confirmed, slight changes
in the width of the interlayer between the ZnAl LDHs and

FIGURE 6 | TPD-CO2 profiles of ZnAl-1.6-HT hydrotalcite, ZnAl-1.6-400
mixed oxide, ZnAl-1.6-REH reconstructed LDH and TPA (experiment without CO2

adsorption) profiles of ZnAl-1.6-HT hydrotalcite and ZnAl-1.6-REH RE-LDH.

FIGURE 7 | XRD patterns of three subsequent cycles of reconstruction
of ZnAl-1.6-400 mixed oxide.

FIGURE 8 | In-situ DRS during repeating transformation of mixed oxide
into reconstructed materiel, i.e. the spectra of ZnAl-1.6-400 mixed oxide (after
thermal treatment of ZnAl-1.6-HT at 400°C for 4 h), ZnAl-1.6-50-REH (after
gas phase treatment of ZnAl-1.6-400 mixed oxide at 50°C for 4 h), ZnAl-
1.6-400 mixed oxide after subsequent second calcination, ZnAl-1.6-50-REH
after subsequent second gas phase treatment, ZnAl-1.6-400 mixed oxide
after subsequent third calcination and ZnAl-1.6-50-REH after subsequent
third gas phase treatment.

TABLE 2 | Crystallite size, lattice parameters, phase analysis and the shift of the edge of band from ex-situ and in-situ DRS measurement of three following circle of
reconstruction of ZnAl-1.6-REH material.

ZnAl
hydrotalcite

ZnO phase Hydrotalcite phase DRS ex-situ DRS in-situ

wt% D, Å a, Å c, Å D, Å a, Å c, Å x, Å Eg, eV Eg, eV

ZnAl-1.6-REH (1.REH) 9 107 3.2493 5.1713 316 3.0675 22.6276 2.74 3.29 3.77
ZnAl-1.6-REH (2.REH) 13.1 105 3.2534 5.3133 265 3.0656 22.6591 2.75 3.26 3.31
ZnAl-1.6-REH (3.REH) 14.6 85 3.2774 5.2008 263 3.0754 22.8954 2.83 3.24 3.29
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ZnAl RE-LDHs suggested that the distribution of ions in the
interlayer had changed.

The Risk of Na Leaching
In principle, RE-LDHs can be prepared either by mixing the
composite oxide with decarboxylated water in the liquid
phase, by rehydrating the mixed oxide in an inert gas
stream of decarbonated water vapour, or by adding water
directly in the reaction mixture. In order the analyse the risk
of Na leaching, during the reconstruction of ZnAl MOs, we
have focused on the individual steps of the synthesis of ZnAl-
1.6-HT, ZnAl-1.9K-HT, and ZnAl-1.9U-HT LDHs and their

subsequent modifications to the corresponding mixed oxides
and RE-LDHs (ICP-OES).

Table 3 lists the pH values of the filtrates during the washing of
the synthesised LDHs with water. For ZnAl-1.6-LDH (using
Na2CO3 as a buffer), we used a high amount of distilled water,
2.5 L per Gram of LDH, to achieve a neutral pH for the filtrate.
Thereafter, ZnAl-1.6-LDH was carefully washed to remove all
residual Na-species and at the end of filtration, marginal Na
was leached from ZnAl-1.6-LDH into the filtrate, and the pH
value of the filtrate was practically constant. There was
analysed total amount of Na in the last 10 L of the filtrate
and after recalculation. When converting the Na content in the

FIGURE 9 | TPA (experiment without CO2 adsorption) and TPD-CO2 profiles of ZnAl-1.6 RE-LDHs during repeating transformation of mixed oxide into
reconstructed material: 1. REH – first rehydration circle, 2. REH – second rehydration circle, 3. REH – third rehydration circle.

TABLE 3 | Content of Na and pH value during the preparation of ZnAl hydrotalcites, ZnAl mixed oxides and ZnAl reconstructed material.

ZnAl-1.6 ZnAl-1.9K ZnAl-1.9U

Filtration
after using x l of water

pH Na,
c (mg/l)

mg Na/gkat pH Na,
c (mg/l)

mg Na/gkat pH Na,
c (mg/l)

mg Na/gkat

Distilled water 6.43 — — 6.24 — — — 4.5 1.8
10 L water 10 — — 9.51 — — — — —

20 L water 8.79 — — 6.35 3.1 2.58 — — —

21 L water — — — 6.33 2 0.17 — — —

30 L water 8.14 — — — — — — — —

40 L water 7.74 — — — — — — — —

50 L water 7.45 — — — — — — — —

60 L water 6.92 5 2.3 — — — — — —

ZnAl mixed oxide 48.7 18.0 — 4.1 1.64 — 4.5 1.8
ZnAl-REH filtrate after rehydration 256 14.00 — — — — — —

ZnAl-REH powder sample 6.3 2.3 — — — — — —
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last 10 L of filtrate to the equivalent amount of Na per Gram of solid
material, the amount of Na in the last 10 L of the filtrate was equal to
2.3mg of Na per Gram of the solid ZnAl-1.6-LDH. Despite the large
amount of water used during the filtration of ZnAl-1.6-LDH and the
low amount of Na present in the filtrate at the end of the filtration, the
chemical analysis of the solid ZnAl-1.6-400 mixed oxide confirmed
the presence of a relatively high amount of Na, i.e., 18.0mg Na per
Gram of ZnAl-1.6-400 mixed oxide.

