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Effect of Artificial Freeze/Thaw and Thermal Shock Ageing, Combined or Not with Salt
Crystallisation on the Colour of Zamora Building Stones (Spain)
Reprinted from: ChemEngineering 2022, 6, 61, doi:10.3390/chemengineering6040061 . . . . . . . . 118
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Editorial

A Themed Issue in Honor of Prof. Dr. Vicente Rives

Miguel Angel Vicente *, Raquel Trujillano and Francisco M. Labajos

Recognized Research Group “QUESCAT”, Departamento de Química Inorgánica, Universidad de Salamanca,
E-37008 Salamanca, Spain; rakel@usal.es (R.T.); labajos@usal.es (F.M.L.)
* Correspondence: mavicente@usal.es

Professor Vicente Rives developed a very long and fruitful career as a teacher of
Inorganic Chemistry and Materials Chemistry and has been a dedicated researcher in these
and related fields. After obtaining his Ph.D. degree in Chemistry in 1978 at the University
of Seville (Spain), Prof. Rives worked at the University of Salamanca for forty years. During
this time, he worked on dozens of research projects; published more than 450 research
papers; communicated to hundreds of scientific meetings; managed research as Editor of
various Journals; received various research awards, etc. Most importantly, he created and
headed an important group of researchers on Solid State Chemistry, Materials Chemistry
and Heterogeneous Catalysis, establishing vital research collaborations with several groups
from different countries.

Prof. Rives left the University of Salamanca in 2021 on his retirement. For this reason,
as his disciples, colleagues and friends, we proposed to ChemEngineering the edition of a
Special Issue devoted to him. The theme of this issue was opened to the research fields in
which Prof. Rives worked along his career, namely, layered double hydroxides (LDHs),
metal oxides, clay minerals, catalysis and photocatalysis, thermal analysis, and cultural
heritage conservation, among others, mainly inviting (but not exclusively) to contribute
researchers who had collaborated with Prof. Rives at any moment of his career.

This Special Issue has received eighteen contributions, six review papers [1–6], and
twelve research papers [7–18]. Most of the papers originated from groups who have
previously worked with Prof. Rives, but five of the contributions came from authors who
had not previously worked with him [6,7,13,17,18]. The materials most studied by Prof.
Rives throughout his career were LDHs. Therefore, it was not surprising that these materials
were the basis of eight of the papers published in this Special Issue [2–4,10,11,15–17]. Other
materials included Ni-based catalysts [1], g-C3N4 [5], mesoporous silica [6], MOFs [7],
carbons [8,9], AlPO4 [12], acid-modified clays [13], and porous aluminosilicates [17]. Finally,
one of the papers was devoted to the study of cultural heritage conservation [14].

The review papers reported very interesting revisions on the use of different materials
for certain applications. Thus, Soria et al. reported on the use of Ni-based catalysts on the
steam reforming of oxygenated compounds derived from biomass for H2 production [1].
Tichit and Alvarez reviewed the use of LDH–carbon nanocomposites as heterogeneous
catalysts [2], and Fernández-Rodríguez et al. reviewed the use of LDHs in construction
materials providing a sink for CO2 [3]. Trujillano reviewed the very wide contribution
of Prof. Rives to the study of LDHs, underlying his substantive results derived after
more than 30 years of continuous research on these materials [4]. García-López et al.
reviewed the use of g-C3N4-based materials to produce H2 by the photoreforming of
biomass [5], and Fatimah et al. reviewed [6] the production of biodiesel from catalysts
based on mesoporous silica.

The research papers also reported on very interesting applications of the different
materials studied. Rodríguez-Castellón et al. reported on the esterification of levulinic acid
to methyl levulinate, catalyzed by Zr-MOFs [7]; Monzón et al. studied the production of
H2 and CNT from methane using bimetallic catalysts based on carbon [8], whilst Carriazo
et al. used carbon composites for the preparation of advanced supercapacitors [9]. Labajos
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et al. explored new routes for the preparation of LDHs using various amines in the
synthesis process [10], while Nebot-Díaz et al. used LDH as precursors of nanoparticle
black pigments for the ceramic industry [11]. Ciuffi et al. used Zn-AlPO4 as photocatalysts
for the degradation of fipronil [12], and Cesteros et al. used acid-modified clays as catalysts
for the preparation of 5-hydroxymethylfurfural from glucose [13]. Vicente et al. prepared
Fe-doped hydrocalumites (a type of LDH) from aluminum slags and used them for the
photodegradation of ibuprofen [15]. Rojas et al. prepared LDH–alginate composites as
carriers of either ibuprofen or naproxen [16], while Pavlovic et al. proposed new corrosion
inhibitors for reinforced concrete based on LDHs modified with sebacate anions [17]. In an
area more related to biological applications, Golubeva et al. studied the adsorption and
hemolytic behavior of porous aluminosilicates in a simulated body fluid [18]. On the other
hand, related to cultural heritage conservation, García-Talegón et al. reported on the ageing
of Spanish building stones under different physical agents, mainly studied by the evolution
of their color [14].

Thus, this Special Issue contains a very interesting series of papers on the subjects out
of which Prof. Rives developed his career, and will be of great interest for the researchers
working in these fields.

Finally, we want to express our gratitude to ChemEngineering and MDPI for this Special
Issue, and particularly to Ms. Camile Wang for her help and patience in all the processing
steps required for this edition. We also thank the different researchers who have kindly
reviewed these manuscripts.

Author Contributions: Conceptualized, written and reviewed by the three authors. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Esterification of Levulinic Acid to Methyl Levulinate over
Zr-MOFs Catalysts

Daiana A. Bravo Fuchineco 1, Angélica C. Heredia 1, Sandra M. Mendoza 2, Enrique Rodríguez-Castellón 3,* and

Mónica E. Crivello 1

1 Centro de Investigación y Tecnología Química (CITeQ), Consejo Nacional de Investigaciones Científicas y
Técnicas (CONICET), Facultad Regional Córdoba, Universidad Tecnológica Nacional (UTN-FRC),
Córdoba 5016, Santa Fe, Argentina; dbravo@frc.utn.edu.ar (D.A.B.F.); angelicacheredia@gmail.com (A.C.H.);
mcrivello@frc.utn.edu.ar (M.E.C.)

2 Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Facultad Regional Reconquista,
Universidad Tecnológica Nacional (UTN-FRRQ), Reconquista 3560, Santa Fe, Argentina;
smendoza@frrq.utn.edu.ar

3 Departamento de Química Inorgánica, Cristalografía y Mineralogía, Facultad de Ciencias, Universidad de
Málaga, 29071 Málaga, Spain

* Correspondence: castellon@uma.es

Abstract: At present, the trend towards partial replacement of petroleum-derived fuels by those from
the revaluation of biomass has become of great importance. An effective strategy for processing
complex biomass feedstocks involves prior conversion to simpler compounds (platform molecules)
that are more easily transformed in subsequent reactions. This study analyzes the metal–organic
frameworks (MOFs) that contain Zr metal clusters formed by ligands of terephthalic acid (UiO-66)
and aminoterephthalic acid (UiO-66-NH2), as active and stable catalysts for the esterification of
levulinic acid with methanol. An alternative synthesis is presented by means of ultrasonic stirring
at room temperature and 60 ◦C, in order to improve the structural properties of the catalysts. They
were analyzed by X-ray diffraction, scanning electron microscopy, infrared spectroscopy, X-ray
photoelectron spectroscopy, microwave plasma atomic emission spectroscopy, acidity measurement,
and N2 adsorption. The catalytic reaction was carried out in a batch system and under pressure in an
autoclave. Its progress was followed by gas chromatography and mass spectrometry. Parameters
such as temperature, catalyst mass, and molar ratio of reactants were optimized to improve the
catalytic performance. The MOF that presented the highest activity and selectivity to the desired
product was obtained by synthesis with ultrasound and 60 ◦C with aminoterephthalic acid. The
methyl levulinate yield was 67.77% in batch at 5 h and 85.89% in an autoclave at 1 h. An analysis of
the kinetic parameters of the reaction is presented. The spent material can be activated by ethanol
washing allowing the catalytic activity to be maintained in the recycles.

Keywords: UiO-66; UiO-66-NH2; levulinic acid; methyl levulinate; esterification kinetics; batch and
pressure reactions

1. Introduction

In recent decades, due to the finite reserves and environmental pollution problems
of fossil energy, governments have put forward the “energy strategy”, stimulating the
utilization of renewable energy and resources [1]. The development of new technologies for
producing energy and chemicals from them has prompted biomass valorization to become
an important area of research. Biomass provides an ideal alternative to fossil resources;
indeed, biomass is the only sustainable source of organic compounds and has been pro-
posed as the ideal equivalent to petroleum for the production of fuels and chemicals [2].
In general, biomass is defined as all organic matter, including crops, food, plants, and

ChemEngineering 2022, 6, 26. https://doi.org/10.3390/chemengineering6020026 https://www.mdpi.com/journal/chemengineering
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farming and forestry residues, which can be used as a source of energy [1,3]. Lignocel-
lulose, the most abundant form of biomass, is composed of three primary components;
cellulose (40–50 wt%), hemicellulose (25–30 wt%), and lignin (15–30 wt%), a phenolic poly-
mer. Woody, herbaceous plants, and other crop residues such as sugarcane bagasse, and
wheat straw, are suitable lignocellulosic feedstocks applied in the biorefinery process, to
proffer valuable applications that can be derived from the petroleum-based source [2,4].
There are various available methods, through which biomass can be converted to dif-
ferent viable products that depend on the catalyst selected and the reaction conditions.
For example, sorbitol is obtained by hydrogenation, fructose through isomerization, and
5-hydroxymethylfurfural via dehydration; this can be further transformed into levulinic
acid (LA) and formic acid (FA) by hydrolysis [4,5].

Levulinic acid (LA), which is considered as one of the most promising platform
molecules, has been hailed as the chemical bridge between biomass and petroleum [6,7],
since it can be transformed into special chemicals such as fuels, solvents, monomers for
polymers, plasticizers, surfactants, agrochemicals, and pharmaceuticals [8–10]. Within
these-levulinate esters are unique potential value-added energy chemicals that have signifi-
cantly attracted remarkable attention of global researchers. Possessing great commercial
importance due to their applications as fuel-blending components, bio-lubricants, refining
of mineral oils, chemicals synthesis/synthetic reagent, polymer precursor, foam comprising
material, resin precursors, green solvents, plasticizer, food flavor agent, coating compo-
sition, pharmaceutical/cosmetics, degreasing surface agent/stain removal, and building
blocks for polycarbonate and herbicides synthesis [11,12].

In particular, levulinate esters have specific properties which make them suitable
additives for fuels; some of them are low toxicity, high lubricity, flash point stability, and
moderate flow under low-temperature conditions. [13]. Levulinic esters can be prepared by
acid-catalyzed alcoholysis and are usually synthesized using homogeneous acid catalysts
such as H2SO4, HCl, and H3PO4 [9,14,15]; however, these liquid acids involved in homo-
geneous industrial catalytic processes generally suffer from high toxicity and corrosivity,
high cost of regeneration or quenching as well as a large number of noxious byproducts
and waste. A major challenge for the efficient preparation of levulinic esters is to develop
robust, selective, inexpensive, and eco-friendly catalysts [6,12].

Acid solids are used as heterogeneous catalysts for the replacement of homogeneous
catalysts, due to their low corrosivity, high selectivity, and easy separation from the reaction
system. It is worth noting that MOFs, a new class of crystalline porous hybrid materials
composed of metal ions/clusters and multi-topic organic linkers, have shown great poten-
tial as emerging porous materials due to their highly tunable textures, such as porosity,
adjustable pore size, structural diversity, surface areas, and chemical functionalities [16–20].

MOF UiO-66 was synthesized for the first time in 2008 by scientists from the Univer-
sitetet i Oslo (UiO) using a solvothermal treatment at 120 ◦C in dimethylformamide as
solvent [21,22]. The MOF UiO-66-NH2 developed by Kandiah et al., 2010, is formed of
metal clusters, made up of six zirconium atoms Zr6O4(OH)4, joined together by μ3-O and
μ3-OH groups, coming from the organic 2-aminoterephthalate ligand [23,24].

Given the Lewis acid character of UiO-66 type materials and their noticeable thermal,
chemical, and mechanical stability, these materials could be good candidates for the esterifi-
cation of levulinic acid using various alcohols [25–28]. In particular, it has been shown that
the activity of UiO-66-NH2 in the esterification of levulinic acid (LA) produces a reaction
enhancing effect due to the close position of the NH2 group to the metal center, allowing
simultaneous activation of both LA such as alcohol. UiO-66-NH2 behaves as a bifunctional
acid–base catalyst [29,30].

The aim of this work is to evaluate the activity of organic–metal frameworks (MOFs)
in fine chemistry reactions, such as the esterification of levulinic acid with methanol. For
this purpose, the MOFs UiO-66 and UiO-66-NH2 were synthesized by the solvothermal
method, varying certain conditions such as their stirring method. These reactions were
carried out in two systems, one batch and the other under pressure.
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2. Materials and Methods

2.1. Chemicals and Reagents

Analytical grade reagents were used for the preparation of catalysts and catalytic reac-
tions. ZrCl4 (≥98%, Merck, Darmstadt, Alemania), terephthalic acid (BDC, 98%, Aldrich,
Saint Louis, MO, USA), aminoterephthalic acid (NH2-BDC, 98%, Aldrich, Saint Louis, MO,
USA), N,N-dimetilformamide (DMF ≥ 99.8%, Biopack, Buenos Aires, Argentina), Acetone
(99.5% Sintorgan, Buenos Aires, Argentina), Methanol (≥99.5%, Biopack, Buenos Aires,
Argentina), and Levulinic Ácid (98%, Aldrich, Saint Louis, MO, USA) were employed
as received.

2.2. Synthesis of MOF UiO-66 and UiO-66-NH2

MOFs UiO-66 and UiO-66-NH2 were obtained by solvothermal method [21,31,32].
Two different binding agents of terephthalic acid (BDC) or aminoterephthalic acid (NH2-
BDC) were used. The synthesis was carried out by magnetic and ultrasonic stirring, the
latter at room temperature or 60 ◦C. The samples were named as MX, MX-U, or MX-UT,
where “X” can be “A” related to synthesis with BDC or “B” related to synthesis with
NH2-BDC. The letter U indicates the synthesis on ultrasound at room temperature. The
letters U-T indicate the synthesis on ultrasound at 60 ◦C of temperature.

The synthesis consisted of dissolving 1.042 g in 50 mL g of ZrCl4 in 50 mL of the solvent
(DMF); the solution was magnetic or ultrasonic stirred for 5 min. In the case of ultrasound
synthesis, the container is placed inside ultrasound equipment, which works at room
temperature or at 60 ◦C. Then, 0.708 g of terephthalic acid or 0.788 g of aminoterephthalic
acid was incorporated. The mixture was kept under stirring (magnetic or ultrasonic) for
30 min. The gel was transferred to a Teflon-lined stainless-steel autoclave and kept in an
oven at 120 ◦C for 24 h. The material obtained was immersed in DMF and then washed
with acetone with a lower boiling point and easily removed. The precipitate was separated
by centrifugation. Finally, the solid was dried at 90 ◦C for 24 h, obtaining ~1.404 g and
~1.735 g of a white (A) or yellow (B) solid powder, respectively.

2.3. Characterization of MOF UiO-66 and UiO-66-NH2

XRD powder patterns were collected on an X’pert diffractometer (PANanalytical,
Netherlands) using monochromatized Cu Kα radiation (λ = 1.54 Å) at a scan speed of
0.25◦ min−1 in 2θ.

Infrared analyses were carried out on a spectrophotometer Smartomi-Transmission
Nicolet iS10 Thermo Scientific (Thermo Scientific, Waltham, MA, USA) in a range of
4000–400 cm−1.

The micrographs of the mixed oxides were obtained by SEM instrument model JSM-
6380 LV (JEOL, Japan) equipped with a Supra 40 (Carl Zeiss, Oberkochen, Germany), the
samples were metalized with chromium.

The specific surface area (SSA), analysis was carried out in an ASAP 2020 instrument
(Micromeritics, Norcross, GA, USA) and was calculated by the Brunauer–Emmett−Teller
(BET) method.

X-ray photoelectron spectra (XPS) were recorded with a PHI VersaProbe II Scanning
XPS Microprobe (Physical Electronics, Chanhassen, MN, USA) with scanning monochro-
matic X-ray Al Kα radiation as the excitation source (100 μm area analyzed, 52.8 W, 15 kV,
1486.6 eV), and a charge neutralizer. The pressure in the analysis chamber was maintained
below 2.0 × 10−6 Pa. High-resolution spectra were recorded at a given take-off angle of 45
by a multi-channel hemispherical electron analyzer operating in the constant pass energy
mode at 29.35 eV. Spectra were charge referenced with the C 1s of adventitious carbon at
284.8 eV. The energy scale was calibrated using Cu 2p3/2, Ag 3d5/2, and Au 4f 7/2 photo-
electron lines at 932.7, 368.2, and 83.95 eV, respectively. The Multipack software version
9.6.0.15 was employed to analyze in detail the recorded spectra. The obtained spectra were
fitted using Gaussian–Lorentzian curves to more accurately extract the binding energies of
the different element core levels.
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In order to carry out the elemental analysis, samples were acid-digested in a closed-
vessel microwave oven (SCP Science, Baie-D’Urfe, QC, Canada). The chemical quantifica-
tion was performed by microwave plasma atomic emission spectroscopy (MP-AES), using
an Agilent 4200 MP AES instrument (Agilent, Santa Clara, CA, USA).

To study surface acidity, the adsorbed CO molecules were measured by FTIR analysis
at two different temperatures (50 ◦C and 100 ◦C) in a Nicolet iS10 instrument. Initially,
samples were treated under vacuum and then were put in contact with CO molecules
during 2 h at room temperature.

2.4. Catalytic Esterification Reaction

The synthesized MOFs were used for the catalytic esterification of levulinic acid
and methanol (Figure 1), with a 1:15 molar ratio and 0.05 g of the solid [25,33–36]. Two
reaction systems were used. On the one hand, the reaction was carried out in a glass
batch reactor with magnetic stirring at 65 ◦C, coupled to a reflux condenser. The total
time was 5 h and 0.15 mL of samples were collected from the reaction medium at 0, 1,
2, 3, 4, and 5 h. The time t = 0 h was the time at which the temperature of the reaction
medium reached 65 ◦C. Samples were collected using a microsyringe equipped with a filter
(Whatman paper filter n◦ 5) to remove catalyst particles. On the other hand, a pressure
system was used constituted of an autoclave reactor. The reactor was placed inside an oven
at 130 ◦C with magnetic stirring at 400 rpm. It was previously purged with N2 and then
pressurized to 30 bar. The reaction products were analyzed by gas chromatography and
mass spectrometry. It was used on an Agilent Technologies 7820A instrument equipped
with a HP-20M column and a Perkin Elmer Clarus 560 instrument.

Figure 1. Esterification reaction of levulinic acid with methanol.

We calculated the LA conversion (%C), selectivity (%S), and yield (%Y) of products
and identified n(LA)I and n(LA)F as the initial and final concentrations of levulinic acid, and
n(ML) as the concentration of methyl levulinate.

% C =
n(LA)I − n(LA)F

n(LA)I
×100 (1)

% S =
n(ML)

n(LA)I − n(LA)F
×100 (2)

% Y =
C × S
100

(3)

3. Results

3.1. Physicochemical Characterization
3.1.1. X-ray Diffraction

Figure 2 shows the X-ray diffraction patterns of the MOFs. Two peaks located close
to 2θ of 7.4, 8.5, and 25.6◦ are associated with the diffraction by (1 1 1), (2 0 0), and (600)
planes characteristic of the MOF UiO-66-NH2. [22,37–39]. The MA-U and MA-UT samples
show an exchange in the intensity of the main peaks (111) and (002) and the appearance
of a new peak at 2θ angle of ~17.6◦ related to a phase change, is the same as that reported
in the literature [22]. This behavior could be promoted by temperature and ultrasound
applied in the synthesis. On the other hand, the XRD patterns in series B show peaks of
similar intensity with good crystalline order, regardless of the applied treatment [40].
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Figure 2. X-ray diffraction patterns. (A) UiO-66 magnetic stirring (MA), UiO-66 ultrasound stirring
(MA-U), and ultrasound stirring at 60 ◦C (MA-UT). (B) UiO-66 magnetic stirring (MB), UiO-66
ultrasound stirring (MB-U), and ultrasound stirring at 60 ◦C (MB-UT).

3.1.2. FTIR Spectroscopy

The chemical states and functional groups of the different samples were investigated
by FT-IR (Figure 3). The peaks at 1586 and 1395 cm−1 are attributed to the asymmetric
and symmetric stretching vibrations of the COO− groups in the terephthalic acid, and the
peak at 1506 cm−1 is the typical peaks of the C=C peak of the vibration of the aromatic ring.
The two lowest frequencies at 488 cm−1 belong to the stretching vibrations of Zr–O in the
Zr6 cluster, and the band at 551 cm−1 is assigned to the asymmetric stretching vibration
of Zr-(OC). For the case of materials with the BDC-NH2 ligand, the signals at 3449 and
3348 cm−1 corresponded with the amine symmetric and asymmetric stretching bands,
while the signals at 1258 and 1386 cm−1 were attributed to C-N binding absorption [41–43].
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Figure 3. FTIR spectra. (A) UiO-66 magnetic stirring and ultrasound at room temperature and at
60 ◦C; (B) UiO-66-NH2 magnetic stirring and ultrasound at room temperature and at 60 ◦C.

3.1.3. SEM-EDS Analysis

The morphology was characterized by a scanning electron microscope (SEM). Figure 4
shows the synthesized UiO-66 of regular octahedral structure, smooth surface, and good
dispersity.

The UiO-66 samples (series A) exhibit a narrow crystal size distribution ranging
between 285.7 nm and 488.5 nm, while the UiO-66-NH2 samples (series B) exhibit smaller
particles with a mean crystal size between 209.7 and 406.0 nm (Figure S1).
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The Zr, C, O, and N elemental mapping images (Figure S2), show dispersion and
homogeneous distribution of these elements on the catalyst surface [44,45].

Figure 4. SEM image of (A) MA, (B) MB, (C) MA-U, (D) MB-U, (E) MA-UT, and (F) MB-UT.

3.1.4. Microwave Plasma Atomic Emission Spectrometry (MP-AES) and the Surface Area
by BET

Through elemental analysis, the percentage of Zr present in the bulk of the catalyst
was determined (Table 1). It is observed that the samples that had a temperature in the
synthesis managed to anchor a greater amount of the Zr. Furthermore, comparing the
binding agents, those with BDC have a higher % Zr than the others.

To investigate the textural characteristics, N2 adsorption−desorption isotherms for
UiO-66 and UiO-66-NH2 were measured and these are shown in Figure 5. All materials
exhibit type Ib isotherms, where the pore size distributions are in a range including mi-
cropores wider than ∼1 nm and narrow mesopores (of width < ∼2.5 nm) [46]. The N2
uptake at the low-pressure range (P/P0 < 0.3) suggests the existence of micropores, while
the uptake at the middle-pressure range (P/P0 > 0.5) with hysteresis between adsorption
and desorption branches is characteristic of mesopores. For the sample MA, which was
synthesized without ultrasonic and temperature treatment, no hysteresis loop was ob-
served on the isotherm, indicating a typical microporous structure. The rest of the samples
show H1 type hysteresis loops [46], which at low and high relative pressure belong to
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disparate types of isotherms characteristic of solids with microporous windows and partial
mesoporous cages [27,47]. Ultrasonic and temperature treatment applied, have decreased
the pore size from 2.64 nm to 2.30 nm for series A and from 2.36 nm to 1.07 nm for series B.
These comparative results suggest that the ultrasonic and temperature treatments have a
significant influence on the pore structures, promoting the presence of a narrow mesopore
and micropore distribution. Pore size and surface area in the series B samples have been
largely reduced compared with that of series A. This might be because of the introduction
of amino groups (-NH2) in the BDC-NH2 blocking the pores [48]. The surface area reported
by the literature indicates higher values than reported in this work, along with lower pore
volume values. Wang et al. [49], Su et al. [50], and Hu et al. [48], were reported a surface
area of 1110 m2 g−1, 967 m2 g−1, and 1525 m2 g−1, respectively, while the pore volume
reported was 0.60 cm3 g−1, 0.57 cm3 g−1, and 0.66 cm3 g−1 corresponding to micropore size
distribution. The lower values of pore volume reported in the literature could be attributed
to the different time and temperature autoclave steps, as well as the different ways and
times stirring was applied in this work.

Table 1. Composition and surface analysis.

Catalyst
Zr (w %)

Experimental
BET

(m2 g−1)
Pore Size

(nm)
Pore Volume

(cm3 g−1)

MA 28.4 ± 0.6 683 2.64 0.248

MA-U 16.5 ± 0.3 640 2.46 0.163

MA-UT 17.2 ± 0.3 658 2.30 0.153

MB 20.5 ± 0.4 400 2.36 0.164

MB-U 14.8 ± 0.3 300 1.21 0.099

MB-UT 16.2 ± 0.3 312 1.07 0.095

Figure 5. Cont.
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Figure 5. N2 adsorption–desorption isotherms (A) UiO-66 magnetic stirring and ultrasound at room
temperature and at 60 ◦C; (B) UiO-66-NH2 magnetic stirring and ultrasound at room temperature
and at 60 ◦C.

3.1.5. XPS-Spectroscopy

The surface composition of the studied catalysts was studied by XPS. Table 2 shows
this composition in atomic concentration %. As expected, all samples exhibit a relatively
high concentration of C, typical of MOFs materials. The % of C slightly decreases upon
using ultrasound and after thermal treatment. Samples of series A show a small % of N
due to the use of DMF in the synthesis, without being part of the structure. The % of Zr
increases upon using ultrasound. In the case of the catalysts of series B, as expected, the
% of N increases due to the presence of the amino group. This percentage increases when
using ultrasound.

Table 2. Surface chemical composition (in atomic concentration %) of the studied catalysts determined
by XPS.

Sample C% Zr% O% N%

MA 62.59 5.59 31.51 0.31

MA-U 57.94 7.02 34.72 0.33

MA-UT 56.03 7.76 35.29 0.92

MB 60.54 4.97 29.87 4.62

MB-U 57.95 5.63 31.60 4.83

MB-UT 59.52 5.42 29.96 5.09

The XPS spectra are shown in the Supplementary Material (Figure S3), and in Table 3,
the binding energy values in eV for the C 1s, Zr 3d5/2, O 1s, and N 1s signals are included.
The catalysts of series A show C 1s core-level spectra composed of two contributions at
284.8 and 288.8 eV. The former and more intense is assigned to –C-C- and –C=C- bonds
of adventitious carbon and mainly to the aromatic ring, and the latter to the presence of
carboxylic groups. The Zr 3d5/2 maxima appear at about 182.8 eV, typical of Zr(IV). The
O 1s core-level spectra can be decomposed into two contributions at about 530.1 eV and
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531.8 eV. The latter and more intense is assigned to carboxylic oxygen, and the former to
lattice oxygen bonded to Zr. The observed higher relative intensity of the contribution at
531.8 eV for samples synthesized with ultrasound is concomitant with the increase in the
%Zr (see Table 2). The catalysts of series B show N 1s binding energy values typical of
amino groups. The C 1s core-level spectra of these catalysts with amino functional groups
show a new contribution at 286.0 eV due to C-N bonds [51].

Table 3. Binding energy values (in eV) of different elements for the studied catalysts. Area percentages
are indicated in parentheses.

Sample C 1s Zr 3d5/2 O 1s N 1s

MA
284.8 (86) 182.8 530.4 (14) 400.6
288.8 (14) 531.8 (86)

MA-U 284.8 (82) 182.8 530.1 (18) 401.4
288.8 (18) 531.8 (82)

MA-UT 284.8 (83) 182.7 530.2 (23) 400.7
288.8 (17) 531.8 (77)

MB

284.8 (64) 182.9 530.3 (12) 399.8
286.1 (18) 532.0 (88)
288.7 (18)

MB-U
284.8 (65) 182.9 530.5 (12) 399.5
286.1 (17) 531.9 (88)
288.8 (18)

MB-UT
284.8 (65) 182.8 530.6 (17) 399.4
286.0 (17) 531.9 (83)
288.8 (18)

3.1.6. Acid Analysis by FTIR-CO

The acid sites were studied by FTIR CO adsorbed at different temperatures (50 and
100 ◦C). The Lewis and Brønsted acid sites were measured by the relative area percentage
(Table 4). The sites measured at 50 ◦C are defined as weak, while those measured at 100 ◦C
are defined as medium [52,53]. The graphs are attached in the Supplementary Material
(Figure S4). Making an analysis of the acid sites present, it can be observed that when
using ultrasound in the synthesis, an increase in the amount of Lewis acid sites is produced,
which could be related to the better catalytic results obtained with said materials. As the
acid–base duality is also needed, those with BDC-NH2 are the ones that produce the best
conversion [54].

Table 4. FTIR of CO absorbed.

Sample

% Area (50 ◦C)
Weak Sites

% Area (100 ◦C)
Medium Sites

% Area
Total Sites

Lewis Brønsted Lewis Brønsted Lewis Brønsted L/B

MA 45.87 54.13 53.40 46.60 49.64 50.36 0.99

MA-U 57.38 42.62 52.68 47.32 55.03 44.97 1.22

MA-UT 60.43 39.57 54.87 45.13 57.65 42.35 1.36

MB 42.97 57.03 42.74 57.26 42.85 57.15 0.75

MB-U 45.40 54.60 46.74 53.26 46.07 53.93 0.85

MB-UT 48.25 51.75 45.75 54.25 47.00 53.00 0.89
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3.2. Catalytic Activity: Esterification for Methyl Levulinate Production

Esterification products were identified by gas chromatography with FID and mass
spectrometry. The main esterification product was methyl levulinate (ML) and the byprod-
uct was β-lactone from the dehydration of levulinic acid [55–59]. A control experiment was
carried out in the absence of catalyst, which gave a negligible methyl levulinate yield of
only 1.56%, attributed to the auto-catalysis reaction due to the acidity of levulinic acid [60].

The MB-UT presented the best yield to the ML (Table 5). These esterification reactions
with the presence of the amino group, occur through a dual activation mechanism, related
to an acid–base site, in which the Zr sites (acid site) interact with the adsorbed LA while
the amino group (basic site), near the Zr, forms an adduct linked to hydrogen in the alcohol
molecule, which increases the nucleophilic character of the O atom, favoring the first
reaction step [30,33–35]. Due to this behavior, series A without the basic sites (-NH2),
showed a lower yield than series B.

Table 5. Catalytic activity. T = 65 ◦C, 0.05 g catalyst.

Catalyst Conversion % Selectivity ML % Yield %

MA 16.73 13.41 2.24

MA-U 42.03 58.31 24.51

MA-UT 53.85 78.02 42.02

MB 21.08 73.10 15.41

MB-U 58.48 84.88 49.64

MB-UT 63.57 92.22 58.62

By XPS, MB-U showed a higher Zr (5.63%) content indicating Lewis acid sites, while
MB-UT contains a higher content of N (5.09%) by -NH2 groups, which would indicate more
number of basic sites. Better catalytic results are shown in MB-UT, probably due to the
excess of Lewis acid sites as shown in the relation L/B in Table 4 and related with the Zr at
the surface as shown in the XPS result. That would ensure that each basic site (-NH2) is
close to a Zr, generating a synergistic effect by acid–base duality in the catalyst.

To improve the catalytic performance, some reaction parameters were modified. Prior
to it, the catalyst was washed with acetone using ultrasound, centrifuged, and dried at
90 ◦C, to take out the solvent present in the pores. This allowed the conversion and yield
rate to be increased to 70.87% and 67.77%, respectively.

3.2.1. Effect of Reaction Parameters on the LA Esterification with Methanol Catalyzed
by MB-UT

In order to determine the optimal conditions in the catalytic activity of MB-UT for
esterification from LA to ML under reflux conditions, the roles of temperature and reaction
time, catalyst loading, and molar ratio of LA to methanol were studied.

Effect of Catalyst Loading

The catalyst mass was varied based on 0.05 g. The catalytic reaction was tested with
half, double, and triple of said mass (Table 6). As the catalyst mass increases, the conversion
also increases, but this slight increase is not economically justified. Once all the active
surface area of the catalyst is occupied by the reactants, the addition of a greater quantity
of mass blocks part of its active sites. For this reason, a catalyst mass of 0.05 g was taken as
the optimal value.

14



ChemEngineering 2022, 6, 26

Table 6. Catalytic activity.

Catalyst Mass Conversion % Yield % ΔY/ΔC

0.025 g 56.79 45.22 —–

0.05 g 63.57 58.62 536

0.1 g 67.55 63.31 93.8

0.15 g 70.00 65.72 48.2

Effect of Temperature

The original reaction was performed at a temperature close to the boiling point of
methanol, so that it does not evaporate while it occurs. Then, the reaction temperature
was modified to 55 ◦C, 60 ◦C, and 70 ◦C (Table 7). Although the reaction at 70 ◦C has the
highest conversion, the temperature increase of 5 ◦C was not justified to increase only 3%
of conversion; therefore, the optimal working temperature is 65 ◦C, a temperature with
which a good conversion to the desired product is ensured and also the evaporation of one
of the reagents is avoided, which could change the molar ratio between them.

Table 7. Catalytic activity.

Temperature Conversion % Selectivity ML % Yield % ΔY/ΔT

55 ◦C 48.20 70.29 33.88 - - - -

60 ◦C 62.86 88.79 55.81 4.26

65 ◦C 70.87 89.99 63.77 1.59

70 ◦C 73.79 91.23 67.32 0.71

Effect of Molar Ratio

Regarding the molar ratio of the reagents, we initially worked with a 1:15 ratio of LA:
methanol. Variations were performed at a more concentrated point (1:10) and a more dilute
point (1:20) (Table 8). In this case, the optimal value corresponds to a ratio of 1:15.

Table 8. Catalytic activity.

Molar Ratio Conversion % Yield % ΔY/Δmol [M]

1:10 59.97 54.19 - - -

1:15 70.87 63.77 1.92

1:20 67.28 64.47 0.14

3.2.2. Kinetic Model and Estimation of Kinetic Parameters

The esterification reaction of levulinic acid (LA) in the presence of methanol (M) to
produce methyl levulinate (ML) and water (W) is given in the reaction below:

LA + M ↔ ML + W

The adjustment was made with the experimental data obtained in the batch reaction
catalyzed by the MB-UT material. To determine the reaction kinetics, an irreversible re-
action and a pseudo-homogeneous model were considered [25,61–63]. Since the alcohol
(methanol) is in excess, a zero-order reaction was assumed for it. According to this, the
reaction rate is expressed in Equation (5), where [LA] and [M] are the concentrations of
levulinic acid and methanol, respectively, [LA0] is the initial concentration of levulinic acid,
k is the rate constant for the forward reactions.

− dCA

dt
= k[LA][M] (4)
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where [M] � [A] so [M]= ctes

−dCA

dt
= k[LA] → −kt = Ln

[
LA0

LA0−x

]
→ −kt = Ln

[LA0] (inicial)
[LAt] (final)

(5)

Ln[LA]= −kt + Ln[LA0] → y = mx + b (equation of a line) (6)

Furthermore, with the variation of the reaction temperature and by using the Arrhe-
nius Equation (7), it was possible to determine the activation energy and the heat of the
reaction [61].

k = A e
−( Ea

Rg T ) (7)

Ln (k) =
−Ea

Rg
· 1
T
+Ln (A) → y = mx + b (equation of a line) (8)

where Ea, A, and Rg are the activation energy (J/mol), constant “pre-exponential or fre-
quency factor” and ideal gas constant (8.3143 J/mol K), respectively. Both the frequency
factor A and the activation energy Ea, are obtained by non-linear regression. The plot of ln
k vs. 1/T is plotted by a straight line (Figure S6), the activation energy (Ea) is the slope of
the line, and the pre-exponential factor (A) is the ordinate at the origin.

The experimental data were fitted, with pseudo-first-order kinetics, through Equation
(6). With the adjustment, a constant kinetic value was obtained k = 3.57 × 10−3 min−1 with
an R2 of 0.98. As for the activation energy (Ea), adjusted with Equation (8), it yielded a
value of 48.99 kJ/mol with an R2 of 0.98. Additional data have been included as electronic
Supplementary Material (Tables S1 and S2, Figures S5 and S6).

3.3. Esterification of Levulinic Acid to Methyl Levulinate in Pressure System, Study of the Stability

For the pressure system, the values obtained are shown in Table 9. It is observed that
the conversion and yield results at 1 h of reaction were better for all materials, compared to
the batch system at 5 h. The presence of pressure and high temperature in the autoclave
system promotes the diffusion of the substrates through the pores of the material and their
coordination with the active acid–basic sites, favoring the catalytic performance [41,64–67].

Table 9. Catalytic activity. T = 130 ◦C, P = 30 bars, 0.05 g catalyst.

Catalyst Conversion % Selectivity ML % Yield %

MA 50.18 58.63 29.42

MA-U 50.08 67.64 33.87

MA-UT 72.05 87.82 63.27

MB 73.06 83.11 60.73

MB-U 77.85 100 77.85

MB-UT 85.89 (4) * 100 85.89

MB-UT R1 70.18 (24) * 100 70.18

MB-UT R2 50.46 (5) * 100 50.46

MB-UT R3 40.20 (12) * 63.12 25.37

Cl4Zr 98.24 100 98.24
* Zr content (ppm) in the supernatant, determined by MP-AES.

To study the stability of the catalyst, three recycles of the reaction were carried out
with sample MB-UT (MB-UT R1, MB-UT R2, MB-UT R3); in each recycle, the catalyst was
separated from the reaction mixture and dried at 90 ◦C. It was observed that the yield
decreases while the selectivity is maintained in the first two recycles and falls in the third
(Table 9).
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By MP-AES, the concentration of Zr in the recycles supernatant was measured, finding
values between 5 ppm and 24 ppm, that values represent ~(0.5–2.9)% Zr p/p leached
from the solid in each recycle. The activity of the reaction in a homogeneous phase in the
presence of Cl4Zr was also measured, obtaining 98.24% yield to ML. This indicates that the
presence of Zr leached in the supernatant did not generate a homogeneous phase reaction
or increase the conversion in the recycles as shown in Table 9.

The decrease in catalytic activity can be mainly attributed to the partial blocking
of Zr+4 sites by electrostatic attraction with ML molecules which cannot be removed by
methanol in successive recycles. To support this explanation, after the third recycle catalyst,
two reactions with ethanol (MB-UT R4, MB-UT R5) were carried out, obtaining an increase
in the conversion (58.66–76.03%) with 100% selectivity (Figure 6).

Figure 6. Catalitic activity of the MB-UT reused with methanol (MB-UT R1, MB-UT R2, MB-UT R3)
and ethanol (MB-UT R4, MB-UT R5).

This behavior is attributed to the removal of methyl levulinate molecules on the surface
catalyst due to the greater affinity and solubility of ethanol molecules, releasing the Zr +4

acid sites.
On the other hand, the MB-UT R3 catalyst was washed with ethanol and ultrasonic

stirring, then dried at 90 ◦C and analyzed by FTIR. Figure 7 shows FTIR spectra of MB-UT,
MB-UT used, MB-UT R3, MB-UT R3 supernatant, and MB-UT R3 washed.

The characteristic peaks associated at COO–, C=C, Zr–O, Zr-(OC) groups were main-
tained in MB-UT used and MB-UT R3 catalyst.

A peak at ~1716 cm−1 associated with ML in the supernatant MB-UT R3, is correlated
with the peak in the MB-UT used and MB-UT R3 indicating the ML adsorbed on the catalyst
after use. A decrease in the intensity of this peak after MB-UT R3 washed with ethanol
indicates the removal of ML molecules coordinated with acid sites Zr+4 on the surface.

XRD patterns of the catalysts (MB-UT, MB-UT used, and MB-UT R3) are shown in
Figure S7. The intensity and the crystalline order of the MOFs phase were maintained after
each recycle and mainly after the third one.

Finally, a decrease in catalytic activity with the successive reuse of the catalyst could
be mainly related to the blockade of Zr+4 acid sites by ML and to a lesser extent by the
leachate of this metal.
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Figure 7. FTIR spectra for the fresh, used catalysts and supernatant reaction.

4. Conclusions

The synthesized materials presented outstanding crystallinity and porosity properties.
The implementation of ultrasound and temperature in the synthesis promoted the forma-
tion of a micro/mesoporous structure, with crystal sizes between ~209.7 and ~ 488.5 nm and
a homogeneous distribution of Zr, C, O, and N on the surface, which can be corroborated by
BET and SEM analyses. Regarding the catalytic evaluation in a batch system, the materials
of each series synthesized with ultrasound at 60 ◦C exhibited the highest conversions,
where the MB-UT sample is the one that presented the best activity, with a yield of 67.77%
for the methyl levulinate. The optimal working conditions for this were 65 ◦C, 0.05 g of the
catalyst and a mol ratio of reactants of 1:15 (LA:M). These results are associated with the
greater dispersion of Lewis acid sites available to catalyze the reaction and also with the
acid–base duality due to the -NH2 group. This dual mechanism involves LA interacting
with Zr (Lewis acid site) while the alcohol forms a hydrogen bond with the amino group
(basic site). This simultaneous acid–base interaction favors the first reaction step.

A pseudo-homogeneous model was adjusted to first-order kinetics with a value of the
reaction constant k = 3.57 × 10−3 min−1 and activation energy of 48.99 kJ/mol, with an R2

of 0.98 for both parameters.
Improvements in the catalytic results were achieved, using more severe conditions,

through the use of pressure reactors with greater selectivity to the desired product and
reduction in the reaction time from 5 to 1 h. The deactivated catalyst observed in the
successive recycles is mainly related to the blocking of the Zr+4 acid sites by electrostatic
attraction of the ML molecules and, to a lesser extent, to the leaching of this metal. The
spent material can be activated by ethanol washing allowing the catalytic activity to be
maintained in the recycles.
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Finally, it can be said that the synthesis of levulinate compounds from levulinic acid
derived from biomass using heterogeneous catalysts such as UiO-66 and UiO-66-NH2 is a
highly viable and efficient alternative, which allows eco-compatible reactions to be carried
out with the medium, with easy separation of the products of interest.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemengineering6020026/s1, Additional information about the
XPS graphics, the particle size, the EDS images, the XRD pattern for the used catalyst, the CO-FTIR
absorption spectra, the kinetics of the reaction, and the adjustments made have been included in the
file supplied as Supplementary Materials.
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Abstract: The 21st century arrived with global growth of energy demand caused by population
and standard of living increases. In this context, a suitable alternative to produce COx-free H2 is
the catalytic decomposition of methane (CDM), which also allows for obtaining high-value-added
carbonaceous nanomaterials (CNMs), such as carbon nanotubes (CNTs). This work presents the
results obtained in the co-production of COx-free hydrogen and CNTs by CDM using Ni–Cu and
Co–Cu catalysts supported on carbon derived from Argan (Argania spinosa) shell (ArDC). The results
show that the operation at 900 ◦C and a feed-ratio CH4:H2 = 2 with the Ni–Cu/ArDC catalyst is the
most active, producing 3.7 gC/gmetal after 2 h of reaction (equivalent to average hydrogen productivity
of 0.61 g H2/gmetal·h). The lower productivity of the Co–Cu/ArDC catalyst (1.4 gC/gmetal) could
be caused by the higher proportion of small metallic NPs (<5 nm) that remain confined inside the
micropores of the carbonaceous support, hindering the formation and growth of the CNTs. The TEM
and Raman results indicate that the Co–Cu catalyst is able to selectively produce CNTs of high quality
at temperatures below 850 ◦C, attaining the best results at 800 ◦C. The results obtained in this work
also show the elevated potential of Argan residues, as a representative of other lignocellulosic raw
materials, in the development of carbonaceous materials and nanomaterials of high added-value.

