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Preface to “Layered Double Hydroxides (LDHs)”

Their exceptional characteristics and uniqueness make Layered Double Hydroxides (LDHs) and
their derivatives promising two-dimensional layered materials that are suitable for several existing
and future applications in diverse fields. To name a few, we can mention environmental monitoring
and preservation, biotechnology, pharmaceutical and chemical processes, the design and realization
of new functional polymers and new magnetic materials with a high-saturation magnetic field, and
new composite materials for sustainable concrete infrastructure.

The number of research and review articles in high-impact journals highlights the growing
attention paid to these materials by not only academic, but also applied-science researchers. This
is due to the peculiar properties of LDHs, such as their ease of synthesis even on a large scale,
their chemical and thermal stability, their uniform distribution of metal cations, and their ability to
intercalate anionic species within the interlayer space and possibly release them, together with their
high biocompatibility.

This growing interest has led to a parallel growth in the number of publications, some of
which appear in this Special Issue of Crystals, presenting both research and review papers. In
particular, deeper attention has been paid to innovative synthesis techniques, focusing on those with
a low environmental impact, to applications for renewable energy sources, and to interlayer anions’
exchange capability for drug release. The ability of Layered Double Hydroxides to form hybrid
inorganic/organic nanomaterials is stressed in the review articles.

We are confident that reading the articles published in this Special Issue, written by
accomplished researchers working for years in the field, will be a source of inspiration to any scientist

who studies LDHs within any discipline.

Roberto Pizzoferrato, Maria Richetta
Editors
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Hydrotalcite, the first natural mineral belonging to the family of layered materials, was discovered
in Sweden by Hochstetter in 1842, but it was not until 1930 that the first study on its synthesis,
solubility, stability, and structure was carried out by Feitknecht.

Since then, the family of layered materials has become wider and wider, and also been variously
named over time. Layered Double Hydroxides (LDHs), Layered Hydroxicarbonates, Hidrotalcite-like
Materials, Anionic Clays, etc., are just some of the many examples, although none of them are sufficiently
exhaustive and reflect the current situation. Regardless of the denomination, these materials are not as
naturally occurring as cationic clays are, nonetheless they are easy to prepare and are low-cost.

What made and makes these materials extremely interesting is the fact that the nature of the layer
cations can be varied within a wide selection, and the nature of the interlayer anion can be chosen,
almost at will, between organic and inorganic anions, polymetalates, simple anionic coordination
compounds, etc. Like the cationic clays, they can be pillared and, even more importantly, the interlayer
anions can be easily exchanged. This property increases the possible applications and opens new
routes to the synthesis of derivatives. Furthermore, unlike cationic clays, they are able to recover
the lamellar structure after undergoing thermal decomposition. This property can also be used as a
synthesis technique.

Since the pioneering work of Feitknecht, LDHs have been synthesized by direct and
indirect methods, such as coprecipitation, hydrothermal growth, sol-gel synthesis, soft chemistry,
electrochemical synthesis, anion exchange, and those in which LDHs are used as precursors.

The opportunities offered by these properties are extremely ample, and it is precisely for this
reason that the applications of LDHs are constantly growing. The main areas of interest range from
renewable energy production to water purification and remediation, including functionalized materials
for piezoelectric nanogenerators and gas sensing. Great attention is paid to biomedical applications
and to the synthesis of hybrid smart nanocomposites, which involve expanding sectors such as
drug-delivery, food packaging and safety.

Within this Special Issue, eight articles are collected, and are divided between synthesis
techniques [1-3], applications [4-6], and review works [7,8].

The first work, related to the synthesis of Mg-Al, Ca-Al, Zn-Al and Cu-Al LDHs, is the one carried
out by Barnard and Labuschagne [1]. The authors, in order to propose a green synthesis technique,
implement the wet mechanochemical method through the use of a Netzsch LME 1 horizontal bead
mill, designed “ad hoc” for wet grinding applications. In this way they are able to eliminate the
production of salt-rich effluent and the control of pH. Furthermore, an aging phase allows a better
conversion of raw materials into LDH structures, as well as a morphological improvement of the
structures. Another notable point is that the selected mill can be easily scaled up for the production of
large quantities of LDH products.

In addition, in the work proposed by Gevers and Labuschagné [2], the authors take care to adopt
an environmentally friendly synthesis. In particular, they present the results obtained through the
hydrothermal synthesis of hydrocalumite (HC) and Al(OH); in water, examining the parameters
that impact the formation process of CaAl-OH-LDH, i.e., reaction temperature and time, molar ratio,
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mixing ratio, water/solid ratio, and morphology/crystallinity of reactants. They show that the use of
oxides and hydroxides as starting materials allows one to reduce the production of polluting waste
streams, while permitting one to obtain HC formation in each experiment conducted. Furthermore,
the carbonate content present in CaAl-OH-LDH essentially comes from calcite or AI(OH)3, such as
surface adsorbed carbonate species, rather than from air. Regarding the significant parameters,
the authors show how the use of a low water/solid ratio, an increase in time and temperature of reaction,
the use of amorphous and large surface AI(OH)3, as well as a stoichiometric ratio calcium/aluminium,
favor the formation of katoite, and the purity of HC.

In Reference [3], Valeikiene et al. present a study on the reconstruction peculiarities of Mg,_M,/Aly
(M = Ca, Sr, Ba) LDH made by means of the indirect sol-gel synthesis route. In particular, the results of
two different sol-gel synthesis procedures are presented. First, the mixed metal oxides (MMO) are
obtained by directly heating the precursor Mg(M)-Al-O to (650, 800, 950) °C. All the samples obtained,
once immersed in water at 50 °C, were reconstructed to Mg,_M,/Al; LDH. However, the spinel
phases remained as impurities and a small quantity of carbonates formed. During the second
phase, the reconstructed LDHs were heated to the same temperatures as before. The composition,
morphology, and surface properties of these MMOs were then compared with the analogues obtained
by the first method. The results showed that the Ca and Sr substituted MMOs contain multiple
side phases. The most interesting result, however, lies in the “memory effect” exhibited by the
microstructures of MMOs reconstructed from sol-gel-derived LDH, i.e., the microstructural properties
of the MMOs were found to be practically identical to those of LDH and, moreover, independent of the
annealing temperature.

The other five papers explore the wide field of the present and potential applications of LDHs,
and provide some interesting examples of how the many peculiar properties of these materials can be
exploited in very different sectors.

In Reference [4], Tampieri et al. address the search for renewable energy sources by investigating
the properties of LDHs as catalysts for the synthesis of biofuels. The authors report a microwave-assisted
batch process for the neat aldol condensation of furfural and acetone over Mg:Al hydrotalcites (HTs)
and derivatives. Differently from previous studies, they prepared HTs in the laboratory and carried
out calcination and rehydration to produce mixed metal oxides (MMOs) and meixnerite-like (MX)
LDHs, respectively. This allowed them to study how the catalyst activity and selectivity varied
over the different derivatives. In addition, an exhaustive analysis of the influence of other reaction
parameters was performed. MX resulted in by far the most active catalyst, followed by MMO and
HT. Interestingly, HT was generally reported as inactive. In comparison with conventional heating,
microwave-assisted condensation is more selective and faster, and also works well at temperatures
below 100 °C, even though it requires a longer reaction time.

The capability to exchange interlayer anions is another remarkable characteristic of LDHs, and can
be exploited to either adsorb or release anionic species from or into the environment. In Reference [5],
Cardinale et al. explore the adsorption properties of MgAl-CO3 and NiAl-NO3; LHDs for the removal
of some heavy metals from real wastewater, supplied by a galvanic treatment company. The authors
found a certain degree of selectivity of these LDHs, in that Cr(VI) is more efficiently removed by
the NiAl LDH through an exchange with the interlayer nitrate. On the other hand, Fe(Ill) and
Cu(II) are removed in higher amounts by the MgAl LDH, probably through a substitution with Mg.
However, other mechanisms, such as sorption on the OH™ functional groups, surface complexation,
and/or precipitation on the surface of LDH, could not be completely excluded. In the first case, the ionic
concentration of Cr(VI) is lowered to a value close to the legal limit, while the concentrations of Fe(IlI)
and Cu(II) are reduced well below the legal limit.

In Reference [6], Pavel et al. report the incorporation of Curcumin (CR) in the ZnzAl-LDH
matrix in order to investigate the release of anionic species for application in drug delivery.
The promising antioxidant activity of this natural polyphenol is hindered by its poor solubility
in water at neutral pH, which could be overcome by the incorporation of suitable nanocarriers, such as
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LDHs. Specifically, the authors used ZnzAl-LDH, in place of the commonly studied Mgy Al-LDH, to
increase the antioxidant activity due to the antiseptic properties of Zn. By performing incorporations
in both a pristine and a reconstructed matrix, with the addition of CR either as an aqueous alkaline
solution (Aq) or as an ethanolic solution (Et), the authors investigated the conditions for the lowest
degradation and highest release of CR. They found that reconstruction with a CR-ethanolic solution,
which does not restore the layered LDH structure, is the preferable method to obtain CR-loaded Zn3Al
solids from LDH precursors.

Finally, two review papers conclude this Special Issue by reporting on some of the many different
applications that derive from the capability of LDHs to combine with organic polymers and form hybrid
organic/inorganic nanocomposites materials. In Reference [7], Mohapi et al. review and compare the
role of LDHs and natural nanoclays in forming polymer-based materials for water purification systems.
Specific attention is paid to the preparation methods and the corresponding influence of external
parameters in the adsorption process. A solution blending technique and in situ polymerization
strategies seem to provide a better dispersion of clay layers in the polymer matrix compared to the
melt blending technique. However, melt blending is considered more industrially viable as well
as eco-friendly, and shows high economic potential. In Reference [8], Mochane et al. review the
utilization of LDHs as nanofillers in polymer-based matrices to improve mechanical and thermal
stability, flame retardancy and gas barrier characteristics. While these properties are key factors in a
wide field of use, such as in food packaging and safety, other applications, including energy, water
purification, gas sensing, biomedical and piezoelectric nanogenerators, are also reviewed. The synergy
between polymers and LDHs with peculiar characteristics is especially discussed. It is also pointed out
that there are few studies investigating the thermal conductivity of LDHs in combination with other
well-known conductive fillers, such as expanded graphite, carbon nanotubes, carbon black, and carbon
fibers, which could widen the applications of LDHs nanocomposites.

In summary, we believe that this Special Issue highlights some of the recent lines of a topic as broad
as a peculiar type of layered nanomaterial with a large range of possible compositions, many different
methods of synthesis and functionalization, several interesting physicochemical properties, and ample
opportunities for present and potential application. The present articles show that remarkable progress
has been and is still being made on all these aspects, to allow the considering of LDHs as one of the
most interesting and versatile inorganic materials.

We would like to thank all authors who have contributed for having submitted manuscripts
of such excellent quality. We also wish to thank the large number of reviewers and the editorial
staff at Crystals, especially the Section Managing Editor, for the fast and professional handling of the
manuscripts and for the help provided throughout.
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Abstract: The synthesis of Mg-Al, Ca-Al, Zn-Al and Cu-Al layered double hydroxides (LDHs) was
investigated with a one-step wet mechanochemical route. The research aims to expand on the
mechanochemical synthesis of LDH using a mill designed for wet grinding application. A 10%
slurry of solids was added to a Netzsch LME 1 horizontal bead mill and milled for 1 h at 2000 rpm.
Milling conditions were selected according to machine limitations and as an initial exploratory
starting point. Precursor materials selected consisted of a mixture of oxides, hydroxides and basic
carbonates. Samples obtained were divided such that half was filtered and dried at 60 °C for 12 h.
The remaining half of the samples were further subjected to ageing at 80 °C for 24 h as a possible
second step to the synthesis procedure. Synthesis conditions, such as selected precursor materials
and the M:M™ ratio, were adapted from existing mechanochemical methods. LDH synthesis prior
to ageing was successful with precursor materials observably present within each sample. No Cu-Al
LDH was clearly identifiable. Ageing of samples resulted in an increase in the conversion of raw
materials to LDH product. The research offers a promising ‘green” method for LDH synthesis without
the production of environmentally harmful salt effluent. The synthesis technique warrants further
exploration with potential for future commercial up-scaling.

Keywords: layered double hydroxide; mechanochemistry; bead mill; green chemistry; synthesis;
wet grinding

1. Introduction

Layered double hydroxides (LDHs) are clay-like minerals commonly referred to as anionic clays
with a wide range of physical and chemical properties. They are represented by the general formula
[M”l_XMmX(OH)z][Xq_x/q~H20] in which M and M represent the selected divalent and trivalent
metal elements and [Xq‘x/q-HZO] denotes the interlayer composition. LDHs often find application
in pharmaceuticals, as polymer additives, as additives in cosmetics, and in catalysis. This is due
to having variable layer charge density, reactive interlayer space, ion exchange capabilities, a wide
range of chemical compositions and rheological properties [1]. LDH materials can be synthesised
using various different techniques of which the most common are co-precipitation, reconstruction,
hydrothermal methods and urea decomposition-homogenous precipitation. The primary principle
associated with these methods include the precipitation of various types of metal ions which makes large
scale production difficult. Challenges associated with these methods include differing precipitation
rates of metal ions, need for inert environments, production of environmentally harmful waste
and high production costs [2]. Novel, ‘green’ synthesis techniques are therefore often sought

Crystals 2020, 10, 954; doi:10.3390/cryst10100954 5 www.mdpi.com/journal/crystals



Crystals 2020, 10, 954

after. Recently the use of mechanochemistry as an alternative synthesis procedure has gained
wide-spread attention. Mechanochemistry is considered a versatile method of synthesis with
the promise of producing LDH materials with unique elemental combinations [3,4]. The most
common types of mechanochemical synthesis techniques include single-step or one-pot grinding [5,6],
mechano-hydrothermal synthesis [7-10] and two step grinding. Two-step grinding can consist of
an inijtial grinding step followed by an additional treatment step or a second grinding step [11-13].
Grinding of raw materials can be conducted wet, dry or as a paste. Various techniques and combinations
involving the wet or dry milling of raw materials have been attempted and found to be successful [2].
Studies have shown that the type of grinding technique can largely affect the success of LDH synthesis,
with some techniques not producing sufficient mechanical energy for the synthesis to occur readily [11].
Research has indicated that a large amount of mechanochemical methods explored typically involve
the use of ball mills, mixer mills or a mortar and pestle as the primary grinding technique [2].
The final properties of LDH are further influenced by the selected method of grinding [14]. It is
therefore of interest to expand on the effect of milling techniques on the synthesis of LDH materials.
The success associated with the formation of an LDH phase for single step grinding procedures are
further influenced by the selected starting materials [2]. The use of metallic salts of chlorides or
nitrates allows for LDH synthesis but introduces a washing step that could produce an undesirable
waste solution [5,6]. The use of hydroxides and oxides eliminates the production of waste solution
promoting ‘green’ synthesis of LDH materials, however, has proven to be challenging [2]. The addition
of water to existing grinding techniques, such that wet grinding occurs, is considered unsuitable
for solid state chemistry as it may reduce the degree of amorphitization and prevent active site
formation [15]. Dry grinding is therefore typically conducted as an initial mechanochemical step when
synthesising LDHs. The absence of water allows for sufficient active site formation and amorphitisation.
Dry grinding of the precursor materials is regularly used in conjunction with a second synthesis step.
A variation of secondary synthesis steps have been explored. LDH materials have successfully been
synthesised with the dry grinding of raw materials and agitating the milled material in a solution
containing the desired anion for intercalation [16-19]. Similarly, LDH synthesis methods have involved
dry grinding followed by washing or thermal treatment of the sample [2,20]. Unique methods have
also involved a combination of the initial dry grinding step with that of a wet grinding step [15,21] or
methods involving ultrasonic irradiation [22-24]. Limited research has been conducted on single-step
or one-pot wet grinding and low conversion rates obtained warrant the need for further research [2,25].
Incomplete conversion or no LDH formation have been attributed to the quantity of water present
with insufficient mechanochemical activation of the precursor materials occurring [15]. The study
therefore aims to expand on the one-step wet mechanochemical synthesis of layered double hydroxides,
from oxides, hydroxides and basic carbonates, by making use of a Netzsch LME 1 horizontal bead mill.
The selected mill is designed specifically for wet grinding application and allows for the continuous,
semi batch or batch synthesis of LDH materials. The process could be easily up scaled to produce large
volumes of consistent and commercially viable LDH product. Precursor materials and MM ratios
were adapted from mechanochemical techniques in which LDH synthesis was successful [15,17,18,21].
The performance of the selected mill and synthesis conditions could therefore be investigated. Samples
obtained were further subjected to ageing at 80 °C to determine the effects of including a thermal step
to the selected mechanochemical method.

2. Materials and Methods

2.1. Milling Operation

Selected raw materials were wet batch milled with the use of a Netzsch LME 1 horizontal bead
mill, under air atmosphere. The milling chamber (1.225 L) was loaded to a capacity of 60% (by volume)
with 2 mm diameter yttrium stabilised zirconia beads. Cooling water was allowed to circulate through
the outer jacket of the milling chamber at a constant inlet temperature of 30 °C and flow rate of
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525 L'h~!. A water slurry consisting of 10% solids (reactants) was added to the milling chamber and
milled for 1 h at 2000 rpm. Samples obtained were divided such that half was filtered and dried at
60 °C for 12 h. The remaining half of the sample was subjected to ageing at 80 °C for 24 h. The principle
of the mill is similar to that of agitator bead mills in which the grinding media is accelerated with
the use of an agitator shaft. The energy supplied to the media is then transferred to the solids via
collisions and de-acceleration. The vessel is placed in a horizontal position to allow for even grinding
activity and activation. Figure 1 depicts a technical schematic of the Netzsch LME 1 horizontal bead
mill. The product inlet and outlet to the grinding chamber were sealed to allow for batch milling.
Raw materials and grinding media were added to the vessel through the ‘bead filling connection’.
At the end of every experimental run, the ‘tank floor” or front cap of the milling chamber was removed
and the sample and beads collected. The grinding media and mill were washed in preparation for the
next experimental run. The pump set-up provided by Netzsch was not used.

1] zressure Redun.'ing Va]ve.
ompressed Air Connection

Control Panel
N Thermometer
Bead Filling Connection
T4 Tank Floor

Grinding Vessel

Product Discharge
h———Grinding Media Discharge
Machine Stand

Speed Adjustment Agitator Shaft

Leakage Vessel
l l \ Discharge Sealing Liquid

=4 =
+«———Liquid/Sealing Vessel
Manometer
Product Outlet

ooling Water Outlet
ooling Water Inlet

Pump
Product Inlet

Figure 1. Technical Schematic of Netzsch LME 1 Horizontal Bead Mill as modified from Netzsch.

2.2. Ageing Process

The ageing step was conducted by making use of a bench-top Lasec digital hotplate stirrer.
Samples obtained from the milling chamber were divided such that half was immediately filtered and
dried and the other half subjected to an ageing step. Samples were placed in a glass beaker and agitated,
at 400 rpm, for 24 h. Sample temperature was elevated and kept constant at 80 °C. A thin plastic film
was placed over the beaker to prevent excessive moisture loss. Experiments were performed without
the use of an inert gas under air atmosphere. All samples were filtered and dried at 60 °C for 12 h.
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2.3. Mg-Al LDH

Commercial grade MgO (86%, Chamotte Holdings, JHB, GP, ZA) was initially calcined at 800 °C
for 1 h to eliminate carbonate and hydroxide contaminants. This was then milled with AI(OH)3
(Hindalco, Belgaum, India) making use of a 2:1 (28.63 g MgO, 23.83 g Al(OH)3) (S1) and 3:1 (33.79 g
MgO, 18.75 g AI(OH)3) (S2), MM metal ratio [15,26]. The selected MgO contained SiO; as an
impurity and was prevalent in all relevant samples collected.

2.4. Ca-Al LDH

Commercial grade Ca(OH); (LimeCo. Minerals, JHB, GP, ZA) was first calcined at a temperature
0f 900 °C for 1 h to remove any hydroxide and carbonate impurities, to form CaO. This was then reacted
with 100 mL water for 15 min to form Ca(OH),. This step eliminated the possibility of vapor formation
within the milling chamber due to the extremely exothermic CaO hydration reaction. The Ca(OH),
and Al(OH); (Hindalco, Belgaum, India) were milled with and without the addition of a carbonate
source, CaCOj3 (Kulubrite 45, Idwala Carbonates, Port Edward, KZN, ZA). The selected metal starting
ratios were Ca:Al:CaCOj; of 2:1:0 (35.80 g CaO, 16.60 g AI(OH)3)(S4) and 3:2:1 (25.93 g CaO, 1591 g
Al(OH)3, 10.58 g CaCO3)(S3) [21].

2.5. Zn-Al LDH

The synthesis of Zn-Al LDH was conducted with Zn5(CO3),(OH)g (Sigma-Aldridge, St. Louis,
MO, USA). This was milled at a 1:1 (Zn:Al) metal ratio with AI(OH); (Hindalco, Belgaum, India).
The sample was further referred to as S5 (30.69 g Zn5(CO3),(OH)g, 21.77 g AI(OH)3) [18].

2.6. Cu-Al LDH

Commercial grade Cuy(OH),CO3 (Adchem, MELB, AU) and Al(OH); (Hindalco, Belgaum, India)
were milled making use of a 2:1 (Cu:Al) ratio with the aim of synthesising Cuy Al(OH)5CO3-XH,O
(38.97 g Cup(OH),CO3, 13.75 g AI(OH)3) (S6) [17].

2.7. Material Characterisation

2.7.1. Particle Size Analysis (PSA)

Samples collected were analysed wet and fully dispersed, before the filtration and drying steps,
with the use of a Mastersizer 3000 (Malvern Panalytical, Malvern, UK) using a Hydro LV liquid unit.

2.7.2. Scanning Electron Microscopy (SEM)

SEM imaging was used to observe the morphology of the prepared samples. A Zeiss Gemini
1 cross beam 540 FEG SEM (Oberkochen, Germany). Powdered samples were placed secured onto
an aluminium sample holder and graphite coated 5 times with a Polaron Equipment E5400 SEM
auto-coating sputter system (Quorum, East Sussex, UK).

2.7.3. X-ray Diffraction Analysis (XRD)

Reaction products of powdered samples were identified using a PANalytical X'Pert Pro powder
diffractometer in 6-6 configuration fitted with an X’Celerator detector and variable divergence- and
fixed receiving slits (Malvern Panalytical, Malvern, UK ). The system made use of Fe filtered Co-K«
(A = 1.789A) source. Samples were prepared using the standardised PANalytical backloading system,
providing a random distribution of particles. Samples were scanned from 5° to 90° with a step size
of 0.008°. Sample mineralogy was determined using the ICSD database in correlation with X'Pert
Highscore plus software.
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2.7.4. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra for the samples were obtained using a PerkinElmer 100 Spectrophotometer
(Massachusetts, USA) over a range of 550-4000 cm~! and represent an average of 32 scans, at a
resolution of 2 cm™.

2.7.5. X-ray Fluorescence (XRF)

XRF was used for elemental analysis of the samples. Samples were dried at 100 °C and roasted
at 1000 °C to determine mass loss on ignition. In addition, 1 g of the sample was mixed with 6 g
Lithumtetraborate flux and fused at 1050 °C to form a stable fused glass bead. Analysis was conducted
using a Thermo Fisher ARL Perform ‘X Sequential instrument (Massachusetts, USA). Samples were
characterised using UNIQUANT software.

3. Results and Discussion

3.1. Particle Size Analysis

The particle size of the raw material mixtures as well as that of the sample obtained is depicted in
Tables 1 and 2, respectively. It was noted that overall particle size reduction occurred for most samples,
with the exception of S3, with an increase in the grinding time as expected. This could possibly be
attributed to the formation and agglomeration of Ca-Al LDH present within the sample. Raw material
mixtures exhibited large Doy measurements that could be attributed to immediate reaction with water,
as well as agglomeration.

Table 1. Particle size analysis of raw material mixtures prior to milling, relevant to each sample.

Sample  Dqo[um]  Dsp[um]  Dgg [um]

S1 2.35 7.79 17.6
S2 1.66 7.22 18.8
S3 1.98 7.84 23.6
S4 2.29 9.17 686
S5 1.71 4.13 10.5
S6 1.34 5.55 15.6

Table 2. Particle size analysis of each sample after 1 h of wet milling in a Netzsch LME 1 horizontal
bead mill.

Sample  Djg[um]  Dso [um]  Dgg [um]

S1 0.962 3.39 6.21
S2 0.693 2.33 4.94
S3 0.594 1.70 36.9
S4 0.661 2.71 86.0
S5 0.77 2.51 4.83
S6 0.764 2.43 493

3.2. X-ray Fluorescence

The elemental composition and metal ratios of the samples were obtained via XRF analysis and
listed in Table 3. All samples were found to have a small amount of zirconium, yttrium, and iron
contamination from the milling media and the milling chamber. Samples S1 and S2 contained SiO,
introduced by the selected commercial grade MgO reagent. XRF analysis was conducted to ensure that
the correct metal ratios were applied to the raw materials added to the system and are therefore not an
indication of the composition of the LDH phases present within each sample. They are an indication of
the metal ratios within the overall sample obtained. Calculated metal ratios were observed to correlate
with those adapted from literature.
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Table 3. Calculated M":M ratios of each sample, after wet milling for 1 h with a Netzsch LME 1
horizontal bead mill, as obtained through XRF analysis.

Sample  Expected M!:M!I! Ratio  Calculated M':M!! Ratio

S1 2.00: 1.00 2.00:1.04
52 3.00:1.00 3.00:1.04
S3 2.00:1.00 2.00:1.09
S4 2.00:1.00 2.00:0.94
S5 1.00:1.00 1.00:1.01
56 2.00:1.00 2.00:10.00

3.3. X-ray Diffraction Analysis

Samples analysed were observed to have minor unindexed peaks present. This could be attributed
to unidentified phases present or impurities due to mill degradation. Future studies should be
conducted in attempt to adequately investigate all phases present within samples obtained.

Mg-Al LDH. Figures 2 and 3 show the XRD spectra obtained for samples S1 and S2. The reaction
had not yet reached completion at the selected synthesis conditions prior to ageing. The sample
synthesised with a 2:1 metal ratio (S1) exhibited no clear LDH peaks with no crystalline LDH phase
detected within the sample. Ageing of the sample resulted in a clear LDH pattern with primary
and secondary peaks located at 20 values of 13.49° and 27.22°, respectively. This correlated with a
basal spacing of 0.759 nm. Comparatively, S2 exhibited primary and secondary LDH peaks prior
to ageing at 20 values of 13.37° and 26.99°, respectively. This correlated with a basal spacing of
0.767 nm. Ageing of the sample resulted in more complete conversion of raw materials to LDH product,
with clear peaks observed at 20 values of 13.48° and 27.10°. The basal spacing was calculated to
be 0.760 nm. Basal spacing has been found to be influenced by numerous factors including milling
time, the amount of water present and possible carbonate contamination [15]. Lattice imperfections
as a result of mechanically induced amorphitisation could further contribute to larger basal spacing
values [5]. The addition of water has been known to decrease the degree of supersaturation, which could
negatively impact morphology and crystallinity of the synthesised LDHs. It has further been observed
that the crystallinity of LDHs can pass through a maximum, with lattice imperfections increasing
with an increase in milling time [26]. The calculated basal spacing values obtained for both S1 and S2,
after ageing, were found to be similar with those reported in literature [15]. Similarly, spectra for the
aged samples obtained further correlated with existing literature [9,15,27].
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Figure 2. (a) X-ray diffraction analysis of the Mg-Al LDH sample (S1), synthesised with a 2:1 M:M!!
ratio, after ageing for 24 h at 80 °C.; (b) X-ray diffraction analysis of sample S1 prior to ageing after 1 h
of wet milling at 2000 rpm.
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Figure 3. (a) X-ray diffraction analysis of Mg-Al LDH sample (S2), synthesised with a 3:1 M:M™ ratio
after ageing for 24 h at 80 °C; (b) X-ray diffraction analysis of sample S2 prior to ageing after 1 h of wet
milling at 2000 rpm.

Ca-Al LDH. XRD reflection patterns for samples S3 and S4 are as depicted in Figures 4 and 5,
respectively. The presence of LDH was observed prior to ageing for S3 with a primary peak at a 20 of
13.50°. This correlated to a basal spacing of 0.759 nm. Ageing of the sample improved conversion
of raw materials to LDH product, with a decrease in AI(OH); and Ca(OH), peak intensity observed.
Twinning primary peaks were observed at 20 values of 13.54° and 13.20° corresponding to basal
spacing’s of 0.757 nm and 0.776 nm, respectively. Comparatively, the XRD spectra for S4 depicted the
presence of LDH within the sample despite the lack of a direct carbonate source. The primary peak was
observed to occur at 20 of 13.47°, with a basal spacing of 0.761 nm. The presence of CaCO3 was further
noted and likely due to atmospheric carbonate contamination. Ageing of the sample resulted in the
formation of katoite (CazAl,(OH)1;) as well as twinning primary LDH peaks. These were observed to
occur at 20 of 13.27° and 13.58°, corresponding to basal spacing of 0.772 nm and 0.755 nm. Twinning
peaks could be attributed to the presence of different LDH phases within the sample and differ
through carbonate content [22,27,28]. Basal spacing values obtained for both samples, before and after
ageing, suggest the presence of either or a mixture of calcium monocarboaluminate and a dehydrated
polymorph of calcium hemicarboaluminate that forms upon ageing. Basal spacing reported for each
of these were 0.750 nm [22,27] and 0.760-0.770 nm [22,28], respectively. Ca-Al LDH synthesised in
the presence of a carbonate source formed more readily when compared to that synthesised with
no CaCQOj;. Previous studies have shown that Ca-Al LDH and katoite (tricalcium aluminate) can
result when reacting Ca(OH), and AI(OH)j3 in the absence of an additional phase or carbonate source,
with little to no LDH formation occurring at times [11,21,29]. Studies have also shown that, upon the
addition of a third phase such as CaCOj3 or CaCl,-2H,O LDH, formation occurs more readily with
little to no katoite formation. This suggests a complex relationship between the formation of Ca-Al
LDH and katoite. It has been suggested that the presence of pillared anions such as CI~ and CO32~
assist in the formation of the layered structure of Ca-Al LDH. The third phase therefore stabilises the
Ca-Al LDH structure allowing for formation to occur more readily [21].
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Figure 4. (a) X-ray diffraction analysis of sample Ca-Al LDH sample (S3), synthesised with a 2:1 MI:M!
ratio, in the presence of a carbonate source, after ageing for 24 h at 80 °C.; (b) X-ray diffraction analysis
of sample S3 prior to ageing, after 1 h of wet milling at 2000 rpm.
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Figure 5. (a) X-ray diffraction analysis of sample Ca-Al LDH sample (S4), synthesised with a 2:1 M:Mf
ratio, without the presence of a carbonate source, after ageing for 24 h at 80 °C.; (b) X-ray diffraction
analysis of sample S4 prior to ageing after 1 h of wet milling at 2000 rpm.

Zn-Al LDH. The XRD patterns of samples S5 are depicted in Figure 6. The primary LDH peak
was observed to occur at a 20 value of 13.86°, corresponding to a basal-spacing of 0.749 nm. Conversion
prior to ageing was observed to be incomplete with Zns(CO3),(OH)g and Al(OH); peaks observed
at 20 values of 15.08° and 21.31°, respectively. Ageing of the sample resulted in the increase in
LDH peak intensity with a primary peak at 26 of 13.70 which corresponds to a basal spacing of
0.748 nm. A decrease in raw material peaks were observed with ageing; however, conversion remained
incomplete for the selected synthesis conditions. Metal ratios (M:MM) typically employed for the
synthesis of Zn-Al LDH are between 2:1 and 4:1 for conventional methods such as co-precipitation [18].
It has recently been suggested that molar ratios suitable for mechanochemical synthesis range between
1:1 and 2:1, with nearly pure phase Zn-Al LDH as the result [18]. Slight differences were observed
for basal spacing values obtained. These were observed to differ from those reported in literature
(0.758 nm, ZnyCO3(OH)4-H,O as starting material) with the Zn content influencing the basal spacing
obtained [18].

12
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Figure 6. (a) X-ray diffraction analysis of Zn-Al LDH sample (S5), synthesised with a 1:1 MM ratio,
after ageing for 24 h at 80 °C.; (b) X-ray diffraction analysis of sample S5 prior to ageing after 1 h of wet
milling at 2000 rpm.

Cu-Al LDH. The XRD spectra obtained for samples S6 and Cuy(OH),COj3 can be seen in Figure 7.
The results for S6 prior to ageing were considered to be inconclusive as no obvious LDH peaks were
identified. A decrease in Cuy(OH),COj5 peak intensities were, however, observed to occur after 1 h
of milling activity. Ageing of the sample resulted in the formation of a peak at 13.74° with a second
peak present at approximately 27.76°. Identification of the LDH peaks were difficult due to prominent
and overlapping Cuy(OH),COj3 peaks. Basal spacing associated with the observed primary peak
was determined to be 0.746 nm. This was observed to be smaller than that reported in literature
(0.754 nm) [17]. The formation of Cu-Al LDH was reported to be dependent on the selected rotational
speed and therefore the degree of amorphitization [17].
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Figure 7. (a) X-ray diffraction analysis of Cu-Al LDH sample (S6), synthesised with a 2:1 M:M! ratio,
after ageing for 24 h at 80 °C.; (b) X-ray diffraction analysis of sample S6 prior to ageing after 1 h of wet
milling at 2000 rpm.

3.4. Fourier Transform Infrared Spectroscopy

The main purpose of the FT-IR data was to support the notion that LDH was present within each
sample. This was due to the fact that not all LDH peaks were easily identifiable when conducting
XRD analysis.
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Mg-Al LDH. The FT-IR spectra for S1 and S2, before and after ageing, are depicted in
Figures 8 and 9. Prior to ageing peaks were observed to occur between 3500 cm ™! and 3700 cm™" for
both samples and could be attributed to the stretching vibrations of free -OH groups [15]. Similarly,
peaks located between 3250 cm™! and 3600 cm™ are likely due to bonded ~OH within both samples [15].
Peaks located at 1367 cm™! (S1) and 1365 cm™! (S2) could be attributed to carbonate interactions
(CO52~ v3 vibrations) [9,15,20]Ageing of the samples at 80 °C for 24 h, resulted in the intensification
of these peaks. A broad peak, from 3250-3700 cm ™!, specifically 3425 cm™! (S1) and 3460 cm ™" (S2),
was observed to form upon ageing of both samples. This could be assigned to the -OH stretching
vibrations that occur within the layered brucite like structure of the LDH as well as interlayer water
molecules [9,15,20]. Peaks observed between 500 and 900 cm™! could be attributed to M-O and MO-H
(M = Mg, Al) vibrations [30]. Peaks located from 1100-900 cm~! are typical of Si-O interactions from
SiO, impurities in the MgO raw material [30]. The FT-IR spectra for both S1 and S2 after ageing
coincide with spectra observed in literature [9,15,20,27].
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Figure 8. (a) FT-IR analysis of the Mg-Al LDH sample (S1) prior to ageing, synthesised with a
2:1 MM ratio, after 1 h of wet milling at 2000 rpm.; (b) FT-IR analysis of sample S1 after ageing for
24 hat 80 °C.
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Figure 9. (a) FI-IR analysis of the Mg-Al LDH sample (S2) prior to ageing, synthesised with a
3:1 MM ratio, after 1 h of wet milling at 2000 rpm.; (b) FT-IR analysis of sample S2 after ageing for
24 hat 80 °C.

Ca-Al LDH. FT-IR spectra for S3 and S4, before and after, ageing are depicted in Figures 10 and 11.
Peaks observed between 3700-3300 cm™! could be due to MO-H vibrations within each sample [5,21]
as well as the vibration of -OH (v2) within the inorganic main layers of the LDH structure [5]. Prior to
ageing, S3 depicted peaks at 1418 cm™! and 876 cm™!, which could be due to carbonate vibrations on

14



Crystals 2020, 10, 954

the surface of the LDH structure present [5,21]. Similarly peaks at 1370 cm™ could be attributed to
CO;2~ v3 vibrations within the interlayer of the LDH structure [21]. Ageing of the sample resulted in
similar spectra to that obtained prior to ageing. The twinning carbonate interactions observed near
1366 cm ™! have been suggested further to be the result of two different environments for carbonate
present, likely due to different Ca-Al LDH phases present [27]. The spectra for S4 prior to ageing were
observed to be similar to that of S3. Peaks observed at 1414 cm™! could be the result of carbonate
within the system [5,21]. Synthesis, drying, and ageing were conducted, without the use of an inert
gas, under air atmosphere. Carbonate contamination was therefore possible. Ageing of the sample
resulted in the formation of twinning peaks at 1366 cm™! and 1415 cm ™. These could once again be
attributed to interlayer and surface carbonate interactions of LDH formed within the system [5,21].
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Figure 10. (a) FT-IR analysis of the Ca-Al LDH sample (S3) prior to ageing, synthesised with a
2:1 MM ratio in the presence of a Carbonate source, after 1 h of wet milling at 2000 rpm.; (b) FT-IR
analysis of sample S3 after ageing for 24 h at 80°.
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Figure 11. (a) FI-IR analysis of the Ca-Al LDH sample (S4) prior to ageing, synthesised with a
2:1 MMM ratio in the absence of a Carbonate source, after 1 h of wet milling at 2000 rpm.; (b) FT-IR
analysis of sample S4 after ageing for 24 h at 80 °C.

Zn-Al LDH. The FT-IR spectra for S5, as well as that of Zn5(CO3),(OH)g, is depicted in Figure 12.
The peaks at and before 3468 cm™! could be attributed to the stretching vibrations of ~OH groups
within the sample [18]. Spectra of the sample was observed to resemble that of the Zn5(CO3),(OH)g
raw material before implantation of the ageing step. Ageing of the sample resulted in more complete
conversion of raw materials to LDH product. Broadening of peaks between 3000 cm™! and 3700 cm™!
were noted and are due to O-H stretching of hydroxyl groups [31]. Peak formation at approximately
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1356 cm! and 1620 cm™! was observed and is likely due to the asymmetric stretching vibrations of
CO32~ within the interlayer of the LDH [18,30,31]. Peaks below 1000 cm™! could further be attributed
to M-O vibrations (M = Zn, Al) [18,31].
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Figure 12. (a) FT-IR analysis of the Zn-Al LDH sample (S5) prior to ageing, synthesised with a
1:1 MI:M™ ratio, after 1 h of wet milling at 2000 rpm; (b) FT-IR analysis of sample S5 after ageing for
24 hat 80 °C.

Cu-Al LDH. The FT-IR spectra for S6 and Cuy(OH),CO3, before and after ageing, are depicted in
Figure 13. Samples obtained depicted similar spectra to that of the Cuy(OH),COs3. Identification of
bond interactions associated specifically with LDH was therefore difficult and inconclusive. It was
noted, however, that additional and broadening of peaks occurred between 3300 em~! and 3700 cm™!
and was consistent with Cu-Al LDH spectra reported in literature [17,32]. Additional peaks could
further be attributed to bonded and free -OH groups within the sample [30]. Ageing resulted in the
formation of a minor peak at 1632 cm ™! which could be due to the vibrations of water molecules [17].
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Figure 13. (a) FI-IR analysis of the Cu-Al LDH sample (S6) prior to ageing, synthesised with a
2:1 MI:MM ratio, after 1 h of wet milling at 2000 rpm.; (b) FT-IR analysis of sample S6 after ageing for
24hat80°C.

3.5. Scanning Electron Microscopy

SEM imaging was conducted to provide insight on the morphology of the samples obtained
before and after ageing and is depicted in Figure 14. Prior to ageing, both S1 and S2 depicted similar
morphology with no obvious differences observed. Ageing of the samples resulted in the formation of
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thin platelet like structures. These were observed to correlate with SEM images associated with Mg-Al
LDH reported in literature [9]. No obvious morphological differences were observed between S3 and
S4 prior to ageing. Ageing of S3 resulted in the formation of thin crystalline platelets which correlate to
those reported in literature for Ca-Al LDH'. Comparatively, S4 depicted structures associated with
katoite, calcite, and Ca-Al LDH, and was observed to coincide with the XRD data obtained. No clear
morphological differences were observed for S5 and S6 before and after ageing. Platelet like structures
could be construed as being present.

Figure 14. Cont.
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Figure 14. SEM imaging of samples before and after ageing. Imaging was conducted at a magnification
of 50.00 K with a 200 nm scale and EHT of 1.00 kV for all samples. Additional imaging was conducted
for S3,geq at a scale of 10 pm, EHT of 20.00 kV and magnification of 4.00 K. Similarly S4,g0q was imaged
with a scale of 1.00 um, EHT 1.00 kV and magnification of 15.00 K.

4. Conclusions

A facile mechanochemical method for the synthesis of Mg-Al, Ca-Al, Zn-Al, and Cu-Al LDH
was successfully developed. Implementation of ageing resulted in more complete conversion of
raw materials to LDH product. Starting materials selected were a mixture of oxides, hydroxides,
and basic carbonates, promoting ‘green’ synthesis of LDH materials. The synthesis method eliminates
the use of pH control and avoids the production of salt rich effluent. The selected mill offers
potential for commercial up-scaling with a variety of iso mills available, capable of processing large
volumes of liquid reagent. Mill operation is versatile offering the potential for batch, semi-batch,
or continuous synthesis of LDH materials. Traditional methods have predominantly made use of ball
mills, mixer mills, or a mortar and pestle [2]. Wet milling allows for ease of transfer of reagents to
downstream processes with little to no process interruption. Inclusion of the ageing step has allowed
for an increase in conversion of raw materials to LDH product and improved sample morphology.
This offers potential for converting the one-step wet mechanochemical route to that including a second
step. Previous studies conducted have indicated that a grinding step is necessary for LDH formation
to occur more readily [9,17,18]. The grinding activity allows for mechanochemical activation of raw
materials, creating active sites. The selected horizontal bead mill has successfully resulted in the
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formation of multiple types of LDH product; however, raw material peaks were still observably
present under the selected synthesis conditions. Samples S1, S2, S3, and S5 resulted in successful LDH
formation with high intensity peaks observed after ageing. Samples S4 resulted in LDH formation prior
to ageing; however, katoite formation occurred during the ageing step. The presence of a carbonate
source was therefore necessary for LDH formation to occur and continue successfully. Cu-Al LDH did
not form readily, with no clear indication of its presence prior to ageing. LDH peaks were observed
to have formed upon ageing with precursor materials still notably present. The mill therefore offers
potential for a successful one-step wet mechanochemical technique. Further investigation of a change
in milling parameters such as retention time, jacket water temperature, bead size, solids loading and
bead loading is warranted.
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Abstract: The depletion of fossil fuel resources has prompted the scientific community to find
renewable alternatives for the production of energy and chemicals. The products of the aldol
condensation between bio-based furfural and acetone have been individuated as promising
intermediates for the preparation of biofuels and polymeric materials. We developed a protocol for
the microwave-assisted condensation of these two compounds over hydrotalcite-based materials.
Mg:Al 2:1 hydrotalcite was prepared by co-precipitation; the obtained solid was calcined to afford the
corresponding mixed metal oxide, which was then rehydrated to obtain a meixnerite-type material.
The prepared solids were characterized by PXRD, ICP-AES, TGA-DSC and N, physisorption,
and tested as catalysts in the aldol condensation of acetone and furfural in a microwave reactor.
The performance of the catalysts was assessed and compared; the meixnerite catalyst proved to be
the most active, followed by the mixed metal oxide and the as-synthesized hydrotalcite, which has
often been reported to be inactive. In all cases, the reaction is quite fast and selective, which makes
our protocol useful for rapidly converting furfural and acetone into their condensation products.