Subsequently, the ZnAl-1.6-400 mixed oxide was rehydrated in
water, and the amount of Na present in ZnAl-1.6-REH and the
aqueous phase was studied. While the solid ZnAl-1.6-REH powder
contained 2.3mg Na per Gram of the material, the aqueous phase
contained 14.0mg Na per Gram of the material (after recalculation of
the Na content in the liquid phase to the amount of solid material).
Thus, washing of ZnAl-1.6-400 mixed oxide by water led to very easy
leaching of thoseNa thatwas not leached during thewashing ZnAl-1.6-
LDH. In summary, the starting ZnAl-1.6-400 mixed oxide contained
18.0mg Na per Gram of the mixed oxide, of which 14.0mg Na was
released into the water during rehydration and 2.3mg Na remained in
the solid ZnAl-1.6 RE-LDHmaterial. The difference in the Na balance
(18.0 vs. 14.0 + 2.3) represented an experimental error connected with
the determination of the amount ofmaterial and the recalculation ofNa
content in the liquid phase to the solid material. However, the results
showed that Na leached from the solid ZnAl-1.6-400mixed oxides into
pure water during reconstruction. Thus, it can be concluded that the
process of ZnAl mixed oxide reconstruction should be performed in
purewater and that RE-LDH can be used in the reaction after filtration.
The risk of Na leaching has not been reported, as it is typically checked
during the synthesis of LDH and not thereafter. It should be stressed
that this observation has been observed only in the case of ZnAl-based
materials prepared by coprecipitation using an aqueous Na2CO3

solution as a buffer.
NaOH was used as a precipitant and buffer for the synthesis

of ZnAl-1.9K-HT LDH. Contrary to ZnAl-1.6-HT, the amount
of NaOH required was lesser than that of Na2CO3, to achieve a
certain pH during the synthesis of LDH. Thus, a relatively low

quantity of Na was present in the resulting ZnAl-1.9K-HT than in
the ZnAl-1.6-HT, which attributed to the small amount of water
required to wash the resulting ZnAl-1.9K. Consequently, 1.75 L of
distilled water per Gram of LDH was required to wash
approximately 12 g of ZnAl-1.9K-HT. The Na content of the
last 1 L of the filtrate was determined and converted to the total
amount of Na released from 1 g of LDH using 1 L of water to yield
0.17mg Na per Gram LDH. The resulting ZnAl-1.9K-400 mixed
oxide contained an extremely low Na content, namely 1.64mg Na
per Gram mixed oxide.

Na-containing chemicals were not used in the synthesis of
ZnAl-1.9U. Thus, this material did not represent a risk in terms of
Na leaching from a solid catalyst.

Performance of ZnAl RE-LDHs in the Aldol
Condensation of Furfural
Figure 10 shows the furfural conversion observed for representative
RE-LDHs (ZnAl-1.9K-REH and ZnAl-1.6-REH) in comparison to
their corresponding mixed oxides (ZnAl-1.9K-400 and ZnAl-1.9K-
400). Both the reconstructed materials exhibited significantly higher
furfural conversion than their corresponding mixed oxides. Notably,
we previously reported the catalytic behaviour of ZnAlmixed oxides;
therefore, we did not focus on this topic (Smolakova et al., 2018;
Dubnová et al., 2021). In contrast to the previous study, we have used
different reaction conditions that were optimised for RE-LDHs (1 g
of the catalyst instead of 2 g).

Figure 11 shows the catalytic performance of ZnAl-X-REH
RE-LDHs in the aldol condensation of furfural. The highest
conversion of furfural was observed for ZnAl-1.6-REH (68%
after 360 min). Comparing the furfural conversions of the
reconstructed materials originating from three LDHs, the
furfural conversion increased in the order ZnAl-1.6-REH ≈
ZnAl-1.9K-REH > ZnAl-1.9U-REH. This order was different
from that for the mixed oxides, where we reported the highest

FIGURE 10 | Conversion of furfural in aldol condensation reaction using
ZnAl mixed oxides and ZnAl reconstructed LDHs catalysts.

FIGURE 11 | Dependence of furfural conversion on Zn/Al molar ratio in
aldol condensation reaction using ZnAl reconstructed LDHs catalysts.
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furfural conversion for ZnAl-1.9U-400, compared to those for
ZnAl-1.6-400 and ZnAl-1.9K-400. Although the reconstructed
materials possessed high furfural conversions, no clear correlation
was observed between the furfural conversion and shift in band-
gap energy, surface area, and ZnO content. This showed that the
catalytic performance of ZnAl-RE-LDHs was complex and
dependent on several parameters. Many authors previously
emphasised the role of basic sites during furfural conversion.
However, the amount and the distribution of the basic sites
could not be determined for the reconstructed materials because
of the overlapping of the desorption peak reflecting the basicity of
the reconstructed materials and the desorption peaks originating
from the carbonate species present in the RE-LDHs.