Keywords: COx-free hydrogen; CNTs; CDM; methane; argan-derived carbon; Ni–Cu; Co–Cu

1. Introduction

The potential applications of the carbonaceous nanomaterials (CNMs), for example,
carbon nanotubes (CNTs), carbon nanofibers (CNFs) or graphene, due to their unique
mechanical, electronic, chemical and physical properties, have motivated the enormous
research effort carried out during the last few decades in almost all fields of nanoscience
and nanotechnology [1–8].

Among the currently available technologies for the production of CNTs, the catalytic
decomposition of light hydrocarbons in the gas (or vapor) phase stands as the most in-
teresting method to satisfy the large potential demand, due to its easy scalability for
production at large-scale and low-cost [9,10]. If the carbon source used is methane, the
co-production of pure hydrogen is an additional and very relevant advantage due to the
increasing necessity of the COx-free hydrogen in the actual energetic, environmental and
political scenario [11–14]. Significant efforts were made to find the most suitable operating
conditions and catalyst compositions to provide both, high carbon and hydrogen yields,
and the necessary selectivity and quality for the desired carbon structure. However, the
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application of this process is still limited because of the rapid deactivation of the catalysts
commonly employed [13,15,16].

Several metallic and also non-metallic (generally carbon materials) components of the
catalysts were tested in the reaction of methane cracking. Thus, catalysts based on transition
metals such as Ni, Fe, and Co are the most active, can operate at moderate temperature,
and are also able to produce valuable CNMs as co-product [17–22]. The incorporation of a
second metal as a catalytic promoter was reported to have positive effects on the activity
and stability [23–26]. In previous studies, we demonstrated that an appropriate design of
the catalyst composition and an adequate selection of the operating conditions (mainly
temperature and CH4/H2 feed-ratio) allows not only the control of hydrogen yield in the
catalytic decomposition of methane (CDM) reaction but also of the selectivity towards the
desired carbonaceous nanomaterials [27]. Thus, reaction temperatures below 800–850 ◦C
favor the formation of CNTs [27], while temperatures above 900–950 ◦C are more prone to
produce graphene-related materials (GRMs) [24,28], depending on the catalyst composition.

Moreover, the increasing concern for the environment is leading to the study of new
processes to obtain high added-value products and materials using renewable natural
bioresources [11,29–31]. In this concern, one of the natural resources that can be used is the
shells of argan (Argania Spinosa), a waste coming from the use of the kernels of their nuts
for the production of argan oil, one of the most expensive vegetable oils in the world. The
argan fruits are principally produced in Morocco and Tunisia, with an estimated production
of 80,000 tons per year [32].

In this regard, the use of vine shoots wastes and cellulose as raw materials for the
preparation of carbon-based supports of metallic catalysts is being investigated in our
group [24,30,33,34]. These catalysts, prepared by controlled thermal decomposition of
the impregnated raw materials (e.g., argan shells) with the metallic precursors exhibited
high catalytic performance due to the good dispersion of metallic nanoparticles and the
controlled textural properties of the support [35–37]. This technique easily allows convert-
ing hierarchical structures formed by a biological process into inorganic materials with
high potential for different applications due to their porous texture developed during the
preparation [38–42]. In addition, as the natural raw resource is previously impregnated
with metallic catalytic precursors, the catalyst is obtained in one step [24]. The possi-
bility of using different raw materials and metals makes this method a very useful and
versatile tool to prepare mono or multimetallic supported catalysts with a wide range
of compositions [24,35,37].

Thus, the ultimate goal is to demonstrate that it is possible to prepare proper catalytic
supports using lignocellulosic residua (“Biomass Derived Carbons—BDC”), without very
low commercial value, such as the “Argan Derived Carbon—ArDC” used here. The
objective is to use these sustainable supports as an alternative to the traditional metallic
oxides, such as silica or alumina, which have a large environmental and economic impact.
In this context, we present here the results of the use of Ni–Cu and Co–Cu catalysts
supported by Argan-Derived Carbon (ArDC) on the reaction of catalytic decomposition of
methane to produce COx-free hydrogen and carbon nanomaterials.

The composition of the active phases (Ni–Cu and Co–Cu) was chosen based on pre-
vious works with the aim of obtaining different materials such as carbon nanotubes [27],
or even graphene-related materials (GRMs) [24]. As a means to optimize the produc-
tivity and also the quality of the carbonaceous material formed, the effect of the main
operating conditions during the reaction, i.e., feed composition and reaction temperature,
was investigated.

2. Materials and Methods

2.1. Catalysts Preparation

Ni–Cu and Co–Cu/ArDC catalysts were prepared by thermal decomposition under
reductive atmosphere of milled Argan shells, as described elsewhere [36]. First, the dried
Argan shell was impregnated by incipient wetness with the appropriate amount of an
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aqueous solution containing the precursor salts (Ni(NO3)2·6H2O provided by Alfa Aesar,
Co(NO3)2·6H2O and Cu(NO3)2·3H2O provided by Sigma-Aldrich), to obtain a nominal
weight composition of 5%Ni−1.35%Cu (atomic ratio Ni/Cu = 4) and 5%Co−1.35%Cu
(atomic ratio Co/Cu = 4) with respect to the initial amount of Argan shell. After impreg-
nation, the solid was dried at 100 ◦C overnight under 100 mL/min N2 and thermally
decomposed at 800 ◦C under reductive atmosphere (15% H2/85% N2) for 75 min with a
heating rate of 50 ◦C/min. Finally, the catalyst was milled and sieved obtaining a particle
size distribution ranging from 80 μm to 200 μm. These values are selected to avoid any
internal diffusion limitations. The presence of the external limitations is also minimized by
using high flow rates (700 mL/min, equivalent to 1680 mL/gcat.h).

2.2. Catalytic Decomposition of Methane

The catalytic decomposition of methane (CDM) was used to obtain carbon nanotubes
(CNTs) at atmospheric pressure in a quartz thermobalance (CI Precision Ltd., Salisbury, UK,
model MK2, https://www.ciprecision.com/ accessed on 20 February 2022) operated as a
continuous fixed-bed differential reactor. In order to ensure the integrity of the equipment,
and avoid any corrosive damage to the head of the balance, a continuous flow of inert gas
was used, N2 in our case. On the other part, the objective of introducing hydrogen into the
feed mixture is to investigate its effect on the activity and stability of the catalysts during
the reaction. In absence of H2, the deactivation of the catalyst is very rapid.

Carbon mass evolution and temperature reaction were usually recorded during
120 min of reaction. The temperature range studied was 750–950 ◦C while the feed gas
composition was varied from 0.5 to 3 of CH4:H2 ratio, using N2 as balance gas (total flow
rate 700 mL/min). In a characteristic experiment, 25 mg of the catalyst was placed into
a copper mesh sample holder and then, the sample was heated at 10 ◦C/min under N2
flow (700 mL/min) until reaching the reaction temperature. Once the desired reaction
temperature was achieved, the reactive gas mixture CH4/H2/N2 (700 mL/min) was fed
into the reactor keeping constant the temperature during the reaction. Finally, the sample
was cooled down to room temperature under N2.

2.3. Catalysts and Carbonaceous Nanomaterials Characterization

The metal content of both catalysts was calculated by thermogravimetric analysis
under oxidative atmosphere (air, 50 mL/min) in a Mettler Toledo TGA/SDTA 851 equip-
ment. The desired amount of catalyst (~10 mg) was heated from 35 ◦C to 1000 ◦C with
a heating rate of 10 ◦C/min. The final percentage of Ni–Cu and Co–Cu was determined
considering the nominal metal quantity incorporated and the resulting mixture of metal
oxides obtained upon combustion of the ArDC support during the TGA-air experiment.

Specific surface area and porosity values for both catalysts were obtained from N2
adsorption–desorption isotherms measured at −196 ◦C using a TriStar 3000 instrument.
Previous to the analysis, the catalysts were degassed at 200 ◦C for 8 h. BET specific
surface area was calculated in the relative pressure range of P/P0 = 0.01–0.10. Total
pore volume was obtained at the maximum relative pressure reached by the adsorption
branch (P/P0 > 0.985), while the micropore volume was estimated by the t-plot method.
Crystalline phase identification of the fresh catalysts was performed by X-ray diffraction
(XRD) in a Rigaku D/Max 2500 apparatus from 5◦ to 90◦ 2θ degrees using Cu Kα radiation
(λ = 1.5406 Å).

Morphological and structural information on the carbonaceous nanomaterials grown
was obtained by electron microscopy. Transmission electron microscopy (TEM) images
were acquired using an FEI Tecnai T-20 microscope operated at 200 kV. Scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) analysis were carried
out in an FEI Inspect F50 microscope.

The carbonaceous structure of the Argan-derived carbon support and the quality of the
CNTs obtained were characterized by Raman spectroscopy in a WiTec Alpha300 confocal
Raman microscope using a 532 nm laser excitation beam. The intensity ratios ID/IG, I2D/IG
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of the characteristic D (~1350 cm−1), G (~1580 cm−1), and 2D (~2690 cm−1) bands from
different sample spots (5 spectra) were used to evaluate the defects in the structure of the
carbonaceous nanomaterials obtained.

3. Results

3.1. Fresh Catalyst Characterization

The Ni–Cu/ArDC and Co–Cu/ArDC catalysts were synthesized with nominal con-
tents (wt%) of 5% Ni and 1.35% Cu and 5% Co and 1.35% Cu, respectively, with respect to
the initial amount of milled Argan shell. After synthesis, the amounts of metal, calculated
from the TGA-air data, were ca. Ni(16%)–Cu(4%) and Co(18%)–Cu(5%). This increment in
the metal content is caused by the weight loss of carbonaceous support during the thermal
decomposition of the natural source, a decisive stage to control the dispersion and the final
content of the metal nanoparticles in the synthesized catalysts [24].

Information about the crystalline phase of the active metals before the reaction was
addressed by the XRD technique in Figure 1. For the Ni–Cu/ArDC catalyst, it is observed
that the peaks appearing at 44.3◦, 51.6◦ and 76.0◦ do not correspond to the metallic Ni
(45-1027 JCPDS) or Cu (04–0806 JCPDS) patterns. The shift observed in the 2θ value for
these peaks can be associated with the formation of a Ni–Cu alloy [43]. However, the XRD
pattern depicted in Figure 1 for Co–Cu/ArDC shows that both Co and Cu were present
in metallic form (15–0806 JCPDS for Co0 and 04–0806 JCPDS for Cu0), not observing the
formation of an alloy in this case. In addition, the Ni–Cu/ArDC and Co–Cu/ArDC patterns
do not show any peak associated with the presence of oxidized species, confirming that the
catalysts are completely in the reduced state.

Figure 1. XRD patterns of fresh and used catalysts (800 ◦C; CH4/H2/N2(%): 28.6/14.3/57.1).

The wide diffraction peak at about 2θ = 26◦, attributed to the (002) plane of the
hexagonal graphite structure (75–2078 JCPDS), confirms the amorphous nature of the
carbonaceous ArDC support.

As it is shown in Figure 1, XRD results indicate that the metallic phases of both
catalysts (Ni–Cu and Co–Cu) do not suffer relevant modifications during the reaction. The
new peaks at 2θ = 26◦ correspond to the CNMs formed in each case, being more intense
in the Ni–Cu sample, in agreement with the Raman and TEM results presented in the
next paragraph.

Morphology of the bulk Ni–Cu/ArDC and Co–Cu/ArDC catalysts was addressed by
electron microscopy images presented in Figure 2. The SEM images show the macrostruc-

25



ChemEngineering 2022, 6, 47

ture and smoothness characteristic of this type of carbonized material for both catalysts
prepared. In addition, TEM images obtained for the two fresh catalysts indicate that the
metal nanoparticles were well distributed on the ArDC support owing to their character-
istic biomorphic textural structure. TEM images were employed to estimate the particle
size of the incorporated metals by measuring not less than 500 particles from different
sample areas. The Ni–Cu/ArDC sample shows a trimodal metal particle size distribution,
finding relatively small particles (~7 nm), intermediate particles (~17 nm) and large parti-
cles (~35 nm). Moreover, the Co–Cu/ArDC catalyst shows a bimodal metal particle size
distribution with a large number of spherical nanoparticles about 5 nm and a low number
of nanoparticles about 31 nm. In both cases, these metal size distributions are a consequence
of the heating rate and high temperature used during the catalyst synthesis [36].

Figure 2. Electron microscopy study of the fresh catalysts: (a) Ni–Cu/ArDC (b) Co–Cu/ArDC.

Table 1 summarizes the textural properties of the fresh catalysts before reaction. In
this Table 1, the values corresponding to the same type of metallic catalysts (Ni–Cu and
Co–Cu), but supported on other carbon-based material, carbon derived from cellulose
(CDC), and prepared using the same method are also included [24,27]. The main difference
was found in the higher microporosity of the catalysts supported by the argan-derived
carbon, especially in the case of the Ni–Cu catalyst. In this case, the Ni–Cu/ArDC has a
63% less pore volume but its microporosity is 2.5 times higher than the Co–Cu/ArDC one.
Comparing the two catalysts supported by ArDC, both present similar textural properties
corresponding to highly microporous materials, although the Ni-based sample has a slightly
less developed porosity.

Table 1. Textural properties of the fresh catalysts.

Sample
BET Area

(m2/g)
Pore Vol. 1

(cm3/g)
μpore Vol. 2

(cm3/g)
μpore Vol. (%)

Ni–Cu/ArDC 404 0.168 0.138 82
Co–Cu/ArDC 433 0.182 0.164 90

Ni–Cu/CDC [24] 343 0.451 0.148 33
Co–Cu/CDC [27] 438 0.206 0.160 78

1 Total pore volume at P/P0 > 0.989. 2 Estimated with the t-plot method.

The carbonaceous structure of the fresh catalysts was also characterized by Raman
spectroscopy shown in Figure 4. For both catalysts, the characteristic G band attributed to
the in-plane vibration of the C sp2-hybridized bonds was observed at ~1590 cm−1, while
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the D band was associated with defects within the C sp2 network of the carbonaceous
support was detected at ~1350 cm−1 [44]. The wideness of these peaks (D and G bands)
is a consequence of the different structural contributions of the several kinds of graphitic
domains created during the thermal decomposition stage [36,45]. The wide and weak peak
at about 2700 cm−1, known as the overtone of the D band, indicates the amorphous nature
of the catalyst support, which is in agreement with the XRD results shown in Figure 1.

3.2. Catalytic Decomposition of Methane
3.2.1. Influence of Reaction Temperature

The effect of the reaction temperature on the activity, productivity and morphology
of the CNMs grown on both catalysts was evaluated in the interval from 750 ◦C to 950 ◦C,
using a CH4/H2 ratio equal to 2 (28.6%CH4/14.3%H2/57.1%N2). Figure 3 shows the
evolution along time of the carbon concentration, mC (gC/gmetal), at different reaction
temperatures for Ni–Cu/ArDC (Figure 3a) and Co–Cu/ArDC (Figure 3b). In addition,
the summary of the results of activity and productivity after 2 h of reaction time for both
catalysts is presented in Table 2.

Figure 3. Cont.
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Figure 3. Influence of reaction temperature on evolution of carbon concentration, mC: (a) Ni–
Cu/ArDC; (b) Co–Cu/ArDC; (c) Final productivity at 2 h (Dashed line: Arrhenius plot).

Table 2. Influence of temperature on the initial reaction rate and carbon productivity *.

Temperature
(◦C)

Ni–Cu/ArDC Co–Cu/ArDC

rC0

(gC/gmetal·min)
Carbon Product.
(gC/gmetal·h) *

Carbon
Product./rC0

rC0

(gC/gmetal·min)
Carbon Product.
(gC/gmetal·h) *

Carbon
Product./rC0

750 1.2 0.99 0.83 0.3 0.16 0.52
800 2.9 1.40 0.49 1.1 0.64 0.56
850 5.9 1.49 0.25 2.3 0.74 0.32
900 12.6 1.87 0.15 1.7 0.53 0.30
950 11.22 1.29 0.11 1.6 0.34 0.21

* Carbon productivity after 2 h of reaction.

For both samples, an increase in the carbon productivity (or space–time carbon yield,
calculated as the carbon concentration, mC, at a given time divided by that reaction time) is
observed, and also in the initial carbon growth rate (rC0, measured from the initial slope of
the mC vs. time curves in Figure 3) as the temperature passes from 750 ◦C to 900 ◦C, see
Table 2. Thus, in the case of Ni-based catalyst, both the carbon productivity at 2 h and the
initial reaction rate reached their maximum values, 1.87 and 12.60 gC/gmetal·h, respectively,
at 900 ◦C. At higher temperatures, the intense deactivation suffered for the catalyst after an
initial short period of time of around 5 min, see Figure 3a, caused a continuous decrease in
the reaction rate. Consequently, the final productivity of the catalyst is severely decreased
in these conditions, attaining a value of 1.29 gC/gmetal·h at 950 ◦C.

In fact, the results shown in Figure 3 indicates that the reaction rate is continuously
decreasing along the time on stream for all the conditions studied and also that the Co-
based catalyst is less active than the Ni-based. Therefore, the decay of the catalyst activity
occurs in all the cases and during all the time on stream. The value of carbon productivity
attained at the end of one experiment of 2 h is the average of the decreasing reaction rates
along the time, consequently, the carbon productivities are always lower than rC0, see
Table 2. The ratio between the carbon productivity and rC0 can be taken as an indicative
index of the severity of the deactivation suffered in a given experiment.

As regards the effect of reaction temperature, considering that both phenomena, the
reaction and the deactivation, are activated processes; an increase in the temperature will
augment both rates, see Figure 3c. However, the lower value carbon productivity attained
at high temperatures, e.g., 950 ◦C for the Ni–Cu catalyst, is a consequence of the prevalence
in this case of the deactivation over the main reaction, due to the higher value of the
activation energy of the deactivation process [27]. This fact implies that the observed
activation energy becomes apparently negative (ca. −30 kJ/mol), as a consequence of the
deactivation of the catalyst which indicates the change in the slope of the line drawn in the
high-temperature zone.
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This fact is confirmed for both catalysts by the continuous decrease in the temperature
of the dimensionless ratio “Carbon productivity/rC0” shown in Table 2. In addition, it is
also interesting to note that for both catalysts, at the higher temperatures studied, the initial
reaction rate, which corresponds to a fresh (not deactivated) catalyst situation, does not
follow the expected trend of an activated phenomenon, and the value obtained at 950 ◦C
for Ni–Cu, 11.22 gC/gmetal·h is even lower than that obtained at 900 ◦C, see Table 2 and
Figure 3c. This fact can be explained by a change in the catalyst selectivity towards the
formation of a different type of carbon nanomaterial in these conditions, as can be seen in
the characterization results section [27,30,46,47].

The effect of reaction temperature on the performance of Co–Cu/ArDC is quali-
tatively similar to the Ni–Cu catalyst, but the maximum value of carbon productivity
(0.74 gC/gmetal·h) and rCO (2.28 gC/gmetal·h)) appears at a lower temperature, 850 ◦C, and
therefore the transition of the selectivity to the formation of different carbonaceous products
is produced at lower temperatures. In this regard, the apparent activation energies of the
initial reaction rate, rC0, are 155 kJ/mol for Ni–Cu/ArDC and 194 kJ/mol for Co–Cu/ArDC,
see Figure 3c. These results obtained considering only the values of rC0 in Table 2 below
the maximum, confirm the better performance of the Ni–Cu/ArDC catalyst in this reaction.
Furthermore, these values of the apparent activation energies are both lower than those
obtained in this reaction with a Co–Cu/CDC catalyst in the same interval of temperatures,
221.7 kJ/mol.

The presence of Cu is always beneficial in increasing the activity and lifetime of the
monometallic catalysts based on Ni or Co [25]. In comparison with the metals, Cu presents
quite lower solubility of the carbon atoms, and also a lower methane dissociation rate
(hydrogen atom abstraction from the adsorbed methane molecules). These facts reduce the
formation of amorphous carbon deposits (i.e., deactivating carbon) explaining the increase
in the net rate of reaction in presence of Cu.

On the other side, although the procedure of preparation of the catalyst is the same, the
behavior of the different metals, Ni–Cu vs. Co–Cu, during the stage of thermal decomposi-
tion under a reductive atmosphere is clearly different. Thus, the results in Table 1 (Textural
properties) and in Figures 1 and 2 reveal some important differences. During the thermal
decomposition of the Argan shells impregnated with the metallic precursors, the process
that really occurs is fast catalytic pyrolysis that decomposes both the metallic and the
carbon precursors, producing an in situ pyrolysis–gasification of the evolving raw material
(Argan). The different catalytic activity of Ni for the pyrolysis compared to Co, and also the
ability of the Ni and Cu to form an alloy, explain the different structural properties of the
carbon formed, and also the different nanoparticle size distributions presented in Figure 2.
Consequently, the higher activity of Ni–Cu catalyst with respect to the Co–Cu sample can be
due to the different metallic nanoparticle size distribution of these catalysts, shown on the
inserts in Figure 2. Thus, the Co–Cu/ArDC sample, Figure 2b, contains a larger amount of
small metal nanoparticles (<5 nm), while the quantity of the small particles is significantly
lower for the Ni-based catalyst. The catalyst synthesis method used here determines the
porous structure of the carbonaceous support developed and therefore the metallic particle
size distribution [36,48]. If the microporosity of the support formed is very high, as in
the case of the Co–Cu, a large fraction of the smaller metallic nanoparticles is confined to
the internal structure of these micropores, remaining embedded inside the carbon matrix.
In these conditions, the diffusion of the methane molecules to the exposed surface of the
metallic nanoparticles is hindered, and consequently, the growth of the CNMs is slowed
down [36]. Moreover, it was demonstrated that very small metallic NPs yield low growth
rates and fast deactivation. On the contrary, if the NPs are very large, they have low activity
due to the low exposed area, indicating the existence of an optimum size to maximize the
catalyst activity [49]. The formation of an alloy in the case of the Ni–Cu catalyst extends
the lifetime of the catalyst in this reaction, minimizing the formation of amorphous carbon
deposits, which finally contribute to the decay of the catalyst activity [50–52]. The coupling
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of all these factors explains the higher activity of Ni-based catalysts in comparison to the
Co catalysts.

In general, the amount of carbon formed should increase with the metal loading,
but as obtained here, this result also depends on the nanoparticle size distribution, the
potential formation of an alloy, and the textural properties of the support. Thus, the
Co-based catalyst has a higher metal loading (18% of Co + 5% of Cu, wt%) than the Ni
sample (16% of Ni + 5% of Cu, wt%) and yet it is much less productive. Therefore, the
effect of metal loading on catalyst productivity is clearly modified by the particle size
distribution and the textural properties of the support, which are controlled during the
catalyst preparation stage. Furthermore, the higher solubility of carbon atoms on the Ni–Cu
nanoparticles also explains the higher productivity of this catalyst, but the lower selectivity
for the formation of pristine CNTs, as in the case of the Co-based catalyst.

In terms of hydrogen productivity at 2 h, the values attained are 0.61 g H2/gmetal·h
with Ni–Cu/ArDC at 900 ◦C; and 0.25 g H2/gmetal·h at 850 ◦C for Co–Cu/ArDC. All these
results demonstrate the great potential of the argan residue in the development of proper
catalytic supports for hydrogen production by the decomposition of methane.

Figure 4a,b show the Raman spectra of the samples after reaction at increasing tem-
peratures, from 750 ◦C to 950 ◦C, using a feed-ratio CH4/H2 = 2 (28.6 % CH4, 14.3 % H2,
57.1 % N2). For both catalysts, it was observed the appearance of a maximum value of
IG/ID ratio. In the case of Ni–Cu catalyst, this maximum is more intense and occurs at
around 850 ◦C. The variation of this ratio in the case of the Co–Cu is less intense, and the
maximum appears at around 900 ◦C.

Figure 4. Cont.
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Figure 4. Influence of temperature on the Raman results of the used catalysts: (a) Ni–Cu/ArDC;
(b) Co–Cu/ArDC, (c) IG/ID (solid symbols) and I2D/IG (open symbols) ratios.

These results are in agreement with the variation of the kinetic regime observed in
Figure 3c. At low temperatures (till 850 ◦C), there is an increase in the intensity of the
G band, related to the increase in the productivity, and a decrease in the D band, as a
consequence of an increase in the size and crystallinity (i.e., fewer defects) of the graphitic
domains of the obtained carbon material.

Above this point, the change of tendency in the evolution of the IG/ID ratio is due
to a dramatic modification of the nature of carbon formed in agreement with the kinetic
results, see Figure 3, and TEM observations, see Figures 5 and 6. On the other hand, as
temperature augments, the separation between the D and G bands becomes clearer, and the
intermediate shoulder between both bands (corresponding to the original carbon support)
almost disappeared as a result of the increase in the surface coverage by the CNMs grown,
which was risen with the reaction temperature (Figure 3).

As regards the evolution of the I2D/IG ratio, for the Ni–Cu/ArDC sample, the rise of
this ratio suggests that the materials obtained at increasing temperatures are of nature more
graphitic, with larger in-plane crystallite sizes (La) [24]. The values obtained, I2D/IG < 0.50,
suggest that such graphitic nanostructures, which encapsulate the metallic NPs, have more
than five stacked layers of graphene [53].

Figures 5 and 6 show the images of electron microscopy, SEM and TEM, of both
catalysts after the reaction at the different temperatures studied. As was detected by
the kinetic experiments, Figure 3, and the Raman results, Figure 4, these SEM and TEM
images confirm the change in the structure and morphology observed as the temperature
is increased. For the Ni–Cu/ArDC, the transition temperature is placed in the interval of
800–850 ◦C, and for the Co–Cu/ArDC, the change is between 800 and 850 ◦C. In the case
of the Ni-based catalyst, Figure 5, until 800 ◦C the CNMs are mainly composed of CNTs
and CNFs with a high proportion of defects as was also indicated by the Raman results.
At temperatures above this point, the materials produced are of graphitic nature, that are
encapsulating the metal nanoparticles, which are embedded inside these thick and short
nanofibers. For the Co-based catalyst, Figure 6, at 750 ◦C the formation of pristine CNTs
is still incipient, and these types of materials are formed, maintaining excellent quality,
till 800 ◦C. From this temperature, the TEM and Raman results show a slight decrease
in the quality, but the majority of products still are the CNTs. These results demonstrate
that metallic catalysts supported on carbon derived from lignocellulosic residues, such as
argan shells, are excellent candidates to produce CNTs of good quality, comparable to that
obtained using commercial cellulose [27].
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Figure 5. SEM and TEM images of the carbonaceous nanomaterials grown at different reaction
temperatures for Ni–Cu/ArDC. Feed composition(%): CH4/H2/N2:28.6/14.3/57.1.
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Figure 6. SEM and TEM images of the carbonaceous nanomaterials grown at different reaction
temperatures for Co–Cu/ArDC. Feed composition (%):CH4/H2/N2.: 28.6/14.3/57.1.

3.2.2. Influence of Feed Composition

The effect of the feed gas composition on the carbon production and morphology of
the grown carbonaceous materials was evaluated by varying the CH4:H2 ratio from 0.5
to 3 for both catalysts. All the experiments were carried out at 800 ◦C given that at this
temperature the selectivity towards CNTs was the highest, as just described in the previous
section. Figure 7 and Table 3 show that both the reaction rate and the carbon productivity
after 2 h of reaction increase with the CH4:H2 ratio in the interval studied.
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Figure 7. Influence of CH4/H2 feed-ratio on the evolution of carbon concentration along time:
(a) Ni–Cu/ArDC; (b) Co–Cu/ArDC.

Table 3. Influence of CH4/H2 feed-ratio on the initial reaction rate and carbon productivity.

CH4:H2

Ni–Cu/ArDC Co–Cu/ArDC

rC0

(gC/gmetal·min)

Carbon
Product.

(gC/gmetal·h) *

Carbon
Product./rC0

rC0

(gC/gmetal·min)

Carbon
Product.

(gC/gmetal·h) *

Carbon
Product./rC0

0.5 0.8 0.65 0.83 0.2 0.20 0.83
1 2.0 1.16 0.57 0.6 0.40 0.67
2 2.9 1.40 0.49 1.1 0.64 0.56
3 4.1 1.67 0.41 1.6 0.71 0.45

* Carbon productivity after 2 h of reaction.

As in the study of the effect of reaction temperature, the Ni-based catalyst is more active
and productive that the Co catalyst at all the ratios studied. As was previously discussed,
the higher proportion of small metallic NPs (<5 nm) in the Co–Cu/ArDC catalyst leaves
this fraction of the metal buried in the micropores of the support, diminishing the activity of
the catalyst. In addition, these small nanoparticles are less active to catalyze the formation
of the CNTs. Therefore, these results give the clue for the optimization of the metallic
particle size distribution of the catalyst, which is determined by the duration and the final
temperature used during the thermal decomposition stage [36,48,54,55].

The maximum values of carbon productivity, 1.67 gC/gmetal·h for Ni–Cu/ArDC and
0.71 gC/gmetal·h for Co–Cu/ArDC, are obtained at the highest ratio CH4:H2, see Table 3.
However, the quotient “carbon productivity/rC0” continuously decreases as the CH4:H2
rises, indicating that the enhancement of both processes (carbon growth and catalyst
deactivation) due to the methane content, is higher for the deactivation rate than for the
carbon growth rate. That means that the apparent kinetic order with respect to methane is
higher in the case of the deactivation rate.
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These facts are explained considering that during the reaction of methane decomposi-
tion, the increase in methane amount in the feed enhances the carburization of the metallic
nanoparticles, growing the number of carbon atoms dissolved in them and thus favoring
the carbon precipitation at the metal–support interface [24,56,57]. At the same time, the
presence of large amounts of carbon atoms on the exposed surface of the metallic nanopar-
ticle, which is the situation corresponding to high methane concentrations, also favors the
formation of encapsulating graphitic nanostructures that cause the catalyst deactivation.
The balance between the rates of reaction and of the deactivation is quite similar for both
catalysts, as is shown by the evolution of the ratio carbon productivity/rC0, see Table 3,
indicating the apparent orders of reaction for CH4 and H2 are similar for both catalysts.

As regards the results with the Co-based catalyst, the Raman spectra in Figure 8b are
indicating the high selectivity of this catalyst for the formation of carbon nanotubes, and
there are no significant differences among the spectra obtained at the different CH4:H2
ratios. However, for the case of CH4:H2 = 0.5, the Raman result is very similar to that
obtained with the fresh catalyst, indicating the low coverage of the catalyst surface by the
CNTs grown due to the low carbon productivity obtained under this reaction condition,
see Figure 7 and Table 3.

Figure 8. Raman spectra obtained for (a) Ni–Cu/ArDC and (b) Co–Cu/ArDC. Influence of feed
composition (CH4:H2 ratio). Reaction temperature: 800 ◦C.

Figures 9 and 10 show the electron microscopy, SEM and TEM, results of the carbona-
ceous nanomaterials obtained at 800 ◦C using different CH4:H2 ratios for both catalysts. In
the case of the Ni–Cu/ArDC, and in agreement with the kinetic results (see Figure 7a), the
images in Figure 9 show that the increase in the methane concentration boosts the quantity,
length and especially the thickness of the carbon materials grown, that in this case are
mainly CNFs.
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Figure 9. SEM and TEM images of the carbonaceous nanomaterials grown at different CH4:H2 ratios
for Ni–Cu/ArDC. Reaction temperature: 800 ◦C.
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Figure 10. SEM and TEM images of the carbonaceous nanomaterials grown at different CH4:H2

ratios for Co–Cu/ArDC. Reaction temperature: 800 ◦C.

As was discussed previously, a large proportion of methane in the feed promotes the
carburization step of the metallic NPs, growing the number of carbon atoms dissolved in
them and thus favoring the carbon precipitation and growth. However, at the reaction
temperature used (800 ◦C), the main part of carbon produced is in form of CNFs instead of
CNTs, even at the low methane content experiment (CH4:H2 = 0.5).

In the case of Co-based catalyst, SEM and TEM results presented in Figure 10, are in
total agreement with the Raman results, obtaining the selective formation of CNTs. Thus, at
low methane contents (CH4:H2 = 0.5) the formation of CNTs is very incipient, see Figure 10,
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in accordance with the corresponding Raman spectra in Figure 8b. In these conditions of
low partial pressure of methane, the low chemical potential for the carburization of the
metallic NPs slows down the diffusion and precipitation of CNTs and therefore the amount
and length of the CNTs formed are very low, being only detectable by TEM, see Figure 10.

4. Conclusions

In this work, Ni(16%)–Cu(4%) and Co(18%)–Cu(5%) catalysts supported on carbon
derived from Argan shells (ArDC) were proved to be active and selective for the production
of carbonaceous nanomaterials and hydrogen via catalytic decomposition of methane.
The most active catalyst was the Ni-based, reaching maximum carbon productivity of
1.87 gC/gmetal·h at 900 ◦C, while the best productivity of the Co-based catalyst was
0.74 gC/gmetal·h at 850 ◦C, in both cases with a CH4:H2 =2. These results are comparable
to those obtained with catalysts supported on commercial cellulose-derived carbon.

The higher activity of the Ni catalyst is explained in terms of the different particle size
distribution and the average size of the metallic NPs. Thus the Co-based catalyst presents
a large proportion of small NPs, which are less active due to the effect of the diffusional
restrictions caused by the presence of these smaller NPs in the micropores of the support.
On the other hand, the formation of an alloy in the case of the Ni–Cu catalyst extends the
lifetime of the catalyst minimizing the formation of amorphous carbon deposits, which
finally cause the decay of the catalyst activity.

The kinetic results indicate that both catalysts present a maximum in the CNMs
productivity with the reaction temperature. This maximum is given at around 900 ◦C
for the catalyst based on Ni, and at 850 ◦C for the catalysts based on Co. In both cases,
this behavior can be attributed to the fact that an increment in the reaction temperature
promotes a rapid diffusion of the carbon atoms through the metal nanoparticles. This fact
increases the carbon precipitation rate at the metal catalyst support interface, favoring
the formation of the carbonaceous nanomaterials. At temperatures above the maximum,
the deactivation of the catalyst by the formation of encapsulating graphitic structures is
boosted, decreasing the carbon productivity. On the other hand, the increment in the
CH4:H2 ratio produces an increase in the CNMs productivity for the two catalysts. The
increase in methane partial pressure enhances the carburization of the exposed surface of
the metallic nanoparticles, increasing the number of carbon atoms dissolved in them and
thus favoring the carbon precipitation at the metal–support interface.

Regarding the type of carbonaceous nanomaterials obtained in the function of the
operational conditions, at temperatures below 800 ◦C, the Ni–Cu/ArDC catalyst is selective
mainly for the production of CNFs. SEM, TEM and Raman results indicate that the highest
graphitic character of these CNFs was obtained at 800 ◦C using a CH4:H2 = 3. In the case
of the Co–Cu catalyst, operating at temperatures below 850 ◦C, the main solid product
obtained was carbon nanotubes.

The amount of carbon formed should increase with the metal loading, but as obtained
here, this result also depends on the nanoparticle size distribution, the potential formation of
an alloy, and the textural properties of the support. Thus, the Co-based catalyst has a higher
metal loading (18% of Co + 5% of Cu, wt%) than the Ni sample (16% of Ni + 5% of Cu, wt%)
and yet it is less productive. Therefore, the effect of metal loading on catalyst productivity
is clearly modified by these factors, which are controlled during the catalyst preparation
stage. Furthermore, the higher solubility of carbon atoms on the Ni–Cu nanoparticles also
explains the higher productivity of this catalyst, but the lower selectivity for the formation
of pristine CNTs, as in the case of the Co-based catalyst.

In summary, although the Co-based catalyst is less productive than the Ni-based one,
their high selectivity to the CNTs formation confirms the elevated potential of the Co-based
catalyst supported on carbon derived from renewable lignocellulosic residues, such as
argan shells, for the production of valuable CNMs by CCVD of methane. However, in
terms of productivity of hydrogen and carbon, the Ni–Cu/ArDC is the more active and
therefore the more interesting for the production of COx-free hydrogen.
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Abstract: In this work, we investigate the potential of a novel carbon composite as an electrode
for high-voltage electrochemical double-layer capacitors. The carbon composite was prepared
following a sustainable synthetic approach that first involved the pyrolysis and then the activation
of a precursor formed by winery wastes and graphene oxide. The composite prepared in this way
shows a very high specific surface area (2467 m2·g−1) and an optimum pore size distribution for
their use in supercapacitor electrodes. Graphene-biowaste-derived carbon composites are tested
as active electrode materials in two different non-aqueous electrolytes, the ammonium salt-based
conventional organic electrolyte and one imidazolium-based ionic liquid (1 M Et4NBF4/ACN and
EMINTFSI). It was found that the presence of graphene oxide led to significant morphological and
textural changes, which result in high-energy and power densities of ~27 W·h·kg−1 at 13,026 W·kg−1.
Moreover, the devices assembled retain above 70% of the initial capacitance after 6000 cycles in the
case of the organic electrolyte.

Keywords: biowastes; EDLC; 2-D carbons; advanced electrolytes

1. Introduction

The rapid growth undergone by our society in the last decades has pushed us to
look for new strategies in order to achieve sustainable development. This mainly involves
the change of our current energy model based on the combustion of fossil fuels to a
more eco-friendly one based on the use of renewable and greener sources, such as wind
or solar energies. To attain this objective, it is necessary to develop new energy storage
technologies that allow the use of these intermittent energies when they are not available [1].
Electrochemical capacitors, commonly known as supercapacitors, together with batteries,
are the most widely used storage systems in portable devices, and their use is already
beginning to be spread into larger applications such as electric vehicles or stationary energy
storage stations [2]. Unlike batteries, where the charge is stored by faradaic processes,
in supercapacitors, the charge is stored through an electrostatic process at the interface
between the electrode and the electrolyte [3,4]. This mechanism does not involve ions
insertion into the material’s bulk; thus, its kinetics are not limited by diffusion processes,
being able to provide higher power and a longer life-time than batteries [5]. These features
make supercapacitors very attractive in a certain number of applications where reliability,
wide operating temperature range, long-term stability or high power is required.

Electrical double-layer capacitors (EDLC) are typically formed by two similar elec-
trodes made of highly porous carbon material impregnated in a liquid electrolyte and
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separated by a semipermeable membrane that allows the diffusion of ions but avoids the
direct contact between electrodes preventing the short-circuit of the cell [6]. Taking into
account that the energy stored in EDLC is proportional to the capacitance and to the square
voltage (1/2 CV2), most of the strategies are focused on the capacitance increasing through
the optimization of the textural properties of active materials or to the operating voltage
window extension through the use of highly electrochemically stable electrolytes [7].

In this regard, activated carbons (ACs) have been the preferred choice as electrodes
in high-performing EDLCs due to their large specific surface area and low cost, as well
as superior physical and chemical stability. Additionally, ACs can be readily produced
from worldwide abundant and easily accessible wastes [8–11]. On the other hand, the
incorporation of graphene has been found to be useful for increasing the electronic conduc-
tivity of the composites by tailoring their particle morphology and textural properties [12].
Nevertheless, most of the reported works rely on the use of aqueous-based electrolytes,
which considerably limits the energy density of the EDLCs due to their narrower voltage
window [13–15]. Thus, the evaluation of graphene-AC composites in non-aqueous elec-
trolytes (organic, ionic liquids) is needed to subtract its maximal potential as electrodes
for advanced EDLCs [16,17]. Within this context, ionic liquids have received great interest
due to their low vapor pressure, wide temperature stability range and high electrochemical
stability, which allow them to operate in a stable way in a wide voltage window, thus
significantly increasing the energy density of the devices [18].

Herein we have investigated the potential that industrial winery biowastes combined
with graphene have as carbonaceous precursor for their use as active electrode materials
for high-voltage electrical double-layer capacitors. The results point out that the presence
of graphene tunes the textural properties of the final carbon and leads to an improvement
in the electrochemical performances of these materials measured in both ionic liquid and
conventional organic electrolytes in terms of energy and power density. However, the
higher reactivity of the graphene sheets can compromise the long-term stability of the
systems, especially when tested in wide operating voltage windows.

2. Materials and Methods

2.1. Materials Synthesis

Wine wastes of the “Tempranillo” variety collected from a vineyard located in Navarra
(Spain) were chosen as the carbon precursor, and graphene oxide (GO) from Graphenea
(4 mg·mL−1) was selected as the graphene source. First, wine wastes composed of skin,
seeds, branches and leaves were dried at 80 ◦C for 4 consecutive days to subsequently
crush them and convert them into waste powder. Then, 3 g of wine waste powder were
mixed with 25 mL of graphene oxide and vigorously stirred for 3 h. Then, the suspension
was freeze-dried for 4 days to produce the dry GO-wine waste precursor.

After that, the dried powder was pre-carbonized at 400 ◦C for 3 h using a heating
ramp of 5 ◦C·min−1 under a dynamic Ar atmosphere in a tubular furnace. Finally, to
obtain the activated carbon, the sample was ground together with KOH in a mortar using
1:4 mass ratio (C:KOH) and further heated at 800 ◦C for 1 h under Ar atmosphere using
a heating ramp of 5 ◦C·min−1. The resulting material was washed once with a diluted
solution of HCl and several times with hot deionized water and further dried to obtain the
final activated carbon powder. The reduced graphene oxide-wine waste-derived activated
carbon sample is hereafter denoted as rGO-WW. For the sake of comparison, an activated
carbon, denoted as WW, was also prepared following the same route but in the absence of
graphene oxide.

2.2. Physicochemical Characterization

Morphological characterization was performed by scanning electron microscopy (SEM)
in a Quanta200 FEI (3 kV, 30 kV) microscope. The composition of the samples was char-
acterized by elemental analysis in a Flash 2000 Thermo Scientific (CHNS/O), where the
samples were burned at 900 ◦C with an excess of oxygen. The textural properties of the
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composites were obtained by nitrogen adsorption/desorption isotherms that were regis-
tered at −196 ◦C in an ASAP 2460 from Micromeritics. The specific surface area values were
calculated using the Brunauer–Emmet–Teller (BET) equation in the relative pressure range
between 0.05 and 0.25, and the pore size distributions were calculated by the 2D-NLDFT
model applied from the data of the adsorption branches using the SAIEUS software. Raman
spectra were recorded with a Renishaw spectrometer (Nanonics multiview 2000). A laser
beam with an excitation wavelength of 532 nm and 10 s exposition time was used for the
spectrum acquisition.

2.3. Electrochemical Characterization

Carbon-based electrodes were processed by mixing 85% of active materials together
with 10% of Super P C65 (Imerys Graphite & Carbon, Bironico, Switzerland) and 5% of
polytetrafluoroethylene (PTFE) binder in the presence of ethanol. Then, the mixture was
kneaded until plasticity and rolled to obtain a film with a thickness of ~100 μm. Circular-
shaped electrodes of 11 mm diameter and 3.5 ± 1.5 mg were punched from the film and
dried at 120 ◦C under vacuum overnight. The electrochemical performances of these
electrodes were evaluated as symmetric EDCLs using a two-electrode Swagelok-type cell.
The cells contained D-type glass fiber discs as a separator. The chosen electrolytes were
1 M tetraethylammonium tetrafluoroborate (Et4NBF4) in acetonitrile (ACN), and 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl) imide (EMINTFSI). Cyclic voltammetry
(CV) and galvanostatic charge/discharge were carried out in a multichannel VMP3 gen-
erator from Biologic. The operating voltage window of each cell was selected from cyclic
voltammetry measurements following the criteria reported elsewhere [19]. Applied current
density (Ig) was calculated with respect to the total mass of active material (85%). Specific
capacitance of the cells was obtained from the discharge branch of galvanostatic plots using
Equation (1):

Cs = 2 × Ig × td

ΔV
(1)

where td and ΔV are the discharge time and the operational voltage window, respectively,
once the total resistance drop is subtracted. Gravimetric energy (E) and power densities (P)
were calculated according to Equations (2) and (3):

E =
1

3.6

[
1
8

Cs ×
(

V2
max − V2

min

)]
(2)

P =
E
td

(3)

where Vmax and Vmin are the maximum and the minimum of the cell potential, once the
corresponding resistance drop is discarded.