Keywords: microwave-assisted organic synthesis; biofuel production; rehydrated hydrotalcite;
layered double hydroxide; heterogeneous basic catalysis; green chemistry

1. Introduction

Non-renewable resources are slowly, but inexorably, depleting [1]. This has prompted researchers
to find alternatives to fossil fuel-derived matter, which industry traditionally uses to produce energy
and chemicals [2]. Although it is theoretically possible to switch fossil fuels for renewable sources,
such as solar, wind, and hydrothermal energy [3], for the post-oil production of chemicals, alternative
raw materials are required. Carbon is present on Earth in many forms. It is mostly stored in the
lithosphere as carbonate minerals, whereas the part which actively takes part in the carbon cycle
is distributed between the soil, atmosphere, and water as carbon dioxide, carbonates, and their
intermedjiates, and as organic carbon in the fossil pool and biomass [4]. Hence, it comes as no surprise
that numerous biomass conversion strategies have been developed in recent decades [5]. The extensive
use of this strategy may also be effective at reducing the emission of greenhouse gases and tackling the
climate change problem [6].

Besides this, renewable energy resources may not always be suitable substitutes for fossil fuels
in specific contexts. This may be the case for transportation fuels, for which biomass could instead
provide valuable alternatives, namely biomass-derived fuels (or biofuels) [7]. Mixtures must meet some
specifications (e.g., viscosity, boiling point, etc.) if they are to serve as diesel or jet fuels [8]; since these
fuels are made up of liquid hydrocarbons, the mixtures must contain alkenes with definite carbon chain
ranges to meet the aforementioned specifications [9]. The oligomerization of bioethanol [8] and the
Fischer-Tropsch reaction of biomass-derived syngas [10] are some of the C-C bond forming strategies
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for producing diesel and jet fuels from biomass. Another option is to use bio-based aldehydes as
coupling partners in aldol condensations with enolizable ketones such as acetone [11]; the enones
obtained after cross-condensation have chain lengths that are suitable for liquid alkane transportation
fuels [9]. The total hydrodeoxygenation (HDO) of these products affords the corresponding linear
hydrocarbons [12]. The enones themselves, and the derivatives obtained by partial HDO, may also be
used as novel organic dyes, monomers, and cross-linking agents [13].

A suitable electrophilic partner for this transformation is furfural, a furanic aldehyde obtained by
the dehydration of hemicellulose-based pentoses, such as xylose [14]. Furfural is considered to be one
of the most important bio-derived chemical platforms, and can be converted into a wide variety of
products with the most disparate applications [15]. The reaction of furfural and acetone under basic
conditions affords the aldol C8-OH (Scheme 1), the dehydration of which leads to the formation of the
enone C8. C13-OH is obtained after a second aldol reaction on the other side of the ketone, and C13 is
ultimately formed by the dehydration of the corresponding aldol. In industry, aldol condensations
are traditionally carried out in alkaline aqueous solution [16], which presents such disadvantages as
reaction corrosion and the difficult separation of the products. For this reason, various reports on the
cross-condensation of furfural and acetone have focused on heterogeneous catalysis [17-21].

Enolate formation gea Nucleophilic addition Protonation Dehydration

3 C8-OH OH O °
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Scheme 1. Base-catalyzed aldol condensation of furfural and acetone.

We developed a microwave-assisted batch process for the neat aldol condensation of
furfural and acetone over hydrotalcites and derivatives. Mg:Al hydrotalcites (HTs) are anionic
clays which belong to the category of layered double hydroxides with the general formula
[ g2+ ABY(HO™), ] +[CO%’K;ZW(HQO) [22]. HTs are prepared by co-precipitation of Mg and
Al metal salts, and have been used as adsorbents, ion-exchangers, and heterogeneous basic catalysts.
In the present study, we prepared 2:1 Mg:Al HTs with different degrees of modification (as-synthesized,
calcined, and rehydrated). These solids have different types of basicity [23] and proved to be valuable
catalysts for aldol condensation, especially the mixed metal oxides (MMOs) obtained after calcination
of HTs [18,24] and the meixnerite-like (MX) layered double hydroxides obtained after rehydration of
MMGOs [25-27]. The solids prepared were characterized and tested as catalysts in aldol condensation
reactions performed in a microwave (MW) reactor. Microwave irradiation has become a popular heating
method in organic synthesis [28]. Moreover, as most of the solid catalysts are good MW absorbers,
the use of microwave irradiation in heterogeneous catalytic processes is becoming increasingly
popular [29]. Neat reaction of furfural and acetone with conventional heating over catalysts similar to
ours has already been reported [27], although the hydrotalcites used were purchased, not prepared
in the laboratory, and had different properties than the conventional hydrotalcites reported in the
literature. We used MW irradiation as a heating method, and used hydrotalcites synthesized in
our laboratories.
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2. Materials and Methods

All starting materials were obtained from commercial sources. The starting materials for the
preparation of the Mg:Al HT were Mg(NO3),-6H,O (extra pure, Acros Organics, Fair Lawn, NJ, USA),
Al(NO3)3-9H,0 (=98%, Fisher Chemical, Hampton, VA, USA), NaOH (Pellets, 98.9%, Fisher Chemical),
and NayCOj3 (Anhydrous, >99.5%, Fisher Chemical). Deionized water was used for this preparation
(18.2 MQ:-cm at 25 °C, Simplicity UV water purification system, Merck Millipore, Burlington, NJ,
USA). Furfural (99%, Sigma Aldrich, St. Louis, MO, USA) and acetone (99.5+%, Acros Organic)
were used in the aldol condensation. Pure Nj (299.9992%, 200 bar at 15 °C, Carburos Metalicos,
Cornella de Llobregat, Spain) was used to increase the chamber pressure of the microwave reactor
during the condensation experiments. Toluene (>99.3%, Honeywell, Charlotte, NC, USA) was used as
an internal standard for the GC-FID analysis of samples obtained after the microwave-assisted process.

2.1. Catalyst Preparation

Hydrotalcite (HT, 2:1 Mg:Al) was prepared by the co-precipitation of Mg and Al nitrates in
deionized water. NaOH and Na,CO3 were added dropwise, and the pH was kept constant at 10.
The resulting white slurry was left to age overnight under magnetic stirring and without heating:
this aging is more advantageous than aging under heating from the point of view of energy consumption;
it also produces more amorphous solids that are generally better for catalytic purposes. The slurry was
then filtered, and the cake obtained was washed with abundant deionized water. The solid obtained
was dried at 100 °C for 24 h, ground, and stored in a vial. Calcination at 450 °C for 4 h in a muffle
furnace (HD—150 muffle furnace, Hobersal, Caldes de Montbui, Spain) transformed HT into the
corresponding mixed metal oxide (MMO), which was used for the catalysis as it was, or rehydrated.
MMO was rehydrated in the liquid phase by immersing it in deionized water (2 mg MMO/mL), which
had previously been bubbled with pure Ar. The mixture was left stirring at 500 rpm for 24 h at room
temperature in a sealed vessel, and finally centrifuged, filtered, and dried under vacuum.

2.2. Catalyst Characterization

The prepared catalysts were characterized by PXRD, ICP-AES, TGA, and N; physisorption. PXRD
measurements were performed using a Siemens D5000 diffractometer (Bragg—Brentano parafocusing
geometry and vertical -6 goniometer) fitted with a curved graphite diffracted-beam monochromator,
incident, and diffracted-beam Soller slits, a 0.06° receiving slit, and a scintillation counter as a detector.
The angular 26 diffraction range was between 5 and 70°. The data were collected with an angular step
of 0.05° at 3 s per step and sample rotation. A low background Si (510) wafer was used as a sample
holder. CuK« radiation was obtained from a copper X-ray tube operating at 40 kV and 30 mA.

ICP-AES analyses were performed on samples obtained by dissolving the solids in concentrated
HNO;3, and digesting the resulting solution in an Ethos Easy (Milestone, Sorisole, Italy) MW digester.
These samples were then analyzed by a 160 charge coupled device (CCD) (Arcos, Spectro, Kleve,
Germany) spectrometer to obtain the content of Na, Mg, and Al.

TGA-DSC was performed using a SENSYS evo TG-DSC (S60/58129, Setaram Instrumentation,
Caluire-et-Cuire, France). All analyses started with a conditioning step (5 min at 30 °C), after which
the chamber was heated to 800 °C at a constant heating rate of 10 °C/min. This temperature was kept
for 5 min, and then the chamber was left to cool for 25 min. The analyses were conducted under Ar at
a flow of 30 standard cubic centimeters.

N physisorption was performed on solids outgassed at 120 °C for 5 h under vacuum (6 mTorr) in
the instrument pre-chamber (FloVac Degasser, Quantachrome Instruments, Boynton Beach, FL, USA)
to remove the adsorbed species from the samples. The N, physisorption analysis was performed
at 77 K using a Quadrasorb SI Models 4.0 with QuadraWin Software (Quantachrome Instruments,
v. 5.0 + newer).
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2.3. Furfural Distillation

Furfural spontaneously undergoes degradation when in contact with air [30]. For this reason,
furfural was periodically purified, by means of distillation, to remove the degradation products from
the starting material. A simple distillation was carried out by heating furfural in a round-bottom flask
with a heating mantle (Fibroman-N, JP Selecta, Abrera, Spain). The vapors were channeled into a
condenser, and the purified furfural was collected in another round-bottom flask. The flask was sealed,
its content was bubbled with argon, and it was stored in a refrigerator at 4 °C.

2.4. Microwave-Assisted Aldol Condensation

The aldol condensations were performed in an MW reactor (single reaction chamber microwave
synthesis system, Milestone SynthWAVE, controlled by a Terminal 660 control panel with
easyCONTROL software, Figure 1a). The reaction mixtures consisted of 0.1 g of furfural (86 uL,
1.04 mmol) in 5 mL of acetone, and the specified amounts of catalyst. The mixtures were placed
in oven-dried glass reaction tubes together with magnetic stir bars; caps were put on to prevent
the reaction mixtures from coming out of the tubes (Figure 1b). These tubes were placed in a rack,
which was immersed in a heating bath. In all cases, this bath consisted of 250 mL of deionized water.
The stirring was operated by a rotating magnetic stirrer, and the stirring rate was set to 50%. The whole
PTFE reaction vessel was pressurized with 10 bars of Nj. The maximum MW irradiation power was
set to 300 W. The power was modulated by the system so that the real bath temperature matched the
corresponding temperature in the program. Indeed, the temperature probe measures the temperature
of the bath, and all temperatures mentioned in the rest of this article refer to the bath ones. The system
did not measure the temperature of the reaction mixtures. The general structure of the temperature
programs (Figure S1) was the following: in the first step, the temperature was increased to the desired
temperature in 10 min; in the second step, this temperature was maintained for the rest of the reaction
time; in the third step, the irradiation was stopped, and the bath temperature was allowed to decrease
for 20 min to below 56 °C, the boiling point of acetone. Once the third step was over, the pressure was
released, the reaction vessel was opened, and the reaction tubes were collected.

1
a) : b} PTFE vessel —>
: Temperature probe
Gas inlet : Tube cop ——
Lid |
Temperature probe 1
1
: Test tube B
Clamps 1
Tube cops f : Rock ——»
1
Reaction mixture B
Vessel cavity Stir bar X
Controi pane) Magnetic stirrer ——»

Water bath ——

- I I | | | [ |
Chiller
PTEE vessel MW irradiation @ 2.45 GHz

Figure 1. (a) Photograph of the microwave (MW) reactor, and (b) scheme of the reaction vessel
during operation.
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2.5. Analysis of the Reaction Mixtures

Samples were prepared from the final reaction mixtures by adding 100 uL of an internal standard
(toluene, which is not formed in the reaction and is not reactive towards any of the reaction
components), and then performing 1:5 dilutions with acetone to reduce the concentration of the
reaction species and achieve better peak shapes and resolution in the GC analysis. The obtained
samples were analyzed with a GC-2010 (Shimadzu, Kyoto, Japan) using a TRB-5 column (TR-120232,
Teknokroma, Sant Cugat del Valles, Spain; length: 30 m; film thickness: 25 um; inner diameter:
0.25 mm). The product concentration was estimated from the calibration curve obtained for furfural,
using the effective carbon number as a correction factor [31]. The conversion X of furfural was

calculated as follows:

0
n —NFUR
Xpug = R ———-100 1)

"PuR
The yields, Y, of the various products and intermediates were calculated as follows:

_ 2.
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The C8:C13 selectivity was defined as the ratio between the yields of the mono- and the
double-condensation products. With our protocol, the standard deviations of both conversions and
yields are below 5%. In addition, GC-MS was used to aid peak assignations. The samples were
analyzed with a GCMS-QP-2010 (Shimadzu) using a Zebron ZB-5ms column (Phenomenex, Torrance,
CA, USA). The results of these analyses can be found in the Supplementary Materials (Figure S2).

3. Results and Discussion

3.1. Catalyst Characterization

The catalysts were analyzed by PXRD in order to characterize their crystalline structure (Figure 2).
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Figure 2. X-ray diffractograms of the prepared catalysts.

The original, as-synthesized HT catalyst has the typical hydrotalcite structure, that is, a layered
double hydroxide structure of Mg-Al mixed hydroxides organized in brucite-like layers containing
water and carbonate anions in the interlayer [32]: sharp (003), (006), (009), (110), and (113) diffraction
lines, and two broad (015) and (018) ones. The crystalline structure of hydrotalcites have a high
morphological anisotropy because of the layered structure. Hence, it is common to report the crystallite
size for every <hkl> direction (Table 1).
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Table 1. Results of the ICP-AES analysis of the prepared catalysts.

HT MMO MX
20 [°] <hkl>  Size [nm] Size [nm] 20 [°] <hkl>  Size [nm]
11.75 003 9.16 11.77 003 17.71
23.46 006 7.95 23.50 006 14.06
34.96 009 8.33 34.93 009 9.42
39.40 015 4.11 2.48 39.43 015 4.90
46.84 018 3.04 46.90 018 3.63
60.90 110 23.43 60.84 110 33.18
62.21 113 13.64 62.17 113 20.23
Lattice parameters [A]
a=3.05 a=23.05
c=2283 a=419 c=2274

The calculated lattice parameter c corresponds to the basal spacing of the layered double hydroxide;
dividing the crystallite size in the 003 direction by c gives the number of layers in one crystallite,
corresponding to about four in this case. The calcination of HT causes the collapse of the layered
double hydroxide structure. As a consequence, the MMO X-ray diffractogram does not include any
of the aforementioned reflections, but instead presents two broad (200) and (220) diffraction lines,
corresponding to the MgO cubic phase (periclase) [33]. Immersion of MMO in aqueous media enables
the double hydroxide structure layer to be reconstructed, thanks to the memory properties of these
oxides which, for this reason, are also called layered double oxides. XRD analysis of MX does indeed
confirm that the rehydration has induced the reconstruction of the original layered double hydroxide
structure. As the rehydration was carried out in an inert atmosphere, the calcination-rehydration
cycle has the overall effect of replacing the initial carbonate anions with hydroxyls, which enhance
the Brensted basicity of the catalyst. Even so, this anion exchange does not seem to have a notable
effect on the diffractograms. Nevertheless, the lattice parameter c slightly changes as a result of the
different interlayer composition. Moreover, the layered double hydroxide obtained after calcination
and rehydration appears to have a bigger crystallite size in all directions, indicating agglomeration of
the layers: the number of layers per crystallite is now about eight, approximately double the value
obtained with HT (Table 1).

Next, the catalysts were analyzed by ICP-AES to obtain the atomic composition of the prepared
materials. The information of interest was the final Mg: Al ratio in the solids and the Na content, which
may be due to incomplete HT washing after the co-precipitation. In particular, this parameter is known
to have a remarkable influence on the catalytic performance of the solids [34]. Table 2 summarizes the
results of the ICP-AES analyses.

Table 2. Results of the ICP-AES analysis of the prepared catalysts.

Entry Catalyst Mg [w/w%] Al [w/w%] Na [w/w%] Mg/Al [at/at]

1 HT 21.0 11.2 n.d 2.07
2 MMO 34.7 18.6 0.06 2.07
3 MX 20.6 11.1 n.d. 2.06

The atomic ratio of Mg and Al matches the theoretical one (2) in all cases. The Na content of the
original HT sample is below the detection limit (Table 2, entry 1). The Na, Mg, and Al concentrations
increase with calcination as a result of the loss of water, hydroxyls, and carbonates, although their
percentage is still very low (Table 2, entry 2). On rehydration, the introduction of water and hydroxyls
in the solid pushes the Na content back to below the detection limits (Table 2, entry 3). It can therefore
be argued that Na has little or no effect on the aldol condensation results, which will be discussed in
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the sections below, since the sodium content in HT is below the level of that which is considered to
have an impact on the catalytic activity (0.04%).

TGA-DSC was used to study the non-metal composition of the catalysts, and the degradation
behavior of the solids. The results of the analysis are reported in Figure 3.
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Figure 3. TGA (colored lines) and DSC (black lines, exo up) curves of the prepared catalysts.

The thermogravimetric curve obtained for HT fits the previously reported ones well [25]. The curve
points to two distinct mass loss events: one of these is at a DSC negative peak at about 200 °C, which
has been attributed to the loss of physisorbed and inter-layer water; the other is at about 400 °C,
and should correspond to decarboxylation and dehydroxylation events. The MMO was analyzed as a
freshly calcined material, so little or no mass loss was expected. As anticipated, there was no distinct
mass loss, and the sample mass drifted slowly to 90% of its original value. As for MX, the profile very
much resembled HT’s. Yet there were some differences: for example, the different mass loss of water,
and the different shape of the second mass loss step, which is probably due to the absence (or at least a
reduced quantity) of carbonates in the structure. These observations are in agreement with previously
reported data [25].

N, physisorption was used to obtain the nitrogen adsorption—-desorption isotherms,
Brunauer-Emmett-Teller (BET) surface area, and pore volume of the catalysts. The results obtained
are summarized in Figure 4 and Table 3.
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Figure 4. (a) Isotherms of N, adsorption-desorption, and (b) Barrett—Joyner-Halenda (BJH) pore size
distributions of the prepared catalysts.

Table 3. Results of the N physisorption analysis of the prepared catalysts.

Entry  Catalyst Sper [m?/g]  Vpore [mL/gl Tpore [A]
1 HT 120.605 0.719 62.321
2 MMO 256.880 0.951 87.679
3 MX 45.739 0.353 85.812
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Generally, the results of N, physisorption analysis of HT and related materials very much depend
on the procedure followed for the preparation and the sample degassing [25,34-36]. The shape
of the HT isotherm resembles the shape of type III (Figure 4a), which commonly corresponds to
macroporous materials (even though HT has pores in the mesopore range (Table 3, entry 1)) with
weak adsorbent-adsorbate interactions [37]. The same considerations apply to the isotherms of MMO
and MX (Table 3, entries 2 and 3, respectively). As for adsorption hysteresis, the loops of HT and
MMO seem to be type H3, which is associated with clays made of non-rigid aggregates of plate-like
particles [37]. On the other hand, the hysteresis loop of MX appears to be more pronounced and seems
to correspond to type H2b, which indicates pore blocking. The BET area of the prepared HT is quite
high (Table 3, entry 1), and calcination of the hydrotalcite is supposed to increase this value [25,34,36],
which is indeed the case for our MMO (Table 3, entry 2). The surface area of MX depends on the
preparation conditions [36], and in our case, it was lower than the area of both its parent catalysts
(Table 3, entry 3). Moreover, the Barrett-Joyner-Halenda (BJH) results indicated that while HT and
MMO are overall quite porous, the porosity of MX is considerably lower.

3.2. Evaluation of the Catalytic Performance of HT at Different Concentrations

The as-synthesized HT was tested as a catalyst in the microwave-assisted aldol condensation of
acetone and furfural. In all the GC-FID chromatograms obtained after analysis, only three products
were present in detectable amounts: the mono-aldol product, C8-OH, the mono-condensation product,
C8, and the double-condensation product, C13. The only other product detected was diacetone alcohol,
the product of the self-aldolization of acetone, which was produced in small amounts. Since, in our
system, acetone was present in large excess, the formation of diacetone alcohol did not compromise
the selectivity of the reaction. However, the presence of this side product in the final reaction mixtures
means that a purification may be required at the end of a potential industrial process.

The concentration of furfural is the first parameter that was investigated. We expected that the
different acetone:furfural ratio would have an effect on the C8:C13 selectivity. The chosen reaction
temperature was 100 °C. This temperature was reached in about 10 min by irradiating the water bath,
and it was then kept constant for 20 min. The central value of concentration was 0.1 g of furfural in
5 mL of acetone (0.02 g/mL, 0.21 M), with a furfural: HT weight ratio of 2:1. Two other concentrations
were explored, namely 0.11 and 0.42 M, corresponding to half and double the central value, respectively.
The volume of acetone and the furfural:HT ratio was kept constant for all experiments. Figure 5 reports
the results of the concentration optimization.

100 95
20 73
60 55 Conw.
ES
40 B C8-OH
20 1 4 i mce
0 mC13
0.11 0.21 0.42

Furfural concentration [M]

Figure 5. Influence of furfural concentration (at 100 °C, 30 min, furfural: HT 2:1).

The best concentration in terms of activity appears to be 0.21 M. The reaction is slightly slower
at lower concentration, perhaps as a result of a slower dehydration, whereas the lower conversion
obtained at 0.42 M may be the result of a lower irradiation power per mass of catalyst, which may
influence the local temperature of the solid, so fewer or less intense hotspots are formed in the catalyst.
Hence, the central concentration value was chosen for further optimization. As expected, the C8:C13
selectivity seems to decrease when the concentration is increased from 54 to 22 to 14. This means that
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although it is possible to obtain almost complete selectivity to C8 with a somewhat lower concentration,
it is not feasible in an HT-catalyzed neat reaction to shift the selectivity to C13, because that would
require an excess of furfural and, therefore, to use a solvent.

3.3. Influence of the Catalyst Quantity

Next, the effect of decreasing the furfural:HT ratio on the reaction outcome was studied (Figure 6).

100
80
60 Conv.
R
40 m(C8-0H
20 mC8
0 . mc13

5:1 3:1 2:1
Furfural:HT [g/g]

Figure 6. Influence of the furfural:HT ratio (at 100 °C, 30 min, concentration 0.21 M).

The reaction rate decreases dramatically when the furfural:HT ratio is increased to 5:1, and only
traces of the condensation products are detected. However, with an intermediate ratio of 3:1,
the activity is still fairly high, although a consistent part of the converted furfural is still present as the
intermediate C8-OH.

3.4. Influence of the Reaction Time

Then, the formation of the various products over time was studied (Figure 7).

100
80
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ES
a0 mC8-0OH
0 mC13

10 30 60

Reaction time [min]

Figure 7. Influence of the reaction time (at 100 °C, furfural:HT 2:1, 0.21 M).

The conversion increases consistently with the reaction time. After 10 min, the major product
is C8-OH, which disappears after 30 min to make way for C8. Aldol condensations are reversible
reactions, so even after complete conversion has been reached, it could still be possible to obtain C13
from C8, even if formally furfural is absent, especially when one product is more stable than the other.
Nevertheless, no such transformation is seen, and the composition of the mixture remains unaltered
for 30 min after complete conversion. In addition, this test shows how the condensation products are
substantially stable, and do not deteriorate in the reaction conditions.

3.5. Influence of the Temperature

The reaction temperature is the next parameter that was studied (Figure 8).
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Figure 8. Influence of the reaction temperature (30 min, furfural:HT 2:1, 0.21 M).

The reaction at 60 °C is considerably slower than the reaction at 100 °C. Only traces of condensation
products are observed. At 80 °C, an intermediate level of conversion is obtained, and the dehydration
also appears to be favored by the higher temperature. However, the reaction at this temperature is still
much slower than at 100 °C, and even when the reaction time is increased to 2 h, the conversion does
not match the conversion in the experiment at 100 °C for 30 min. This might also be associated with
the lower irradiation power. The C8:C13 ratio does not appear to be affected by the lower temperature.

3.6. Choice of the Catalyst

A blank test was performed to confirm the role of the catalyst in the transformation. Indeed,
no conversion and formation of product was seen in our reaction conditions. Other HT-derived
catalysts were tested: HT was calcined to MMO, which was tested as a catalyst (Figure 9).

100

60 Conv.
2
40 m C8-0OH
0 — mC13

MMO (2:1) MMO (5:1) MX(2:1) MX(5:1) MXrec(5:1) HT(2:1)  HT(5:1)
Catalyst (furfural:cat)

Figure 9. Influence of the catalyst choice (at 100 °C, 10 min, 0.21 M).

MMO proved to be a more active catalyst than HT, in terms of both furfural conversion and
dehydration of C8-OH. As seen for HT, the MMO activity decreases if a 5:1 furfural:catalyst ratio
is used. MMO was rehydrated in the liquid phase, and the solid collected after this modification,
MX, was used as a catalyst for the condensation. MX was the most active of the catalysts tested,
with conversion reaching >99% by the end of the heating step of only 10 min, and C8-OH dehydration
being almost complete. Remarkably, the performance of this catalyst at a furfural:catalyst ratio of 5:1
was greater than when HT was used at the same ratio, and even at a 2:1 ratio, in the same conditions.
Interestingly, the C8:C13 selectivity obtained with MMO as a catalyst was lower than when the parent
catalyst was used (13 vs. 22). The selectivity obtained with MX was not significantly different (26).
The solid in the mixture of an MX-catalyzed reaction was recovered by filtration, washed with abundant
acetone, and then used as a catalyst in a subsequent reaction. This catalyst (MXrec) proved to be
basically inactive; differently from the parent catalyst, which is a white solid, MXrec is a brown
powder. Apparently, after reaction, organic matter is deposited on the catalyst surface and deactivates
the catalyst.

MMO and MX were also tested at lower temperatures (Figure 10).
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Figure 10. Performances of the various catalysts at lower temperatures (0.21 M).

The conversion obtained with MMO at 80 °C is comparable to the conversion obtained at 100 °C,
although the reaction time is much longer (30 min vs. 10). The same applies to the C8:C13 selectivity
(13 in both cases). Decreasing the reaction temperature to 60 °C leads to a somewhat lower conversion,
even with a reaction time as long as 1 h. Also, in this case, the activity decreases dramatically when
the furfural:MMO ratio is decreased to 5:1, as was observed for the reaction at 100 °C. When using
MX at 80 °C for 30 min the activity decreases, but with a 5:1 ratio, about half of the furfural can
still be converted. When the same reaction is performed at 60 °C for 1 h, the conversion increases
slightly. Using a 2:1 furfural:MX ratio leads to complete conversions and C8-OH dehydrations at these
lower temperatures.

Differently from what has previously been reported with conventional heating (almost complete
conversion at 100 °C in 2 h, excluding the pre-heating, with a catalyst analogous to MX at a 3.25:1
furfural:MX ratio [27]), in our MW-assisted process it was possible to obtain a 70% conversion with
a 5:1 furfural:MX ratio with 10 min irradiation in the heating step to the same temperature. Likely,
it is the interaction of microwaves with the solid catalysts that is the source of this activity boost.
The reaction is also much faster than the reactions catalyzed by the most common heterogeneous
catalysts (e.g., Mg—-Al and Mg—Zr) in the aqueous phase [18].

4. Conclusions

We developed a microwave-assisted protocol to convert furfural and acetone very quickly into their
aldol reaction (C8-OH) and condensation products (C8 and C13). The catalysts used are easy to prepare
and to separate from the reaction mixture, they are not corrosive, and only contain earth-abundant
elements. Our neat process is selective for the preparation of C8, which is achieved with satisfactory
C8:C13 selectivity. This selectivity can be increased even further if the furfural concentration is
decreased, whereas shifting the selectivity towards C13 requires the use of a solvent (or of a different
catalyst). MX is by far the most active catalyst of the ones tested, followed by MMO and HT. Although
this reactivity trend has been observed in many other reports, HT activity has not. HTs are usually
reported to be inactive, or they are not even considered for catalytic testing. The formation of hotspots
in the HT structure caused by MW irradiation may account for the atypical activity of this catalyst.
The reaction also works well at temperatures lower than 100 °C but, of course, a much longer reaction
time is required.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/9/833/s1:
Figure S1: Parameter profiles in a typical microwave experiment; Figure S2: Mass spectra of the various chemical
species detected in the final reaction mixtures by GC-MS.
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Abstract: Hydrocalumite is a layered double hydroxide (LDH) that is finding increased application
in numerous scientific fields. Typically, this material is produced through environmentally polluting
methods such as co-precipitation, sol-gel synthesis and urea-hydrolysis. Here, the hydrothermal
green (environmentally friendly) synthesis of hydrocalumite (CaAl-OH) from Ca(OH), and
Al(OH)3 in water and the parameters that influence its formation are discussed. The parameters
investigated include the reaction temperature, reaction time, molar calcium-to-aluminium ratio,
the morphology/crystallinity of reactants used, mixing and the water-to-solids ratio. Hydrocalumite
formation was favoured in all experiments, making up between approximately 50% and 85% of
the final crystalline phases obtained. Factors that were found to encourage higher hydrocalumite
purity include a low water-to-solids ratio, an increase in the reaction time, sufficient mixing,
the use of amorphous Al(OH); with a high surface area, reaction at an adequate temperature and,
most surprisingly, the use of a calcium-to-aluminium ratio that stoichiometrically favours katoite
formation. X-ray diffraction (XRD) and Rietveld refinement were used to determine the composition
and crystal structures of the materials formed. Scanning electron microscopy (SEM) was used to
determine morphological differences and Fourier-transform infrared analysis with attenuated total
reflectance (FTIR-ATR) was used to identify possible carbonate contamination, inter alia. While the
synthesis was conducted in an inert environment, some carbonate contamination could not be avoided.
A thorough discussion on the topic of carbonate contamination in the hydrothermal synthesis of
hydrocalumite was given, and the route to improved conversion as well as the possible reaction
pathway were discussed.

Keywords:  HC; hydrothermal synthesis; layered double hydroxide;, AFm phase;
calcium hemicarboaluminate; cement phases; cement hydration; C3AHg; C4ACHj1; katoite

1. Introduction

Hydrocalumite (HC) is a CaAl-LDH with the general formula
[Ca; Al (OH)2][Xx/q"™ - nH0O] 1)

where x is the ratio of trivalent to total cations in the layered double hydroxide (LDH) lattice, X is the
interlayer anion, g its charge and n the amount of water present in the interlayer [1]. As a result of its
corrugated-iron-like structure, the ratio of Ca:Al is limited to 2:1 (x = 0.33) [2]. In nature, HC occurs
with chloride and hydroxide anions in the interlayer, but many other anions can be intercalated.

HC is used in numerous scientific fields, including catalysis [3-5], sensors [6,7], medical
applications [8,9], environmental remediation [10-12], agriculture [13], polymers [6,14,15] and occurs in
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cementitious phases during curing [16]. As with other LDHs for study in applications, this material is
typically produced using co-precipitation—the most widely used synthesis technique for LDHs [1,17].
While co-precipitation has many advantages, such as simplicity, speed and high tailorability of the
materials produced, it is also one of the most polluting synthesis methods available to produce LDHs,
causing large amounts of salt-rich waste water.

Co-precipitation synthesis utilises a mixture of metal salts (typically metal chlorides, nitrates or
sulphates) and a base (frequently NaOH or KOH) which are added dropwise to a beaker, typically
containing the anion to be intercalated. While many derivatives of this method exist, the basic concept
remains. During synthesis, LDH precipitates out of solution. After synthesis, this precipitate must
be filtered from the resulting slurry to further process the material. During filtering, large amounts
of water are used to wash the filtrate liquor—that would otherwise dry with the LDH filter cake and
contaminate the final product—out of the material. Depending on the chemicals used, the resulting
filtrate can be rich in sodium or potassium and chlorides, nitrates or sulphates and, of course, excess
intercalant ions. In addition to large-scale environmental pollution associated with these untreated
waste-streams (if released to the environment), the chemicals required for the synthesis of LDHs are
expensive. Considering worsening environmental pollution and the drive to reduce the impact of the
chemical industry on the environment, it has become evermore important to find alternative syntheses
for these materials.

There exist a multitude of synthesis routes to produce LDHs. Urea hydrolysis and sol-gel
syntheses are often used. These methods use urea (for urea hydrolysis) or metal alkoxides,
alcohol and acids as chelating agents (for sol-gel synthesis). While these are not environmentally
friendly alternatives to co-precipitation, attempts have been made to make sol-gel synthesis more
environmentally-friendly [18]. In addition to these, there exist less frequently used methods that can
be used in an environmentally friendly manner, such as hydrothermal or mechanochemical synthesis.
In both methods, metal hydroxides or metal oxides are common starting materials that are mixed
with water and processed at elevated temperatures and pressures (hydrothermal method) or milled
together (mechanochemical synthesis). Use of the metal hydroxides and oxides as starting materials
is hereby key to producing less polluting waste streams. In previous work, we have shown that the
hydrothermal process can produce very pure phases of MgAl-LDH, even with a recycle-based system
that reduces waste-streams [19]. It has been shown that mechanochemical synthesis (wet-milling) of
Ca(OH); and Al(OH)3 could lead to an HC-phase content similar to that achieved in this work [20].

HC has been synthesised using a hydrothermal method in previous works, with a great interest
in the effects of the presence of CaO/Ca(OH),; and Al(O)OH/AIl(OH)s3/Al,Os3 in presence of water
and CO; on the curing of cement [16,21-23]. In fact, some of the earliest reports concerning the study
of the material and its characterisation used a hydrothermal synthesis [22,24,25]. HC is especially
well suited to hydrothermal synthesis because of the metal oxides and hydroxides that can be used at
mild conditions to produce the desired phase. In these early reports of hydrothermal HC synthesis
and related studies, HC (also frequently referred to in cement and concrete literature as tetracalcium
monocarboaluminate, a carbonate intercalated CaAl-LDH) was synthesised using several approaches.
Ref. [25] synthesised HC by reacting Ca(OH),, Al(OH)3 and CaCOg3 in water for one month at 2 kbar
and at 100 °C. Ref. [26] prepared HC using different sources of aluminium (gibbsite and boehmite)
and CaCOj3 (with different surface areas and particle sizes), and Ca(OH); at varying temperatures and
reacting the mixture for 24 h to 48 h. They also did a small study on the effect of temperatures between
70 °C and 90 °C, and found that the largest fraction of HC is formed at 80 °C. It was found that the
reaction temperature significantly affects the product formed, being HC or katoite (CazAl(OH)12).
In our own study of the effect of temperatures between 30 °C and 90 °C on the hydrothermal synthesis
of HC using Ca(OH); and highly crystalline AI(OH)3, similar results were obtained [27]. Ref. [28]
investigated the crystal structure and phase transitions in HC from —115 °C to 45 °C. They used
Ca(OH),, AI(OH)3, CaCl; - 6 H,0 and CaCOjs to create single crystals at 120 °C and 2 kbar in two
months. They prepared powder HC samples by reacting CazAl,Os, CaCl> - 6 HyO and CaCO3z in water

36



Crystals 2020, 10, 672

at room temperature and under inert atmosphere for four weeks. Ref. [29] synthesised HC using CaO,
Al,O3 and K,COj3 within an hour at 100 °C with microwave irradiation assistance. There also exist
several thermodynamic studies [21-24] and studies concerning pressure-induced reactions [16] in the
system CaO-AlbO3-H>O. These studies have shown that the species formed can be similar to HC [24].
Ref. [3] used a carbonate-free approach for the synthesis of HC by reacting Ca(OH), and AI(O)OH in
water under an inert atmosphere at 80 °C for 3 h. However, it was shown that the calcium hydroxide
used for synthesis was contaminated with calcite. No FTIR analysis was conducted to determine the
interlayer anions, but preparation of the HC-like compounds with nitric acid led to the formation of a
pure HC-like phase similar to nitrate intercalated HC.

From the above literature it is evident that several attempts on the hydrothermal synthesis
of HC have been made; however, most of these attempts were either time-intensive or time- and
energy-intensive, because of the long reaction times, temperatures and pressures required. Further,
most work has focused on the synthesis of a carbonate-intercalated LDH. To create a CaAl-CO3-LDH,
a carbonate source is required during synthesis. In others works, this was achieved using
CaCO3 0rK>CO3. However, as carbonate uptake is favoured, it is difficult to reverse. As many
HC applications have anion-exchange reactions as a subsequent step or end goal, the presence of
carbonate is frequently undesirable. Removing the interlayer carbonate, usually involves calcination—a
process that may alter the structure and morphology of the LDH, which can be undesirable.
Thus, this contribution focuses on the preparation of CaAl-OH-LDH by using Ca(OH),, AI(OH)3
and water under low-temperature and atmospheric-pressure conditions. The purpose of this paper
is to investigate whether it is possible to achieve a high purity HC using hydrothermal synthesis
with this minimal number of chemicals and at which synthesis conditions this is possible, if at all.
Several parameters can influence the hydrothermal synthesis of HC, these being temperature, time,
molar calcium-to-aluminium ratio, chemical morphology/crystallinity of the reactants, mixing and the
water-to-solids ratio used. The influence of these on the conversion of reactants to HC will be discussed
in the following text.

2. Results

The method chosen leads to a self-regulated-pH synthesis through a dissolution-precipitation
mechanism. The only externally variable parameters during the reaction are those that will be
discussed in this paper (temperature, time, molar calcium-to-aluminium ratio, mixing, chemical
morphology/crystallinity and water-to-solids ratio) and the use of other reactants, such as oxides,
etc. which will not be discussed here. In addition to these, the chosen system was self-contained.
During the synthesis, the system remained in an inert atmosphere to mitigate atmospheric carbonate
contamination. The synthesis pH was sampled at regular intervals and was recorded continuously
during some syntheses.

2.1. The Standard LDH and Its Carbonate Form

One LDH was common between all sets of experiments, with it synthesised at 80 °C for 3h,
a stirring speed of 750 rpm, a water-to-solids ratio of 80:20, at a molar calcium-to-aluminium ratio of
4:2 and using amorphous aluminium hydroxide (SA).

The standard sample was synthesised in triplicate to determine the repeatability of the synthesis
method used and the trustworthiness of the Rietveld refinement applied to the wet-phase XRD data.
The XRD and FTIR-ATR results for the standard LDHs are shown in Figure 1a,b, respectively.

37



Crystals 2020, 10, 672

55000

50000 s1 100
50000 @) —hooon 90 b)
5 S2
45000 =.30000 S3 0 . f 2828
£ 366 01
— 40000 2 20000 70 P
= 2 = 7
5 35000 E 10000 = 3641 s
3 8 073620 1 (\ -
~ 30000 - 0 £ 3358
2 120 25 13.0 135 14.0 14.5 = 504 3540 7
2 25000 Angle 20 [rad] E
2 2 404
= =
= 20000 g
He =30
15000 Kat \
P . 3628
10000 C 204 \ 31
" V4 )
5000 1091 36755669 sarl L6 1414 55 87003 717
- ] 37003600 cm" 362" D lswizsoen’ 1367 Blowssoen’ 750 g3
0 T T T T T T T T 0 T T T T T T
10 20 30 40 50 60 70 8 90 4000 3500 3000 2500 2000 1500 1000
Angle 26 [°] Wavenumber [em™']

Figure 1. (a) XRD results of the three standard hydrocalumite (HC) layered double hydroxides (LDHs)
S1, S2 and S3 between 5° 26 and 90° 26. Each scan is y-shifted by 2500 counts. The inset depicts the
primary LDH peaks and change in position. HC = hydrocalumite, Kat = katoite, P = portlandite and
C = calcite. (b) FTIR-ATR scans of the three standard HC LDHs S1, S2 and S3 between 4000 cm ™!
and 550 cm 1. The three insets show the regions: (1) 3700 cm~1-3600cm ™!, (2) 1500 cm~'-1250 cm ™!,
(3) 1000 cm~1-550 cm ! in detail. Dashed and solid grey lines indicate the maxima of vibrations.

As a result of cation ordering and interlayer offsets, HC is typically presented in monoclinic form
but has also been found in nature in the 6T polytype [2]. Other polytypes also exist, especially in the
synthetically produced HCs, although a comprehensive review of all different polytypes of HC is
lacking. The standard HCs were best described by HC of the formula [CagAl(OH)12][(CO3) - 5 H,0]
in the anorthic (triclinic) crystal system and P1 space group with crystal parameters a = 5.7747 A,
b =8.4689 A and ¢ = 9.9230 A (reference code: 98-005-9327). The XRD patterns of the three standard
HC LDHs were very similar with the exception of S2 which had a secondary phase that could not be
identified. Contaminants of katoite (CazAl,(OH)12), portlandite (Ca(OH);) and calcite (CaCOs3) were
found in all three LDHs to varying degrees.

FTIR-ATR analysis showed that the standard HC LDHs S1, S2 and S3 all portrayed almost
identical vibrational responses at 3675 em 1, 3669 cm 1, 3641 cm !, 3620 cm !, 3540 cm !, 3517 em 1,
3358cm~!, 3243cm™1, 3010cm ™!, 2828 cm™!, 1640cm ™!, 1414 cm™!, 1361cm™!, 943cm ™!, 883 cm !,
870cm 1, 803cm ™1, 750 cm 1, 717 em~! and 663 cm 1. Typically, for LDHs, vibrations in the region
between 3700 cm ™! and 2500 cm ! are ascribed to OH str. vibrations of hydroxides bonded to the
metal ions, of interlayer water or of water bonded to carbonate in the interlayer region. Ref. [30]
assigned the vibrations around 3500 cm ! and 3305 cm ™! to the AI-OH str. and Ca—OH str. vibration
in the brucite-like lattice, respectively and the vibrations around 3100 cm~! and between 2915 cm™~!
and 2935 cm ™! to the OH str. vibrations of interlayer water and water bonded to interlayer carbonate,
respectively. A similar assignment has been made for MgAl-LDHs, spanning different synthesis
methods [31]. Thus, the vibrations at 3517 cm ™!, 3358 cm ™!, 3243 cm~ ! and 3010 cm ™! were assigned
to the OH str. vibrations of AlI-OH and Ca—OH bonds, and interlayer H,O and Cng" bonded to
interlayer H,O, respectively. The vibration at 3641 cm ™! could be assigned to the remaining portlandite
in the samples (see Figure 2b). Some of the other vibrations between 3700 em~! and 3500 cm ! have
been observed in spectra of gibbsite (AI(OH)3) [32] and have also been ascribed to different OH
species [26]. The vibration at 2828 cm~! could be a combination band as mentioned by [31]. On the
lower end of the spectrum, the vibration at 1640 cm ! could be present due to both, vasy, vibrations of
interlayer anions (such as hydroxides or carbonates) and v, (H>O) [31,32]. The vibration at 1414 cm~!
corresponds strongly to calcite (see Figure 2b) and is frequently assigned with 1365 cm ™~ as the doublet
V3 (Cng’) vibration [33]. However, [31] have found this vibration to also correspond to the Vs
vibration of the interlayer anion (for both, CO32~ and OH"). The vibrations at 943cm ™!, 870 cm ™1,
717 cm~! and 663 cm~! could be assigned to Vs, (OH), v2 (COs%7) (interlayer and contaminant
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CaCO3), contaminant CaCO3 and vy (CO32’ ), respectively. Vibrations at 803 cm ! and 750 cm ! have
been observed in gibbsite spectra but remained unassigned [32]. The vibration at 803 cm ™! has also
previously been assigned to katoite [26].

The best-fit crystal structure of HC—as identified by XRD—contained carbonate in the interlayer,
contrary to the carbonate-free synthesis utilised. Although this, of course, is not evidence enough of
carbonate intercalation, FTIR also showed the existence of carbonate-related vibrations. An HC LDH
containing carbonate (sample ID: CO3) was, therefore, synthesised, the characteristics of which are
shown in Figure 2.
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Figure 2. (a) XRD results of the HC-CO3-LDH plotted against the standard HC LDH S2 between 5°
26 and 90° 26. Each scan is y-shifted by 2500 counts. The inset depicts the primary LDH peaks and
change in position. HC = hydrocalumite, Kat = katoite, P = portlandite and C = calcite. (b) FTIR-ATR
scans of the HC-CO3-LDH plotted against the standard HC LDH S2 and the starting materials used
(Al(OH)3, Ca(OH); and CaCO3) between 4000 cm ™! and 550 cm™~!. The three insets show the regions:
(1) 3700cm ™~ =3600cm 1, (2) 1500 cm 1 = 1250 cm ™2, (3) 1000 cm ™! — 550 cm ! in detail. Dashed and
solid grey lines indicate the maxima of vibrations.