It is hard to make a deeper comparison with other groups as the
individual works differ in the reaction conditions (amount of
catalyst, reaction composition, temperature). For example, there
have been reported conversion of furfural 70% for MgZr mixed
oxide (Sádaba et al., 2011) and between 80-100% for Mg-Al mixed
oxides (Hora et al., 2015). It should be stress that ZnAl MOs
possessed furfural conversion from 40% (Smoláková et al., 2017a)
to 81% (Smolakova et al., 2018). A wide range of furfural
conversion were observed depending on the synthesis of the
material and the resulting amount of well-crystalline ZnO phase
in ZnAl mixed oxides (Dubnová et al., 2021). In this manuscript,
Figure 10 shows the significantly higher furfural conversion for
ZnAl RE-LDHs than for their corresponding ZnAl MOs.

While more attention is focused to MgAl-based materials than
to ZnAl-based materials in the literature, works showing the
benefits of ZnAl-based materials have recently begun to mention.
In addition, reconstructed MgAl and ZnAl LDHs brings new
opportunities and differences between these two types of
materials. ZnAl mixed oxide possessed higher ester yield in
transesterification of rapeseed oil with methanol than MgAl
mixed oxide (Smoláková et al., 2017b). High potential of
ZnAl-based materials seems to be in the presence of redox
sites (Rosset et al., 2021). There has been reported that ZnNiAl
RE-LDHs with Zn showed higher crystallinity and reducibility,
whereas the MgNiAl RE-LDHs showed higher basicity. It leads to
higher CO2 conversion in dry reforming (Rosset et al., 2021). The
addition of Zn was found more effective in keeping the Ni in its
metallic state thereby enhancing its stability (Kumar and Pant,
2020). Thus, detail study describing the changes in the structural
and basic properties of ZnAlMOs during their transformation into
ZnAl RE-LDHs could be beneficial for many scientific groups.

CONCLUSION

ZnAl LDHs were prepared using three methods
(coprecipitation using Na2CO3 as a buffer, NaOH as a
buffer, and hydrolysing urea), from which the
corresponding mixed oxides and RE-LDHs were prepared.
This study described the supposed memory effect in ZnAl
RE-LDHs. The individual preparations fundamentally differed
in the ZnAl properties of the RE-LDHs. The most fundamental
differences were observed in the content of the well-crystalline

ZnO phase, the ability to reconstruct the LDH structure, and
the number of basic sites.

• All ZnAl RE-LDHs contained LDH and ZnO structures.
The content of the well-crystalline ZnO phase depended on the
synthesis and increased with an increase in the Zn/Al molar
ratio. Its content was higher in ZnAl RE-LDHs than in the
corresponding ZnAl LDHs, and it was present even inmaterials
originating from ZnAl-LDH with a pure LDH structure.

• The content of the well-crystalline ZnO phase was lower in
ZnAl RE-LDH originating from the coprecipitation method
that involved the hydrolysis of urea, than that originating from
the coprecipitationmethod usingNaOHorNa2CO3 as buffers.

• The repeated reconstruction of the LDH structure led to an
increase in the content of the well-crystalline ZnO phase that
possessed a small crystallite, an increase in the width of the
space between the layers, decrease in the interaction of the
interlayer CO3

2− groups with the LDH structure, and an
increase in the number of weak basic sites.

• Although the LDH structure recovery was slower in the gas
phase than in the liquid phase, the prolonged time in the gas
phase led to a similar LDH structure recovery to that in the
liquid phase.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

LD (TGA, XRD, TPD-CO2, evaluation of data, suggestion of
hypothesis), RD (synthesis, in-situ / ex-situ DRS, TGA), VM
(synthesis and rehydration of materials), VK (aldol condensation,
ICP), LS (synthesis, basic sites), TK (reconstruction of mixed
oxides), OK (aldol condensation, ICP), LC (basic sites, suggestion
of hypothesis).

ACKNOWLEDGMENTS

The authors gratefully thank to the Czech Science Foundation of
the Czech Republic (Project No. 19-22978S). TK also thanks to
European Regional Development Fund-Project “International
mobility of employees of the University of Pardubice II” (No.
CZ.02.2.69/0.0/0.0/18_053/0016969).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2021.803764/
full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org January 2022 | Volume 9 | Article 80376411

Dubnová et al. Formation of Reconstructed ZnAl LDHs

https://www.frontiersin.org/articles/10.3389/fchem.2021.803764/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2021.803764/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


REFERENCES

Abelló, S., Medina, F., Tichit, D., Pérez-Ramírez, J., Groen, J. C., Sueiras, J. E., et al.
(2005). Aldol Condensations over Reconstructed Mg-Al Hydrotalcites:
Structure-Activity Relationships Related to the Rehydration Method.
Chem. - A Eur. J. 11 (2), 728–739. doi:10.1002/chem.200400409

Ahmed, A. A. A., Talib, Z. A., Hussein, M. Z. b., and Zakaria, A. (2012).
Improvement of the Crystallinity and Photocatalytic Property of Zinc Oxide
as Calcination Product of Zn-Al Layered Double Hydroxide. J. Alloys Compd.
539, 154–160. doi:10.1016/j.jallcom.2012.05.093

Álvarez, M. G., Chimentão, R. J., Barrabés, N., Föttinger, K., Gispert-Guirado, F.,
Kleymenov, E., et al. (2013). Structure Evolution of Layered Double Hydroxides
Activated by Ultrasound Induced Reconstruction. Appl. Clay Sci. 83-84, 1–11.
doi:10.1016/j.clay.2013.08.006