3. Results and Discussion

As previously explained in the experimental section, an activated carbon composite
comprising reduced graphene oxide/winery wastes (rGO-WW) has been synthesized as an
electrode for supercapacitors. The winery wastes were firstly dispersed into a graphene
oxide suspension, freeze-dried, pre-carbonized and then submitted to the activation pro-
cess to increase their specific surface area and get the most appropriate balance between
pore distribution, morphology and surface area [10]. On the other hand, for the sake of
comparison, a pristine activated carbon derived from winery wastes (WW) was directly
pre-carbonized and submitted to the activation process. SEM images registered for the
materials are shown in Figure 1. It can be observed that the WW sample (Figure 1a,c) is
formed by large polyhedral-shaped particles of 30–40 μm with cavities of two different
sizes, 4–6 and 1.5 μm. On the other side, rGO-WW (Figure 1b,d) clearly shows the presence
of graphene sheets homogeneously distributed within the carbon particles, and the particle
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size is clearly reduced to 7–21 μm. The morphological differences between the two samples
are immediately recognizable at higher magnification images (Figure 1c,d).

 

Figure 1. SEM images registered for WW (a,c) and rGO-WW (b,d) samples.

The chemical composition measured by the elemental analysis of the ACs prepared in
this work is summarized in Table 1. As expected, the elemental analysis reveals that the
main element in both materials is carbon (~90%). Other elements such as nitrogen, oxygen
or hydrogen are present in much lower amounts. The presence of nitrogen could be, in this
case, attributed to the alcoholic fermentation of grapes.

Table 1. Elemental composition of the activated carbons.

Material % C % O % N % H

WW 87.5 11.2 0.6 0.7
rGO-WW 91.2 8.3 0.2 0.2

Raman spectra were recorded to evaluate the structural differences between the two
carbonaceous samples and to confirm the presence of rGO in the rGO-WW after the
activation step. The Raman spectra presented in Figure 2a show the characteristics D and
G bands in both WW and rGO-WW samples at ca. 1343 and ca. 1590 nm, respectively. The
D and G bands are related to the presence of structural defects and graphitic domains. As
expected, the addition of GO results in a smaller AD/AG ratio, pointing out a lower disorder
degree. Additionally, the Raman spectrum of rGO-WW shows a band at ca. 2680 nm
corresponding with the 2D band. This band is related to the 2D morphology of the rGO
and confirms the proper conservation of the rGO sheets after the activation step.
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Figure 2. Raman spectra (a), nitrogen adsorption/desorption isotherms (b) and pore size distributions
(c) measured for indicated samples.

Nitrogen adsorption/desorption isotherms were registered in order to assess the
textural properties of the materials. Figure 2b,c include the isotherms registered for these
samples and the pore size distributions associated with each of them. Both materials
show similar adsorption profiles matching with type-I isotherms according to the IUPAC
classification, which corresponds to porous samples with pores within the microporous
range (<2 nm) [20]. The BET-specific surface area calculated for rGO-WW and WW gives
values of 2467 and 1429 m2·g−1, respectively. A schematic representation of the particle
shape and size of the samples has been included in Figure 2b. The 2D characteristic of the
rGO sheets and the effect of the carbon particles acting as spacers are responsible for the
specific surface area increment, also modifying the pore size of rGO-WW. Regarding the
pore size distribution, the sample containing graphene oxide (rGO-WW) contains medium-
size micropores centered at 0.9 nm and large-sized micropores of around 2 nm, while the
sample without graphene oxide (WW) contains small-size pores of 0.7 nm and a few larger
ones at ca. 1.6 nm.

According to these results, it seems that the presence of the graphene sheets within
the rGO-WW sample helps to maximize the activation process giving rise to carbons
with much larger specific surface areas and wider pores compared to the graphene-free
sample (WW). It is worth remarking that the specific surface area achieved for the rGO-WW
composite surpasses most of the carbons derived from winery wastes in the reported
literature [13–15,21–25].

These homemade carbonaceous materials were evaluated as active materials in a
two-electrode symmetric configuration using the conventional organic electrolyte 1 M
Et4NBF4/ACN and the bare ionic liquid EMINTFSI. Figure 3 shows the CV curves reg-
istered for the supercapacitor cells at different sweep rates in the previously determined
operating voltage window. From these CV curves, a much better electrochemical stability
can be assessed for those systems measured in ionic liquid, which enables the expansion
of the operating voltage window compared to those measured in the organic electrolyte.
Moreover, the graphene-free sample (WW) seems to be more stable electrochemically than
the composite (rGO-WW). Specifically, operating voltage windows of 2.9 and 3.1 V were
determined for the WW sample (Figure 3a,c) and 2.7 and 2.9 V for the composite rGO-WW
(Figure 3b,d) in the electrolytes 1 M Et4NBF4/ACN and EMINTFSI, respectively. Both ma-
terials show typical rectangular-shaped profiles, which are characteristic of capacitive-type
charge storage mechanisms [26]. The graphene-containing sample rGO-WW outperforms
the pristine WW whenever the electrolyte is tested in terms of specific capacitance and
capacitance retention. This can be ascribed to the enhancement of the specific surface
area and the pore widening upon graphene addition to the winery wastes, as previously
explained.
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Figure 3. Cyclic voltammetry curves registered for supercapacitors assembled using WW in 1 M
Et4NBF4 (a), and EMINTFSI (c); and corresponding measurements for rGO-WW (b,d).

Galvanostatic charge/discharge curves at different current densities registered for
these samples at 0.5 and 5 A·g−1 are depicted in Figure 4. It can be observed that all
samples show linear voltage increase/decrease during charge and discharge with the
typical triangular shape of capacitive-type charge storage mechanisms. At the low current
density of 0.5 A·g−1, both ACs show very small ohmic drop (Figure 4a,c), which are
progressively enlarged as the current rate is increased to 5 A·g−1 (Figure 4b,d). It is worth
highlighting that this behavior is more pronounced for the EDLCs measured in the ionic
liquid (EMINTFSI) due to its lower ionic conductivity and its higher viscosity compared to
the organic electrolyte (Et4NBF4) (see Table 2). The sample without graphene oxide exhibits
a larger ohmic drop compared to the graphene-containing one, which could be associated
to its lower electronic conductivity.
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Figure 4. Galvanostatic charge-discharge curves registered in both electrolytes for WW sample at 0.5
(a) and 5 A·g−1 (b); and corresponding measurements for rGO-WW (c,d).

Table 2. Physical properties of the selected electrolytes.

Electrolyte
Viscosity
(mPa·s)

Conductivity
(mS·cm−1)

Cation Size
(nm)

Anion Size
(nm)

Ref.

1 M
Et4NBF4/ACN 0.57 63 0.69 0.46 [27]

EMINTFSI 35.55 9 0.76 0.79 [28]

The evolution of the specific capacitance values at different current rates for the two
electrolytes, calculated from the discharge branch of galvanostatic curves, are shown in
Figure 5a. In good agreement with the CV results, the specific capacitance of the composite
rGO-WW is larger than that of the pristine WW regardless of the electrolyte used. In fact,
at low current densities, rGO-WW doubles the specific capacitance of WW either in the
IL (160 F·g−1 vs. 79 F·g−2) or in the organic electrolyte (130 F·g−1 vs. 65 F·g−1). It is also
worth highlighting that at low current densities, the specific capacitance measured for both
samples is significantly larger in the ionic liquid compared to the organic electrolyte. This
has been previously explained by the improved ion confinement in the pores of EMINTFSI
due to the geometry of the ions [29]. In contrast, samples measured in the organic electrolyte
exhibit better capacitance retention due to its lower viscosity and higher ionic conductivity
(Table 2) (Figure 5b). Furthermore, at high current densities, the diffusion to the pores is
not favored, and this takes special relevancy when the electrolytes are formed by large size
ions, as in the case of ionic liquids (Table 2). Nevertheless, regardless of the electrolyte
used, the graphene-containing sample exhibits much higher capacitance retention than the
pristine (86% for rGO-WW vs. 72% for WW in 1 M Et4NBF4/ACN and 40% for rGO-WW
vs. 11% for WW in EMINTFSI) (Figure 5b).
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Figure 5. Capacitance evolution vs. current density (a) and capacitance retention (b) of noted samples.

The energy-to-power density plot for these home-designed symmetric cells is shown
in Figure 6. Ragone plots confirm the larger energy density values and better power
performance of graphene-wine waste (rGO-WW) electrode-based systems due to its larger
specific capacitance and improved electronic conductivity. The systems measured using
the ionic liquid EMINTFSI as electrolyte show maximized energy density values at low
power densities due to the wider operating voltage window (46 W·h·kg−1 at 180 W·kg−1

for rGO-WW and 24 W·h·kg−1 at 191 W·kg−1 for WW) compared to the conventional
organic electrolyte 1 M Et4NBF4/ACN (33.1 W·h·kg−1 at 160 W·kg−1 for rGO-WW and
19.1 W·h·kg−1 at 181 W·kg−1 for WW). However, EDLCs measured in the IL show a much
more prominent decay at high power densities. In fact, 82% and 65% of the energy is still
delivered for the supercapacitors rGO-WW, and WW assembled in the organic electrolyte
at the maximum power rate, while only 38% and 7% are delivered for those using the pure
ionic liquid.

Figure 6. Ragone plot of indicated samples in both electrolytes.
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These results are in line with most representative biowaste-derived carbons reported
in the literature using organic and ionic liquid electrolytes. It is true that the specific ca-
pacitance of our reduced graphene oxide/winery waste-derived carbon surpasses most
of these materials, and the energy delivered is similar or even lower [10,30–33]. This
could be related to the higher reactivity of the graphene sheets, especially in the ionic
liquid, which could represent a handicap narrowing the operational voltage as well as
compromising the cycling stability. Taking this into account and the exceptional electro-
chemical performance of both AC in the organic electrolyte, the stability of these EDLC
systems was evaluated by monitoring the specific capacitance value from galvanostatic
charge/discharge measurements at 10 A·g−1 at regular intervals (Figure 7).

 

Figure 7. Capacitance evolution along cycles of indicated samples measured at 10 A·g−1 in the
organic electrolyte.

The cyclability measurement shows that WW still retains 78% of the initial capacitance
after 6000 cycles compared to the 70% of capacitance retention measured for the rGO-WW.
Once again, this can be ascribed to the higher reactivity of samples containing graphene
oxide that may arise as a consequence of their larger concentration of oxygen groups of the
graphene oxide that react with the electrolyte and promote its degradation.

4. Conclusions

Winery wastes were demonstrated as promising raw material for its revalorization as
a porous carbon. The optimization of different parameters, such as particle size, electronic
conductivity and specific surface areas plays a significant role and have a huge impact
on the final electrochemical performance of these materials as electrodes for symmetric
supercapacitors.

The results show that the reduced graphene oxide notably improved the electrochemical
properties of these devices. The most favorable results in terms of energy, power density and
stability are obtained for supercapacitors operating with an organic electrolyte (~27 W·h·kg−1

at 13,026 W·kg−1). The choice of ionic liquid as the electrolyte can also provide some important
advantages under some specific operating conditions, specifically at low power densities.

In summary, the reutilization of agricultural waste as a precursor of active material for
electrodes in double-layer supercapacitors is a sustainable, innovative solution. Further-
more, the presence of reduced graphene oxide improved the energy and power density,
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but due to their higher reactivity, the stability can be compromised in the long term. These
supercapacitors still retain more than 70% of their initial capacitance after more than 6000
charge-discharge cycles.
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Abstract: Amines with two carbon atoms in the organic chain [ethylamine (EA), diethylamine (DEA),
triethylamine (TEA)] have been used as precipitant agents to obtain a hydrotalcite-like compound
with Zn (II) and Al (III) as layered cations and with nitrate anions in the interlayered region to balance
the charge. This Layered Double Hydroxide was prepared following the coprecipitation method, and
the effect on the crystal and particle sizes was studied. Also, the effect of submitting the obtained
solids to hydrothermal post-synthesis treatment by conventional heating and microwave assisted
heating were studied. The obtained solids were exhaustively characterized using several instru-
mental techniques, such as X-ray diffraction, Thermal Analysis (DTA and TG), Chemical Analysis,
Infrared Spectroscopy (FT-IR), determination of Particle Size Distribution and BET-Surface area. Well
crystallized solids were obtained showing two possible LDH phases, depending on the orientation of
the interlayer anion with respect to the brucite-like layers. The results indicated that there is a certain
influence of the amine, when used as a precipitating agent, and as a consequence of the degree of
substitution, on the crystallinity and particle size of the final solid obtained. The LDHs obtained
using TEA exhibited higher crystallinity, which was improved after a long hydrothermal treatment by
conventional heating. Regarding the shape of the particles, the formation of aggregates in the former
solid was detected, which could be easily disintegrated using ultrasound treatments, producing solid
powder with high crystallinity and small particle size, with homogeneous size distribution.

Keywords: LDHs; hydrotalcite; amines; coprecipitation method; hydrothermal treatment; crystallinity

1. Introduction

The term Layered Double Hydroxides (LDHs) is used to name synthetic or natural
hydroxides with a layered structure and with at least two types of metal cations in the main
layers, which are positively charged, and contain anionic species in the interlayer space.
This large family of compounds is also called anionic clays, in comparison with cationic
clays, which, in their interlayer region, contain cations to balance the negative charge of the
layers [1]. They are also known as hydrotalcite-like compounds, because hydrotalcite is the
most abundant mineral with this layered structure in Nature. These materials are not as
abundant in Nature as the analogous cationic clays, but they are very easy to synthesize
with a tuned composition and are generally not very expensive.

The layered structure of the LDH consists of brucite-like layers with divalent cations
occupying octahedral spaces formed by OH− ions [M(OH)6], in which an isomorphic,
and partial, substitution of divalent cations by trivalent cations has taken place, leaving
the layers positively charged. The electroneutrality of the compound is achieved by the
incorporation of anions in the interlayer space [2]. The chemical composition of LDHs is

described by the chemical formula:
[
MII

1−xMIII
x (OH)2

]x+[
Am−]

x
m
·nH2O, where MII and

MIII are the divalent and trivalent metal cations, respectively, and A− is the interlayer anion,
with x defined as the MIII/

(
MII + MIII

)
ratio [1,3]. Both organic and inorganic anions
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can be incorporated into the interlayer space, in a wide range of sizes and charges [1,4].
In addition, in the interlayer space there are randomly arranged water molecules, and
this interlayer region has quasi-liquid behavior. The wide range of anions and divalent
and trivalent cations that can be used to prepare LDH, provide them with a diversity
of compositions.

In recent decades, LDHs have established themselves as promising materials, due to
their properties and applications in a number of fields, such as water remediation [5–7],
catalysis [8–10], drug delivery [11,12], electroactivity [13], biomedicine [14,15], and others.
Their applications as anion exchanging solids depend on the interlayer anion and its affinity
for the LDH layers. Thus, Miyata et al. [16] have reported an order of anionic selectivity
for MgAl hydrotalcite-like materials, which could be applicable to other combinations
of elements [17]. According to this, for applications involving anion exchanging, LDHs
containing nitrate have a higher ion exchange facility than those containing carbonate in
the interlayer space.

As above mentioned, the synthesis of LDHs in the laboratory is relatively simple
and cheap, and they could be synthesized by many different methods. The method se-
lected has an impact on the properties of the final solid and, therefore, on its subsequent
application. Among the different methods described, the most widely used is the copre-
cipitation method, due to its great ease of use and reproducibility [3]. This method is
based on precipitation by the slow dropwise addition of a solution containing the mix-
ture of MII and MIII salts solution in a fixed ratio and the anion to an alkaline solution,
working at constant pH. The addition of a second alkaline solution allows the pH of the
precipitation medium to be maintained during the precipitation of the cations [3]. Many
parameters are relevant to monitoring the process, such as the type and concentration of
cations and anions, the precipitation medium, the pH and the temperature [18,19]. The
optimal pH depends on the nature of the cations to be incorporated into the structure; thus,
Kloprogge et al. [20] reported that the best crystallinity for samples of Zn/Al LDH were
exhibit in the pH range 11–12. Moreover, when the coprecipitation method is carried out,
the incorporation of the carbonate anion into the interlayer space is very difficult to avoid,
due to the fact that it is the anion with the highest affinity for the LDH layers. However, its
incorporation can be prevented by using decarbonated water and bubbling N2.

LDH synthetized by the coprecipitation method generally exhibits low crystallinity
with a high degree of aggregation and a wide particle size distribution. The most common
way to obtain more uniform particle properties, with an improved crystallinity is by an
aging process. For this reason, the coprecipitation method is generally followed by a
long aging period, from 10 to 80 h, and often longer [19]. Also, post-synthesis treatment
heating at moderate temperatures is used; for instance, by gentle-to-gentle reflux or by
hydrothermal treatment. The aging presumably occurs through the Ostwald ripening
process, in which larger and more perfect crystallites grow at the expense of smaller
particles in solution by dissolution/precipitation processes [21]. Therefore, microwave-
assisted hydrothermal treatment, or hydrothermal treatment by conventional heating, have
been widely used with the aim of improving structural and textural properties [22–26].

In our previous work [27], Zn/Al-LDH in molar ratio 2:1 was synthesized using amines
with one carbon atom in the organic chain [methylamine (MMA), dimethylamine (DMA)
and trimethylamine (TMA)], such as precipitant agents. Furthermore, the evolution on the
properties caused by hydrothermal treatment of samples synthetized with amines using the
following two ways of heating was studied: conventional heating and microwave assisted
heating. Highly crystalline LDH with nitrate anion in the interlayer was obtained using
DMA as the precipitant agent and, after submitting the solid to conventional hydrothermal
treatment. In the present work, we reported the use of amines with two carbon atoms in the
organic chain [ethylamine (EA), diethylamine (DEA), triethylamine (TEA)] as precipitant
agents in the synthesis of Zn,Al-LDH in molar ratio 2:1. Furthermore, the solids were treated
hydrothermally by conventional heating and microwave-assisted heating to improve the
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crystallinity and properties of the solids. The effect of the treatment methods was analyzed
for each amine-assisted synthesis condition.

2. Materials and Methods

2.1. Materials

Zn(NO3)2·6H2O (98–102%), Al(NO3)3·9H2O (98–102%) and NaOH (98%) were pur-
chased from Panreac and used as received. An aqueous solution of ethylamine (70% in
H2O) was purchased from Alfa Aesar (Ward Hill, MA, USA). Diethylamine (99.5%) was
purchased from Panreac (Barcelona, Spain). Triethylamine (≥99%) was purchased from
Sigma Aldrich (Burlington, MA, USA).

2.2. Synthesis

The coprecipitation method was used to prepare the desired solids [3]. In order to
avoid the intercalation of carbonate anions, decarbonated water solutions and nitrogen
atmosphere were used during the synthesis. In order to prepare the solution of the metal
cations, 0.3 L in 2.5 M concentration of their nitrate salts in a MII/MIII molar ratio 2:1
was prepared. For the precipitation medium, an aqueous solution of 4.5 M concentration
of the desired amine was prepared. The metal cation solution was added dropwise to
the amine solution, which was maintained under vigorous magnetic stirring. The pH of
the precipitation media was kept at a preselected pH value of 10 by adding the required
amount of a 2 M NaOH solution using a 240 CRISON pH-burette. After complete addition,
the aqueous suspension of the precipitated solid was stirred for 1 h at room temperature
and, then, the slurry obtained was subjected to different ageing treatments: (i) a portion
of the sample without any hydrothermal treatment was kept as a reference; (ii) a portion
was subjected to a hydrothermal treatment by microwave-assisted heating (MW) for 60 or
300 min at 90 ◦C; (iii) a portion was subjected to a hydrothermal treatment by conventional
heating (HT) for 1 or 7 days at 90 ◦C using a home-made stainless-steel bomb lined
with Teflon. Hydrothermal treatment by microwave-assisted heating was carried out
in a MILESTONE ETHOS PLUS microwave oven, where the aqueous suspension was
placed in Teflon digestion vessels, sealed and mounted on a turntable inside the oven. The
programmed temperature was controlled by a thermocouple immersed in a reference vessel
and software provided by the manufacturer. The different portions of the solid suspensions
were separated and washed by centrifugation with distilled water until reaching a pH close
to 7, in order to eliminate the equilibrium ions of the starting salts. Finally, the solids were
dried at 40 ◦C in an oven under air atmosphere.

The samples were labelled according to the preparation procedure: reaction medium,
hydrothermal treatment method and time period to which they had been subjected. So, a
sample labeled as ZA2XYt, ZA2 represents the cations (Zn–Al, molar ratio 2/1); X represents
the precipitation media (depending on the amine used EA, DEA or TEA); Y represents the
aging treatment (STH for the reference sample, HT or MW); and t the treatment duration
(in minutes for MW, in days for HT).

2.3. Characterization

A Yobin Ivon Ultima II apparatus at NUCLEUS (University of Salamanca, Salamanca,
Spain) was used for elemental chemical analysis of Zn and Al by ICP-OES.

A Siemens D-5000 instrument was used to record Powder X-ray diffraction (PXRD)
patterns using Cu-Kα radiation (λ = 1.54050 Å) with a scanning rate of 2◦/min from 5◦ to
70◦ (2θ). The Scherrer equation was used to calculate the crystallite sizes from the FWHM
(Full Width at Half Maximum) of the diffraction maximum (00l). The Warren correction
for instrumental line broadening was taken into account, but the possible contribution of
disorder effects and/or lattice strains to the peak broadening was ignored.

A Perkin-Elmer Spectrum One instrument was used to record the FT-IR spectra by
transmission with a nominal resolution of 2 cm−1 from 4000 cm−1 to 450 cm−1, using KBr
pressed pellets.
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SDT Q600 equipment from TA Instruments was used to carried out the thermogravi-
metric (TG) and differential thermal analyses (DTA). The thermal analyses were carried
out by heating from room temperature to 900 ◦C at a rate of 10 ◦C/min under continuous
oxygen (L’Air Liquide, 99.995%) flow (50 mL/min).

A Micromeritics Gemini VII 2390t apparatus was used to record the nitrogen (L’Air Liquide,
99.999%) adsorption–desorption isotherms at −196 ◦C, and to calculate the specific surface
area and porosity data. The apparatus was calibrated with He (L’Air Liquide, 99.999%).
Before measurements, the samples were pretreated at 110 ◦C for 2 h under a stream of N2
in a Micromeritics FlowPrep 060 Sample Degass System.

A Diffraction Mastersizer 2000 equipment from Malvern Instruments was used to
determine the particle size distribution (PSD) by Laser Diffraction. Using the dispersion
unit Hydro 2000 from Malvern Instruments, the solid was dispersed in water at 25 ◦C
(approx. 0.05 vol.%), and, after measuring the PSD for the dispersed samples, ultrasounds
were applied in situ to disaggregate the particles.

3. Results and Discussion

3.1. Element Chemical Analysis

Table 1 gives the Zn/Al molar ratio values and chemical formulae of the samples
synthesized in the presence of the different amines used as precipitant agents. The chemical
formulae were deduced from the results of elemental chemical analysis and thermogravi-
metric analysis (see below).

Table 1. Element chemical analysis results and the chemical formulae of each sample.

Sample Al a Zn a Zn/Al b x c Formulae

ZA2EASTH 8.32 40.27 2.00 0.33 [Zn0.67Al0.33(OH)2](NO3)0.33 · 0.44 H2O
ZA2EAMW60 7.98 38.63 2.00 0.33 [Zn0.67Al0.33(OH)2](NO3)0.33 · 0.48 H2O

ZA2EAMW300 7.96 38.30 1.99 0.33 [Zn0.67Al0.33(OH)2](NO3)0.33 · 0.50 H2O
ZA2EAHT1 9.84 46.51 1.95 0.34 LDH * + ZnO + Al2O3
ZA2EAHT7 11.05 52.01 1.94 0.34 LDH * + ZnO + Al2O3

ZA2DEASTH 7.51 38.44 2.11 0.32 [Zn0.68Al0.32(OH)2](NO3)0.32 · 0.57 H2O
ZA2DEAMW60 7.67 38.87 2.09 0.32 [Zn0.68Al0.32(OH)2](NO3)0.32 · 0.55 H2O
ZA2DEAMW300 7.64 38.31 2.07 0.33 [Zn0.67Al0.33(OH)2](NO3)0.33 · 0.55 H2O
ZA2DEAHT1 7.73 38.47 2.05 0.33 [Zn0.67Al0.33(OH)2](NO3)0.33 · 0.51 H2O
ZA2DEAHT7 8.37 41.88 2.07 0.33 [Zn0.67Al0.33(OH)2](NO3)0.33 · 0.42 H2O
ZA2TEASTH 7.64 37.56 2.03 0.33 [Zn0.67Al0.33(OH)2](NO3)0.33 · 0.55 H2O

ZA2TEAMW60 7.62 37.62 2.04 0.33 [Zn0.67Al0.33(OH)2](NO3)0.33 · 0.51 H2O
ZA2TEAMW300 7.60 37.39 2.03 0.33 [Zn0.67Al0.33(OH)2](NO3)0.33 · 0.52 H2O
ZA2TEAHT1 7.67 37.82 2.04 0.33 [Zn0.67Al0.33(OH)2](NO3)0.33 · 0.50 H2O
ZA2TEAHT7 8.13 41.16 2.09 0.32 [Zn0.68Al0.32(OH)2](NO3)0.32 · 0.43 H2O

a Mass percentage. b Molar ratio. c Al/(Al + Zn) molar ratio. * It was not possible to determine the chemical
formula of the LDH phase.

In all cases, the Zn/Al molar ratio approached the value of 2, suggesting a complete
precipitation of the existing cations in the synthesis medium. In some cases, a small
deviation could be observed, but never more than 5%.

For the determination of the chemical formula of each of the samples, the amount
of nitrate anion was calculated from the Al/(Al + Zn) molar ratio, assuming that it was
the only interlayered anion, as observed by FT-IR spectroscopy, neutralizing the positive
charge excess of the layers.

Unlike samples synthesized without amines or in the presence of methylamine, for
dimethylamine or trimethylamine samples synthesized in the presence of EA, DEA or
TEA have water content per chemical formula which is generally lower, as reported in
our previous work [27] The more regular stacking of the octahedral layers, as observed by
PXRD, leads to a decrease in the number of water molecules per unit formula, and this fact
is more evident in the samples having HT hydrothermal treatment.
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On the other hand, samples ZA2EAHT1 and ZA2EAHT7 were mostly or completely
formed by ZnO, as deduced from the PXRD analysis. However, after chemical analysis,
the presence of Al in the solid sample could be determined, indicating the formation of an
amorphous phase containing aluminum [28], not observed by X-ray diffraction. Therefore,
as there was a mixture of phases in the solid sample, it was not possible to determine the
amount of Zn and Al forming the LDH structure (if its collapse was not complete); thus,
making it difficult to determine its chemical formula.

3.2. Powder X-ray Diffraction (PXRD)

The samples synthesized using EA, DEA and TEA as modifiers of the precipitation
medium were also obtained in the form of microcrystalline powder. Figure 1 shows the
PXRD diagrams of these samples without hydrothermal treatment. The positions and
relative intensities of the recorded diffraction peaks revealed a layered structure of the
solids, characteristic of an ordered 3R1 polytype of solids with the LDH structure (JCPDS:
22-0700) [29–31]. In all cases, the most intense diffraction peak, attributed to the diffraction
plane (003) of the crystal structure, was recorded at a position 10.0◦ (2θ), with a spacing
of 8.93 Å. This spacing is in agreement with the values reported by Miyata et al. [16] for
LDH with nitrate as the interlayer anion arranged in a perpendicular orientation to the
brucite-like layers and with a M2+/M3+ molar ratio close to 2. Confirming the layered
structure, diffraction peaks corresponding to crystallographic planes (006) and (009) were
recorded at values close to 19.9◦ (2θ) and 30.0◦ (2θ), respectively, and with spacings of
4.46 Å and 2.98 Å. Reflections corresponding to diffraction planes (110) and (113) were
recorded at 60.3◦ (2θ) and 61.3◦ (2θ), with spacings of 1.53 Å and 1.51 Å, respectively.

 
Figure 1. Powder X-ray diffraction diagrams of the samples prepared in the presence of EA, DEA
and TEA with no hydrothermal treatment.

As can be seen in Figure 1, the solids prepared using DEA or TEA as precipitant agents
showed a single crystallographic phase. However, in the case of the sample prepared in the
presence of EA, diffraction peaks corresponding to a second LDH phase could be distin-
guished in the PXRD diagram. Thus, it is possible to distinguish the most characteristic
peak of this secondary phase, which was recorded close to 11.33◦ (2θ) and ascribed to
the diffraction peak (003), with a spacing of 7.81 Å. In this case, the diffraction angle for
this diffraction peak was slightly higher than that found for the sample synthesized in the
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absence of amines [27], where, unlike the shoulder observed for the sample prepared in the
absence of amines, a well-defined maximum could be clearly distinguished. In this second
phase with a spacing of 7.81 Å for the peak, due to the (003) planes, the interlaminar nitrate
anions were arranged with their molecular plane parallel to the plane of the brucite-like
layers [32–34].

Observing the width and profile of the peaks ascribed to the diffraction plane
(003) close to 10◦ (2θ), the crystallinity of these samples decreased in the order:
ZA2TEASTH > ZA2DEASTH > ZA2EASTH. Again, it could be observed how the use
of amines (and the nature of these) in the precipitation medium modifies the crys-
tallinity of the solids, to the point of two phases coexisting, with nitrate anion in the
interlayer space depending on the amine used.

The samples synthesized in the presence of EA, DEA and TEA were also subjected
to hydrothermal treatments, using two heating routes: microwave-assisted heating (MW)
and conventional oven heating (HT). Figure 2 includes the PXRD plots of these samples
with different MW hydrothermal treatment periods. Observing the profile of the diffrac-
tion peaks and their relative intensities as the treatment time increased, it can be seen
how, unlike the samples prepared in our previous work [27], the application of MW hy-
drothermal treatment increased the crystallinity of the solids as the MW treatment time
increased. Comparing the width of the diffraction peaks (003) of the samples subjected
to a longer treatment time, that is, the samples with 300 min of treatment, the following
decreasing order of crystallinity could be established as a function of the amine used:
ZA2TEAMW300 > ZA2DEAMW300 > ZA2EAMW300. It is noteworthy that, as the MW
hydrothermal treatment time was prolonged on the samples synthesized with EA, the
relative intensity of the diffraction peak (003) of the phase with the nitrate anion parallel
to the brucite-like layers did not increase as the treatment time increased, going from
being a well-defined peak in sample ZA2EASTH to being a shoulder of the peak (003) in
sample ZA2EAMW300.

Figure 2. PXRD of the samples prepared in the presence of EA, DEA and TEA with 60 and 300 min of
MW treatment.

The application of a conventional hydrothermal treatment (HT) resulted in a greater
increase in the crystallinity of the solids synthesized in the presence of DEA and TEA.
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However, the same effect is not observed for the samples synthesized in the presence of
EA, where the application of HT treatment resulted in the collapse of the layered structure,
as can be observed in Figure 3. Thus, the PXRD recorded for samples synthetized using EA
showed the formation of a zinc oxide (ZnO) like zincite phase (JCPDS: 00-036-1451 [29]).
This ZnO phase is identified mainly by the reflections recorded in the range of 28◦–38◦
(2θ). While with 1 day of HT treatment the collapse of the LDH phase was not complete, as
can be seen from its corresponding PXRD diagram, after 7 days of treatment the collapse
was complete. So, the main diffraction peaks of sample ZA2EAHT7 corresponded to the
ZnO phase and, with very little intensity, the diffraction peaks at 11.6◦ and 23.4◦ (2θ)
corresponded to the crystallographic planes (003) and (006), respectively, of the LDH phase
with the interlayer nitrate arranged parallel to the plane of the brucite-like layers.

Figure 3. PXRD of the samples prepared in the presence of EA, DEA and TEA with 1 and 7 days of
HT treatment. (�) ZnO phase.

In the case of the samples synthetized using DEA or TEA, segregation of a small
amount of the zincite phase (ZnO) could also be observed as the HT treatment time
increased. Thus, from the profile of the diffraction peaks (003) and their relative intensities
for these two series of samples, it can be observed how with 1 day of treatment, solids
of high crystallinity were obtained without segregation of the ZnO phase when TEA was
used as the precipitant agent, and with a very small amount of this phase when DEA
was used. Therefore, the segregation of ZnO decreased as the degree of substitution of
the amino group in the compound used as precipitating agent increased. Comparing the
width of the diffraction peaks (003) of the samples subjected to a longer treatment time
(samples with 7 days of treatment) the following decreasing order of crystallinity can be
established as a function of the amine used: ZA2TEAHT7 > ZA2DEAHT7. Table 2 shows
the amount of zincite phase present in the sample calculated from the calibration line with
the ratio of the areas of the characteristic peaks of the zincite phase and the LDH phase [35].
Thus, it is shown how the amount of zincite phase increased as the HT treatment time
increased, finding an amount of approximately 2% of ZnO in the sample ZA2DEAHT7. By
extrapolation of the calibration line to samples synthetized using EA, for the ZA2EAHT1
sample, 67% was ZnO and for longer treatments it was close to 100% (Table 2).
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Table 2. ZnO content in the Zn and Al samples prepared in the presence of EA, DEA and TEA with
HT treatment.

Sample
(101) Peak

Area (ZnO) a
(003) Peak

Area (LDH) a
Area Ratio
(101)/(003)

ZnO Content b

ZA2EAHT1 1807.0 1424.0 1.268961 67
ZA2EAHT7 2776.0 - - ≈100

ZA2DEAHT1 122.1 18,339.8 0.006659 0.32
ZA2DEAHT7 790.7 19,232.1 0.041114 2.14
ZA2TEAHT1 - - - -
ZA2TEAHT7 502.6 26,627.0 0.018876 0.97

a a.u. b Mass percentage.

The lattice parameters of the prepared solids were calculated from the positions of the
diffraction peaks due to the (003) and (110) planes [30]; being, c = 3 · d(003) ≈ 26.6–26.8 Å,
and a = 2 · d(110) ≈ 3.069–3.077 Å. In addition, from the value of the Full Width at Half
Maximum (FWHM) of reflection 003, the crystallite size (D) in the c direction was calculated
using the Scherrer equation, D = kλ/βcosθ [36,37], where k is a constant, taken in this
case as 0.9; λ is the wavelength of the radiation used; β the FWHM and θ the diffraction
angle; correction due to instrumental broadening was not applied. The values calculated
for the samples obtained are included in Table 3, together with the calculated values for the
number of stacked layers.

Table 3. Lattice parameters c and a, average crystal size D and number of stacked layers for the
samples obtained.

Sample c (Å) a (Å) D (Å)
Number of

Stacked Layers

ZA2EASTH 26.80 3.0697 111 12
ZA2EAMW60 26.80 3.0697 118 13
ZA2EAMW300 26.80 3.0720 135 15

ZA2EAHT1 - - - -
ZA2EAHT7 - - - -

ZA2DEASTH 26.67 3.0673 126 14
ZA2DEAMW60 26.80 3.0697 148 17
ZA2DEAMW300 26.80 3.0720 210 23

ZA2DEAHT1 26.67 3.0743 284 32
ZA2DEAHT7 26.80 3.0766 334 37
ZA2TEASTH 26.80 3.0697 150 17

ZA2TEAMW60 26.80 3.0697 142 16
ZA2TEAMW300 26.80 3.0697 218 24

ZA2TEAHT1 26.80 3.0766 319 36
ZA2TEAHT7 26.67 3.0743 322 36

The similarity of the lattice parameter a value, with differences of less than 1%, are
coherent with the homogeneity of metals composition in the samples.

The crystallite size (D) values highlight how the conventional hydrothermal treatment
led to a greater increase in the crystallinity of the solids. When the MW treatment was
applied, it was observed that, as the treatment time increased the crystal size increased,
resulting in the obtaining of, in both the DEA and TEA series, crystal sizes around 200 Å.
However, when HT treatment was applied, it could be observed that the samples synthe-
sized in the presence of TEA with only one day of treatment reached a crystal size close to
320 Å, which was practically maintained, even if the HT treatment time increased. In the
case of samples prepared in the presence of DEA, with one day of HT treatment a crystal
size higher than 280 Å was obtained; reaching a crystal size of 334 Å when the treatment
was extended to 7 days.
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3.3. FT-IR Spectroscopy

FT-IR spectra of the synthesized solids are plotted in Figure 4. The broad band at
3460 cm−1 is ascribed to the stretching vibration modes of the hydroxyl groups and the
water molecules of the interlayer space. At lower wavenumbers it was possible to observe
a bands at 615 and 556 cm−1 caused by M-OH vibration modes. The vibration ascribed to
the bending mode of the interlayer water molecules was recorded at 1624 cm−1 [18,38,39].
The bands at 2396 and 2428 cm−1 could be attributed to atmospheric CO2 weakly bonded
on the LDH surface.

Figure 4. FT-IR spectra of the samples prepared in the presence of EA, DEA and TEA with no
hydrothermal treatment and with MW and HT treatments.

In all cases, the characteristic bands of the vibrational modes of the nitrate anion
molecules were recorded, confirming its presence as an interlayer anion. Thus, bands at
1385 cm−1 and 826 cm−1 can be observed, assigned to the ν3(E’) and ν2 (A2”) vibrational
modes, respectively, of NO−

3 with a D3h symmetry [19,38]. At 1763 cm−1 a narrow band
can be observed, corresponding to the combination of the vibrational modes ν1(A1′) at
1068 cm−1 and ν4(E’) at 692 cm−1 of nitrate, the latter not clearly observed in the infrared
spectra. For sample ZA2EASTH, a shoulder can be seen at 1356 cm−1 (Figure 4), which
could be due to nitrate anions in parallel orientation in the second LDH phase observed
by PXRD. As observed by PXRD for the samples synthesized in the presence of EA after
MW hydrothermal treatment, a crystallinity increase of the phase with the anions in
perpendicular orientation took place in detriment of the phase with the anions in parallel
orientation to the layers. This effect was reflected in the FT-IR spectra, where the shoulder
at 1356 cm−1 became less evident (Figure 4). On the other hand, when DEA or TEA were
used as precipitaton agents, such a shoulder was also not observed at 1356 cm−1.

When the sample synthesized in the presence of EA was subjected to a HT hydrother-
mal treatment process, as observed in the PXRD studies, the structure collapsed segregating
the zinc oxide in its zincite phase, being almost complete with long treatment times; this
caused the FT-IR spectra of these samples to change slightly. In Figure 4 the bands at-
tributed to the vibrational modes of the hydroxyl groups and water molecules (band
positions already mentioned above) can be identified. In addition, the vibration band at
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1385 cm−1, attributed to the presence of the nitrate anion of the LDH phase recorded with
low intensity in the PXRD diagrams of the sample, can be clearly observed. As a result
of the formation of ZnO in the HT-treated samples, a band at the limit of the spectrum,
around 470 cm−1, attributed to the stretching vibrational mode of ZnO, was observed in
the FT-IR spectra [40].

In the spectra of the samples synthesized in the presence of DEA and TEA, no different
bands were observed for the hydrothermally treated samples, both MW and HT, with
respect to that of the samples that received no treatment. It should be noted that the higher
crystallinity of the samples resulted in a better ordering of both the interlaminar anions
and the layered structure, giving rise to a regularity that was reflected in a subtle increase
in intensity and narrowing of the vibration bands.

Neither in the FT-IR spectra recorded for the samples without hydrothermal treat-
ment, nor for the samples subjected to MW or HT hydrothermal treatments, were bands
corresponding to the vibrational modes of the amines used during the synthesis observed.

3.4. Thermal Analysis

The thermal analysis of the samples prepared using EA, DEA or TEA as precipitan
agents were carried out to determine their stability and evolution to mixed oxides. During
the thermal analysis, mass spectrometry (MS) of the gases and vapors formed during
the process (EGA, evolved gas analysis) was carried out. To identify the masses of the
generated species, a complete mass spectrum was initially recorded and, in a second step,
the MS analysis was performed by fixing these masses and following the change in their
intensities throughout the analysis. The reference MS of the expected evolved gases was
also taken into account. The signals monitorized corresponded to H2O (m/z = 18), N2 and
CO (m/z = 28), NO (m/z = 30), N2O (m/z = 44), NO2 (m/z = 45), EA (fragment at m/z = 30,
44 and 45), DEA (fragments at m/z = 58 and 73) and TEA (fragments at m/z = 58 and 101).

TG curves of the samples without hydrothermal treatment (STH) are included in
Figure 5, together with the tracked masses of the gases generated during the process. In
all curves, the typical decomposition stages of LDH compounds can be identified. Three
decomposition stages could be identified in all TG curves. First, below 180 ◦C, water
removal was observed, as shown by the MS peak at m/z = 18. The second stage of
decomposition was observed up to around 300 ◦C, and corresponded to the release of
water from the condensation of hydroxyl groups of the brucite-like layers. Finally, a steady
mass loss was observed between 300 and 700 ◦C, which corresponded to the removal of
interlayer nitrate species. The MS signals recorded in this temperature range corresponded
to formation of species such as NO, NO2, and N2O, from nitrate decomposition. In all
the curves, the process of elimination of the hydroxyl groups practically overlapped with
the last stage of decomposition/removal of the interlaminar anion. However, there was
better differentiation of the first stage from the second decomposition stage as the degree
of substitution of the amino group in the compound used as precipitating agent increased.
Thus, for the ZA2TEASTH sample a small plateau could be observed around 200 ◦C.

From the tracking of the m/z signals of each amine, the absence of amine residues
in the final solids could be concluded, as could also be observed by FT-IR spectroscopy.
Only in the case of the sample prepared in the presence of EA, could the mass at 45 m/z be
attributed to that amine. However, some of the masses associated with EA overlap with
the signals of the decomposition products of the nitrate anion (N2O, NO and NO2). The
absence of EA was confirmed because the mass tracking curves had the same profile as
those of NOx gas formation in the solids synthesized in the presence of DEA and TEA.

For the hydrothermally treated samples, both MW and HT, had similar TG curves
recorded, in which the aforementioned plateau was more evident as a result of the increase
in the crystallinity of the samples.
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Figure 5. TG curves, in O2 atmosphere, of the samples prepared in the presence of EA, DEA and TEA
with no hydrothermal treatment and tracking of the characteristic m/z signals.

On the other hand, it can also be observed that, as the crystalline regularity of the
solids increases, the total mass loss decreased (Table 4), due to the lower amount of water
retained in the solids. Table 4 shows that as the hydrothermal treatment time increased,
the total mass loss was lower, being in all cases between 30 and 40%. Only in the case of
the samples synthesized in the presence of EA and with HT hydrothermal treatment was
a total mass loss less than 30% observed. This was due to the formation of ZnO in these
samples, where after 7 days of treatment practically the whole structure had collapsed and
the mass loss observed in the TG curve was due to the small amount of the LDH phase, the
retained water and the decomposition of the nitrate anion.

Table 4. Total weight loss and H2O molecules per chemical formula calculated for each sample.

Sample Weight Loss (%)
H2O Molecules Per

Chemical Formula (n)

ZA2EASTH 36.6 0.44
ZA2EAMW60 36.7 0.48

ZA2EAMW300 38.0 0.50
ZA2EAHT1 22.6 -
ZA2EAHT7 14.6 -

ZA2DEASTH 38.1 0.57
ZA2DEAMW60 37.8 0.55
ZA2DEAMW300 38.2 0.55

ZA2DEAHT1 37.3 0.51
ZA2DEAHT7 31.0 0.42
ZA2TEASTH 38.7 0.55

ZA2TEAMW60 38.3 0.51
ZA2TEAMW300 38.5 0.52

ZA2TEAHT1 37.9 0.50
ZA2TEAHT7 32.8 0.43

The DTA curves of the samples both without hydrothermal treatment and with hydrother-
mal treatments, MW or HT, are included in Figure 6. In all cases, endothermic minima associated
with the different decomposition processes of the samples can be observed.