The standard and CO3 specimens had the anorthic [CasAl,(OH)12][(CO3) - 5H0] phase as best
fit (Figure 2a). However, the primary reflection of CO3 proved to be shifted to the left of that of S3.
The FTIR-ATR results (Figure 2b) showed that some differences exist between these two phases.
Synthesis of HC-CO3-LDH was conducted with adjustment for the stoichiometric amount of CO3%~
required through replacement of Ca(OH),) with CaCO3. No Ca(OH); was detected at the end of this
synthesis but a large amount of CaCO3 remained. This is clearly evident on the FTIR scans (Figure 2b)
through an increase in vibration strength at 1414 em~1,870em™1, 717cm ! and 663 cm ™!, and the
disappearance of the vibration at 3641 cm ™.

Rietveld refinement of S1 and S3 showed that a material consisting of approximately 60% HC
could be obtained, the rest being katoite (approximately 28%), portlandite (approximately 10%) and
calcite (approximately 2%). No Rietveld refinement could be performed on S2 due to the presence of
the unidentifiable phase. CO3 consisted of approx 70% LDH, 10% katoite and 20% calcite. The analysis
of S3 will be used for comparative purposes in the remainder of the text.

Figure 3 depicts the micrographs obtained for S1, S2, S3, CO3 and the
Ca(OH),, AI(OH)3 and CaCO3 used in the synthesis.

LDH platelet formation was evident in all of the synthesised materials in Figure 3 and constituted
the majority of the identifiable phase with thin, large hexagonal platelets, typically with an elongated
facet. Katoite was visually identifiable as faceted garnet-like balls and calcite as cubic crystals.
Small particulate matter was present in all samples, sticking on the LDH platelets and other phases and
sometimes forming small agglomerates. This could be either Ca(OH); or AI(OH)3 left over. While no
left-over Al(OH)3 was identified through XRD (unsurprisingly, since an amorphous Al(OH)3 was used
in the synthesis) it is possible that the small structures are either portlandite or amorphous AI(OH)3,

39



Crystals 2020, 10, 672

which proved to be similar in size and appearance. SEM showed that CO3 consisted of smaller
platelets than the standard LDHs. It was also more difficult to find remnants of the left-over CaCO3
used, even though this LDH consisted of 72.47% LDH, 9.24% katoite and 18.29% calcite, according to
Rietveld refinement. This could be attributed to the CaCO3 consisting of ill-defined oblong shapes that
would be difficult to identify on SEM micrographs. It does, however, introduce a difference between
the calcite fed with Ca(OH); (cubic crystals) and the calcite supplied to CO3.

Figure 3. SEM micrographs of the HC LDHs S1, S2, S3 and CO3 at 1keV and 2k magnification,

and Ca(OH)z, AI(OH)3-SA (amorphous) and CaCO3 at 1 kEV and 10k magnification. The scale bar is
indicated under the label. LDH: turquoise hexagon, katoite: turquoise circle, calcite: turquoise asterisk.

pH measurements during the reaction showed that the self-regulated pH remained close to
11 for the duration of the synthesis at 80 °C for S1, 52 and S3. pH fluctuations were, however,
common—especially after 1 h to 1.5 h of reaction time when the reaction mixture considerably thickened
up—and, overall, the pH decreased slightly with time during the 3h of synthesis. The pH during
synthesis of CO3 was significantly lower than that of S1, S2 and S3. The pH probe (used for sampled
pH recording) required substantial agitation to read the pH correctly after 2h. As a result of these
fluctuations and sampling difficulties, even though the results showed very good comparability,
the pHs shown in this work are to be taken as an estimate. Figure 4 shows the pH readings obtained
for S1,S2 and S3 over 3 h.

1425 e Sl
14.00 °S2
1375 ®S3
13.50 * CO3
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Figure 4. pHs of the standard HC LDHs S1, S2, S3 and CO3. The pH was adjusted to 25 °C to
facilitate comparison.

For S1 a sampling pH method was used where the pH probe was cleaned before every
measurement. The pH of 52 and S3 was measured continuously. The pH of 52 exhibited greater
fluctuations than that of S3. This could be attributed to the encased pH probe used for S2 which was
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subject to material build-up. Due to the sampling method employed for other experiments, the pH
measurements of S1 will be used for comparative purposes in the remainder of the text.

In the following sections, only deviations from the standard S3 discussed in this section—caused
by varying one of the studied parameters—will be highlighted. S3 will thus, in the following text, be
synonymous with T4, 2, MR2, A1, M2 and WS2.

2.2. Reaction Temperature

The reaction temperature was varied between 20 °C and 90 °C (T1 =20 °C, T2 =40 °C, T3 = 60 °C,
T4 =80 °C and T5 = 90 °C). The corresponding XRD (a) and ATR-FTIR (b) results are shown in Figure 5.
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Figure 5. (a) XRD results of the temperature series T1, T2, T3, T4 and T5 between 5° 26 and 90°
26. Each scan is y-shifted by 2500 counts. The inset depicts the primary LDH peaks and change in
position. HC = hydrocalumite, oHC = secondary HC-like phase, Kat = katoite, P = portlandite and C =
calcite. (b) FTIR-ATR scans of the temperature series T1, T2, T3, T4 and T5 between 4000 cm ! and
550 cm ™. The three insets show the regions: (1) 3700 em ™~ =3600cm™1, (2) 1500 cm—! - 1250 cm 1,
(3) 1000cm™! -~ 550cm ™! in detail. Dashed and solid grey lines indicate the maxima of vibrations.
T1=20°C,T2=40°C, T3 =60 °C, T4 =80 °C and T5 =90 °C.

The [CazAl(OH)12][(CO3) - 5 H>O] anorthic phase once again proved to be the best fit for the
phase produced. However, in this series some additional phases were present, depending on the
synthesis temperature. As shown in the inset of Figure 5a, an increase in temperature led to first the
formation and then the disappearance of an LDH-like phase with a layered structure, imitating HC.
This phase was most prominent in the synthesis at 20 °C and was not present at 60 °C. The phase
was best fit by 3CaO - ALO3 - 0.5Ca(OH); - 0.5CaCO3 - 11.5H>0, a rhombohedral structure. Being an
outdated entry, however, the closest fit that could be used for Rietveld refinement is the structure
identified by [34] for calcium hemicarboaluminate, a partially carbonated (low carbonate content)
phase that is formed at the start of carbonation reactions in cement Cag Al (OH)12(OH)(CO3)o5 - 4 H>O.
The first phase, a calcium aluminate carbonate hydrate was studied by [35]. At the time it was noted
that this compound could be a meta-stable phase that forms in cement but had not been found in
Portland cement at the time. In T2, this phase was still present but its reflection shifted slightly to the
right—closer resembling calcium hemicarboaluminate—and more of the always-observed HC phase
[CazAl,(OH)12][(CO3) - 5HoO] was present. With an increase in temperature, HC formation increased
up to 80 °C. Katoite and portlandite were present in all samples, while calcite was only present in T4
and T5. Calcite content increased at 90 °C. Table 1 shows the progression of the phase contents with
temperature as determined by Rietveld refinement.
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Table 1. Rietveld refinement of the temperature series of LDHs T1 = 20 °C, T2 = 40 °C, T3 = 60 °C,
T4 =80 °C and T5 = 90 °C. HC indicated the phase [CayAl;(OH)12][(CO3) - 5H>0], oHC indicates the
phase CazAl,(OH)12(OH)(CO3)o5 - 4 H2O, Kat is katoite, P is portlandite and C is calcite. All values
are given in percentages of the crystalline phases.

HC oHC Kat P C

T1 2948 471 1246 10.95
T2 30.14 2422 3257 13.07

T3 57.57 28.8 11.37  2.26
T4 615 2652 984 214
T5 5218 29.52 1036 8.24

Some differences in spectra could also be observed with FTIR-ATR, most notably in T1 and
T2—which showed a shoulder left of the vibrations at 3669 cm~! and changed intensity of other
vibrations as indicated in the insets of Figure 5b and in the region between 3517 cm~! and 2828 cm~!.
With an increase in temperature, the 3010cm ™! and 2828 cm™! vibrations decreased in intensity.
The 3620 cm ! AI-OH str. vibration was significantly reduced in T1. Further, T1 showed less definition
of the 1414cm~1/1361 cm ™! doublet and a greater resemblance of the calcite vibration in this region
shown in Figure 2b. T1 also showed less definition in the vibrations between 1000 cm ! and 550 cm .

SEM micrographs showed clear differences in the materials obtained and a change in distribution
of phases (Figure 6).

Figure 6. SEM micrographs of the HC LDHs T1 = 20 °C, T2 = 40 °C, T3 = 60 °C, T4 = 80 °C and
T5 =90 °C at 1 keV and 2k magnification. The scale bar is indicated under the label.

All samples showed plate-like structures. In T1, these structures were highly agglomerated and
packed into stacks of ill-defined platelets. Round, ball-like structures were mixed in-between these
platelet agglomerates. It is possible that these were ill-defined katoite structures. T2 showed better
definition of the platelet structures, albeit with them still being small and unevenly crystallised, and a
large amount of katoite, which was omnipresent between stacks of platelets. No cubic calcite structures
were visible in these micrographs. T3, T4 and T5 showed well-defined platelets, with the best-defined
platelets being present in T4. Katoite and cubic calcite structures were visible in all three micrographs,
corresponding to the Rietveld analysis. Particulate matter was visible in all samples and could again
be either unreacted Ca(OH), or amorphous AI(OH)3. The secondary calcium aluminate carbonate
hydrate phase or calcium hemicarboaluminate phase present in T1 and T2 could not be discerned from
other phases.
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The pH documented during synthesis varied greatly with temperature. Figure 7 shows the
sampled pHs (adjusted to 25 °C) as a function of time for comparative purposes.
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Figure 7. pHs of the temperature series of LDHs T1 =20 °C, T2 =40 °C, T3 = 60 °C, T4 = 80 °C and
T5 =90 °C. The pH was adjusted to 25 °C to facilitate comparison.

The recorded pH rose with an increase in temperature. The pHs at 20 °C and 40 °C were almost
identical. Increasing the temperature to 60 °C led to the start of the reaction at a higher pH, lowering
with the progression of time. At 80 °C the pH stayed constant (only decreasing slightly with time),

while at 90 °C, the pH was very high at the start of reaction and dipped before rising again after 2h of
reaction time had passed.

2.3. Reaction Time

The impact of three reaction times on HC formation was tested (t1 =1h, t2=3h and t3 =6h),
the XRD and FTIR-ATR results of which are shown in Figure 8a and Figure 8b, respectively.
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Figure 8. (a) XRD results of the time series t1, t2 and t3 between 5° 26 and 90° 26. Each scan is y-shifted
by 2500 counts. The inset depicts the primary LDH peaks and change in position. HC = hydrocalumite,
Kat = katoite, P = portlandite and C = calcite. (b) FTIR-ATR scans of the time series t1, t2 and t3 between
4000 cm~ and 550 cm 1. The three insets show the regions: (1) 3700 em~1 =3600ecm7, (2) 1500 cm !
-1250cm~1, (3) 1000 cm ™! — 550 cm ™! in detail. Dashed and solid grey lines indicate the maxima of
vibrations. t1 =1h,t2=3hand t3=6 h.

XRD showed a large similarity between the phases formed; however, the LDH phase formed in t1
was shifted to the right (see inset of Figure 5a, more closely resembling the primary reflection position
of the phase formed in T2. The best-fit LDH crystal structure for all three, t1, t2 and t3, was again
anorthic [CagAl(OH)12][(CO3) - 5H20]. A small additional phase with a similar crystal structure to
chloride-intercalated HC was detected in t3 ([CagAl;(OH)12][(CO3)p5Cly - 8H2O]). Overall, Rietveld
refinement showed that an increase in reaction time led to an increase in LDH phase and decrease in

43



Crystals 2020, 10, 672

katoite and portlandite present. Calcite content also decreased slightly with an increase in reaction
time. Table 2 depicts the Rietveld refinement results obtained for the different reaction times.

Table 2. Rietveld refinement of the time series of LDHs t1 = 1h, 2 =3 h and t3 = 6 h. HC indicates the
phase [CagAly(OH)12][(CO3) - 5 H,0], HC2 indicates the phase [CasAl2(OH)12][(CO3)05Cly - 8H20],
Kat is katoite, P is portlandite and C is calcite. All values are given in percentages of the
crystalline phases.

HC HC2 Kat P C
t1  49.72 3739 1047 242
2 615 2652 9.84 214

t3 7797 204 1266 62 113

FTIR scans of the three LDHs were similar; most notably showing an increase in vibration in
the doublet at 1414 cm ™! /1361 cm ™, corresponding to a decreased amount of calcite and possible
increased intercalation of carbonate into the interlayer. Most vibrations increased in strength with
an increase in reaction time, except the vibration at 3243 cm~!, which showed a stronger vibration
in t1. Further, the vibration at 3641 cm~! (linked to unreacted Ca(OH),) was notably stronger in t2,
even though this LDH contained less Ca(OH), according to Rietveld refinement.

Morphologically, the three materials were very similar; the only easily noticeable differences
being the amount of particulate matter clinging to the other phases, improved crystallisation of the
platelets and a weak correlation between the amount of katoite and calcite observed, and Rietveld
refinement results (Figure 9).

P - # ¥ (\ais =9

Figure 9. SEM micrographs of the time series of HC LDHs t1 = 1h, t2=3h and t3 = 6h at 1 keV and 2k
magnification. The scale bar is indicated under the label.

Recording the pH for the duration of the 6 h t3 experiment showed that the pH approximately
levels out after 3h (Figure 10). Small differenced between the pH measurements were observed
between t1, t2 and t3 in their respective time-frames.
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Figure 10. pHs of the time series of LDHs t1 = 1h, 2 =3h and t3 = 6 h. The pH was adjusted to 25 °C
to facilitate comparison.
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2.4. Molar Calcium-to-Aluminium Ratio

The reaction of Ca(OH); and Al(OH)3 to form HC stands in competition with the formation
of katoite (CazAlp(OH)12) [26,27]. Three molar calcium-to-aluminium ratios were, thus, tested to
determine the effect of this ratio on the formation of HC. MR1 (3:2) should favour katoite formation
(based on stoichiometry), while MR2 (4:2) should favour HC formation and MR3 (6:2) would provide
an excess of Ca(OH); to the reaction. Out of all results, the result of this series was most surprising,
inverting expectations. XRD (shown in Figure 11) showed that, once again, similar phases formed,
just with different ratios and that the [CagAl,(OH)12][(CO3) - 5 H,0O] phase again provided the best fit
for the crystal structure of the LDH formed.
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Figure 11. (a) XRD results of the molar calcium-to-aluminium ratio series MR1, MR2 and MR3 between
5° 26 and 90° 26. Each scan is y-shifted by 2500 counts. The inset depicts the primary LDH peaks and
change in position. HC = hydrocalumite, Kat = katoite, P = portlandite and C = calcite. (b) FTIR-ATR
scans of the molar calcium-to-aluminium ratio series MR1, MR2 and MR3 between 4000 cm ™! and
550 cm~!. The three insets show the regions: (1) 3700cm~! —3600cm ™!, (2) 1500em ™! — 1250 cm ™!,
(3) 1000cm™! =550 cm ™! in detail. Dashed and solid grey lines indicate the maxima of vibrations.
MRI1 = 3:2, MR2 = 4:2 and MR3 = 6:2.

The primary MR3 LDH peak was slightly shifted to the right of MR1 and MR2 (inset of Figure 11a).
No significant amounts of other LDH phases were formed in this series. However, Rietveld refinement
revealed that MR1 led to the greatest purity HC phase (>80%), while MR3 resulted in a purity of less
than 50%. The Rietveld refinement results of this series are shown in Table 3.

Table 3. Rietveld refinement of the molar calcium-to-aluminium series of LDHs MR1 = 3:2, MR2 = 4:2
and MR3 = 6:2. HC indicates the phase [CazAlx(OH)12][(CO3) - 5H>0], Kat is katoite, P is portlandite
and C is calcite. All values are given in percentages of the crystalline phases.

HC Kat P C

MR1 8491 14.59 0.51
MR2 615 2652 984 214
MR3 4619 2234 2816 3.31

FTIR-ATR results (Figure 11b showed good correlation between the Rietveld results and the
vibrational intensities of each sample. The vibration at 3641 cm ! linked to unreacted Ca(OH),,
showed excellent correlation between the Rietveld and FTIR results, increasing in intensity with an
increase in left-over portlandite. The twin-peak at 1414cm~! /1361 cm™! correlated well with the shift
in primary LDH reflection position and possible carbonate content. In the region between 1000 cm !
and 550 cm ™! the vibration strength decreased with an increase in molar ratio.
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Morphologically, clear differences were visible between the amount of particulate matter present
(Ca(OH); or amorphous Al(OH)3) in each sample (Figure 12). MR3 contained the largest amount of
particulate matter, correlating well with the Rietveld refinement results. MR3 also contained visibly
more katoite and calcite, as expected. The platelets showed some differences too. MR1 produced
smaller, rugged platelets with many broken edges and the agglomeration of different platelet
sizes. MR2 produced much smoother, better defined and larger platelets than MR1 and MR3.
The platelets of MR3 were less rugged than those of MR1, but due to the coverage in particulate
matter, proper description of their definition was challenging.

Figure 12. SEM micrographs of the series of molar calcium-to-aluminium ratio MR1 = 3:2, MR2 = 4:2
and MR3 = 6:2 at 1 keV and 2k magnification. The scale bar is indicated under the label.

The pHs of MR1 and MR3 were very similar and dropped slightly with time in comparison with
MR2. MR3 started with a slightly elevated pH (as expected due to the large amount of Ca(OH); present).
Conversely, MR1 had a lower starting pH, as expected, due to the lower amount of Ca(OH); present
and MR2 lay between the two at the start—as portrayed in Figure 13. With progression in time, the pHs
of MR1 and MRS3 fell slightly below that of MR2.
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Figure 13. pHs of the molar calcium-to-aluminium series of LDHs MR1 = 3:2, MR2 = 4:2 and MR3 = 6:2.
The pH was adjusted to 25 °C to facilitate comparison.

2.5. Chemical Morphology/Crystallinity of the AI(OH)3

Three different AI(OH)3 sources were tested in this work. The first (A1), from Sigma Aldrich (SA)
was used as the standard source in all experiments. This Al source proved to be amorphous by XRD
and have a surface area of 59.35 m? g’l. The second Al source (A2) from ACE Chemicals (ACE) proved
to be minimally crystalline boehmite with a surface area of 69.12m? g~! (due to the low crystallinity it
is possible that some of the phase consisted of other amorphous crystal structures or polymorphs).
The third Al source (A3) from Merck (M) proved to be highly crystalline gibbsite with a surface area of
0.75m? g~!. Figure 14 shows the XRD results for these three sources and isotherms obtained for the
determination of the Brunauer—-Emmett—Teller (BET) surface area.
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Figure 14. (a) XRD results of the Al sources used for the synthesis of A1, A2 and A3. SA = amorphous,
ACE = boehmite and M = gibbsite—Sigma Aldrich (SA), ACE Chemicals (ACE) and Merck (M).
Each scan is y-shifted by 2500 counts. (b) Isotherms obtained for each Al source. Sigma Aldrich (SA),
ACE Chemicals (ACE) and Merck (M).

The Al sources used thus had very different crystallinities and crystal structures. SEM further
showed that the morphologies of the three Al sources were very different (see Figure 15).

Al(OH): - SA |

1 tfm . I“pmy

Figure 15. SEM micrographs of the three different AI(OH)3 sources used from Sigma Aldrich (SA), ACE
Chemicals (ACE) and Merck (M) taken at 1 keV and 10k (top) and 500 times (bottom) magnification.
The scale bar is indicated on each micrograph.

The SA and ACE reagents had similarly sized particles but different “macro” morphologies.
Where SA consisted of a carpet-like covering of small dot-like particles (agglomerated into random
shapes), ACE consisted of the same size particles but agglomerated into a myriad of variably sized balls.
These balls were damaged in the sample preparation process, breaking up/squashing and revealing
some of the internal structure. The M source, on the other hand, consisted of large, thick chunks
of gibbsite.

These three materials caused the formation of three very different reaction outcomes.
The outcome of Al (the standard sample S3) has already been discussed. In comparison,
A2 consisted of two HC phases, being mainly the typical one with a crystal structure similar to
[CazAlz(OH)12][(CO3) - 5H0] but also a small fraction of the HC phase with a crystal structure
similar to [CazAly(OH)12][(CO3)0.5CL - 4.8H> O], as already present in t3. These two phases are clearly
distinguishable on the XRD inset in Figure 16a depicting the primary LDH reflections.
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Figure 16. (a) XRD results of the chemical morphology/crystallinity of AI(OH)3 series Al, A2 and
A3 between 5° 26 and 90° 26. Each scan is y-shifted by 2500 counts. The inset depicts the
primary LDH peaks and change in position. HC = hydrocalumite, HC2 = hydrocalumite phase
2, Kat = katoite, P = portlandite, C = calcite and G = gibbsite. (b) FTIR-ATR scans of the chemical
morphology /crystallinity of AI(OH)s A1, A2 and A3 between 4000 cm ! and 550 cm ™. The three insets
show the regions: (1) 3700cm ™! —3600cm ™!, (2) 1500cm ™! — 1250 cm ™!, (3) 1200cm ! -~ 550 cm !
in detail. Dashed and solid grey lines indicate the maxima of vibrations. Al = AI(OH)3-SA, A2 =
Al(OH)3-ACE and A3 = AI(OH)3-SA.

A3 consisted of only one phase of LDH but at a lower overall purity—with large amounts of
Ca(OH); remaining unreacted as shown through Rietveld refinement in Table 4. A2 produced the
most katoite and A3 contained no calcite, but large amounts of unreacted gibbsite. Both A2 and A3
showed slight right-shifts in their primary LDH reflection in comparison to Al.

Table 4. Rietveld refinement of the morphology/crystallinity series of LDHs Al = SA,
A2 = ACE and A3 = M. HC indicates the phase [CasAl>(OH)12][(CO3)-5H20], HC2 is
[CasAlr(OH)12][(CO3)0.5Cl4 - 8H20], Kat is katoite, P is portlandite, C is calcite and G is gibbsite.
All values are given in percentages of the crystalline phases.

HC HC2 Kat P C G
Al 615 2652 984 214
A2 4351 11 34.04 825 32
A3 279 2348 28.97 19.65

There were also differences between the FTIR-ATR scans of A1, A2 and A3 depicted in Figure 16b.
While the scans for A1l and A2 were quite similar, A3 deviated from almost all major vibrations
with either a decreased or increased vibration. The large amount of unreacted portlandite in A3
was clearly visible at 3641 cm L. Most other vibrations, however, were weaker in A3—most notably
those indicating the OH str. vibration of water bonded to interlayer carbonate (3010 cm™!) and the
combination band at 2828 cm ™! as well as the twin peak at 1414 cm~1/1361 cm ™1 associated with both,
interlayer carbonate and interlayer hydroxide anions. The scan for A3 gained an additional band at
1014 cm~! which correlates to the strongest vibration of the AI(OH)3-M source itself. The remaining
vibrations between 1000 cm~! and 550 cm ™! were less strongly defined than those of Al and A2.
There also existed some stark differences between the FTIR scans of the three AI(OH)3; sources,
which are also depicted in Figure 16b. Al(OH)3-M showed defined vibrations in the 3700 cm™! to
3300 cm ™! region and between 1200 cm ! and 550 cm !, while AI(OH)3-SA and Al(OH)3-ACE were
very similar and had much less strongly defined features. Both consisted of a broad band in the
3700 cm ! to 3300 cm ™! region and immolated well the 1000 cm ™! to 550 cm ™! region. Both materials,
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however, had a doublet feature blue-shifted from the 1414 cm 1 /1361 cm ! doublet. This feature has
been linked to adsorbed carbonate species [36-38] and will be discussed in-depth later in the text.

Morphological examination of these three materials showed that A1l and A2 formed similar
structures but that A3 formed much larger HC platelets (Figure 17). A far greater quantity of particulate
matter was also present in A3, as expected from the sample consisting of almost 50% of portlandite
and gibbsite. No large chunks of gibbsite (as initially present from the reactant) were visible, though,
indicating that these chunks of gibbsite must have broken up during synthesis.

T 5 = & -

Figure 17. SEM micrographs of the chemical morphology/crystallinity of AI(OH); series Al = SA,
A2 = ACE and A3 = M taken at 1keV and 2k magnification. The scale bar is indicated below the label.

Even though the phase compositions were very different for A1, A2 and A3, the synthesis pHs
observed were almost identical throughout the reaction, as shown in Figure 18—indicating that
Al(OH)3 crystallinity and surface area, and the subsequent dissoluted Al-species, do not contribute to
the mixture pH significantly.
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Figure 18. pHs of the morphology /crystallinity of AI(OH)3 series of LDHs A1 = SA, A2 = ACE and
A3 =M. The pH was adjusted to 25 °C to facilitate comparison.

2.6. Mixing

The mixing during synthesis was varied by altering the rotational speed of the magnetic stirrer
used. Three rotational speeds were used: M1 =500 rpm, M2 = 750 rpm and M3 = 1000 rpm. During the
synthesis, these rotational speeds led to mixing at full incorporation at all times (1000 rpm), sufficient
mixing to keep the system visibly agitated but cause a thin condensate film forming (750 rpm) and
mixing that kept the reaction mixture agitated but led to the formation of a thicker condensate film on
top of the mixture (500 rpm). Little difference was observed in the outcome of the reaction in XRD and
FTIR-ATR results, as shown in Figure 19a,b.
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Figure 19. (a) XRD results of the mixing series M1, M2 and M3 between 5° 20 and 90° 26. Each scan
is y-shifted by 2500 counts. The inset depicts the primary LDH peaks and change in position. HC =
hydrocalumite, Kat = katoite, P = portlandite and C = calcite. (b) FTIR-ATR scans of the mixing series
M1, M2 and M3 between 4000 cm~! and 550 cm~!. The three insets show the regions: (1) 3700 cm ™! -
3600cm ™1, (2) 1500 cm ! - 1250 cm ™7, (3) 1000 cm ! - 550 cm ! in detail. Dashed and solid grey lines
indicate the maxima of vibrations. M1 = 500 rpm, WS2 = 750 rpm and WS3 = 1000 rpm.

Rietveld refinement further confirmed the similarity between these three reaction outcomes.
As shown in Table 5, only small variations in HC, katoite, portlandite and calcite content were
observed. Unsurprisingly, SEM (Figure 20) also showed very little difference in the morphologies of

M1, M2 and M3.

Table 5. Rietveld refinement of the mixing series of LDHs M1 = 500rpm, M2 = 750 rpm and
M3 = 1000 rpm. HC indicates the phase [CasAlo(OH)12][(CO3) - 5H0], Kat is katoite, P is portlandite
and C is calcite. All values are given in percentages of the crystalline phases.

HC Kat P C
M1 5829 2877 1161 1.33
M2 615 2652 984 214
M3 59.83 2774 1036 2.07

of M2 (Figure 21).

Figure 20. SEM micrographs of the mixing series M1 = 500 rpm, M2 = 750 rpm and M3 = 1000 rpm
taken at 1keV and 2k magnification. The scale bar is indicated below the label.

However, surprisingly, even though there was almost no difference seen between M1, M2 and M3
in terms of the other results, the pH of M1 and M3 decreased notably with time in comparison to that
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Figure 21. pHs of the mixing series of LDHs M1 = 500 rpm, M2 = 750 rpm and M3 = 1000 rpm. The pH
was adjusted to 25 °C to facilitate comparison.

2.7. Water-to-Solids Ratio

The final parameter investigated was the effect of the water-to-solids ratio on the formation
of HC. Three water-to-solids ratios were tested, being WS1 = 70:30, WS2 = 80:20 and WS3 = 90:10.
During the reaction, these three ratios behaved very differently. Where, usually, reaction mixtures with
an 80:20 ratio thickened considerably after 1h to 1.5h, WS1 had already thickened considerably after
30 min. After 2h, this mixture became difficult to agitate even with the pH probe during measurement
and was mixing with great difficulty until the 3h of reaction time had passed. WS3, on the contrary,
never thickened to a considerable degree, fully incorporating all mixture contents continuously.

The XRD and FTIR-ATR results depicted in Figure 22 show some differences between the three
materials formed.
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Figure 22. (a) XRD results of the water-to-solids ratio series WS1, WS2 and WS3 between 5° 26 and
90° 26. Each scan is y-shifted by 2500 counts. The inset depicts the primary LDH peaks and change in
position. HC = hydrocalumite, Kat = katoite, P = portlandite and C = calcite. (b) FTIR-ATR scans of
the water-to-solids ratio series WS1, WS2 and WS3 between 4000 cm ! and 550 cm L. The three insets
show the regions: (1) 3700 cm ™! —3600cm ™7, (2) 1500 cm ™! - 1250 cm~?, (3) 1000cm ™! - 550 cm ™! in
detail. Dashed and solid grey lines indicate the maxima of vibrations. WS1 = 70:30, WS2 = 80:20 and
WS3 =90:10.

The primary LDH peak of HC was shifted somewhat to the right for WS3 with respect to
WS1 and WS2 (inset in Figure 22a). [CazAly(OH)12][(CO3) - 5 H,0] remained the best fitting crystal
structure analogue in all three materials, however. FTIR-ATR showed little difference between the
three materials, although there was a clear reduction in the 3641 cm™! peak associated with unreacted
Ca(OH);. Intensity of vibration also decreased in the 1414 cm~1/1361 cm ™! doublet with an increase
in water-to-solids ratio; as did the vibrations between 1000 cm~! and 550 cm 1. Rietveld refinement,
however, showed very large differences between these three materials. WS1 led to a HC purity greater
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than 70%, while WS3 achieved only approximately 55%. There were also large differences in the
amount of katoite formed and the amount of portlandite left unreacted, as well as the amount of calcite
remaining, as shown in Table 6.

Table 6. Rietveld refinement of the water-to-solids ratio series of LDHs WS1 = 70:30, WS2 = 80:20 and
WS3 =90:10. HC indicates the phase [CayAly(OH)12][(CO3) - 5H>0], Kat is katoite, P is portlandite
and C is calcite. All values are given in percentages of the crystalline phases.

HC Kat P C

WS1 7348 1464 191 998
WS2 615 2652 984 214
WS3 5459 3239 13.02

Even with this large difference in the amount of each phase present, crystallisation of the LDH
phases appeared similar on the SEM micrographs, shown in Figure 23. However, less particulate matter
was present in WS1 and more in WS3, in good correlation with the decreased amount of portlandite
present. An increased amount of katoite was also present in WS2 and WS3. The large amount of calcite
determined through the Rietveld analysis for WS1 was not observed in its micrograph.

WS3 =90:10 taken at 1 keV and 2k magnification. The scale bar is indicated below the label.

The pHs recorded for WS1, WS2 and WS3 showed that significant differences existed between the
starting pH of the reaction mixture and the behaviour during synthesis with time (Figure 24). WS1,
as expected due to the larger amount of reactants present, had a very high initial pH but then exhibited
a considerable reduction in pH over time. WS3, on the other hand started off with a much lower pH,
which remained almost constant throughout the reaction. WS1 and WS3 had opposing viscosities,
the one being very thick, the other very thin. Yet they still ended on a similarly low pH after 3 h.
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Figure 24. pHs of the water-to-solids ratio series of LDHs WS1 = 70:30, WS2 = 80:20 and WS3 = 90:10.
The pH was adjusted to 25 °C to facilitate comparison.

3. Discussion

The results of this work have shown that the synthesis of an LDH phase (with high purity,
max. = 84.91%) is possible using only Ca(OH),, AI(OH)3 and water at mild synthesis conditions
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(atmospheric pressure and temperatures less than boiling point) as well as in a short period of time
(3h). This section serves to discuss the following points:

. carbonate contamination;
®  increasing conversion to HC;
e and a hint towards the reaction mechanism of the formation of HC in a hydrothermal process.

3.1. Carbonate Contamination

The synthesis of carbonate-free HC from metal oxides and hydroxides has not been attempted
with this aim in literature before, to our knowledge. However, some authors have used only
calcium and aluminium oxides and hydroxides for their HC synthesis which could facilitate the
formation of a CaAl-OH-LDH phase [3,23-25]. In most of these studies involving the formation of
HC, especially when attempting to form nitrate or chloride forms or studying the thermodynamics,
carbonate contamination was limited. When carbonate contamination occurred, it was typically said
to have occurred during synthesis, filtering or drying. In the studies where carbonate intercalation
was not desired, great care was taken to carry out the synthesis in an inert environment (glove boxes
or covered systems), use freshly precipitated Ca(OH); and/or dried materials under nitrogen or in a
desiccator to minimise contact with CO; [3,23-25].

In this study, an inert environment was accomplished by synthesising the LDHs under a slight
over-pressure induced by constant nitrogen flow. The materials were filtered in open atmosphere
but only required approximately 5min to filter. XRD and FTIR-ATR analysis was carried out wet
and within 0.5h and 1 h after synthesis, respectively. The only possible CO, contamination from the
atmosphere could have occurred during the 5min of filtering (after which the filtered samples were
sealed from air immediately and only unsealed for the wet XRD analysis and again for wet FTIR-ATR
analysis). To put this into perspective, if the carbonate contamination were to come from CO in air,
at the atmospheric conditions in Pretoria, South Africa, where these experiments were conducted,
6.69 m® of air would have needed to pass through the sample and every available mol of CO; absorbed
within the 5 min of filtration time or surface adsorbed during XRD and subsequently intercalated.
As this is essentially impossible, the interlayer carbonate, if present to a significant degree, thus had to
come from a different source.

For the synthesis of the materials, a fresh bottle of analytical grade Ca(OH), was used.
Unfortunately, after synthesis and our surprise of this possible CO; contamination, it was found that
the Ca(OH); used nevertheless consisted to 3.76% of calcite. This constitutes only 13.36% of the amount
of calcite stoichiometrically required to form a fully carbonate intercalated CaAl-LDH, though. Taking
into account theoretical requirements of carbonate to form a fully carbonate intercalated CaAl-LDH,
one could thus expect that the LDH consisted of 13.36% carbonate in the interlayer. However, almost
every material synthesised contained some calcite at the end of the synthesis. In prior studies [25,26,28],
CaCOg3 was used as a carbonate source during synthesis and most of these studies produced very
pure CaAl-CO3-LDHs. Considering the approximately dried material yield, our materials consisted
of between 0.5g to 1g of calcite after synthesis (approximately 2% as determined from Rietveld
refinement). This is approximately as much as initially fed with the Ca(OH),, indicating that a small
amount of carbonate could have been taken up by the CaAl-OH-LDHs, but a large fraction remained
as calcite.

Our Rietveld refinement results showed that between 1% and 3% calcite typically remained in the
material after synthesis. However, there were some outliers. Some materials (MR1, WS3, T1, T2 and
A3) contained no or less than 1% calcite, while others (WS1 and T5) consisted of close to 10% calcite and
CO3 even of 20% calcite. MR1, due to the use of less Ca(OH), during synthesis to achieve the required
molar calcium-to-aluminium ratio would contain less calcite to begin with. This result is thus not
entirely surprising. WS3 contained less material in general to achieve the desired water-to-solids ratio.
In this case, one could argue, that the calcite could have dissolved better due to a higher shear synthesis
induced by the thinner reaction mixture (the same would apply to MR1 and A3). However, FTIR-ATR
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showed a decreased vibrational strength in the doublet 1414 cm ™! /1361 cm™~! vibration, which in
most literature is designated to interlayer carbonate. T1 and T2 both showed no remaining calcite,
however, the primary phase present in these materials was found to most likely be a calcium aluminate
carbonate hydrate of the form 3CaO - Al,O3 - 0.5Ca(OH); - 0.5CaCO3 - 11.5H,0, which could explain
where some of the CaCOj3 was used. Interestingly, the calcium aluminate hydrate phases presented
by [23] at 20 °C and 30 °C were not observed. The only difference between A3 and its other series
materials (A1 and A2) was the use of a highly crystalline gibbsite as Al source. While interlayer
carbonate was present in this material as identified through FTIR-ATR analysis, it had a much lower
vibrational response at 1414 cm ™! /1361 cm~! and 663 cm ™!, three vibrations that are typically linked
to interlayer carbonate—especially the vibration at 663 cm~!, where this material had by far the least
intense vibrational response of all materials.

This leads to the discussion of the importance of the blue-shifted doublet (from the doublet
1414 cm~1/1361 cm™1) vibrations of the AI(OH)3-SA and Al(OH)3-ACE sources indicated in the results
section. To our amazement, the possibility of carbonate contamination in HC through adsorption of
CO; onto the surface of AI(OH)3z has not been indicated in any previous research, to our knowledge.
We were also unable to find any FTIR spectra of Al sources used in previous research for the synthesis of
HC. It is, however, well established in the catalytic field that aluminium oxides and hydroxides adsorb
carbonate species. CO; adsorption onto boehmite and other aluminium phases was studied by [38] at
different activation temperatures and pressures of CO,. While their findings of the adsorbed species
do not match our vibrational responses, the amorphous nature of the AI(OH)3 sources used in this text
could still allow for good explanation of the reason why CO, adsorbed onto the surface of AI(OH)3-SA
and Al(OH)3-ACE and not onto the crystalline gibbsite phase. Amorphicity of materials typically goes
hand in hand with some degree of disorder in these systems, thus making it more likely to adsorb CO,
onto coordinatively unsaturated Al atoms with octahedral coordination that are very active toward CO,
adsorption. Another explanation could come from the presence of small amounts of sodium present in
the amorphous Al(OH)3;. While Al does not form carbonates itself, the presence of Na easily leads to
the formation of dawsonite (NaAl( OH)>COs) phases. Prior to the mid-1990s, several authors reported
vibrational bands between 1520 cm~1-1570 cm ™! and /or 1350 cm~1-1410 cm cm ™! that were linked to
CO; adsorption on y-alumina phases. Ref. [36] linked these to carbonate vibrations of the bidentate
form which is enhanced through the reaction of moisture, CO, and Na to dawsonite-like phases that
are vibrationally active in this region. The amorphous AlI(OH)3 used in this work, unfortunately, did
not have an elemental analysis provided by the manufacturer, but some Na was present in AI(OH)3-M.
If small amounts of Na were present, this is a possible reason for these vibrations. The vibrational
intensity also scaled with the surface area of the Al sources used. [37] also found these vibrations on
their amorphous Al(OH)s but ascribed them to the monodentate carbonate form. They performed
experiments reacting amorphous aluminium hydroxide with sodium bicarbonate solutions of different
concentrations. The wet environment could be the reason for the difference in carbonate orientation
as later described by [39] for the adsorption of CO; onto hydrotalcites in the presence of water
vapour. Nevertheless, the different amounts of sodium bicarbonate solution used by [37] could give
an indication towards the amount of carbonate adsorbed on the amorphous AI(OH)3. The absorbance
spectrum of their sample prepared in 0.1 M sodium bicarbonate solution (corresponding to 0.26 g C/kg
Al(OH)3 on the surface) fit the spectra obtained for AI(OH)3-SA and Al(OH)3-ACE best. If this was the
amount of carbonate adsorbed on the surface of AI(OH)3-SA, this would make the starting materials
consist of an additional 1.56% of carbonate. Thus equalling a total carbonate (not calcium carbonate)
percentage of approximately 2% supplied with the raw materials during synthesis.

If this was the amount of carbonate present in the system initially, this would not, however,
explain the large amounts of calcite remaining in WS1, T5 and CO3. The 20% content of calcite in
CO3 is easily explained by the calcite fed to the system to prepare this carbonate-intercalated form.
The relatively high percentage of calcite in WS1 can be reasoned through the large amount of starting
material present to achieve the desired water-to solids ratio. In T5 the only difference between this
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material and that synthesised with S3 is the reaction temperature (90 °C). A much higher pH was
also recorded during this synthesis, which can easily be explained by the effect of temperature on
the dissolution of the solid phases. There exist two possibilities for this increased amount in calcite.
Either the high temperature reaction favours the formation of CaCOj3 (and insolubility of this phase)
instead of a carbonate intercalated LDH at this elevated temperature and pH—thus depicting a close
approximation to the "true" amount of carbonate in the system—or there was simply more carbonate
present to start with and it is also less soluble at these conditions. CaCOj solubility is known to
decrease at increasing temperatures and also at increasing pHs (at 25 °C and 1bar) [40]. As all
Ca(OH); and Al(OH)3 was taken from the same bottle, the last explanation thus seems unlikely, albeit
not impossible.

While carbonate contamination definitely occurred (due to the variety of reasons mentioned),
the phases formed in this work most likely consisted mainly of CaAl-OH-LDH as desired and as can
be inferred by considering the difference in FTIR spectra of A3 and Al in terms of the presence of
adsorbed carbonate species on the Al sources and overall carbonate supplied to the system.

3.2. Increasing Conversion to HC

Considering the results presented in this work, it was evident that certain reaction parameters had
a larger influence on the reaction outcome than others. Generally speaking, a higher purity HC was
obtained by lowering the water-to-solids ratio, increasing the reaction time, having sufficient mixing,
using an amorphous Al(OH)3 source with high surface area, using an adequate reaction temperature
(80 °C for the highest purity within 3h) and most surprisingly, by using a calcium-to-aluminium
ratio stoichiometrically favouring katoite formation. It is possible that this occurred because of an
overall slightly lower pH during synthesis. pH sampling results showed that the materials with
the highest HC purity (WS1 and MR1, 73.48% and 84.91%, respectively) followed a similar pH
behaviour during synthesis, starting with a high pH and ending on a lower pH. We expect that this
occurred due to the conversion to the LDH phase. It is possible that the high initial pH facilitates
better dissolution of the phases (especially Al(OH)s3) for reaction. Unpublished results of the same
molar-ratio-experiment (but conducted for a shorter period of time) indicated that the best purity
was achieved by using the stoichiometric ratio for hydrocalumite formation, contradicting the results
found here [41]. Time, especially in this regard, thus seems a very important factor.

During one of our previous studies, entirely different results were obtained for the temperature
series by using a more crystalline AI(OH)3 source and a shorter reaction time [27]. While the Al(OH)3
used in that study was also sourced from ACE Chemicals, it showed to be a highly crystalline material,
akin to the Merck source used in this work. Reaction kinetics were thus seemingly very different
and the LDH-like phases formed in T1 and T2 remained undetected. The morphology, surface area,
crystallinity and even crystal structure of the starting materials most likely remains one of the main
contributing factors towards a successful synthesis in a short period of time. As seen by comparison
of even our own results, the choice of starting materials can change the reaction outcome completely.
Conversion to better crystallised and more morphologically even HCs seems to be achievable by using
a higher crystallinity Al source. This is possibly observed due to lower reaction rates, a subsequent
slower crystal growth and hence higher crystallinity and larger platelets formed.

In closing the discussion in this section, the presence of the particulate matter in LDHs formed
and XRD identified phases deserve some discussion. As shown through the morphological evaluation
of the Ca(OH); and Al(OH)3z phases used, it was difficult to discern these using SEM. Due to the high
amount of portlandite remaining in many samples, it is highly likely that this particulate matter is
a mixture of the two phases and that an increase in reaction time would increase the yield of the
HC phase. As the cyrstal structure of the amorphous AI(OH)3 could not be determined, it is also
possible that slightly too little aluminium was fed to the system, which could have an effect on the final
outcome with sufficient reaction time. During XRD, most scans contained very, very small amounts of
phases that remained unidentified. It is possible that small amounts of especially the Cl-intercalated
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HC form exist in some more samples. However, due to shifted peaks and/or other effects, these phases
could not be assigned. Further, any Rietveld refinement results (as mentioned in the text) were only
applicable to the crystalline phases formed. The fraction of amorphous material present in each
material remains undetermined.