Ambrogi, V., Perioli, L., Nocchetti, M., Latterini, L., Pagano, C., Massetti, E., et al.
(2012). Immobilization of Kojic Acid in ZnAl-Hydrotalcite like Compounds.
J. Phys. Chem. Sol. 73 (1), 94–98. doi:10.1016/j.jpcs.2011.10.007

Angelescu, E., Pavel, O., Bîrjega, R., Florea, M., and Zăvoianu, R. (2008). The
Impact of the “Memory Effect” on the Catalytic Activity of Mg/Al; Mg, Zn/Al;
Mg/Al, Ga Hydrotalcite-like Compounds Used as Catalysts for Cycloxene
Epoxidation. Appl. Catal. A: Gen. 341 (1-2), 50–57. doi:10.1016/
j.apcata.2007.12.022

Bellezza, F., Alberani, A., Nocchetti, M., Marsili, V., and Cipiciani, A. (2014).
Intercalation of 5-fluorouracil into ZnAl Hydrotalcite-like Nanoparticles:
Preparation, Characterization and Drug Release. Appl. Clay Sci. 101,
320–326. doi:10.1016/j.clay.2014.08.022

Bukhtiyarova, M. V. (2019). A Review on Effect of Synthesis Conditions on the
Formation of Layered Double Hydroxides. J. Solid State. Chem. 269, 494–506.
doi:10.1016/j.jssc.2018.10.018

Calgaro, C. O., and Perez-Lopez, O. W. (2019). Biogas Dry Reforming for
Hydrogen Production over Ni-M-Al Catalysts (M � Mg, Li, Ca, La, Cu, Co,
Zn). Int. J. Hydrogen Energ. 44 (33), 17750–17766. doi:10.1016/
j.ijhydene.2019.05.113

Cavani, F., Trifirò, F., and Vaccari, A. (1991). Hydrotalcite-type Anionic Clays:
Preparation, Properties and Applications. Catal. Today 11 (2), 173–301.
doi:10.1016/0920-5861(91)80068-k

Chimentao, R., Abelló, S., Medina, F., Llorca, J., Sueiras, J., Cesteros, Y., et al.
(2007). Defect-induced Strategies for the Creation of Highly Active
Hydrotalcites in Base-Catalyzed Reactions. J. Catal. 252 (2), 249–257.
doi:10.1016/j.jcat.2007.09.015

Dahdah, E., Estephane, J., Gennequin, C., Aboukaïs, A., Aouad, S., and Abi-Aad, E.
(2020). Effect of La Promotion on Ni/Mg-Al Hydrotalcite Derived Catalysts for
Glycerol Steam Reforming. J. Environ. Chem. Eng. 8 (5), 104228. doi:10.1016/
j.jece.2020.104228

Dahdah, E., Estephane, J., Taleb, Y., El Khoury, B., El Nakat, J., and Aouad, S.
(2021). The Role of Rehydration in Enhancing the Basic Properties of Mg-Al
Hydrotalcites for Biodiesel Production. Sustain. Chem. Pharm. 22, 100487.
doi:10.1016/j.scp.2021.100487

Dat, N. T., Ngoc Mai, T. T., Lin, K. S., Minh Thu, N. T., and Thao, N. T. (2021).
Reactivity of Styrene with Tert-Butyl Hydroperoxide over Cu-Based Double
Hydroxide Catalysts. Mol. Catal. 500, 111337. doi:10.1016/j.mcat.2020.111337

Debecker, D. P., Gaigneaux, E. M., and Busca, G. (2009). Exploring, Tuning, and
Exploiting the Basicity of Hydrotalcites for Applications in Heterogeneous
Catalysis. Chem. Eur. J. 15 (16), 3920–3935. doi:10.1002/chem.200900060

Dubnová, L., Smoláková, L., Kikhtyanin, O., Kocík, J., Kubička, D., Zvolská, M.,
et al. (2021). The Role of ZnO in the Catalytic Behaviour of Zn-AlMixed Oxides
in Aldol Condensation of Furfural with Acetone. Catal. Today 379, 181–191.
doi:10.1016/j.cattod.2020.09.011

Gil, J. J., Aguilar-Martínez, O., Piña-Pérez, Y., Pérez-Hernández, R., Santolalla-
Vargas, C. E., Gómez, R., et al. (2020). Efficient ZnS-ZnO/ZnAl-LDH
Composite for H2 Production by Photocatalysis. Renew. Energ. 145,
124–132. doi:10.1016/j.renene.2019.06.001

Grabowska, H., Miśta, W., Trawczyński, J., Wrzyszcz, J., and Zawadzki, M. (2001).
A Method for Obtaining Thymol by Gas Phase Catalytic Alkylation of
M-Cresol over Zinc Aluminate Spinel. Appl. Catal. A: Gen. 220 (1-2),
207–213. doi:10.1016/s0926-860x(01)00722-0

Hammoud, D., Gennequin, C., Aboukaïs, A., and Aad, E. A. (2015). Steam
Reforming of Methanol over X% Cu/Zn–Al 400 500 Based Catalysts for
Production of Hydrogen: Preparation by Adopting Memory Effect of
Hydrotalcite and Behavior Evaluation. Int. J. Hydrogen Energ. 40 (2),
1283–1297. doi:10.1016/j.ijhydene.2014.09.080