The minimum recorded at 120–130 ◦C in the DTA curves was associated with the
process of release of the water retained in the interlayer space. However, in the case of the
samples synthesized in the presence of EA, another minimum could be observed at 176 ◦C,
which could correspond to the elimination of water molecules retained more strongly in
the structure of the layered solid. On the other hand, at temperatures above 200 ◦C a
minimum associated with the process of elimination of hydroxyl groups in the form of
water vapor and the decomposition of the nitrate anion was found. In many cases this
minimum presented a shoulder at lower temperature, or was even dissociated into two
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clearly distinguishable minima. This dissociation and, therefore, differentiation in the
decomposition processes, became more evident as the crystalline regularity in the solids
increased after the application of a hydrothermal treatment. On the other hand, it is worth
mentioning that in all cases the main minimum was found at higher temperatures than in
the case of the solids synthesized in our previous work using methylamine, dimethylamine
or trimethylamine as precipitant agents, and even in the case of the solids synthesized in
the absence of amines [27]. Thus, for the sample synthesized in the presence of DEA, this
minimum was found at 260 ◦C, while for the sample synthesized in the presence of TEA,
the minimum shifted to 272 ◦C.

Figure 6. DTA curves, in O2 atmosphere, of the samples prepared in the presence of EA, DEA and
TEA with no hydrothermal treatment and with MW and HT treatments.

3.5. Specific Surface Area and Porosity

The textural properties of the synthesized solids were studied from the N2 adsorption–
desorption isotherms at −196 ◦C. Table 5 includes the values of the specific surface areas
calculated by the BET (SBET) method [41,42], the pore volume (Vpore) and the average
pore diameter calculated by the BJH method [42,43] for the synthesized samples. For the
samples prepared in the presence of DEA and TEA, both without hydrothermal treatment
and with MW treatment, the adsorption capacity was below the confidence limit of the
equipment used. Only for the samples with HT hydrothermal treatment (and sample
ZA2DEAMW300) did the adsorption measurements present confidence values. This behav-
ior was not observed for samples prepared in the presence of EA, although the samples
presented low SBET values, close to the detection limit. Figures 7 and 8 include the corre-
sponding adsorption–desorption isotherms, which correspond to type II according to the
IUPAC classification [44,45], corresponding to adsorption on non-porous or mesoporous
adsorbents, where adsorption can occur without monolayer-multilayer restrictions. More-
over, it can be observed how all of them presented a hysteresis cycle, corresponding to the
H3 type according to the IUPAC classification [42], indicating that adsorption took place in
slit-shaped pores formed by layer-like particles.
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Table 5. BET specific surface area, pore volume and average pore diameter of the samples prepared.

Sample SBET (m2/g) Vpore (mm3/g)
BJH Desorption

Average Pore
Diameter (nm)

ZA2EASTH 6.1 14.9 9.1
ZA2EAMW60 3.4 9.8 9.6

ZA2EAMW300 4.5 11.2 9.6
ZA2EAHT1 74.3 73.7 4.6
ZA2EAHT7 118.5 83.2 3.0

ZA2DEASTH - - -
ZA2DEAMW60 - - -

ZA2DEAMW300 6.4 16.0 6.9
ZA2DEAHT1 15.3 32.2 7.6
ZA2DEAHT7 28.2 42.2 5.3
ZA2TEASTH - - -

ZA2TEAMW60 - - -
ZA2TEAMW300 - - -

ZA2TEAHT1 9.0 23.3 9.9
ZA2TEAHT7 21.0 32.4 5.7

 

Figure 7. Nitrogen adsorption-desorption isotherms for HT treated samples prepared in the presence
of EA, DEA and TEA.

 
Figure 8. Nitrogen adsorption-desorption isotherms for MW treated samples prepared in the presence
of EA and DEA.
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In all cases SBET values were higher than those obtained for the samples obtained with
the amines used in our previous work and, also, the values were higher than those found
for the samples synthesized in the absence of amines [27]. On the contrary, smaller pore
diameter sizes were recorded.

In view of the results included in Table 5, the segregation of ZnO in the samples
synthesized in the presence of EA with HT treatment led to a substantial increase in
the specific surface area. Solids with higher porosity were obtained, where the pore
volume increased, with smaller pore diameter sizes with respect to the sample without
hydrothermal treatment.

In the case of the solids synthesized in the presence of DEA and TEA, after the
application of a HT hydrothermal treatment, according to the PXRD results, an increase
in the crystallinity took place, as a consequence of better ordering of the brucite-like
layers. Together with the increase in the crystallinity of the solids, an increase in the SBET
could be observed and adsorption–desorption curves could be recorded in both cases.
Moreover, the prolongation of the HT treatment resulted in higher crystallinity linked
to an increase of the SBET value, where, in both series of samples, the SBET value for
sample with 7 days of treatment was twice that for the sample with one day of treatment.
However, it is important to remember the presence of approximately 2% of ZnO in sample
ZA2DEAHT7, which could justify the difference in specific surface area with respect to that
of sample ZA2TEAHT7.

Figure 8 shows the adsorption–desorption curves for the samples without hydrotermal
treatment and with MW treatment. While the sample without hydrothermal treatment had
an SBET value close to 6 m2/g, for samples synthetized using EA as precipitant agent, when
a MW hydrothermal treatment was applied the surface area decreased. In the three curves
a similar behavior against the desorption process can be observed, with slightly larger pore
sizes when MW treatment was applied. On the other hand, when DEA or TEA were used
as precipitant agents, only the adsorption–desorption curve for sample ZA2DEAMW300
was recorded. The SBET value for this sample was 6.4 m2/g, higher than that found for the
analogous sample synthesized in the presence of EA.

3.6. Particle Size Distribution

Figure 9 shows the particle size distribution curves of the samples synthesized in the
presence of EA, DEA and TEA without hydrothermal treatment and after the application
of the longest periods of both hydrothermal treatments: MW and HT. For each of the
samples two distribution curves are represented: (i) the distribution curve of the sample in
aqueous suspension, black curve, and (ii) the distribution curve of the sample in aqueous
suspension subjected to sonication treatment for 15 min, directly in the particle size analyzer,
red curve. Sonication treatment is often used to disaggregate primary particles, changing
the distribution curves.

The samples without hydrothermal treatment presented a monomodal size distribu-
tion centered between 300 and 400 μm. Although, as the degree of amino group substitution
increased, a small shoulder could be observed at lower size values, approximately at 20 μm,
as observed in Figure 9a–c. The application of ultrasound for 15 min did not have a great
impact on the distribution curves; only in the case of sample ZA2TEASTH was the afore-
mentioned shoulder accentuated at 20 μm. This fact indicates that samples prepared in the
presence of EA and DEA give rise to robust particles that are more difficult to disaggregate
than particles obtained using TEA as the precipitant agent.

The particle size distribution curves for the samples subjected to MW hydrother-
mal treatment for 300 min are included in Figure 9d–f. While the sample synthesized
in the presence of EA presented the same profile as its version without hydrothermal
treatment, broader distribution curves were observed for samples ZA2DEAMW300 and
ZA2TEAMW300. After the application of ultrasound, practically no changes in the distribu-
tion were observed for sample ZA2EAMW300, indicating the difficulty in desaggregating
its particles, showing the same robustness as the STH sample. In the case of samples pre-
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pared in the presence of DEA and TEA, after the application of ultrasound, disaggregation
to smaller particle size took place, resulting in bimodal distribution curves with maxima
at 40 μm. Moreover, after the application of ultrasound, it can be observed how these
distributions became wider.

Figure 9. Particle size distribution before (black) and after (red) sonication in water suspension
of synthetized samples (a) ZA2EASTH, (b) ZA2DEASTH, (c) ZA2TEASTH, (d) ZA2EAMW300,
(e) ZA2DEAMW300, (f) ZA2TEAMW300, (g) ZA2EAHT7, (h) ZA2DEAHT7, (i) ZA2TEAHT7.

The distribution curves for the samples subjected to HT hydrothermal treatment for
7 days are included in Figure 9g–i, where it is observed that the samples synthesized
in the presence of DEA and TEA presented the same behavior as the samples with MW
hydrotermal treatment over 300 min, obtaining monomodal particle size distributions
that covered a wide range of sizes. However, when an ultrasound treatment was applied,
the particles disaggregated, obtaining monomodal distributions at smaller particle sizes
with a maxima between 20 and 30 μm, which presented, in both cases, a shoulder at even
smaller particle sizes, around 5 μm. Furthermore, in both samples it was observed how the
size distributions became narrower. For example, the particle size distribution of sample
ZA2DEAHT7 decreased from a maximum at 130 μm to a maximum at 30 μm, with a
shoulder at 6 μm. In contrast, the curve of sample ZA2EAHT7 presented slightly different
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behavior, where a multimodal distribution was obtained over a wide range of particle
sizes, with maxima at 0.6, 2.7, 10 and 300 μm. After the application of ultrasound, the
disintegration of the larger particles occurred, also resulting in a multimodal distribution
with maxima at 0.6, 2.5, 12 and 225 μm, with a higher percentage of smaller particles.
The different behavior of sample ZA2EAHT7 was due to fact that in this sample the
hydrotalcite-type structure had completely collapsed and the only phase detected by PXRD
was ZnO (Figure 3).

Table 6 includes the volume-weighted mean particle diameter, D[4,3], values for
each of the samples, both before and after ultrasound treatment [46,47]. In general, the
lowest particle size values were obtained for the samples synthesized in the presence of
TEA, obtaining values even lower than those of the samples obtained without amines
in the reaction medium (reported in our previous work [27]). For all series of samples,
similar D[4,3] values were found, regardless of the MW treatment time, whereas, when
HT hydrothermal treatment was applied, as the treatment time increased, the D[4,3] value
slightly decreased. The smallest particle size, 114 μm, was found for sample ZA2EAHT7,
where, as previously commented, the structure had collapsed to zinc oxide.

Table 6. Volume-weighted mean particle diameter, D[4,3], values of prepared samples.

Sample
D[4,3]

Before Sonication
D[4,3]

After Sonication

ZA2EASTH 428 399
ZA2EAMW60 280 258

ZA2EAMW300 298 248
ZA2EAHT1 327 230
ZA2EAHT7 114 16

ZA2DEASTH 347 324
ZA2DEAMW60 268 263
ZA2DEAMW300 275 210

ZA2DEAHT1 272 94
ZA2DEAHT7 232 22
ZA2TEASTH 274 212

ZA2TEAMW60 221 219
ZA2TEAMW300 201 112

ZA2TEAHT1 253 79
ZA2TEAHT7 231 36

The application of a sonication treatment had a great impact on the D[4,3] value of
the samples subjected to HT hydrothermal treatment, as can be deduced from the data
collected in Table 6. Thus, the lowest value was obtained for sample ZA2DEAHT7, with a
mean particle diameter of 36 μm.

It can be concluded that the samples subjected to MW treatment were formed by
tightly bound particle agglomerates, deduced by the low disintegration after the sonication
treatment. Only for samples with long periods of MW treatment was a slight disinte-
gration of the agglomerates observed, obtaining the lowest D[4,3] value for the sample
ZA2TEAMW300, with 112 μm.

4. Conclusions

The effect on the properties of Zn-Al-NO3 LDHs, prepared using amines with two car-
bon atoms in the organic chain, together with the application of hydrothermal treatments
using different energy sources, conventional or microwave heating, was studied. Well
crystallized compounds were obtained, the crystallinity of which improved a lot after
prolonged conventional hydrothermal treatment when diethylamine or triethylamine were
used as precipitant agents. When ethylamine was used in the synthesis media, two LDH
phases were obtained, in which the nitrate anion had two different orientations in the
interlayer space. Furthermore, the LDH structure of solids prepared using ethylamine
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collapsed easily with a conventional hydrothermal treatment to form zinc oxide. When
the samples were subjected to conventional hydrothermal treatment, the formation of ZnO
was also observed when DEA or TEA were used, although to a smaller amount. So, the
ZnO content is lower as the degree of substitution of the amino group of the compound
used as precipitating agent increases. The results also showed the formation of aggregates
which could be disaggregated by sonication. So, it was possible to obtain solids with high
crystal sizes and low particle size distributions when a conventional treatment was used.
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Abstract: Development of ceramic pigments with controlled particle sizes below 1 μm is essential for
the preparation of ceramic inks used in inkjet digital decoration that is currently being applied in
the ceramics sector. A black ceramic pigment based on NiCoCrFe composition has been prepared
using thermal decomposition of hydrotalcite-like compounds. The stoichiometry ratio between
different cations was studied to obtain the blackest pigment, giving Ni0,5Co0,5CrFeO4 the better
cation ratio, also the thermal treatment, comparing traditional firing in an electric furnace with
microwave treatment. Samples have been characterized by X-ray diffraction, Scanning Electron
Microscopy and Lab colour measurement. Microwave treatment showed the best way to obtain a
pigment with spinel-type structure and a homogeneous size distribution near to 150 nm, with a high
intensity and colorimetric data, reducing drastically the temperature and energy consumption to
obtain a black ceramic pigment suitable to be utilized in digital ceramic inks.

Keywords: hydrotalcite; ceramic pigment; hydrotalcite-like compounds; ceramic ink

1. Introduction

A ceramic pigment is a crystalline structure that gives ceramic the chromatic properties
that it does not possess [1]. In the case of black ceramic pigments, the main crystalline
structure used is spinel, due to its stability and inalterability when it is introduced into the
composition of ceramic glazes [2]. The traditional way of preparing these pigments is the
traditional route or route in the solid state, where the corresponding proportions of metal
oxides and mineralizing agents are mixed, and subsequently subjected to high calcination
temperatures so that the corresponding reaction occurs [3].

The use of alternative routes for the preparation of ceramic pigments has been studied
in recent decades to improve reactivity, reduce the high temperatures and times used
in calcination, and eliminate the use of mineralizing agents, which are harmful to the
environment [4–9].

Thermal decomposition of hydrotalcite-type compounds can produce spinel [10]. An
adequate formulation of these compounds allows obtaining suitable products such as
ceramic pigments, with a spinel structure, lowering the temperature at which they are
obtained, as well as eliminating the use of any mineralizing agent [11].

The use of new technologies for digital decoration in ceramics through inkjet printing
requires the use of inks where the solid component (pigments or glazes) has a size of
less than 1 micron [12]. By means of the traditional preparation of the pigments, the size
obtained after the calcination process is very high (>20 microns), for which a very energetic
and expensive grinding stage is necessary. Use of different soft-chemistry synthesis routes
has been used to develop particle size and to avoid or minimize the grinding stage [13–15],
also the use of thermal decomposition of hydrotalcite-type compounds reduces this size in
the final product, thus minimizing the energy consumption of the grinding process because
of the adequate particle size obtained [11].
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Finally, the use of microwave technology in the preparation of inorganic solids has had
a great boom in recent years due to the short time it takes to reach the cooking temperature,
which favours the low aggregation of the material and the obtaining of very small particle
sizes with the appropriate crystalline conditions [16–19].

These advantages can be used together with decomposition of hydrotalcite-like com-
pounds to obtain well-formed and small-sized pigments suitable to be use into ceramic
inks for digital ink decoration.

2. Materials and Methods

Co1-xNixFe2-yCryO4, with x and y values of 0.5 and 1, respectively, were prepared using
traditional solid-state reaction and thermal decomposition of Hydrotalcite-like compound
(HTLC) precursor.

For solid-state reaction, different metal oxides (Co3O4, NiO, Fe2O3 and Cr2O3) were
used in industrial grade (minimum 98.5% purity), provided by Al-Farben company (Tor-
recid Group). Also, H3BO3 (Al-Farben 99.3%) in 5% w/w was used as flux agent

The HTLC precursors were prepared according to Kanezaki [20] procedure using
0.28 M solutions for divalent metallic cations and 0.07 M solutions for trivalent metallic
cations. Solutions of NaOH 1 M and Na2CO3 0.25 M as buffer agent were also used. A
variation using 0.5 M of all solutions was also studied to test the concentration effect. The
solutions were prepared using CoCl2·6H2O, NiCl2·6H2O, CrCl3·6H2O and FeCl3 (Merck,
99%) and Na2CO3·10H2O (Merck, 99.5%).

Firing treatments were performed using a traditional kiln with 500 ◦C, 700 ◦C and
1000 ◦C with 10 ◦C/min heating rate and 30 min or 2 h at maximum temperature. Also,
a domestic microwave oven (800 W) was used to heat an Al2O3 capsule painted inside
with SiC (Figure 1). Into this capsule, different samples were located and microwaves with
800 W power were applied for times of 5, 15 and 30 min, reaching a maximum temperature
of 1038 ◦C. Temperature reached was determined using process temperature control rings
(PTCR) type ETH (temperature range 850 ◦C–1100 ◦C) from FERRO.

 

Figure 1. Capsule for microwave kiln painted with SiC.

Analysis and characterization of the samples were performed using XRD for crystalline
development (BRUKER AXS, EndeavorD4, determination angles 5–70◦ 2θ with acquisition
time 2 s. 0.05◦ 2θ), TG-DTA for thermal analysis (BÄHR STA503 with Pt crucible and
heating rate 5 ◦C/min), SEM for morphological and size distribution (JEOL7001, FED
warm cathode, 15 kV and carbon sputtering) and spectrophotometer for determination of
colorimetric L*a*b* coordinates (KONICA MINOLTA, CM-3600A, SpectraMagicNX d65
illumination and 2◦ observer).

Colour tests were prepared with an industrial transparent glossy enamel (10% ZnO in
composition) with an addition in 1% w/w of synthesized ceramic pigment and fired in an
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industrial cycle of 1100 ◦C with 5 min at maximum temperature and 50 min of total firing
time (cold to cold).

Table 1 summarizes the references and synthesis conditions of different samples prepared.

Table 1. References of prepared samples.

Reference
Synthesis
Method

Firing Temperature (◦C)
Remaining Time at

Max. T (min)

C-crude Solid state No firing - -
C-M1 Solid state Normal kiln 500 30
C-M2 Solid state Normal kiln 700 30
C-M3 Solid state Normal kiln 1000 30
C-M4 Solid state Normal kiln 500 120
C-M5 Solid state Normal kiln 700 120
C-M6 Solid state Normal kiln 1000 120

C-MW1 Solid state Microwave <850 5
C-MW2 Solid state Microwave <850 15
C-MW3 Solid state Microwave 1038 30
H-crude HTLC No firing ————– ————–

H-M1 HTLC Normal kiln 300 30
H-M2 HTLC Normal kiln 400 30
H-M3 HTLC Normal kiln 500 30
H-M4 HTLC Normal kiln 700 30
H-M5 HTLC Normal kiln 1000 30
H-M6 HTLC Normal kiln 500 120
H-M7 HTLC Normal kiln 700 120
H-M8 HTLC Normal kiln 1000 120

H-MW1 HTLC Microwave <850 5
H-MW2 HTLC Microwave <850 15
H-MW3 HTLC Microwave 1038 30

3. Results and Discussion

3.1. HTLC Preparation

Figure 2 shows DTA/TG of the HTLC prepared (H-crudo). Two endothermal peaks
were observed at 168 ◦C and 327 ◦C with a mass loss associated (27.7%) corresponding
with H2O hydration and carbonate loss, respectively. In fact, 12.3% corresponds with water
loss and 15.4% with carbonate loss [11].

Figure 2. DTA (red line) and TG (blue line) of HTLC sample.
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Figure 3 shows XRD analysis of HTLC sample (H-crude). It shows peaks correspond-
ing with hydrotalcite, with a very low definition and crystallinity, because stoichiometry
ratio used in sample preparation was M(II)/M(III) 1:2, far from the 4:1 ration in theoretical
hydrotalcite, and there was no ageing time after precipitation.

 
Figure 3. XRD of HTLC sample prepared (red lines correspond to hydrotalcite XRD pattern
JCDP 010890460).

The poor crystallization and lower temperature of decarbonation respect to theoretical
hydrotalcite can be explained because hydrotalcite can incorporate a maximum quantity of
trivalent cation. MII(OH)6 octahedra are electrically neutral, but MIII(OH)6 octahedra are
positively charged, and the presence of this type of octahedra sharing edges is unstable;
therefore, part of trivalent cation cannot be incorporated into the hydrotalcite structure,
giving this structural deformation [10].

3.2. Thermal Treatment

In conventional solid state, at least 1000 ◦C and 120 min firing conditions are necessary
to obtain a spinel phase (sample C-M6). The other firing conditions were not adequate to
develop this crystalline phase. When microwave firing was used, 30 min were necessary to
achieve a temperature of 1038 ◦C. When shorter calcination times were used, the spinel
phase did not develop, since the temperatures reached were in all cases below 850 ◦C.

Figure 4 shows XRD analysis of sample C-M6 and C-MW3. The results were practically
identical in both cases, theoretically obtaining the crystalline phase of spinel Co0.5Ni0.5FeCrO4.
In fact, the crystalline phase identified in DRX pattern corresponds to spinel CoCr2O4
(JCDPS 0801668) and NiFe2O4 (JCDPS 0742081). Up to our knowledge, the reference
pattern for the spinel theoretically prepared (Co0.5Ni0.5FeCrO4) does not exist, but it was
clear that the solid prepared had the spinel structure and coincided with the patterns of the
extreme solids of the corresponding series.

SEM micrographies (Figure 5) of these samples show well-formed aggregates where
individual size was under 1 micron.

When calcining HTLCs, spinel phase formation occurred at much lower temperatures.
Figure 6 shows XRD of H-M3 and H-MW1. The development of crystallization was very
similar in both cases; therefore, the temperature reached with the microwave was possibly
close to 500 ◦C. Several phases have been identified that could correspond to these peaks,
namely NiO, FeO, CoO and NiCr2O4. Obviously, the peaks did not correspond to these
phases, but were close to them, which gives an idea of possible intermediates made up of
the different elements of the prepared composition.
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(a) Sample C-M6

(b) Sample C-MW3

Figure 4. XRD of samples C-M6 (a) and C-MW3 (b) (red lines correspond to CoCr2O4 XRD pattern
(JCDPS 0801668) and light blue ones to NiFe2O4 (JCDPS 0742081)).

 

(a) Sample C-M6

(b) Sample C-MW3

Figure 5. SEM micrograph of samples C-M6 (a) and C-MW3 (b).
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(a) Sample H-M3

(b) Sample H-MW1

Cu-Ka (1.541874 A) 
2theta 

Figure 6. XRD of samples H-M3 (a) and H-MW1 (b) (red lines correspond to NiO XRD pattern
(JCDPS 0780643), orange to NiCr2O4 (JCDPS 0770008), dark blue to CoO (JCDPS 0750533) and light
green to FeO (JCDPS 0772355)).

Particle sizes were very low (under 100 nm) and there was no aggregation of particles,
as shown in Figure 7 for sample H-MW1.

 

Figure 7. SEM micrograph of sample H-MW1.

When temperatures higher than 500 ◦C were used, the crystalline phase of spinel
Co0.5Ni0.5FeCrO4 can be observed with good crystallinity.
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Figure 8 shows the XRD patterns of HM-4, HM-5, and H-M8 samples, while Figure 9
shows the XRD patterns of H-MW2 and H-MW3, respectively. As occurred in the solid-
state samples calcined at 1000 ◦C, the target spinel was developed, being identified by
the similarity with CoCr2O4 and NiFe2O4 crystalline phases, as explained above. In these
cases, this phase was obtained at lower temperatures and with shorter retention times than
those needed in the solid-state reaction, and with a very similar crystalline development in
both cases, traditional firing and microwave treatment. Higher temperature led to better
crystallization, but in all cases showing spinel formation.

 

(a) Sample H-M4

(b) Sample H-M5

(c) Sample H-M8

Intensity 

Figure 8. XRD patterns of samples H-M4 (a), H-M5 (b) and H-M8 (c) (red lines correspond to
CoCr2O4 XRD pattern (JCDPS 0801668), light green to NiFe2O4 (JCDPS 0742081), and orange to NiO
(JCDPS 0731523)).

In addition to the spinel phase, the mixed oxide of nickel and cobalt also appeared.
This may be since these metals have the narrowest working pH ranges in which the
mixed hydroxide is formed (7 to 10). Thus, it is possible that during the synthesis of
hydrotalcite, the pH of the solution was below 7, giving rise to the dissolution of these
metals. Subsequently, when the solution is basified again, a fractional precipitation may
take place, giving rise to a mixed cobalt-nickel hydroxide. Finally, during the calcination,
the spinel was obtained separately together with this mixed oxide. In all cases, it can be
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observed that the particle size obtained was close to 100 nm, forming aggregates in normal
kiln, although with low retention time, as shown in Figure 10.

 

(a) Sample H-MW2

(b) Sample H-MW3

Figure 9. XRD patterns of samples H-MW2 (a) and H-MW3 (b) (red lines correspond to CoCr2O4 XRD
pattern (JCDPS 0801668), light green to NiFe2O4 (JCDPS 0742081), and orange to NiO (JCDPS 0731523)).

 

Figure 10. SEM micrograph of sample H-M5.

In case of using microwave kiln, there were no aggregates with a very well size
distribution thanks to fast heating rates and minimum retention time during firing process,
Figure 11.
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Figure 11. SEM micrograph of sample H-MW2.

Thanks to this small particle size and the non-agglomeration of these particles, a
ceramic ink could be prepared for inkjet application. Preliminary test has been developed,
showing the availability to obtain ceramic inks, without clogging nozzles problems.

3.3. Colour Measurement

All the prepared pigments have been applied in ceramic glazes in 1% w/w, using a
transparent glaze in an industrial firing cycle of porous single firing tiles “monoporosa”
pieces (1100 ◦C with a total cycle duration of 45 min).

The pure black colour is the one that corresponds to chromatic coordinates L = 0, a = 0
and b = 0. Of course, these values should not be reached, so the closest values will be the
ones that will provide the best colour development.

The results have been compared with a commercial black pigment (Table 2), obtaining
in most cases in which HTLC synthesis has been used, a higher colour yield than the
commercial one. When using “colour yield” term, it is meant that the colour is closer to
pure black colour (Lower values for L coordinate and a, b values closest to 0).

Table 2. L*a*b* colorimetric coordinates of different pigments studied.

Reference L a b

C-crude 44.47 −2.72 7.6
C-M1 42.85 −1.88 6.74
C-M2 38.99 −0.84 4.91
C-M3 36.36 0.14 3.01
C-M4 42.78 −1.97 6.51
C-M5 41.02 −1.79 5.44
C-M6 37.19 1.13 3.70

C-MW1 43.74 −2.47 6.98
C-MW2 36.72 1.85 3.03
C-MW3 36.74 1.65 1.71
H-crude 36.62 1.12 1.47

H-M1 33.37 0.93 0.76
H-M2 35.75 0.55 −0.18
H-M3 35.36 0.54 −0.16
H-M4 32.29 0.93 0.72
H-M5 31.30 1.38 −0.03
H-M6 36.65 0.76 1.12
H-M7 35.17 0.98 0.94
H-M8 29.40 1.15 0.04

H-MW1 39.09 1.04 0.61
H-MW2 32.12 1.12 0.32
H-MW3 32.25 1.00 −2.32

Commercial 36.04 1.36 −1.01
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All the pigments prepared from the HTLC synthesis gave a very acceptable black
colour performance; even the uncalcined sample had a very acceptable colour performance.
In all cases where spinel has not formed after heat treatment, the developed black colour
was good. This may be because the precursor obtained finished developing the spinel
phase during the firing of the glazed ceramic piece, which allowed this synthesis to be used
at low temperatures to obtain nanoparticulate pigments.

4. Conclusions

The main conclusions that can be drawn in this work are the following:

• Pigments made by non-conventional routes, namely using hydrotalcite as a precursor,
have better/higher colour performance than pigments made by ceramic route, when
similar firing conditions are compared. In all cases, using hydrotalcite as a precursor
(except crude hydrotalcite), colour performance is better than when commercial black
pigment is used.

• The use of microwave treatment reduces the final size of the primary particles due
to high energy and low time firing process. When hydrotalcite precursor is used, it
is enough applying 800 W for 15 min to obtain the spinel phase with the best black
colour performance.

• For samples obtained by the non-conventional synthesis route, the development of
the spinel phase begins at 700 ◦C, while in the conventional route it is necessary to
reach 1000 ◦C to be able to observe the development of the spinel, showing the higher
reactivity of hydrotalcite precursor in front of the traditional synthesis route.

• The developed method allows obtaining nanoparticulate ceramic pigments with a spinel
structure under very favourable synthesis conditions for their industrial development.
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Abstract: In recent decades, the increasing use of pesticides to improve food productivity has led
to the release of effluents that contaminate the environment. To prepare a material that may help
to treat effluents generated during agricultural practice, we used a new method based on the non-
hydrolytic sol-gel route to obtain zinc photocatalysts in aluminophosphate matrixes. IR spectroscopy,
X-ray diffraction, thermal analysis, differential scanning electron microscopy, energy dispersion
spectroscopy, and specific surface area and pore volume determined from the nitrogen adsorbed
were used to characterize materials treated at different temperatures. X-ray analysis showed how
heat-treatment affected the structure of the material: Zn-AlPO4 in the trigonal and orthorhombic
phase was obtained at 750 and 1000 ◦C, respectively. These phases directly influenced the ability
of the material to generate OH radicals. The capacity of the materials to treat effluents was tested
in the photodegradation of the pesticide Fipronil. The photocatalytic reactions were monitored by
ultraviolet-visible spectroscopy and gas chromatography-mass spectrometry analyses. Zn-AlPO4

treated at 750 ◦C showed better photodegradation results–it removed 80% of the pesticide in 2 h
when higher mass (150 mg) was tested. Long-time treatment of the effluent with Zn-AlPO4 treated at
750 ◦C completely photodegraded Fipronil. GC-MS analysis confirmed the photodegration profile,
and only traces of Fipronil were observed after photocatalytic reaction for 120 min in the presence of
Zn-AlPO4 treated at 750 ◦C under UV radiation.

Keywords: non hydrolytic sol–gel; advanced oxidation process; heterogeneous photocatalysis;
photochemistry

1. Introduction

The intensive use of agricultural land worldwide, along with the large-scale develop-
ment of the agrochemical industry, has dramatically increased the variety and quantity of
agrochemicals in both continental and marine waters. Contaminated water poses risks to
human and animal health, and the removal of these contaminants has been a challenge for
researchers in recent years [1].

Technologies known as advanced oxidation processes (AOPs) have emerged as strate-
gies to remediate waters contaminated with agrochemicals [2,3]. These technologies allow
pesticides to be removed up to mineralization, and include methods such as O3, O3/UV-B,
H2O2/UV-C, Fenton, photo-Fenton, TiO2-ZnO/UV-A, and TiO2-ZnO/UV-B [4–6]. These
methods share a common factor: all of them generate hydroxyl radicals (OH•).
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Zinc oxide (ZnO) is a semiconducting species with a band gap similar to the band gap
of TiO2, but it offers a major advantage: ZnO absorbs more than one fraction of the UV
spectrum, and has a threshold of 425 nm.

It is importate remark also that the UV emission corresponds to the near band edge
(NBE) emission assigned to to the radiative annihilation of excitons and the visible emission
is commonly referred to as a deep-level or trap-state emission [7–9]. The relative strength
of NBE to deep level defect emissions exhibits a dramatic threshold dependence on surface
roughness, and this point involves directly the method employed to preare the semicoduc-
tor. Surface optical emission efficiency increases over the roughness decreases to unit cell
dimensions, highlighting the coupled role of surface morphology and near-surface defects
for high efficiency ZnO emitters [7–9].

In addition, compared to TiO2, materials containing the Zn(II) ion constitute more ef-
fective photocatalysts to remediate water, because they generate H2O2 more efficiently [7–9],
afford higher mineralization rates, contain a larger number of active sites for photocatalysis,
and exhibit greater surface reactivity.

Incorporation of photoactive elements into molecular sieves provides materials with
highly dispersed active species and enhanced photocatalytic activity [10,11]. In general,
the high dispersion of photoactive sites in the network of the molecular sieves, along with
the effective separation between electrons and holes, improves the photocatalytic activity
of molecular sieves containing metallic transition elements. Photoactive elements (e.g., Zr
and Ti) incorporated into the zeolite MCM-41 network cleave H2O at least 80 times more
effectively than ZrO2 [12–14]. Hence, isomorphous substitution of Zn(II) ions into alu-
minophosphates seems to be a good strategy to make this semiconductor more efficient, and
to avoid the corrosion that free Zn(II) species commonly experience under electrochemical
conditions, acidic media, and UV light [15].

Fipronil, with the minimum formula C12H4Cl2F6N4OS (Figure 1a, is an insecticide of
the phenylpyrazole series used to control pests of corn, cotton, and rice in several parts
of the world [16]. It is effective against insects with resistance to pyrethroids, cyclodiene,
organophosphorus, and carbamate insecticides [17]. Its mechanism of action involves
the selective blocking of the passage of chloride ions through the γ-aminobutyric acid
(GABA)-regulated chloride channel, which disrupts the activity of the central nervous
system and, at sufficient doses, kills insects with a favorable safety factor between insects
and mammals [18]. In aquatic environments, fipronil has been found at levels between
0.5 and 9 μg L−1 in surface waters and downstream of treated rice-cultivation fields, and
up to 12.6 μg L−1 in residential areas [16]. In the Brazilian southeast region, concentrations
between 6 and 465 μg L−1 were found [16].

Figure 1. Chemical structure of dipronil (a) and its desulfurated derivative desthiofipronil (b).

84



ChemEngineering 2022, 6, 55

In this context, the sol–gel process, which involves the hydrolysis and polycondensa-
tion of molecular precursors and formation of oxo bridges, is an important methodology to
design and synthesize materials that are potentially applicable in catalysis and photocataly-
sis [19–21]. The sol–gel chemistry has the following advantages: it provides materials with
(i) a high degree of purity; (ii) strictly controlled composition, structure, and homogeneity
at the molecular level; and (iii) regulated texture. In recent years, authors have suggested
many modifications to the sol–gel routes. In the modified methodology, the oxo bonds
originate from other oxygen donors other than water—for example, alkoxides, ethers, or
alcohols—giving rise to the term “non-hydrolytic sol-gel” route coined by Acosta et al. in
1994 [22].

This work aimed to synthesize new materials to treat sewage and wastewater from
agrochemical activities. More specifically, it describes the synthesis of zinc aluminophos-
phate matrices via the non-hydrolytic sol–gel process, and their application in the pho-
tocatalytic degradation of fipronil—an insecticide that is widely used worldwide. Tech-
niques such as X-ray powder diffraction, infrared spectroscopy, thermal analysis, and
scanning electron microscopy aided the characterization of the new materials, calcined at
different temperatures.

2. Materials and Methods

2.1. Reagents

All of the reagents were analytical grade, and were purchased from Aldrich, Sigma,
or Merck, and treated when necessary. Fipronil was acquired from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Preparation of Zn-AlPO4 Matrices via the Non-Hydrolytic Sol–Gel Route (NHG)

The material was synthesized by modifying the methods described by Acosta et al. [22],
Bourget et al. [23], and de Lima et al. [19]. In a two-necked round-bottomed flask, alu-
minum chloride (9.4 × 10−2 mol), isopropyl ether (iPr2O, 2.8 mol), and zinc(II) chloride
(2.7 × 10−2 mol) were mixed and refluxed at 110 ◦C, for 4 h, under an argon 5.0 quality
(≥99.999%) atmosphere. The condenser was adapted to a thermostatic bath and kept
at −8 ◦C. After the gel merged, H3PO4 (1.5 × 10−1 mol) was added to the reaction sys-
tem. After reflux, the system was cooled to room temperature and aged overnight in the
mother liquor. The solvent was eliminated in a rotary evaporator, and the solid material
was washed with different solvents, in the following order: dichloromethane, acetoni-
trile, and methanol. This procedure generated a non-hydrolytic gel (NHG) during the
process, namely, an aluminum halide condensed with isopropyl ether upon cleavage of
the O-R bond, which later produced an alkyl halide [22,24]. In the presence of aluminum
alkoxides or chloroalkoxides, aluminum chloride exhibits stretching of structures of the
μ-Cl and μ-OR type, which elicits two types of reaction: (a) nucleophilic attack of chlo-
rine and electrophilic attack of aluminum, and (b) formation of Al-O-Al, Al-O-PO4, and
-P-O-Zn-OH-Al-O bonds due to nucleophilic attack of chlorine and electrophilic attack of
carbon [25,26].

Figure 2 depicts a schematic representation of the prepared material, designated
Zn-AlPO4. Contact of the solid with the mother liquor is an important step during aging of
the gel. Indeed, a previous work demonstrated [19] that longer aging periods give better
yields, and promote anchoring of a larger amount of metallic ions onto the matrix. Up to
this step, the network is flexible; additional condensation reactions and new crosslinkages
occur during aging in the mother liquor and solvent removal.
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Figure 2. Schematic representation of the synthesis of aluminum phosphate (Zn-AlPO4) via the
non-hydrolytic sol–gel process.

Parts of the solid material were thermally treated at 260, 400, 750, or 1000 ◦C, which af-
forded the samples named Zn-AlPO4-260, Zn-AlPO4-400, Zn-AlPO4-750, and Zn-AlPO4-1000,
respectively. As a reaction control (blank), heat-treated materials were prepared under the
same conditions, but in the absence of ZnCl2, which yielded the control samples AlPO4-260,
AlPO4-400, AlPO4-750, and AlPO4-1000, respectively.

2.3. Characterizations

Thermogravimetric and differential thermal data (TG/DTA) were acquired using
a thermal analyzer from TA Instruments (SDT Q600). Simultaneous DTA–TGA was carried
out between ~25 and 1000 ◦C, at a heating rate of 20 ◦C min−1 and air flow of 100 mL min−1.

The X-ray diffractograms were registered on a Rigaku MiniFlex II DESKTOP X-ray
diffractometer, at room temperature; CuKα radiation (λ = 1.54 Å) was used. A 0.04◦ s−1

path was employed for 2θ values ranging from 17 to 80◦.
Infrared spectroscopy was carried out on a Fourier-transform infrared spectrometer

(Fourier ABB, Bomem, model ME 100), using KBr pellets prepared by mixing 2% of the
sample in weight with KBr. The spectra were recorded after 20 scans, from 4000 to 400 cm−1.

Specific surface areas were determined according to the BET method [27], by analyzing
the nitrogen adsorption isotherms. A Micrometrics ASAP 2020 physical adsorption analyzer
was employed.

Transmission electron microscopy (TEM) was performed using a JEOL JEM CX
100 II microscope.

Scanning electron microscopy (SEM) and energy-dispersive X-ray experiments were
conducted using a Philips model XL30 scanning electron microscope, equipped with
an EDAX energy-dispersive X-ray detector.

The electronic spectra were recorded on a Hewlett-Packard 8453 diode-array spec-
trophotometer coupled with an HP KAYAK-XA microcomputer; the program provided by
the manufacturer was employed.

2.4. Photocatalytic Reactions

The photocatalytic reactions involving fipronil as a substrate were conducted in
a sealed chamber containing a 95-watt lamp emitting short-wavelength UV-C radiation
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with a peak at 253.7 nm and germicidal action. This chamber was designed on the ba-
sis of other models described in the literature (Figure 3) [28,29], with a total volume of
2000 cm3. A device that allowed us to accomplish simple and cost-effective photodegra-
dation reactions was utilized. The lamp was surrounded by a quartz tube, which enabled
us to use it inside the solution containing the substance to be degraded. The chamber
also relied on a system mounted to disperse the solution and the photocatalyst, on a tem-
perature sensor, and on an electrode coupled with a potentiometer (Hanna Instruments
HI 9321) placed outside the chamber to measure pH (Orion® semi-micro pH 911600).
An aqueous solution of fipronil with concentrations ranging from 2830 to 3370 μg L−1 was
employed. The influence of exposure time and the mass of the photocatalysts was studied
herein, with 0.100 or 0.153 g of photocatalyst in 1000 cm3 of fipronil solution at two differ-
ent concentrations—2830 or 3370 μg L−1 (quantified by calibration curves from UV–Vis
spectroscopy)—and exposed to artificial ultraviolet radiation under constant stirring and
placed in a thermostatic bath maintained at 25 ± 1 ◦C.

Figure 3. Photochemical reactor bench illustration.

Measurement of light intensity: The amount of light emission under artificial light
and sunlight was quantified by a INSTRUTEMP model LM801 luximeter (Instrutemp,
São Paulo, Brazil) with a 0 to 500,000 lux range, and UV light was quantified by an In-
strutherm model MRU-201 UV light meter (Instrutemp, São Paulo, Brazil), from 290 nm to
390 nm, and with a quantification range from 4000 to 19,990 μW/cm2 (distance varying
from 5–38 cm).

Extraction protocol for GC–MS analysis: Photodegradation products were extracted
using a typical extraction method. Briefly, 150 mL of the supernatant was placed into
conical flasks and extracted with an organic solvent (150 mL of ethyl acetate). The samples
were filtered into bottles and allowed to settle for 24 h. The filtrates from each photocatalytic
reaction were then concentrated in vacuo at 40 ◦C using a rotary evaporator, and proceeded
to analysis under GC–MS.

The photocatalyzed reactions were monitored by UV–Vis spectroscopy and gas
chromatography–mass spectrometry (GC–MS) analyses. For the UV–Vis analysis, a 2000 μL
aliquot was removed from the reaction medium and centrifuged at 3500 rpm for 15 min,
followed by analysis on a Hewlett-Packard 8453 diode-array UV–Vis spectrometer, without
previous treatment. For the GC–MS analysis, the reaction medium was extracted with ethyl
acetate and analyzed using a Shimadzu.
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A GCMS 2010 Plus (Shimadzu Corporation, Kyoto, Japan) system equipped with
an AOC-20i autosampler was utilized; the column consisted of an Rtx-5MS (Restek Co.,
Bellefonte, PA, USA) fused silica capillary column (30 m length × 0.25 mm i.d. × 0.25 μm
film thickness). The electron ionization mode was used at 70 eV. Helium (99.999%), with
positive ionization, was employed as the carrier gas at a constant flow of 1.0 mL/min.
The injection volume was 0.1 μL (split ratio of 1:10). The injector and the ion-source
temperatures were set at 240 and 280 ◦C, respectively. The column temperature was
programmed to rise from 80 to 240 ◦C at 3 ◦C/min, and was then held at 240 ◦C for 5 min.
Mass spectra were taken with a scan interval of 0.5 s, in the mass range from 40 to 600 Da.
The products from the photodegradation of fipronil were identified in the single-ion mode
(SIM) chromatogram on the basis of retention times (Rt); the MS data were compared with
the literature results [17,30].

3. Results

Figure 4 illustrates the thermogravimetric (TG/DTG and DTA) curves recorded for
aluminophosphate samples synthesized in the presence of Zn(II) ions.

Figure 4. TG and DTA obtained for Zn-AlPO4 under an oxidizing atmosphere at a heating rate of
20 ◦C min−1.

Treatment of the samples up to 260 ◦C removed the liquid retained in the material
after the synthesis. However, the AlPO4 sample underwent successive mass losses from the
onset of heating at 25 ◦C until 200 ◦C, assigned to volatile solvents employed on washing
steps and adsorbed water that remained in the product. A similar phenomenon has already
been verified for alumina matrices prepared via the same route, and it was attributed to the
contact of the material with the room atmosphere after the synthetic procedure [19,31].

The mass losses taking place from 200 to 400 ◦C (around 12% wt) referred to loss of
residual groups of alkyl halides from the precursors employed during the synthesis. In
the DTA curve, endothermic peaks arose at 523, 589, 671, and 870 ◦C. These peaks were
related to small mass losses, and indicated that the sample underwent successive structural
arrangements and rearrangements under rising temperatures.

Regarding the Zn-AlPO4 samples, they lost weakly bound or weakly adsorbed water
between 63 and 200 ◦C (8.0% wt). As explained above for AlPO4, these water molecules
were adsorbed onto the material after the synthesis. Further mass loss took place between
200 and 600 ◦C, due to pyrolysis and oxidation of residual alkyl halide groups [32]. The
DTA curve also displayed two endothermic peaks, at 578 and 670 ◦C—a region where mass
loss did not occur; in fact, this region indicated a phase transition in the network.
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Identification of the phases in Zn-AlPO4 (Figure 5) relied on comparison of the peak
positions and diffraction planes, as well as their intensities, with the corresponding files of
the National Bureau Standards (NBSCAA-00-010-0423) for pure crystalline compounds.