3.3. A Hint Towards the Reaction Mechanism of the Formation of HC in a Hydrothermal Process

Finally, a short discussion on what could potentially be inferred regarding the reaction mechanism
through which HC phases form using hydrothermal synthesis. The temperature experiments showed
that, at least at low temperatures, an alternate LDH-like phase was formed. Some research suggests
that this compound be a meta-stable phase that forms in cement (although it had not been found
in Portland cement at the time) [35]. It is possible that this is a sort of pre-cursor to the HC phase,
at least in low temperature systems. This seems likely considering observations in cement literature.
Ref. [42] investigated the time dependent formation of calcium carboaluminate phases. They found
that calcium hemicarboaluminate transforms into calcium monocarboaluminate given time and reaches
high conversion after 100 days of reaction in the cement phase. Only the calcium monocarboaluminate
phase is present in well-hydrated fully cured cement. Further, the calcium hemicarboaluminate form
occurs early in the hydration process of cement, even if large quantities of calcium carbonate are
present. Ref. [43] described how these calcium carboaluminate phases only really constitute a large
fraction of the cement phase after about a day of reaction.

No study of the hydrothermal formation mechanism of HC exists (to our knowledge), especially
at elevated temperatures. At elevated temperatures, these calcium hemi/monocarboaluminate phases
could not be identified, but there seems to be a strong relationship to the formation/depletion of
katoite during synthesis. In our previous results [27], these and those of [26], katoite was present
to a large degree at a synthesis temperature of 90 °C. Katoite was also present in larger amounts at
lower temperatures than 80 °C. The higher katoite content at 90 °C could indicate that this is the more
stable phase past 80 °C. No elevated temperatures are required, however, to form katoite, which made
up a large fraction of the phases formed even at 20 °C. The largest fraction of katoite was present
at 40 °C and 90 °C, though, possibly indicating that HC is the favoured phase between these two
temperatures. The time experiments also revealed a great amount regarding the progression of the
phase contents with time. At 6h, only approximately a quarter of the katoite present after 1h was
observed. This seems to be a strong suggestion that, given enough time, katoite is converted into HC
during synthesis and could thus be a precursor to the HC phase.

4. Materials and Methods

Chemically pure Ca(OH); and Al(OH)3; were sourced from ACE Chemicals (analytical reagent
grade) and Sigma Aldrich (SA) (reagent grade). Two other AI(OH)s sources were used in the
experiments. They were sourced from ACE Chemicals (chemical purity grade) and from Merck
Chemicals (95% purity). Distilled and dissolved gas free (boiled prior to use and cooled/heated to the
desired temperature under nitrogen flow) water was used in all experiments.

Experiments were performed using a bench top reactor set up as shown in Figure 25. The figure
also depicts all variables that were investigated (time: t, temperature: T, mixing: M, molar ratio: MR,
aluminium source: A and water-to-solids ratio: WS). An inert N> environment was maintained in all
experiments at slight over-pressure. The dry reactant powders were added to preheated water at the
desired temperature under constant stirring. The mixture was kept in suspension by magnetic stirring
at the desired speed and reacted for the desired time at the desired temperature. pH measurements
were taken intermittently. The samples were filtered using vacuum filtration, immediately sealed and
analysed as a wet paste within 0.5h with XRD and 1h with ATR-FTIR.
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Figure 25. Setup used for the synthesis of hydrocalumite.

The synthesis of HC using Ca(OH);, AI(OH)3 and H>O stands in competition with the formation
of katoite CazAl,(OH)12 (a member of the hydrogrossular family) as shown Equation (2).

aCa(OH); + bAI(OH)3 + cH,O —  dCa3Al(OH)12 + cHyO (2)
—  eCasAlp (OH)12A2/,1 -xH,O + (C — x)HzO

All lower case letters represent stoichiometric coefficients. A denotes the desired intercalated
anion. Table 7 shows the experimental conditions used for each experiment group.

Table 7. Experimental conditions used for each of the experiments performed. The experiment IDs and
colour codes defined in the table were used for each experiment in the text. Purple: molar Ca:Al ratio,
red: temperature, green: time, blue: water : solids ratio, brown: Al source, grey: mixing. Note: S1, S2,
S3 = MR2, T4, t2, WS2, A1 and M2. *Ca(OH) used in CO3 was partially substituted with CaCOj3 as
described in the text to achieve stoichiometric carbonate intercalation.

1D Molar Ca:Al Ratio [[] Temperature [°C] Time [h] Water: Solids Ratio [-] Al Source [[] Mixing [rpm]
S1,82,83,CO3* 2 80 3 80:20 SA 750
MR1 jil5 80 3 80:20 SA 750
MR2 80 3 80:20 SA 750
MR3 80 3 80:20 SA 750
T1 2 25 3 80:20 SA 750
T2 2 40 3 80:20 SA 750
T3 2 3 80:20 SA 750
T4 2 3 80:20 SA 750
T5 2 90 3 80:20 SA 750
t1 2 80 1 80:20 SA 750
2 2 80 80:20 SA 750
3 2 80 - 80:20 SA 750
WS1 2 80 3 70:30 SA 750
WS2 2 80 3 SA 750
WS3 2 80 3 SA 750
Al 2 80 3 80:20 750
A2 2 80 3 80:20 750
A3 2 80 3 80:20 750
M1 2 80 3 80:20 SA 500
M2 2 80 3 80:20 SA

M3 2 80 3 80:20 SA

XRD measurements were performed on a Panalytical X'Pert PRO X-ray diffractometer in
0 — 6 configuration, using Fe filtered Co-Ka radiation (1.789 ), an X'Celerator detector and variable
divergence- and fixed receiving slits. The data were collected in the angular range of 5° < 26 <90°
with a step size and time of 0.008° 26 and 13, respectively. Phases were identified using X'Pert
Highscore plus software. Molar fractions of phases present were determined using Rietveld refinement.
The samples were analysed wet in order to minimise carbonate contamination and changes in the
crystal structure due to drying effects. This process was chosen to closely simulate in-situ XRD.
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ATR-FTIR spectra were obtained using a Perkin Elmer 100 Spectrophotometer. Samples were
pressed in place with a force arm. Spectra were obtained in the range of 550-4000 cm ! each with 32
scans at a resolution of 2cm ™.

SEM micrographs were obtained using a Zeiss Ultra PLUS FEG SEM at 1keV. Samples were
coated with 1.4 nm carbon prior to analysis. The LDH samples were dried in a desiccator prior to study
with SEM.

The BET surface areas of the materials were determined using isotherms recorded at 77.35 K with
a Micromeritics TriStar II 3020. The samples were degassed at 80 °C for 1.5h prior to the analysis.

5. Conclusions

In conclusion, HC formation was favoured in all experiments, making up between approximately
50% and 85% of the final crystalline phases obtained. The formation of HC stood in competition
with the formation of katoite, with constituted a large fraction of the remaining phases. It is expected
that only small amounts of carbonate were present in the CaAl-OH-LDH and that any carbonate
contamination came from the Ca(OH); (as calcite) and from the AI(OH)j3 as surface adsorbed carbonate
species rather than from the air as previously suggested. At high temperatures, CaCO3 formation
seemed to be favoured instead of carbonate intercalation. The low solubility of carbonate species at
elevated temperatures could be contributing factor to the low amount of carbonate intercalated.

The largest effect on HC purity was seen using a low water-to-solids ratio, increasing the
reaction time, having sufficient mixing, using an amorphous Al(OH)3 with a high surface area, using
an adequate reaction temperature and most surprisingly, by using a calcium-to-aluminium ratio
stoichiometrically favouring katoite formation instead of HC formation. The morphology, surface area
and crystallinity of the starting materials played a significant role. pH effects caused by the amount
of reactants supplied could also have played a role in the increased purity observed—possibly by
facilitating better dissolution of the AI(OH)3 phase—especially for low water-to-solids ratios and the
stoichiometrically unfavoured molar calcium-to-aluminium ratios.

Finally, it was possible to obtain a hint regarding the reaction mechanism at elevated temperatures.
Atlower temperatures, it is possible that the formation of HC follows through the formation of calcium
aluminate carbonate hydrate phases in conjunction with katoite, while at high temperatures, katoite
formation seems to precede the formation of HC.
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Abstract: In this study, the reconstruction peculiarities of sol-gel derived Mg,_ M,/Al; (M = Ca, Sr,
Ba) layered double hydroxides were investigated. The mixed metal oxides (MMO) were synthesized
by two different routes. Firstly, the MMO were obtained directly by heating Mg(M)-Al-O precursor
gels at 650 °C, 800 °C, and 950 °C. These MMO were reconstructed to the Mg,_ M,/Al; (M = Ca, Sr, Ba)
layered double hydroxides (LDHs) in water at 50 °C for 6 h (pH 10). Secondly, in this study, the MMO
were also obtained by heating reconstructed LDHs at the same temperatures. The synthesized
materials were characterized using X-ray powder diffraction (XRD) analysis and scanning electron
microscopy (SEM). Nitrogen adsorption by the Brunauer, Emmett, and Teller (BET) and Barrett,
Joyner, and Halenda (BJH) methods were used to determine the surface area and pore diameter of
differently synthesized alkaline earth metal substituted MMO compounds. It was demonstrated for
the first time that the microstructure of reconstructed MMO from sol-gel derived LDHs showed a
“memory effect”.

Keywords: layered double hydroxides; sol-gel processing; alkaline earth metals; mixed metal oxides;
reconstruction effect; surface properties

1. Introduction

Layered double hydroxides ([M2+1,XM3+X(OH)2]X+(AY‘)X/yszO, where M2t and M°* are
divalent and trivalent metal cations, respectively, and AY~ is a intercalated anion, LDHs) are widely
used in catalysis, in ion-exchange processes, as catalyst support precursors, adsorbents, anticorrosion
inhibitors, anion exchangers, flame retardants, polymer stabilizers, and in pharmaceutical applications,
optics, in separation science and photochemistry [1-7]. The most common preparation technique of
LDHs is the co-precipitation method starting from the soluble salts of the metals [8-10]. The second
synthetic technique also widely used for the preparation of LDHs is anion exchange [11-13]. Recently,
for the preparation of Mgz Al; LDHs, we developed the indirect sol-gel synthesis route [14-17]. In this
synthetic approach, the synthesized Mg—Al-O precursor gels were converted to the mixed metal oxides
(MMO) by heating the gels at 650 °C. The LDHs were fabricated by the reconstruction of MMO in
deionized water at 80 °C. The proposed sol-gel synthesis route for LDHs showed some benefits over
the co-precipitation and anion-exchange methods such as simplicity, high homogeneity, and good
crystallinity of the end synthesis products, effectiveness, cost efficiency, and suitability for the synthesis
of different LDH compositions.
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Recently, this newly developed sol-gel synthesis method has been successfully applied for the
synthesis of the transition metal substituted layered double Mgs.,M,/Al; (M = Mn, Co, Ni, Cu,
Zn) [18]. Calcined at temperatures higher than 600-650 °C, the M/Mg/Al LDHs form MyMg;_Al,O4
solid solutions having the spinel structure and various cations distributions [19-23]. It was reported
that these spinel structure compounds obtained at high temperatures cannot be reconstructed to the
LDHs [24-29].

The investigation of mixed oxides derived from calcined LDHs prepared by direct and indirect
methods is an interesting topic, since the reformation conditions could have an effect not only on
the composition of a solid but also on the morphology of oxides and consequently on the properties.
Usually, the calcined LDHs materials or mixed metal oxides have high surface areas. During the
calcination, the dehydroxylation of LDHs with different chemical composition gave rise to the crystal
deformation and interstratified structure of metal oxides, resulting in the development of mesopores
and enhancement of specific surface area and enhanced sorption capacity [30-34]. Interestingly,
the obtained MMO sometimes can preserve the morphology of the LDH precursor and show also the
efficient recycling of the spent adsorbent [35,36]. It has been found that the nature of the partially
introduced cation into the M?* position influences the conditions of thermal decomposition of LDHs and
also the structural and morphological features of the formed mixed metal oxides [37]. The obtained data
can be used to synthesize the oxide supports with desired adsorption and other physical properties.
In this study, the alkaline earth metal substituted Mg,_ My/Al; (M = Ca, Sr, Ba) layered double
hydroxides were synthesized by an indirect sol-gel method. The aim of this study was to decompose
the sol-gel-derived LDHs at different temperatures and investigate the possible reconstruction of
obtain mixed metal oxides to LDHs. The surface area and porosity as important characteristics of these
alkaline earth metal substituted MMO materials were investigated in this study as well.

2. Experimental

Aluminium nitrate nonahydrate (AI(NOg3)3-9H,0, 98.5%, Chempur, Plymouth, MI, USA),
magnesium nitrate hexahydrate (Mg(NO3),-6H0), 99,0% Chempur, Plymouth, MI, USA), calcium
nitrate tetrahydrate (Ca(NOs),-4H,0, 99%, Chempur, Plymouth, MI, USA), strontium nitrate (Sr(NOs);,
99.0%, Chempur, Plymouth, MI, USA) and barium nitrate (Ba(NOj3),, 99.0%, Chempur, Plymouth,
MI, USA) were used as metal sources in the preparation of Mg,_M,/Al; (M = Ca, Sr, Ba) layered
double hydroxides. In the sol-gel processing, citric acid monohydrate (C4HgO7-H,O, 99.5%, Chempur,
Plymouth, MI, USA) and 1,2-ethanediol (C;HgO,, 99.8%, Chempur, Plymouth, MI, USA) were used as
complexing agents. Ammonia solution (NH3, 25%, Chempur, Plymouth, MI, USA) was used to change
pH of the solution.

For the synthesis of Mg,_ M,/Al; (M = Ca, Sr, Ba; x is a molar part of substituent metal) LDHs,
the stoichiometric amounts of starting materials were dissolved in distilled water under continuous
stirring. Citric acid was added to the above solution, and the obtained mixture was stirred for an
additional 1hat80 °C. Then, 2 mL of 1,2-ethanediol was added to the resulting solution. The transparent
gels were obtained by the complete evaporation of the solvent under continuous stirring at 150 °C.
The synthesized precursor gels were dried at 105 °C for 24 h. The mixed metal oxides (MMO) were
obtained by heating the gels at 650 °C, 800 °C, and 950 °C for 4 h. The Mg,_ M,/Al; (M = Ca, Sr, Ba)
LDHs were obtained by reconstruction of the MMO in water at 50 °C for 6 h under stirring and by
changing the pH of the solution to 10 with ammonia.

X-ray diffraction (XRD) analysis was performed using a MiniFlex II diffractometer (Rigaku,
The Woodlands, TX, USA) (Cu K« radiation) in the 20 range from 10° to 70° (step of 0.02°) with
the exposition time of 2 min per step. The morphological features of MMO samples were estimated
using a scanning electron microscope (SEM) Hitachi SU-70, Tokyo, Japan. Nitrogen adsorption by
the Brunauer, Emmett, and Teller (BET) and Barret method was used to determine the surface area
and pore diameter of the materials (Tristar II, Norcross, GA, USA). The pore-size distribution was
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evaluated by the Barrett-Joyner-Halenda (BJH) procedure. Prior to analysis, the calcined samples
were outgassed at 523 K for 5 h.

3. Results and Discussion

To study the reconstruction peculiarities of sol-gel derived Mg,_ M,/Al; (M = Ca, Sr, Ba) layered
double hydroxides (LDHs), the precursor gels were firstly annealed at 650 °C, 800 °C, and 950 °C for
4 h. The XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg,/Al; LDHs precursor
gels at different temperatures are presented in Figure 1. The XRD pattern of the sample heated at
650 °C had two XRD peaks, which show the formation of a mixed metal oxide (MMO) phase with an
MgO-like structure (JCPDS No. 96-100-0054) [14]. Thermal treatment of the precursor gels at 800 °C
resulted in the formation of two phases, namely MMO and a low-crystallinity spinel phase with the
composition of MgAl,O4 (JCPDS No. 96-154-0776). After heating at 950 °C, evidently, the highly
crystalline MgAl,O, phase has formed along with the MgO phase.

{ oMgO [96-100-0054]
xMgAL,0, [96-154-0776]

Mgﬁl 950°C

Intensity

MgAl 800°C

MgAI 650°C

10 20 30 40 50 60 70
20(°)
Figure 1. XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg,/Al; precursor gels
at 650 °C, 800 °C, and 950 °C.

The XRD patterns of the Mg/Al LDH synthesized by the indirect sol-gel method (reconstruction of
sol-gel derived MMO) show the formation of layered double hydroxides independent of the annealing
temperature of the precursor gels (see Figure 2).

Three basal reflections typical of an LDH structure were observed: at 26 of about 10° (003),
23° (006), and 35° (009) [14,15]. Besides, the spinel phase obtained at 800 °C and 950 °C remain
almost unchanged during the reconstruction process. These results are in good agreement with those
previously published elsewhere [38].

The XRD patterns of synthesis products with the same substitutional level of Ca, Sr, and Ba
obtained at 800 °C and 950 °C are almost identical and revealed in all cases with the formation
of crystalline magnesium oxide, magnesium spinel phase MgAl,O, and an appropriate spinel of
alkaline earth metal (CaAl,Oy4, SrAl,O4 and BaAl,Oy4). Again, during the partial reconstruction
process, the phase purity of sol-gel derived Mg,_ M,/Al; LDHs evidently is dependent on the nature
of introduced metal. As was expected, the spinel phases obtained at 800 °C and 950 °C remained
almost unchanged during the partial reconstruction process. Moreover, during the reconstruction
process, a negligible amount of metal carbonates (CaCOj3, SrCO3, and BaCO3) have formed as well.
The XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg,_M,/Al; (M = Ca, Sr,
Ba) precursor gels at different temperatures and reconstructed LDHs are presented in Figures 3-5,
respectively. The XRD analysis results confirmed that the phase purity of alkaline earth substituted
LDHs obtained by an indirect sol-gel synthesis approach is highly dependent on both the annealing
temperature of the precursor gels and that of the alkaline earth metal.
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«LDH [96-210-2793]

xMgAl,O, [96-154-0776]

x ©MgO [96-100-0054]
?Unknown

Intensity

20 (%)

Figure 2. XRD patterns of sol-gel derived Mgy/Al; layered double hydroxides (LDHs, reconstructed
from MMO). The annealing temperature of the precursor gels was 650 °C, 800 °C, and 950 °C.

© oMgO [96-100-0054]
xMgAL,O, [96-154-0776]

Ca 5mol% 950 °C

x

Intensity
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20 (°)

« LDH [96-210-2793]
xMgAL,0, [96-154-0776]

o MgO [96-100-0054]
+ CaCO, [96-101-0929]

Gai5miol%:8007C LDH +CaAl,0, [00-002-0698]
?Unknown

Intensity

Figure 3. XRD patterns of mixed metal oxides (MMO) obtained by heating the Mgj 95Cag 05/Aly
precursor gels at 800 °C and 950 °C (top) and reconstructed Mg 95Cay o5/Al; LDHs (bottom).
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Figure 4. XRD patterns of mixed metal oxides (MMO) obtained by heating the Mgj 9551 05/Aly
precursor gels at 800 °C and 950 °C (top) and reconstructed Mg 9551 05/Al; LDHs (bottom).

The obtained mixed metal LDH samples were repeatedly heated at different temperatures to
obtain MMO and compare the phase composition, morphology, and surface properties with obtained
ones after initial annealing. The XRD patterns of non-substituted and Ca, Sr, and Ba containing MMO
obtained after the heating of LDHs are shown in Figures 6 and 7, respectively. Evidently, the XRD
patterns of mixed metal oxides (MMO) obtained by heating the Mg,/Al; precursor gels (see Figure 1)
and obtained by heating the Mg,/Al; LDHs (Figure 6) are very similar, confirming the same phase
composition. However, the reflections of just obtained MMO are more intense in comparison with ones
presented in the repeatedly obtained MMO from LDHs. Obviously, the second time obtained Ca and
Sr substituted MMO samples contain much more side phases (see Figures 3, 4 and 7). However, this is
not the case for the Ba-substituted MMO samples. Both synthesis products obtained from precursor
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gels and by heating LDHs were composed of several crystalline phases.
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Figure 5. XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg 95Bag g5/Aly
precursor gels at 800 °C and 950 °C (top) and reconstructed Mgj 95Ba o5/Al; LDHs (bottom).
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Figure 6. XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg,/Al; LDHs at
different temperatures.
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Figure 7. XRD patterns of mixed metal oxides (MMO) obtained by heating the Mgy 95Cag o5/Al; LDHs
(bottom), Mg 955r( 95/Al; LDHs (middle), and Mg 95Bag 05/Al; LDHs (top) at different temperatures.

The interplanar spacings and lattice parameters of sol-gel derived Mg,_M,/Al; (M = Ca, Sr and
Ba) LDHs with standard deviations in parentheses are presented in Table 1.
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Table 1. The interplanar spacings and lattice parameters of sol-gel derived Mgj 95M g5/Al; (M = Ca,

Sr and Ba) LDHs.
Compound d(003), A d(006), A d(110), A ¢ A a, A
Mg, Al 7.601(5) 3.810(3) 1.511(3) 22.818(3) 3.040(2)
Mg 95Cag 05/Aly 7.690(4) 3.813(4) 1.512(2) 23.027(4) 3.041(3)
Mg1.05510,05/Aly 7.697(3) 3.826(3) 1.517(3) 23.034(5) 3.039(4)
Mg 95Bag 0s/Aly 7.695(6) 3.828(4) 1.521(1) 23.176(5) 3.041(4)

Surprisingly, the calculated values of parameter a are not increasing monotonically with the
increasing ionic radius of metal in Mgy 95Mj g5/Al;. On the other hand, the amount of substituent is
rather small, and the obtained LDHs were not fully monophasic.

Figures 8-11 show the morphological features of non-substituted and alkaline earth
metal-substituted LDHs and MMO obtained by heating the precursor gels or Mgy/Al; LDHs. The SEM
micrographs of Mg-Al MMO obtained by heating Mg-Al-O precursor gel (Figure 8) confirm that the
surface of synthesized compounds is composed of large monolithic particles at about 15-20 pm in
size independent of the annealing temperature (800 °C and 950 °C). The surface of these monoliths is
randomly covered with smaller needle-like particles, and some pores also could be detected. The SEM
micrographs of reconstructed from MMO Mg,/Al; LDH samples showed different morphological
features. The formation of round particles (3-15 pm) could be observed, and these particles are
composed of nanosized plate-like crystallites. The most interesting observation is that the surface
morphology of MMO samples obtained by heating Mg,/Al; LDH specimens show “memory effect”.
In this case, the surface morphology of MMO is almost identical to the morphology of primary Mg,/Aly
LDHs. On the other hand, the morphological features of differently obtained MMO (MMO obtained
by heating Mg-Al-O precursor gel and MMO obtained by heating Mg»/Al; LDHs) differ considerably
(see Figure 8).

The SEM micrographs of MMO obtained by heating the Mg 95Cag ¢5/Al; precursor gels, sol-gel
derived Mg 95Cag 05/Al; LDHs, and MMO obtained by heating the Mg 95Cag g5/Al; LDHs are presented
in Figure 9. The surface of Ca containing MMO obtained by heating the Mg 95Ca 05/Al; precursor
gels is composed of large monolithic particles (>20 pm). Apparently, the different morphological
features could be determined for the reconstructed Mgy_,Cay/Al; LDH samples. The plate-like
crystals with sizes of 5-15 um composed of nanosized plate-like crystallites have formed. An almost
identical microstructure was observed for the MMO specimens obtained after heating Mg,_,Ca,/Al;
LDH samples. SEM micrographs of strontium containing MMO and related Mg,_,Srx/Al; LDHs are
presented in Figure 10. The surface microstructure of Sr-containing MMO obtained by heating the
Mgy 95510 05/Al; precursor gels is very similar to the Ca-containing ones. However, on the surface
of plate-like crystals of reconstructed Mg,_,Sry/Al; LDH samples, additionally spherical particles
(approximately 1 um) were determined. These spherical particles as a “memory effect” remain on the
surface of already heat-treated Sr containing LDHs. Again, the microstructure of investigated samples
was not dependent on the annealing temperature. Interestingly, the barium containing Mg,_,Ba,/Aly
LDH samples showed the formation of smaller LDH particles (2-5 um) (Figure 11). The formation
of plate-like crystals of MMO with the size of 7.5-12.5 um was observed by heating these LDHs at
elevated temperatures.
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10.0um

70 10.0kV 8.6mm x2.50k

Figure 8. SEM micrographs of MMO obtained by heating the Mg,/Al; precursor gels (top), sol-gel
derived Mgy/Al; LDHs (middle) and MMO obtained by heating the Mg, Al; LDHs (bottom). Annealing
temperatures: 800 °C (A) and 950 °C (B).
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20.0um

Figure 9. SEM micrographs of MMO obtained by heating the Mgj 95Cag g5/Al; precursor gels (top),
sol—gel derived Mg 95Cag g5/Al; LDHs (middle) and MMO obtained by heating the Mg 95Cag o5/Aly
LDHs (bottom). Annealing temperatures: 800 °C (A) and 950 °C (B).
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10.0um

20.0um

Figure 10. SEM micrographs of MMO obtained by heating the Mg 9551 ¢5/Al; precursor gels (top),
sol-gel derived Mg 9551( 05/Al; LDHs (middle), and MMO obtained by heating the Mg 9551 ¢5/Aly
LDHs (bottom). Annealing temperatures: 800 °C (A) and 950 °C (B).

The results received by the BET method on Mg-Al MMO obtained by heating Mg-Al-O precursor
gel and Mgy/Al; LDHs are presented in Figure 12. Interestingly, these results of MMO obtained from
Mgy/Al; LDHs are comparable with those determined for the Mgs/Al; LDH samples [18]. These
samples exhibit type IV isotherms independent of the annealing temperature. At higher pressure
values, the H1 hystereses are seen. This type of hysteresis is characteristic for the mesoporous (pore size
in the range of 2-50 nm) materials. However, in the case of the MMO obtained by heating Mg-Al-O
precursor gel, the steep increase at relatively low pressures let us predict the type of H4 isotherms,
especially for the MMO samples obtained at lower temperature (800 °C). The surface area of these
MMO samples evidently depends on the synthesis temperature.
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Figure 11. SEM micrographs of MMO obtained by heating the Mgj 95Bag 05/Al; precursor gels (top),
sol-gel derived Mgj 95Bag 05/Al; LDHs (middle) and MMO obtained by heating the Mgy 95Bag 05/Al;
LDHs (bottom). Annealing temperatures: 800 °C (A) and 950 °C (B).

Thus, the isotherms and hystereses are dependent on both synthesis pathway and annealing
temperature. The nitrogen adsorption—desorption results obtained for the mixed metal oxides
containing Ca, Sr, and Ba (Figure 13) demonstrated that the N, adsorption-desorption isotherms show
very similar trends.
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Figure 12. Nitrogen adsorption—-desorption isotherms of mixed metal oxides (MMO) obtained by
heating the Mgy/Al; precursor gels (top) and obtained by heating the Mg, Al; LDHs (bottom) at 800 °C
and 950 °C.

However, in the case of barium-substituted MMO samples synthesized at 800 °C, the determined
N, adsorption—desorption isotherms exhibited same type of isotherms independent of the
synthesis method.

The results of the BET analysis of MMO samples are summarized in Table 2.
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Figure 13. Nitrogen adsorption-desorption isotherms of mixed metal oxides (MMO) obtained by
heating the Mgj 95Cag o5/Aly precursor gels (top, left), by heating the Mgj 95Cag 5/Al; LDHs (top,
right), by heating the Mgj 9551 o5/Al; precursor gels (middle, left), by heating the Mg 9551 05/Al;
LDHs (middle, right), by heating the Mg 95Bag g5/Al; precursor gels (bottom, left), and by heating
the Mgy 95Bag g5/Al; LDHs (bottom, right) at 800 °C and 950 °C.

Figure 14 shows the pore size distributions obtained by the BJH method for the MMO specimens
obtained by heating Mg—Al-O precursor gels and Mg,/Al; LDHs. Both samples demonstrate narrow
pore size distributions (PSD) almost at the mesoporous level, but very close to micropores domain.

74



Crystals 2020, 10, 470

Table 2. Brunauer, Emmett and Teller (BET) surface area of sol-gel derived Mgj 95M 95/Al; (M = Ca,

Sr and Ba) MMO.
Precursor Compound Temperature BET Surface Area m?/g
Mg, Al; precursor gels 800 °C 87.470
Mgy Aly 800 °C 65.450
Mg, Al; precursor gels 950 °C 27.749
Mg, Aly 950 °C 40.528
Mg 95Caq g5/Aly precursor gels 800 °C 46.461
Mg 95Caq 5/Aly 800 °C 129.16
Mg 95Cag g5/Aly precursor gels 950 °C 34.791
Mg1.95Cag 05/Aly 950 °C 46.078
Mg 95510 05/Al; precursor gels 800 °C 53.847
Mg 95510,05/Aly 800 °C 104.543
Mg 95510 ,05/Al; precursor gels 950 °C 36.292
Mg 95510,05/Aly 950 °C 51.961
Mg 95Bag g5/Aly precursor gels 800 °C 63.217
Mg 95Bag g5/Aly 800 °C 122.486
Mg 95Bag o5/Al; precursor gels 950 °C 32.498
Mg 95Bag 05/Aly 950 °C 40.576
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Figure 14. The pore size distribution of mixed metal oxides (MMO) obtained by heating the Mg,/Al;
precursor gels (top) and obtained by heating the Mgy/Al; LDHs (bottom) at 800 °C and 950 °C.
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Surprisingly, the PSD width does not depend neither on the synthetic procedure nor on the
annealing temperature. The determined average pore diameter in the mesopore region is approximately
3.0-5.5 nm. The PSD results obtained for the mixed metal oxides containing Ca, Sr, and Ba are shown

in Figure 15.
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Figure 15. The pore size distribution of mixed metal oxides (MMO) obtained by heating the
Mg 95Cag g5/Aly precursor gels (top, left), by heating the Mg 95Caggs5/Al; LDHs (top, right), by
heating the Mgj 9551 g5/Al; precursor gels (middle, left), by heating the Mgj 955r) 95/Al; LDHs
(middle, right), by heating the Mgj 95Bag 05/Al; precursor gels (bottom, left), and by heating the
Mg 95Bag g5/Al; LDHs (bottom, right) at 800 °C and 950 °C.

As seen, various surface properties could be detected for the MMO samples synthesized by two
different methods. The pore size distribution of directly obtained MMO by heating Mg—Al-O precursor
gels depends on the heating temperature and less on the nature of alkaline earth metal. The determined
average pore diameter in the mesopore region is approximately 2.5-8 nm, 2.5-7 nm, and 2.5-9 nm
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for the Ca-MMO, Sr-MMO, and Ba-MMO samples, respectively, synthesized at 800 °C. The pore
size distribution is visible wider for the MMO synthesized at 950 °C (approximately 3-10.15 nm,
3-12.5 nm, and 3.5-10.1 nm for the Ca-MMO, Sr-MMO, and Ba-MMO samples, respectively). As seen
from Figure 15, the pore size distributions obtained by the BJH method for the MMO specimens
synthesized from the reconstructed Mg,/Al; LDHs depends on both synthesis temperature and nature
of substituent. The most narrow pore size distribution was determined for Sr-containing MMO
(2.5-3.5 nm for the sample heat-treated at 800 °C). On the other hand, the sample with 5% mol of
Ba and prepared at 950 °C has very broad pore size distribution. In general, the gain in the volume
of mesopores is clearly visible for the MMO samples synthesized at lower temperature. However,
the pore diameter, wall thickness, and pore size distribution depend on the used synthesis method,
heating temperature, and nature of alkali earth metal in the MMO host matrix, indicating that these
MMO could have the potential for the application as catalysts, catalyst supports, and adsorbents.

4. Conclusions

In this study, the reconstruction peculiarities of sol-gel derived Mg,_ My/Al; (M = Ca, Sr, Ba)
layered double hydroxides (LDHs) were investigated. For the synthesis of Mg,_ M,/Al; (M = Ca, Sr,
Ba) LDHs, the indirect sol-gel synthesis method has been used. Citric acid and 1,2-ethanediol were
used as complexing agents in sol-gel processing [39]. The mixed metal oxides (MMO) were synthesized
by two different routes in this work. Firstly, the MMO were obtained directly by heating Mg(M)-Al-O
precursor gels at 650 °C, 800 °C, and 950 °C. The XRD pattern of the MMO sample obtained by
heating Mg-Al-O precursor gels at 650 °C showed the formation of monophasic MMO. However, with
increasing annealing temperature up to 800 °C or 950 °C and upon the substitution of Mg by Ca, Sr,
and Ba, highly crystalline spinel (MgAl,Oy4, CaAl;Oy, SrAl,O4 and BaAl,O4) phases have also formed.
All MMO samples were successfully reconstructed to the Mg,_ M,/Al; (M = Ca, Sr, Ba) layered double
hydroxides (LDHs) in water at 50 °C for 6 h (pH 10). However, the spinel phases were not reconstructed
and remained as impurity phases. Moreover, during the reconstruction process, a negligible amount of
metal carbonates (CaCOj3, SrCO3, and BaCO3) have formed as well. Secondly, the MMO were also
obtained by heating the reconstructed LDHs at the same temperatures and the phase composition,
morphology, and surface properties of MMO were compared with obtained ones after initial annealing.
It was demonstrated that the second time obtained Ca and Sr-substituted MMO samples contained
more side phases. However, this was not the case for the Ba-substituted MMO samples, since both
synthesis products obtained from precursor gels and by heating LDHs were composed of several
crystalline phases. It was demonstrated for the first time that the microstructure of reconstructed MMO
from sol-gel derived LDHs showed a “memory effect”, i.e., the microstructural features of MMO were
almost identical as was determined for LDHs. Besides, the microstructure of investigated samples
was not dependent on the annealing temperature and substitution. The synthesized Mg(M)-Al MMO
samples exhibited type IV isotherms independent of the annealing temperature. At higher pressure
values, the H1 hystereses were detected, which are characteristic for the mesoporous (pore size in
the range of 2-50 nm) materials. It was found that the pore size distributions obtained by the BJH
method for the MMO specimens synthesized from the reconstructed Mg/Al; LDHs depended on both
the synthesis temperature and nature of the substituent. The most narrow pore size distribution was
determined for Sr-containing MMO (2.5-3.5 nm for the sample heat-treated at 800 °C). On the other
hand, the sample with 5% mol of Ba and prepared at 950 °C had very broad pore size distribution.
The pore diameter, wall thickness, and pore size distribution was found to be dependent on used
synthesis method, heating temperature, and nature of alkali earth metal in the MMO host matrix.
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Abstract: Owing to their structure, layered double hydroxides (LDHs) are nowadays considered as
rising materials in different fields of application. In this work, the results obtained in the usage of
two different LDHs to remove, by adsorption, some cationic and anionic pollutants from industrial
wastewater are reported. The two compounds MgAl-CO3 and NiAl-NOj3 have been prepared through
a hydrothermal synthesis process and then characterized by means of PXRD, TGA, FESEM, and
FTIR spectroscopy. The available wastewater, supplied by a galvanic treatment company, has been
analyzed by inductively coupled plasma-optical emission spectrometry (ICP-OES), resulting as being
polluted by Fe(IIl), Cu(Il), and Cr(VI). The water treatment with the two LDHs showed that chromate
is more efficiently removed by the NiAl LDH through an exchange with the interlayer nitrate. On
the contrary, copper and iron cations are removed in higher amounts by the MgAl LDH, probably
through a substitution with Mg, even if sorption on the OH™ functional groups, surface complexation,
and/or precipitation of small amounts of metal hydroxides on the surface of the MgAl LDH could not
be completely excluded. Possible applications of the two combined LDHs are also proposed.

Keywords: layered double hydroxides; wastewater; heavy metals removal

1. Introduction

Layered double hydroxides (LDHs) belong to a family of minerals, the so-called hydrotalcite
supergroup, whose crystal structure consists of brucite-type layers, in which a trivalent cation partially
substitutes a divalent cation [1,2].

This substitution produces a net positive charge balanced by the entrance of an anionic species in
the interlayer, giving as a general formula Mszl_,(M3+X(AZ‘)X/Z (OH), -nH,0.

Their capacity to easily exchange the interlayer anions makes LDHs attractive as carriers or
scavengers of potential toxic anions [3-6]. Furthermore, their flexible structure, which can be reproduced
using several bivalent and trivalent cations, suggests the possibility to use LDHs as a getter of pollutant
cations [7,8]. For all of the above, the knowledge of the relationships between metals and LDHs is
fundamental to allow the use of these minerals [9].

In a previous study, the relationships between lanthanides metals and a woodwardite (CuAl-SO4
LDH) structure were investigated [10], with the aim to use these materials for the recovery of the rare
earth elements from waste electric and electronic equipment for both georemediation and georecovery
exploitation. The aim of this work is the synthesis and characterization of two different LDHs to
experimentally investigate their capability to recover pollutants from wastewater. Such wastewater
has been taken from a galvanic plant. Its composition is enriched in environmentally hazardous anions
and metal cations, which derive from the treatment process. This problem is widespread [11]. Many
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different treatments have been proposed to solve this contamination issue [12,13]. In this study, the
exchange capability of the two compounds is tested directly on this real wastewater, based on the
results previously obtained in a laboratory-prepared Cr,O;2~ solution [14]. The selected compounds
are LDHs, as they represent a cheap and effective method to remove pollutants from aqueous solutions.
The two compounds investigated are a NiAl-NO3 and a MgAl-CO3 LDHs. The choice of these
compositions is based on the fact that previous works have shown the chromate uptake capacity by
similar LDHs both intercalated with other sorbents [15] and through an ion exchange reaction with the
interlayer anion [16,17].

2. Materials and Methods

2.1. Samples Synthesis

The compounds were synthesized via the co-precipitation route (direct method), followed by
hydrothermal treatment obtaining nanoscopic crystallites with a partially disordered (turbostratic)
structure. The addition of urea to the reactants helps to keep the pH to the desired value and the
development of CO, allows to obtain a high exchange surface structure [15]. Both the LDHs were with
the MZ*/MB3* ratio = 2.

The NiAl-NO; LDH was synthesized following the pathway suggested by [18], starting from
Ni(NO3),-6H0 (99.0% purity, supplied by Merck KGaA, Darmstadt, Germany), AI(NO3)3-9H,0 (98.8%
purity, supplied by VWR CHEMICALS, Leuven, Belgium), and urea (99.8mass% purity, supplied by
CARLO ERBA, Milan, Italy). The two salts and urea, in a proper stoichiometric amount, were dissolved
in 200 mL of deionized water under magnetic stirring, then the solution was transferred in a Teflon
vessel autoclave and kept at 100 °C for 24 h. After heating, the system was cooled at room temperature
naturally, and the green solid compound obtained was vacuum filtered and washed with water and
ethanol. Subsequently, it was dried in a stove at 60 °C for 24 h. To synthesize the MgAl-CO; LDH,
as suggested by [19], the reagents AI(NO3)3-9H,0O (98.8% purity, supplied by VWR CHEMICALS,
Leuven, Belgium), Mg(NO3),-9H,0 (98.9% purity, supplied by VWR CHEMICALS, Leuven, Belgium),
and urea (99.8 mass% purity, supplied by CARLO ERBA, Milan, Italy) were used. After the dissolution
of the due amount of the reagents, as a function of the Mg/Al desired ratio, the reaction was continued
in a Teflon vessel autoclave at 180 °C temperature for one hour. The white compound obtained was
separated from the solution by centrifugation at 7000 rpm 10 min~!, repeatedly washed with water,
and dried in a stove at 60 °C for 24 h.

2.2. Samples Characterizations

The compounds were characterized by means of the following techniques: thermo gravimetric
analysis (TGA), X-ray diffraction analysis on powders (PXRD), field emission scanning electron
microscope analysis (FESEM), Fourier transform infrared spectroscopy (FTIR), and inductively coupled
plasma optical emission spectroscopy (ICP-OES) chemical analysis.

2.2.1. Thermo Gravimetric Analysis

In order to perform the TGA, about 30-50 mg of the dried powdered LDH was placed in alumina
open crucibles; the measurements were carried out by means of a H/ILABSYSEVO-1A SETARAM

apparatus (Setaram, Caluire, France), at a heating rate of 5 °C min~! under argon flux of 30 mL min~1.

2.2.2. Field Emission Scanning Electron Microscope Analysis

To investigate the morphology and the structure of the synthesized compounds, an FESEM
analysis has been performed. The samples were adhered on a conductive resin support, then analyzed
by applying an acceleration voltage of 5 kV for 50 s, and a cobalt standard was used for the calibration.
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2.2.3. Powder X-ray Diffraction

To determine the crystal structures and to calculate the lattice parameters of the phases, PXRD
analysis was carried out by the vertical diffractometer X'Pert MPD (Philips, Almelo, The Netherlands)
equipped with a Cu tube (Kol wavelength: 1.5406 A). The samples were grounded in an agate mortar.
The patterns were collected between 10° and 100° 26 with a step of 0.001° and measuring time of
50 s/step. The indexing of the obtained diffraction data was performed by a comparison with the
literature or calculated data (the program Powder Cell-version1999 [20]).

2.2.4. FTIR Spectroscopy

To exclude the possible incorporation during the synthesis of undesirable anions or other species
in the interlayer (e.g., CO, from the atmosphere), FTIR spectroscopy was performed using a Spectrum
65 FT-IR Spectrometer (PerkinElmer, Waltham, MA, USA) equipped with a KBr beamsplitter and a
DTGS detector by use of an ATR accessory with a diamond crystal. All spectra were recorded from
4000 to 600 cm ™.

2.2.5. Inductively Coupled Plasma Optical Emission Spectroscopy

The chemical analyses were performed by ICP-OES after the dissolution of the samples in the
concentrated nitric acid solution.

2.3. Pollutant Removal from Wastewater

Based on the results reported in the literature about the adsorption of anions and cations [7,11],
in this work the adsorption efficiency of different pollutants (cationic and anionic) was tested on a real
industrial wastewater sample. The sample available was analyzed by means of ICP-OES in order to
determine the chemical composition of the dissolved elements. The results are the following: 127 ppm
Cu(Il), 460 ppm Fe(III), and 8780 ppm Cr(VI). The pH value of the wastewater was about 3. Owing to
the very high metals concentration, the sample was diluted to 1/100 with water, before the adsorption
tests. The water pH was corrected at a value of about 5 after dilution, to avoid both the LDH dissolution
and the iron hydroxide precipitation. For both the LDHs, a weight of 0.5 g of the compound was added
to a volume of 100 mL wastewater, and the mixture was shaken for 24 h. The solid and the liquid
phases were separated throughout centrifugation at 7000 rpm 10 min~!, then the solid was repeatedly
washed with deionized water. The residual wastewater and the solid phase (after dried and acid
dissolution) were analyzed by ICP-OES. After the batch equilibration procedure, the pH value of the
residual wastewater did not change significantly, and no precipitation of iron hydroxide was observed.

3. Results and Discussions

The compounds were characterized after synthesis and in Figure 1a,b, their PXRD patterns
are reported.