Hernández, W. Y., Aliç, F., Verberckmoes, A., and Van Der Voort, P. (2017).
Tuning the Acidic-Basic Properties by Zn-Substitution in Mg-Al Hydrotalcites
as Optimal Catalysts for the Aldol Condensation Reaction. J. Mater. Sci. 52 (1),
628–642. doi:10.1007/s10853-016-0360-3

Hora, L., Kikhtyanin, O., Čapek, L., Bortnovskiy, O., and Kubička, D. (2015).
Comparative Study of Physico-Chemical Properties of Laboratory and
Industrially Prepared Layered Double Hydroxides and Their Behavior in
Aldol Condensation of Furfural and Acetone. Catal. Today 241, 221–230.
doi:10.1016/j.cattod.2014.03.010

Horáček, J., Tišler, Z., Akhmetzyanova, U., Chirila, P. G., and de Paz Carmona, H.
(2021). The Long-Term Performance of Reconstructed MgAl Hydrotalcite in
the Aldol Condensation of Furfural and Acetone. React. Kinetics, Mech. Catal.
133, 341–353. doi:10.1007/s11144-021-01976-z

Jadhav, A. L., Malkar, R. S., and Yadav, G. D. (2020). Zn- and Ti-Modified
Hydrotalcites for Transesterification of Dimethyl Terephthalate with Ethylene
Glycol: Effect of the Metal Oxide and Catalyst Synthesis Method. ACS Omega 5
(5), 2088–2096. doi:10.1021/acsomega.9b02230

Jiang, W., Lu, H.-f., Qi, T., Yan, S.-l., and Liang, B. (2010). Preparation,
Application, and Optimization of Zn/Al Complex Oxides for Biodiesel
Production under Sub-critical Conditions. Biotechnol. Adv. 28 (5), 620–627.
doi:10.1016/j.biotechadv.2010.05.011

Kang, G.-H., and Park, I.-K. (2022). Reconstruction and Intercalating Anion
Exchange of ZnAl-Layered Double Hydroxide. Ceramics Int. 48 (2022),
3030–3036. doi:10.1016/j.ceramint.2021.10.078

Kikhtyanin, O., Čapek, L., Tišler, Z., Velvarská, R., Panasewicz, A., Diblíková, P.,
et al. (2018). Physico-chemical Properties of MgGa Mixed Oxides and
Reconstructed Layered Double Hydroxides and Their Performance in Aldol
Condensation of Furfural and Acetone. Front. Chem. 6, 176. doi:10.3389/
fchem.2018.00176

Korošec, R. C., Miljević, B., Umek, P., van der Bergh, J. M., Vučetić, S., and
Ranogajec, J. (2020). Photocatalytic Self-Cleaning Properties of Mo: TiO2
Loaded Zn–Al Layered Double Hydroxide Synthesised at Optimised pH
Value for the Application on Mineral Substrates. Ceramics Int. 46 (5),
6756–6766. doi:10.1016/j.ceramint.2019.11.166

Kovanda, F., Jindová, E., Lang, K., Kubát, P., and Sedláková, Z. (2010). Preparation
of Layered Double Hydroxides Intercalated with Organic Anions and Their
Application in LDH/poly (Butyl Methacrylate) Nanocomposites.Appl. Clay Sci.
48 (1-2), 260–270. doi:10.1016/j.clay.2009.11.012

Kumar, R., and Pant, K. K. (2020). Promotional Effects of Cu and Zn in
Hydrotalcite-Derived Methane Tri-reforming Catalyst. Appl. Surf. Sci. 515,
146010. doi:10.1016/j.apsusc.2020.146010

Kwon, D., Kang, J. Y., An, S., Yang, I., and Jung, J. C. (2020). Tuning the Base
Properties of Mg-Al Hydrotalcite Catalysts Using Their Memory Effect.
J. Energ. Chem. 46, 229–236. doi:10.1016/j.jechem.2019.11.013

Liu, L., and Yang, Z. (2018). The Composite of ZnSn(OH)6 and Zn-Al Layered
Double Hydroxides Used as Negative Material for Zinc-Nickel Alkaline
Batteries. Ionics 24 (7), 2035–2045. doi:10.1007/s11581-018-2446-1

Liu, J., Song, J., Xiao, H., Zhang, L., Qin, Y., Liu, D., et al. (2014). Synthesis and
thermal Properties of ZnAl Layered Double Hydroxide by Urea Hydrolysis.
Powder Technol. 253, 41–45. doi:10.1016/j.powtec.2013.11.007

Marcus, Y. (2012). Volumes of Aqueous Hydrogen and Hydroxide Ions at 0 to
200 °C. J. Chem. Phys. 137 (15), 154501. doi:10.1063/1.4758071

Mishra, G., Dash, B., Sethi, D., Pandey, S., and Mishra, B. K. (2017). Orientation of
Organic Anions in Zn-Al Layered Double Hydroxides with Enhanced
Antibacterial Property. Environ. Eng. Sci. 34 (7), 516–527. doi:10.1089/
ees.2016.0531

Montanari, T., Sisani, M., Nocchetti, M., Vivani, R., Delgado, M. C. H., Ramis, G.,
et al. (2010). Zinc–aluminum Hydrotalcites as Precursors of Basic Catalysts:
Preparation, Characterization and Study of the Activation of Methanol. Catal.
Today 152 (1-4), 104–109. doi:10.1016/j.cattod.2009.09.012

Navajas, A., Campo, I., Moral, A., Echave, J., Sanz, O., Montes, M., et al. (2018).
Outstanding Performance of Rehydrated Mg-Al Hydrotalcites as