Figure 5. Powder X-ray diffractograms of the Zn-AlPO4 samples heat-treated at (a) 260, (b) 400,
(c) 750, and (d) 1000 ◦C.

The diffractograms of the Zn-AlPO4 samples heat-treated at 260 and 400 ◦C demon-
strated that the berlinite phase—a hexagonal system—predominated in these products.
The materials heat-treated at 750 and 1000 ◦C exhibited different diffraction planes, sug-
gesting that they had distinct configurations from those of the samples treated at lower
temperatures. The sample heated at 750 ◦C had a trigonal phase, ascribed to AlZnP2O8
(ACHSE7-00-052-1506); the material treated at 1000 ◦C presented an orthorhombic phase,
assigned to AlPO4. This might have resulted from ZnO migration to regions outside the
aluminophosphate network, corroborating formation of the AlPO4 phase.

The hexagonal structure of the berlinite type prevailed in AlPO4 (2θ = 26.43◦ and
54.34◦), with diffraction planes typical of this phase: (hkl = 1,0,2) and (2,0,4) (NBSCAA-
00-010-0423). The AlPO4 berlinite structure presents the same atomic structure as quartz.
It is obtained by alternately substituting Si for Al and P [33]. The presence of diffraction
peaks due to the planes (1,0,0), (1,1,0), and (2,0,0) at larger angles also indicated that
a hexagonal phase of the wurtzite type existed in the sample, suggesting that it was
a polycrystalline material.

The AlPO4 samples heat-treated at 260, 400, and 750 ◦C displayed the same diffraction
planes as the material that did not undergo heat treatment; therefore, the berlinite phase
prevailed in these cases as well. The AlPO4 sample heat-treated at 1000 ◦C also contained
berlinite, but structural defects gave rise to another non-identified phase.

The IR spectra (Figure 6) enabled us to compare the AlPO4 and Zn-AlPO4 samples
heat-treated at different temperatures. The spectra of the AlPO4 samples contained the
typical vibrations of the berlinite structure [34–36], the bands associated with vibrations
of the berlinite unit at 1220, 1096, 504, 468, and 418 cm−1, and the bands related to the
vibrations of the Al pseudo-network at 700, 690, 626, and 580 cm−1. A band also appeared
at 735 cm−1, which corresponded to defects of the Al subnetwork in berlinite [35].
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Figure 6. IR spectra of the Zn-AlPO4 and AlPO4 samples treated at (A) 260 ◦C and (B) 750 ◦C.

The Zn-AlPO4 samples also displayed the bands detected for AlPO4, although some
of them shifted to lower wavenumbers as a result of the presence of Zn(II) in the berlinite
network. Two additional vibrations appeared at 1009 and 936 cm−1, as a result of Zn-OP vi-
brations [37]. ZnO IR vibrations usually occur below 600 cm−1; in fact, a broad band in the
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400–550 cm−1 region has been reported, constituting further evidence of Zn(II)’s incorpora-
tion into the network of berlinite [37]. The altered vibrations between 450 and 1290 cm−1,
along with an asymmetric band centered at 1125 cm−1, clearly attested to the isomorphous
substitution of Al(III) for Zn(II); the latter band intensified as the heat treatment tempera-
ture increased. According to the X-ray diffractometry results, this may have stemmed from
formation of AlZnP2O8. Recent studies have described that both the activity and selectivity
within a series of zeolites and molecular sieves—such as aluminophosphates—depend on
total acidity. Apart from hydroxyl groups, other types of acid sites (for example, Lewis
centers) contribute to the acidity of molecular sieves [26].

All of the Zn-AlPO4 and AlPO4 samples presented a broad band in the region of
3650–2900 cm−1 (centered at 3500 cm−1), irrespective of the heat treatment temperature.
Various authors have attributed this band to hydroxyl groups on the surface of free phos-
phorus; indeed, a hydrogen bond of the hydroxyl group on the surface of the compound
disturbs phosphorus.

Hydroxyl vibrations appeared between 3000 and 4000 cm−1. These bands allow
for the detection of different types of OH groups, such as Al-OH, P-OH, and Zn-OH,
which result from crystal defects and bridge hydroxyls, and confer Bronsted acidity to the
material [32]. They indicate the type of metal incorporation into MeALPO and MeSAPO;
that is, whether the metal isomorphically substitutes Al, P, or Si, or if only ion exchange
occurs. Isomorphous substitution generates new OH groups that bind the metal to another
tetrahedral ion in the structure of the zeolite or the molecular sieve. In contrast, ion
exchange does not alter the typical structural vibrations. Hence, isomorphous substitution
did take place in the synthesized materials.

Irrespective of the presence of Zn(II) in the matrix and the heat treatment temperature,
all of the samples displayed bands between 3445 and 3500 cm−1, characteristic of OH
groups. These groups could correspond to water physisorbed onto the KBr pellet, or even
onto the sample exposed to the environment after heat treatment. Indeed, thermogravime-
try detected the presence of water due to handling of the material, as discussed earlier
in this paper. The bands at 3583, 3623, 3710, and 3748 cm−1 corresponded to terminal
-Al-OH and -P-OH groups [38]. The Zn-AlPO4 samples may also present interactions of
the -P-OH + Zn(OH)2 type [38,39].

Table 1 lists data on the textural properties of the samples thermally treated at different
temperatures, as determined by N2 adsorption/desorption isotherms [27].

Table 1. Textural properties of the samples heat-treated at different temperatures.

Sample Specific Surface Area (/m2g−1) Pore Volume (/cm3 g−1) Pore Size (/nm)

Zn-AlPO4-260 ◦C - - -
Zn-AlPO4-400 ◦C - - -
Zn-AlPO4-750 ◦C 0.1 9.05 × 10−4 44
Zn-AlPO4-1000 ◦C 0.2 2.01 × 10−3 49

AlPO4-1000 ◦C 0.3 7.32 × 10−3 12

* the traces (-) represent values of specific surface area lower than 1 m2g−1.

The Zn-AlPO4 samples treated at 750 and 1000 ◦C had larger pore sizes. Increased
heat treatment temperature rearranged the constituents in the matrix network, and subse-
quently eliminated organic residues, producing a more ordered crystalline structure. It is
noteworthy that all of the AlPO4 and Zn-AlPO4 samples presented a lower surface area
than those reported in the literature. This happened because the syntheses occurred in the
absence of surfactants or any other molecular guides, to afford extremely dense materials.

The micrographs depicted in Figure 7A,B demonstrate that the samples were arranged
as plaques, which generated a dense material and made it difficult for the electron beams
to cross the structure. This reduced the TEM resolution, as observed for all of the AlPO4
and Zn-AlPO4 samples.
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Figure 7. Transmission electron micrographs of (A) Zn-AlPO4 and (B) AlPO4 heat-treated at 400 ◦C.

AlPO4 treated at 400 ◦C contained cavities, whereas Zn-AlPO4 (Figure 7A,B), with high
electron density, did not. In Zn-AlPO4, Zn(II) may have been homogeneously dispersed in
the aluminophosphate matrix, which justified the absence of cavities in the sample, and
indicated that Zn(II) isomorphically substituted the Al(III) ions.

Zn-AlPO4 thermally treated at 1000 ◦C (Figure 8B) bore agglomerates on the sur-
face, which evidenced that the metal migrated to the surface at higher temperatures. As
discussed earlier in the X-ray results confirmed the presence of ZnO and AlPO4, which
corroborated this migration.

Figure 8. Transmission electron micrographs of (A) Zn-AlPO4 and (B) AlPO4 heat-treated at 1000 ◦C.

The SEM images depicted in Figures 9 and 10 show that the Zn(II) ions elicited
changes in the features of the aluminophosphate matrix. Rising heat treatment temperature
accentuated the differences between Zn-AlPO4 and AlPO4. Zn-AlPO4 thermally treated at
400 ◦C had a smoother surface than AlPO4; the latter material presented a more disordered
structure, and granules of varied sizes.

92



ChemEngineering 2022, 6, 55

Figure 9. Scanning electron microscope images of (a) Zn-AlPO4 and (b) AlPO4 heat-treated at 400 ◦C.

Figure 10. Scanning electron microscopies of (a) Zn-AlPO4 and (b) AlPO4 heat-treated at 1000 ◦C.

The differences between Zn-AlPO4 and AlPO4 became more pronounced upon heat
treatment of the materials. The surface of the Zn-AlPO4 sample contained some holes
that resembled volcanoes, which may have originated during rising temperatures and
the subsequent elimination of volatile compounds. Cracks also existed on the surface of
Zn-AlPO4. As for AlPO4, the sample became whiter upon the removal of impurities. In the
signaled area, and juxtaposed hexagonal plaques arose, which confirmed the X-ray and
TEM results.

As for the Zn-AlPO4 and AlPO4 samples thermally treated at 1000 ◦C, Zn-AlPO4
displayed a rough surface because the structure collapsed upon increasing heat treatment
temperature. The AlPO4 sample exhibited larger agglomerates and, according to the TEM
results, this material consisted of juxtaposed plaques with extremities of lower thickness.

The surface was irregular. Synthetization seemed to culminate in low viscosity. The
AlPO4 surface presented larger agglomerates, and the particles resembled loose scales.
These scales or plaques may also have originated from the collapse of the structures upon
rising heat treatment temperature. The larger block was rough, and contained cracks along
the surface.

To conduct a more detailed study on the composition of the samples analyzed by
SEM, EDX analysis was carried out. Table 2 summarizes the percentage mass values of
aluminum, phosphorus, zinc, oxygen, and carbon in the samples.
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Table 2. Approximate percentages of the constituting elements in the Zn-AlPO4 and AlPO4 samples.

Sample Zn (%) Al (%) P (%) O (%) C (%)

Zn-AlPO4–260 ◦C 37 18 21 23.690 0.279
Zn-AlPO4–400 ◦C 35 18 22 24.949 0.288
Zn-AlPO4–750 ◦C 30 21 22 26.776 0.199
Zn-AlPO4–1000 ◦C 28 23 23 25.823 0.466
AlPO4–260 ◦C - 20 33 46.321 0.847
AlPO4–400 ◦C - 19 34.918 44.550 1.461
AlPO4–750 ◦C - 21 35.355 42.798 1.138
AlPO4–1000 ◦C - 23 30.916 43.472 2.137

The amount of Zn(II) in the material decreased with the heat treatment temperature,
because ZnO agglomerates arose, as verified by TEM. This provided further evidence that
the ZnO agglomerates migrated to the surface of the polymeric matrix. Therefore, the
samples heat-treated at higher temperatures should more efficient as photodegradation
catalysts—the presence of these ZnO agglomerates on the surface of the matrix or around
it should improve the quantum efficiency, consequently increasing the photogeneration
of radicals that oxidize the target pesticide. As for AlPO4, the ratios between the matrix
constituents remained the same even after treatment at high temperatures. The exception
was the sample treated at 1000 ◦C, which had better crystalline organization.

3.1. Photodegradation Studies

The photodegradation reactions lasted between 60 and 140 min, as monitored by UV
spectroscopy (Figures 11 and 12). The typical bands of fipronil at 196, 219, and 284 nm
disappeared as a function of the time that the sample was exposed to UV light; the tem-
perature and pH values were kept constant. The influence of temperature and pH on
photodegradation was also investigated. Finally, the optimized conditions were combined,
and GC–MS was used to study how AlPO4 and Zn-AlPO4 affected the photodegradation
of fipronil.

Figure 11. Fipronil (Ci = 2950 μg L−1) absorption spectra in the presence of 153 mg of AlPO4, under
mechanical stirring and UV radiation (control reaction).
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Figure 12. Absorption spectra of fipronil (Ci = 3370 μg L−1) in the absence of Zn-AlPO4, under
mechanical stirring, in the absence of UV radiation.

According to previous studies, exposure to light prompts conversion of fipronil
into its desulfurated derivative desthiofipronil, which has also been reported to act as
an insecticide [16,40]. However, desthiofipronil is stable on the surface of leaves, which
could culminate in persistence and non-target toxicity in the environment.

Analyses performed without a photocatalyst and in the presence of 153 mg of AlPO4
(Figure 12)—the designated blank (control) reaction under irradiation—revealed that
AlPO4 samples without the semiconductor (Zn(II) species) photodegraded fipronil. The
UV/AlPO4 system initially formed a novel species, as observed through the new UV bands
that emerged at 218 and 273 nm. After 140 min, these species had disappeared, as confirmed
by the decreased UV absorption and complete change in the UV spectral profile. Reactive
groups (F, N, and Cl) in the structure of fipronil probably favored the formation of reactive
sites on the surface of the AlPO4 matrix, which generated oxidizing radicals even in the
absence of the photoconductor. Nevertheless, considering the same period of exposure to
radiation, Zn-AlPO4 materials photodegraded fipronil more efficiently.

As noted by Ngim et al. [30], photodegradation of fipronil under mechanical stirring
and UV light radiation, in the absence of the catalyst, produced intermediate species. How-
ever, these intermediates seemed to regenerate the reactants throughout the experiment.
These results suggested that photoinduced reactions did not occur simply due to UV light
irradiation on the insecticide. Indeed, previous literature data demonstrate that total miner-
alization of certain pollutants exposed to radiation would require days or even months to
occur [41]. The detailed discussion on the formation of intermediate species is presented in
the section on CG–MS.

Experiments conducted in the absence and in the presence of UV radiation helped to
evaluate how UV light affected the photodegradation of fipronil. In a typical adsorption
experiment accomplished in a dark chamber and under mechanical stirring, the concentra-
tion of the pesticide did not change over time, suggesting that both the photocatalyst and
light radiation were necessary to promote the photodegradation of fipronil via hydroxyl
radicals [42].
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The experiment accomplished in the presence of Zn-AlPO4 but in the absence of UV
light did not provide the typical degradation profile of the intermediate species, indicating
that Zn-AlPO4 only degraded the pesticide in the presence of UV artificial light source
(253.7 nm). Fipronil clearly did not adsorb at the same intensity as it did throughout
the exposure, because its concentration did not vary over the duration of the experiment.
Indeed, BET textural analyses showed that the synthesized Zn-AlPO4 material hardly
adsorbed substances, which may explain why the pesticide did not adsorb onto the matrix
containing the photosensitizer.

Because not even temporary modification of the chemical structure of fipronil took
place during the experiment conducted in the absence of the photocatalyst, efficient decom-
position of fipronil must have depended on the presence of hydroxyl groups generated on
the surface of Zn-AlPO4 under UV light, to yield the intermediate reactive species. These
intermediate species allowed for complete mineralization of the pesticide.

3.1.1. Influence of the Zn-AlPO4 Mass on the Photodegradation of Fipronil

Table 3 shows that photodegradation occurred as a function of the mass of Zn-AlPO4
employed in the photodegradation experiment. The same conditions of photodegradation
and an exposure time of 140 min did not degrade fipronil in the presence of 103 mg of
the photocatalyst, regardless of the Zn-AlPO4 heat treatment temperature. Nevertheless,
the concentration of the pesticide decreased, confirming that photodegradation of fipronil
occurred in the presence of catalysts treated at 400, 750, and 1000 ◦C.

Table 3. Evaluation of the photodegradation of fipronil as a function of the mass and calcination
temperature of Zn-AlPO4.

Sample
Zn-AlPO4-260 Zn-AlPO4-400 Zn-AlPO4-750 Zn-AlPO4-1000

Mass of photocatalyst (mg) 103 152 103 152 103 152 103 152

Degradation of Fipronil (%) - 37 - 17 17 80 70 10

Presence of byproduct (at the end of the reaction) Yes Yes Yes Yes No No No No

The catalyst calcined at 750 ◦C produced the best results, as shown in Figure 13. The
sample heated at 750 ◦C had a trigonal phase, assigned to AlZnP2O8. Compared to the
hexagonal phase, the trigonal phase probably contributed to more efficient generation of
hydroxyl radicals due to the presence of larger amounts of ZnO in the AlZnP2O8 phase at
the surface of the unit cell. The temperature at which Zn-AlPO4 was treated also influenced
the morphology of the material, as noted from TEM analysis. Indeed, heat treatment was
directly related to the formation of particles with features that favored the generation of
the electron–gap pair on the surface of the catalyst [43].

Among other factors, the efficiency of Zn-AlPO4-750 may have been related to the
treatment (higher temperatures) to which it was submitted after the synthesis. This treat-
ment eliminated residual groups (e.g., chloride ions) that could interfere in the adsorption
of the compound from which the reactive radicals originated [44]. The presence of such
interfering agents would culminate in an effect known as scavenging—sweeping of the
radicals from the surface of the photocatalyst, to favor recombination of the electron–gap
pair, with subsequent release of energy as heat. This would harm AOPs, not to mention
that these groups could affect adsorption of the substance that generates the radicals on the
semiconductor matrix. The experiment depicted revealed that a smaller mass of catalyst
(103 mg) and longer exposure time (140 min) decomposed almost 100% of the pesticide.
A higher mass of catalyst and longer reaction time (Figures 13 and 14) indicated that
Zn-AlPO4 treated at 260 ◦C degraded the pesticide (Figure not shown).
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Figure 13. Absorption spectra of fipronil (Ci = 2880 μg L−1) in the presence of Zn-AlPO4 (103 mg)
heat-treated at 750 ◦C, under magnetic stirring and UV radiation.

Figure 14. Absorption spectra of fipronil (Ci = 2920 μg L−1) in the presence of Zn-AlPO4 (103 mg)
heat-treated at 1000 ◦C, under mechanical stirring and UV radiation.

A calcination temperature of 750 ◦C afforded the best photodegradation catalyst. All of
the Zn-AlPO4 materials prepared herein performed well during the degradation of fipronil.
Degradation increased very quickly within a short time, especially for Zn-AlPO4-750 and
Zn-AlPO4-1000. Eighty-percent photodegradation was achieved after only 2 h. Longer
reaction times favored complete degradation. All of the calcined composites behaved simi-
larly. These results resembled the results reported by Ngim et al. [30] and Bóbe et al. [18].
It is important to consider not only the photocatalytic nature of the composites, but also the
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amount of ZnO in the material when comparing the data obtained herein with the literature
results. In some cases, our materials provided even better results than those reported by
other authors. The photodegradation of fipronil as a function of time is shown in Table 4.

Table 4. Photodegradation of fipronil as a function of time in the presence of 153 mg of Zn-AlPO4.

Time (min)
Zn-AlPO4-260 Zn-AlPO4-400 Zn-AlPO4-750 Zn-AlPO4-1000

(%) Byproducts (%) Byproducts (%) Byproducts (%) Byproducts

0 - Yes 0 Yes 0 Yes 0 Yes

15 - Yes 2 Yes 5 Yes - Yes

30 - Yes 3 Yes 12 Yes - Yes

60 - Yes 5 Yes 15 Yes - Yes

140 37 Yes 17 Yes 80 No 10 No

Concerning Zn-AlPO4 heat-treated at 1000 ◦C, a smaller mass of catalyst afforded
better results. A series of studies have indicated that the photocatalytic degradation rate
initially rises with larger photocatalyst mass, but later decreases significantly due to light
scattering. A higher amount of the solid catalyst also favors agglomeration (particle–particle
interaction); hence, lower surface area is available for light absorption, diminishing the rate
of photocatalytic degradation. Although the number of active sites in the solution might
increase with larger mass of the photocatalyst, the system reaches a point where excess
particles no longer allow light to penetrate the catalyst. Therefore, there is an optimal
mass that affords the highest efficiency possible. Further increase in the amount of the
photocatalyst results in non-uniform distribution of light intensity, reducing the reaction
yields despite the larger catalyst mass [45].

The results showed that the best photocatalytic conditions were obtained using the
higher mass of photocatalyst heat-treated at 750 ◦C; this enhanced photocatalytic activity
was assigned to trigonal-phase AlZnP2O8, producing 80% fipronil removal without byprod-
ucts; the material heat-treated at 1000 ◦C presented very low photocatalytic activity under
the same conditions—only 10% photodegradation and the presence of byproducts were
observed by UV–Vis spectroscopy; this difference could be assigned to the orthorhombic
berlinite phase that presented lower photocatalytic activity; the sintering of pores and
migration of Zn phases from matrix could also explain this difference.

3.1.2. Investigation into the Photodegradation of Fipronil Catalyzed by Zn-AlPO4

GC–MS helped to investigate the potential of Zn-AlPO4 to catalyze the photodegra-
dation of fipronil. To this end, an aqueous solution of fipronil (1 μg/mL) was prepared.
Then, the solution was placed in a UV chamber in the absence of Zn-AlPO4 for 2 h, and in
the presence of Zn-AlPO4 for 120 min, and photodegradation was measured as shown in
Figure 15.

Figure 15A shows the chromatogram of fipronil (1, Rt = 11.9 min). Peaks with re-
tention times at 11.7 (m/z 420), 13.1 (m/z 352), and 13.2 min (m/z 452) corresponded to
fipronil–sulfide (3), 4-thiol–fipronil (4), and fipronil–sulfone (5), respectively (Figure 16). Com-
pounds 3 and 4 corresponded to products from the photodegradation of fipronil [32,33,46].
Compound 5 referred to an intermediate that emerged during conversion of 1 to desulfinyl–
fipronil (2) [18]. Table 5 summarizes the MS data of compounds 1 to 6.
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Figure 15. GC–MS chromatogram of (A) fipronil; (B) aqueous solution of fipronil after 120 min under
exposure to UV light in the sealed chamber, in the absence of a catalyst; and (C) aqueous solution of
fipronil after 8 h under exposure to UV light in the sealed chamber, in the presence of Zn-AlPO4 (C).
Fipronil (1), desthioderivative (2), fipronil–sulfide (3), 4-thiol–fipronil (4), fipronil–sulfone (5), and
2-[2-(2,6-dichloro-4-(trifluoromethyl) phenyl) diazenyl] acetonitrile (6).
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Figure 16. Chemical structures of the products from the photodegradation of fipronil identified
in this study. Fipronil–sulfide (3), 4-thiol–fipronil (4), fipronil–sulfone (5), and 2-[2-(2,6-dichloro-4-
(trifluoromethyl) phenyl) diazenyl] acetonitrile (6).

Table 5. GC retention times (Rt) and mass spectral data (EI-MS) for fipronil (1) and the degradation
products 2–6.

Compound Rt (min) M•+ MS, m/z a (Relative Intensity, %)

1 11.9 ± 0.2 436

367 [M•+ − •CF3] (100); 255 [C6H2(Cl)2(CF3)(NCNH2)]+ (17);
213 [M•+ − •C3N2(CN)(F3CSO)NH2] (25);
69 [CF3

+] (11)
Other ions: 353 (13), 351 (18), 257 (12), 215 (28), 77 (25)

2 10.6 ± 0.2 388

369 [M•+ − •F] (15); 333 [M•+ − •CF3] (97);
278 [C6H2(Cl)2(CF3)(C3H2N2)]+ (11);
213 [M•+ − •C3N2(CN)(F3C)NH2] (38);
143 [C6H2(CF3)]+ (14); 69 [CF3

+] (13)
Other ions: 390 (50), 369 (15), 335 (34), 281 (28), 215 (12), 179 (13), 120 (15), 77 (18)

3 11.7 ± 0.2 420

351 [M•+ − •CF3] (100);
255 [C6H2(Cl)2(CF3)(NCNH2)]+ (42);
213 [M•+ − •C3N2(CN)(F3CS)NH2] (18);
143 [C6H2(CF3)]+ (15); 69 [CF3

+] (21).
Other ions: 290 (27), 179 (11), 77 (18)

4 13.1 ± 0.2 352

283 [M•+ − •CF3] (100);
255 [C6H2(Cl)2(CF3)(NCNH2)]+ (33);
213 [M•+ − •C3N2(CN)(SH)NH2] (14);
143 [C6H2(CF3)]+ (14); 69 [CF3

+] (30).
Other ions: 113 (12), 112 (43), 99 (24), 83 (39)

5 13.2 ± 0.2 452

383 [M•+ − •CF3] (100);
255 [C6H2(Cl)2(CF3)(NCNH2)]+ (52);
213 [M•+ − •C3N2(CN)(F3CSO2)NH2] (44);
143 [C6H2(CF3)]+ (13); 69 [CF3

+] (11).
Other ions: 385 (72), 257 (35), 241 (30), 215 (28), 179 (11), 178 (18), 77 (28)

6 9.4 ± 0.2 281

255 [M•+ − •CN] (30);
254 [M•+ − HCN] (43);
227 [M•+ − •CN − N2] (100);
213 [M•+ − •C2H2N3] (29);
143 [C6H2(CF3)]+ (28); 69 [CF3

+] (59).
Other ions: 215 (16), 230 (69), 203 (32), 201 (51), 157 (34), 88 (40), 61 (71)

a Ions with relative intensity lower than 10% are not shown.

Comparison of the GC–MS chromatogram of fipronil with the GC–MS chromatogram
obtained from exposure of the aqueous solution of fipronil to UV radiation in the sealed
chamber revealed that fipronil generated mainly fipronil–sulfide (3, Rt = 11.7 min) and
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desulfinyl–fipronil (2, Rt = 10.6 min) after 2 h. Compound 6 (Rt = 9.4 min)—a product from
the degradation of the pyrazole ring, and a known product from the photodegradation
of fipronil—also emerged. Conversion of fipronil to its desthioderivative 2 has been
exhaustively investigated in the literature, mainly due to the increased stability of this
product as compared to fipronil [46]. In this study, only traces of fipronil arose after
140 min of exposure of the aqueous solution of fipronil to UV radiation in the sealed
chamber without Zn-AlPO4.

The photodegradation of fipronil by Zn-AlPO4 at 750 ◦C is confirmed in Figure 15C,
which shows only lower intensities of the characteristic peaks of fipronil and its byproducts;
the peak intensity is quantitatively proportional to the pollutant concentration.

Analysis of the GC–MS chromatogram obtained for the aqueous solution of fipronil
after 140 min under exposure to UV light, in the presence of the photocatalyst Zn-AlPO4,
revealed that fipronil and its transformation products 2–6 underwent photodegradation.
More detailed analysis of the MS data of each peak in this chromatogram evidenced
total conversion of fipronil and its most commonly reported transformation products into
a complex mixture of other photoproducts. Although it was not possible to identify these
transformation products on the basis of GC–MS data alone, these results strongly suggested
mineralization of fipronil and its transformation products. In summary, the results obtained
in the photodegradation experiments reported herein suggest that the compound Zn-AlPO4
is a promising photocatalyst for the degradation of fipronil.

4. Conclusions

The non-hydrolytic sol–gel route afforded new materials consisting of aluminophos-
phate and containing zinc in their structure (Zn-AlPO4). Zinc isomorphically substituted
Al and P in the AlPO4 network, as attested by infrared spectroscopy. Thermal analy-
ses indicated and X-ray diffraction later corroborated that Zn-AlPO4 underwent various
morphological transitions during thermal treatment, paving the way for future investi-
gations into each of the generated phases. The berlinite phase predominated in all of the
prepared catalysts.

X-ray powder diffraction showed the influence of heat treatment on structural changes
of Zn-AlPO4; trigonal and orthorhombic phases were obtained at 750 and 1000 ◦C, respec-
tively; these phases directly affect the capability of OH radical generation. The capacity
of the materials to produce effluent was tested in the photocatalyzed degradation of the
pesticide fipronil. Heat-treated Zn-AlPO4 at 750 ◦C showed better photodegradation results
by removing 80% of the pesticide in 2 h, using the higher mass tested (150 mg). GC–MS con-
firmed the photodegradation profile, confirming that only traces of fipronil were observed
after 140 min of photocatalytic reaction using a photocatalyst treated at 750 ◦C. On the
other hand, the material treated at 1000 ◦C showed the presence of byproducts (quantified
by GC–MS), in agreement with the XRD results.

The use of the non-hydrolytic sol–gel process enabled the construction of catalysts with
structures that allowed the degradation of fipronil without the production of byproducts;
we could highlight that this process provided high reproducibility and simplicity compared
to different synthesis routes, without the use of complexes infrastructures resulting in very
pure phases after heating treatments.

Zn-AlPO4 heat-treated at 1000 ◦C showed the presence of agglomerates on the surface,
evidencing that the Zn migrated to the surface at higher temperatures (reducing the
catalytic activity) due to the increase in cluster size, along with the sintering of pores. As
discussed earlier, X-ray results confirmed the presence of ZnO and AlPO4, corroborating
this migration.

The as-prepared Zn-AlPO4 materials are potentially applicable in the photocatalytic
degradation of the pesticide fipronil; they also have potential application in the degradation
of other organic pollutants, other classes of pesticides, and dyes used in the textile industry.
The non-hydrolytic sol–gel route is faster and simpler than other hydrothermal methods
used to prepare aluminophosphates. In the future, this method could aid in the incorpora-
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tion of other metals into these matrices, along with the preparation of photocatalysts with
unique features.
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Abstract: 5-hydroxymethylfurfural (5-HMF) is an important platform molecule for the synthesis of
high-added value products. Several synthesized clay materials, such as mesoporous hectorite and
fluorohectorite, in addition to commercial montmorillonite K-10, have been acid modified by different
methodologies to be applied as catalysts for the obtention of 5-HMF from glucose. The effects of
the Brønsted and/or Lewis acidity, the reaction temperature and time, and the catalyst/glucose
ratio on the conversion but especially on the selectivity to 5-HMF have been studied. By comparing
the synthesized clays, the best selectivity to 5-HMF (36%) was obtained at 140 ◦C for 4 h with H-
fluorohectorite because of the presence of strong Brønsted acid sites, although its conversion was the
lowest (33%) due to its low amounts of Lewis acid sites. Different strategies, such as physical mixtures
of montmorillonite K10, which contains high amounts of Lewis acid centers, with Amberlyst-15,
which has high amounts of Brønsted acid sites, or the incorporation of rhenium compounds, were
carried out. The best selectivity to 5-HMF (62%) was achieved with a mixture of 44 wt % Amberlyst-15
and 56 wt % of montmorillonite K10 for a 56% of conversion at 140 ◦C for 4 h. This proportion
optimized the amount of Brønsted and Lewis acid sites in the catalyst under these reaction conditions.

Keywords: 5-hydroxymethylfurfural; clays; glucose; acidity; Brønsted; Lewis

1. Introduction

The development of technologies to produce energy and chemicals from renewable
resources, as an alternative to petroleum-derived products, has prompted biomass valoriza-
tion [1–3]. Lignocellulose, the most abundant renewable biomass, is considered the main
raw material in a biorefinery concept. Lignocellulose consists of three types of polymers:
cellulose (40–50%), hemicellulose (25–35%) and lignin (15–20%). The conversion of biomass
by fractionation into functionalized platform molecules, which includes sugars (glucose,
xylose), polyols, furans (furfural, 5-hydroxymethylfurfural) and acids (levulinic) allows the
production of a wide range of biofuels and chemicals [1].

Among the different platform molecules that can be obtained from biomass,
5-hydroxymethylfurfural (5-HMF) is one of the most versatile due to the presence in
the same molecule of an aromatic aldehyde group, an alcohol and a furan ring that can be
converted to high-added value products, such as bioplastics, biofuels or other chemicals [4].
5-HMF is usually synthesized from glucose through two consecutive acid catalyzed reac-
tions: isomerization of glucose to fructose catalyzed by Lewis acid sites and dehydration of
fructose to 5-HMF catalyzed by Brønsted acid sites (Scheme 1) [5,6].

For the first isomerization step, which is the most difficult due to the stability of the six-
carbon glucose ring, enzymatic, basic and Lewis acid catalysts have been tested [7]. Regard-
ing basic catalysts, the use of as-synthesized, calcined and rehydrated Mg/Al-hydrotalcites
led to high conversion values of glucose (73%) [8]. However, these catalytic systems re-
quired low glucose concentration and a long time of reaction. With respect to Lewis acid
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catalysts, CrCl2 in a liquid ionic solvent resulted in 68% of yield at 100 ◦C after 3 h, while
other Cu(II) or Fe(II) salts presented worse results [9].

Scheme 1. Mechanism for the catalytic obtention of 5-HMF from glucose.

Heterogeneous catalysts have been also applied as an alternative to homogeneous
catalysts due to their reusability. Sn-Beta zeolite presented interesting results related to
the presence of SnO2 as extra-framework species [10]. Davis et al. found that Sn-beta
could efficiently catalyze the isomerization of glucose to fructose and then convert fast
the generated fructose to 5-HMF with HCl at low pH [10,11]. The authors concluded that
Sn4+ ions were active as Lewis acid centers for the glucose isomerization to fructose, while
the partially hydrolyzed Sn–OH groups acted as Brønsted acid sites for the dehydration
of fructose. A total amount of 5% Sn/SAPO-34 zeolite prepared by impregnation showed
98.5% of glucose conversion with a 64.4% of 5-HMF yield at 150 ◦C after 1.5 h of reaction [12].
Nb2O5·nH2O catalysts led to 49% yield of 5-HMF at 160 ◦C after 110 min of reaction time
when H3PO4 was added to the catalytic system because of the presence of Brønsted acid
sites [13]. In this way, the 76.3% yield of 5-HMF obtained by using Ag3PW12O40 at 130 ◦C
after 1.5 h of reaction was attributed to the synergistic effect between the Lewis and
Brønsted acid sites present in the catalyst [14,15]. A carbon-based solid catalyst prepared
from crystalline cellulose by carbonization and later sulfonation has been tested, achieving
good catalytic results (73% of glucose conversion and 65% of selectivity to 5-HMF) [16].
Moreover, one sulfonated carbon obtained from an active carbon resulted in total glucose
conversion and 93% of selectivity to 5-HMF at 160 ◦C after 3 h of reaction [17].

More recently, Pd nanoparticles supported in a highly acidic ZrO2 exhibited 55% of
glucose conversion with 74% of selectivity to 5-HMF after 3 h of reaction at 160 ◦C. The
high catalytic activity was related to the balance between Brønsted and Lewis acid sites, in
combination with the intrinsic activity of Pd species [18]. X. Li et al. concluded that the
increase in Lewis acid sites promoted glucose dehydration, while Brønsted acid sites had
a detrimental effect on glucose isomerization, achieving selectivity to 5-HMF of 71% for
92.6% of conversion using silica–alumina composite catalysts at optimized conditions [19].
However, a recent review on the topic remarked that more studies are needed to analyze
and understand the role of Brønsted/Lewis acid sites present in the catalytic systems on
the reaction [20].

Cationic clay minerals are layered microporous materials containing negatively charged
aluminosilicate sheets, which further contain cations in their interlayer space to balance
the charge and water molecules. Hectorites are cationic clays of the smectite group, with
formula Mn+

x/n[(Mg6−xLix)Si8O20(OH)4]. When Mn+ is replaced by H+, the resulting clay
has Brønsted acidity. The acidity of hectorites can be improved by delamination, which
increases the accessibility to the acid sites [21], or by the substitution of the –OH groups by
–F, leading to fluorohectorite [22]. There are few references about the use of clays for the
obtention of 5-HMF from glucose. Sn-montmorillonite and Nb-montmorillonite led to high
conversion, high yield and moderate-high selectivity values to 5-HMF (54.4% and 71.2%,
respectively) [23,24]. The catalytically active sites in the Nb–OH groups favored glucose
isomerization and subsequent dehydration with a 70.52% yield of 5-HMF at 170 ◦C for 3 h.
Attapulgite modified by phosphoric acid showed 56.6% of 5-HMF yield in a 2-butanol-
water biphasic system at 170 ◦C after 3 h of reaction. The results were again attributed to
the proper amount of Brønsted and Lewis acid sites [25].

The aim of this work was to study the catalytic activity of several synthesized clay
materials, such as mesoporous hectorite and fluorohectorite, in addition to commercial
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montmorillonite K-10, which were acid modified by different methodologies, includ-
ing the preparation of physical mixtures with commercial sulfonic macroporous resin
Amberlyst-15, or the incorporation of rhenium cations, to be applied as catalysts for the
catalytic obtention of 5-hydroxymethylfurfural from glucose. The effect of the BrØnsted
and/or Lewis acidity, the reaction temperature and time, and the ratio catalyst/glucose on
the conversion and selectivity results were studied.

2. Experimental Section

2.1. Materials

MgO (97%), SiO2 (99%), trimethyldodecylammonium chloride (98%) NH4NO3 (98%)
and LiOH (98%) were supplied by Sigma Aldrich, LiF (98%) by Acros Oganics, MgCl2
(99%), MgF2 (99%) and NH4ReO4 (99%) by Alfa Aesar and 1-butanol (99.5%) by Scharlau.

Commercial montmorillonite K10 (Si/Al = 2.7) and Amberlyst-15 were supplied by
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of Catalysts

Na+ mesoporous hectorite was synthesized as delaminated hectorite (Na-DH) us-
ing trimethyldodecylammonium chloride as template, following a method previously
developed by our research group [21,26].

Fluorohectorite (Li-FH), with formula Li0.7[(Mg5.3Li0.7)Si8O20F4], was synthesized by
mixing sintered SiO2, sintered MgO, commercial LiF and commercial MgF2 in a 8:4:2:2
molar ratio, respectively [22]. The mixture was homogenized following a sequence of
different methods: grounding, suspending in acetone under an ultrasounds bath (Selecta)
for 20 min and finally evaporating the solvent and drying the solid in an oven at 80 ◦C
overnight. The resulting solid was then heated in a conventional muffle furnace at 800 ◦C
for 3 h. The product was purified by selective sedimentation in a centrifuge (Hettich
Zentrifugen Rotofix 32 A). The solid was suspended in about 50 mL of water and stirred
overnight at room temperature. Then, it was centrifuged at 600 rpm for 6 min, and the
supernatant was centrifuged at 4000 rpm for 30 min. The settled solid was dried and stored
at room temperature.

Commercial montmorillonite K10 (MK10) was also tested as a catalyst for comparison.
H+ delaminated hectorite (H-DH) and H+ Fluorohectorite (H-FH) were prepared

by the ionic exchange of previously synthesized Na-DH and Li-FH, respectively, with
1 M NH4NO3 aqueous solution by refluxing for 1 h. Then, the suspension was centrifuged,
and the resultant solid was calcined at 540 ◦C for 3 h and stored at room temperature.

Several physical mixtures of montmorillonite K10 (MK10) and Amberlyst-15 (A) were
prepared with different A-MK10 wt ratios: 0.4 (28 wt % A: 72 wt % MK10), 0.8 (44 wt % A:
56 wt % MK10) and 1 (50 wt % A: 50 wt % MK10).

MK10 was impregnated with an appropriate aqueous-ethanol solution of NH4ReO4
(with the minimum amount of water) to obtain 5 wt % of rhenium in the final sample. After
rota evaporation of the solvents, the solid was calcined at 300 ◦C for 3 h (Re2O7/H-DH,
Re2O7/MK10). The temperature of calcination of NH4ReO4 was chosen to prevent subli-
mation of NH4ReO4 at temperatures above 300 ◦C [27]. Other groups of samples were then
prepared by mixing Amberlyst-15 with Re2O7/MK10 at the same A-Re2O7/MK10 ratios as
those of A-MK10 mixtures. Finally, Re2O7, obtained by calcining NH4ReO4 at 300 ◦C for
3 h, was also tested alone for comparison.

Table 1 summarizes the different methodologies used for the acid modification of
the clays.
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Table 1. Methodologies for the acid modification of the clays.

Starting Clay
Acid

Modification
Sample

Na-DH NH4
+ cation exchange +calcination H-DH

Li-FH NH4
+ cation exchange +calcination H-FH

MK10 Physical mixtures withAmberlyst-15 (A)
28 wt % A: 72 wt % MK10
44 wt % A: 56 wt % MK10
50 wt % A: 50 wt % MK10

MK10 Impregnation with NH4ReO4 to obtain 5
wt % of Re + calcination Re2O7/MK10

H-DH Impregnation with NH4ReO4 to obtain 5
wt % of Re + calcination Re2O7/H-DH

Re2O7/MK10 Physical mixtures withAmberlyst-15 (A)
28 wt % A: 72 wt % Re2O7/ MK10
44 wt % A: 56 wt % Re2O7/ MK10
50 wt % A: 50 wt % Re2O7/ MK10

2.3. Characterization of Catalysts

X-ray diffraction was used to identify and quantify the crystalline phases present in the
catalytic precursors and catalysts. The experiments were carried out with a Siemens D5000
diffractometer (Bragg–Brentano parafocusing geometry and vertical θ–θ goniometer) fitted
with a curved graphite diffracted-beam monochromator and diffracted-beam Soller slits, a
0.06◦ receiving slit and scintillation counter as a detector. The angular 2θ diffraction range
was between 5 and 70◦. The sample was dusted onto a low background Si (510) sample
holder. The data were collected with an angular step of 0.05◦ at 3 s per step and sample
rotation. CuKα radiation was obtained from a copper X-ray tube operated at 40 kV and
30 mA. The JCPDS files used for the identification of the crystalline phases were 00-003-0168,
01-075-0909 and 01-073-5680, for hectorite, anthophyllite and fluorohectorite, respectively.

BET surface areas were calculated from the nitrogen adsorption isotherms at −196 ◦C
using a Quantachrome Quadrasorb SI surface analyzer and a value of 0.164 nm2 for the
cross-section of the nitrogen molecule.

The Brønsted acid capacity of the physical mixtures and their starting compounds
was measured through the determination of cation exchange capacities using aqueous
sodium chloride (2 M) solutions as a cationic exchange agent. The released protons were
then potentiometrically titrated [28].

2.4. Catalytic Activity

Catalytic isomerization of commercial glucose (Sigma-Aldrich) was tested in a 100
mL stainless-steel autoclave equipped with an electronic temperature controller and a
mechanical stirrer. Several reaction parameters were studied: temperature and time of
reaction and catalyst/glucose ratio. The reaction conditions tested are summarized in
Table 2.

Table 2. Reaction conditions tested for the obtention of 5-HMF from glucose.

Reaction Parameter Reaction Conditions

Temperature 100, 120, 140, 160 and 180 ◦C
Time 1, 4 and 24 h

Catalyst wt /glucose wt ( ratio)

0.6 g/2.4 g (0.25)
0.3 g/2.4 g (0.125)

0.15 g/1.2 g (0.125)
0.3 g/0.6 g (0.5)

0.15 g/0.6 g (0.25)
0.075 g/0.6 g (0.125)
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In a typical experiment, glucose was dissolved in 50 mL of a mixture of THF:H2O
(35:15), and a fresh catalyst was transferred to the reactor. The temperature of the reaction
was set with stirring of 600 rpm. At the end of the reaction, the reaction mixture was cooled,
and the reaction products were separated from the catalyst by microfiltration.

Kit fructose/glucose assay, provided by Cygic Biocon SL, was used for determining
the conversion of glucose and the selectivity to fructose.

Conversion of glucose (%) = (Number of moles of converted glucose)/
(Number of moles of starting glucose).

Selectivity to fructose (%) = (Number of moles of glucose converted to fructose)/
(Number of moles of converted glucose).

GC measurements were performed on Shimadzu GC-2010A series equipped with AOC-20i
Series autoinjector and FID. The column was a Suprawax-280 (60 m × 0.25 mm × 0.50 μm).
1-Butanol was the internal standard. The quantification of products was determined based on
GC data using the internal standard method in order to determine the selectivity to the desired
product calculated as indicated below.

Selectivity to 5-HMF (%) = (Number of moles of glucose converted to 5-HMF)/
(Number of moles of converted glucose).

3. Results and Discussion

3.1. Characterization of Catalysts

Table 3 summarizes the main characterization results obtained for the synthesized
clays and for commercial montmorillonite K10.

Table 3. Characterization of the clays.

Catalyst
Crystalline Phases

(XRD)
BET Area a

(m2/g)
Acidity b

(meq/g)

MK10 Montmorillonite 233 —
Na-DH Hectorite 327 0.90
H-DH Hectorite 334 0.67
Li-FH Fluorohectorite, anthophyllite 17 0.23
H-FH Fluorohectorite, anthophyllite 21 0.53

a Calculated from N2 physisorption results. b Obtained by NH3-TPD. Data from [22].