Both diagrams had peculiar features of the presence of the LDH structure, such as the strong
basal reflections (003 and 006) around 12° and 24° 20, respectively. X-ray data confirm the presence of
carbonate and nitrate in the two LDHs. The MgAl-CO3; LDH has an interplanar distance associated
with the main basal reflection of 7.54 A, which is comparable to those of similar natural and synthetic
compounds [1,21], whereas the NiAl-NO3; LDH has an interplanar distance for the (003) reflection
of 7.91 A, as other similar compounds [22]. Comparing the two diagrams, it is also possible to state
that the synthesis of the MgAI-CO3; LDH yielded a material with a crystallite size significantly higher
than the NiAl-NO3; LDH. In fact, the NiAl-NO3 LDH has broader reflections. Moreover, the PXRD
pattern of the NiAl-NO3z LDH shows a doublet in the (006) reflection, coupled with a diffuse and broad
(003) reflection. This is probably due to the different hydration state of this LDH, which leads to the
presence of crystallites with small differences in the interlayer distance. Water content is well known to
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influence the basal reflection of LDHs, but also the different orientation of nitrate in the interlayer and
M?*/M3* ratio could explain this effect [23].

003 (a) Ni-Al LDH
(b) Mg-Al LDH

006

Arbitrary intensity unit

L T

20 (%)

Figure 1. PXRD patterns of (a) NiAl nitrate and (b) MgAl carbonate layered double hydroxides (LDHs).
On the graph, the hkl indexes of the main reflections are superimposed.

In Figure 2a,b, the FTIR spectra obtained for the synthesized compounds, the NiAI-NO3; LDH
and MgAI-CO3 LDH, respectively, are shown, and the presence of the desired functional groups
was confirmed.

Transmittance (%)
%5 8583888

3600 3100 2600 2100 1600 1100 600
Wavenumber (cm-1)

Transmittance (%)

3600 3100 2600 2100 1600 1100 600
Wavenumber (cm-1)

Figure 2. FTIR spectra of (a) the NiAl nitrate LDH, (b) the MgAl carbonate LDH.

Sample (a): A 3600 cm~! OH group stretching, 3410 em™! hydrogen bond stretching in coordination
with the cations, and 1632 cm™! bending of the H,O bond into the interlayer and at 1348 cm™! can
be found in the nitrate group stretching; the two slight bands at 749 and 652 cm™! together with the
one at 1440 cm™! partially overlapped with the nitrate bending are related to the undesired interlayer
carbonate groups (probably from the atmospheric CO,). Sample (b): the broad band at 3386 cm™"
concerns the stretching of the OH groups in coordination with the cations, at 2979 cm™! there is the
large band related to the H-bonding between the water and carbonate anions in the interlayer, the
1576 cm™! band originates from the H,O bending in the interlayer, and the main carbonate anion
adsorption band at 1440 cm™! is overlapped with the 1347 cm~! band related to the nitrate group
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stretching; ongoing to the lower frequency at 1063 cm™!, there is the signal due to the carbonate
vibration and the two bands at 769 and 654 cm™! are related to the interlayer carbonate groups.
From these spectra, it seems that in the MgAl carbonate LDH there are some impurities of the
nitrate anions, while the NiAl LDH is affected by a little impurity of carbonate.
The FESEM images are shown in Figure 3a,b, and from the micrographic appearance, the two
structures appear similar in morphology, showing the typical hydrotalcite structure, and the thickness
of the constituent lamellae was estimated between 10 and 20 nm.

EHT = S00KY  Signal A - IniLers

Figure 3. FESEM images of (a) the NiAl-NO3; LDH, (b) the MgAl-CO; LDH.

For the NiAl-NO3 LDH the specific surface area, calculated by the Brunauer-Emmett-Teller (BET)
method, has been measured, resulting in 46.8504 m? g~!.

The thermogravimetric analysis, whose results are reported in Figure 4a,b, revealed that the
NiAl-based LDH (Figure 4a) loses 2.7 mass% due to humidity at about 150 °C, and has a second mass
decreasing at 309.3 °C, involving both the interlayer water and the nitrogen oxide for a whole amount
of 24.7 mass%. The MgAl-based LDH (Figure 4b) loses mass in three steps. The first, due to humidity,
at 231 °C with a mass decrease of 10 mass%, the second ascribable to the removal of the interlayer water
(6.5 mass% loss at 328 °C), and the third of about 16 mass% was due to the CO, loss, which started at
about 400 °C.
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Figure 4. TG thermograms of (a) the NiAl nitrate LDH, (b) the MgAl carbonate LDH.
As the pollutant removal, both the samples have been kept to a batch equilibration with the
wastewater, in the experimental conditions previously described. In Tables 1 and 2, the results obtained

for the extraction of copper, iron, and chromium, the three pollutants of the industrial wastewater,
are reported.
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Table 1. Pollutant amount in the diluted wastewater before and after treatment with the NiAl-NO3; LDH.

Concentration [ppm]

Pollutant Recovery Efficiency
Diluted Water LDH
before treatment after treatment after water treatment
Cu(II) 1.27 0.57 32 25.2
Fe(I1I) 4.60 0.51 112 243
Cr(VI) 87.8 1.18 6840 77.9

Table 2. Pollutantamount in the diluted wastewater before and after treatment with the Mg Al-CO3 LDH.

Concentration [ppm]

Pollutant Recovery Efficiency
Diluted Water LDH
before treatment after treatment after water treatment
Cu(ll) 1.27 0.01 220.0 173
Fe(III) 4.60 0.02 4700.0 1021
Cr(VI) 87.8 62.0 2370 27

In the tables, the concentration of the three species investigated in the wastewater, before and after
the adsorption procedure, and in the solid LDH used to extract the pollutants are shown. The recovery
efficiency value expresses the ratio of the element concentration in the LDH to the element concentration
in the medium, calculated in each test [24].

The NiAl-NO3 compound demonstrated greater affinity for the CrO4%~ anion than for the Fe(III)
and Cu(Il) cations. On the contrary, the MgAl-COj structure did not adsorb significantly the CrO,2~
anion, while it seemed more useful for the two cations.

The chromium adsorption is related to the different exchange capacity of the two anions (CO32~
and NOg3™) in the interlayers, where nitrate can be easily substituted by chromate, as confirmed from
the PXRD. The comparison between the position of the three main reflections of the compound before
and after the chromium extraction from the water are reported in Figure 5. The shift of the main
basal reflections of the NiAl LDH toward lower 20 values (Figure 5a) indicates an enlargement of
the interlayers due to the substitution of NO3~ with CrO4%~. This shift is reflected in a change in
the cell parameter c (calculated as ¢ = 3 x dgg3)), which changed from 23.85 to 24.99 A, caused by
the swelling of the interlayer due to the NO3~ with CrO,2~ substitution. The low crystallinity of the
samples prevented to meaningfully discuss the cell parameter 4, calculated as a = 2 X d(110)-

The values of the cell parameter ¢ of the MgAl-CO3; LDHs before and after the experiment are
22.71 and 22.56 A, respectively. This fact suggests that little changes took place in the interlayer of
these LDHs, as confirmed by Figure 5b. The high affinity of the MgAIl-CO3 LDH for the two cations
is worthy of further study, but as for copper, it seems to be imputable to an exchange between the
copper and magnesium divalent cations due to the similar ionic radius values of the two elements in
octahedral coordination (72 and 73 pm, respectively). No significant change in the 2 parameter before
and after the experiment is observed, as its value remains constant at 3.04 A. Probably, the disordered
nature of the cation arrangement in the brucite-like layers prevents the observation of the changes in
the a parameter [2]. The Cu-Mg substitution has already been proposed for MgAl LDHs in contact
with solutions in which bivalent cations are dissolved [25], even if sorption on the OH" functional
groups, surface complexation, and/or precipitation of small amounts of Me(OH), on the surface of the
MgAl LDH could not be completely excluded [9]. Regarding iron adsorption, the characterization
analysis did not provide precise information on where it might have accumulated It is possible that Fe
has been removed via interaction with the functional groups on the surface of the mineral.
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Figure 5. PXRD for (a) the NiAl nitrate LDH before (dark grey) and after (light grey) pollutant removal
from the wastewater and (b) the MgAl carbonate LDH before (dark grey) and after (light grey) pollutant
removal from the wastewater.

4. Conclusions

The experimental results obtained lead to the following conclusions:

e  The LDHs’ syntheses are relatively easy to prepare, leading to the required products as shown by
the characterization analyses conducted;

e  As the tested LDHs:

e The NiAI-NO; compound demonstrates greater affinity for the CrO42~ anion than for the Fe(III)
and Cu(Il) cations;

e The MgAIl-COj structure does not significantly adsorb the CrO42‘ anion, while it seems more
effective for the two cations;

e By comparing the residual concentration of the three elements studied with the Italian legal limit
for industrial wastewater, reported in Table 3, with respect to the disposal in superficial water or
in the drainage system:

Table 3. Italian legal concentration limit for chromium (VI), iron, and copper for disposal in both
superficial water and drainage systems. (All 5, P. Terza, D. Lgs n.152 del 03-04-06).

Element Superficial Water/ppm Drainage System/ppm
Cu(In) 0.1 0.4
Fe(III) 2.0 4.0
Cr(VI) 0.2 0.2

The NiAI-NO3; compound reduces the Cr(VI) content at a value close to the legal limit, but is not
sufficiently low. Some improvements of the methods (reaction time, sorbent/wastewater ratio) could
help in reaching the goal.

The MgAIl-CO3 LDH demonstrates to be very effective in lowering the Cu(Il) and Fe(III)
concentration to below the legal limit.

For all of the above, the next step will be to test the effectiveness of a combined use of the two
metal getters and their transformation into a spinel-like structure after heating for a potential reuse.
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Abstract: Curcumin (CR) is a natural antioxidant compound extracted from Curcuma longa (turmeric).
Until now, researches related to the incorporation of CR into layered double hydroxides (LDHs) were
focused only on hybrid structures based on a MgxAl-LDH matrix. Our studies were extended towards
the incorporation of CR in another type of LDH-matrix (Zn3Al-LDH) which could have an even more
prolific effect on the antioxidant activity due to the presence of Zn. Four CR-modified Zn3Al-LDH
solids were synthesized, e.g., PZn3Al-CR(Aq), PZn3Al-CR(Et), RZn3Al-CR(Aq) and RZn3AI-CR(Et)
(molar ratio CR/Al = 1/10, where P and R stand for the preparation method (P = precipitation,
R = reconstruction), while (Aq) and (Et) indicate the type of CR solution, aqueous or ethanolic,
respectively). The samples were characterized by XRD, Attenuated Total Reflectance Fourier
Transformed IR (ATR-FTIR) and diffuse reflectance (DR)-UV-Vis techniques and the CR-release
was investigated in buffer solutions at different pH values (1, 2, 5, 7 and 8). XRD results indicated
a layered structure for PZn3Al-CR(Aq), PZn3Al-CR(Et), RZn3Al-CR(Aq) impurified with ZnO,
while RZn3Al-CR(Et) contained ZnO nano-particles as the main crystalline phase. For all samples,
CR-release revealed a decreasing tendency towards the pH increase, and higher values were obtained
for RZn3Al-CR(Et) and PZn3Al-CR(Et) (e.g., 45% and 25%, respectively at pH 1).

Keywords: layered double hydroxides; reconstruction; curcumin; drug release

1. Introduction

Turmeric (Curcuma longa) is a notorious spice, highly esteemed not only by the
scientific world but also by gastronomes as it is the primary source of curcumin (CR) or
(1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione, a renowned natural antioxidant
polyphenol that can scavenge free radicals undergoing electron transfer or abstract H-atoms either
from the phenolic OH groups or the CH; group of the 3-diketone moiety [1-4]. Depending on the
chemical environment, CR, an «,f-unsaturated 3-diketone can adopt two different conformations,
either the diketonic form or the enolic one (Figure 1) [2].

Crystals 2020, 10, 244; doi:10.3390/cryst10040244 91 www.mdpi.com/journal/crystals
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Figure 1. Keto-enolic tautomerization of curcumin.

The antioxidant activity of this natural polyphenol is a controversy for the scientific world.
Some consider that the enol tautomer characterized by a better conjugation between the two aromatic
rings containing the phenolic OH groups holds the main responsibility for the presence of the
antioxidant activity highlighted as an inhibition of superoxide radicals, hydrogen peroxide and
nitric oxide radical [3,5], while others acknowledge better the keto form due to its existence in
slightly acidic media [6,7]. It was also suggested that the presence of CR accelerates the processes
catalyzed by several antioxidant enzymes such as catalase, superoxide dismutase (SOD), glutathione
peroxidase (GPx) and heme oxygenase-1 (OH-1) [5]. Since this compound has low solubility in water
at neutral pH, its absorption and bioavailability are poor. In addition to that, it has also reduced
stability towards oxidation, light, alkalinity, enzymes and heat. Therefore in order to increase its
pharmacological effectiveness, the latest researches were focused on improving the bioavailability,
chemical and photochemical stability of CR using different methods such as: conjugation with
cyclodextrin, 3-diglucoside, aS1-Casein, 3-Lactoglobulin [8-11], encapsulation in nanoparticles of
biocompatible polymers, exosomes, lipid nanoparticles, dextrin nanogels, dendrimers, metal oxide
nanoparticles [12-18], complexation with multivalent metal cations [19,20].

Layered double hydroxides are substances belonging to the class of anionic clays, having the
general formula [M?* 1, M3, (OH), *[A™ n [¥~-mH,0 (M?* and M>* are metal cations that can adopt
an octahedral arrangement similar to the one adopted by Mg?* in brucite, A"~ is a compensation anion,
x is a value in the range of 0.2-0.33 and m is the number of water molecules) [21]. The presence of the
trivalent cations leads to an excess of positive charge in the brucite-type layer which is compensated by
anions A"~, which are located in the interlayer region along with the crystallization water molecules.
Even though the hydrotalcite (Mg Al,(OH)1,CO3-4H,0 is the most renowned representative of this
type of materials, there are also other natural occurring layered double hydroxide (LDH) compounds
such as meixnerite (Mg Al,(OH)3-4H,0), zaccagnaite (ZnyAl,(OH);2[CO3]-3H,0) and pyroaurite
(MggFey(OH)14CO;5-4.5H,0). Structurally, these solids consist of positively charged brucite-type layers
with balancing anions and water molecules in the interlayer space [21]. Despite the fact that there is
a scarce spreading of LDHs in the earth crust, several laboratory methods for their obtaining were
developed: co-precipitation at a variable or constant pH, under low or high supersaturation conditions,
sol-gel, hydrothermal and mechanochemical synthesis [21-24]. An interesting feature of the LDHs
is the so-called “memory effect” which allows the reconstruction of the layered structure when the
mixed oxide obtained by thermal decomposition of an LDH precursor at temperatures lower than
550 °C is immersed in an aqueous solution containing the desired compensation anion which can
be either inorganic or organic [21,22]. LDH compounds are considered to have low toxicity, good
biocompatibility and a buffering action when immersed in aqueous solutions, therefore they were
also utilized in medical formulations (such as the antiacid TALCID®), for ibuprofen slow release,
in colon-targeted drug-delivery, for anticancer methotrexate delivery [25-28] and as matrices for
bioinorganic hybrid materials [29-31]. Due to their structure LDHs compounds have anion exchange
properties and are frequently utilized as anion exchangers and adsorbents. The insertion of organic
anions in the LDH can be performed by ionic exchange, co-precipitation or reconstruction. However,
the process is more difficult due to the poorer aqueous solubility of the organic species [22,27,32].
Recently, Kottegoda and coworkers showed that the inhibitory activity against several microbial species
(e.g., Candida albicans, Candida dubliniensis, Pseudomonas aeruginosa, Escherichia coli and Staphylococcus
aureus) can be enhanced by CR encapsulation into an inorganic host, namely a layered double hydroxide
(LDH) containing Mg and Al as metal cations [33-35].
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Considering this state of the art, the present contribution aims to extend the studies towards
the incorporation of CR in another type of LDH-matrix, namely Zn3Al-LDH that is less basic than
MgxAIl-LDH and could bring its own contribution in increasing the antioxidant activity due to the
presence of Zn which is known for its antiseptic properties [36]. The target of this study was to choose
the modality for obtaining the solid with the best capacity to incorporate CR during synthesis and
the best ability to release it in vitro under controlled buffer conditions. Therefore, for the synthesis of
CR-containing Zn3Al-LDH, two different methods were applied: (i) direct co-precipitation (P) and (i7)
reconstruction (R) of the LDH in the presence of CR, which was added either as an aqueous alkaline
solution (Aq) or as an ethanolic solution (Et). Depending on the applied preparation protocol, the names
of the synthesized solids were abbreviated as PZn3AI-CR(Aq), PZn3Al-CR(Et), RZn3Al-CR(Aq) and
RZn3AI-CR(Et). The structural characterization of the samples was performed using X-ray diffraction
(XRD), attenuated total reflectance Fourier transformed infrared spectroscopy (ATR-FTIR) and diffuse
reflectance UV-Vis spectroscopy (DR-UV-Vis). The release of CR from the solids was investigated in
buffer solutions at different pH values (1, 2, 5, 7 and 8) and the spent solid samples recovered after
24 h were also characterized by ATR-FTIR and DR-UV-Vis. Based on the obtained results, the sample
allowing the highest CR-release was selected for further antimicrobial activity tests which are going to
be the subject of a future publication.

2. Materials and Methods

Curcumin (CR) from Sigma-Aldrich, Zn(NOj3),02H,0, A(NO3)309H,0, NaOH and Na,CO; from
Merck were utilized as raw materials for the synthesis of the CR-functionalized LDHs. Absolute ethanol
from Fluka and deionized water were used as solvents. Certified SUPELCO buffer solutions of pH 1
(glycine, sodium chloride, hydrochloric acid), pH 2 (citric acid, sodium hydroxide, hydrochloric acid),
pH 5 (citric acid, sodium hydroxide) and pH 7 (potassium dihydrogen phosphate/di-sodium hydrogen
phosphate) were purchased from Merck, while the certified Fischer Chemical buffer solution of pH 8
(potassium dihydrogen phosphate/sodium hydroxide) was purchased from Fischer Scientific.

A pristine Zn3Al-LDH with interlayer carbonate anion was prepared by co-precipitation at pH 9
using 160 mL of a metal nitrates Zn(NOg3),-6H,O, AI(NO3)3-9H,0 aqueous solution (1.5 M, molar
ratio Zn/Al = 3/1) and 160 mL of an aqueous solution containing Na;CO3; and NaOH 160 mL (1 M
concentration of Na,COg3, 2.5 M concentration of NaOH) for pH adjustment. The resulting gel was aged
18 h at 50 °C. The solid recovered by filtration was washed with deionized water until the conductivity
of the wastewater was lower than 100 uS/cm and dried at 90 °C for 24 h and the reference material
Zn3Al-LDH was finally obtained.

The preparation of CR-containing Zn3Al-LDH was performed using always an amount of CR
corresponding to a molar ratio CR/Al = 1/10. For the synthesis by co-precipitation at pH 9 the
above-mentioned amount of metal nitrates in aqueous solution were utilized and the pH was adjusted
with an aqueous solution of NaOH (2.5 M). Two samples, e.g., PZn3Al-CR(Aq) and PZn3Al-CR(Et),
were obtained following this procedure since CR was added either as an aqueous alkaline solution
(Aq) or as an ethanolic solution (Et). Then, 100 mL of deionized water were poured in the reactor
before starting the precipitation of PZn3Al-CR(Aq) by concomitantly adding the metal nitrates solution
and the alkaline solution containing CR under vigorous stirring (350 rot/min). For the obtaining
of PZn3AIl-CR(Et), 100 mL of CR ethanolic solution were first added in the reactor and then the
precipitation took place by concomitantly adding the solutions containing the metal nitrates and
the NaOH under similar conditions of stirring. The flowchart for these preparations is presented in
Figure 2. The aging of the precipitates was performed under an inert atmosphere (He flow 10 mL/min).
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NaOH + CR (Aq. Soln.) NaOH Aq. Soln.
3 Z0(NO,),6H,0 + AINO,)»9FLO (Aq. Soln).
¥

CRin ethanol
Precipitation pH=9,
Aging 50°C, 18 h, inert

|
[[ Filtration iFihrﬂte
Waghing Waste H,O, pH 7

Conductivity <100 pS/cm

Precipitation pH=9,
Aging 50°C, 18 h, inert

LDH Cake

PZn3AI-CR(Aq)
PZn3AL-CR(Et)

Figure 2. Flowchart for the preparation of curcumin (CR)-containing Zn3Al-layered double hydroxide
(LDH) by co-precipitation.

For the preparations performed by reconstruction a mixed oxide called CZn3Al obtained by the
thermal decomposition of the pristine Zn3Al-LDH at 460 °C during 18 h was utilized as raw material.
The reconstructions were performed in brown glass vessels at 25 °C by contacting CZnz Al powder
with a CR-containing solution under magnetic stirring and inert atmosphere (He latm) during 24 h.
Two CR-containing solutions were prepared, an alkaline aqueous solution containing CR and NaOH at
a concentration of 4 x 1073 M, and an ethanolic solution containing 4 x 10~ M CR. Depending on the
type of CR-solution utilized for reconstruction, two solid samples were obtained, e.g., RZn3AI-CR(Aq)
and RZn3Al-CR(Et), respectively. The washing of the recovered solids was performed with deionized
water for RZn3Al-CR(Aq), and with ethanol for RZn3AI-CR(Et). The flowchart for these preparations
is presented in Figure 3.

3Z0(NO,),*6GH,O +
AI(NO;);*9H,0 Na,CO; +NaOH CRin ethanol
aq. soln. aq. soln.
NaOH+CR aq. soln. l
Precipitation pH=9, Filtration Filtrate
Aging 70-80°C, 18 h Reconstruction Washing Waste liquid
v 25°C, 24 h, inert pH7,
Filtrate Filtration ‘l* <100 pS/cm
Waste H,0 (__Washing LDH Cake

pH7, <100 pS/cm

Drying Drying 50°C, 72 h
s )
Calcination

RZn3ALCR(Et)
Z6381:L0H 460°C, 18 h CZn3Al - p7h3ALCR(Ag)

Figure 3. Flowchart for the preparation of CR-containing Zn3Al-LDH by reconstruction.

The content of Zn and Al in the solids was determined by atomic absorption spectrometry (AAS)
using a Thermoelemental Solar AAS apparatus, while the content of CR in the solid samples was
calculated based on the determination of total organic carbon (TOC) content using HiPerTOC-Thermo
carbon analyzer according to a previously described protocol [37]. The value of TOC was calculated as
the difference between total carbon (TC content obtained by UV-persulfate oxidation of the samples)
and total inorganic carbon (TIC content obtained by mineralization of the samples with HNOj3 to
convert the bicarbonate and carbonate ions to CO,).

The XRD patterns of the samples were recorded on PANalytical MPD system using Ni-filtered
CuK radiation (A = 1.5418 10%), with a scan step of 0.02° and a counting time of 20 s per step, for 260
ranging between 5 and 70°. The average crystallite size (D) of the different phases in the samples was
determined using the Scherrer formula applied to particular reflections/crystallographic directions.
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The characterization of the samples by infrared spectroscopy was performed using a JASCO
4700 FT-IR spectrophotometer equipped with ATR PRO ONE Single-reflection ATR accessory and
monolithic diamond crystal on the 4000-400 cm ™! domain at 128 scans and a resolution of 4 cm™.

Shimadzu 3600 UV-Vis NIR spectrometer equipped with an integration sphere was utilized
for recording the DR-UV-Vis spectra of the solids in the range of 200-800 nm, using BaSO, as
white reference.

In vitro CR release studies were performed in dark brown bottles where 0.5 g of solid sample
were contacted with 50 mL of the adequate buffer solution (pH 1, pH 2, pH 5, pH 7 and pH 8) at 25 °C
during 24 h under mild stirring (100 rot/min). The amount of released CR was determined by UV-Vis
spectrometry using a JASCO V650 UV-Vis double-beam spectrophotometer with a photomultiplier
tube detector. Liquid samples were withdrawn from the bottles hourly in the first four hours and
finally after 24 h and their absorption spectra were recorded in the range 350-550 nm against the
corresponding buffer solution as blank. The concentration of CR in the solution was calculated with
Equations (1)-(3):

CCRsolution: A423nm/8153-5 [mOl/L] = A4231'\m/22~13 [g/L] (1)
MCR in 50 mL solution = CCRsolution/20 [g] (2)
%CR released = MCR in 50 mL solution X 100/(msolid X CCR in the solid (see Table ])) (3)

Table 1. Chemical composition of the solids.

Molar Ratio
Sample Zn (wt. %) Al (wt. %)  COj3 (wt. %) ! (wt(.: 50) 2 (WI:Z;O) )3 W
Zn3Al-LDH 46.2 6.4 7.1 0 8.5 2.97 0
PZn3Al-CR(Aq) 49.9 7.2 2.8 12.1 8.9 2.86 1/8.5
PZn3Al-CR(Et) 48.1 6.8 1.7 9.3 8.8 2.90 1/10
RZn3AI-CR(Aq) 51.1 7.2 1.2 10.0 5.6 291 1/9.9
RZn3Al-CR(Et) 60.3 8.4 0.2 115 29 2.97 1/9.9

1 Calculated from TIC (wt. %) values CO3 (wt. %) = TIC/0.2; 2 Calculated from TOC (wt. %) values: CR (wt. %) =
TOC (wt. %)/0.684; 3 H,O calculated considering the loss of weight in the temperature range 105-200 °C [21].

3. Results
3.1. Characterization of the Curcumin Containing Zn3AIl-LDHs

3.1.1. Chemical Composition

The results obtained by AAS for the determination of Zn and Al content and the content of
carbonate and CR in the samples calculated from the determination of the carbon content (see Table 1)
showed that the molar ratios Zn/Al and CR/Al were very close to 3/1 and 1/10, respectively (calculated
from the amounts introduced in the synthesis mixture) for all the samples besides PZn3Al-CR(Aq)
which showed lower values. The higher concentrations of Zn and Al in RZn3Al-CR(Et) are explained
by the lower value of the H,O concentration in this sample.

3.1.2. XRD Characterization of CR Functionalized Zn3Al-LDH Samples

The XRD patterns of the CR-loaded powders prepared by both direct precipitation and
reconstruction are presented in Figure 4. The XRD patterns of curcumin-loaded powders are
compared with those of the curcumin free powders obtained either by precipitation (Zn3Al-LDH) or by
reconstruction in water (RZn3Al-LDH). The structural data are gathered in Table 2. The XRD patterns
of the powders prepared by coprecipitation reveal that the precipitation in the presence of curcumin
generates the formation of a zincite-phase (ZnO, ICDD card no. 36-1451) as by-product alongside with
the layered structure. In the pristine Zn3Al-LDH reference sample, the LDH is the dominant phase
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and it is similar to the carbonate-intercalated Zn,Al-LDH having a Zn/Al molar ratio of 3 standard,
(ZngAly(OH)16CO5-4H,0, ICDD card no. 38-0486). Small reflections assignable to hydrozincite,
Zn5(C0O3),(OH),, as a minor phase impurity are also observable (Zns(CO3)2(OH),, ICDD card no.
19-1458) (marked by * in Figure 4a). The lattice parameters are smaller for the PZnAl-CR(Aq) sample,
denoting a lower Zn/Al molar ratio due to the formation of the ZnO phase. For the PZn3Al-CR(Et)
solid, an extra layered phase with having a larger interlayer space has appeared, thus indicating the
intercalation of larger-sized anions. Moreover, the small Dyg3 value obtained for this extra-phase
denotes a degree of crystalline disorder along the c-axis, the axis on which the brucite-like layers
are stacked.

- Zn3AI-LDH

]
——PZn3AI-CR(Aq) ] 8 RZn3AI-LDH
1 ——PZn3AI-CR(Et) z ——RZn3AI-CR(Aq)
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Figure 4. XRD patterns: (a) precipitated samples Zn3Al-LDH, PZn3AIl-CR(Aq), PZn3AI-CR(Et);
(b) reconstructed samples RZn3Al-LDH, RZn3Al-CR(Aq), RZn3AI-CR(Et).

Table 2. Structural data of the samples obtained from XRD analysis.

LDH Phase ZnO Phase

Yol D ZnO
A%  (@m) (%)

Samples

ad @) Toos/ho 31‘110) g‘:;’f) ad @)

Zn3AL-LDH  3.0752) 229026  7.66 356 234
RZn3AI-LDH!  3.07(2) 22.84(7) 510 166 89 3243(2) 5.1836) 4721 132 42
PZn3AI-CR(Aq) 3.061(5) 2256(4) 771 244 202 3251(6) 521(1) 4769 120 45

2299(7) 337 11.9
PZn3AL-CR(Et)  3.071(6) a7l Lok 219 — 0 32602(4) 52001) 4792 16 2
RZn3Al-CR(Aq) 3.071(4) 22.62(5) 588 267 165 3263(9) 521(3) 4804 113 41
RZn3AI-CR(Et) 3234(2) 5238(3) 4744 53 100

1 RZn3AI-LDH is the structure obtained after the rehydration of CZn3Al in water for 24 h at 25 °C.

The XRD patterns of the reconstructed samples (Figure 4b) show the partial reconstruction of
the layered structure for the sample exposed to an aqueous solution. According to Kooli et al. [38],
the hydration of the Zn(Al)O mixed-oxides leads to the formation of LDH with an insignificant amount
of a zincite phase only for the calcined sample with a molar ratio Zn/Al=2 while, for higher Zn/Al
ratios, residual ZnO is always present. The XRD pattern of the powder reconstructed in a CR ethanolic
solution displays only the reflections of a ZnO-phase. The peaks are extremely broad, typically for a
ZnO-phase calcined under mild conditions (400 °C-500 °C) [39]. The amount of ZnO-phase reported
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to the layered LDH phases in PZn3Al-CR(Aq), PZn3AI-CR(Et) and RZn3AIl-CR(Aq) fresh samples was
estimated by considering the integrated intensities of the main single reflections of the ZnO-phase in
RZn3Al-CR(Et) as reference. The data are included in the last column of Table 2 and disclosed values
between 22 and 45% from the totality of crystalline products. However, it should also be acknowledged
that the procedures used for the preparation of these powders, namely precipitation, thermal treatment
and rehydration generate also amorphous oxide or hydroxides phases undetectable by XRD [38].

The reflections derived from crystalline CR were not detectable as a separate phase in the
diffraction patterns of any of the CR-loaded samples. This fact may be a consequence of its dispersion
as amorphous nano-particles in the inorganic matrix.

3.1.3. ATR-FTIR Characterization

The ATR-FTIR spectra of the fresh CR-containing samples are displayed in Figure 5a,b.
The spectrum of the reference sample (Zn3Al-LDH) (Figure 5a) presents all the absorption bands
specific to carbonate intercalated Zn,Al-LDH at 3428 em~! (L-OH), 2981 em™ (interaction of carbonate
and H,O in the interlayer through hydrogen bonds), 1630 cm~! and 772 cm™! (deformation vibrations of
interlayer H,O), 1363 cm™! (deformation vibration of carbonate anion), 770 cm~! (Al-OH out-of-plane)
617 cm™! (deformation of Zn-OH bond), 551 cm™! and 427 cm™" (vibrations in Al-O-Al and Zn-O-Zn
condensed groups) [40,41].

427

] Zn3AI-LDH | ——Rzn3AI-CR(Aq)
—— PZn3AI-CR(Aq) —— RZn3AI-CR(Et)
—— PZn3AI-CR(Et)
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Figure 5. Normalized attenuated total reflectance (ATR)-FTIR spectra: (a) precipitated
samples Zn3Al-LDH, PZn3AIl-CR(Aq), PZn3Al-CR(Et); (b) reconstructed samples RZn3Al-CR(Aq),
RZn3AI-CR(EY).

The spectra of CR-containing samples were similar to that of Zn3Al-LDH, except the one attributed
to RZn3AIl-CR(Et) (Figure 5b). In addition, the bands characteristic for neat curcumin could not be
delimited from those of the LDH. However, following CR-incorporation by precipitation, the bands
of the parent LDH present in the region 4000-2800 cm~! have increased their relative intensity due
to the overlapping of the bands attributed to CR (see Figure 6) with those of Zn3Al-LDH (Figure 5a).
There is also a noticeable red shifting of the bands at 3428 em™1, 1363 ecm™! and 772 em™! to 3396 cm ™!

97



Crystals 2020, 10, 244

for PZn3A1-CR(Aq), 3419 cm™! for PZn3AI-CR(Et), 1356 cm™!, 759 cm™! for PZn3AI-CR(Aq) and
748 cm™! for PZn3Al-CR(Et), respectively. The presence of the band at 1356 cm™! indicates the
contamination of these samples with carbonate most probably caused by the carbonation of NaOH
during the manipulation before its utilization in the synthesis. This assumption is sustained by the
results obtained in the analysis of carbon content presented in Table 1. In addition to that, the more
pronounced asymmetry, the shifting of the bands in the region 3600-3300 cm ™! as well as the significant
attenuation of the band corresponding to H,O deformation vibrations at 1630 cm™!
the reference sample Zn3AIl-LDH, emphasizes the contribution of CR interactions with the inorganic
matrix through hydrogen bonds. The higher intensity of the band around 550 cm™! compared to the
one in the region 780-748 cm ™! indicates an increased amount of Zn-O-Zn condensed groups in both
CR-functionalized samples obtained by co-precipitation and reconstruction with CR-aqueous solution
and it may be correlated with the results obtained from XRD characterization. In the spectrum of
PZn3Al-CR(Aq) the band corresponding to water deformation vibrations is red shifted to 1614 cm™,
indicating a perturbation in the interlayer region as a consequence of CR-incorporation, while in the
spectrum of PZn3Al-CR(Et) the same band is missing. Though, a novel absorption band appears
at 1550 cm™! in the spectrum of PZn3Al-CR(Et) indicating the formation of a distorted Zn(IT)-CR
complex [42]. In the spectrum of RZn3Al-CR(Aq), the band appearing in the hydroxyl vibrations
region has a lower relative intensity compared to the one of the reference material indicating a poor
reconstruction due to the remaining of a segregate phase of ZnO whose presence was also confirmed
by XRD. In addition to that, it was also noticed the absence of the band attributed to water deformation
vibrations and the presence of a new band corresponding to Zn(Il)-CR complex at 1583 cm™! [42].
The spectrum of RZn3AIl-CR(Et) shows five well defined absorption bands at 1505, 1398, 763, 680
and 427 cm™L. Among these bands, the one at 1505 cm! is correlated to the most intense band of
curcumin (Figure 6), the band at 1398 cm™! could be assimilated to a red shift of the curcumin band at
1427 em™! while the band at 680 cm™! could be also due to a red shift of the curcumin band at 808 cm ™.
The bands at 763 and 427 cm™! are related to M-O vibration modes [40,41]. The absence of the band at
ca. 3400 cm™! in this spectrum shows the absence of the reconstruction effect.

compared to

—— Curcumin
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T T T T T 1
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Wavenumber (cm'1)
Figure 6. ATR-FTIR spectrum of the neat curcumin (CR) utilized in this study.
3.1.4. DR-UV-Vis Characterization

The DR-UV-Vis spectra of CR-containing samples along with the spectrum of CR are displayed in
Figure 7a,b.
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Figure 7. Diffuse reflectance (DR)-UV-Vis spectra: (a) neat curcumin (CR) and precipitated samples,
PZn3AI-CR(Aq), PZn3AI-CR(Et); (b) reconstructed samples RZn3Al-CR(Aq), RZn3AI-CR(Et).

The spectrum of the neat curcumin powder has the highest intensity absorption band in the
visible region at 425 nm. This band is shifted to 455 nm and is clearly evidenced only in the
spectrum of the sample RZn3AI-CR(Et) which shows also the second absorption band specific to CR at
364 nm. Meanwhile, in the spectra of the precipitated samples PZn3Al-CR(Aq) and PZn3Al-CR(Et) the
maximum absorption in the visible domain appears at 361.5 and 349 nm, respectively and only an
inflection of the absorption curve is noticed at 423 nm. The absorption maxima observed in these two
spectra indicate that during the preparation of the samples curcumin was partially decomposed to
a mixture of feruloyl methane and ferulic acid whose most intense absorption peaks are at 340 nm,
and 305 nm respectively [43]. In the spectrum of RZn3Al-CR(Aq), only the characteristic absorption
bands for feruloyl methane at 340 nm and 241 nm were noticed.

3.2. Curcumin Release Studies

The results of the CR-release studies performed by contacting the synthesized solids with different
buffer solutions (pH 1, pH 2, pH 5, pH 7 and pH 8) at 25 °C during 24 h under mild stirring are
presented in Figure 8a—d. The release of curcumin from pure curcumin powder into the same buffer
solutions was determined using an amount of curcumin powder equal to the average amount of
curcumin incorporated in 0.5 g of the LDH samples (e.g., 56.25 mg) which was immersed in 50 mL of
buffer solution. The results obtained under operating conditions (temperature, stirring and duration)
similar to those employed for CR-containing LDH samples are presented in Figure 9.

The results displayed in Figure 8 indicate that for all samples the release of curcumin
was favored at lower pH values and was almost insignificant at pH values higher than 5.
It is also noticeable that CR-loaded samples prepared with ethanolic solutions were able to
release higher amounts of CR than the samples prepared with aqueous solutions. At each
pH value, the amount of curcumin released in the buffer solutions varied in the order:
RZn3Al-CR(Et)>PZn3Al-CR(Et)>PZn3Al-CR(Aq)>RZn3Al-CR(Aq). At pH 1, CR was released faster
from RZn3AI-CR(Et) since half of the total amount of released curcumin was reached after 2 h, while for
the other solids only about one third of the total amount was reached in that period. Under similar
conditions, the results plotted in Figure 9 show that the pH decrease led also to an increased release of
curcumin from pure curcumin powder into the buffer solutions, but the highest value obtained was
lower than 0.8%. When the release tests with pure curcumin powder were performed during 4 h at
37 °C (the physiological temperature) the amount of released CR varied in the order: 1.0 + 0.1% at
pH1,08+0.1%atpH2,0.5+0.1% at pH 5, 0.4 + 0.1% at pH 7 and 0.3 + 0.1% at pH 8. The effect of the
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temperature on the CR-release after 4 h from the sample RZn3Al-CR(Et) was also not significant as it
may be seen from the results plotted in Figure 10.
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Figure 8. Curcumin release from the solid samples during 24 h in different pH buffers: (a)
PZn3AI-CR(Aq); (b) RZn3AI-CR(Aq); (¢) PZn3Al-CR(Et); (d) RZn3AIl-CR(Et).
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Figure 9. Curcumin release from pure curcumin powder.
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Figure 10. Curcumin release from RZn3AI-CR(Et) in different buffer solutions at 25 and 37 °C.

The solid samples recovered after each CR-release test were analyzed by DR-UV-Vis spectroscopy
and the spectra are presented in Figure 11a—d.

The alteration of the spectra of the samples after they were contacted with different buffered
solutions indicates how the chemical composition of each buffer affected the CR-functionalized solids.
After the tests performed at pH 7 and pH 8 in buffered solutions containing potassium dihydrogen
phosphate/di-sodium hydrogen phosphate, and potassium dihydrogen phosphate/sodium hydroxide,
respectively, none of the specific absorption bands observed in the spectra of the fresh samples could be
noticed. This fact suggests the occurrence of chemical reactions between the components of the buffer
and the solid leading to the decomposition of the chemical species responsible for the absorption bands
noticed in the DR-UV-Vis spectra of the fresh samples. After the tests performed in acid buffers at pH 1
and 2, the main bands specific to the fresh solids were preserved but their relative intensity compared
to the spectra of the fresh solids decreased, suggesting that a partial dissolution of the inorganic host
took place. In addition to that, for the samples PZn3Al-CR(Aq), PZn3Al-CR(Et) and RZn3Al-CR(Aq)
their position was shifted to lower wavelengths. The decrease was more intense at pH 1 when the
highest amount of curcumin was released for each sample. The contact of the CR-loaded solids with
the pH 5 buffer solution containing citric acid and sodium hydroxide affected all the samples. In the
spectra of the samples prepared with CR-ethanolic solution (Figure 11b,d), after the contact with pH 5
buffer, the absorption maximum characteristic to bicicyclopentadione at 232 nm was noticed [43].
This maximum was also noticeable as a shoulder in the spectrum of PZn3AIl-CR(Aq) (Figure 11a), but it
was absent in the spectrum of RZn3Al-CR(Aq) (Figure 11c).

The interactions between the CR-containing samples and different buffer solutions were also
evidenced in the ATR-FTIR spectra of the solids recovered after the CR-release tests performed with
each buffer solution which are presented in Figure 12.

The spectra of all the samples recovered from the alkaline buffer solutions (pH 7 and 8) have
the main absorption bands around 1000 cm™! (marked with * in Figure 12) and they were attributed
to the phosphate anion which was intensely adsorbed on the solids. In this case, the spectra of the
two samples prepared by co-precipitation (Figure 12a,b) presented the same absorption maxima,
whereas in the spectra of the samples RZn3Al-CR(Aq) and RZn3AI-CR(Et) recovered from pH 8
buffer solution, the band corresponding to water bending at 1620 cm™! was absent. The spectra of the
samples recovered from acid buffer solutions (pH 1, pH 2 and pH 5, respectively) were mostly altered
in the mid-infrared region 1600-1300 cm™! (delimited by a dashed rectangle in Figure 10) where the
bands specific to citrate occur (Vascoo-) at 1612 em™%; vycoo-) at 1396 cm™, §(crp) at 1365 cm™! [44]).
For the precipitated samples (Figure 12a,b) the relative intensity of the band around 1600 cm™~! was
sensibly higher than in the spectra of the fresh samples, while for the reconstructed ones, the relative
intensity of all the bands in the domain 1600-1300 cm ™! was definitely increased compared to the
spectra of the fresh samples (Figure 12¢,d) indicating that citrate was better adsorbed on the surface of
the reconstructed solids.
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Figure 11. DR-UV-Vis spectra of the CR-containing samples after the CR-release tests at different pH
values: (a) PZn3AI-CR(Aq); (b) RZn3AIl-CR(AQ); (c) PZn3AI-CR(Et); (d) RZn3AI-CR(EY).
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Figure 12. ATR-FTIR spectra of the CR-containing samples after the CR-release tests at different pH
values: (a) PZn3AIl-CR(Aq); (b) RZn3AIl-CR(Aq); (c) PZn3AI-CR(Et); (d) RZn3AIl-CR(Et).

4. Discussion

The investigation of the collected data has revealed a contradiction between the results of
the chemical analysis concerning the curcumin content in the samples and those of the other
characterizations which did not clearly indicate the presence of CR in the solids except the one
obtained by reconstruction with CR-ethanolic solution (RZn3AIl-CR(Et)). A possible explanation
for this inconsistency is revolving around the CR-loading present in the solids, which was
calculated based on the determination of the total organic carbon content, including also the
carbon from the compounds obtained by the degradation of curcumin during the syntheses
performed at basic pH. Several studies concerning the stability of curcumin in the alkaline medium
have suggested that the degradation products are ferulic acid, feruloyl methane, vanillin and
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trans-6-(4"-hydroxy-3’-methoxyphenyl)-2,4-dioxo-5-hexenal [2,7,8,43,44]. The results of our DR-UV-Vis
analysis (Figure 7) confirmed the presence of feruloyl methane and ferulic acid in the samples obtained
by co-precipitation PZn3Al-CR(Aq), PZn3Al-CR(Et), while in the sample RZn3Al-CR(Aq) only the
presence of feruloyl methane was evidenced. This fact implies that when curcumin is contacted with
an aqueous solution containing NaOH, the main degradation product resulted is feruloyl methane and
that ferulic acid is obtained most probably during the ageing of the precipitates. Our findings are in
agreement with those of Gordon and Schneider [43], which showed that vanillin and ferulic acid were
not the major degradation products of curcumin.