Frontiers in Chemistry | www.frontiersin.org January 2022 | Volume 9 | Article 80376412

Dubnová et al. Formation of Reconstructed ZnAl LDHs

https://doi.org/10.1002/chem.200400409
https://doi.org/10.1016/j.jallcom.2012.05.093
https://doi.org/10.1016/j.clay.2013.08.006
https://doi.org/10.1016/j.jpcs.2011.10.007
https://doi.org/10.1016/j.apcata.2007.12.022
https://doi.org/10.1016/j.apcata.2007.12.022
https://doi.org/10.1016/j.clay.2014.08.022
https://doi.org/10.1016/j.jssc.2018.10.018
https://doi.org/10.1016/j.ijhydene.2019.05.113
https://doi.org/10.1016/j.ijhydene.2019.05.113
https://doi.org/10.1016/0920-5861(91)80068-k
https://doi.org/10.1016/j.jcat.2007.09.015
https://doi.org/10.1016/j.jece.2020.104228
https://doi.org/10.1016/j.jece.2020.104228
https://doi.org/10.1016/j.scp.2021.100487
https://doi.org/10.1016/j.mcat.2020.111337
https://doi.org/10.1002/chem.200900060
https://doi.org/10.1016/j.cattod.2020.09.011
https://doi.org/10.1016/j.renene.2019.06.001
https://doi.org/10.1016/s0926-860x(01)00722-0
https://doi.org/10.1016/j.ijhydene.2014.09.080
https://doi.org/10.1007/s10853-016-0360-3
https://doi.org/10.1016/j.cattod.2014.03.010
https://doi.org/10.1007/s11144-021-01976-z
https://doi.org/10.1021/acsomega.9b02230
https://doi.org/10.1016/j.biotechadv.2010.05.011
https://doi.org/10.1016/j.ceramint.2021.10.078
https://doi.org/10.3389/fchem.2018.00176
https://doi.org/10.3389/fchem.2018.00176
https://doi.org/10.1016/j.ceramint.2019.11.166
https://doi.org/10.1016/j.clay.2009.11.012
https://doi.org/10.1016/j.apsusc.2020.146010
https://doi.org/10.1016/j.jechem.2019.11.013
https://doi.org/10.1007/s11581-018-2446-1
https://doi.org/10.1016/j.powtec.2013.11.007
https://doi.org/10.1063/1.4758071
https://doi.org/10.1089/ees.2016.0531
https://doi.org/10.1089/ees.2016.0531
https://doi.org/10.1016/j.cattod.2009.09.012
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Heterogeneous Methanolysis Catalysts for the Synthesis of Biodiesel. Fuel 211,
173–181. doi:10.1016/j.fuel.2017.09.061

Nishimura, S., Takagaki, A., and Ebitani, K. (2013). Characterization, Synthesis and
Catalysis of Hydrotalcite-Related Materials for Highly Efficient Materials
Transformations. Green. Chem. 15 (8), 2026–2042. doi:10.1039/c3gc40405f

Palmer, S. J., Frost, R. L., and Grand, L.-M. (2011). Raman Spectroscopy of
Gallium- and Zinc-Based Hydrotalcites. J. Raman Spectrosc. 42 (5),
1168–1173. doi:10.1002/jrs.2831

Rosset, M., Féris, L. A., and Perez-Lopez, O. W. (2021). Biogas Dry Reforming
Using Ni-Al-LDH Catalysts Reconstructed with Mg and Zn. Int. J. Hydrogen
Energ. 46 (39), 20359–20376. doi:10.1016/j.ijhydene.2021.03.150

Rossi, T. M., Campos, J. C., and Souza, M.M. V. M. (2016). CO2 Capture byMg-Al
and Zn-Al Hydrotalcite-Like Compounds. Adsorption 22 (2), 151–158.
doi:10.1007/s10450-015-9732-2

Sádaba, I., Ojeda, M., Mariscal, R., Fierro, J., and Granados, M. L. (2011). Catalytic
and Structural Properties of Co-precipitated Mg–Zr Mixed Oxides for Furfural
Valorization via Aqueous Aldol Condensation with Acetone. Appl. Catal. B:
Environ. 101 (3-4), 638–648. doi:10.1016/j.apcatb.2010.11.005

Sakr, A. A.-E., Zaki, T., Saber, O., Hassan, S. A., Aboul-Gheit, A. K., and Faramawy,
S. (2013). Synthesis of Zn-Al LDHs Intercalated with Urea Derived Anions for
Capturing Carbon Dioxide fromNatural Gas. J. Taiwan Inst. Chem. Eng. 44 (6),
957–962. doi:10.1016/j.jtice.2013.02.003

Sakr, A. A., Zaki, T., Elgabry, O., Ebiad, M. A., El-Sabagh, S. M., and Emara, M. M.
(2021). Enhanced CO2 Capture from Methane-Stream Using MII-Al LDH
Prepared by Microwave-Assisted Urea Hydrolysis. Adv. Powder Technol. 32
(11), 4096–4109. doi:10.1016/j.apt.2021.09.016

Santamaría, L., López-Aizpún, M., García-Padial, M., Vicente, M. A., Korili, S. A.,
and Gil, A. (2020). Zn-Ti-Al Layered Double Hydroxides Synthesized from
Aluminum saline SlagWastes as Efficient Drug Adsorbents. Appl. Clay Sci. 187,
105486. doi:10.1016/j.clay.2020.105486