The XRD patterns of the mesoporous hectorites (Na-DH and H-DH) showed the pres-
ence of the peaks corresponding to the crystalline hectorite with the exception of the (0 0 1) re-
flection, related to layer stacking, as expected, due to delamination
(e.g., Figure 1a). The high BET surface areas were similar to those obtained for delami-
nated hectorites previously prepared in our research group [21]. The mesopores correspond
to the interparticle space of lamellar-shaped crystallites, aggregated by edge-to-face bonding.

Li-FH and its protonated form (H-FH) presented the main crystalline phase, identified
as fluorohectorite, with a well-defined (001) reflection at 2Θ = 7◦ indicating a high order
of the lamellar material in the stacking direction. In addition, anthophyllite and quartz
phases were detected in lower amounts. After purification, quartz was eliminated, and
anthophyllite was reduced, obtaining practically pure fluorohectorite (e.g., Figure 1b).
These samples had much lower surface areas (17–21 m2/g) than delaminated hectorites due
to their microporosity, high crystallinity and the sinterization suffered during calcination at
high temperature. Additionally, the residual anthophyllite phase could partially block the
pores of fluorohectorite samples, contributing to lowering their surface area.

For the samples prepared with rhenium, it was not possible to detect the presence of
rhenium compounds by XRD, probably due to the low amount loaded (5 wt %). Consider-
ing the calcination temperature used, the presence of Re2O7 should be expected, although
according to other studies found in the literature, there could also be a mixture of Re6+/Re7+

oxides [29].
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Figure 1. XRD patterns of several synthesized clays (a) delaminated hectorite (Na-DH) and
(b) Li-fluorohectorite (Li-FH). * anthophyllite.

In a previous work, we evaluated the acidity (amount and strength) of this type of clay
materials by NH3-TPD [22]. The amount of acid sites is shown in Table 3. Na-DH had a
higher amount of acid sites than H-DH because of the presence of higher amounts of Lewis
acid sites (Na+) but lower acidity strength, since the NH3 desorption temperature was
lower for Na-DH (190 ◦C) than for H-DH (224 ◦C) [22]. This confirms the higher strength
of the Brønsted acid sites of the H-DH sample. The amount of acid sites of Li-FH was the
lowest and can be mainly attributed to the Lewis acid sites (Li+). H-FH showed a higher
number of acid sites than Li-FH (Table 3), and, interestingly, very strong acidity, since the
NH3 desorption temperature for its main desorption peak was 721◦ C [22]. The effect of the
partial substitution of –OH groups by F in the hectorite structure favored an increase in the
acidity of the Brønsted acid sites (H+) of the H-FH through an inductive effect of fluorine.

Commercial montmorillonite K10 is a montmorillonite, which was submitted to an
acid treatment. This involves: (a) some dealumination of the structure, and therefore, the
presence of Lewis acid sites due to extra framework cations; (b) higher surface area than
montmorillonite because of the generation of some mesoporosity; and (c) the presence of
some amount of Brønsted acid sites due to the acidic medium used during the treatment.
For the Re-containing samples, the rhenium cations act as Lewis acid centers.

The Brønsted acidity of the A-MK10 and A-Re2O7/MK10 physical mixtures was
evaluated by titration and compared to their starting compounds alone. The results are
shown in Table 4.

Amberlyst-15 showed the highest amount of Brønsted acid sites, as expected, due
to the sulfonic groups present in this macroporous resin, while Re2O7 and MK10 had the
lowest, since they mainly had Lewis acidity, as commented above. The physical mixtures
increased the values of Brønsted acid sites with respect to MK10 or Re2O7/MK10 due to the
presence of Amberlyst-15. These results will be later correlated with the catalytic results.
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Table 4. Characterization of the Brønsted acidity of the physical mixtures and starting compounds.

Catalyst
Brønsted

Acidity (meq H+/100g)

Re2O7 5.0
MK10 15.4

Re2O7/ MK10 27.2
A 478.8

28 wt % A: 72 wt % MK10 113.6
44 wt % A: 56 wt % MK10 190.4
50 wt % A: 50 wt % MK10 251.6

28 wt % A: 72 wt % Re2O7/ MK10 137.7
44 wt % A: 56 wt % Re2O7/ MK10 229.2
50 wt % A: 50 wt % Re2O7/ MK10 232.8

3.2. Catalytic Activity

First, the effect of the reaction temperature and the catalyst/glucose weight ratio were
studied with commercial montmorillonite K-10 (MK10) in order to find the optimized
conditions to check the rest of the catalysts. All studies were conducted with a solvent
mixture of THF:H2O in a volume ratio of 35:15. From several preliminary experiments with
different solvents and mixtures of solvents, this was found to be the best solvent to favor
the obtention of 5-HMF. Figure 2 shows the effect of the reaction temperature using 2.4 g of
glucose and 0.3 g of MK10 catalyst for 1 h of reaction.

Figure 2. Effect of the reaction temperature on the catalytic activity of the catalyst MK10. Reaction
conditions: 2.4 g of glucose, 0.3 g of catalyst, catalyst/glucose wt ratio = 0.125, solvent volume ratio
(THF:H2O) = 35:15 and reaction time = 1 h.

The results showed an increase in the conversion values with the temperature, as
expected, and the formation of the desired product, 5-hydroxymethylfurfural (5-HMF),
from 160 ◦C. No other reaction products, such as levulinic acid or formic acid, were detected
by gas chromatography. Therefore, the other reaction products should be related to the
polymerization of glucose, fructose and 5-HMF that result in the formation of condensation
products. These undesired products easily formed from 100 ◦C, while isomerization
reaction was slower and needed higher temperatures or, as concluded below, longer times.

The effects of using different catalyst/glucose weight ratios on the conversion and
selectivity to 5-HMF values were then studied with the MK10 catalyst at 180 ◦C for 1 h
(Figure 3).

111



ChemEngineering 2022, 6, 57

Figure 3. Effect of the different catalyst/glucose wt ratios on the catalytic activity of the catalyst
MK10. Reaction conditions: solvent volume ratio (THF:H2O) = 35:15, temperature = 180 ◦C and
reaction time = 1 h. * Reaction temperature = 140 ◦C and Reaction time = 4 h.

On the whole, there are not significant differences between the catalytic tests. The
highest selectivity to 5-HMF (38%) and the highest yield of 5-HMF (36%) were observed
when using 0.6 g of catalyst and 2.4 g of glucose with a catalyst/glucose ratio of 0.25. This
was the optimized ratio, and the second-best result was achieved with the same ratio using
lower amounts of catalyst and glucose. One more catalytic test with catalyst MK10 was
performed at the optimized catalyst/glucose ratio, decreasing the reaction temperature
(140 ◦C) and increasing the reaction time (4 h) (Figure 3). The selectivity to 5-HMF was
maintained (34%) at moderate conversion (62%).

We selected these reaction conditions—0.6 g of catalyst, 2.4 g of glucose, 140 ◦C and
4 h—to test catalysts with different total acidity and different presence of Brønsted and/or
Lewis acid sites. The corresponding results are shown in Figure 4.

Figure 4. Catalytic activity of the commercial montmorillonite K10 and the synthesized and modified
cationic clays. Reaction conditions: 2.4 g of glucose, 0.6 g of catalyst, catalyst/glucose wt ratio = 0.25,
solvent volume ratio (THF:H2O) = 35:5, temperature = 140 ◦C and reaction time = 4 h.

The catalysts with higher amounts of acid centers, especially Lewis acid centers, and
higher surface areas (MK10 and Na-DH) (Table 3) showed higher conversion values, as
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expected, due to the importance of Lewis centers for the first isomerization step from
glucose to fructose (Scheme 1). By comparing the selectivity to 5-HMF and to fructose
obtained for these two catalysts, the lower amount of Brønsted acid sites of Na-DH justifies
its lower selectivity to 5-HMF but higher selectivity to fructose, while the Brønsted acid sites
remaining in the K10 montmorillonite, after the acid treatment to which it was submitted to
obtain it, favored the transformation of fructose to 5-HMF, the second step of the reaction
(Scheme 1).

H-DH had lower amounts of Lewis acid sites and higher amounts of Brønsted acid
sites than Na-DH, and consequently, lower conversion but higher selectivity to 5-HMF was
obtained when compared to Na-DH. For the fluorohectorite (Li-DH), the conversion was
lower, and the selectivity to 5-HMF was higher than for the Na-DH catalyst. The lower
amount of acid centers of Li-DH (Table 3) justifies its lower conversion, although it was
higher than for H-DH, probably because of the higher amounts of Lewis acid centers due
to cations Li+. The higher selectivity to 5-HMF compared to Na-DH should be related to
the presence of some amounts of Brønsted acid sites due to the hydrolysis of the Li+ cations.
Interestingly, the highest selectivity to 5-HMF for this group of catalysts was achieved with
the protonated fluorohectorite (H-FH) due to its stronger Brønsted acid sites, as commented
above, although its conversion was the lowest due to the low amounts of Lewis acid sites
of this catalyst.

Taking into account that the montmorillonite K10 showed the best yield of 5-HMF and
one of the best selectivity values to 5-HMF, in order to improve these results, we planned
to modify its acidity by preparing several physical mixtures of MK10 with sulfonic macrop-
orous resin Amberlyst-15 (A), which had higher amounts and stronger Brønsted acidity,
in order to favor the second step of the reaction, the formation of 5-HMF from fructose
(Scheme 1). Figure 5 shows the catalytic activity results obtained for these A-MK10 mixtures
with different wt % ratios compared to the catalytic results of A and MK10 catalysts. The
amount of Brønsted acid sites (meq H+/100 g), determined by titration, is also indicated in
the figure.

Figure 5. Catalytic activity of physical mixtures A-MK10 in different proportions compared to A and
MK10 catalysts. Reaction conditions: 2.4 g of glucose, 0.6 g of catalyst mixture, catalyst/glucose wt
ratio = 0.25, solvent volume ratio (THF:H2O) = 35:15, temperature = 140 ◦C and reaction time = 4 h.

The catalytic activity of Amberlyst-15 (A) showed lower conversion but higher selec-
tivity to 5-HMF and lower selectivity to fructose than that of catalyst MK10. This confirms
again that Lewis acid sites are more active for the overall transformation of glucose, and
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Brønsted acid sites are responsible for the selective conversion of fructose to 5-HMF. By
mixing physically both catalysts in different wt % proportions, a synergetic effect was
clearly observed. Thus, the presence of 28 wt % of Amberlyst-15 favored both an increase
in conversion and selectivity to 5-HMF due to the stronger Brønsted acid sites provided by
Amberlyst-15 (Table 4) but with a still significant contribution of the Lewis acid centers of
MK10. On the other hand, the mixed catalyst with 50 wt % of A led to lower conversion
than those of MK10 and the mixed catalyst with 28 wt % of A, and a slight increase in
selectivity to 5-HMF with respect to MK10 but lower than for the mixed catalyst with
28 wt % of A (Figure 5). These results can be explained because of the covering of part of
the Lewis acid sites of MK10 by the Brønsted acid sites of A. Then, an optimized A-MK10
ratio was searched, and it was found at the proportion 44 wt % of A and 56 wt % of MK10,
obtaining a moderate glucose conversion of 56% and the highest selectivity to 5-HMF
of 62%.

Another way to modify the acidity of the clay MK10 was to load a 5 wt % of rhenium to
increase Lewis acidity and then to prepare mixtures with Amberlyst-15, with high amounts
of strong Brønsted acidity. The catalytic results are shown in Figure 6.

Figure 6. Catalytic activity of physical mixtures A-Re2O7/MK10 in different wt % proportions
compared to A, MK10, Re2O7 and Re2O7/MK10 catalysts. Reaction conditions: 2.4 g of glucose,
0.6 g of catalyst mixture, catalyst/glucose wt ratio = 0.25, solvent volume ratio (THF:H2O) = 35:15,
temperature = 140 ◦C and reaction time = 4 h.

The incorporation of rhenium in MK10 increased the selectivity to fructose, with
respect to the MK10 or Re2O7 alone, as expected due to its higher amount of Lewis acid
sites, and it led to higher selectivity to 5-HMF (51%) than MK10 (34%) and Re2O7 (29%).
This can be explained by the higher amount of Brønsted acidity of catalyst Re2O7/MK10, as
determined by titration (Table 4, Figure 6), which could be related to some hydrolysis of the
rhenium cations during the reaction. Finally, the decrease in conversion can be attributed
to a decrease in the surface area of the catalyst because of the impregnation-calcination
procedure employed.

From these results, the following attempt to improve the selectivity to 5-HMF was to
mix this Re2O7/MK10 catalyst in different proportions with Amberlyst-15. Independently
of the proportions used, the selectivity to 5-HMF did not improve the value obtained for
catalyst Re2O7/MK10 (Figure 6). The mixture with the highest selectivity to 5-HMF (45%)
was 44 wt % of Re2O7/MK10 and 56 wt % of Amberlyst-15. A possible explanation for
this catalytic behavior is that the acid properties of Re2O7 were modified when mixed
with Amberlyst-15. It is well known that rhenium cations can be protonated. This should
decrease the amount and strength of Lewis acid sites of the mixtures.

Finally, the effect of the reaction time was studied for the best catalyst (44 wt % of A
and 56 wt % of MK10) by comparing its catalytic activity at 4 and 24 h of reaction with
those of its precursors, A and MK10, and also with catalyst Re2O7/ MK10 (Figure 7).
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Figure 7. Effect of the reaction time, 4 h and 24 h, for several catalysts. Reaction conditions: 2.4 g of
glucose, 0.6 g of catalyst mixture, catalyst/glucose wt ratio = 0.25, solvent volume ratio (THF:H2O) =
35:15, temperature = 140 ◦C.

All catalysts showed an increase in conversion with the reaction time but, with the
exception of MK10, this increase in conversion did not involve an increase in the selectivity
to 5-HMF, and in general, a decrease in fructose was also observed. This means that the
increase in conversion was at the expense of the formation of other reaction products,
probably polymerization products, especially more favored for the catalysts that had higher
amounts of stronger Brønsted acid sites due to Amberlyst-15. Interestingly, catalyst MK10
showed an increase of 10% in the selectivity to 5-HMF with time, and for Re2O7/MK10,
only a slight decrease was observed (Figure 7). This behavior could be explained by the
low amounts of acid centers present in these catalysts, which do not favor polymerization
as much, and in the case of MK10 favor the slow transformation to 5-HMF with time.

Figure 8 shows the reproducibility of the catalytic results of the best catalysts, which
were checked thrice. Higher standard deviation was observed when the physical mixture
of Amberlyst-15 and montmorillonite K10 was tested. This can be related to its preparation
procedure.

Figure 8. Reproducibility of the catalytic results of the best catalysts. Reaction conditions: 2.4 g of
glucose, 0.6 g of catalyst mixture, catalyst/glucose wt ratio = 0.25, solvent volume ratio (THF:H2O) =
35:15, temperature = 140 ◦C and reaction time = 4 h.

4. Conclusions

Several synthesized clays, such as delaminated Na-hectorite and Li-fluorohectorite, in
addition to commercial montmorillonite MK-10, were acid modified by different method-
ologies: the incorporation of protons (H-hectorite and H-fluorohectorite), physical mixtures
of montmorillonite MK-10 with Amberlyst-15 to combine Lewis and Brønsted acidity and
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the addition of rhenium compounds with Lewis acidity. The catalytic results confirmed the
importance of combining Lewis and Brønsted acid centers in the appropriate amounts to
favor the transformation of glucose to fructose by the Lewis acid sites and the subsequent
conversion of fructose to 5-HMF by the Brønsted acid sites. The optimized reaction condi-
tions were established in a reaction temperature of 140 ◦C, reaction time of 4 h, using 0.6 g
of catalyst and 2.4 g of glucose, with a catalyst/glucose ratio of 0.25.

Regarding the synthesized clays, H-fluorohectorite showed the highest selectivity
value to 5-HMF (36%) at 140 ◦C for 4 h that can be attributed to the strong Brønsted acid
sites of this catalyst due to the incorporation of fluorine in the hectorite structure during
fluorohectorite preparation. For the physical mixtures between Amberlyst-15, with high
amounts of strong Brønsted acid sites, and montmorillonite K10, with Lewis acid centers,
the best selectivity to 5-HMF (62%) was achieved with a mixture of 44 wt % Amberlyst-15
and 56 wt % of montmorillonite K10 for a 56% conversion. The incorporation of rhenium
in MK10 increased the selectivity to fructose, with respect to the MK10 or Re2O7 alone, due
to the higher amount of Lewis acid sites and led to higher selectivity to 5-HMF (51%) than
MK10 (34%) and Re2O7 (29%). This has been related to the generation of Brønsted acidity
in catalyst Re2O7/MK10 due to some hydrolysis of the rhenium cations during reaction.
However, the physical mixtures of Re2O7/MK10 with Amberlyst-15 did not improve the
selectivity to 5-HMF. Catalyst MK10 showed an increase of 10% in the selectivity toward
5-HMF when the reaction time was increased to 24 h. This was related to low amounts of
acid centers in this catalyst, which, with time, do not favor polymerization as much and
continue forming 5-HMF.
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Abstract: After subjecting Zamora building stones to accelerated ageing tests, colour changes were
studied, namely: (a) freezing/thawing and thermal shock (gelifraction and thermoclasty), and (b) com-
bination of freezing/thawing plus thermal shock and salt crystallisation (sulphates or phosphates)
(gelifraction, thermoclasty and haloclasty). Zamora building stones are silicified conglomerates
(silcretes) from the Cretaceous that show marked colour changes due to the remobilisation of iron
oxyhydroxides. In this work, four varieties were: white stone; ochreous stone; white and red stone;
and purple stone Their micromorphological characterization (skeleton, weathering plasma and
porosity/cutan) is formed of grains and fragments of quartz and quartzite as well as by accesory
minerals muscovite and feldspar (more or less altered), and some opaque. Quartz, feldspar and
illite/mica were part of the skeleton; kaolinite, iron oxyhydroxides, and CT opal were part of the
weathering plasma or cutans; their porosity were 11.7–8.7%. Their chromatic data have been sta-
tistically analysed (MANOVA-Biplot). They showed higher variations in ΔE*, ΔL*, Δa* and Δb*on
combined freezing/thawing plus thermal shock and sulphates crystallisation leading to rapid al-
teration of the building stones. Chromatic differences between the other two artificial ageing tests
were less evident and were not detected in all samples. The global effect of ageing on the Zamora
building stones darkened them and reduced their yellowing. The ochreous stone suffered the least
variation and the purple stone the most. This study of the colour by statistical analyse may be of
interest for the evaluation and monitoring of stone decay, which is an inexpensive, simple, easy and
non-destructive technique.

Keywords: colour; building stones; silicified conglomerates; artificial ageing test; freezing/thawing;
thermoclasty; salt crystallisation; MANOVA-Biplot

1. Introduction

Zamora is a “Romanesque city” with 24 Romanesque churches, the Castle, the Cathe-
dral and City Walls from the 12th and 13th centuries built in silicified sandstones and
conglomerates called Zamora building stones. These stones have been used in monuments
of Zamora, in the masonry wall, and in the lower parts of religious and civil monuments of
the cities of Salamanca and Avila, which were designated World Heritage Cities by UN-
ESCO in 1988 and 1985 respectively [1]. Building stone monuments represent a significant
part of the World Heritage, enclosing a historical, aesthetic and constructive material value.
The architectural heritage of a city is strongly influenced by its geological context and by
the place where the building stones were quarried in the surroundings of the urban centre.
Thus, cities are often characterised by distinctive chromatic features that reflect those of
the locally available building stones, as is the case with Villamayor sandstone in the city of
Salamanca, whose natural alteration in monuments is accompanied by the development
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of a golden-reddish patina. Hence, the term ‘golden sandstone’ is one of the signatures of
monuments and buildings constructed with this building stone [2,3].

The durability of building stone is its behaviour against decay processes that depend
on the mineralogical composition, texture and structure of the stone (intrinsic factors), its
location in the monument and environmental conditions (extrinsic factors). Its prediction
is complex, given the variety of factors involved, and the great forms of decay that can
occur [4]. Foreseeing the expected decay processes of stone materials is of paramount
importance to anticipate problems arising from the accelerated ageing test; and currently
climatic chambers under controlled conditions are used for this. In this work, different ac-
celerated ageing tests simulating the conditions of the city of Zamora with a Mediterranean
climate with a continental tendency and low polluted, with a mean annual temperature
of 11–12 ◦C were carried out. The range of daily temperature fluctuations may be as large
as 30 ◦C. The absolute maximum temperature measured based on a historical data series
(15 years) is 37 ◦C, while the absolute minimum is −19 ◦C. Average annual rainfall is about
395 mm, mainly in spring and autumn, with July and August typically characterised by
severe droughts [5–8].

On the exposed exteriors of monuments, thermoclasty and gelifraction are responsible
for the decay of Zamora building stones (silicified conglomerates) leading to microfissures,
plates, flakes, and surface arenisation. Additionally, outwards areas of the lower parts of
the monuments, affected by capillary damping of polluted water, are subject to a synergistic
effect between these factors and salt crystallization (haloclasty/gelifraction/thermoclasty).
Inwards of monuments, the most extensive and commonly decay of silicified conglomerates
is due to the presence of salts in microenvironments, which crystallise inside the pore
network (sub-efflorescences) or outside it (efflorescences) [5–8].

The main water-soluble salts studied in the efflorescences and/or subefflorescences of
historical stones of the buildings are composed of the following anions Cl−, NO3

−, SO4
2−,

CO3
2−, PO4

3− etc. The source of the salts may be multiple, from the mortar of the wall
and from the outside e.g., bird droppings which, being very soluble, migrate easily to
the surface. In the high parts of the building it is due to infiltration by rain off, which
dissolves the soluble species in mortars, while in the lower parts the source of salts come
from capillary damping (polluted urban groundwater) [9].

One of the aesthetic parameters of a building stone is its colour, which contributes
greatly to its ornamental value. As with other properties, colour monitoring is of great
importance to evaluate treatment effectiveness when the stone is subjected to conservation
or restoration treatment [10–16], to assess changes by accelerated ageing tests [16–22] and
to in situ deterioration in the building [3,23–29]. In most of the works cited, stone building
materials, after the application of conservation treatments (waterproofing, consolidation,
desalination, etc.), accelerated artificial ageing, or deterioration in situ in monuments,
produce a greater darkness and more reddish and/or yellowish tones, depending on
the case.

The purpose of this study was to quantify the colour changes in building stones
that were submitted to three different accelerated ageing treatments (freezing/thawing
and two combined freezing/thawing and salt crystallisation), to allow a rationale use of
these building stones and to anticipate their behaviour in advance, in order to succeed
in restoration. In the combined tests with salt crystallisation, sulphates were selected on
the one hand, because they are soluble in water, which increases more in volume when
crystallising, and their deterioration is greater through the so-called wedge effect (physical);
and on the other hand, phosphates, because they give a very alcaline medium to the
dissolution (pH > 11), and although the decay process is much slower, it would be by
chemical dissolution, and the wedge effect (physical) would be lesser.
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2. Materials and Methods

2.1. Zamora Building Stone

The Zamora building stones (silicified conglomerates and sandstones) correspond to
the upper part of Salamanca Sandstone Formation (SSF). Remnants of silicifications appear
in the SW border of the Tertiary Duero basin, on both the Iberian Hercynian basement
deeply weathered and/or a sedimentary cover of siderolithic nature. Silicification repre-
sents an alteration of the parent minerals which gave rise to a relative concentration of
silica as CT opal, a partial release of aluminum, the almost complete leaching of the other
components and local concentrations of minerals of the alunite group This silicification
process produces a silcrete, that is a variety of highly indurated duricrust formed as a
result of the near-surface accumulation of silica within a soil, sediment, rock or weathered
material [30–32]. The strength of the sedimentary cover increases towards the E and NE,
thus separating vertically from the mantle of weathering and silicification process. Accord-
ing to their lithological characteristics, they are arranged in three lithostratigraphic units,
the differentiating elements being the presence of iron and silica, colour and sequential
organization. The upper section (Zamora building stones), presents a clearly prograding
stratigraphic grain and strato-growth architecture generated by the activity of alluvial
fan systems. Sedimentation took place within wide, shallow and highly mobile channels
through which streams flowed with very high bottom loads and fine suspended material
during a Mesozoic period [30–32].

This stone shows marked changes in colour due to the remobilization of iron oxy-
hydroxides under ancient hydromorphic and acid conditions, with local precipitation of
sulphates of the allunite-jarosite group [30,31].

The Zamora building stone shows a chemical composition of the major elements with
high contents in SiO2, together with the presence of Al2O3 and H2O.

In this work, four natural silicified conglomerates (Zamora building stones) from
Zamora quarries (Figure 1) have been tested: Z1, white stone, microconglomerate; Z2,
ochreous stone conglomerate; Z3B, white and red stone conglomerate and Z3R, purple
stone conglomerate.

 

Figure 1. Macroscopic view of the Zamora Building Stones. (Z1) white stone, silicified microconglom-
erate. (Z2) ochreous stone, silicified conglomerate. (Z3B) white and red stone, silicified conglomerate.
(Z3R) purple stone, silicified conglomerate.
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Figure 2 shows the most remarkable micromorphology results of the four selected
varieties, following the methodology published by the authors [32,33]. In all the samples
studied, quartz is the dominant mineral in the skeleton, presenting many of its grains,
corrosion gulfs on their edges (Figure 2a). Likewise, more or less altered potassium
feldspars, muscovites flakes with loss of interference colours (Figure 2c,d), opaque (Fe
and Ti oxyhydroxides, Figure 2e), tourmalines, epidote group minerals, and few zircons
may appear. The appearance of an isotropic mass quite called the weathering plasma
(Figure 2a). Iron oxyhydroxides can appear attached to the 1:1 phyllosilicate (Figure 2c,d),
called weathering plasma, giving ocher and/or reddish tones and it is common to find
minerals such as small accordion-shaped kaolinites (1:1 phyllosilicates) that are considered
neoformation (Figure 2b) By visual samples, the concentration of these iron oxyhydroxydes
gives zones with shades from intense red to purple.

 

Figure 2. (a) Natural Light (NL) microphotograph. Skeleton of polycrystalline quartz grains (yellow
arrows) with corrosion gulfs set in a weathering plasma of CT opal and 1:1 phyllosilicate (birefrin-
gent, silcretes); (b) Microphotograph (NL). Small accordion-shaped kaolinites (1:1 phyllosilicates of
neoformation(yellow arrows); (c) Microphotograph (NL) and (d) microphotograph (crossed nicols,
CN) of muscovites flakes with loss of interference colour (yellow arrows); (e) Microphotograph (NL)
and (f) microphotograph (CN) of isotropic mass called weathering plasma formed by CT opal and
iron oxyhydroxides (which gives a purple hue to the Zamora building stone), in addition, the partial
filling of the porous system (cutan, to designate a modification of the texture, structure or fabric
at natual surfaces in soil materials, due to concentration of particular soil constituents or in situ
modification of the plasma) by fibrous silica or CT opal (yellow arrows), which have originated by
traces of roots (bioturbation) in the tropical palaeosoil (pedogenic silcretes).
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Study of thin samples of silicified conglomerates has been observed that: (i) the walls
of some cavities appear covered by fibrous silica with their optic axes in different positions
in relation to the elongation of the fibers called cutan (Figure 2e,f), and, (ii) most of the
CT opal are located lining the walls of cavities (Figure 2e,f), these being interpreted as the
traces of roots (bioturbation) of old palaeosols (pedogenic silcretes). In strongly silicified
samples, quartz grains encompassed within a brown and more or less anisotropic mass
compose of clay, iron oxyhidroxides and CT opal [30–34].

Table 1 shows the average results obtained from the physical properties of the four va-
rieties of Zamora building stones, following the methodology published by the authors [35].
It is observed that the real density varies between 2.56 and 2.60 g/cm3 and the apparent
density between 2.28 and 2.33 g/cm3. On the other hand, the order of the values obtained
for free and total porosity, imbibition coefficient and capillary absorption and permeability
in the four varieties studied is as follows: Z1 > Z2 ≈ Z3B ≈ Z3R. However, the order of
values in the absorption coefficient is Z1 < Z2 ≈ Z3B ≈ Z3R.

Table 1. Physical characterisation of Zamora building stones by water.

Samples FP (%) TP (%) AC (%) RD (g/cm3) AD (g/cm3) IC (%) CAC (g/cm2S
1
2 ) P (Kg/m2s)

Z1 11.7 14.3 82 2.57 2.28 5.4 0.001075 0.000221
Z2 9.6 10.1 95 2.60 2.33 3.8 0.000844 0.000195

Z3B 8.7 9.2 95 2.57 2.33 4.2 0.000927 0.000179
Z3R 9.1 9.2 99 2.56 2.33 3.7 0.000866 0.000164

FP = Free porosity, TP = Total porosity, AC = Absorption coefficient, RD = Reel density, AD = Apparent density,
IC = Imbibition coefficient, CAC = Capillary adsorption coefficient, P = Permeability.

2.2. Experimental and Statistical Methods

The durability of four Zamora building stones (ZBS) was determined by accelerated
artificial ageing treatments. Two cubic samples (6 × 6 × 6 × 6 cm) were selected for each
of the ZBS varieties, the chromatic coordinates of five of the faces were measured, and they
were subjected to the following accelerated ageing treatments in a simulation chamber
under controlled conditions. Five cycles were performed:

T1: Freez/thaw and cool/heat cycles (−20 to 110 ◦C) according to the following
procedure: After a drying period at 60 ◦C to reach a constant weight, the blocks were
immersed in distilled water for 16 h (the rocks were saturated), after which they were
cooled to −20 ◦C and kept at that temperature for 3 h. The temperature was then raised to
110 ◦C (rate = 2 ◦C/min), and the blocks were kept at that temperature for 3 h. Finally, the
blocks were left for 2 h at room temperature and the process was restarted [16].

T2: A combined freez/thaw treatment with sulphates crystallisation, following the
method in T1 [16], but using a 14% (weight) solution of Na2SO4 × 10 H2O instead of
distilled water.

T3: Same as T1 but using a 1% (weight) solution of Na3PO4 × 10 H2O instead of the
distilled water [16].

Colour was measured with a MINOLTA MODEL CR-310 colourimeter for solids
using the (L*,a*,b*) colour coordinates. Total colour difference (ΔE*ab) defined by the
equation [36,37]: ΔEab* = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2.

To study changes in the colour, increments ΔE*, ΔL*, Δa*, and Δb* have been defined
as the difference of the parameter values between that for the untreated sample and those
of the sample after each ageing treatment.

The statistical analysis was performed using the MANOVA-Biplot technique (Mul-
tivariate Analysis of Variance). The MANOVA-Biplot is a multivariate analysis method,
complementary to MANOVA which permits to obtain simultaneous plots of the different
groups to be compared, and the different variables being analysed, by also involving the
specific Biplot characteristics [38,39]. The results are summarised on several factorial planes,
where the variables are represented as vectors that start out from a hypothetical origin
and the means of the different groups as star markers in the same reference system. If two
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variables are represented with a very small angle, then the variables are highly correlated,
and are inversely correlated if they are opposite. Additionally, if the angle is close to perpen-
dicular, their correlation is minimal. When projecting all the star markers perpendicularly
onto the directions of any of the variables, the order of the projections in the direction of
those variables is equivalent to the value that the population means take on for that variable.
These interpretations are subject to a series of measurements of the quality of representation
for the different planes (inertia absorption of the planes, the goodness of the projections of
the measurements on the variables for the dimensions selected, etc.). Depending on these
qualities of representation, it is or is not possible to interpret the position of the variables
(or the means of the different groups) in the corresponding factorial plane.

The MANOVA-Biplot analysis was applied to a matrix consisting of 16 variables (4 for
each chromatic parameter, i.e., ΔE*, ΔL*, Δa*, and Δb*) and 120 rows in 12 groupings
accounting for the different combinations of silicified conglomerates with the three ageing
treatments applied.

The different groupings of samples were named as follows:
* Type of sample: Four types of samples tested (Z1, Z2, Z3B and Z3R).
* Artificial ageing, corresponding to aged (T1, T2 and T3).
The 12 groupings have been labelled by combining the four types of stones and the

different ageing treatments: ZWTY, where W = 1, 2, 3B and 3R (type of sample), and Y = 1,
2, and 3 (type of artificial ageing treatment). The average values for ΔE*, ΔL*, Δa*, and Δb*
for each aging cycle are included in Tables 2–5.

Table 2. Average values for ΔE* for every ageing treatment cycles.

Sample and Treatment
ΔE1* ΔE2* ΔE3* ΔE4* ΔE5*

Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.)

Z1, T1 0.505 0.133 0.657 0.175 0.918 0.172 1.199 0.194 1.011 0.198
Z1, T2 1.032 0.197 1.054 0.193 1.836 0.248 1.475 0.272 1.316 0.185
Z1, T3 0.643 0.236 0.835 0.296 0.962 0.329 0.721 0.349 0.914 0.208
Z2, T1 0.410 0.065 0.595 0.101 0.628 0.107 0.743 0.148 0.691 0.123
Z2, T2 0.539 0.061 0.623 0.113 0.948 0.102 1.533 0.155 2.079 0.607
Z2, T3 0.549 0.228 0.621 0.179 0.831 0.267 0.794 0.299 0.818 0.266

Z3B, T1 0.653 0.065 0.694 0.072 0.835 0.090 0.953 0.086 0.821 0.083
Z3B, T2 1.189 0.128 1.181 0.167 1.228 0.242 1.317 0.178 2.423 0.279
Z3B, T3 0.695 0.169 0.548 0.166 0.891 0.278 0.640 0.230 0.760 0.135
Z3R, T1 0.666 0.061 0.577 0.065 0.854 0.149 0.621 0.096 0.695 0.077
Z3R, T2 1.377 0.130 0.621 0.081 1.251 0.149 1.092 0.101 1.687 0.066
Z3R, T3 0.735 0.154 0.645 0.193 0.618 0.177 0.655 0.152 0.725 0.132

S.E. = Standard Error.

Table 3. Average values for ΔL* for every ageing treatment cycles.

Sample and Treatment
ΔL1* ΔL2* ΔL3* ΔL4* ΔL5*

Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.)

Z1, T1 −0.295 0.098 −0.409 0.118 −0.703 0.124 −0.892 0.123 −0.703 0.094
Z1, T2 −0.587 0.224 0.375 0.319 0.914 0.660 0.376 0.444 −0.005 0.211
Z1, T3 −0.346 0.219 −0.394 0.303 −0.588 0.332 −0.445 0.309 −0.428 0.261
Z2, T1 −0.324 0.061 −0.397 0.102 −0.528 0.101 −0.506 0.124 −0.482 0.108
Z2, T2 −0.329 0.093 −0.006 0.026 −0.549 0.114 −0.569 0.097 −1.017 0.570
Z2, T3 −0.082 0.253 −0.020 0.263 −0.265 0.358 −0.101 0.355 −0.154 0.318

Z3B, T1 −0.534 0.090 −0.614 0.092 −0.673 0.125 −0.828 0.088 −0.698 0.104
Z3B, T2 −1.028 0.181 −0.932 0.183 −0.751 0.310 −0.972 0.170 −2.177 0.280
Z3B, T3 −0.610 0.195 −0.449 0.132 −0.763 0.260 −0.502 0.168 −0.676 0.123
Z3R, T1 −0.580 0.080 −0.516 0.082 −0.616 0.116 −0.534 0.085 −0.573 0.083
Z3R, T2 −1.310 0.128 −0.332 0.166 −0.983 0.286 −0.573 0.220 −1.347 0.191
Z3R, T3 −0.420 0.236 −0.177 0.294 −0.189 0.288 −0.151 0.279 −0.161 0.263

S.E. = Standard Error.
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Table 4. Average values for Δa* for every ageing treatment cycles.

Sample and Treatment
Δa1* Δa2* Δa3* Δa4* Δa5*

Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.)

Z1, T1 0.000 0.019 0.096 0.024 0.251 0.027 0.326 0.030 0.166 0.026
Z1, T2 −0.080 0.032 −0.013 0.049 0.067 0.068 0.055 0.047 −0.008 0.037
Z1, T3 −0.190 0.050 −0.067 0.061 0.056 0.038 −0.064 0.031 −0.124 0.030
Z2, T1 0.017 0.025 0.079 0.029 0.080 0.029 0.095 0.032 0.033 0.039
Z2, T2 0.009 0.025 0.040 0.049 0.135 0.030 0.291 0.039 0.451 0.079
Z2, T3 0.099 0.043 0.147 0.031 0.208 0.042 0.170 0.052 0.108 0.068

Z3B, T1 0.176 0.028 0.121 0.028 0.182 0.034 0.140 0.030 0.077 0.035
Z3B, T2 0.350 0.110 0.473 0.108 0.499 0.135 0.515 0.119 0.660 0.097
Z3B, T3 −0.107 0.042 0.009 0.036 0.164 0.048 0.044 0.035 0.070 0.050
Z3R, T1 0.093 0.034 0.040 0.025 0.262 0.030 0.039 0.030 0.000 0.040
Z3R, T2 −0.240 0.106 −0.320 0.075 −0.305 0.154 −0.232 0.125 −0.108 0.165
Z3R, T3 −0.305 0.068 −0.214 0.083 −0.135 0.041 −0.287 0.050 −0.322 0.075

S.E. = Standard Error.

Table 5. Average values for Δb* for every ageing treatment cycles.

Sample and Treatment
Δb1* Δb2* Δb3* Δb4* Δb5*

Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.) Mean (S.E.)

Z1, T1 0.143 0.135 0.260 0.172 0.345 0.159 0.619 0.180 0.504 0.218
Z1, T2 0.759 0.148 0.684 0.243 0.607 0.402 1.092 0.290 1.222 0.218
Z1, T3 0.000 0.264 −0.108 0.351 −0.233 0.357 0.098 0.320 −0.303 0.332
Z2, T1 0.114 0.059 0.251 0.089 0.146 0.082 0.362 0.129 0.146 0.133
Z2, T2 0.367 0.081 0.613 0.111 0.733 0.083 1.385 0.139 1.535 0.469
Z2, T3 −0.142 0.229 −0.058 0.229 −0.177 0.278 −0.131 0.323 −0.186 0.339

Z3B, T1 −0.170 0.034 0.105 0.040 0.234 0.051 0.397 0.045 0.204 0.069
Z3B, T2 −0.041 0.173 0.218 0.216 0.142 0.336 0.541 0.216 0.653 0.242
Z3B, T3 −0.014 0.116 0.107 0.175 0.073 0.228 0.366 0.171 −0.007 0.172
Z3R, T1 −0.106 0.050 0.015 0.038 0.288 0.149 0.205 0.071 0.006 0.092
Z3R, T2 −0.251 0.068 0.094 0.121 0.319 0.132 0.725 0.132 0.797 0.193
Z3R, T3 −0.301 0.092 −0.219 0.129 −0.292 0.086 −0.133 0.138 −0.299 0.138

S.E. = Standard Error.

3. Results and Discussion

The global analysis of the MANOVA-Biplot provides a lambda (Wilks) value of 5.6205,
with p < 0.01, indicating that significant differences among the different groupings exist.
The inertia absorption of the first five factorial axes is 87.47%. The effect of artificial ageing
on the global analysis of colour changes is important because great angles between the
variables are observed, Figures 3 and 4 (ΔE*1–ΔE*5, ΔL*1–ΔL*5, Δa*1–Δa*5 and Δb*1–Δb*5).

Figure 3 shows that in Z1 silicified conglomerate, T2 ageing gives rise to higher values
in ΔE* and ΔL*, bringing about to the samples greater darkness. With T3 ageing, darkening
also occurs, but of lesser magnitude. Furthermore, in Z2 silicified conglomerate, T2 ageing
gives rise to higher values ΔE*, compared to T1 and T3, with no differences in ΔL*. In the
Z3B silicified conglomerate, T3 ageing has no variations in ΔL* or in ΔE* and in T1 and T2
ageing the effect on ΔL* is similar, these aging produce higher clarity. In the Z3R silicified
conglomerate, T2 ageing produces higher values in ΔE*, with T1 and T3 exhibiting similar
outcomes, but in the opposite direction. At T1 and T2 there is no variation in ΔL*, but at
T3 ΔL* is higher, resulting in a darkening. In general terms, for ΔL* the order among all
the ageing treatments is T2 > T3 > T1. Moreover, it is observed that the ageing test that
produces the greatest variations in the different silicified conglomerates studied is T2. The
Zamora building stone that suffers less variation is the Z2 silicified conglomerate and the
one that suffers more variations is the Z3R silicified conglomerate.
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Figure 3. MANOVA-Biplot representation of the different Zamora building stones studied on the
plane 1–2.

 
Figure 4. MANOVA-Biplot representation of the different Zamora building stones studied on the
plane 1–4.

In the plane 1–2 (Figure 3) the variables Δa* and Δb* have low qualities of representa-
tion, they can be interpreted in the plane 1–4 (Figure 4).

In the plane 1–4 (Figure 4), in all silicified conglomerates studied, T2 ageing gives
rise to higher values in Δb*, than T1 and T3, leading to a decrease of the b* parameter.
Between T1 and T3 ageing there are no differences in Δb* values, but the samples aged
with the T3 become more reddish than those treated with T1. On the other hand, in Z1
silicified conglomerate, T2 ageing gives rise to higher Δb* and Δa* values, than T1 and T3,
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thus giving rise to samples with less reddeningness and yellowing. The order among all
ageing treatments would be T2 > T3 ≈ T1. In the Z2 silicified conglomerate, T2 ageing gives
rise to higher Δb* values compared to T1 and T3, giving rise to less yellowish samples,
with no great differences in Δa* between the three ageing treatments. In the Z3B silicified
conglomerate, the T2 ageing produces higher in Δa* and Δb* values compared to T1 and
T3. The order of the Δa* values, among all ageing treatments would be T2 > T1 > T3, while
for Δb* the order would be T2 > T3 ≈ T1. In the Z3R silicified conglomerate, the T2 ageing
produces higher values in Δb* than T1 and T3, giving rise to less yellow samples, while
the variable Δa* has higher values at T3 and T2, but with a more reddish colour. This
same figure also shows that the ageing that produces the greatest variations in the different
silicified conglomerates studied is T2. The Zamora building stone that suffers the least
variations is Z2 and the one that suffers the most variations is Z3R.

All these data indicate that the samples treated by a combined freezing/thawing and
cooling/heating treatments with sulphates crystallisation (T2 ageing) undergo larger colour
changes than with the other artificial ageings T1 (freezing/thawing and cooling/heating)
and T3 (freezing/thawing treatment with phosphates crystallisation), due to the T2 ageing
is the most aggressive of the three artificial ageings tested [6]. Furthermore, the increase
in volume of sulphates (haloclasty process) when crystallising from solutions that contain
them is greater than in the case of water (gelifraction process) and phosphates (haloclasty
process), respectively.

Sulphate crystallisation produces the complete arenisation of almost all the cubic
samples in the fifth cycle, but this does not happen for the other ageing treatments. The T2
treatment accelerates the changes in colour on the surface of Z1, Z3B and Z3R stones, be-
cause it develops a larger diameter size porosity which can be partly filled up by sulphates.
All this due to successive crystallisation/dissolution processes of these salts in each of the
cycles performed.

The effect of the T1 artificial ageing cycles (freezing/thawing and cooling/heating) on
the chromatic parameters is very weak, as already reported by [2,20].

4. Conclusions

Changes in colour can determine the trends of the different groupings according to
the positions from the variables in each artificial ageing cycle.

A significant interaction has been found between some of the groupings, due to T2
artificial ageing (a combined freezing/thawing and thermoclasty treatment with sulphate
crystallisation), although some sort of interaction has also been observed in T1 and T3
artificial ageing.