From the results of DR-UV-Vis, it could also be inferred that the degradation of curcumin was less
pronounced when the co-precipitation was performed with CR-ethanolic solution since the spectrum of
PZn3AIl-CR(Et) showed a more intense absorption in the region 400-600 nm compared to the spectrum
of PZn3AIl-CR(Aq). This fact could be due to the formation of a CR-Zn(II) complex which according to
literature data has the maximum absorption in the visible region at 455 nm [42]. The presence of such
a complex was also suggested by the ATR-FTIR spectrum of PZn3Al-CR(Et) (Figure 5a) displaying an
absorption maximum at 1550 cm~!. The red shifting of the absorption maximum specific to CR-Zn(Il)
complex from 1583 em™! [42] to 1550 cm ™!, could be related to its distortion under the influence of the
LDH matrix and/or to its participation as secondary layered phase (wWhose presence was indicated by
XRD analysis) in the LDH structure. The ATR-FTIR spectrum of the sample RZn3AIl-CR(Aq) (Figure 5b)
showed a sensibly weaker absorption band specific to CR-Zn(II) confirming that the stabilization
of curcumin by complexation with Zn(II) was much lower in this case, most probably due to its
degradation during the dissolution in the aqueous alkaline solution. The degradation of curcumin
during the co-precipitation and reconstruction with alkaline aqueous CR-solution could also explain
why the XRD patterns of the samples PZn3AI-CR(Aq) and RZn3AI-CR(Aq) did not show the specific
diffraction lines of CR. The lower degradation of CR during the preparation of the PZn3Al-CR(Et) solid
accompanied by the formation of the CR-Zn(II) complex evidenced by ATR-FTIR could be responsible
for the obtaining of the extra layered phase with slightly larger interlayer space and a degree of
crystalline disorder along the c-axis revealed by the XRD analysis (Figure 4a). Even if both ATR-FTIR
and DR-UV-Vis spectra of the sample RZn3Al-CR(Et) obtained by reconstruction with CR-ethanolic
solution indicated the presence of curcumin, its presence was not evidenced as a single phase in the
XRD pattern most probably because nano-particles of curcumin were dispersed on the surface of this
solid which contained also nano-sized particles of ZnO (see Table 2). Considering the results of the
characterization studies it may be concluded that curcumin was incorporated without degradation
only in RZn3AI-CR(Et), while in the rest of the solids, CR-Zn(II) complex and different degradation
products of curcumin were incorporated in various extents. The amount of curcumin released from
the synthesized solids was higher for those prepared with CR-ethanolic solutions (e.g., RZn3Al-CR(Et)
and PZn3Al-CR(Et)) (Figure 8) and was well correlated to the content of the stabilized curcumin in
the samples.

The release of curcumin from the CR-loaded solids was significantly influenced by the pH of the
buffer solution utilized in the “in vitro” release studies. The buffers with acid pH (1, 2 and 5) allowed a
better release of curcumin than the neutral to basic pH buffers (pH 7 and 8) which have a significant
degrading effect on curcumin as it was indicated by Wang et al. [45]. This fact suggests that curcumin
will be better released in the stomach where the pH can vary in the range 1.5-6.5 (e.g., pH 1.5-4.0 in the
lower portion of the stomach and pH 4.0-6.5 in the upper portion of the stomach where predigestion
takes place), than in the duodenum where the pH changes from 7.0 to 8.5 [46,47]. Considering the
results of the CR-release tests (Figure 8) it may be inferred that CR-release will be lower in the upper
portion of the stomach where the pH is less acidic (release tests at pH 5) and will enhance gradually as
the solid will reach the lower portion of the stomach (release tests at pH 2 and pH 1), and it will be
negligible when the solid reaches the duodenum (release tests at pH 7 and pH 8).



Crystals 2020, 10, 244

5. Conclusions

Our studies showed that the incorporation of curcumin into a Zn3Al-LDH structure can be
achieved by co-precipitation only if the curcumin is utilized as an ethanolic solution. However, since
the co-precipitation is performed with NaOH for pH adjustment, the partial degradation of curcumin
could not be avoided. Hence the curcumin release capacity of this sample (PZn3Al-Cr(ET)) under acid
pH conditions was by 20% lower than that of the sample prepared by reconstruction RZn3AI-CR(Et)
even if the CR-concentration in the fresh samples was not significantly different (9.3 and 11.5 wt. %,
respectively). The utilization of alkaline CR-aqueous solution either in the co-precipitation or in the
reconstruction method leads to the obtaining of a Zn3Al-LDH structure impurified by ZnO phase
where amorphous curcumin and mostly its degradation products were spread flatly on the surface
of the inorganic matrix and at the edges of the layers. Taking into account both the results of the
characterizations and those of CR-release tests, the preferable method to obtain CR-loaded Zn3Al
solids from LDH precursors is the so-called “reconstruction” (since it does not restore the layered LDH
structure) with CR-ethanolic solution which does not allow curcumin degradation and ensures also the
highest curcumin release from the solid. Therefore, the sample RZn3Al-CR(Et) was the one selected
for future antimicrobial activity tests.
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Abstract: Recently, the development of a unique class of layered silicate nanomaterials has attracted
considerable interest for treatment of wastewater. Clean water is an essential commodity for healthier
life, agriculture and a safe environment at large. Layered double hydroxides (LDHs) and other clay
hybrids are emerging as potential nanostructured adsorbents for water purification. These LDH
hybrids are referred to as hydrotalcite-based materials or anionic clays and promising multifunctional
two-dimensional (2D) nanomaterials. They are used in many applications including photocatalysis,
energy storage, nanocomposites, adsorption, diffusion and water purification. The adsorption and
diffusion capacities of various toxic contaminants heavy metal ions and dyes on different unmodified
and modified LDH-samples are discussed comparatively with other types of nanoclays acting as
adsorbents. This review focuses on the preparation methods, comparison of adsorption and diffusion
capacities of LDH-hybrids and other nanoclay materials for the treatment of various contaminants
such as heavy metal ions and dyes.

Keywords: layered double hydroxides (LDHs); other nanoclays; organically modified LDH; water
purification; adsorption; adsorption interaction; diffusion

1. Introduction

A reliable, affordable, sustainable and easily accessible clean water supply chain for many societies
in the entire world is an essential component for healthier life and safe environment. However,
due to limited economical resources or lack of infrastructure, millions of poor and vulnerable people
including children die annually from diseases caused by an inadequate water supply, poor water
quality, sanitation and hygiene. Recently, many countries and communities experienced the global
challenge/phenomenon known as “Coronavirus (COVID-19) or COV2 infections”, which required
a frequent washing of hands with clean water and soap or hand sanitizer to avoid or curb the
spread (flatten the curve). These key risk aspects or factors adversely impact on food security,
livelihood diversities and learning opportunities for poor and most susceptible households across
the world. According to the World Health Organization (WHO), almost 1.7 million people lost their
lives because of water pollution, and four billion cases of diverse health issues were reported every
year due to water borne diseases [1]. Table 1 represents various types of water contaminants, their
sources and negative effects. To improve access to quality and safe drinking water, sanitation, and
hygiene (WASH), there must be value-added infrastructure investment in dealing with and managing
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the freshwater ecosystems and sanitation facilities on a local level in many developing countries.
The improved WASH is thus fundamental to poverty reduction, promotion of equality, and support
for socioeconomic development under the sustainable development goals (SDGs) [2,3]. The most
essential requirements for clean water supply chain is a proper material with high degree of separation
capacity, low cost, porosity, and reusability [4-7]. Nanotechnology presents a set of opportunities
to develop nanomaterials for effective water purification systems. Optimization of the properties
like hydrophilicity, hydrophobicity, porosity, mechanical strength and dispersibility [8-10] is the
best option to treat wastewater. Due to their high surface area, high chemical reactivity, adsorption
capabilities, excellent mechanical strength and cost-effectiveness, nanomaterials have a huge potential
to effectively purify water in numerous ways [8,10-12] by removing various contaminants. This can be
done by using different purifiers with different pore sizes such as: microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF) and reverse osmosis (RO) (Figure 1). However, the main stumbling block
associated with addition of 2D nanomaterials is the aggregation or agglomeration that restricts their
effective use in many industrial applications. This daunting aggregation or agglomeration challenge of
nanomaterials can be minimized by (i) transforming 2D nanomaterials into nanocomposites and (ii)
surface modification of 2D nanomaterials, owing to their excellent interfacial interaction between the
surface of 2D nanomaterials and polymer matrices. Surface modification of nanomaterials (SMNs),
compared to unmodified nanomaterials, has attracted a considerable interest in science communities.

Table 1. List of different water pollutants with their sources and adverse effects.

Water Pollutants Sources of Pollutants Effects of Pollutants References.

Cause water borne diseases which can affect anyone.
Those at high risk are infants, younger children, the
elderly and patients with underlying illnesses (diabetes,
chronic diseases of heart disease and kidney).

Pathogens Viruses and bacteria [14]

Directly affect the freshwater resources and can cause
Agricultural Pollutants Agricultural chemicals health-related problems contributing to blue baby [15]
syndrome leading to the death in infants.

Affect water quality and bring about toxicity on fish life

Sediments and Land cultivation, demolition,  and involve reduced oxygen transfer at the gills, reduced [6]
suspended solids mining operations ability to clear sediment from the gills and diminished
bloodstream.
Metals compounds, trace Cause several human health-related problems on the
Inorganic pollutants elements, inorganic salts, flora and fauna of the Earth system such as abnormal [17]

heavy metals, mineral acids ~ growth, high risk of cancer, diabetes and obesity.

They are resistant to degradation and tend to
bioaccumulate within the food chain. Cause various
negative health issues including cancer, immune system

etergents, insecticides, suppression, decrements in cognitive and [18]

Organic pollutants

herbicides ! .
crbicides neurobehavioral function, and at least some of them
increase the risk of chronic diseases, such as
hypertension, cardiovascular disease and diabetes.
. . i te d land pollution leading t
Industrial pollutants Municipal pollutant water Cause air, water and land pollution leading to many [19]

environmental problems, illnesses and loss of life.

Exposure to high levels of radiation causes acute health
Radioactive pollutants Different Isotopes problems like bones, teeth, skin burns and cancer as well [20]
as cardiovascular disease.

Cause serious environmental and human health issues
Nutrients pollutants Plant debris, fertilizer. which influence the socio-economic issues. Causes algae [21]
to grow and expand higher than ecosystems can handle.

Macroscopic pollutants are non-biodegradable materials

Macroscopic pollutants Marine debris which cause garbage wastes and plastic pollution.

[22]

Sewage and
contaminated water

Causes the quality of the water to worsen, water borne

Domestic wastewater . .
diseases and affects aquatic ecosystems.

[23]
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Figure 1. Trans-membrane pressure processes for water treatment technologies with different pore
sizes. Reproduced with permission from Reference [13]. Copyrights 2018, Elsevier Science Ltd.

Nanocomposites are multi-phasic materials, in which at least one of the phases shows dimensions
in the nano range of 10-100 nm [24,25]. Currently, these materials have emerged as alternatives to
overcome deficiencies of different engineering materials and are said to be the 21st century materials, due
to their design uniqueness and property combinations which are different from conventional composites.
Nanocomposite materials can be classified according to their primary phase (matrix) and secondary
phase (reinforcing filler) [26,27]. Among different nanocomposites, polymer-based nanocomposites
(PNCs) have become a noticeable field of current research interest and innovation development.
PNCs have a lot of advantageous multifunctional properties such as film forming ability, dimensional
variability, and activated functionalities [8,28]. Generally, the properties of PNCs are strongly related
to the type of polymer matrix and the extent of dispersion of nanomaterials incorporated into the
polymer matrix, as well as interfacial interactions between the polymer and nanomaterials [29-31].
The improved interfacial interactions of the nanomaterials with pure polymer change the overall
morphology leading to synergistic effects in the nanocomposite properties. The accomplished properties
are much better than the individual constituents. Finally, the properties of the PNCs are directly
dependent on the volume fraction of nanomaterials, aspect ratio, alignment in matrix and other
geometrical factors [32,33]. The main challenges in the development of superior PNCs are (i) the
selection of appropriate nanomaterials that possess specific interfacial interaction, (ii) compatibility
of nanomaterials with polymer matrix and (iii) suitable processing method to evenly disperse and
dispense these nanoparticles within a polymer matrix. The impact of polymer nanocomposites (PNCs)
in wastewater treatment can be recognized by an uninterrupted rise in publications over the past ten
years. This is contrary to the less extensively instigated environmental impacts of nanomaterials in
polymer nanocomposites in water purification (Figure 2).
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Figure 2. Number of publications in polymer nanocomposites (PNCs) and water treatment. Reproduced
with permission from Reference [34]. Open Access 2020, MDPI Water.

In this review, we focus on the comparison of 2D nanomaterials such as layered double hydroxides
(LDHs) and other nanoclays in polymer-based nanocomposites (PNCs), their preparation methods
and multifunctional properties and their use for water purification. The primary goal is to highlight
an optimal efficiency of LDHs and other nanoclays adsorption capacities and recent progress of
nanomaterials in decontamination ability of various pollutants with selectivity including practical and
potential applications.

2. Comparison of Other Nanoclays and LDHs Crystal Structures

2.1. Other Nanoclays Crystal Structure

Nanoclays (NCs) are a broad class of naturally occurring inorganic minerals optimized for use in
polymer-clay nanocomposites for water purification and environmental protection. NCs are versatile
and two-dimensional (2D) building blocks for multifunctional material systems with several property
enhancements targeted for many applications. Based on their chemical composition and particle
morphology, clay minerals are categorized into many classes such as smectite, chlorite, kaolinite, illite
and halloysite. Nanoclays have been studied and developed for various applications [29,31,35] and
are abundantly available, very cheap and low environmental impact. Clay minerals are members
of the phyllosilicate or sheet clay silicates consisting of hydrated alumina-silicates and can be used
as natural nanomaterials or nano-absorbent since the dawn of nanotechnology [36]. Nanoclays are
nanoparticles of layered mineral silicates with layered structural units that can lead to the formation
complex/multifaceted clay crystallites by stacking these layers [37]. The basic building blocks of clay
minerals are tetrahedral silicates and octahedral hydroxide sheets [38]. Octahedral sheets consist of
aluminum or magnesium in a six-fold coordination with oxygen from a tetrahedral sheet and with
hydroxyl (Figure 3). Tetrahedral sheets consist of silicon—oxygen tetrahedra concomitant to neighboring
tetrahedral sharing three corners, while the fourth corner of each tetrahedron sheet is connected to an
adjacent octahedral sheet via a covalent bond.
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The arrangements of these sheets influence a number of contributing factors in clay silicates.
Based on their mineralogical composition, there are nearly thirty different types of nanoclays used in
various applications [40,41]. Table 2 depicts three major types of phyllosilicates which are distinguished
as 1:1 layer type (T-O), 2:1 layer type (T-O-T) and 2:1:1 layer type (T-O-T:O) common in nanoclay
materials. In 1:1 lattice structures (T-O), each tetrahedral is connected to one octahedral sheet, while in
2:1 lattice structures (T-O-T), each octahedral sheet is connected to two tetrahedral sheets, one sheet
on each side. Lastly, in 2:1:1 lattice structures (T-O-T:O), each octahedral sheet is adjacent to another
octahedral sheet and connected to two tetrahedral sheets [31,42-44].

Table 2. Classification of clay minerals and their characteristics.

Clay Minerals Group Layer Type Ratio Characteristics References.
Rectorite, Kaolinite, 11 Non-expansive, no layer charge and
Halloysite, Chyrsotile (I-0) very little isomorphic substitution [4142]
! ’ Dioctahedral '
2:1 Highly expansive, low layer charge
Smectite (T-O-T) moderately expansive, [43]
Vermiculite dioctahedral Intermediate layer charge. N
Trioctahedral extensive isomorphic substitution.
2:1
Pyrophylite talc, mica, (T-O-T) Non-expansive, high layer charge, [43]
brittle mica. dioctahedral extensive isomorphic substitution.
Trioctahedral
2:1:1
(T-O-T-0) - . .
Chlorite dioctahedral Non Cxpansive, hlg.h layer .cha?ge, [31,44]
. extensive isomorphic substitution.
Trioctahedral
Di, Trioctahedral

Halloysite nanoclay is an aluminosilicate nanotube naturally occurring clay material with the
average dimensions of 15 nm x 1000 nm [45]. This halloysite nanoclay has (1:1-layer type) and the
hollow tube structure is primarily utilized in medical applications, food packaging industry and
rheology modification [46]. The most commonly used nanoclay in materials applications is plate-like
montmorillonite (MMT) material. This MMT has approximately 1 nm of aluminosilicate layers
which are surface coated with metal cations in a multilayer stacks of ~10 pm. Depending on surface
modification of the clay layers, MMT can be dispersed in a polymer matrix to form polymer-clay
nanocomposites with applications such as, flame-resistance, solidifying agents, water purification and
gas permeability modification. MMT clay layers with 2:1 layered silicates of T-O have high cation
exchange capacity (CEC) on the siloxane surface that can interact well with different substances like
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organic or biological molecules [47,48]. The MMT nanoclay stacks have attracted a lot of interest because
of outsized surface area, swelling behavior and high cation exchange capacity [49,50]. Unlike MMTs,
halloysite materials are easily dispersed in many polymers showing no exfoliation due to scarcity of
OH groups on their surfaces. In addition, these tube-like nanoclays are excellent nanomaterials for
numerous chemical molecules [51]. Therefore, the modified clays are used as effective reinforcing
phase for polymers to improve their mechanical and thermal properties. Nanoclays acting as carriers
continuously and constantly released some active molecules such as flame-retardants, antioxidants,
anticorrosion and antimicrobial agents [52,53]. In recent years, the research and development of novel
polymer/nanoclay composites for water purification has attracted a lot of attention in the field of
material chemistry [54]. Rigid nanoclay like layered double hydroxides (LDHs) must be used as
an effective reinforcing filler to polymer structures and impede the polymer chains free movement
adjacent to the filler [29-31,54].

2.2. Layered Double Hydroxides (LDHs) Crystal Structure

Layered double hydroxides (LDHs) also known as hydrotalcite (HT)-like materials are a class
of synthetic two-dimensional (2D) nanostructured anionic clays with a highly tunable brucite
[Mg(OH),]-like layered crystal structure (Figure 4). These inorganic materials contain layers of
positively charged metal hydroxides with multivalent anions for neutrality. The LDHs are generally
represented by formula

X+1,ne
IM2E, M3 (OH),]™ " [A™ ]/, mH20 )

In this formula, M?* and M>* represent the divalent and trivalent layer cations, respectively.
A"~ is the exchangeable anion such as OH™, F~, NO3, CI, CO%‘ and/or SOi_. Reasonably stable LDH
phases are often observed only when the value of x varies in the range 0.22-0.33 resulting in M?*/M3*
molar ratios of 2:1 to 4:1 [55-59]. If x is more than 0.33, then an increased number of neighboring M3+
containing octahedra leads to the formation of M(OH)s. If x is less than 0.2, then an increased number
of neighboring M?* containing octahedra in the brucite-like sheets resulted in the precipitation of
M(OH),. However, these limits of the value of x must be regarded as the maximum interval, which
can be narrower depending on the composition of the LDH.

M, M o1
T

Basal spacing (d)

Interlamellar space
-, -
A S szol

M2 M

@ Anion,A™ ¢ HO ‘

Figure 4. Structure of layered double hydroxide (LDH). Reproduced with permission from
Reference [60]. Copyrights 2018, Elsevier Science Ltd.

As result, a large class of isostructural materials, which can be well-thought-out complementary
to aluminosilicate clays, with useful physical and chemical properties can be achieved. This can be
carried out by changing the nature of the metal cations, the molar ratios of divalent/trivalent cations,
and the types of interlayer anions. These compounds are composed of positively charged brucite-type
octahedral sheets, interchanging with interlayers containing carbonate anions in the natural mineral or
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other exchangeable anions in the synthetic hydrotalcite (HT)-like materials, along with water molecules.
The hydrogen bonding associated with the interlamellar water molecules serves as a driving force for
the stacking of the clay layers (see Figure 4).

2.3. An overview of Preparation Methods of LDHs

In the last few decades, a number of studies associated with the synthesis of LDH have been
reported and some are easy and simple to process for many industrial applications. Various kinds of
low cost, environmentally and eco-friendly LDHs can be synthesized by using fundamental methods
of choice. These commonly used methods include co-precipitation; ion exchange; reconstruction;
sonochemical method; hydrothermal/solvochemical method; sol-gel method; induced hydrolysis
method; and urea method [57,59-65].

2.3.1. Co-Precipitation Method

Co-precipitation method is also referred to as a large-scale and direct technique typically utilized
for the synthesis of LDH platelets with different divalent and trivalent cations (M2 and M3+) coupled
with many inorganic anions (C1~, NOj3, CO%‘) and organic molecules/outsized biomolecules [57]. In this
co-precipitation method, a dropwise addition of alkali solution into the divalent and trivalent layer
cations/mixed metal salts containing solution in a proper ratio resulted in formation of LDH as shown
in Figure 5. During this method, a pH emerged as a very crucial factor which negatively influences
both the structural and chemical properties of LDH component to a larger extent. In a dropwise
addition, the pH of the reaction mixture is maintained constantly at the range of 8-10 and purged
at Np atmosphere in an attempt to achieve high chemical homogeneity in LDH [61]. The resulting
solution mixture is allowed to stay for a long period of time in order to obtain a reproducible and
well-crystallized LDH structural material. The obtained precipitate is collected by filtration, washed
thoroughly with deionized water and dried in an oven overnight. The underpinning principle of
co-precipitation is based on a simple, economical and industrially feasible technique utilized for
the synthesis of metal oxide materials in solution. This led to the brucite-like layers” formation,
which uniformly dispersed metallic cations and inorganic anions.

LDH precursor

Alkali solution
added dropwise

Mixed salt solution KByl roserix

Mixed metal oxide

Figure 5. Schematic representation of co-precipitation, ion exchange and reconstruction methods LDH.
Reproduced with permission from Reference [59]. Copyrights 2018, Elsevier Science Ltd.

2.3.2. Ion Exchange Method

Anion-exchange method is better for the incorporation of layered silicates into a solution containing
anions species ready for exchange as compared to other methods. The ion exchange method (Figure 5)
is based on the exchange of anions in interlayer space with other anionic species. In this method,
the precursor LDH is suspended in an aqueous solution containing the anionic species to be exchanged.
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The suspension is then stirred constantly for several hours at room temperature. The solid precipitate is
then collected by filtration, washed several times with deionized water and dried in an oven overnight.
Furthermore, the interlamellar region can also contain water molecules and is referred to as internal
water dominant region where water molecules are organized by the inorganic layers via hydrogen
bonding. The high anion exchange capacity of LDH matrix-like compounds produces their interlayer
ion exchange by outgoing anions and incoming useful anions, easily accomplished and reflected in
LDH precursor product formation [62] (Figure 5).

2.3.3. Reconstruction Method

As shown in Figure 5, this reconstruction method is a well-known regeneration or memory
effect method of LDH. According to this method, the layered structure of brucite-like LDH with
carbonate anion is used as a precursor during hydration and calcination due to its behavioral pattern.
The reconstruction method is based on the memory effect or regeneration which is one of the unique
properties of LDHs. In first step, the calcination of LDHs is performed at a particular temperature
to obtain mixed metal oxides (Figure 5) and then subjected to rehydration in aqueous solution with
the anion to be intercalated [63]. The solid precipitate is collected by filtration, washed several times
with deionized water and dried in an oven overnight. The structural recovery, however, depends
upon some experimental conditions such as, calcination temperature, duration and rate of heating.
The reconstruction method is useful mainly in the preparation of large organic anions intercalated
LDH [63,64].

2.3.4. Sonochemical Method

In sonochemical method, LDHs are prepared by co-precipitation method followed by sonochemical
treatment. In first step, the co-precipitation method is performed to the latter as explained fully
under Section 2.3.1 above. In the second step after successful completion of mixing, the resultant
solution is subjected to ultrasound irradiation at a given time and temperature. The solid precipitate is
filtered, washed thoroughly with deionized water and put in an oven overnight for further drying.
This sonochemical method is best described as a synthetic and high intensity ultrasonic/three-fold
acoustic cavitation phenomenon which assist in improving the crystallinity of LDH phases [61,65].
When the solution mixture is subjected to ultrasonic irradiation, rapid movement of the fluid leads
to three-fold acoustic cavitation phenomenon (Figure 6) in which microbubbles undergo nucleation
formation, growth and implosive collapse [65]. The formation of microbubbles produced a distinctive
hot spot due to the compressional heating induced by collapsing of bubble and therefore yields the
bubble with extremely high temperature, pressure and cooling rates [66].

Time

Acoustic Pressure

oer cO0@O@c-@®

\_Periodic growth, expansion
Bubble nucleation and compression of the
bubble over several cycles

Bubble
implosion

Figure 6. Schematic representation of three-fold acoustic cavitation phenomenon. Reproduced with
permission from Reference [67]. Open Access 2020, MDPI Energies.
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2.3.5. Hydrothermal/Solvothermal Method

The hydrothermal synthesis method illustrated in Figure 7a,b is similar to the co-precipitation
method. In this method, two solutions containing M?* and M>* metal salts are added dropwise to
another solution containing base under vigorous stirring at room temperature. Thus, the suspension is
transferred into a Teflon-lined autoclave and heated at higher temperature (100-180 °C) for many hours
(1048 h) based on the metal ions [68]. The pH of the supernatant solution is in the threshold range of
8-10. The solid precipitate is collected by centrifugation washed thoroughly with deionized water and
ethanol and dried in an oven overnight. The hydrothermal method is useful for synthesis of highly
crystalline LDHs with uniform morphology compared to co-precipitation technique [69]. Solvothermal
method is a synthesis method where a chemical reaction takes place in a closed solvent system at
elevated temperatures above the boiling point and standard pressures. In a typical solvothermal
synthesis, the amount of organic solvent such as glycerol or alcohol is used in a non-aqueous solution
at somewhat high temperatures, while hydrothermal method refers to synthesis via chemical reactions
in aqueous solution just above boiling point of water in a closed vessel. Many scientists realized the
importance of preparing inorganic nanomaterials using hydrothermal and solvothermal reactions,
upon which effective syntheses of novel high-technology and green materials would be established.
The main reason for this remarkable and milestone achievement in preparing nanomaterials is the
easy of processing which include low temperature process, low energy consumption, no harm to
the environment and more importantly high degree of crystallinity of the material can easily be
produced [68,69].

(b)

.. Hydrothermal Moy
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_ PR W 4 4
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Figure 7. Schematic representation of (a) hydrothermal method and (b) solvothermal treatment of
layered double hydroxide (LDH). Reproduced with permission from Reference [70,71]. Copyrights
2017 and 2019, RSC and Elsevier.
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2.3.6. Adsorption and Layer-by-Layer Method

In this case, adsorption (Figure 8a) can be referred to as the adhesion of divalent and trivalent
ions (M?* and M>*) from a liquid or dissolved solid to surface of the LDH adsorbent. This creates a
film of the adsorbate over the surface in many processes such as chemical, physical, biological and
natural systems and widely used in various industrial applications [72]. The adsorption process may
occur through weak van der Waals forces (physisorption) or covalent bonding (chemisorption) and
also may occur due to electrostatic attraction between the adsorbate and surface of the adsorbent. It is
a surface phenomenon most widely adopted in wastewater treatment for removal of various organic
contaminants from aqueous solution.
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Figure 8. Schematic representation of (a) adsorption method, (b) layer-by-layer deposition and (c)

direct co-precipitation method of layered double hydroxide (LDH). Reproduced with permission from
Reference [73]. Copyrights 2018, John Wiley and Sons.

Layer-by-layer (LBL) assembly (Figure 8b) is a universal method for coating substrates with
polymers, colloids, biomolecules, and even cells. This presents superior control and versatility when
compared to other thin film deposition techniques in certain research and industrial applications.
The LBL technique is known to support electrostatic interactions between positively charged layers
and negatively-charged molecules and leads to nanostructured thin films [74]. This LBL deposition
technique has three types of methods known as (i) the dipping layer-by-layer deposition technique
(dipping-LBL); (ii) spray layer-by-layer deposition method (spray-LBL) and (iii) spin layer-by-layer
deposition method (spin-LBL) method. Dipping-LBL is executed by chronologically adsorbing
opposite charged materials onto a substrate via enthalpic and entropic driving forces [75]. In this
method, the time depends on both the diffusion and adsorption of molecules, solutions or suspensions.
Spray-LBL is a deposition technique where divalent and trivalent solutions are sprayed onto a vertical
substrate, and the layer is formed after completion of drying in an oven overnight [58]. In spin-LBL
method, the solutions or suspensions are deposited on a substrate attached to a spin coater, and the
rotation speed generates a high centrifugal force. Thus, high rotational speed with high airflow rate
at the surface leads to fast drying times of the liquid which in turn quickly and easily produce very
uniform layers or thin films. In both spray-LBL and spin-LBL methods, the total time does not depend
on the diffusion of molecular species. The co-precipitation method shown in Figure 8c has already
been previously explained in Section 2.3.1.

2.3.7. Sol-Gel Method

The sol-gel method is a low-cost, simple preparation method and efficient wet-chemical method
of high-purity metal oxide materials from LDH precursors through hydrolysis and condensation
processes [76]. In this method (Figure 9), the mixed salt solution of A[(NO3)3-9H,0 and Mg(NO3),-6H,0O
and alkali solution of NH4OH were concurrently added to a beaker and heated under refluxed
condition. The pH of the suspension is maintained at 8-10 by adding NH4OH base under magnetic
stirring at ambient temperature until the gel formation is achieved. The resultant gel like product is
filtered, washed properly with deionized water via re-dispersion/centrifugation and dried overnight.
The formed gel was re-dispersed in water by ultra-sonication to produce LDH single layer nanosheets
(SLNSs) dispersion. A portion of the LDH SLNS gel was further tried in an oven at 80 °C for 24 h
to yield a well-crystallized LDH SLNS sol sample. The LDHs synthesized using sol-gel method is
thermally very stable, but less crystalline than those synthesized via the co-precipitation method.

118



Crystals 2020, 10, 957

a_2
o i E i
OH NH:
Pt - Ultrasonication

—_—————— % —_ —pé
==

- e ) :
— > Water-washing ) | Ultrasonication | orstanding
L o
Gel

Coprecipitation Redispersion

v

- -
AT RO ,_":_ & I.g -.:'

;Mg
g Toins3 Gel dispersion SLNS dispersion

Figure 9. Schematic representation of sol-gel method of layered double hydroxide (LDH). Reproduced
with permission from Reference [77]. Copyrights 2016, Elsevier.

2.3.8. Induced Hydrolysis Method

In this method, metal oxides are added dropwise to an acidic solution containing M>* metal
salts. The metal oxides are dissolved progressively in the acidic solution and precipitated into
LDH. The pH is cushioned at 8-10 by the oxide suspension [59]. The obtained solid precipitate is
collected, filtered, washed methodically with deionized water and dried at 80 °C for 24 h. This method
of induced hydrolysis can also be used for synthesis of LDH with di-divalent, di-tetravalent and
tri-trivalent systems.

2.3.9. Urea Method

In general, urea is added to an aqueous solution of preferred M?* and M3* metal salts and heated
under reflux condition for several hours. The precipitate product is collected by filtration, washed
thoroughly with deionized water and dried overnight. The rate of urea hydrolysis can possibly increase
significantly with an increase in the reaction temperature to 100 °C [59]. The urea molecules undergo
degradation to form ammonium carbonate, which initiates the precipitation into LDH with CO3%~
as interlayer anion. This urea method provides high degree of crystallinity and a fine particle size
distribution. Urea-based co-precipitation provided the better crystallinity and particle size due to
thermal treatment and hydrolysis of urea which is proceeded in a very slow manner [57,59,60].

In comparison to many other nanoclays or layered materials, LDHs have compositional
multiplicities in the cationic layers and in the hydrated interlayer of anions for charge balance
which lead to some functional diversities. This implies that LDHs among layered materials have the
great advantages and number of possible compositions, metal-anion combinations and morphologies
useful for synthesis and processing methods. Apart from that, LDHs can be used in a variety of potential
applications due to their anion exchangeability, compositional flexibility, good biocompatibility, low cost,
facile synthesis, pH dependent solubility, thermal stability and high chemical versatility [78]. Due
to their tunable chemistry and high charge density tailored properties, LDHs have attracted great
attentions in various technologically significant fields and applications such as production of renewable
energy [4,21,29], adsorbents [7,41,79], water purification [8-10,80,81], antimicrobial activities [10,24],
sensors [29,82-84], flame resistance [48], drug delivery [85,86], cosmetics [87,88] and environmental
catalysis [57,89,90]. In our previous work [91], detailed discussion about various applications were
made and the current work focuses more on water purification.

119



Crystals 2020, 10, 957

2.4. Preparation Methods of Polymer-Clay Nanocomposites (PCNCs) and Surface Modification

The manufacturing of PCNCs depends mainly on a proper method selection which ensures
acceptable level of dispersion of the nanofillers throughout the polymer matrix. Several processing
methods were employed in preparing polymer-based clay nanocomposites such as in situ
polymerization, the melt blending, and solution blending techniques [92,93] (see Figure 10). In each
preparation method, an absolute goal is to achieve a desired uniform dispersion of nanoclays in
the pristine polymer matrix. However, there are currently numerous interesting views about the
applications and usage of these methods. According to the following studies [18,94,95], melt blending is
regarded as a significantly, industrially viable and ecofriendly technique with high economic potential
for preparation of polymer—clay nanocomposites. The in situ polymerization method is a commonly
used synthesis technique and easy to modify by changing the polymerization conditions [96] and
provides uniform dispersion. Both these methods require either a large amount of organic solvent or
high viscosity or thermally unstable polymers at high temperatures. In comparison to melt blending,
the solution-blending technique often produces pleasing dispersion of clay layers in the polymer
matrix [31] due to its low viscosity and high agitation power. Each technique has its own relevant
significance and limitations in relation to certain required industrial applications.
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Figure 10. Illustration of (a) in situ polymerization, (b) melt intercalation and (c) solution intercalation.
Reproduced with permission from Reference [97]. Open Access 2014, Royal Society of Chemistry.

2.4.1. In Situ Polymerization Technique

Due to the silicate dispersion deduced information, in situ polymerization is more effective in
the preparation of composites and can sidestep the harsh thermodynamic requirements related to the
polymer intercalation process [18,31,98] (Figure 10a). Furthermore, this polymerization technique (i)
tolerates resourceful molecular strategies of the polymer matrix; (ii) it provides an effective approach
to the synthesis of different polymer/nanoclay composites with prolonged property range and (iii)
facilitates the development of the interface between the filler and the polymeric matrices by modification
of the matrix composition and structure. Many studies focus on preparing novel polymer/nanoclay
composites via the in situ polymerization method and demonstrate the benefits of this method in
comparison with other types of synthesis methods [18,31,98,99]. For instance, Ozkose et al. [100]
investigated the synthesis of poly(2-ethyl-2-oxazoline)/nanoclay composites for the first time using
in-situ polymerization. In their finding, a ring-opening polymerization method was applied, which then
initiated the delamination of clay layers in the polymer matrix and led to a composite formation.
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2.4.2. Melt Blending Technique

Melt blending technique involves direct mixing of layered clay into the molten polymer matrix
and can either be immobile or active. In an immobile melt blending (melt annealing), the process is
performed under a vacuum at temperatures of approximately 50 °C above transition temperatures
in the absence of mixing. In an active melt blending, the polymer melting is performed during a
melt mixing in the presence of an inert gas [27,101]. As a result, the polymer clay nanocomposites
are produced from the enthalpic driving force and influence of the polymer—organoclay interactions.
The melt-mixing method (Figure 10b) provides better mixing of the polymer and nanoclay fillers and is
well-suited with current industrially and ecofriendly viable processes such as extrusion and injection
molding for thermoplastic and elastomeric material manufacturing. The absence of solvents reduces
the environmental impact and minimizes potential interactions between the host and polymer solvents,
which, in many cases, limits clay dispersion [18,102-104].

2.4.3. Solution Blending Technique

Solution-blending is a solvent based process in which the polymer and the prepolymer are
soluble, which causes swelling of the clay layers, see Figure 10c. This technique involves thoroughly
dispersing the layered silicate within appropriate solvents, which includes polymer/soluble prepolymer.
These clay layers are dispersed into the solvent and further mixing with a dissolved polymer would
be done to prepare the solution which allows polymer chains to be embedded into the exfoliated
clay layers. Upon reaction completion stage, the solvent molecules would have evaporated, trapping
the polymer chains intercalated into the gallery of clay interlayers [105,106] and the matrix segments
combine with the dispersed clay layers.

The major driving force of intercalation process in solution mixing is the increased total disorder
of the system referred to as desorption process of solvent molecules. This entire process normally
consists of three stages known as (i) the dispersion of clay in a polymer solution, (ii) well-ordered
solvent removal and (iii) lastly composite film casting [102,106,107]. The dispersion of clay in neat
polymer necessitates active agitation such as stirring, reflux and shear mixing.

It is well documented that the morphology and dispersion of clay nanoplatelets in polymers is
one of the key factors affecting their gas barrier properties [95,108]. One of the most vital challenges
in the preparation of polymer/clay nanocomposites with improved barrier performances [95] is to
achieve high level of exfoliation and orientation. In general, polymer/clay nanocomposites may
result into three possible morphologies referred to as (i) phase-separated, intercalated and exfoliated
structures (see Figure 11) [95]. For attainment of phase-separated nanocomposites, clay tactoids are
formed throughout the pure polymer matrix, and no separation of clay nanoplatelets occurs. Polymer
chains surround clay nanoplatelets but do not penetrate between the clay layers [109] and absence of
platelets separation may result in large, micron-sized agglomerates. In intercalated nanocomposties,
some of the polymer molecular chains have penetrated the interlayer galleries of the clay tactoids.
Due to the penetration of polymer molecular chains, the spacing between individual clay platelets and
the overall order of the clay layers is increased and maintained [110]. In exfoliated nanocomposite
structures, the clay nanoplatelets are fully separated and dispersed uniformly within the continuous
polymer matrix. Exfoliated nanocomposites produce the highest surface area interaction between clay
nanoplatelets and neat polymer [111]. After a successful exfoliation, an enhancement in properties
can be manifested in barrier properties, as well as improved mechanical properties, decreased solvent
uptake, increased thermal stability and flame retardancy [112,113].

However, the main drawback to achieve homogeneous dispersion of most inorganic clays within
organic polymers is closely related to the incompatibility between hydrophilic clay and hydrophobic
polymer, which often causes agglomeration of clay mineral in the polymer matrix. Thus, surface
modification of clay minerals for a good compatibility with the polymer is the most important step to
achieve homogeneous dispersion of clay nanoplatelets in polymer matrix [29,31,76,109].
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Figure 11. The main types of nanocomposites: (a) intercalated, (b) flocculated and (c) exfoliated.
Reproduced with permission from Reference [113]. Open Access 2018, IntechOpen.

2.4.4. Surface Modification of Nanoclays and LDHs

Layered silicates including nanoclays and layered double hydroxides (LDHs) can be intercalated
with hydrophilic polymers such as thermoplastic, thermosetting and elastomeric polymers.
Most commonly used polymers are hydrophobic, while others such as poly(vinyl alcohol)
(PVA), poly(ethylene glycol) (PEG), poly(acrylic acid) (PAA), poly(2-oxazoline) (POX), poly(methyl
methacrylate) (PMMA), poly (ethylene-co-vinyl acetate) (EVA) are hydrophilic in nature. Despite their
various applications, silicate layers also have one primary drawback due to the intrinsic incompatibility
of hydrophilic silicate minerals and the hydrophobic polymer matrix. The incorporation of hydrophilic
silicate minerals into a hydrophobic polymer causes agglomeration/aggregation, which lead to
incompatibility between the components and weak extent of dispersion. Thus, it is indispensable to
augment the degree of dispersion and the compatibility between the polymer matrix and the clay
by surface modification [114]. The miscibility between layered silicates and the polymer matrices
is enhanced as the clay becomes hydrophobic after surface modification using organic materials.
For fabrication of layered silicates with engineering polymers such as thermoplastic or thermosetting,
the surfaces of the layered silicate have to be modified by ion-exchange processes using cationic
surfactants like quaternary alkylammonium salt, alkylphosphonium-based positively charged species
or coupling agents [49]. The surface energy of layered silicates is reduced due to the modification,
providing the efficiency and reinforcing characteristics in controlling the stability of the polar polymer
matrix [105]. As a result, the interlayer spacing increases to high margins, producing better anchoring
of the polymer chains for improvement of the overall properties of the system. The most preferential
modification is the addition of coupling agent such as silane, which ensures good compatibility or
chemical bonding with polymers, an exchange of the interlayer inorganic cations such as Na* with
organic ammonium cations. In addition to ionic modifications, covalent and dual modifications (ionic
and covalent are possible [115]. Other approaches, such as grafting polymer chains directly onto
the surface of a nanoclay or using non-ionic surfactant have also been used [116]. There are two
ways of ionic modification, called directly reacting anionic or cationic surfactants with the nanoclay
or using ionic liquids. Imidazolium, pyridinium, trihexyltetradecylphosphonium tetrafluoroborate,
and trihexyltetradecylphosphonium decanoate salts are commonly used for ionic liquid modification
of nanoclays which show better properties [117-122]. The modified clay is commonly referred to as
organoclay and the schematic illustration for the modification of clay particles is shown in Figure 12.

Chang et al. [119] prepared and characterized bio-oil phenolic foam (BPF) and surfactant
modified bio-oil phenolic foam (MBPF) reinforced with Montmorillonite (MMT) as secondary phase.
Their findings showed remarkably enhanced toughness as well as good flame resistance and improved
the thermal stability of modified bio-oil phenolic foam (MBPF)-MMT nanocomposite foams compared
to unmodified BPF-MMT nanocomposites. Covalently modified clay silicate is often synthesized via a

122



Crystals 2020, 10, 957

step-reaction polymerization called condensation polymerization. During this process, the reaction is
taking place between the hydroxyl groups from the surface of clays with mono- or tri-alkoxy silanes
such as methoxy(dimethyl)octylsilane, tri-alkoxy silanes, trimethoxy(octyl)silane, (3-aminopropyl)
triethoxysilane and others. The covalent modification renders the clay surface more hydrophobic [120].
Uwa et al. [121] studied the effect of nanoclay as reinforcing agent on the mechanical properties and
thermal conductivity of polypropylene (PP) and maleic-anhydride-grafted-polypropylene (MAPP).
The results of PP/MAPP/nanoclay composites exhibited a significant improvement in tensile strength
and stiffness with low clay contents. Thermal conductivity analysis revealed that composites with
high clay loadings have high resistance to heat. Twofold modifications can be done possibly by first
covalently modified clay silicate followed by an ionic modification or vice versa. In comparison to single
modifications (either ionic or covalent), dually modified clays show even more improved properties in
terms of mechanics, thermal stability, dimensional stability, and viscoelastic characteristics.

Clay
° o o o
o
L ] . ] .
1 ) = o
Organo
modifying
agent Exfoliated polymer/organo medified clay nanocomposites
Medified Clay Polymer
[ ] [ ] A
e Ie
° Sonication 5
° L —_—
° 9 ) C
[ ] ° °
o (]
. °

Modified Clay in Exfoliated State

Figure 12. Schematic representation for the preparation of exfoliated polymer/organomodified clay
nanocomposites. Reproduced with permission from Reference [122]. Copyrights 2017, Elsevier Ltd.