Sescu, A.M., Harja, M., Favier, L., Berthou, L. O., Gomez de Castro, C., Pui, A., et al.
(2020). Zn/La Mixed Oxides Prepared by Coprecipitation: Synthesis,
Characterization and Photocatalytic Studies. Materials 13 (21), 4916.
doi:10.3390/ma13214916

Sikander, U., Sufian, S., and Salam, M. A. (2017). A Review of Hydrotalcite Based
Catalysts for Hydrogen Production Systems. Int. J. Hydrogen Energ. 42 (31),
19851–19868. doi:10.1016/j.ijhydene.2017.06.089

Smoláková, L., Čapek, L., Botková, Š., Kovanda, F., Bulánek, R., and Pouzar, M.
(2011). Activity of the Ni–Al Mixed Oxides Prepared from Hydrotalcite-like
Precursors in the Oxidative Dehydrogenation of Ethane and Propane. Top.
Catal. 54 (16-18), 1151. doi:10.1007/s11244-011-9737-3

Smoláková, L., Frolich, K., Kocík, J., Kikhtyanin, O., and Čapek, L. (2017a). Surface
Properties of Hydrotalcite-Based Zn(Mg)Al Oxides and Their Catalytic Activity
in Aldol Condensation of Furfural with Acetone. Ind. Eng. Chem. Res. 56 (16),
4638–4648. doi:10.1021/acs.iecr.6b04927

Smoláková, L., Pöpperle, L., Kocík, J., Dubnová, L., Horáček, J., and Čapek, L.
(2017b). Catalytic Behavior of Mg-Al and Zn-Al Mixed Oxides in the
Transesterification of Rapeseed Oil: Comparison of Batch and Fixed Bed
Reactors. Reac Kinet Mech. Cat 121 (1), 209–224. doi:10.1007/s11144-017-
1156-4

Smoláková, L., Dubnová, L., Kocík, J., Endres, J., Daniš, S., Priecel, P., et al. (2018).
In-situ Characterization of the thermal Treatment of Zn-Al Hydrotalcites with
Respect to the Formation of Zn/Al Mixed Oxide Active in Aldol Condensation
of Furfural. Appl. Clay Sci. 157, 8–18. doi:10.1016/j.clay.2018.02.024

Suárez-Quezada, M., Romero-Ortiz, G., Samaniego-Benítez, J. E., Suárez, V., and
Mantilla, A. (2019). H2 Production by the Water Splitting Reaction Using
Photocatalysts Derived from Calcined ZnAl LDH. Fuel 240, 262–269.
doi:10.1016/j.fuel.2018.11.155

Szabados, M., Adél Ádám, A., Traj, P., Muráth, S., Baán, K., Bélteky, P., et al. (2020).
Mechanochemical and Wet Chemical Syntheses of CaIn-Layered Double
Hydroxide and its Performance in a Transesterification Reaction Compared
to Those of Other Ca2M(III) Hydrocalumites (M: Al, Sc, V, Cr, Fe, Ga) and
Mg(II)-, Ni(II)-, Co(II)- or Zn(II)-based Hydrotalcites. J. Catal. 391, 282–297.
doi:10.1016/j.jcat.2020.07.038

Tajuddin, N., Saleh, R., Manayil, J., Isaacs, M., Parlett, C., Lee, A., et al. (2019).
“Hydrothermal Reconstructing Routes of Alkali-Free ZnAl Layered Double

Hydroxide: A Characterisation Study,” in Solid State Phenomena (Trans Tech
Publ), 168–176.

Tang, Y., Wu, F., Fang, L., Guan, T., Hu, J., and Zhang, S. (2019). A Comparative
Study and Optimization of Corrosion Resistance of ZnAl Layered Double
Hydroxides Films Intercalated with Different Anions on AZ31 Mg Alloys. Surf.
Coat. Technol. 358, 594–603. doi:10.1016/j.surfcoat.2018.11.070

Teodorescu, F., Slabu, A. I., Pavel, O. D., and Zăvoianu, R. (2020). A Comparative
Study on the Catalytic Activity of ZnAl, NiAl, and CoAl Mixed Oxides Derived
from LDH Obtained by Mechanochemical Method in the Synthesis of 2-
methylpyrazine. Catal. Commun. 133, 105829. doi:10.1016/
j.catcom.2019.105829

Teruel, L., Bouizi, Y., Atienzar, P., Fornes, V., and Garcia, H. (2010). Hydrotalcites
of Zinc and Titanium as Precursors of Finely Dispersed Mixed Oxide
Semiconductors for Dye-Sensitized Solar Cells. Energy Environ. Sci. 3 (1),
154–159. doi:10.1039/b916515k

Tu, M., Shen, J., and Chen, Y. (1999). Microcalorimetric Studies of Zn—Al Mixed
Oxides Obtained From Hydrotalcite-type Precursors. J. Therm. Anal. Calorim.
58 (2), 441–446. doi:10.1023/a:1010171725592

Valeikiene, L., Paitian, R., Grigoraviciute-Puroniene, I., Ishikawa, K., and Kareiva,
A. (2019). Transition Metal Substitution Effects in Sol-Gel Derived Mg3-xMx/
Al1 (M �Mn, Co, Ni, Cu, Zn) Layered Double Hydroxides.Mater. Chem. Phys.
237, 121863. doi:10.1016/j.matchemphys.2019.121863