The overall effect of T1, T2 and T3 ageings on the four Zamora building stones turned
them darker and with less yellowing for most of the samples studied.The changes produced
in ΔE*, ΔL*, Δa* and Δb* depend on the type of building stone variety, the ochreous stone
suffered the least variation and the purple stone the most. There are following variations
according to accelerated ageing tests:

(a) Z1: ΔE* (T2 > T1 ≈ T3), ΔL* (T2 > T3 > T1), Δa* and Δb* (T2 > T1 ≈ T3)
(b) Z2: ΔE* (T2 > T1 ≈ T3) and Δb* (T2 > T1 ≈ T3)
(c) Z3B: ΔL* (T2 ≈ T1 > T3), Δa* (T2 > T1 > T3) and Δb* (T2 > T1 ≈ T3)
(d) Z3R: ΔE* (T2 > T1 ≈ T3), ΔL* (there are only differences in T3), Δa* (T2 ≈ T3 > T1)

and Δb* (T2 > T1 ≈ T3).

This study of the colour by statistical analyse may be of interest for the evalua-
tion and monitoring of stone decay, which is an inexpensive, simple, easy and non-
destructive technique.
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Abstract: Aluminum from saline slags generated during the recycling of this metal, extracted under
reflux conditions with aqueous NaOH, was used in the synthesis of hydrocalumite-type solids with
the formula Ca2Al1–mFem(OH)6Cl·2H2O. The characterization of the obtained solids was carried
out by powder X-ray diffraction, infrared spectroscopy, thermal analysis, element chemical analysis,
N2 adsorption-desorption at −196 ◦C and electron microscopy. The results showed the formation
of Layered Double Hydroxide-type compounds whose characteristics varied as the amount of
incorporated Fe3+ increased. These solids were calcined at 400 ◦C and evaluated for the catalytic
photodegradation of ibuprofen, showing promising results in the elimination of this drug by advanced
oxidation processes. The CaAl photocatalyst (without Fe) showed the best performance under UV
light for the photodegradation of ibuprofen.

Keywords: hydrocalumite; aluminum saline slag recovery; photocatalysis; ibuprofen degradation

1. Introduction

Technological progress in recent years requires the use of increasingly sophisticated
materials for specific applications, and these materials must also be eco-friendly, avoiding
as much as possible the generation of polluting wastes. Aluminum is the second most
widely used metal in the world, after iron [1,2]. Its excellent properties make it an ideal
material for various sectors such as military, machinery, aerospace, building or food [3–6].
The combination of the Bayer and Hall-Héroult processes allows for obtaining aluminum
from natural bauxite, with the disadvantage of high electricity consumption and generation
of several wastes, including red mud. This is known as Primary Aluminum Production
(PAP) [2,4,6–10]. Another way to obtain it is Secondary Aluminum Production which is based
on the recycling of the metal. In this case, the process requires less electricity consumption
and the addition of salts (mainly NaCl and KCl) for melting the aluminum, generating
an important residue, known as Salt Cake or Saline Slags [2,4,6–10]. According to the
European Normative [11], salt cake is considered hazardous waste. Several valorization
procedures were proposed, among which the following stand out: (a) its direct use as
an adsorbent [12–14] or (b) extraction of aluminum [4,5,9] and its subsequent use in the
preparation of Al3+-based materials such as alumina [15], zeolites [7,16], or layered double
hydroxides (LDHs) [8,17–20], among others.

LDHs are a family of compounds whose structure is derived from brucite (Mg(OH)2)
and whose general formula is [M(II)1–xM(III)x(OH)2]x+[Ax/n]n−·mH2O (M(II) and M(III)
are divalent and trivalent cations and A is the interlayer anion) [21]. A large number
of divalent cations (Ni, Co, Cu, Mg, Ca or Zn) form LDH with several trivalent cations
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(Al, Fe, Cr, Y or Ga) [21], and the Li–Al LDH was also described [22,23]. Hydrocalu-
mite, Ca2Al(OH)6Cl·2H2O, belongs to the LDH family [21]. Among its most important
applications are: adsorbent [24], antacid [25], ion-exchanger [26], and basic heteroge-
neous catalyst [27–31]. We recently reported the preparation of hydrocalumite from saline
slags [8].

Ibuprofen (IBU) is a non-steroidal drug widely used as an anti-inflammatory, an-
tipyretic, and analgesic [32]. Its chemical structure consists of an alkylbenzene ring with
a carboxylic acid functional group, whose pKa is 4.8 [33]. The presence of IBU and other
pharmaceuticals and personal care products (PPCP) in surface waters was reported by
several authors, their elimination being not possible by classical biological treatments and
including these drugs among the emerging pollutants [34–44].

Advanced oxidation processes (AOPs), especially heterogeneous photocatalysis, are
presented as a promising technology for wastewater purification and treatment [36]. This
methodology achieves the degradation and/or mineralization of pollutants. Photocatalysis,
ozonation or the Fenton process are AOP [41]. Heterogeneous photocatalysis is a versatile
and environmentally friendly technique based on the use of light and a photocatalyst. Light
is used to activate the catalyst, which is a semiconductor that generates highly reactive
radicals that degrade the pollutant [41]. The par-excellence photocatalyst is titanium
dioxide (TiO2), while zinc oxide (ZnO), iron (III) oxide (Fe2O3) or vanadium (V) oxide
(V2O5) are also widely used [45–47]. The performance of the process can be improved by
dispersing the photocatalyst on a support such as mixed metal oxides (MMO) [48,49]. In
this sense, LDH can be excellent precursors of MMO by calcination through topological
transformation [21,47,50]. Di et al. have recently reported that bifunctional ZnFe-MMOs
prepared from LDH show high performance in IBU degradation under simulated solar
irradiation [51].

Although the Fe–Al substitution in hydrocalumites should be expected, to the best of
our knowledge, only a few works have explored the study of this type of LDH compound.
Thus, Phillips and Vandeperre have investigated the adsorption of nitrate, chloride and
carbonate by LDH-CaAlFe-type solids [52], while Lu et al. have applied these solids as
heterogeneous catalysts in the production of biodiesel from soybean oil by transesterifi-
cation reaction [53], and Szabados et al. have studied the preparation of LDH-CaAlFe
by a combination of dry-milling and ultrasonic irradiation in aqueous solution [54]. Al-
though some work was carried out using other LDH solids, mainly hydrotalcite-type
(an LDH family similar to hydrocalumite), hydrocalumite solids are very scarcely used
for investigating the degradation of emerging pollutants. Sánchez-Cantú et al. have
used hydrocalumite-type compounds as catalyst precursors in the photodegradation of
2,4-dichlorophenoxyacetid acid [55]. Thus, in this work, hydrocalumites with the theoret-
ical formula Ca2Al1−mFem(OH)6Cl·2H2O, incorporating variable amounts of Fe3+, were
prepared following the methodology recently reported by Jiménez et al. for the prepa-
ration of hydrocalumite from aluminum saline slags [8]. These CaAlFe hydrocalumites
were calcined at 400 ◦C and the resulting solids were used in the removal of ibuprofen,
evaluating their adsorption and catalytic photodegradation capacities. Therefore, this work
can be framed within the circular economy, as waste from aluminum recycling was used to
synthesize LDH-CaAlFe which, after being calcined at 400 ◦C, showed high efficiency in
the removal of ibuprofen by means of an AOP.

2. Materials and Methods

2.1. Materials

Aluminum saline slag was kindly supplied by IDALSA (Ibérica de Aleaciones Ligeras
S.L., Pradilla de Ebro, Zaragoza, Spain). NaOH (pharma grade), HCl (pharma grade, 37%)
CaCl2 (anhydrous, 95%), FeCl3·6H2O (97–102%) were from Panreac, while CaCl2·2H2O
(ACS 99–105%) was supplied by Alfa Aesar and ibuprofen sodium salt (98%) was supplied
by Sigma Aldrich, St. Louis, MO, USA. All were used as received, without any treatment.
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2.2. Preparation of CaAlFe Mixed Metal Oxides

The methodology recently reported by some of us in [8] to prepare hydrocalumite was
followed. Saline slags were ground and washed until obtaining a chloride-free solid, the
fraction smaller than 0.4 mm was extracted with NaOH, as reported elsewhere [9], and the
solution was treated with HCl to precipitate silicon-containing species as SiO2; addition of
CaCl2·2H2O and FeCl3·6H2O at pH 11.5 (fixed using NaOH) led to the formation of a pre-
cipitate, that was submitted to treatment under microwave (MW) radiation in a Milestone
Ethos Plus Microwave oven for 2 h at 125 ◦C, leading to the formation of hydrocalumite.
These as-prepared samples were named CaAl1–mFem, where m represents the amount of
Fe3+ incorporated into the hydrocalumite-type solid, as fraction of the trivalent positions.
In order to evaluate the photocatalytic activity, samples CaAl, CaAl0.90Fe0.10, CaAl0.80Fe0.20
and CaFe were calcined at 400 ◦C, this temperature was selected taking into account the
results shown by the thermal analysis of the solids and those reported in previous stud-
ies for hydrocalumites and hydrotalcites, as at this calcination temperature this sort of
solids exhibit the largest specific surface area values, while higher temperatures lead to
crystallization of the individual and mixed oxides [27,56–58]. For the calcined samples,
“−400” was added to the name of the samples, denoting the calcination temperature, in
Celsius. Considering hydrocalumite as the parent solid, it was doped by substituting Al3+

with Fe3+, in order to investigate the extent of the isomorphous substitution, and how the
increase in Fe content influenced the catalytic performance. Thus, samples with m = 0, 0.1,
0.2, and 1 were selected in order to evaluate their photocatalytic activity in the degradation
of ibuprofen.

2.3. Characterization Techniques

A Siemens D-5000 equipment was used to record the powder X-ray diffraction (PXRD)
patterns of the samples (λ = 0.154 nm Cu–Kα radiation, fixed divergence, 5◦–70◦ (2θ),
scanning rate 2◦ (2θ)/min, steps of 0.05◦, 1.5 s/step). The crystalline phases formed were
identified by comparison with the JCPDS-International Centre for Diffraction Data (ICDD®)
database [59].

The thermogravimetric (TG) curves were recorded in an SDT Q600 apparatus (TA
Instruments, New Castle, DE, USA) at a heating rate of 10 ◦C/min up to 900 ◦C and under
oxygen (Air Liquide, Madrid, Spain, 99.999%) flow (50 mL/min).

The infrared spectra, FT–IR, were recorded in a Perkin-Elmer Spectrum Two instru-
ment with a nominal resolution of 4 cm−1 from 4000 to 400 cm−1, using KBr (Merck, grade
IR spectroscopy, Kenilworth, NJ, USA) pressed pellets and averaging 12 scans to improve
the signal-to-noise ratio.

Element chemical analyses for several elements were carried out by Inductively Cou-
pled Plasma Optical Emission Spectrometry (ICP-OES) in a Yobin Ivon Ultima II apparatus
(Nucleus Research Platform, University of Salamanca, Salamanca, Spain).

N2 adsorption–desorption isotherms were recorded at −196 ◦C using a Micromeritics
Gemini VII 2390T. Prior to analysis, N2 flowed through the sample (ca 0.1 g) at 110 ◦C for 2 h
to remove weakly adsorbed species. Specific surface areas were calculated by the Brunauer–
Emmet–Teller (BET) method and the average pore diameter by the Barrett–Joyner–Halenda
(BJH) method [60].

Scanning electron microscopy (SEM) images were obtained using a JEOL IT500 Scanning
Electron Microscope at the Nucleus Research Platform (University of Salamanca, Spain).

2.4. Photodegradation Studies

The study of the catalytic performance of the solids was carried out on an MPDS-Basic
system from Peschl Ultraviolet, with a PhotoLAB Batch-L reactor and a TQ150-Z0 lamp
(power 150 W), integrated into a photonCABINET. Its spectrum is continuous, with the main
peaks at 366 nm (radiation flux, Φ 6.4 W) and 313 nm (4.3 W). For this purpose, 750 mL of a
solution of ibuprofen sodium salt in distilled water of concentration 50 ppm was introduced.
An amount of 0.75 g of photocatalyst was added and magnetically stirred in the dark for
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35 min to ensure the adsorption–desorption equilibrium [51], then the UV lamp was turned
on. For taking samples for analyses, the illumination was cut off and the suspension was
allowed to decant in order to reduce the losses of catalyst as much as possible. The samples
taken were filtered with a filter Macherey-Nagel CHROMAFIL Xtra PA-20/25 of 0.22 μm.
The solutions were analyzed by an ultraviolet-visible spectrophotometer coupled to a
computer with UV WINLAB 2.85 software, following the evolution of the absorption band
of ibuprofen at 222 nm. The reproducibility of the experiments was tested by duplicating
some experiments, the difference in the values obtained always being lower than 1%.

In order to determine the by-products generated during UV degradation, selected
solutions were analyzed after several reaction times by mass spectrometry (MS). The
equipment used was an Agilent 1100 HPLC mass spectrometer coupled to an ultraviolet
detector and an Agilent Trap XCT mass spectrometer. These analyses were performed
at the Servicio Central de Análisis Elemental, Cromatografía y Masas (Universidad de
Salamanca, Salamanca, Spain).

3. Results

3.1. Extraction of Aluminum

The aluminum content in the final extraction solution was 13,937 mg/L, while other
elements were not found. The extraction and synthesis conditions described in our previous
work [8,9] allowed us to obtain a pure aluminum solution, which was successfully used for
the synthesis of the doped hydrocalumite solids.

3.2. Characterization of the Solids
3.2.1. Hydrocalumite Type Solids

Figure 1A shows the diffractograms of the synthesized solids. All the diffractograms
showed the characteristic peaks of the hydrocalumite-type layered structure (ICDD card
01–072–4773). In an octahedral environment, the Fe3+ cation has an ionic radius of 55 pm
while Al3+ has a radius of 54 pm [61], the similarity in size between the two cations allowed
their isomorphic substitution in a similar system without important structural changes,
although as the amount of Fe increased, the crystallinity of the final solid decreased [18],
in spite of the fact that all the samples were submitted to a microwave aging process at
125 ◦C for 2 h. One of the peculiarities of hydrocalumite is its high degree of crystallinity
compared to other LDHs; this is due to the fact that the Ca and Al octahedra are not
randomly distributed in the sheets but are perfectly ordered due to the larger radius of
Ca2+ compared to Mg2+ [8,30,62–65]. On the other hand, the similarity of radii between
the divalent cation and the trivalent cation produces an increase in the disorder of the
octahedra in the sheets [62,65]. In hydrocalumite, the large size difference between Ca2+

(100 pm) and Al3+ (54 pm) [8,61] contributes to an increase in the degree of ordering of the
octahedra in the sheets [8,62,65]. As mentioned above, the radius of Fe3+ is slightly larger
than the radius of Al3+. When Al3+ is isomorphically substituted by Fe3+, the Ca2+/M3+

radius ratio decreases, which implies an increase in the degree of disorder of the octahedra
in the sheets with respect to hydrocalumite. Other phases were not detected by PXRD.

As described above, LDHs consist of [M(II)1–xM(III)x(OH)2]x+ octahedral sheets. In
the case of hydrocalumite, M(II) is Ca2+ and M(III) is Al3+, the main difference between
hydrocalumite with other LDHs is that the Ca and Al octahedra are not randomly arranged
but are ordered [30,63]. This higher order implies more intense and narrower diffraction
peaks than in other LDH, and peaks due to diffraction by planes (003), (006), (110) and
(009) are present in the diffractograms of both hydrocalumite and other LDHs [64,65]. As
shown in Figure 1A, the samples showed a clear preferred orientation, which coincided
with the direction of sheet stacking (crystallographic direction c), in agreement with the
high intensity of the (003) and (006) peaks. The main difference between the CaAl and
CaFe samples was observed in the (110) plane peak, this diffraction peak shifted to lower
diffraction angles when all Al3+ were replaced by Fe3+ (m = 1) (Figure 1B,C). The interlayer
spacing from the (110) diffraction peak allowed us to calculate the value of the lattice
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parameter a
(

a = 2d(110)

)
and from the (003) and (006) spacing values the parameter c

was calculated
(

c = 3/2[d(003) + 2d(006)

)
[62]. These cell parameters were calculated for

all the synthesized solids (Table 1); the literature reported that the a and c parameters
for hydrocalumite are 0.575 nm and 2.349 nm, respectively (ICDD 01–072–4773), while
for Ca2Fe(OH)6Cl·2H2O these parameters are a = 0.587 pm and c = 2.336 pm [65]. Cell
parameters of a varied between 0.574 and 0.586 nm in the prepared solids, all values of a
were found to be within the range of theoretical values reported in the literature. Although
the size difference between Fe3+ and Al3+ is very small, ionic radii 55 pm and 54 pm,
respectively, it affected the a parameter, which was larger when the trivalent cation was
entirely Fe3+ than when the trivalent cation was Al3+. Figure 2 shows the variation of
the a parameter with composition, as the amount of Fe3+ in the structure increased, the
parameter a also increased, according to Vegard’s Law. Thus, the amount of incorporated
Fe3+ could be estimated from the lattice parameter a determined by PXRD by the expression
y = 0.0012x + 5.742, where y represents the lattice parameter a and x represents the percent-
age of Fe3+ as a trivalent cation. On the other hand, lattice parameter c varied between 2.356
and 2.331 nm, very close to the expected value. However, a small decrease was observed as
the Fe3+ content increased. The lattice parameters a and c showed an opposite trend. The
parameter c depends on the charge, size and orientation of the interlayer anions [65,66]; in
this case, the interlayer anion was chloride; therefore, these small variations found could
be attributed to differences in the degree of hydration as shown in Table 1. Moreover,
due to the basic character of these solids, it was possible that they fixed atmospheric
CO2, incorporating traces of carbonate anion in the interlayer space, influencing on the
value of this parameter. The values of parameter c were similar to those reported in the
literature for Ca2Al(OH)6Cl·2H2O (ctheorical = 2.349 pm and cexperimental = 2.356 pm) and
Ca2Fe(OH)6Cl·2H2O (ctheorical = 2.336 pm and cexperimental = 2.331 pm).

Table 1. Parameters determined for the synthesized solids.

Sample
a

(nm) *
c

(nm) **
Fe/M3+

(%) ***
Ca2+/M3+

Molar Ratio
D(003)

(nm)
D(001)

(nm)
SBET

(m2/g)

Average Pore
Diameter

(nm)

Hydration
Water (wt. %)

****

CaAl 0.574 2.356 0.00 2.05 37 82 12 8.7 12.3

CaAl0.95Fe0.05 0.575 2.354 5.91 1.96 33 66 15 9.2 12.9

CaAl0.90Fe0.10 0.576 2.354 8.87 1.83 38 45 13 6.2 12.1

CaAl0.80Fe0.20 0.576 2.355 19.77 1.83 32 60 20 8.2 15.7

CaAl0.60Fe0.40 0.577 2.350 38.71 1.90 35 21 22 8.9 11.9

CaAl0.40Fe0.60 0.579 2.346 60.68 1.54 34 21 28 9.0 11.7

CaAl0.20Fe0.80 0.582 2.341 82.65 1.26 33 26 32 8.2 11.5

CaFe 0.586 2.331 100 1.68 37 75 27 9.3 11.1

* a theorical hydrocalumite = 0.575 pm and aCaFe theoretical = 0.587 pm [65]. ** c theorical hydrocalumite = 2.349 pm
and cCaFe = 2.336 pm [65]. *** Percentage of Fe3+ occupying trivalent positions. **** End of the first mass loss (~200 ◦C).

The crystallite sizes of the synthesized solids along the packing directions (003) (d(003))
and (110) (d(110)) are also shown in Table 1. The crystal size (D) was calculated from
Scherrer’s equation (D = kλ

β cosθ ; k = 0.94; λ = 0.154 nm; θ = Bragg diffraction angle;

β =
√

B2 − b2; B = FWHM((hkl)) (rad); b = instrument width (rad)) [67]. The crystal size
along the sheet stacking direction (d(003)) remained practically constant, showing values
between 32 and 38 nm. However, in the (110) direction there was a decrease in the crystal
size as the amount of Fe3+ in the structure increased, except for the CaFe sample, whose
value approached that of the CaAl sample again.
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Figure 1. X-ray patterns of samples synthesized: (A) shows X-ray patterns of all samples, while
(B,C) show in detail the variation in the position of the peak due to the (110) plane diffraction with
the increasing of the Fe3+ content in the solids.

a 

 
Figure 2. Variation of parameter a with the amount of Fe3+ incorporated. Red points = experimental
values; Dashed line: straight adjustment.

Table 1 also shows the amount of Fe3+ present in the solids. All amounts agreed with
the theoretical amount of Fe3+ predicted from the composition of the original solutions.
Regarding the Ca2+/M3+ molar ratio, it moved away from the theoretical value of 2 for
Ca/Al hydrocalumite as the Fe3+ content increased.

Figure 3 shows the FT–IR spectra of the samples. There were few differences between
all the solids. All of them showed bands between 3600 and 3400 cm−1 that corresponded
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to the stretching vibration of the O–H bonds. The band at 3632 cm−1 was assigned to the
stretching vibration of the AlO–H bonds, while the band due to the stretching vibration
of the CaO–H bonds was located at 3471 cm−1. On the other hand, as the Fe3+ content
increased in the samples, a band appeared at 3591 cm−1, which could be assigned to the
stretching vibration of the FeO–H bonds [54,57]. In this zone, the bands corresponding
to the hydroxyl groups of the water molecules located in the interlayer space were also
found [54,68,69]. The band at 1615 cm−1 was due to the bending vibration of water, which
confirmed its presence in the interlayer space. The presence of CO3

2− ion was confirmed
by the band at 1414 cm−1. During the synthesis of the solids, special care was taken to work
in an inert atmosphere and decarbonated water was used to avoid the formation of calcite,
however, it was possible that the samples fixed atmospheric CO2 during their handling,
producing the incorporation of traces of carbonate. The band located at 1414 cm−1 increased
its intensity as the Fe3+ content increased, in such a way that for the CaAl sample this
band was practically not observed. The presence of CO3

2− in the interlayer space was
confirmed by the existence of bands at 1506 cm−1 and 870 cm−1 in the samples with higher
Fe3+ content (CaFe, CaAl0.20Fe0.80 and CaAl0.40Fe0.60) [31,70]. This seemed to contradict the
PRXD results, since the larger the size of the interlayer anion, the higher the value of the
reticular parameter c should be. The diameter of CO3

2− is 378 pm [61], while that of Cl− is
336 pm [61]; according to these values, the samples that present a band at 1414 cm−1 should
present a higher value of the reticular parameter c. However, according to the values in
Table 1, no increase in parameter c was observed with the presence of carbonate in the
samples, so the differences in parameter c observed can be attributed to small variations in
the degree of hydration of the anions located in the interlayer space. The carbonate may
then be adsorbed on the surface or even in the form of very small particles not detectable
by powder X-ray diffraction. The bands at 797 cm−1, 739 cm−1, 575 cm−1 and 421 cm−1

were assigned to M–O bonds, where M is Ca2+, Al3+ or Fe3+ [54,68,69,71].

Figure 3. FT—IR spectra of the samples.

The TG and DTG curves of the samples are shown in Figure 4, all of them were
very similar to each other, showing thermal decomposition processes characteristic of
LDH [26,66,72], as in all cases the phases identified by PXRD corresponded to LDH and
other phases were not detected. In all cases, three main mass loss steps were observed, with
a total mass loss between 28 and 36% (theoretical total mass loss for complete dehydra-
tion/dehydroxylation of Ca2Al(OH)6Cl·2H2O would be 32.1% and for Ca2Fe(OH)6Cl·2H2O
it would be 29.1%). The first one was located at a temperature between 140–150 ◦C, cor-
responding to the loss of hydration water located in the interlayer space or chemically
bound to LDH [26,66,72]. The second mass loss appeared close to 300 ◦C and corresponded
to the dehydroxylation of the layers. As the Fe3+ content increased, the temperature at
which the process took place decreased, from 328 ◦C for the CaAl sample to 270 ◦C for
the CaFe sample, which indicated that the Fe–OH bonds were weaker than the Al–OH
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bonds, which was in agreement with the FT–IR results. The third and last mass loss was
located close to 700 ◦C and could be associated with the decarbonization of the samples.
However, in our previous work, this last stage was shown to be compatible with the
elimination of a water molecule, thus completing the dehydroxylation process to form the
corresponding oxychloride [57]. In addition, in some samples (CaAl0.80Fe0.20 or CaFe) an
additional mass loss was observed at a temperature below 100 ◦C, due to the elimination
of physisorbed water [63,73]. Considering this thermal behavior, 400 ◦C was considered
the ideal temperature for the calcination of the solids.

  

  

  

  
Figure 4. TG and DTG curves of the solids synthesized.

According to the IUPAC isotherm classification criteria [60], all synthesized solids
showed type II N2 adsorption isotherms (Figure 5). In addition, some of them showed a
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small hysteresis loop of type H3 after recording the desorption branch, which corresponded
to the presence of plate-like particle aggregates leading to slit-like pores [60]. All samples
presented low values of BET-specific surface area (Table 1), with a maximum of 32 m2/g for
sample CaAl0.20Fe0.80 and with an average pore width in the mesopore range. In general,
as the amount of Fe3+ in the solid increased, there was an increase in SBET values, although,
for values m ≥ 0.60, the increase in Fe3+ content did not cause an increase in SBET, with
CaAl0.40Fe0.60, CaAl0.20Fe0.80 and CaFe showing similar SBET values (all of them higher
than the those of the samples with lower Fe3+ content). This was in agreement with PXRD
data because as the Fe3+ content increased, the crystallinity of the samples decreased.

 
Figure 5. Nitrogen adsorption–desorption isotherms of the samples.

3.2.2. Solids Calcined at 400 ◦C

Figure 6 shows the diffractograms of the samples calcined at 400 ◦C. With respect
to the LDH-type solids before calcination, the layered structure completely disappeared,
giving rise to the formation of amorphous mixed oxides. In the CaFe-400 sample, the
appearance of diffraction peaks corresponding to magnetite (Fe3O4, ICDD card 01–072–
6170) and hematite (Fe2O3, ICDD card 01–084–0311) phases was observed. In the samples
with lower Fe3+ or no Fe3+ content at all, no crystalline phases were observed.

θ

Figure 6. X-ray patterns of samples calcined at 400 ◦C.

The FT–IR spectra of the samples calcined at 400 ◦C are shown in Figure 7. In the
samples with low Fe3+ content (CaAl-400, CaAl0.90Fe0.10 and CaAl0.80Fe0.20) a broad band
centered at 3565 cm–1 was observed, due to the stretching vibrational mode of the hy-
droxyl groups. This band was broad and presented a shoulder centered at 3428 cm−1,
being composed of the superposition of hydroxyl group bands coming from several
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environments [58]. The presence of water was confirmed by its bending band at 1624 cm−1.
On the other hand, the characteristic bands of carbonate appeared again at 1419 cm−1,
1496 cm−1 and 879 cm−1 [31,58,70]. This carbonate species may be formed during the
precipitation of the starting solid or adsorbed due to the basic character of the hydrocalu-
mites, in both cases by fixation of atmospheric CO2. Finally, the band located at 596 cm−1

as well as others located in the region between 800 cm−1 and 400 cm−1 (not labeled in
Figure 7) can be attributed to M–OH bonds, where M can be Ca2+, Al3+ or Fe3+ [58]. The
band at 814 cm−1 showed a shoulder on its left-hand side which could be attributed to
the presence of carbonate in the samples, and it can overlap with the band at 870 cm−1

with characteristics of the carbonate ion. However, this band was not present in the spec-
trum of the CaFe-400 sample, suggesting that it can be attributed to the Al–OH bond, but
band assignment in this region is complicated due to band overlapping and broadness of
the bands.

Figure 7. FT–IR spectra of the samples calcined at 400 ◦C.

Figure 8 shows the nitrogen adsorption–desorption isotherms of the solids calcined at
400 ◦C. All isotherms are type II, according to the IUPAC classification criteria [60]. Only
the CaFe-400 sample showed a type H3 hysteresis loop [60]. Although the calcination
should remove part of the interlayer water, the calcination process did not produce an
increase in SBET in the samples (Table 2), but a remarkable decrease, mainly associated with
the loss of the layered structure (vide infra). Thus, for example, for the café sample, the
SBET decreased from 27 m2/g to 16 m2/g under calcination, probably by the loss of the
layered structure and the formation under calcination of crystallites that may block access
to the porosity. On the other hand, the average pore width remained in the mesopore range.

Figure 8. Nitrogen adsorption–desorption isotherms of samples calcined at 400 ◦C.
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Table 2. SBET and average pore diameter of samples calcined at 400 ◦C.

Sample SBET (m2/g) Average Pore Diameter (nm)

CaAl-400 5 5.5

CaAl0.90Fe0.10-400 10 7.3

CaAl0.80Fe0.20-400 16 9.9

CaFe-400 16 10.1

Figure 9A,B show micrographs of the CaAl-400 sample. Aggregates of particles of
size 70–80 μm are observed, consisting of hexagonal plate-shaped particles characteristic
of LDH-type compounds [8]. However, unlike the uncalcined LDHs, the plate-shaped
particles were aggregated into larger particles, showing that the layered structure was
maintained at this calcination temperature [18,32,74]. However, sintering of the hexagonal
plate-shaped particles with each other was observed. On the other hand, Figure 9C shows
an SEM micrograph of the CaAl0.80Fe0.20-400 sample. Aggregates of the hexagonal plate-
shaped particles were observed, although of considerably smaller size (5–10 μm) than in
the case of the CaAl-400 sample and with an appearance of greater sponginess. Finally,
Figure 9D,E show two SEM micrographs of the CaFe-400 sample. In this case, aggregates
of particles with a spongy appearance were observed, totally different from those observed
in the CaAl sample. This spongy aspect could justify the higher SBET value for this solid.
In the SEM micrograph of higher magnification (Figure 9E), particles in the form of a
hexagonal plate remained, however, a higher degree of sintering for the CaAl-400 sample
was observed.

  

 
 

Figure 9. Cont.
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Figure 9. SEM micrographs of samples calcined at 400 ◦C. (A,B) show micrographs of CaAl-400 sample.
(C) belongs to CaAl0.80Fe0.20-400 sample and (D,E) show SEM micrographs of CaFe-400 sample.

3.3. Photocatalytic Application

Figure 10 shows the photodegradation of ibuprofen by the action of ultraviolet light
in the absence and presence of LDHs calcined at 400 ◦C. Initially, the photodegradation
of ibuprofen was evaluated in the absence of catalyst (photolysis) observing that 78% of
the initial ibuprofen still remained after 152 min of irradiation with ultraviolet light in the
photoreactor, i.e., in the presence of ultraviolet light but without photocatalyst, 22% of the
initial ibuprofen was degraded, higher than the value reported in the literature [38]. When
calcined LDH was added, the removal of the contaminant by adsorption was evaluated.
For this purpose, the aqueous solution containing 50 ppm ibuprofen and 0.75 g of the
photocatalyst was kept under stirring in the dark, and samples were taken at 0, 5, 10, 15,
20 and 35 min, finding that there was no elimination of ibuprofen by adsorption during
this time. Subsequently, the ultraviolet light lamp was turned on and new aliquots were
taken at various times. The concentration of the contaminant rapidly dropped to ca. 24%
of the initial concentration after 42 min switching on the lamp (T77, total time 77 min, 42
from the beginning of photocatalysis) with all the photocatalysts used. Up to this point, no
major differences were observed in the percentage of ibuprofen degraded depending on the
photocatalyst used; however, after this time of contact, the photocatalyst did not contain
Fe3+ (CaAl-400) showed higher degradation percentages. Thus, 152 min after the lamp was
switched on, the percentage of the initial ibuprofen remaining in the solution was only 4.7%
for the CaAl sample and between 13% and 17% for the rest of the samples, those containing
Fe3+. Thus, for long times CaAl-400 photocatalyst showed the best performance and the
presence of Fe3+ caused a low negative effect, this may be due to the formation of oxides or
mixed oxides of Ca2+, Fe3+ and Al3+ which did not possess photocatalytic properties, even
though some of the properties of the photocatalysts were improved, such as SBET which
increased with increasing the Fe3+ content. This behavior is similar to that reported on
LDH-ZnFe systems, also calcined at 400 ◦C [51], in which ibuprofen degradation improved
as the Zn/Fe ratio increased.

As indicated above, the photocatalyst obtained by calcination of LDHs at 400 ◦C
that showed the best performance was CaAl-400; Figure 11A shows the ultraviolet-visible
spectra of the aliquots taken at different times when this catalyst was used. During the
“adsorption experiment”, before the lamp was switched on (35 min) there was no variation
in the characteristic band of ibuprofen at 222 nm [38,75], while after switching on the UV
lamp the intensity of this band decreased, denoting photodegradation. Moreover, already
for times T42 and T48 (7 min and 13 min after turning on the UV light, respectively), a
new band appeared at 259 nm. This band may be due to the formation of a by-product of
the degradation of ibuprofen; this band disappeared at longer times, indicating that this
temporary intermediate was also photodegraded. For the rest of the photocatalysts, and
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also in the photolysis experiment, the evolution of the spectra was similar to that shown
for the CaAl-400 sample.

Figure 10. Ibuprofen degradation using samples calcined at 400 ◦C (photolysis is included for
comparison).

  
(A) (B) 

Figure 11. Ultraviolet-visible spectra of samples taken at different times when the CaAl-400 photo-
catalyst was used. (A) UV–Vis spectra of all samples taken at different times; (B) UV–Vis spectra of
ibuprofen (T0), aliquot at T42 and aliquot at T187.

According to the most recent literature [40,44], the main photodegradation metabolites
generated in the removal of ibuprofen by chemical methods (AOPs) were: 4-isobutylphenol
(C10H14O), hydratropic acid (C9H10O2), 4-(1-carboxyethyl)benzoic acid (C10H10O4),
4-ethylbenzaldehyde (C9H10O), 2-[4-[4-(1-hydroxy-2-methylpropyl)phenyl] propanoic acid
(C13H18O3), 1-(4-isobutylphenyl)–1–ethanol (C12H18O), 4-acetylbenzoic acid (C9H8O3),
1-isobutyl-4-vinylbenzene (C12H16) and 4-isobutylacetophenon (C12H16O). However, none
of these metabolites were identified in the present work. As indicated, the spectrum of
ibuprofen only showed the absorption maximum located at 222 nm (Figure 11B), but al-
ready for the aliquot taken 7 min after starting irradiation (T42) an absorbance maximum
at 259 nm was observed, and at the same time the HPLC–MS analysis showed the pres-
ence of two compounds: C13H18O2 (ibuprofen) and a compound with formula C13H18O4.
This compound may correspond to a hydroxylated derivative of ibuprofen formed by a
mechanism involving •OH radicals. In fact, the literature has listed various hydroxylated
by-products in the photocatalytic degradation of ibuprofen [38,40,44,76,77], but the forma-
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tion of one or another by-product is not clear and depends on the photocatalyst used. The
band at 259 nm decreased as the irradiation time with UV light increased (Figure 11), so
that for an irradiation time of 152 min this band practically did not exist and neither did the
ibuprofen band, suggesting the disappearance of the aromatic ring. The aliquot of sample
T187 was also analyzed by HPLC–MS, again finding a compound of formula C13H18O4 and,
although its concentration could not be quantified, both UV–Vis and HPLC–MS indicated
a clear decrease in its presence from T42 to T187 aliquot. However, this did not mean
that ibuprofen was completely and safely mineralized, as non-aromatic by-products may
still remain in the solution. In this regard, further studies are required in order to better
understand the performance of hydrocalumite-type solids and the reaction mechanism,
also analyzing the mineralization of the pollutant by analysis of the total organic carbon.

4. Conclusions

Hydrocalumite LDH of formula Ca2Al1–mFem(OH)6Cl·2H2O were synthesized by
the coprecipitation method, using as a source of aluminum one of the most hazardous
wastes generated during aluminum recycling. The slags were treated in a basic medium
under reflux conditions and the extraction solution was used as an aluminum source. The
solids synthesized by the coprecipitation method were submitted to a microwave treatment
at 125 ◦C for 2 h. In all cases, the corresponding LDH was obtained, the crystallinity
decreasing as the Fe3+ content in the final solid increased, and the 110 diffraction peak
shifted towards the lower two values. The lattice parameter a, determined from the (110)
diffraction peak spacing, correlated with the amount of Fe3+ incorporated into the LDH,
obeying Vegard’s law. In spite of working in an inert atmosphere and using decarbonated
water, the FT–IR results showed the presence of carbonate in the solids, due to the fixation of
atmospheric CO2 by the samples, due to their high basic character. As the amount of Fe3+ in
the solids increased, the SBET increased and the degree of hydration of the LDH decreased.

When LDH was calcined at 400 ◦C, a mixture of non-crystalline oxides was obtained,
without crystalline phases, except in the CaFe-400 sample, where small diffraction peaks
corresponding to hematite and magnetite were observed. The FT–IR results showed the
presence of carbonate ions, possibly coming from the fixation of atmospheric CO2, as well
as the permanence of physisorbed water. The SBET of the solids calcined at 400 ◦C was
hardly modified for the samples with null or low Fe3+ content. However, for the CaFe-400
sample, a decrease in SBET was observed.

The photocatalytic performance of the calcined solids was evaluated in the removal
of ibuprofen. All the catalysts employed facilitated the degradation of this pollutant.
However, as the Fe3+ content in the solid increased, the catalytic performance decreased.
The catalyst that showed the best results was CaAl-400. In the same way, the HPLC–Mass
and UV–Vis analyses of the aliquots taken at different times showed only the presence of
a di-hydroxylated derivative, besides ibuprofen. This by-product reached its maximum
formation after 7 min of irradiation, subsequently, it also degraded, although was still present
in the solution after 152 min of irradiation with UV light. No other characteristic by-products
of ibuprofen degradation were identified. More studies are required in order to investigate
the effect of other parameters such as catalyst dosage, pH, etc., and mainly to elucidate the
performance of hydrocalumite-type solids and the photodegradation mechanism.
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Abstract: Alginate (Alg) is increasingly studied as a constitutive material of scaffolds for tissue
engineering because of its easy gelation and biocompatibility, and the incorporation of drugs into its
formulation allows for its functionality to be extended. However, Alg presents a low cell adhesion
and proliferation capacity, and the incorporation of drugs may further reduce its biocompatibility.
Layered double hydroxides (LDH) are promising fillers for Alg-based biomaterials, as they increase
cell adhesion and interaction and provide drug storage and controlled release. In this work, LDH
containing ibuprofen or naproxen were synthesized by coprecipitation at a constant pH and their
properties upon their incorporation in Alg dispersions (LDH-Drug/Alg) were explored. Drug
release profiles in simulated body fluid and the proliferation of pre-osteoblastic MC3T3-E1 cells
by LDH-Drug/Alg dispersions were then evaluated, leading to results that confirm their potential
as biomaterials for tissue engineering. They showed a controlled release with diffusive control,
modulated by the in-situ formation of an Alg hydrogel in the presence of Ca2+ ions. Additionally,
LDH-Drug/Alg dispersions mitigated the cytotoxic effects of the pure drugs, especially in the case of
markedly cytotoxic drugs such as naproxen.

Keywords: scaffolding biomaterials; drug delivery systems; hydrogel; cytotoxicity

1. Introduction

Alginate (Alg) is a natural polymer that is extensively used in drug delivery and scaf-
folding applications. It is composed by monomers of α-L-guluronate and β-D-mannuronate
in a ratio that varies depending on the type of seaweed from which it is extracted. Alg
presents a high concentration of carboxylate groups that are charged at pH values above 3–4,
being highly soluble under neutral and alkaline conditions. Alg is cross-linked by Ca2+ ions
(Ba2+ and Zn2+ ions are also used to a lesser extent) to form hydrogels [1]. Alg is commonly
used as excipient in the pharmaceutical industry, but it has also been used as a drug carrier,
providing increased drug solubility, pH-triggered and/or controlled release rate [2]. More
recently, Alg has been proposed for tissue engineering applications due to its similarity to
other extracellular matrix components, as well as its biocompatibility, gel-forming ability,
and water retention capacity, thus providing a suitable environment for the regeneration of
tissues and organs, such as skeletal bone, skin, nerve, liver, and pancreas [3]. Particularly,
Alg is extensively used to fabricate scaffolds for bone tissue engineering, either alone or
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in combination with other polymers, either hydrophilic (i.e., chitosan) or hydrophobic
(i.e., polylactic acid and polycaprolactone), as well as (nano)particles [4–6]. Strategies such
as cell seeding, and drug delivery have been applied to such scaffolds to expand and to
optimize their bio-functionality.

Nevertheless, the applications of Alg in tissue engineering are hindered by its poor
mechanical properties and low capacity for cell adhesion and proliferation. Furthermore,
the leakage of drug loading during cross-linking of the Alg matrix and fast drug release
under biological conditions decrease the effectiveness of approaches involving the incorpo-
ration of drugs and biomolecules [7,8]. Particles, particularly those of an inorganic nature,
such as hydroxyapatite, graphene, clay and layered double hydroxides (LDH) have been
used to reinforce the mechanical properties of Alg, increase its bifunctionality and control
the release of the drugs included its formulations [9].

LDH are bidimensional solids with brucite (Mg(OH)2)-like layers that present the
isomorphic substitution of divalent by trivalent ions, which leads to anion intercalation
and exchange capacity. LDH present a great versatility and customization capacity due to
the different metal ions (either divalent or trivalent) that can be included in their layers,
as well as their anion exchange and surface adsorption properties [10]. LDH, due to their
lamellar structure and anion exchange capacity, as well as their biocompatibility and ability
to interact with cells, are also extensively used for tissue engineering applications [11,12].
They also present the high drug loading capacity of acidic drugs between their layers, and
have been proposed as nanocarriers for cell internalization and the release of drugs and
genes. In this sense, several types of drugs have been intercalated into LDH interlayers,
among which nonsteroidal anti-inflammatory drugs (NSAID) have shown a controlled
release rate and improved solubility in acid media [13–17].

Due to the carboxylate anions in its structure, Alg presents electrostatic interactions
with positive LDH surface charges. As a result, LDH particles attach to Alg chains [18,19],
being retained upon the formation of Alg-Ca hydrogels [20]. LDHs intercalated with
NSAID such as ibuprofen (Ibu), diclofenac and naproxen (Nap) have also been incorpo-
rated into Alg composites, and beads [7,21,22]. Silver sulfadiazine-loaded LDH have also
been incorporated into Alg films [23] for wound-dressing applications. The inclusion
of LDH particles produced controlled drug release and sustained antimicrobial activity
while maintaining a low cytotoxicity in cells. Nevertheless, the drug release under body
conditions, especially for non-gelled LDH/Alg dispersions, has scarcely been explored,
and LDH’s effect on the cytotoxicity of both Alg and the incorporated drugs is also poorly
explored. These aspects are essential for their performance as biomaterials for tissue engi-
neering, with non-gelled dispersions being especially suitable, as they allow for the easy
incorporation of cells, allowing for a posterior in-situ gelation.

In this work, we prepared drug-loaded LDH (LDH-Drug) particlesin Alg dispersions
(LDH-Drug/Alg) and explored their release performances and biocompatibility as scaf-
folding biomaterials for tissue engineering. With this aim, Mg-Al LDH intercalated with
Ibu and Nap was synthesized by coprecipitation at a constant pH, and its properties upon
incorporation in Alg dispersion were explored. The release profiles of intercalated drugs to-
ward bio-relevant fluids and the proliferation capacity of these biomaterials were evaluated
against pre-osteoblastic MC3T3-E1 cell cultures.

2. Materials and Methods

Ibu and Nap anhydrous acids (≥98% purity, Parapharm®), MgCl2·6H2O (Baker®),
AlCl3·6H2O (Anedra®), NaOH (Baker®), NaOH granules (PA grade, Cicarelli®), 37% w w–1

HCl solution (PA grade, Cicarelli®), KH2PO4 and K2HPO4 (PA grade, Anedra®), NaCl
(PA grade, Cicarelli®), NaHCO3 (PA grade, Cicarelli®), KCl (PA grade, Anedra®), (PA grade,
Cicarelli®), tris (hydroxymethyl)aminomethane (Tris buffer, PA grade, Biopack®), and Na2SO4
(PA grade, Baker, polyacrylate (PA, 40% w/w solution, molecular weight, MW = 8 kDa,
Sigma Aldrich). Minimum Essential Medium Eagle without ascorbic acid (MEM, Thermo
Fisher, Waltham, MA, USA), fetal bovine serum (FBS, Gibco/Thermo Fisher), Penicillin-
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Streptomycin-Neomycin (PSN) Antibiotic Mixture (Thermo Fisher) and alamarBlue (Merck).
Phosphate buffer solution (PBS) at pH 7.4 was prepared according to USP specifications [24].
Simulated body fluid (SBF) was prepared according to standardized parameters [25].