Various polymer-based layered silicates nanocomposite systems have been investigated, and their
methods, structure and properties are compared and summarized in Table 3. The comparison of
polymeric categories such as thermoplastic, elastomeric and thermoset matrices including thermoplastic
polyurethane (TPU), polyisoprene (PIP), nacre-thermoset, poly(r-lactic acid) (PLLA), polypropylene
(PP), polyamide 11 (PA11), nitrile butadiene rubber (NBR), styrene-butadiene rubber (SBR), Vinyl ester
(VE), epoxy (EP), polylactic acid (PLA), Polybutylene terephthalate (PBT), polymethyl methacrylate
(PMMA) reinforced with corresponding LDHs and other nanoclays are also included in Table 3
summary. Nevertheless, it is evident in the literature that the polymeric-thermoplastic matrices
are utilized more preferentially over the thermosets because of their features such as light weight,
can be re-melted/molded, and shaped. Recently, there is a growing demand to safeguard and
deal with environmental contaminants and pollutants in preparation of biodegradable matrix/LDHs
nanocomposites which are referred to as eco-friendly materials. Layered double hydroxides (LDHs)
systems appeared to have better overall properties than most of other nanoclays due to their varied
chemical compositions and methods of synthesis. LDHs possess higher layer charge densities and
prefer multivalent anions within their interlayer space due to strong electrostatic interactions between
the brucite-type sheets and the anions. Therefore, swelling is more difficult in LDHs than for other clay
minerals. In short, LDHs containing monovalent anions like nitrate or chloride ions are viewed as
good precursors for exchange reactions with charge balance, which lead to some functional diversities.
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3. Properties of Polymer/Other Clays and LDHs Nanocomposites

The intention for the addition of clay minerals to the polymers is to improve the polymer
properties and to produce the polymer/clay nanocomposites with desired applications. The key step is
to prepare nanocomposites with highly preferred and value-added demand properties, which overcome
downsides of polymers while maintaining their intrinsic advantages. Due to the low cost, availability,
high aspect ratio as well as desirable nanostructure and interfacial interactions, clays can provide
considerable improved properties at very low filler loadings, which help to obtain more useful
properties. The nature and properties of constituents as well as preparation methods and conditions
affect the final properties of polymer/clay nanocomposites. In this review, various improved properties
of polymer/clay nanocomposites as well as the adsorption capacities and removal efficiency of dyes or
heavy metal ions in water including morphology are discussed.

3.1. Morphology of Polymer/Other Clays and LDHs Nanocomposites

The morphology of the polymer/layered clay silicate nanocomposites significantly influenced
their adsorption capacities and the removal efficiency of dyes or other heavy metal ions in water.
The key aspect in nanocomposite structure is the clay—polymer interaction, which affects the dispersion
level of clay in polymer matrix. Depending on the dispersion level of layered silicates, the structure
can either be separated, intercalated or exfoliated structure [108,132-135]. Surface modification plays
also important role in achieving good interaction between polymer and clay which affects the extent
of dispersion and improves significantly the adsorption as well as removal of dyes or heavy metal
ions from water. Thus, organically modified clay silicates such as montmorillonite (OMMT), kaolinite
and LDH are mostly preferred nano reinforcement for proper selection of the functional groups and
their abilities of ion-exchange. It is well-known that acid-modified clay resulted in higher rate of dye
adsorption, an increased specific surface area and high porosity than in the case of base-modified
clay [136].

Highly flame-retardant polymer/deoxyribonucleic acid (DNA)-modified clay nanocomposites
were investigated by transmission electron microscopy (TEM) as shown in Figure 13a—f. The dark lines
observed in Figure 13a,d are closely related to the layered silicate nanoclays and the light segments are
associated to epoxy matrix. Naebe et al. [137] explained that intra-gallery reactions due to interfacial
interactions made diffusion of more epoxy monomers within DNA-modified clay possible to enhance
clay layers’ separation and therefore induced formation of exfoliated structures as seen in Figure 13b.
In addition, three individual intercalated ordered structures known as intercalated tactoids could be
observed for epoxy nanocomposite at higher contents of clay (Figure 13e).

20,6 g

200 nm 2.anm,
Figure 13. TEM micrographs of epoxy-2.5 wt% of DNA-clay (a—c) and epoxy-5 wt% of DNA-clay

(d—f) nanocomposites. Reproduced with permission from Reference [137]. Open Access 2016,
Springer Nature.
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However, few clay layers possess thin and small tactoids which are uniformly and randomly
dispersed in the epoxy resin. This indicates that the DNA-clay modification is an effective approach
to improve both the exfoliation and dispersion of clay. In addition to achieved dispersion, most of
microcracks under an effective load are initiated within the intra-layer of semi-stacked clay instead of
epoxy-clay interfacial region. This phenomenon verifies that higher contents of clay (5 wt%) resulted
in lower reinforcing impact in the overall mechanical properties.

Evidently, low clay content formed an exfoliated structural configuration with individual layers,
well-dispersed with more homogeneous distribution (Figure 13c), while high content of clay resulted
in flocculated structures. It can be seen in Figure 13f that phase-separated clay tactoid structures are
formed and agglomeration at high content prevail over complete delamination of clay layers due to
low penetration of epoxy monomers into stacked layers of modified clay [138].

Zubitur et al. [139] studied the poly(ractic acid) (PLA)/modified drug 4-biphenyl acetic acid
(Bph)-layered double hydroxide (LDH) nanocomposites. The nanocomposites were prepared by
solvent casting with 5 wt% of drug-modified LDH, and the hydrolytic degradation was carried out in a
Phosphate-buffered saline (PBS) solution at pH 7.2 and 37.8 °C. From their XRD results, PLA/LDH-Bph
nanocomposites showed no peaks corresponding to LDH-Bph observed and this was attributed to an
exfoliation or to the presence of entropic LDH layers. The degree of dispersion of acid/base-modified
LDH was found to be good with small tactoids at low magnification, exfoliated layers were observed
at higher magnification using TEM images. A number of studies reported the acid modification of clay
silicate and layered double hydroxides (LDHs) reinforced with polymer matrices. Table 4 represents
the summary of selective studies on acid/base-modification of polymer/clay and LDH nanocomposites
for water purification.
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3.2. Adsorption of Polymer/Nanoclay and LDH Systems

Various types of polymer/nanoclay composites are currently being explored for the primary usage
in water purification and many other applications due to their unique properties, which are different
from their counterparts. Polymer/clay nanocomposites used in water purifications technology and
their corresponding applications as well as the removal of various heavy metal ions are shown in
Figure 14. Adsorption is a removal of soluble material/adsorbed materials called adsorbate (heavy
metal ions) present in water and clay nanomaterials (solid adsorbents) are used for the adsorption
of contaminants. This process can either be physical (physisorption) or chemical (chemisorption) in
nature. Nanoclay minerals have the high specific surface area and high sorption capacity giving high
structural and chemical stability towards the adsorption of organic and inorganic contaminants.

Applications

Photodegradation
(—

Membrane separation

Adsorption / Sorption I i

Adsorption ' O
.’ s Polluted water Clean water

treatment

Sensing .

e Si0,, Fe,0, o0
AlLO, Ca0, MgO

Quality monitoring

T

Clay minerals

Figure 14. Role of nanocomposite in water purification and the removal of various heavy metal ions.

Due to its high internal surface area in the range of 500~1500 m?/g, the most popular solid adsorbent
material is activated carbon which is primarily used in large-industrial scale for water purification
systems [41,49]. Thus, adsorption is a surface phenomenon commonly found in nature and plays a key
role in water purification technology. Adsorption increases with the increase in the surface area of the
adsorbent. This implies that more finely divided or rougher the surface of the adsorbent is, then the
greater is the surface area and the adsorption. However, adsorption affinity of the surface area of the
adsorbent is independent of the surface area and dependent on the favorable attractive interactions
present at the pH value range below 7. When the pH is higher than 7, the electrostatic repulsion
forces of the adsorbate-adsorbent are weakened, hence, the reduced adsorption efficiency or removal
percentage of contaminants [41,49,131]. The adsorption of contaminants from water mostly depends
on hydrophobic interactions between adsorbate and adsorbent, which make great contributions to
the affinity of the organic anion to LDH. Therefore, the hydrophobic interactions interconnect many
segments into a cluster in order for each natural organic anion to show a stronger affinity to LDH.
The high hydrophilic nature of contaminants reduced significantly the adsorption capacity. The main
reason for this is dominant force that decreases the surface tension between the matrix (adsorbent)
and the solid adsorbed (adsorbate). The detailed discussion of the effect of pH as one of many factors
affecting the adsorption, advantages and disadvantages of various methods of synthesis would also be
outlined in the paragraphs or Table 5 below.
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Table 5. Advantages and disadvantages of different methods of LDHs and clays in water purification.

Methods Advantages Disadvantages References
Has high contaminant removal ability, applicable to Requires high maintenance and optimization of
Co-precipitation communities and low reaction temperature and short 5 NEh T P : [57,59,61]
L treatment is difficult.
reaction time.
Able to effectively remove inorganic contaminants, [thas high operating costs over a long period of time
. ¢ . ' and cannot effectively remove pyrogens or bacteria.
Ton exchange has capacity to regenerate and inexpensive. No loss P N [62]
of sorbent on regeneration, effective. Causes economic limitations, not effective for
gene ’ < dispersing and removing the dyes.
Produces a better shear thickening transition at lower
shear rate and St gru.ﬁcantly reduced th? water Reactions need to be at certain temperature and there
. content contamination. Impmves reaction rate, . .
Sonochemical involves high energies and pressures in a short time; is not gnough power to carry (?ul the reaction. ) [61,65-67]
10 additives needed; reduced number of reaction Extension of problems; inefficient energy; low yield.
steps.
Has ability to synthesize large crystals of high
gﬁifs::::ﬁ:ll quality and crystalline substances that are unstable High cost of equipment. [68,69]
near the melting point.
. The most effective adsorbent, great capacity, produce Ineffechv? against dlsperse and dyes,.t he -
Adsorption 2 hish-quality treated effluent regeneration is expensive and results in loss of the [58,72-75]
gh-qualty : adsorbent, non-destructive process.
Can produce a thin coating to ensure excellent
adhesion between the substrate and the top layer. It . . .
h X R The contraction that occurs during processing; long
as the capacity of sintering at low temperatures, S X I
Sol-gel method between 200-600 °C; simple, economical and processing time; fine pores; use of organic solutions [76,77]
efficient method to produce high quality coverage that can be toxic.
and high purity products.
Urea/Induced hydrolysis ~ Cheap, easy to store. Loss through leaching and volatilization, acidifying. 57,59,60
ydroly: P, easy g g 3
In situ polymerization Easy processing method based on the dispersion of  Difficult control of intragallery polymerization and [18,31,98]
POy the filler in the polymer precursors. limited applications. o
One step technique, economical and environmentally Sensitivity to reaction conditions, limited
Melt mixing method viable and easy to process and compatible with ° Y ! © 102-104]
g Yy topi P

industrial polymer processes applications to low molecular weight polymers.

Solution mixing
technique

The industries and sectors use a huge amount of

Preparation of homogeneous dispersion of fillers. X A .
P & P solvents and this technique is very expensive.

[105,106]

In recent times, different synthesis and preparation methods of LDHs and other nanoclays
have been applied as discussed in Sections 2.3 and 2.4, respectively. These different methods
influence the adsorption performance of the nanocomposite and noticeably assist to reduce and
remove the high concentration levels of contamination in water [147,148]. Individually, each method
has some advantages and disadvantages as represented in Table 5. Amongst all the methods,
adsorption is considered the most efficient, economical technique and easy processing to drive for
contaminants removal from wastewater. Furthermore, the adsorption is reversible, and adsorbents can
be regenerated. In general, there are three types of adsorption known as physisorption (the interaction
between adsorbent-adsorbate), chemisorption (adsorbent-solvent) and electrostatic interactions
(adsorbate-solvent) [149]. The underpinning principles/mechanisms involved in the adsorption
material surface have been studied and reported in relation to factors affecting systems.

3.2.1. Factors Governing the Performance of Clays/LDH Based Adsorbents

In this review, the application of nanomaterials as adsorbents for removal of contaminants such as
heavy metal ions and dyes from wastewater has been reviewed. It is important to understand how
adsorbents interact with different adsorbates such as heavy metal ions and dyes in the laboratory
small scale to determine their potential for application in water purification and their contribution
to large scale [148,149]. However, the main challenges for adsorption process are waste products,
non-selectivity, instability and low/poor heat transfer leading to long heating and cooling times.
To address these challenges, the development and design of suitable and more effective nanoadsorbents
with optimum adsorption efficiency for the removal of contaminants in water should be prioritized.
In the field of wastewater treatment, different materials prepared through various methods bring
about unique functionalities for adsorption efficiency for the removal of contaminants from industrial
effluents, surface water, groundwater and tap/drinking water. As stated, many key factors affect
the efficiency and performance of LDH/clay adsorbents including pH value, contact time, adsorbent
dosage, initial ion concentration, temperature, coexisting ions, and sorption kinetics [148,149]. In this
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section, the influence of these factors on adsorption performance and capacity by LDH/clay adsorbents
is explained as presented in Table 5.

Influence of pH Value

The pH of an adsorbate-adsorbent solution is most significant aspect for adsorptive removal of
contaminants. This affects the type of the surface charge of the adsorbent during water purification
by the adsorption technique. It is also the main factor taking care of the type of the surface of the
adsorbent, degree of ionization and aqueous adsorbates [149]. The effect of solution pH was studied at
different pH values from 3.0 to 11.0, and the results are shown in Figure 15a,b. The pH of solution
noticeably changed by the addition of diluted HCl/NaOH. The maximum fluoride adsorptions of 98%,
94% and 91%, respectively for cerium bentonite clay-malic acid chitosan (CeBC-A@CS), lanthanum
bentonite clay-malic acid chitosan (LaBC-A@CS) and aluminum bentonite clay-malic acid chitosan
(AIBC-A@CS) adsorbents was attained at pH of 3.0. It was also reported that the minimum fluoride
adsorption for these three different adsorbents was achieved as 43%, 37% and 35%, respectively at pH
of 11. At neutral pH of 7.0, the maximum fluoride adsorption was 84%, 82% and 80% for, respectively.
The maximum fluoride adsorption capacity can be attributed to the change in the surface charge of the
adsorbent. The pH value at point of zero charge (pHzpc) for the adsorbents is 7.1 [150] as represented
in Figure 15b. When the pH of solution was less than pHzpc, the fluoride ions moved towards the
positively charged surface of the chitosan composites formed by the protonation of OH™ and carboxylic
acid groups leading to the fluoride adsorption onto the surface [151]. At a pH value above the pHzpc,
the fluoride adsorption was exceptionally low. This is probably because the composite surfaces were
negatively charged due to deprotonation of the hydroxyl groups, ensuring mutual repulsion forces
between the fluoride ions and the composite surfaces [152]. It can be observed that cerium bentonite
clay-malic acid chitosan (CeBC-A@CS) adsorbent showed a higher fluoride adsorption capacity than
lanthanum bentonite clay-malic acid chitosan (LaBC-A@CS) and aluminum bentonite clay-malic acid
chitosan (AIBC-A@CS) adsorbents.
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Figure 15. (a) Effect of pH and (b) pHzpc values of cerium bentonite clay-malic acid chitosan
(CeBC-A@CS), lanthanum bentonite clay-malic acid chitosan (LaBC-A@CS) and aluminum bentonite
clay-malic acid chitosan (AIBC-A@CS) adsorbents. Reproduced with permission from Reference [151].
Open Access 2020, RSC Advances.

Wei et al. [153] investigated the novel hydrotalcite-like material layered double hydroxide
(FeMnMg-LDH) adsorbent synthesized by co-precipitation and its adsorption capacity for the removal
of lead ions in water. In order to prevent the precipitation of Pb?* at the high pH, the experiment pH
was set below pH 6. The pH of 6 was maintained to prevent the precipitation of Pb>*, and effects of pH
on the adsorption are discussed. It was reported that the Pb?* removal percentage by FeMnMg-LDH
adsorbent mostly increased with the increasing pH value. The Pb?* removal percentage higher
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than 97% at the pH range 3-6, was achieved. This is an indication of the outstanding efficiency
and performance of FeMnMg-LDH adsorbent in Pb?* adsorption except when pH is equal to 2.
The suspension of the absorbent might take place at extremely low pH resulting into the collapse of the
structure of FeMnMg-LDH and therefore reduce Pb>* adsorption efficiency and capability. Comparing
the bentonite clay and LDH-based adsorbent, it can be concluded that FeMnMg-LDH adsorbent has a
higher adsorption capacity of more 97% than others except the cerium bentonite-malic acid chitosan,
which appears to have more or less similar adsorption capacity percentage.

Influence of Contact Time

The contact time significantly affects the adsorption process and the economic efficiency of
the process including the adsorption kinetics. Therefore, contact time is profoundly important and
dependent factor for performance determination in adsorption process [154]. Figure 16a represents
the fluoride adsorption capacity of the three adsorbents (cerium bentonite clay-malic acid chitosan
(CeBC-A@CS), lanthanum bentonite clay-malic acid chitosan (LaBC-A@CS) and aluminum bentonite
clay-malic acid chitosan (AIBC-A@CS)) at different contact times in the range of 10 to 90 min with
neutral pH and initial concentration. The fluoride adsorption capacity of the adsorbents was gradually
increased with an increase in contact time. Cerium bentonite clay-malic acid chitosan (CeBC-A@CS)
adsorbent obtained the higher fluoride adsorption capacity of 84% than other adsorbents with 62%,
67%, 80%, 82%). Moreover, an equilibrium at 60 min and 45 min was achieved with different adsorbents
which suggests the surfaces of the adsorbents CS and BC were completely covered with fluoride ions.
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Figure 16. (a) Effect of contact time, (b) effect of dosage, (c) effect of initial fluoride concentration
and (d) effect of co-ions on the fluoride adsorption of the adsorbents AIBC-A@CS, LaBC-A@CS and
CeBC-A@CS at 303 K in neutral pH. Reproduced with permission from Reference [151]. Open Access
2020, RSC Advances.
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Jaiswal and Chattopadhyaya [155] studied the effect of contact time on adsorption of Pb(II) on the
Co/Bi-LDH synthesized by using co-precipitation method. Their impressive finding was that 90.0%
of the adsorptive removal of contaminant, called heavy metal, was accomplished within 120 min of
contact time. It was also observed that beyond 120 min, contact time has no effect in heavy metal
removal percentage. At the beginning, very high adsorption rates were observed simply because of
the larger number of vacancy sites available for the sorption and adsorption equilibria that were then
steadily reached [139]. Effect of contact time for bentonite clay and LDH adsorbents using the same
co-precipitation method were compared, and it can be concluded that LDH adsorbent seems to have
an upper hand in terms of the adsorption capacity percentage for removal of contaminants. The reason
for this is that LDH adsorbent has higher surface charge density and more ion exchange binding sites
for good adsorption. This could also be attributed to the adsorption on the LDH layers via hydroxide
precipitation or metal complexation.

Influence of Adsorbent Dosage

As matter of principle, the degree of adsorption of a solute increase with the increase in the
content of an adsorbent. This can be attributed to the increase in adsorbent dosage, which indicates
the increased active exchangeable adsorption surface vacancy sites. Nevertheless, the total solute
adsorption per unit weight of an adsorbent can decline subsequent to the upsurge in adsorbent dosage
because of meddling initiated by the interaction of active sites of an adsorbent [156]. In Figure 16b,
the results showed the most favorable dose achieved as 25 mg for the adsorption of fluoride ions
via three bentonite clay-based adsorbents. The resultant adsorption capacities of 87%, 90% and 92%
were reported for aluminum bentonite clay-malic acid chitosan (AIBC-A@CS), lanthanum bentonite
clay-malic acid chitosan (LaBC-A@CS) and cerium bentonite clay-malic acid chitosan (CeBC-A@CS)
adsorbents, respectively. Beyond 25 mg, the results showed no significant increase in the fluoride
removal limit due to the lower availability of active adsorption sites [157].

Li and co-authors [158] studied Mg—Al layered double hydroxides/MnO,(Mg-Al LDHs/MnO,)
adsorbents for removal of Pb(II) from aqueous solutions synthesized by one-pot hydrothermal method.
It was reported that the adsorbent dosage of Mg—Al LDHs/MnO, considerably influenced the adsorptive
removal of contaminants like lead ions. It was also observed that the percentage adsorptive removal of
Pb(II) contaminant increased fivefold from 18.48% to 99.56% with the adsorbent dosage increasing
by a factor of 9 from 0.01 to 0.09 g. In addition, the higher adsorbent dose results in a reduced
adsorption capacity of Mg—Al LDHs/MnO, at Pb(II) concentration of 50 mg/L. This observation can
probably be associated with the low adsorbent dosage leading to the dispersion of Mg-Al LDHs/MnO,
particles in aqueous solutions. The maximum adsorption efficiency and performance of LDH-based
adsorbent and bentonite clay-based adsorbent was achieved at 99.56% and 92%, respectively. The
LDH-based adsorbent achieved higher percentage removal efficiency of Pb(II) contaminant than
bentonite clay-based adsorbent. This is attributed to the increase in the concentration of adsorption
sites in aqueous solution, which enables the contaminants adsorption on a larger number of actives sites.

Influence of Initial Ion Concentration

The influence of the initial ion concentration of the contaminant on the adsorption is one of the
most important factors to be studied. It can be seen from Figure 16¢ that the adsorption capacity of
fluoride ions increased with increase in initial concentration. The initial concentrations improved from
2.0 mg per liter to 10 mg per liter where the adsorption capacity/proficiency of the aluminum bentonite
clay-malic acid chitosan (AIBC-A@CS), lanthanum bentonite clay-malic acid chitosan (LaBC-A@CS) and
cerium bentonite clay-malic acid chitosan (CeBC-A@CS) adsorbents moved from 70.1% to 98% [151].
Thus, the adsorption limit was observed to be straight forward undertaking related to the adsorption
of fluoride ions. Mostafa et al. [159] investigated the effect of different Fe(II) concentrations on
adsorption capacity of Co/Mo-LDH with carbonate (CO3)?~ as an interlayer anion prepared through
co-precipitation method. Their results revealed that the Co/Mo-LDH seemingly removed a significant
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amount of Fe(Il) contaminant from the aqueous solutions. The maximum adsorption efficiency
improved to a 99.74%, and the saturation occurred when no more metal ions could be adsorbed on the
surface of Co/Mo-LDH. A high efficiency for ferrous adsorption was obtained through a relatively
short period of time up to 60 min at initial concentrations of 1.0, 2.0, 3.0 and 5.0 mg/L. The LDH-based
adsorbent has 99.74% higher maximum adsorption capacity than bentonite clay-based adsorbent
with 98%.

Influence of Co-Existing Ions

The adsorptive removal efficiency of contaminant is typically influenced by the presence
of co-existing ions in solution leading to competitive adsorption on the adsorbent surface [160].
The influence of various negatively charged anions such as chloride (C17), sulfate (SO4%7), nitrate
(NO37) and bicarbonate (HCO5~) ions on the adsorption of fluoride by the three adsorbents (aluminum
bentonite clay-malic acid chitosan (AIBC-A@CS), lanthanum bentonite clay-malic acid chitosan
(LaBC-A@CS) and cerium bentonite clay-malic acid chitosan (CeBC-A@CS)) was examined in Figure 16d.
The findings suggest that the C1~ and NO;~ ions did not change the fluoride adsorption efficiency,
while the SO42~ and HCO3 ™~ ions had an adverse effect. This can be associated with high coulombic
repulsion forces in existence, which reduced the mobility of fluoride ions during interaction with the
active sites of the adsorbent. The larger degree of interference of the SO4>~ and HCO; ™ ions is due to
the arrival of OH™ ions which induced the arrangement of sodium sulfate and sodium bicarbonate
increasing the solution pH and thus made possible for these ions to compete with fluoride ions on the
surface of the adsorbent [160].

Zhu et al. [161] studied the effect of calcined Mg/Al layered double hydroxides (Mg-Al LDH) as
efficient adsorbents for polyhydroxy fullerenes (PHF) prepared by co-precipitation method. Naturally,
PHF may co-exist with other inorganic anions, which may affect its adsorption on layered double
oxide (LDO). The effect of selected various coexisting anions such as CI~, CO43%7, 5042, and HPO4 2~
at approximately pH of 10 was analyzed. Their results proved that CI~, CO32~, and SO,2~ slightly
improved the adsorption of the PHF on LDO. The adsorption capacity of PHF on LDO lessened
considerably in the entire concentration range of PHF with the presence of HPO,2~ ions. The increase in
PHF concentration implies that the negative effect of HPO,?~ declined noticeably due to the improved
competitive effect of PHF. The effect of co-existing anions on the adsorption of LDH adsorbent may
influence the surface property of the adsorbents resulting into two effects known as inhibiting effect and
synergistic effect. These happen by occupying some of the adsorption vacant sites (an inhibiting effect)
and providing additional adsorption sites (a synergistic effect) [161]. This means that the properties of
the adsorbates are influenced by promoting the aggregation or dispersion of adsorbates. Ultimately,
the co-existing ions may have various effects such as promoting, inhibiting, or no effect at all on the
adsorption of adsorbates of the adsorbents.

Influence of Temperature

The effect of temperature is typically one of the factors governing the adsorption efficiency
and performance of adsorbents in water purification systems. An increase in temperature with an
increase in the adsorption percentage enables the adsorption capacity of clay/LDH-based adsorbents
at various temperatures [162]. This is due to the increase in the mobility of contaminants in aqueous
solution, which leads to the improvement in the availability of adsorption vacant surface-active
sites. Temperature parameter is well-known to have a strong effect on different chemical processes.
It affects the adsorption rate by varying the molecular chain interactions and the solubility of the
adsorbate. The effect of temperature on the adsorption of Pb(II) on clay/LDH was investigated by
Ayawei et al. [162]. It was observed that on increasing the temperature, the percentage removal of
metal ions increased (Figure 17). This presented sufficient evidence to conclusively refer to this
adsorption process as an endothermic kind of the process.
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Figure 17. Adsorption capacity and percentage as a function temperature. Reproduced with permission
from Reference [162]. Open Access 2015, International Journal of Chemistry.

Influence of Sorption Kinetics and Isotherms

The information on adsorption/desorption process and isotherms is one of the key factors required
for proper analysis, structure and understanding of the adsorbent-adsorbate system [160]. In recent
times, various models have been explored to explicitly explain the adsorption behavior including
isotherm models. The latter provide valuable information about adsorption property of a system and
the distribution of exchangeable sites on the surface of the adsorbent. In general sorption, diffusion,
desorption, sorption isotherms will be discussed in this section [163].

Some of the factors that play a major role in the adsorption/sorption process are explained below.
The nanocomposites usually exhibit a very high amount of barrier properties with even a small amount
of layered silicate [29]. Some small molecules such as oxygen, carbon dioxide, water and nitrogen
permeate through a polymer membrane due to a gas chemical potential gradient through the membrane.
The chemical potential difference (Ap) acts as the driving force for the molecules to permeate from
the high chemical potential side to the side of low chemical potential. The mode occurrence of
permeant transport in polymers is described using the solution—diffusion model. According to this
model, the permeation in polymers consists of three steps as illustrated in Figure 18a (i) sorption
of the permeant from the high concentration side onto the membrane/film surface, (ii) diffusion of
the permeant along the concentration gradient through the membrane and (iii) desorption through
evaporation from the low concentration surface of the membrane. When the permeating molecule
interacts with the polymer, then the deviations from a gradient with a straight line can be observed
and is known as non-Fickian diffusion explained by the diffusion-relaxation model [164,165].

In this review, we discuss the tortuosity of the diffusive path for nanoplatelets for the gas barrier
properties of nanocomposites in Figure 18b. Layered silicate nanoclays such as montmorillonite and
kaolinite are the most innovative and promising nanofillers due to their ability to exfoliate to form single
nanoplatelets when dispersed in a polymer matrix. The basic theory of the model is that the presence
of impermeable clay platelets forces the permeant (gas) molecules to follow a longer diffusion path by
traversing around the platelets. Therefore, this is also known as the tortuous path model as illustrated
in Figure 18b. The nanoplatelets hinder the diffusion process of small gases through them and form a
tortuous path which act as a barrier structure for gases. Tortuous paths explicitly explain the principle
of the barrier behavior and its noticeable improvement in nanocomposites, which can be attributed to
the impermeability of the layered clay silicate into the polymer matrix. Therefore, the intercalation
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molecules are placed in a wiggle shape around the nanoparticles in a random way [166,167] as seen in
Figure 18b.
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Figure 18. (a) Schematic illustration of the solution diffusion model. Reproduced with permission from
Reference [168]. Open Access 2020, MDPI Polymers. (b) Schematic illustration of the tortuous path
model. Reproduced with permission from Reference [95]. Open Access 2017, RSC Advances.

Follain et al. [169] investigated the water vapor transport properties by pervaporation and
sorption measurements and evaluated nanoclay extent of dispersion in polymer matrix. They prepared
nanocomposites based on poly(ethylene-co-vinyl acetate) (EVA)/organo-modified Cloisite clays at
varying contents by melt blending. Their results showed a noticeable decrease in water permeation flux
obtained when nanoplatelets are incorporated into the neat EVA matrix (Figure 19a). This barrier effect is
typically attributed to the remarkable increase of the diffusion pathways due to organo-modified Cloisite
clay-induced tortuosity effects. Furthermore, the water permeation flux seems to be proportional
to the diffusion coefficient, which was found to be reduced due to a plasticization effect of water.
The water-induced plasticization effect of sorbed water molecules was highlighted through sorption
kinetics, and water barrier behavior was observed.

(b)

030y X
+C10A ; !
4 ; )
025 y /
@) ’ " ‘r
k; &/
g 2 T ’,"‘,’
= 0
H,0 — E 1 ” /::
EVA [ , "y
oy 042 G o
5 0154 o Al
E "
g H = A
&1 £ 010 At
w| i ] P
I H Lk
S/ =" AEVARB%CIOA
21/ 005 . SEVA'SACIOA
/] g P $EVASTHCI0A
i " *EVA
i 0.00 . . . ,
i 04 06 08 1
Water activity

Reducédtlme

Figure 19. (a) Water permeation flux as a function reduced time. (b) Water vapor sorption isotherms of
the neat EVA matrix and its nanocomposites with an inset of C10A nanoclay isotherm. The dotted lines
correspond to the fitting of experimental data with Park’s model. Reproduced with permission from
Reference [169]. Open Access 2015, The Royal Society of Chemistry.
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The water vapor sorption isotherm curves are also known as water mass gain in the equilibrium
state versus water activity deduced from water sorption kinetics, reported in Figure 19b. The water
sorption capacity of nanoclays is evidently higher than that of the EVA matrix. The incorporation of
Cloisite (C10A) into the EVA matrix induced the shift of isotherm curves to lower values at a given
activity (Figure 19b), reproducing a reduction in water mass gain. As a result, C10A sorbed higher
water mass gain than the matrix, which contributed to increasing sorption capacity of nanocomposites,
and this finding is in good agreement with the reduction of water permeability. The decrease in mass
gain can be related to tortuosity effects induced by nanoclays in a matrix and which counterbalance
the strong water sorption capacity of nanofillers [170]. An increase in nanoclay content, reproduced an
increase in water mass gain for nanocomposite samples, which is measured for the whole water activity
range due to a more hydrophilic character of nanoclays than the matrix one. This can be attributed to the
increase of the polar site number of surfactant-modified nanoclays. The sorption process of the resulting
nanocomposites is thus driven by the nanoclay sorption capacity, and the incorporation of nanoclay
content into the nonpolar matrix. The nanocomposite with the highest nanoclay loading is categorized
by the highest water mass gain. Water molecules are implicitly located in the matrix/nanoclay interfacial
regions, and the conclusion is water absorption behavior of nanocomposites obeyed Fick’s law. The
increased tortuosity within the EVA matrix/nanoclays is therefore in opposite effect to the increased
water solubility due to the hydrophilic character of nanoclays.

Rajan et al. [171] studied the role of dicarboxylic acid (malic acid (A)) in chitosan
(CS)/modified-metal ion decorated bentonite clay (BC) and the defluoridation efficiency in fluoride
contaminated groundwater. The samples were prepared through the solution mixing and their findings
revealed the chemical changes of the adsorbent as shown in Figure 20. The bands observed in the range
of 3413-3440 cm ™! in the spectra of chitosan confirm the presence of O-H bond stretching and N-H
bond stretching frequency [172]. The bands at 3046 cm™! and 2900 cm™! related to aliphatic stretching
vibrations of —CH, while the bands at 2927 and 2860 cm™! can be attributed to the C-H stretching
vibration of the -CH, groups in chitosan. The aliphatic stretching vibrations of -CH have very low
intensity in chitosan [171].
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Figure 20. FTIR spectrum of (a) chitosan (CS), (b) aluminum bentonite clay-malic acid chitosan
(AIBC-A@CS), (c) LaBC-A@CS, (d) cerium bentonite clay-malic acid chitosan (CeBC-A@CS) and (e)
fluoride adsorbed CeBC-A@CS. Reproduced with permission from Reference [151]. Open Access 2020,
RSC Advances.
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The peak observed at 1596 cm™ is related to N-H bond scission from the primary amine because
of free amino groups in the crosslinked chitosan segments [173]. The peak which appeared at 1596 cm™
indicates the aromatic ring stretching vibration. The C=0 adsorption peak of secondary hydroxyl
groups becomes more pronounced and shifts to 1107 cm™! [174]. It can be seen in Figure 20e that
the peak intensity of the hydroxyl group was remarkably reduced because of the fluoride adsorption.
Furthermore, the nitrogen adsorption—-desorption analysis was done by Rajan and co-authors [170] as
evident in Figure 21. The surface area, pore width and pore volume of the synthesized CeBC-A@CS
adsorbent was characterized by Brunauer-Emmett-Teller (BET) analysis and reported as 103 m?-g~1,
12.71 nm and 0.0321 cm®-g~!. The synthesized CeBC-A@CS adsorbent possessed high surface area,
higher pore width and larger microspore volume, which confirmed that the synthesized adsorbent has
maximum adsorption capacity.
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Figure 21. Nitrogen adsorption—-desorption isotherm spectrum of cerium bentonite clay-malic acid
chitosan (CeBCA@CS) adsorbent. Reproduced with permission from Reference [151]. Open Access
2020, RSC Advances.

4. Concluding Remarks and Future Prospects

In summary, polymer/layered clay nanocomposites are the most progressive and alternative
procedures for water purification systems. Synthesis of nanomaterials such as nanoclays and/or LDHs
play a pivotal role in improving the physicochemical properties of adsorbents for pollutant removal
in water. Furthermore, layered double hydroxides (LDHs) materials have attracted considerable
attention and are preferred candidates as sorbents in water treatment because of their remarkable
ability to eliminate a variety of water contaminants instantaneously. Their unique properties as anion
exchangers and their compositional versatility among other factors is an advantage over other types of
clays in the field of water treatment.

Various modification techniques were discussed for the preparation of functionalized clay and
LDH nanomaterials and showed influence on the dispersion of nanoclay fillers in the polymer matrices.
The desired properties for the polymer/clay and LDH nanocomposites are primarily dependent on the
type of modifying agents used for functionalization of layered silicates. Solution blending technique
and in situ polymerization method seemed to provide good dispersion of clay layers in polymer matrix
compared to melt blending technique. This is mainly because of the low viscosity and high agitation
power associated with solution blending. However, melt blending is considered as an industrially
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viable as well as ecofriendly technique and shows high economic potential. The addition of stabilizers
and/or compatibilizers during the processing stage is believed to lead to an improved number the
properties of polymer/clay and LDH nanocomposites.

Development of an appropriate understanding of the structure, property and formulation
relationship in both clay-based nanocomposites and LDH based hybrids needs to be further researched
for better output in water purification. LDH-containing hybrids are the new emerging areas of research
in water purification processes. Due to their nontoxicity, higher surface area than individual constituents
and notable adsorption capacity, these LDH hybrids have attracted a considerable interest in water
treatment applications. The polymer/modified-clay nanocomposites with exfoliated morphology
disclosed strong reduction in water surface tension and efficiently remove methylene blue (MB) dye and
other contaminants from water. The adsorption increased with increasing dye concentration, pH values
and increasing temperature due to the increased kinetic energies of the molecules. The morphologies
of polymer/LDH nanocomposites exhibited a remarkable high adsorption capacity for the efficient
removal of dyes and heavy metal ions from water within a short time interval.
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LDHs Layered double hydroxides Cl~ Chloride ion

2D Two-dimensional NO*- Nitrate ion

WHO World Health Organization CO32- Carbonate ion
WASH Water, sanitation and hygiene Ny Nitrogen

SDGs Sustainable development goals M2+ Divalent cation

MF Microfiltration M3+ Trivalent cation

UF Ultrafiltration LBL Layer-by-layer

NF Nanofiltration NH,OH Ammonium hydroxide
RO Reverse osmosis SLNSs Single layer nanosheets
SMNs Surface modification of nanomaterials PVA Poly(vinyl alcohol)
PCNCs Polymer clay nanocomposites PEG Poly(ethylene glycol)
PNCs Polymer nanocomposites HT Hydrotalcite

MDPI Multidisciplinary Digital Publishing Institute PAA Poly(acrylic acid)
NCs Nanoclays POX Poly(2-oxazoline)
MMT Montmorillonite PP Polypropylene

CEC Cation exchange capacity pPIP Polyisoprene

PMMA Poly(methyl methacrylate) PLLA Poly(r-lactic acid)
Mg(OH), Magnesium hydroxide PA11 Polyamide

EVA Poly(ethylene-co-vinyl acetate) PAM Polyacrylamide
Al(NO3)3.9H,O Aluminum nitrate nonahydrate PE Polyethylene
Mg(NO3),.6H,O Magnesium nitrate hexahydrate PLA Poly(lactic acid)

BPF Bio-oil phenolic foam PS Polystyrene

MBPF Modified bio-oil phenolic foam BT Bentonite

MAPP Maleic-anhydride-grafted polypropylene MB Methylene Blue

TPU Thermoplastic polyurethane CCs Crosslinked chitosan
NBR Nitrile butadiene rubber MO Methyl orange
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PBT Polybutylene terephthalate PANI Polyaniline

NIPAM N-isopropylacrylamide DNA Deoxyribonucleic acid

SEM Scanning electron microscopy AA Acid activated

OMMT Organically modified montmorillonite PES Polyethersulfone

TEM Transmission electron microscopy AO-II Acid Orange IT

PBS Phosphate-buffered saline Ppy Polypyrrole

SDBS Sodium dodecylbenzene sulfonate Cs Chitosan

AMPS 2-acrylsmido-2-methyl-propanesulfonic acid SA Sodium alginate

GA Glutaraldehyde NaOH Sodium hydroxide

HCl1 Hydrochloric acid BC Bentonite clay

CeBC-A@CS Cerium bentonite clay-malic acid chitosan

LaBC-A@CS Lanthanum bentonite clay-malic acid chitosan

AIBC-A@CS Aluminum bentonite clay-malic acid chitosan

pHzpc pH zero charge MnO, Manganese dioxide

Iron Manganese Magnesium-layered

FeMnMeg-LDH double h;;droxide i ’

DI Deionized Pb(I) Lead ion

RSC The Royal Society of Chemistry HCO3™ Bicarbonate ion

Co/Mo-LDH Cobalt/Molybdenum-layered double hydroxide

PHF Polyhydroxy fullerenes SO4> Sulphate ion

SBR Styrene-butadiene rubber ClI~ Chloride ion

VE Vinyl ester EP Epoxy

LDO Layered double oxide NO3~ Nitrate ion

Mg-Al-LDH Magnesium-Aluminum-layered double hydroxide

XRD X-ray Diffractometry AB Amido Black

HPO,> Hydrogen phosphate ion CH, Methylene

N-H Imidogen Cc=0 Carbon monoxide

C10A Cloisite 10A C-H Methylene group

Ap Chemical potential difference

BET Brunauer-Emmett-Teller

NRF National Research Foundation
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Abstract: The utilization of layered nanofillers in polymer matrix, as reinforcement, has attracted
great interest in the 21st century. This can be attributed to the high aspect ratios of the nanofillers and
the attendant substantial improvement in different properties (i.e., increased flammability resistance,
improved modulus and impact strength, as well as improved barrier properties) of the resultant
nanocomposite when compared to the neat polymer matrix. Amongst the well-known layered
nanofillers, layered inorganic materials, in the form of LDHs, have been given the most attention.
LDH nanofillers have been employed in different polymers due to their flexibility in chemical
composition as well as an adjustable charge density, which permits numerous interactions with
the host polymer matrices. One of the most important features of LDHs is their ability to act as
flame-retardant materials because of their endothermic decomposition. This review paper gives
detailed information on the: preparation methods, morphology, flammability, and barrier properties
as well as thermal stability of LDH/polymer nanocomposites.

Keywords: nanocomposites; nanofillers; thermal stability; flammability; polymer matrix

1. Introduction

Polymer matrices are normally reinforced with inorganic fillers in order to improve their properties
and widen their applications [1]. The well-known fillers include silicate, carbon based, calcium
carbonate, fibres, etc. It is apparent that the incorporation of filler requires high content in order to have
any significant influence of the properties of the polymer matrices. A higher composition of fillers,
in most cases, results in increased weight of the resultant composites, which limits the applications of
such systems. In order to solve the problem of weight, nanoparticles have recently emerged as the
filler of choice to enhance the properties of the resultant polymer matrix. This is due to the ability of
nanoparticles to influence the properties of a polymer matrix with considerably low contents, thereby
allowing the nanocomposites to maintain low density of the polymer matrix.

The incorporation of layered inorganic fillers into polymer matrices to form polymer/layered
inorganic nanocomposites has attracted a lot attention due to their distinctive properties [2]. Layered
double hydroxides/polymer nanocomposites belong to an important class of polymery/layered inorganic
nanocomposites because they have shown significant improvement in the composites’ thermal stability,
flame retardancy, and improvement in overall physical properties [3,4]. Due to high pressure that
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can limit or prohibit the use of halogen flame retardant materials because of environmental concerns,
LDHs have emerged as a suitable candidate for halogen-free flame-retardant material [5-8]. It is well
documented in the literature that the methods used for the synthesis of LDH include: urea hydrolysis,
hydrothermal synthesis, co-precipitation, and ion exchange [9,10].

From a chemistry point of view, the structure of LDH can be presented by the following formula:
[MHl—x MXIH (OH)Z] intra [Ax/mm_ 'nHZO] inter-

In the formula, inter and intra are the intralayer crystalline domain and interlayer spaces,
respectively. The layers of the LDHs are positively charged edge-shared octahedral coordinated metal
hydroxide crystal structures, sandwiched by charge compensating interlayer anions with optional
solvation in water. Furthermore, MT (M?*) is the divalent cation, whereas M (M3*) is the trivalent
cation and A is described as an anion with the valency m. Nevertheless, it is apparent that LDHs
consist of high charge density in the interlayer and they seem to have an impenetrable action between
the hydroxides when compared with the well-known layered silicates, which makes exfoliation very
difficult [2]. Furthermore, the fact that polymers are hydrophobic results in further hindrance of the
polymer chains into the LDHs. It is very clear that there is the need to incorporate anionic materials in
order to improve the intercalation of polymers into the LDHs layers. The easiest and convenient route
for fabrication of polymer/LDHs with improved properties is to modify the clay with surfactant or
other materials with the aim of preparing a stable LDHs/polymer nanocomposite system. This review
paper discusses the different modifications of LHDs and the preparation of polymer nanocomposites
with enhanced properties, i.e., better dispersion, flammability resistance, and thermal stability.

2. History of Layered Double Hydroxides (LDHs)

The existence of LDHs dates back to 1842, where minerals consisting of LDHs were discovered in
Sweden. The laboratory synthesis of LDHs began in 1942 and was based on the reaction of dilute metal
solutions with bases. Due to their structural similarities to the hydrotalcites, LDHs were referred to as
hydrotalcite-like compounds (HTLCs). Hydrotalcites are compounds that exist as hydroxycarbonates
of magnesium and aluminium or magnesium and iron (pyroaurite). These hydroxycarbonates are
found in nature, in the form of foliated and twisted plates [11]. In the early 1970s, hydrotalcites
began to be used as catalysts and precursors of various catalysts. This triggered a lot of interest
towards the research of LDHs [11,12]. The first studies on the single crystal X-ray diffraction of
minerals revealed that LDHs possessed a layered structure. Each layer consists of two cations and
the interlayer space was filled with water and carbonate ions. However, at first, this was debated
by several researchers. The reason for this was that even though the main components of the LDH
structure had been identified, some researchers still felt that the intrinsic details associated with the
structural components of LDHs were not yet understood [13]. LDHs can be formed naturally through
natural processes and synthetically in the laboratory. In nature, LDHs are formed naturally by natural
processes, such as the weathering of basalt rocks [14,15] and the precipitation [16] of saline water.
As mentioned earlier, the structure of LDHs resembles that of naturally occurring hydrotalcites with
the formula, [MgeAl,(OH)16]CO3-4H,0 and a general formula, [M(I);_x M(III)x (OH)>J(Y"")yn-YH,O,
where M(II) and M(III) are divalent and trivalent metals, respectively; 0.2 < x < 0.33 and Y"~ are
exchangeable interlayer anions [17-19]. Synthetically formed LDHs have a highly hydrophilic nature
with an amorphous or semicrystalline hexagonal structure. The structure of the LDH layers is based
on the brucite compound [Mg(OH),]. The layers that are adjacent to each other are usually tightly
bound together [11]. The structure of LDHs is shown in Figure 1.
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Figure 1. General chemical structure of layered double hydroxides (LDHs) [10].