Wan, G. Q., Li, D. X., Li, C. F., Xu, J., and Hou, W. G. (2012). From Zn-Al Layered
Double Hydroxide to ZnO Nanostructure: Gradually Etching by Sodium
Hydroxide. Chin. Chem. Lett. 23 (12), 1415–1418. doi:10.1016/
j.cclet.2012.10.020

Wang, D. F., and Zhang, X. L. (2012). “Synthesis of Diethyl Carbonate from Ethyl
Carbamate and Ethanol Catalyzed by ZnO-Fe2O3 from Zn/Fe Hydrotalcite-
like Compounds,” in Advanced Materials Research (Trans Tech Publ),
1768–1771.

Xu, C., Gao, Y., Liu, X., Xin, R., and Wang, Z. (2013). Hydrotalcite Reconstructed
by In Situ Rehydration as a Highly Active Solid Base Catalyst and its
Application in Aldol Condensations. RSC Adv. 3 (3), 793–801. doi:10.1039/
c2ra21762g

Zeng, H.-Y., Xu, S., Liao, M.-C., Zhang, Z.-Q., and Zhao, C. (2014). Activation of
Reconstructed Mg/Al Hydrotalcites in the Transesterification of Microalgae
Oil. Appl. Clay Sci. 91-92, 16–24. doi:10.1016/j.clay.2014.02.003

Zeng, X., Yang, Z., Liu, F., Long, J., Feng, Z., and Fan, M. (2017). An In Situ
Recovery Method to Prepare Carbon-Coated Zn-Al-Hydrotalcite as the Anode
Material for Nickel-Zinc Secondary Batteries. RSC Adv. 7 (70), 44514–44522.
doi:10.1039/c7ra08622a

Zhang, Y., and Li, X. (2014). Preparation of Zn-Al CLDH to Remove Bromate from
Drinking Water. J. Environ. Eng. 140 (7), 04014018. doi:10.1061/(asce)ee.1943-
7870.0000835

Zhao, X., Zhang, F., Xu, S., Evans, D. G., and Duan, X. (2010). From Layered
Double Hydroxides to ZnO-Based Mixed Metal Oxides by thermal
Decomposition: Transformation Mechanism and UV-Blocking Properties of
the Product. Chem. Mater. 22 (13), 3933–3942. doi:10.1021/cm100383d

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Dubnová, Daňhel, Meinhardová, Korolova, Smoláková,
Kondratowicz, Kikhtyanin and Čapek. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org January 2022 | Volume 9 | Article 80376413

Dubnová et al. Formation of Reconstructed ZnAl LDHs

https://doi.org/10.1016/j.fuel.2017.09.061
https://doi.org/10.1039/c3gc40405f
https://doi.org/10.1002/jrs.2831
https://doi.org/10.1016/j.ijhydene.2021.03.150
https://doi.org/10.1007/s10450-015-9732-2
https://doi.org/10.1016/j.apcatb.2010.11.005
https://doi.org/10.1016/j.jtice.2013.02.003
https://doi.org/10.1016/j.apt.2021.09.016
https://doi.org/10.1016/j.clay.2020.105486
https://doi.org/10.3390/ma13214916
https://doi.org/10.1016/j.ijhydene.2017.06.089
https://doi.org/10.1007/s11244-011-9737-3
https://doi.org/10.1021/acs.iecr.6b04927
https://doi.org/10.1007/s11144-017-1156-4
https://doi.org/10.1007/s11144-017-1156-4
https://doi.org/10.1016/j.clay.2018.02.024
https://doi.org/10.1016/j.fuel.2018.11.155
https://doi.org/10.1016/j.jcat.2020.07.038
https://doi.org/10.1016/j.surfcoat.2018.11.070
https://doi.org/10.1016/j.catcom.2019.105829
https://doi.org/10.1016/j.catcom.2019.105829
https://doi.org/10.1039/b916515k
https://doi.org/10.1023/a:1010171725592
https://doi.org/10.1016/j.matchemphys.2019.121863
https://doi.org/10.1016/j.cclet.2012.10.020
https://doi.org/10.1016/j.cclet.2012.10.020
https://doi.org/10.1039/c2ra21762g
https://doi.org/10.1039/c2ra21762g
https://doi.org/10.1016/j.clay.2014.02.003
https://doi.org/10.1039/c7ra08622a
https://doi.org/10.1061/(asce)ee.1943-7870.0000835
https://doi.org/10.1061/(asce)ee.1943-7870.0000835
https://doi.org/10.1021/cm100383d
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Reconstruction of the ZnAl Mixed Oxides Into the Layered Double Hydroxide Catalysts Active in the Aldol Condensation of Fur ...
	Introduction
	Experimental Process
	Preparation of ZnAl Materials
	Characterisation of ZnAl Materials
	Catalytic Tests

	Results and Discussion
	Structural Properties of ZnAl-Reconstructed LDHs
	Basic Properties of ZnAl-Reconstructed LDHs
	What Occurs During the Repeated Transformation of ZnAl Mixed Oxides Into RE-LDHs?
	The Risk of Na Leaching
	Performance of ZnAl RE-LDHs in the Aldol Condensation of Furfural

	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