During the synthesis of LDHs, many different combinations of divalent and trivalent metal cations
are used; these include: magnesium, aluminium, zinc, nickel, chromium, iron, copper, indium, gallium,
and calcium [17,20-22].

LDHs are usually preferred over clays or other layered materials. This is because the synthesis of
LDHs has the potential of forming LDHs with a wide range of compositions and metal-ion combinations.
Their preference over clay is also due to the fact that LDHs have high charge density. The charge
density of the LDHs is determined by the ratio of the divalent and trivalent metal cations. If the
divalent/trivalent ratio is low, the charge density increases [11]. LDHs have unique physical and
chemical properties that are closely related to those of clays. The positively charged layered structure of
LDHs induces properties, such as anion mobility, surface basicity, and anion exchangeability. The water
and the anions found between the layers of LDHs are labile. Therefore, exchange reactions can be
used to replace these interlayer anions with various inorganic or organic anions [23]. When LDHs
are calcinated, mixed metal oxides with properties, such as large surface area and surface basicity are
obtained. At elevated temperatures, the metal oxides formed also form a homogenous mixture with
small crystallite sizes [11]. The LDHs and metal oxides formed during calcination also have a high
catalytic activity.

LDHs possess a structural reconstruction or memory effect property that is only unique to them.
Structural reconstruction is a property that is induced by the calcination of LDHs and the treatment
of metal oxides with a specific anionic solution [24]. These materials can easily adsorb anions and
cations [25,26]. The magnetic properties of LDHs are usually regulated by the chemical nature of
the interlayer spaces in them. The chemical environment in these spaces can be modified by the
intercalation with organic anions of different chain lengths. This results in hybrid materials with
tunable magnetic properties [27]. The intercalation of LDHs with long-chain surfactants, e.g., dodecyl
sulphates, forms hybrid materials that swell in organic solvents. This swelling characteristic is usually
exploited in the fabrication of monolayers used in nanohybrid and nanocomposite synthesis [28].
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The chemical environment in between the layers of LDHs is usually altered by the exchange of anions.
The exchange of anions follows the following order of preference:

NO;< Br~ <ClI” <F~ < OH™ <S04 < CO3~

Here, the NO7 anion can be easily replaced by the CO%’ anion. Therefore, in the preparation
of a precursor for interaction, the NO anion is preferred over the CO%‘ anion. This is because the
interaction has to happen in such a manner that the introduction of the guest molecule does not
change the structure of the host. During this interaction, the existing ion is replaced by the guest
molecule. The anions that are weakly bonded to the hydroxide layers are usually the most vulnerable
for replacement by other ions [29-31].

Many different methods are used for the synthesis of LDHs. The type of method used depends
on the required characteristics and applications of the resultant material. The most commonly used
methods/techniques are methods such asco-precipitation, hydrothermal synthesis, urea hydrolysis,
sol-gel, ion-exchange, and rehydration. There also are other methods often employed, such as self-oxide
method, template synthesis method, and surface synthesis method. The co-precipitation method is
one of the commonly used methods. In this method, the LDH structure is formed by the mixing of
aqueous solutions of M(II), M(IIl), and interlayer anions. This method gives the liberty to prepare
LDHs that consist of a wide range of anions and cations. The co-precipitation method is uniquely
used to prepare organic-anion LDHs [13]. The co-precipitation method can be further subdivided
into three other methods, viz co-precipitation by filtration, co-precipitation at lower supersaturation,
and co-precipitation at higher supersaturation methods.

The hydrothermal synthetic method is usually employed to regulate particle size and particle size
distribution. The hydrothermal synthesis method follows two synthesis routes. The first route is where
the materials are prepared at temperatures above 373 K in a pressured autoclave. Here, the LDHs are
synthesized from MgO and Al,O3 precursors or from mixtures formed through the decomposition
of the precursor nitrate compounds [11,32,33]. In the other synthesis route, LDHs are prepared at
low temperatures and are also subjected to a process of aging. During the aging process, the LDH
precipitate is refluxed at a specific temperature for 18 h.

In the urea hydrolysis method, urea is used as a precipitation agent in the synthesis of LDHs,
at specific temperatures. The degree of crystallinity of LDHs depends on the synthesis temperature
and decomposition rate. At low temperatures, large particles are formed due to the slow nucleation
and slow decomposition rates of the urea [34,35]. The urea hydrolysis method is uniquely used in the
synthesis of LDHs with a high charge density [34].

In the sol-gel method, LDHs are produced by first forming a sol via the hydrolysis and partial
condensation of a metallic precursor, followed by the formation of a gel. Here, the hydrolysis and
condensation rates of the metallic precursors determine the properties of the resultant LDHs [36].
The condensation and hydrolysis rates of the metallic precursors are also susceptible to modification
by various reaction parameters, such as pH, type and concentration of the precursor, synthesis
temperature, and solvent used. The sol-gel method forms LDHs with a larger surface area than those
formed by the co-precipitation method [37-39]. However, properties such as basicity as well as the
divalent and trivalent metal ion molar ratios of LDHs synthesized with the sol-gel method are still not
understood [38-40].

The ion-exchange method involves the exchange of interlayer anions with other guest anions
introduced into the LDH structure in order to obtain the LDH-guest compound. Several factors, such as
affinity towards the guest anions, the medium of exchange, pH, and the chemical nature of the brucite
layers affect the ion-exchange in LDHs [41].

In the rehydration method, the mixed metal oxides formed after the calcination of LDHs at high
temperatures between 500-800 °C are rehydrated and formed into an LDH structure in the presence of
the desired anions [42-47].
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3. Selective Polymer Matrices for Fabrication LDHs

Polymer matrices are frequently reinforced by different nanofillers to reduce the limitations of
polymers and widen their applications. LDHs nanofillers have been incorporated into polymer matrices
to improve the mechanical properties, flammability resistance, and the overall physical properties of
polymers. Polymer matrices in nanofiller polymer nanocomposites are used to provide shape and
durability in the nanocomposites.

Different polymer matrices have been used for fabrication of polymer-LDHs nanocomposites.
The polymer matrices include polymethyl methacrylate (PMMA), epoxy, polylactic acid (PLA),
polyvinyl chloride (PVC), polypropylene (PP), poly(ethylene terephthalate)(PET), polystyrene (PS),
polyaniline, low-density polyethylene (LDPE), acrylonitrile-butadiene-styrene (ABS), ethylene vinyl
acetate (EVA), linear low density polyethylene (LLDPE), cellulose, and poly(caprolactone) [48-60].
Based on the polymer matrices mentioned above, it is clear that thermoplastic and thermosets
were used as host matrices for preparation of LDHs-nanocomposites. However, it is apparent
that thermoplastic matrices were preferred over the thermosets because the former are lightweight,
can be re-melted, and shaped. Due to an environmental protection, there is a slight shift towards
fabrication of biopolymer matrix/LDHs nanocomposites. The resultant nanocomposite is termed
“green nanocomposite”, and these nanocomposites are favourites to replace petroleum-based plastics.
Table 1 summarizes selective polymer matrices for preparation of LDHs nanocomposites.

Table 1. LDHs nanocomposites with selective polymer matrices.

Type of Polymer (Thermoset or

Nanocomposites Thermoplastic) Typical Example of Nanocomposite References
Polyaniline (PANI)/LDHs Thermoset PANI/Mg- Al-LDH [48]
Polyaniline (PAn)/LDHs Thermoset PAn/(3:1; Zn/Al-LDHs) [49]
Polypropylene (PP)/LDHs Thermoplastic, polyolefin PP/MgAl-layered double hydroxides [50]
PLA/LDHs Thermoplastic, polyester PLA/(Mg-Al-LDH-Cy5) and [51]

PLA/Mg- Al -LDH-CO3

EP/Zn-Al-CO;5 -HA LDH and
Epoxy (EP)/LDHs Thermoset EP/Mg-Al-CO3-HA LDH, [52]
HA = Hydroxyapatite

Ethylene propylene diene

(EPDM)/LDH Thermoplastic, elastomer EPDM/Cu-Al -LDHs [53]
LLDPE/LDH Thermoplastic LLDPE/Zn Al-LDH [54]
LDPE/LDHs Thermoplastic LDPE with (i) Mny Al-LDH-stearate and (ii) [55]

CopAl-LDH-stearate

poly(3-hydroxybutyrate-co-3

-hydroxyvalerate) (PHBV) Thermoplastic, polyester PHBV/Mg- Al layered double hydroxide [56]

TPU/CoAl-LDH and TPU/APP@ Co Al -LDH

APP = ammonium polyphosphate 571

Thermoplastic Polyurethane Thermoplastic

Poly(e-caprolactone)
(PCL)/LDH
Highly amorphous vinyl
alcOHol (HAVOH)/LDH

Polybutylene succinate
(PBS)/LDH

Thermoplastic, polyester PCL/Zn Al -LDH [58]

HAVOH/Zn Al -LDH-CNTs

Thermoplastic CNTs = carbon nanotubes

[59]

Thermoplastic, polyester PBS/Mg Al-LDH [60]

4. Preparation and Morphology of Polymer-LDHs Nanocomposites

In most studies, it was explained that dispersion of the filler/nanofiller within a polymer matrix
plays a very important role in the properties of the fabricated polymer nanocomposite. In an
LDHs/polymer system, the LDHs are normally modified with organic anions in order to enhance
their interactions with polymer matrices. The main reason for improving the interaction between
the two components, i.e., polymer and LDHs, is because the polymer is hydrophobic and LDHs is
hydrophilic [61]. Furthermore, the method of preparation was also found to have a huge impact on
the dispersion of the LDHs within the polymer matrix. The literature has shown that in most cases,
LDHs are fabricated with different metals, depending on the desired applications. Leng and co-workers
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investigated the structure-property relationship of composites formed from polylactic acid (PLA) and
layered double hydroxides and the comparison of MgAl and NiAl LDH as nanofillers [62]. The metal (s)
LDHs were organically modified with sodium dodecyl benzene sulfonate (SDBS). LDHs and PLA
were prepared by a melt mixing process at a temperature of 190 °C (463 K). The morphological
comparison was based on a 3 wt.% content of LDH. Large particles with an estimated size of 100 nm
with less agglomerates were obtained for MgAl LDH/PLA (Figure 2A). According to the authors,
this arrangement will allow partial exfoliation of the metal Al/LDH layers. However, in the system
fabricated from NiAl/LDH-PLA, more aggregates were reported. The structures obtained are more
favourable to intercalation than exfoliation. With the findings obtained above, it can be summarized that
the system of NiAl/LDH-PLA favoured intercalation, whereas the MgAl/LDH-PLA nanocomposites is
a typical exfoliated system.

NiAIAl/LDH-PLA

Figure 2. TEM picture for nanocomposites with an LDH concentration of 3 wt.%. (A) MgAl/LDH-PLA
size bare 2 um; (B) MgAI/LDH-PLA size bare 200 nm; (C) NiAl/LDH-PLA size bare 1 um;
(D) NiAl/LDH-PLA size bare 200 nm [62].

Quispe-Dominguez et al. [63] investigated two types of mixing methods in order to compare which
method provides better dispersion of MgAl-DBS LDH in a PLA matrix. LDH was modified with sodium
dodecylbenzene sulfonate (DBS). The methods employed in this study include: (i) sonication-assisted
masterbatch melt mixing and (ii) direct melt mixing. Sonication-assisted masterbatch melt mixing was
undertaken by dissolving PLA and MgAI-DBS in methylene chloride as a solvent. After 12 h and ata
temperature of 80 °C, the solvent was evaporated, with the masterbatch formed, processed at 170 °C
in a twin-screw compounder for 10 min. However, for direct mixing, there was no need for solvent
mixing; PLA and MgAI-DBS were melt-mixed directly at 170 °C for 10 min. It was observed that
the sonication-assisted masterbatch melt mixing method resulted in better dispersion, intercalation,
and exfoliation of LDH when compared to direct mixing for all investigated compositions. The particle
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size of the metal (s)-LDHs nanofiller has been proven to have an influence on the dispersion of the
nanofiller within a polymer matrix [64]. It was reported that the fabrication of LDH with gel resulted
in large particle sizes (of between 3—4 pum), whereas the preparation of LDH nanoparticles through
sonication produced smaller nanoparticles (of between 50-200 nm) (Figure 3). The nanocomposites
with compositions of between 1-10 wt.% of Mg—Al LDH were prepared by the modified solution
mixing method. The authors reported better dispersion for smaller sonicated LDH nanoparticles
within isotactic polypropylene (iPP) matrix, as confirmed by wide angle x-ray diffraction (WAXD) and
atomic force microscopy. Table 2 illustrates the summary of some selective studies on the preparation
and morphology of polymer-LDHs nanocomposites.

LDH gel
iPP
acetone wash - solution
—— ]
xylene
q 1
e gh( i
xylene ‘l L) i /-- solution
PR e
s g [
Mg-Al-LDH sonication B J .‘.l <iks
powder 4la -, | '\
Sonicated LDH Nanocomposites

Figure 3. Graphic representation of the preparation of isotactic polypropylene/Mg—Al LDH layered
double hydroxide nanocomposites [64].
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5. Thermal Stability of Polymer/LDHs Nanocomposites

Different studies have investigated the thermal stability of LDH/polymer nanocomposites [63,65,73-84].
Various thermal stability results (decrease or increase in the thermal stability of the nanocomposites)
were recorded, depending on the LDH/polymer nanocomposites system. Lee et al. [84] reported an
increase in the thermal stability of a composite that had the addition of the nanofiller into an ethylene
vinyl acetate (EVA) matrix. In this study, an LDH nanofiller was modified with anionic surfactant,
such as sodium dodecyl sulfate (DS), sodium dodecylbenzene sulfonate (DBS), and stearate (SA).
When comparing the thermal stability (at 50% weight loss) of the three modifications, 6 phr of
DS-LDH/EVA nanocomposites showed 19 °C increment, while both the 6 phr of DBS-LDH/EVA and
SA-LDH/EVA nanocomposites recorded 12 °C increase from the pristine EVA (Figure 4). However,
Quispe-Dominguez et al. [63] reported a decrease in thermal stability with the incorporation of
magnesium-aluminium layered double hydroxides modified with dodecylbenzene sulfonate (DBS).
This was attributed to the catalytic effect of the modified nanofiller in the polymer matrix and as a
result, reducing the thermal stability of the overall nanocomposites. Due to the two different mixing
methods (viz: sonication-assisted masterbatch melt mixing and direct mixing) employed in this study
for preparation of the nanocomposites, differences in thermal stabilities were observed, depending on
the mixing method employed. It was reported that as much as the thermal stability decreases with
the addition and increases in nanofiller content, the nanocomposites prepared by masterbatch melt
mixing exhibited enhancement in thermal stability when compared with direct mixing, especially
when considering same nanofiller content. For example, at 1.25% of the nanofiller, masterbatch melt
mixing showed higher thermal stability than direct mixing at the same content. This behaviour was
ascribed to a finer dispersion and better intercalation of the nanofiller during masterbatch melt mixing.
Better dispersion and intercalation emphasize the fact that the PLA chains were more intercalated
in the LDHs layers, in case of the PLA nanocomposites prepared by the SMA melt mixing method,
resulting in an enhancement of thermal stability than the poorly dispersed and agglomerated nanofiller
in case of the direct mixing method. Zoromba et al. [83] modified both copper-aluminium LDH and
nickel-aluminium LDH with sodium stearate modifier and melt-mixed them with PP in an extruder.
The authors reported better improvements in the thermal stability of the modified nickel-aluminium
LDH when compared with neat PP, the unmodified nickel-aluminium LDH/PP, and copper-aluminium
LDH/PP nanocomposites. The improvement was attributed to better interfacial interaction between
the nanofiller and the polymer matrix.

In this study, PMMA nanocomposites were prepared by solution mixing by adding
flame resistant materials, such as intumescent flame retardant (IFR) (i) 1,2-Bis(5,5-dimethyl-1,3,2
-dioxyphospacyclOHexane phosphoryl amide) ethane (BPEA), (ii) graphene (reduced graphene oxide),
and (iii) magnesium aluminium-layered double hydroxide modified with sodium dodecyl sulfate.
It was reported that in the absence of IFR (BPEA), there was an increase in the thermal stability of
PMMA nanocomposites with reduced graphene oxide (rGO), LDH, and LDH+graphene as nanofillers
when compared with pure PMMA. The synergistic effect of LDH and LDH+graphene showed more
delay in the thermal decomposition of PMMA in comparison to PMMA/LDH and PMMA/graphene
alone. This is an indication that the synergistic effect of nanofillers can form a better protective
heat barrier and therefore delay the decomposition of the polymer, improving the thermal stability.
Interestingly, it became apparent from the same study that the synergy of LDH and graphene further
enhanced the thermal stability of PMMA/IFR composites. On the contrary, the synergistic effect of
two LDH nanofillers i.e., MgAl-layered double hydroxides (MgAl-LDH) and NiCo-layered double
hydroxides (NiCo-LDH) exhibited a decrease in the thermal decomposition of the nanocomposites,
in comparison to neat epoxy (EP) at the initial decomposition temperature (Ts9,) [85]. This was ascribed
to the catalytic effect of the metals, which speed-up the polymer degradation. However, as much as the
onset of degradation temperature decreased with the addition of the nanolayers, a combination of 2.5%
of MgAI@NiCo exhibited a slightly higher thermal stability when compared with 2.5% of MgAl in the
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epoxy matrix. Therefore, a general remark can be made such that the synergy of LDH and nanofillers
tend to produce a more compact char content than sole LDH in the polymer matrix.
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Figure 4. Thermogravimetric analysis curves of (a) neat EVA, (b) 6-phr DS-LDH/EVA, (c) DBS-LDH/EVA,
and (d) SA-LDH/EVA. The zoomed area corresponds to the TGA curves at temperatures from 420 to
470 °C [84].

6. Flammability Properties of Polymer/LDHs Nanocomposites

Layered double hydroxide nanofillers have proven to be good flame-retardant materials for
protection of polymers against heat [86]. A summarized version of the flame-retardant mechanism
of LDH occurs through the endothermic process with the generation of water and metal oxide
char. A number of authors have investigated the flammability properties of LDH/polymer
and/or polymer/LDHs+another nanofiller in order to enhance the flammability resistance of the
nanocomposites [85-89]. In most of these studies, the flammability properties of the nanocomposites
were investigated by cone calorimetry and limiting oxygen index methods. Cone calorimetry
parameters include: heat release rate (HRR), total heat release (THR), time to ignition (TTI), mass loss
rate (MLR), and smoke production rate (SPR). Amongst the cone calorimetry parameters, the HRR has
emerged as an important parameter since it measures the intensity of fire. A decrease in HRR peak
symbolizes an improvement in flammability resistance of the material under investigation. Furthermore,
an increase in limiting oxygen index (LOI) values is an indication of improvement in flammability
of the nanocomposites. It was reported that the synergistic effect of LDHs with another nanofiller
and/or an intumescent flame-retardant material significantly improved the flammability resistance
of the polymer matrix when compared with LDH alone. Li et al. [87] investigated the flammability
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properties of the three LDHs (viz: MgFe-LDHs, MgAl-LDHs and MgAlFe-LDHs) incorporated into an
EVA matrix. In this study, the LDHs nanofillers were produced from bittern by the co-precipitation
method. Generally, there was a decrease in the heat release rate (HRR) of the EVA matrix with the
addition of the LDHs nanofillers. The HRR peak of pristine EVA was recorded as 1645.8 kW/m?.
It became apparent that with the addition of the three LDHs, the HRR peaks were found to have
reduced, i.e., EVA 1 (MgAl-LDHs) recorded a value of 222.65 kW/m?, while EVA 2 (MgFe-LDHs) and
EVA 3 (MgAlFe-LDHs) showed values of 311.87 and 286.96 kW/m?, respectively. It can be concluded
that the reduction in HRR is attributed to the formation of char residues in the presence of nanofillers,
which acted as a protective barrier against heat. Since >90% of the layered double hydroxides must
be modified in order to improve the dispersion of the nanoplatelets within the polymer matrix,
it became apparent that the surfactants played a key role in the flammability properties of the resultant
nanocomposite. Qiu et al. reported on the effect of surfactant (viz: sodium dodecyl sulfate (DDS)
and stearic) on the flammability of PP and Mg3;Al LDHs nanocomposites [88]. MgzAILDHs were
prepared with surfactants i.e., sodium dodecyl sulfate (DBS) and stearic by employing the aqueous
miscible organic solvent modification technique, whereas the nanocomposites were prepared by the
solvent mixing technique. The addition of both sodium dodecyl sulfate and stearic modified-LDH
resulted in a decrease in the peak heat release rate (PHRR), with the stearic-based LDH nanofiller
showing moderate improvement in the flame resistance of PP than the sodium dodecyl sulfate (DDS)
modified-LDH. At both 20 wt.% of stearic modified-LDH and sodium dodecyl sulfate modified-LDH,
the pHRR decreased by 61% and 58%, respectively, in comparison to the neat PP. However, as much as
there is an improvement in the flammability resistance of the LDHs/nanocomposites, there is a need for
the formation of strong char layers during the process of burning. This can be achieved by combining
two or more nanofillers with LDHs. Another study [85] reported on the flammability properties of
the synergistic effect between NiCo-LDH and MgAI-LDH incorporated in an epoxy matrix. ZIF-67,
a type of metal organic framework (MOF), was used as a precursor to tie up the Co?* on the layered
double hydroxide in order to convert more of it into NiCo-LDH platelets. Various weight percentages
(wt.%) of MgAI@NiCO (viz 2, 2.5 and 3) as well as MgAI-LDH (2.5 and 3 wt.%.) were mixed with
the epoxy matrix. MgAI@ZIF-67 was used as the benchmark to compare its flammability with neat
EP, EP/2.5% MgAl, and EP/2.5% MgAl@NiCo. The addition of 2.5% MgAl reduced the PHRR when
compared to neat EP, with the peak decreasing further with the addition of EP/2.5% MgAl@NiCo
(Figure 5). The reduction of PHRR in the presence of 2.5% MgAl@NiCo was attributed to the formation
of more compact char than the MgAl, which can delay the entrance of heat and oxygen into the system
and as a result, enhance the flammability resistance.

It was further proven that the addition of three metal LDHs improved the flammability resistance
of the polymer matrix more than two metal LDHs [89]. The authors investigated the flammability
properties of neat iPP, 6% Co-Al LDH, 6% Zn-AlLDH, 6% Co-Zn-AlLDH, and 10% Co-Zn-Al LDH
polypropylene nanocomposites. The three metal LDH nanocomposites showed better reduction in
flammability than the two metal LDH nanocomposites, at the same content. The behaviour was
attributed to the effective char formation for the 6% Co-Zn-Al LDH when compared with 6% Co-Al
LDH and 6% Zn-Al LDH. This thermally stable char can prevent volatile gases/products from escaping
out of the system and acting as a protective heat barrier, thereby preventing heat from entering the
system, as a result improving the flammability resistance of the overall system. It is well known that a
protective char will become fragile when more gaseous volatile products escape the system, which
will provide easier passage of oxygen and heat into the material. Hence, it is important for flame
retardant materials to form a stable and compact char in order to prevent the escape of volatiles gases
and entering of heat into the system. Table 3 summarizes selective studies on the flammability of the
polymer/LDH system.
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Figure 5. Heat release rate (HRR) of neat, EP, EP/2.5% MgAl, EP/2.5% MgAl@NiCo, EP/2.5%
MgAI@ZIF-67 [85].

7. Barrier Properties of Layered Double Hydroxides (LDH)

Layered double hydroxides (LDHs) are usually combined with polymer matrices to form films
with good gas barrier properties, for applications in food packaging and encapsulation of electronic
devices [94,95]. LDHs consist of crystalline layered structures [96-99] that induce gas barrier properties
by increasing the diffusion length of gases, therefore resisting permeating gases in the resultant polymer
film. The development of organic-inorganic composite materials with gas barrier properties, e.g.,
LDH/polymer films, still faces a few challenges. One of them is that the diffusion of gas molecules is
only suppressed in the direction of the film, i.e., the gas molecules flowing parallel to the inorganic
structural layers are not resisted [100-102]. In such a case, the gas barrier properties of the film are
usually improved by increasing the content of the crystalline layered structures. However, the loading
with these inorganic crystalline structures reduces the flexibility and toughness of the barrier materials.
Another challenge is that the incorporation of highly oriented inorganic structural layers into polymer
matrices also causes polymer aggregation. This aggregation creates voids through which gas molecules
permeate easily. This results in a film with compromised gas barrier properties [103]. In a quest to
curb the challenges faced by the development of LDH-based gas barrier materials, considerable efforts
have been directed towards developing the structure of LDHs. Dou et al. [104] discovered that the
incorporation of plate-like LDH (P-LDH) into a polymer matrix, e.g., chitosan (CTS), improved the
oxygen barrier properties of the resultant films. However, the challenge was that the oxygen barrier
properties were not that good for very thin films. Hence, in another study [95], the authors converted the
LDH with a plate-like structure to one with a hierarchical structure (H-LDH). The oxygen transmission
rate of the resultant H-LDH/CTS films was reduced by almost 37% when compared to that of the
original P-LDH/CTS films, indicating that the structural conversion of the LDHs improved their gas
barrier properties. The synthesis of H-LDH was performed via the continuous calcination-rehydration
treatment of P-LDH. The resultant H-LDH was then used as a scaffolding material for the fabrication
of chitosan multi-layered films via an alternate spin-coating process. This process led to the formation
of (H-LDH/CTS),, films with excellent oxygen barrier properties. The (H-LDH/CTS), films exhibited
an oxygen transmission rate (OTR) that was below the detection limit of commercial instruments
(<0.005 cm®/m? day atm).This was attributed to the capabilities of H-LDH to resist the migration of
oxygen molecules from multiple directions by creating a longer diffusion pathway. Large amounts
of oxygen molecules were also absorbed by the large surface area of the H-LDH. The large surface
area of the H-LDH filled-in all the gaps between H-LDH and the polymer matrix, thus closing-up
the space for oxygen permeation [95]. During the development of LDH/polymer gas barrier films,
improving the durability of the films is quite important, especially for applications such as food
packaging and encapsulation of electronic devices. In order to achieve this, LDH/polymer films with
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self-healing properties are designed and fabricated. This results not only in a film with excellent gas
barrier properties, but also one with the ability to repair itself after damage by external stimuli. In a
study by Dou et al. [94], (LDH/PSS),-PVA films with self-healing properties triggered by humidity
were fabricated via the layer-by-layer assembling of layered double hydroxide nanoplatelets and
poly(sodium styrene-4-sulfonate) (PSS), followed by the subsequent incorporation of poly(vinyl alcohol)
(PVA). The even distribution of the highly oriented LDH nanoplatelets in the film was responsible for
the resistance of permeating gases by creating a long diffusion pathway. The PVA was responsible for
the humidity-stimulated self-healing properties of the films. When the films were exposed to humidity
after the development of the stimuli crack, the water molecules triggered the formation of hydrogen
bonds among the hydroxyl groups of PVA, thus causing the stimuli crack to close. Hydrogen is usually
used as an alternate fuel to fossil fuels because its combustion only produces water, which implies
less air pollution. However, amongst many other methods of storing hydrogen, LDHs have been
considered as the best substances for the storage of hydrogen gas. This is achieved through the
conversion of LDHs into microporous materials through intercalation with other anionic substances.
Huang and Cheng [105] intercalated Li-Al layered double hydroxides with various organic anions
via a co-precipitation method. The maximum hydrogen absorption per micropore surface area of the
LDHs prepared in this study was higher than that of metal organic frameworks (MOFs) reported in
the literature, hence confirming the microporous nature of the prepared LDHs. Table 4 summarizes
selective studies on the barrier properties of polymer-LDHs nanocomposites.
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8. Mechanical Properties of Polymer-LDHs Systems

Mechanical properties are used to determine the strength and ductility of polymer nanocomposites.
The mechanical properties of LDH-based polymer nanocomposites were investigated by different
studies [109-114]. Numerous factors were found to affect the mechanical properties of LDHs
nanocomposites, including the content of LDHs, the type of LDHs, polymer matrix, dispersion of LDH
in polymer matrix, and the preparation method. Botan et al. investigated the mechanical properties
of polyamide 6 incorporated with two types of LDHs (viz Zn/Cr-L and Zn/Cr-P, with Zn = Zinc,
Cr = Chromium, L = lauric acid and P = palmitic acid) [109]. The LDHs nanocomposites were
fabricated by in situ polymerization with various composition of the filler (viz 1, 2, and 3 wt.%).
Mechanical properties of nanocomposites were investigated with tensile tester. The modulus of
elasticity (E) decreased at lower content of Zn/Cr-L i.e., 1 wt.%, with the E values increasing at
higher compositions of Zn/Cr-L (viz 2, and 3 wt.%). The decrease in E values at lower content was
attributed to the plasticizing effect due to the absorption of the water at lower content. Similarly,
the addition of Zn/Cr-P increased the E values of the polyamide 6 nanocomposites in all investigated
filler composition. The optimum composition for both fillers was obtained at 2 wt.%, with the
Zn/Cr-P nanofiller showing higher E values when compared with Zn/Cr-L counterpart. This was
attributed to the bilayer structures, which allowed an efficient stress-transfer. The effect of stearate
intercalated LDH on the properties of PU was investigated in the literature [110]. The polyurethane
(PU)/Stearate-intercalated LDH was fabricated by solution intercalation. There was an enhancement in
tensile strength (TS) with the incorporation of stearate-LDH (viz 1, 3, 5, and 8 wt.%) into PU matrix,
when compared with the neat PU. The tensile strength was observed to increase with decreasing
in stearate-LDH nanoparticles content. A higher tensile strength (TS) at 1 wt.% of stearate-LDH
was ascribed to a better exfoliation at this content. There was a reported increase in elongation at
break with addition of stearate-LDH nanoparticles into the PU. The behaviour was ascribed to the
plasticization of the alkyl chain intercalated into the LDH in the PU/stearate-LDH system. Feng and
co-workers investigated the properties of the LDHs reinforced peroxide-cured acrylonitrile butadiene
rubber [111]. The LDHs were organically modified with sodium dodecylbenzene (SDBS) and sodium
styrene sulfonate (SSS). The LDH modified with sodium styrene sulfonate (SSS) composites showed
better mechanical properties than neat acrylonitrile butadiene rubber (NBR) and LDH modified with
sodium dodecylbenzene composites. This behaviour was attributed to a better chemical bond between
the organically modified LDHs sodium styrene sulfonate (SSS) and NBR. Based on the above study,
it became apparent that the type of organic modifier may influence the overall properties of the
LDHs-polymer nanocomposites. Suresh and co-workers [112] investigated the Co-Al layered double
hydroxide reinforced polystyrene nanocomposites. In this study, Co-Al layered double hydroxide was
organically modified with sodium dodecyl sulfate (SDS) and the composites were prepared by melt
compounding. It was observed that at 1 wt.% of Co-Al LDH nanocomposite, there is an enhancement
in both tensile and tensile modulus when compared with neat PS and 3, 5 as well as 7 wt.% Co- Al LDH
nanocomposites, respectively (Figure 6). At lower content, i.e., 1 wt.%, there is a better exfoliation of
the nanoparticles in the PS matrix as well as enhanced interfacial interaction between the two phases,
which resulted in better mechanical properties. At higher content of the nanofiller, there is a probability
of agglomerated Co-Al LDH, which formed defects, and as a result lowering the mechanical properties.
Table 5 summarizes selective studies on the mechanical properties of LDH-polymer nanocomposites.
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Figure 6. Tensile strength and tensile modulus of polystyrene and its Co-Al layered double hydroxide

nanocomposites [112].

Table 5. Selective studies on mechanical properties of LDH-polymer nanocomposites.

Preparation of Polymer-LDHs

Polymer-LDHs Nanocomposites Nanocomposites Summary of the Mechanical Properties References
Epoxy (EP)/Mg-Al LDH
intercalated with ammonium Solution intercalation The addition of 10 and 20 mass% of intercalated LDHs [113]
alcOHol polyvinyl into EP showed higher tensile strength than neat EP. -
phosphate (AAPP)
Poly(e-caprolactone)
(PCL)/Silver-LDH (Ag-LDH).
LDH = Mg-Al LDH It was reported that when the composition of Ag-LDHs
Type of silver-LDHs used are: was 0.5 wt.%, the tensile strength of the
Ag-LDHs@PDA Ag-LDHs@TA-Fe(IIT)/PCL system decreased by 11%,
PDA = polydopamine Solution casting method while the LDHs@PDA/PCL nanocomposite reduced by [114]
Ag-LDHs@TA-Fe (III) 4% when compared with neat PCL. The 0.5 wt.% of
TA = tannic acid Ag-LDHs(PVP) showed 26% reduction in
Fe (1) = Iron (III) tensile strength.
Ag-LDHs (PVP)
PVP = pyrrolidone
The study investigated 1, 2, and 4% of LDH incorporated
into PL. The 2% of LDH showed higher tensile strength
Aromatic Polyimide Ix:aDlue when comparefi with veat PI, l% LDH/PI and 4%
. L H/PI nanocomposites. This was attributed to a better
(PI)/Zn/Cr-LDH In situ polymerization di sion LDH i 1 trix at 1 tent [6]
Zn = Zinc, Cr = Chromium ispersion LDH in a polymer matrix at low content.
However, at higher content, i.e., 4 wt.%, there was
formation of an aggregate, which resulted in defect in
the nanocomposite.
According to the study, 5 wt.% of the LDH showed
- higher tensile strength in comparison to neat CNF, 10, 15
Cellulose nanofibrils (CNF)/Mg Filtering/evaporation method angd 25% of LDHs. ]%Iigher ter\file strength at low content [106]

Al-CO5-LDHs

was ascribed to a better dispersion of the nanofiller in
a matrix.

Poly(ethylene-co-vinyl alcOHol)
(EVAL)/LDHs,
LDH was organically
modified with: Stearate (SA),
to form SA-LDH

Melt compounding

Mechanical properties of EVAL/LDH composites were
compared with neat EVAL. The authors reported that the
charpy notched impact strength of the composites was
twice that of the neat EVAL polymer. This was attributed
to the extensive internal micro-cavitation of the highly
dispersed and randomly dispersed LDH platelets during
impact loading. The large surface area created by the
micro-cavitation enhanced the requisite energy
dissipation mechanism.

[115]
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9. Selective Applications of Different Polymer-LDHs Systems

Layered double hydroxides nanocomposites have been prepared for various applications including
energy, food packaging, water purification, gas sensing, biomedical, flame retardant, and agricultural
applications [68,116-119]. Qin and co-workers investigated the LDHs nanocomposites based on
PANI/ZnTI-LDHs for sensing ammonia gas (NHjs) [116]. The LDHs (ZnTi-LDHs) nanofiller was
prepared by hydrothermal method and the nanocomposites were fabricated by in situ chemical
oxidative polymerization. The ability of the LDH nanocomposites in sensing NH3 was compared
with neat PANI and ZnTi-LDHs. The LDHs nanocomposites were found to exhibit a significant
NHj sensing ability with good lengthy stability when compared with neat polymer and LDHs,
respectively. The results were ascribed to a more-loose architecture structure of the nanocomposite,
which improves the adsorption site as well as facilitation of the gas adsorption. The system consisting
of sulfonated polyaniline (SPAN) reinforced with graphene oxide (GO)-LDHs was investigated for
extraction phthalates in drinking water and distilled herbal beverages [117]. The study compared the
extraction efficiency of GO-LDH@SPAN nanocomposite with LDH and GO-LDH for extraction of
phthalates from aqueous solution. The extraction efficiency of the LDH@SPAN nanocomposite for
phthalate was higher than neat LDH and GO-LDH, with LDH showing lower extraction than GO-LDH.
The reason LDH showed lower extraction for phthalates was due to a possible weak hydrogen bond
between LDH and phthalates. The higher extraction efficiency of phthalates by GO-LDH was attributed
to a - bond between GO and aromatic ring of phthalates. The GO-LDH@SPAN nanocomposite
showed higher extraction of the analyte because SPAN can promote more 7-7t interaction with the
phthalate. Furthermore, as SPAN has O=5=0 in the matrix, it presents more active sites for extraction
of the analytes. PMMA/Mg- Al LDH nanocomposites was fabricated by in situ polymerization for
a possible packaging application [68]. Two key results were significant in determining a possible
packaging application, i.e., thermal stability and gas permeability. The fabricated nanocomposites
were reinforced with 2, 4, and 8% of Mg-Al LDH. There was a decrease in the oxygen flow rate of
the nanocomposites in comparison to neat PMMA. This behavior was attributed to a dispersion of
LDH in a polymer matrix, which acts as protective barrier for oxygen permeability; as for neat PMMA,
the presence of voids resulted in oxygen penetration within the matrix. The addition of the LDH
into the PMMA enhanced the thermal stability of PMMA matrix when compared with neat PMMA.
The reduction in oxygen permeability and the enhancement in thermal stability of the PMMA/Mg-Al
LDH system suggest that the nanocomposite may be suitable for packaging application.

In recent times, the demand for highly flexible, durable, and lightweight piezoelectric
nanogenerators has led to the fabrication of piezoelectric and dielectric electrospun nanofabrics
of poly (vinylidene fluoride) (PVDF)/Ca-Al LDH composites. During the fabrication of the PVDF/Ca-Al
LDH composite nanofabrics, the Ca Al- LDH nanosheets were first synthesized via a modified
coprecipitation method before they were incorporated as filler into the PVDF matrix. The composite
nanofabrics of PVDF/Ca-Al LDH were finally obtained via the electrospinning of the composite solutions.
The synergy between the PVDF-LDH interaction and the in situ stretching, which was attributed
to the electrospinning, enhanced the nucleation of the electroactive f phase up to 82.79%. This was
an indication that these composite nanofabrics are suitable for piezoelectric-based nanogenerators.
The hand slapping and frequency-dependent mechanical vibration mode methods showed that the
piezoelectric performance of the PVDF/Ca-Al LDH composite nanofabrics can reach a maximum open
circuit output voltage of 4.1 and 5.72 V. The composite nanofabrics also had a high dielectric constant
and a low dielectric loss, which were attributed to high interfacial polarization at low frequencies with
increasing LDH loading. This showed that these materials have the potential to be used in electronic
devices [118].

Wang et al. [119] prepared Zn Al -LDH/polycaprolactone (PCL) nanocomposites for use in drug
delivery systems. The Zn Al-LDH was synthesized via the co-precipitation method while the ZnAl
-LDH/PCL nanocomposites were prepared by the solution intercalation method. The ZnAl-LDH/PCL
composite nanofabrics exhibited a higher weight loss and drug release amount when compared to neat
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PCL. The drug release kinetics followed the first-order kinetic model for the Zn Al-LDH/PCL composites,
indicating that the drug release was content-dependent. However, for the neat PCL, the drug release
kinetics followed the Ritger-Peppas kinetic model, indicating that the release followed the Fikian
mechanism. Table 6 summarizes selective studies on the applications of LDH-polymer nanocomposites.

Table 6. Summary of selective studies on the application of LDH-polymer nanocomposites.

Preparation Method for the

Polymer-LDH System Nanocomposites Intended Application References
Poly(lactide-co-glycolic acid) Solution mixing and casting into . R
(PLGA)Mg AL-LDH thin films Drug delivery applications [120]
Polypropylene-grafted maleic
anhydride (PP-g-MA)/Dye g R s
structure-intercalated layered double co-precipitation Flame retardant applications [121]
hydroxide (d-LDH)
Waterborne polyurethane (WPU)/LDH . L PR
LDH = (M Al/CO3%, M = Mg and/or So_lutl_on mixing and casting into Coatings applications [122]
thin films
Zn,and x =2, 3 and 4)
. . Low-saturation . -
Chitosan (CS)/NiFe-LDH co-precipitation method. Catalytic applications [123]
Polylactic acid (PLA)/Intumiscent flame . .
retardant (IFR)/Phosphotungstic acid Melt blending and hot pressing Flame retardant applications [124]

intercalated Mg Al-LDH (PWA-LDH) into films

One-step route in which the

co-precipitation reaction of metal ions

(Co?*, Ni2* and Mn2*) was used to

prepare LDH and the polymerization  Electrocatalytic applications [125]
of pyrrole (Py) was used to prepare

PPy. Modified Hummer’s method

was used to prepare graphene oxide

CoNiMn-LDH/Polypyrrole
(PPy)/Reduced graphene oxide (RGo)

Isotactic polypropylene

(iPP)/ZnAl-LDH Solvent mixing method Flame retardant applications [89]

Removal of Cd?* ions from

Polystyrene (PS)/MgAl -LDH Solution mixing aqueous media

[126]

Poly(vinyl chloride) (PVC)/MgAI LDH  Solution intercalation method Biomedical applications [127]

10. Conclusions and Future Recommendations

Layered double hydroxides (LDHs) have been the nanofiller of choice in terms of improving the
flame retardancy and barrier properties of polymer matrices. However, the improvement in properties
of the LDHs/polymer systems depended on the dispersion of the nanofiller within the polymer matrices.
It is apparent that LDHs nanofillers in most cases has been organically modified in order to improve
the exfoliation of the nanofillers in polymer matrices. The dispersion of LDHs/polymer system varied
depending on the method of preparation, type of modifier, and the type of LDHs/polymer system.
Generally, there was an improvement in the flammability resistance of polymer matrices with the
addition of LDHs with different compositions. The flammability resistance improved more in the
presence of LDHs and other flame-retardant fillers. The synergy of LDHs and nanofillers improved
the flame retardancy more because it is able to form a strong and compact char layer, which can
inhibit the entry of heat into the system, thereby improving the overall flammability resistance of the
system. The gas barrier properties of LDH/polymer films were dependent on the orientation and
distribution of the LDH nanoplatelets. Highly oriented and evenly distributed LDH nanoplatelets
created a resistance for the migration of gas molecules from multiple directions by increasing the
diffusion pathway of the permeating gases. The intercalation of LDHs with organic anions altered their
gas barrier properties by converting the LDHs into microporous materials. However, although LDH
improved the properties of various polymer matrices, there is still a huge gap in terms of the thermal
conductivity of the LDHs-polymer nanocomposites. In the past, LDHs nanofillers were fabricated
with conductivity polymers such as polyaniline and polypyrrole; however, there are a few studies
investigating the thermal conductivity of LDHs in combination with well-known conductive fillers
such as expanded graphite, carbon nanotubes, carbon black, and carbon fiber to widen the applications
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of LDHs nanocomposites. The fabricated hybrid LDH/conductive filler/polymer nanocomposite
may be used in applications such as flame retardant, supercapacitors, and batteries. Furthermore,
there is also less investigation on the effect of LDHs in natural fiber reinforced biopolymer composite
to form a “green” LDH/natural fiber/biopolymer hybrid composite. The resultant hybrid material
(viz LDH/natural fiber/biopolymer hybrid composite) may exhibit enhanced mechanical properties,
thermal stability, and flammability resistance and can be used in applications such as environmental
protection and flame retardancy.
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