Deionized water (18 MΩ MilliQ, Millipore® System) was used in all experiments,
which were conducted at room temperature (25 ◦C) unless otherwise stated.

2.1. Synthesis and Structural Characterization of LDH-Drug

Mg-Al LDH loaded with NSAID (LDH-Drug, either LDH-Ibu or LDH-Nap) were
synthesized by the coprecipitation method at constant pH. A solution of the metal ions
(0.4 mol L−1 AlCl3 and 1.2 mol L−1 MgCl2, 0.1 L) was added to a 0.1 L solution containing
0.06 mol of the corresponding drug, previously dissolved by addition of NaOH. The
addition was performed dropwise, under constant stirring, in nitrogen atmosphere and
at pH = 9, controlled by addition of a 2.0 mol L−1 NaOH solution. The addition of
this solution was controlled by a Titrando 905 automatic titrator (Metrohm) coupled to
a Metrohm 9.0262.100 combined pH electrode. The obtained slurries were centrifuged,
washed, and finally dried at 50 ◦C until constant weight. For cell proliferation studies, a
LDH intercalated with chloride (LDH-Cl) was synthesized with the same procedure, but
replacing the drug with NaCl.

The powder X-ray diffraction (PXRD) patterns were recorded with a Phillips X’pert Pro
instrument equipped with a Pixcell 1D detector and a CuKα lamp (λ = 1.5408 Å) at 40 kV
and 40 mA. The scans were performed in continuous mode (10◦ min−1) between 5 and
70◦. Low angle measurements (2–10◦) were performed in step mode (0.05◦, 1.2 s) with a Xe
detector coupled to a graphite monochromator. Fourier-transform infrared (FTIR) spectra
were measured with a FTIR Bruker IFS28 instrument using KBr pellets (1:200 sample:KBr
ratio) at a 4 cm−1 resolution and accumulating 32 scans. Scanning electron microscopy
(SEM) images were obtained in a FE-SEM Σigma instrument on samples covered with a Cr
layer. The Mg/Al ratio was determined by energy dispersive X-ray spectroscopy (EDS)
in the same instrument. The drug content of the samples was determined in dispersions
of samples (1 g L−1) prepared in PBS, which were equilibrated until a constant drug
concentration was reached. The drug concentration in the supernatants was determined
by UV-Vis spectrophotometry (Agilent Technologies® Cary 60) at λ = 222 nm (Ibu) and
272 nm (Nap).

2.2. Dispersion of LDH–Drug Particles

The dispersion of the dried LDH–drug particles was essayed in different media and
under different conditions to optimize their interaction with Alg and determine the effect
on the particle distribution. Both LDH-Ibu and LDH-Nap (5 g L−1), alone or together
with Alg powder (2 % w w−1), were dispersed in water and equilibrated for 24 h. These
dispersions were then sonicated for 2 h and sterilized in an autoclave at 121 ◦C. Aliquots
of the dispersions were taken after the sonication and the autoclave step and diluted 1:10
in water. The hydrodynamic apparent diameter (d) and zeta potential (ζ) of LDH–drug
particles were determined by dynamic light scattering (DLS) and electrophoretic light
scattering (ELS) measurements, respectively, using a Delsa Nano C instrument (Beckman
Coulter). Drug released from LDH in Alg dispersions was determined after sonication and
thermal treatment (TT). The dispersions were centrifuged and filtered and the free drug
concentration in the supernatants was determined as previously described. A dispersion of
the LDH–drug particles in a 2% polyacrylate (MW = 8 kDa) equilibrated for 24 h without
further treatment was used for comparative purposes.

2.3. In Vitro Drug Release Studies

Release studies of both Ibu and Nap from 2% Alg dispersions of LDH–drug particles
at two different concentrations (0.5 and 5 g L−1, prepared as described in Section 2.3) were
performed in bicompartmental diffusion devices (Franz cells). A semisynthetic acetate
cellulose membrane (molecular cut-off 12 kDa, Sigma-Aldrich®) was mounted between the
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donor and the receptor compartments. The release profiles from 2% Alg dispersions with
equivalent concentrations of the pure drugs were also analyzed. A total of 1 mL of each
sample was carefully placed in the donor compartment and kept in contact with 16.5 mL of
receptor medium (PBS and SBF) at 37.0 ± 0.5 ◦C. 1 mL aliquots of receptor medium were
withdrawn at predetermined time intervals (5; 15; and 30 min; 1; 1,5; 2; 3; 4; 5; 6; 7; and 8 h)
and replaced with equivalent volumes of preheated fresh medium. The concentration of
each drug was determined by UV-Vis spectrophotometry as previously described, using
calibration curves constructed for each drug at each receptor medium. All experiments
were conducted in triplicate and the sink conditions were maintained.

The drug release profiles were statistically compared using the difference factor (f 1)
and the similarity factor (f 2) (Equations (1) and (2), respectively). According to this method-
ology, an f 1 value above 15 and an f 2 value in the 0–49 range implies a difference between
the release profiles [26].

f1 =
∑n

t=1|Rt − Tt|
∑n

t=1 Rt
× 100 (1)

f2 = 50 log

⎧⎨
⎩
[

1 +
1
n

n

∑
t=1

(Rt − Tt)
2

]−0.5
⎫⎬
⎭× 100 (2)

where Rt and Tt are the cumulative percentages of drug released at each of the n time points
of the reference and test sample, respectively.

The release profiles were fitted with common mathematical models [26]:
Zero order:

% Drug = % Drug0 + kZt (3)

Higuchi:
% Drug = % Drug0 + kHt0.5 (4)

Korsmeyer–Peppas (K-P):

% Drug = % Drug0 + kPtn (5)

where % Drug0 is the intercept, often referring to the initial amount of drug in the receptor
or fast processes that are produced at the beginning of the release experiment (burst effect).
k0, kH and kP are the kinetic constants corresponding to zero-order, Higuchi, and K-P
kinetic models, respectively. Finally, n parameter in the K-P model (Equation (5)) describes
the release mechanism: when n = 0.5, the fraction of drug released is proportional to
the square root of time (Higuchi model, Equation (4)) and the drug release is purely
diffusion controlled; while, when n = 1, the equation is identical to that of zero-order (case-
II transport, Equation (3)). Values of n between 0.5 and 1 indicate an anomalous process
with contributions from different phenomena, such as ionic exchange and the relaxation of
polymer chains, among others.

2.4. Cell Proliferation Assay

MC3T3-E1 cells were maintained in a complete medium (CM) prepared with MEM,
10% FBS, and 1 × PSN antibiotics at 37 ◦C in 5% CO2 atmosphere. An MC3T3-E1 cell
line was obtained from ATCC (Manassas, VA, USA) in 2020, cultured at 37 ◦C in 5% CO2
atmosphere until passage 2–4, and then cultured for 3–4 additional passages if necessary.
Cells were authenticated based on morphology and growth curve analysis. Mycoplasma
detection was performed every 2 months by PCR and Hoechst 33,258 staining [27].

Cell proliferation was assessed using alamarBlue, a resazurin-based solutions (fluoro-
metric/colorimetric) growth indicator that changes from an oxidized (nonfluorescent, blue)
form to a reduced (fluorescent, red) form when reduced by mitochondrial respiration. Cells
were seeded in 96-well plates (3000 cells/well) and maintained for 1 day until complete
cell attachment. The growth medium was then discarded and replaced with medium
containing the different samples, and 10% alamarBlue was added. Treated cells were
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incubated for 24 and 48 h and the fluorescence intensity was measured on a PlateReader
(Biotek®, excitation/emission = 535 nm/590 nm). The performed tests were control (pure
CM); Alg; LDH; LDH-Cl/Alg; pure drug (anionic); Drug/Alg; 5 g L−1 LDH-Drug; and
5 g L−1 LDH-Drug/Alg. The concentration of LDH-Cl and drug used for each control
were equivalent to the amount contained in the 5 g L−1 LDH-Drug/Alg dispersions, while
Alg concentration was 2% in all cases. The results were expressed as a percentage of the
intensity recorded for the corresponding control experiment.

Data are expressed as mean ± standard deviation (SD) (n = 4). Statistical significance
of comparisons of mean values was assessed by two-way ANOVA test, followed by Tukey’s
multiple comparison. p values above 0.05 were considered statically significant.

3. Results and Discussion

3.1. Structural Characterization of the LDH–Drug Samples

The proposed synthesis was effective in obtaining LDH phases that were completely
intercalated with the corresponding drug. The PXRD patterns of the samples (Figure 1a)
showed narrow and intense peaks corresponding to the (0 0 l) reflections of LDH structure
at 2θ values lower than 30◦. Wide and asymmetric peaks corresponding to (0 1 l) reflections
and a peak due to a (1 1 0) plane were obtained at larger 2θ values. This last peak allowed
for the a parameter of the rhombohedral cell of LDH structure (Table 1) to be obtained,
which was similar to that commonly obtained for LDH phases in both cases [28] and to
that obtained for the reference sample LDH-Cl. The (0 0 l) peaks were recorded at low 2θ,
corresponding to the LDH intercalated with large anions, and led to large values of the
c cell parameter, while LDH-Cl showed (0 0 l) peaks at larger 2θ values. The interlayer
distances (c/3 = 22.2 and 22.4 Å for LDH-Ibu and LDH-Nap, respectively) gave a hint of
the drug disposition between the layers. Thus, the Ibu anion presents a length, at its larger
axis, of around 9.7 Å [29], which led to a theoretical interlayer distance (accounting on
a 4.8 Å for the layer height) of 14.5 Å for a perpendicular, monolayer arrangement and
24.3 Å for a bilayer one. However, the most common values are around 22.5 Å, which was
assigned to a tilted bilayer disposition that maximizes the interaction between carboxylate
anions and the hydroxyl anions of the layers [29]. Although Nap is a larger anion (its length
is around 12 Å), the interlayer spacings obtained for LDH-Nap are quite close to that of
LDH-Ibu [30,31]. These lower spacings indicate that a higher tilting from a perpendicular
arrangement to the LDH layers is produced for this anion.

Figure 1. Cont.
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Figure 1. FT-IR spectra (a) and PXRD patterns (b) of LDH-Cl, LDH-Ibu and LDH-Nap samples.

Table 1. Chemical analysis and proposed formula for the synthesized LDH–drug samples.

Sample % Mg % Al % D % H2O * Chemical Formula a(Å) c (Å)

LDH-Ibu 11.3 6.5 47.9 9.5 Mg0.66Al0.34(OH)2Ibu0.34·
0.75 H2O 3.02 66.5

LDH-Nap 12.2 6.2 46.9 9.3 Mg0.69Al0.31(OH)2Nap0.31·
0.72 H2O 3.02 67.3

* Obtained from the weight loss at 200 ◦C.

The FT-IR spectra showed characteristic peaks in both the LDH structure and the
intercalated drugs (Figure 1b). The band centered at 3428 and 3408 cm−1 for LDH-Ibu and
LDH-Nap, respectively, was assigned to the O-H stretching mode (νOH) of OH- anions and
H2O water molecules. The bands recorded at wavenumbers below 1000 cm−1, especially
those at 594–595 cm−1, were assigned to the lattice vibrations of the LDH layers [32,33].
The band corresponding to the bending vibration of structural water molecules between
the layers registered at 1618 cm−1 for LDH-Cl was missing for LDH–drug samples due to
the strong drug bands in the 1550–1650 cm−1 region. These bands were assigned to the
νasym (at 1549 and 1551 cm−1 for LDH-Ibu and LDH-Nap, respectively) and νsym (1401 and
1392 cm−1) of the carboxylate anions of the intercalated drugs. The difference between the
maxima of these bands (Δν = νasym – νsym) is considered to be indicative of the interactions
established between the carboxylate group and the hydroxylated layers [34]. The obtained
values (148 and 159 cm−1 for LDH-Ibu and LDH-Nap, respectively) corresponded to weak
interactions produced by electrostatic forces between the negatively charged carboxylate
groups and the positively charged layers, as well as the hydrogen bonding between these
groups and the hydroxyl anions of the layers. Other characteristic bands were registered at
1466 and 1365 cm−1 (δ (CH2)) and at 1289 cm−1 (γ (OH)) for LDH-Ibu [35,36] and at 1266
(ν (C-O)), 1162 (ν (C-O-C)) and 1606 (aromatic ring) for LDH-Nap, among others [37,38].
Neither of the samples presented C = O stretching vibrations characteristic of the carboxylic
group, which indicated that the acidic form of the drug was negligible in both cases.

Then, a single LDH phase, fully intercalated with the anionic form of the respective
drugs, was obtained in both cases, as confirmed by the chemical analysis of the samples
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(Table 1). The determined drug content (% D) was consistent with a 100% occupation of
the exchange sites of LDH structure. Then, negligible anion excess was detected by the
chemical analysis of the samples. Nevertheless, the presence of a slight anion excess in the
surface of LDH-Ibu was suggested by the negative ζ of these particles (Figure 2). These
values indicated that these anions were attached to LDH layers by specific interactions
besides the electrostatic ones. In the case of anions attached exclusively by electrostatic
interactions, the ζ values are positive, reversed only at high pH values [39,40]. In previous
works, we even found a slight excess of Ibu- anions, caused by the additional stabilization
assigned to hydrophobic interactions between the nonpolar sections of adjacent Ibu– anions.
This excess was not produced for Nap− anions due to the presence of polar groups in its
hydrophobic tail, which weakens the hydrophobic interactions [14,38].

Figure 2. Hydrodynamic apparent diameter, d (a) and zeta potential, ζ (b) values obtained for
LDH-Ibu and LDH-Nap dispersions (1 g L−1) in different media and preparation conditions (son,
sonicated; TT, thermal treatment; PA, 2% polyacrylate dispersion).
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The morphology of LDH particles and agglomerates was studied using SEM images
(Figure 3) and the d values registered by DLS (Figure 2a). The particles of both LDH-
Ibu and LDH-Nap were heavily agglomerated, with the size of the agglomerates being
larger for the former. Thus, LDH-Ibu particles in the SEM images completely lost the
typical lamellar morphology of LDH particles, being merged in agglomerates with rounded
edges and smooth surfaces. The size of LDH-Ibu agglomerates was variable, although
most samples were above 10 μm, which was in accordance with the d values obtained
by DLS measurements. The large aggregation of LDH-Ibu particles was assigned to the
hydrophobic surface of the LDH-Ibu particles, as the anion drug is exposes its nonpolar
tail to the aqueous side of the interface. Therefore, interactions between hydrophobic LDH
particles was favored, while the surface tension with water is increased. The SEM images
of LDH-Nap showed more defined particles and less aggregation, in good accordance with
the d values obtained by DLS. The lower aggregation of LDH-Nap was assigned to the
presence of a polar ether (C-O-C) group at the end of the hydrophobic tail. As a result, the
interaction between the LDH-Nap particles is weaker and the surface tension with water is
lower, allowing for a better dispersion of their particles and a lower agglomeration.

 

Figure 3. SEM images of LDH–drug samples shown at different magnifications.

3.2. Dispersion of LDH–Drug Particles

Both d and ζ values of the LDH particles were affected by dispersion conditions
and the presence of Alg (Figure 2). Thus, the sonication of water dispersions produced a
reversal of the ζ values of LDH-Ibu and an increase in the already positive ζ of LDH-Nap,
which indicated that drug anions were detached from the particle surface. As a result,
the surface hydrophilicity increased, which diminished aggregation, leading to smaller d
values. In contrast, the TT sterilization of dispersions produced the opposite effect: the ζ

of LDH-Ibu particles was reversed, that of LDH-Nap decreased and the d values of both
LDH–drug dispersions increased. Then, the drug adsorption at the surface of LDH formed
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an equilibrium that was quite sensitive to the medium conditions, as reflected by the weak
interaction of these anions with the particle surface, especially for those incorporated by
specific interactions other than the electrostatic.

LDH–drug particles in Alg dispersions (LDH-Drug/Alg) impacted the properties on
both d and ζ values. Nevertheless, this impact was greater in the latter, corresponding to
polyelectrolytes with a relatively low affinity for LDH surface [19], which was decreased
by the affinity and hydrophobic nature of the intercalated drugs. Thus, LDH-Drug/Alg
and LDH-Drug/polyacrylate presented large and negative ζ values with relatively minor
differences between both electrolytes, which indicated that LDH interacted with both
polyelectrolytes. Nevertheless, the Alg interaction with LDH led to large d values in
comparison with polyacrylate, which present a larger concentration of carboxylate anions
and, consequently, stronger interactions [19,41,42]. Alg, on the other hand, presents a
lower density of carboxylate anions, leading to a poor disaggregation in the case of LDH-
Ibu/Alg, and even an increased particle size in the case of LDH-Nap/Alg. In the first case,
the size diminution was related to the displacement of Ibu– anions of the LDH structure,
diminishing the hydrophobicity of the surface, while the increased aggregation in the case
of LDH-Nap particles was assigned to the bridging of LDH-Nap particles by Alg chains. In
any case, d values for both LDH-Drug/Alg dispersions converged upon sonication and TT
and the LDH-Drug/Alg dispersions in these conditions presented only a slightly lower
aggregation than dispersions in pure water at the same conditions. Nevertheless, it should
be considered that the results present a significant uncertainty, as the equipment used for the
measurements presents significant random errors in this size range. Then, although LDH
presents an interaction with Alg, this was not strong enough to produce a fine dispersion
of the particles, similarly to that previously obtained for LDH-Cl nanoparticles [19]. On the
other hand, interaction with a polyelectrolyte such as Alg produces a significant detachment
of the drug from the particle surface [42]. Thus, 33% and 35% was released from the LDH
in LDH-Ibu/Alg and LDH-Nap/Alg dispersions, respectively (values after sonication
and TT).

3.3. In Vitro Drug Release Results

The release behavior of both drugs, Nap and Ibu, from LDH-Drug/Alg dispersions
was studied to evaluate their performance as carrier systems (Figure 4). Two different
LDH–drug particle concentrations (5 and 0.5 g L−1 LDH-Drug/Alg) were analyzed. The
release profiles of Alg dispersions containing the pure drug in its anionic form (Drug/Alg)
were obtained at a drug concentration equivalent to that of 0.5 g L−1 LDH-Drug/Alg. The
release media were SBF, used to study the apatite-forming ability of implant materials [43],
and PBS, a typical release medium to study drug release from delivery systems in simulated
plasma conditions.

Controlled release towards both receptor media was achieved, but remarkable dif-
ferences in the release profiles were observed depending on the release media. Thus,
negligible burst effects (2.4 and 5.7% of the drug released at t = 15 min for LDH-Ibu/Alg
and LDH-Nap/Alg, respectively) were observed toward PBS, lower than that of Drug/Alg
(7.5% in both cases). This burst effect minimization was even more significant in SBF, in
which the percentages of drug released at t = 15 min from 5 g L−1 LDH-Ibu/Alg and
LDH-Nap/Alg were 1.5 and 3.2%, while those from Ibu/Alg and Nap/Alg were 13.9 and
12%, respectively.
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Figure 4. In vitro release profiles ), using bicompartmental cells filled with PBS (a,b) and SBF (c,d), of
Ibu (a,c) and Nap (b,d) from LDH-Drug/Alg dispersions at two different concentrations: 5 g L−1

(green), and 0.5 g L–1 (red), and Alg dispersions with the pure drug at a concentration equivalent to
that of 0.5 g L–1 LDH-Drug/Alg (black.

For PBS, all release profiles, even those of pure drugs, were similar (f 2 > 50); however,
the analysis of fitting curves and resulting kinetic parameters (Table 2) established slight
but relevant differences. The best fittings were obtained when the K-P model was applied,
with n coefficients near 0.5 for the profiles of Drug/Alg and 0. 5 g L−1 LDH-Drug/Alg
samples and, accordingly, good fittings were also obtained with the Higuchi model. This
indicated that the release rate was determined by diffusion processes. Higher n values
(0.84 and 0.74 for Ibu and Nap, respectively) and poorer Higuchi fittings were obtained for
LDH-Drug/Alg samples at 5 g L−1, which indicate an anomalous behavior, assigned to the
combined control of two main mechanisms, drug migration through the Alg dispersion
and ion exchange from LDH particles. The main difference was a slightly slower release
(f 1 = 15) obtained for Ibu (cumulative drug release at the end of the experiment between 38
and 43% in all cases) compared to Nap-containing samples at 0.5 g L−1 LDH-Drug/Alg
(between 47 and 52%). This difference was related to the higher chemical affinity for the
LDH interlayer of Ibu− anions compared to Nap− ones [14].
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Table 2. Release kinetic data obtained from drug release studies using empirical equations: zero-order,
Higuchi and K-P models, fittings with the best R2 are marked with asterisks.

Sample
Receptor
Media

Kinetic Models
Zero-Order Higuchi Korsmeyer-Peppas

%
Drug0

k0 R2 %
Drug0

kH R2 kP n R2

LDH-Ibu/Alg,
5 g L−1

PBS

6.6 4.8 0.88 −3.7 16.1 0.97 * 9.2 0.84 0.97 *

LDH-Ibu/Alg,
0.5 g L−1 12.6 4.8 0.85 2.0 16.3 0.96 16.9 0.54 0.98 *

Ibu/Alg 9.9 4.2 0.88 0.8 14.3 0.98 14.1 0.54 0.99
LDH-Ibu/Alg,

5 g L−1

SBF

1.5 2.4 0.98 −3.0 7.7 0.98 4.2 0.73 0.99 *

LDH-Ibu/Alg,
0.5 g L−1 8.6 3.6 0.90 1.0 11.9 0.98 * 12.8 0.48 0.98 *

Ibu/Alg 17.0 3.3 0.86 9.8 11.2 0.97 21.8 0.30 0.99 *
LDH-Nap/Alg,

5 g L−1

PBS

17.0 5.2 0.69 4.1 18.5 0.86 * 16.1 0.74 0.87 *

LDH-Nap/Alg,
0.5 g L−1 12.0 6.1 0.89 −1.1 20.5 0.98 * 17.4 0.62 0.98 *

Nap/Alg 11.1 5.3 0.90 −0.23 18.0 0.99 * 16.3 0.58 0.99 *
LDH-Nap/Alg,

5 g L−1

SBF

4.1 4.7 0.97 −5.0 15.2 0.99 * 9.0 0.73 0.99 *

LDH-Nap/Alg,
0.5 g L−1 12.5 4.5 0.91 2.9 15.2 0.99 * 18.5 0.42 0.97

Nap/Alg 15.5 5.0 0.90 4.8 17.0 0.99 * 22.0 0.42 0.99 *

k0, kH and kP expressed as % h−1, % h−0.5 and % h−n, respectively. The concentration of pure drug experiments
was calculated to match that of the 0.5 g L−1 LDH-Drug/Alg dispersions.

Release profiles in the SBF of both drugs were more influenced by their inclusion in
LDH layers, with the release from both 0.5 and 5 g L−1 LDH-Drug/Alg being increasingly
slower than that of Drug/Alg. Significant differences were observed in release profiles
(f 1 > 27 when comparing Drug/Alg and 0.5 g L−1 LDH-Drug/Alg; f 1 = 54 and f 2 = 48
when comparing 0.5 and 5 g L−1 LDH-Drug/Alg). Nevertheless, and similarly to that
observed in the PBS medium, the best fits were obtained with the K-P model (Table 2),
with n values near 0.5 for all Drug/Alg and 0.5 g L−1 LDH-Drug/Alg and, in agreement,
good fittings were also obtained with the Higuchi model. These results indicated that
a diffusion-controlled mechanism was again controlling the drug release. In the case of
5 g L−1 LDH-Drug/Alg, the n values of K-P model increased (0.73 and 0.84 for Ibu and
Nap, respectively), which indicated an anomalous behavior, like that produced towards
PBS. Then, the mechanism of drug release was not so different in both media, and the main
difference was the release rate, which decreased with increasing LDH–drug concentration.
The cumulative drug release at the end of the assay reached 39, 32 and 19% for Ibu/Alg,
0.5 and 5 g L−1 LDH-Ibu/Alg, respectively, while 49, 44 and 39% were achieved for Nap-
containing samples. This effect was more pronounced in the release from LDH-Ibu/Alg
than for LDH-Nap/Alg, as corresponds to the above-mentioned affinity of Ibu– anions for
the LDH interlayers.

The differences in the release profiles toward SBF compared to PBS were assigned to
Alg gelation when exposed to the divalent calcium ions present in the SBF. This Ca-Alg
gel included and fixed the LDH–drug particles, which crosslinked the Alg chains and
performed as barrier for drug diffusion, decreasing the overall release rate. Effectively,
a consistent gel, which was easily separated from the acetate cellulose membrane, was
formed in the donor compartment of the Franz cells (not shown). This in-situ gel formation
presents promising applications in tissue engineering [43]. This gel formation will also ease
the fixation of the biomaterial to the insertion place and locate the action of loaded drug,
which would be released in a controlled manner.
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3.4. Cell Proliferation Assay

Biomaterials for bone regeneration must provide support for cell adhesion and prolif-
eration, which can be compromised by cytotoxic effects caused by the inclusion of drugs
such as Ibu and Nap. To explore the capacity of LDH to diminish these cytotoxic effects,
the proliferation of pre-osteoblastic MC3T3-E1 cells in the presence of LDH-Drug/Alg
dispersions was determined (Figure 5). Experiments with LDH-Cl, Alg and their mixture
(LDH-Cl/Alg), as well as in the presence of the pure drugs, the LDH–drug particles, and
Drug/Alg dispersions were also performed to differentiate between factors of their overall
behavior.

Figure 5. Anti-cytotoxic effect of 5 g L−1 LDH-Drug/Alg in MC3T3-E1 cell cultures. Proliferation
of MC3T3-E1 cells cultured in CM (control), Alg, LDH, LDH/Alg, Drug (Ibu (a) and Nap (b)),
Drug/Alg, LDH-Drug, LDH-Drug/Alg. Fluorescence of alamarBlue was measured at 24 and 48 h of
and expressed as a percentage of control proliferation at that given time. Asterisks indicate significant
differences between the indicated groups (****, p < 0.0001, ***, p < 0.001, **, p < 0.01 and *, p < 0.05).

In the absence of the drug, the separate presence of Alg or LDH-Cl did not produce
significant differences in the proliferation of MC3T3-E1 cells compared to the control, which
was in line with the low cytotoxicity of both materials [12,44]. Although LDH layers did not
interfere with cell adhesion and proliferation, they have been proposed to have a positive
effect on biomaterials such as polycaprolactone [45]. Comparable results were obtained for
LDH-Cl/Alg, which produced a significant increase in cell activity (p < 0.001), which was
related to the hydrophilicity and positive charge of the LDH surface, providing attachment
sites due to electrostatic interactions with negatively charged cell membranes [12]. The
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presence of pure drugs decreased the percentage of cell proliferation compared to the
control, with a reduction of approximately 81% and 13% for Nap (p < 0.0001) and Ibu,
respectively, after 48 h, although the latter decrease was not considered significant according
to ANOVA analysis. The cytotoxic effect of Ibu was significantly reduced when cultivated
in the Alg matrix, showing an increase in proliferation of 24% compared to the pure drug
(p < 0.01), while, in the case of Nap, the polymeric matrix did not significantly enhance
the cell proliferation. On the other hand, the inclusion of Ibu in LDH did not show
significant differences in cell proliferation compared to the pure drug, which was assigned
to the low cytotoxicity of the drug, as well as the negative charge and hydrophobicity
of the LDH-Ibu surface, while LDH-Nap reduced in 55% the cytotoxic effect of the pure
drug (p < 0.0001). The results for the LDH-Drug/Alg dispersions were consistent with
the previously exposed trends, as they showed a cellular protection that was dependent
on the intercalated drug. In the case of Ibu, a significantly increased proliferation was
obtained compared to pure Ibu and LDH-Ibu due to the protective action of Alg (p < 0.001).
Instead, the LDH-Nap/Alg dispersion showed a highly significant anticytotoxic effect, like
that of the LDH-Nap dispersion, which indicated that its inclusion in the LDH structure
is mainly responsible for the protective effect (p < 0.0001). Therefore, LDH-Drug/Alg
dispersions are a promising and versatile biomaterial for cell culturing that, depending on
the physicochemical properties and composition of the included LDH, can provide cell
adhesion centers and/or cytoprotective effects. This strategy can be extended to drugs that
provide antimicrobial and anticancer properties of cell differentiation to biomaterials for
tissue engineering applications.

4. Conclusions

In this work, the physicochemical properties of LDH/Alg dispersions were explored,
aiming at their application in tissue engineering. LDH intercalated with Ibu and Nap
were obtained and incorporated in Alg dispersions, with significant effects in their surface
charge but minor effects on their aggregation. The sterilization of dispersions by TT did not
produce significant changes in the aggregate size of LDH–drug particles. The drug release
behavior was highly dependent on the release media, and particularly to the presence of
Ca2+ ions present in the SBF. The formation of a gel layer upon exposure to SBF led to a
release rate diminution with increasing LDH concentration. The main release mechanism
was drug diffusion through the LDH/Alg dispersions, although anion exchange also
influenced the overall rate at high LDH concentrations. Finally, LDH/Alg dispersions had
a protective effect against the cytotoxic effects of drugs in cell culture. This protective effect
was provided by Alg or LDH depending on the intercalated drug. LDH/Alg dispersions
are then promising biomaterials for tissue engineering due to their capacity to provide drug
release control and cell proliferation enhancement and/or protection. These dispersions
can be included in scaffold formulations on their own, due to their in-situ gelling capacity,
and can also be used, for example, as precursors of biomaterials gelled by ionic crosslinking
with Ca2+ ions or lyophilized for subsequent rehydration with solutions containing stem
cells or bone marrow aspirates.
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Abstract: In recent decades, layered double hydroxides (LDH) have been proposed as innovative
corrosion inhibitors for reinforced concrete. Their protective action is based on the ability to intercalate
specific anions in the interlayer and on their ability to exchange the intercalated anion. In the present
study, an organically charged LDH, with sebacate anions in the interlayer (LDH-S), is proposed as
a water-repellent additive for mortar. The waterproofing efficiency of LDH-S and the associated
corrosion inhibition ability has been evaluated in reinforced mortar samples. A 42% decrease in the
water capillary absorption coefficient has been estimated when 3% LHD-S is added to a mortar. Both
the passivation processes of the steel rebars during the curing period and the initiation of corrosion
due to chloride exposure have been studied by electrochemical measurements. Three different
mortars have been evaluated: reference mortar (REF), mortar with Mg-Al LDH (LDH), and mortar
with LDH-sebacate (LDH-S). The latter has shown an important protective capacity for preventing
the initiation of corrosion by chloride penetration, with an inhibitory efficiency of 74%. The presence
of LDHs without sebacate in the interlayer also improved the performance of the mortar against
rebar corrosion, but with lower efficiency (23% inhibitory efficiency). However, this protection is
lost after continued chloride exposure over time, and corrosion initiates similarly to the reference
mortar. The low corrosion current density values registered when LDH-S is added to the mortar may
be related to the increased electrical resistance recorded in this mortar.

Keywords: LDH-sebacate; corrosion protection; waterproofed reinforced mortar; electrochemical
measurements; capillary absorption

1. Introduction

One of the main causes of reinforced concrete deterioration in marine environments is
the corrosion of the embedded rebars caused by the action of chloride ions, which reach
the steel–concrete interface through the pore network of the concrete [1,2]. Generally, the
steel rebars in concrete are passivated due to the high alkaline pH of the aqueous phase.
However, if chloride ions reach the steel surface in sufficient concentration, the local rupture
of the protective passive layer occurs, and a pitting corrosion process is initiated [3].

A first approach to solve this problem would be to prevent the entry of aggressive
species into the cementitious matrix by improving the waterproofing efficiency of con-
crete [4]. External surface treatments are often suggested for developing waterproof con-
crete [5]. Different types of inorganic surface treatments have been proposed for improving
concrete durability [6], such as surface coatings forming a physical barrier on the con-
crete surface [7], pore-blocking surface treatments that block capillary pores in concrete
surface [8], and hydrophobic impregnations that inhibit water penetration [9].

The performance of surface treatments depends on the initial moisture content and the
exposure environments [10]. In addition, surface treatments can degenerate over time, thus
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decreasing their effectiveness [11]. In this sense, the effectiveness of the concrete water-
proofing can be improved by incorporating waterproofing and/or water-repellent agents
during the preparation of the mixture, which are distributed in the bulk material. Among
the best-known admixtures for waterproofing concrete are crystalline admixtures [12,13],
commercial compounds whose composition is not revealed by the supplier.

Layered double hydroxides (LDH) are a class of well-known crystalline compounds,
commonly referred to as hydrotalcite-like compounds, because hydrotalcite (HT) is the
most studied and representative mineral of this family of compounds. The HT structure can
be derived from brucite-like layers, where some of the divalent cations are isomorphically
substituted by trivalent ones, and the positive charge generated is balanced by intercalation
of hydrated anions between the metal hydroxide layers. LDH can be represented by the
general formula [M2+

1−xM3+
x(OH)2]x+An−

x/n·mH2O, where M2+ and M3+ are the divalent
and the trivalent metals, and An− is the anion placed in the LDH interlayer, and is easily
substitutable with others present in the aqueous solution [14]. Anions can range from
simple inorganic species to complex organic anions, thus changing the interlayer LDH
surface from hydrophilic to hydrophobic [14,15].

In the recent years, LDHs have been proposed as corrosion inhibitors of concrete
steel reinforcements [16,17]. Both inorganic corrosion inhibitors such as nitrite [18–20] and
organic corrosion inhibitors such as benzoate [21], aminobenzoate [22] or phthalate [23]
have been intercalated in LDHs of different composition, Mg-Al-LDH [18–20], Ca-Al-
LDH [24,25] and Zn-Al-LDH [26]. The corrosion-protective activity of LDHs is based on
their ability for ionic exchange: aggressive ions, such as chloride and/or carbonate, can
be adsorbed from the aqueous solution in the LDH interlayer, which can then release the
corrosion inhibitors [27]. However, efficiency in the long-term of these “smart” corrosion
inhibitors could fail, as the chloride trapped in the LDH could be released again [16].

A different way to protect steel rebars from corrosion in concrete is by using water-
proofing concrete that prevents the entrance of water, followed by the penetration of the
dissolved aggressive ions. Fatty acids are hydrophobic compounds due to the presence of
hydrophobic alkyl chains. However, they have been shown to highly affect the properties
of cement when added to cement-based materials in a dosage above 0.5% in clinker weight,
promoting a significant increase of the setting time [28]. Nevertheless, fatty acids incorpo-
rated in the inorganic LDH matrix could be a promising additive for the waterproofing
of concrete. A recent study has shown that the presence of ZnAl-LDH intercalated with
the sebacate anion (ZnAl-S) in epoxy coatings significantly improves their anticorrosive
properties, depending on the degree of its dispersion in the matrix [29].

The present work aimed to explore the waterproofing ability of MgAl-LDH interca-
lated by sebacate (LDH-S), as well as its protective capacity when added in cementitious
mortars as corrosion inhibitors in the presence of chloride ions. The LDH-S was synthetized
by the coprecipitation method and characterized by different techniques, such as XRD,
FT-IR, TGA and ICP. The water repellent capacity of the mortar containing the LDH-S
was assessed by water capillary absorption tests. The corrosion protection ability was
monitored by electrochemical measurements considering two stages: the rebar passivation
in the alkaline environment of the mortar, and the corrosion initiation due to the chloride
penetration through the mortar pores.

2. Materials and Methods

Mg(NO3)2·6H2O, Al(NO3)3·9H2O and sebacic acid ((CH2)8(COOH)2) were acquired
from Sigma-Aldrich (St. Loui, MO, USA). All of the chemicals were at least 98–99%.
Portland CEM II/A-L 42.5 R from Cosmos Cements, siliceous sand with a maximum size
of 1.5 mm and tap water were used as raw materials for preparing the mortar samples.

2.1. Synthesis of LDH

Organic LDH, LDH-S, was obtained through the coprecipitation method in a N2
atmosphere and using CO2-free water, adding 250 mL of solution containing 0.15 mol of
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Mg(NO3)2·6H2O and 0.05 mol of Al(NO3)3·9H2O to 500 mL of the alkaline (0.16 mol of
NaOH) 0.125 mol sebacate solution. The LDH suspensions thus obtained were filtered
and washed with CO2-free, distilled water and dried at 60 ◦C. For comparison purposes, a
MgAl-CO3 (LDH-CO3) was prepared with the coprecipitation method, dropping a solution
containing 0.75 mol of Mg(NO3)2·6H2O and 0.25 mol of Al(NO3)3·9H2O into a solution
containing 1.7 mol of NaOH and 0.5 mol of Na2CO3. The resultant suspension was washed
with distilled water and dried at 60 ◦C.

2.2. Characterization of LDH Additives

X-ray diffraction (XRD) patterns were recorded by a Bruker D8 Discover diffractometer
(Bruker, Karlsruhe, Germany). The Fourier transform infrared spectra (FT-IR) were recorded
by PerkinElmer Frontier MIR using ATR (PerkinElmer España SL, Madrid, Spain).

Elemental chemical analyses were measured by Induced Coupled Plasma mass spec-
troscopy (ICP-MS) on a PerkinElmer Nexion-X instrument (PerkinElmer España SL, Madrid,
Spain).

2.3. Production of Mortar Samples for Water Capillary Absorption Tests

Cylindrical specimens of 70 mm in diameter and 30 mm in height were manufactured
for the water capillary absorption test. A cement/sand/water dosage of 1/3/0.5 was used
for producing the cementitious mortar. Mortars incorporating additives were mixed with
3% by cement weight of the LDH. Both LDHs (LDH-S and LDH-CO3) were considered.

Mortar samples were demolded 24 h after casting and cured under controlled climate
conditions at 21 ± 2 ◦C and >95% HR. Two samples of each mortar were evaluated for
repeatability assessment.

2.4. Production of Reinforced Mortar Samples

Reinforced mortar specimens were prepared by embedding steel rebars 500S (6 mm
nominal diameter) in a mortar cover of approximately 1 cm. A mortar with similar com-
position to the one used for the waterproofing test was used in the reinforced specimens.
Mortars incorporating LDH-based additives (M-LDH-S and M-LDH-CO3) in 3% by cement
weight were also studied.

The exposed area of the bars was delimited to 6 cm2 covering the edge of the bar
with isolating tape. Before embedding in mortar, steel rebars were cleaned in a HCl:H2O
1:1 with 5 g/L urotropine solution and degreased in acetone. The final aspect of the steel
rebar before testing is shown in Figure 1 (left). Two rebars were tested for each mortar for
repeatability assessment.

Figure 1. (Left)—Rebar before embedding in mortar. (Right)—Electrochemical cell with three reinforced
mortar samples and the stainless-steel mesh used as a counter-electrode for the electrochemical tests.

Reinforced samples were demolded 24 h after casting, and immersed in an alkaline
solution of Ca(OH)2 for curing. After 28 days curing in the alkaline conditions, the alkaline
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solution was changed by a 0.5 M NaCl solution for 50 days. In this way, both the passivation
and the corrosion stages could be monitored by periodic electrochemical measurements.

2.5. Waterproofing Efficiency of the LDH-Based Additives

The waterproofing efficiency of the studied mortars was assessed after 14 days curing.
Measurements were carried out for 3 days according to the Fagerlund method [30]. The
mortar specimens were placed 5 mm in contact with water and periodically weighed. From
the weight–time curve obtained, two parameters can be deduced: the saturation time,
when the weight gain is stabilized, and the water capillary absorption coefficient, estimated
according to [30]. For each type of studied mortar, the average value of the two tested
samples was considered.

2.6. Electrochemical Tests

A three-electrode electrochemical cell was used for monitoring the corrosion response
of the steel rebars, as shown in Figure 1 (right). For the electrochemical measurements,
a stainless-steel mesh located around the samples was used as a counter-electrode, an
Ag/AgCl electrode in 3 M KCl was used as a reference electrode, and the reinforced
samples acted as working electrodes.

An Autolab PGSTAT204 potentiostat/galvanostat with a frequency analyzer module
(FRA) using NOVA software was used for the electrochemical tests. The evolution of
the corrosion potential (Ecorr), the electrical resistance of the mortar cover (Re) and the
polarization resistance (RP) of the steel rebars were periodically measured. RP values were
obtained by linear potential sweep from −10 mV to +10 mV with respect to the measured
corrosion potential. Re was determined by applying an alternating current at a single
frequency of 1000 Hz between the rebar and the counter electrode. A potentiostatic method
with an amplitude of 10 mVrms around Ecorr was defined.

Electrochemical measurements were considered only after 4 days curing of the mortars,
before non-stable response of the different parameters monitored were registered.

At the end of the test, to accelerate the corrosion process and make the chloride-
generated pitting more visible, a constant potential of +250 mV vs. Ag/AgCl reference
electrode was applied for 4 h.

The corrosion current density (icorr) was obtained indirectly using the Stern and Geary
equation [31], icorr = B

RP ·A , where B is a constant equal to 26 mV [32], RP is the value of
polarization resistance, and A is the exposed area. The inhibitory efficiency of the LDH was
estimated at the end of the test using the following equation:

EI(%) =
iacum, REF − iacum,LDH

iacum, REF
·100 (1)

where iacum,REF and iacum,LDH are the cumulative values of corrosion current density during
the whole test for the reference mortar, and the mortars with LDH, respectively.

3. Results and Discussion

3.1. Characterization of the LDH Additives

The diffraction patterns of both additives, included in Figure 2, were characteristic of
LDH compounds, with intense basal reflections (00l) at low angles and low asymmetric
reflections at intermediate and high angles [14,15]. An increase in d (003) value for the
LDH-S was observed compared to LDH-CO3 (15.6 Å for LDH-S vs. 7.8 Å for LDH-CO3), as
expected due to the larger size of sebacate anion and in agreement with [29,33].

Although we carried out a very careful synthesis under inert conditions, the reflection
at 24◦ in 2θ indicates that the LDH-S sample mixed with sebacate also contained a certain
amount of carbonate, since this anion has a very high affinity for the intermediate layer. The
position of the (012) plane characteristic for LDH compounds, which overlaps with the (009)
reflection for LDH-CO3, was maintained unchanged in the HT-S sample pattern [14,34].
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Figure 2. XRD patterns of LDH-CO3 and LDH-S. * Peaks of the carbonate phase in LDH-S.

The FT-IR spectra of LDH-CO3 (Figure 3) shows a characteristic band at around
3500 cm−1, corresponding to the water molecules and free OH− groups stretching vi-
brations, the band at 1650 cm−1 corresponding to the bending mode vibration of water
molecules, and the band at 1375 cm−1 of the carbonate antisymmetrical stretching mode.
LDH-S spectra showed the most characteristic bands of fatty acid at around 1560 cm−1

and 1460 cm−1 due to antisymmetrical and symmetrical vibrations of carboxylate groups,
respectively, as well as the C-H stretching vibrations at ~2900 cm−1 and bending vibrations
at ~1408 cm−1 of the aliphatic chains. The absence of the protonated carboxylic group
(-COOH) band of sebacic acid at ~1700 cm−1 confirmed that this compound is intercalated
in the interlayer in its anionic form.

Figure 3. FT-IR spectra patterns of LDH-CO3 and LDH-S.
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These findings, in agreement with XRD results (Figure 2), corroborate the intercalation
of sebacate anions in the LDH interlayer.

3.2. Water Capillary Absorption Test

In Figure 4, the weight gain as function of the square root of time for the three tested
mortars is represented (the average value of two samples per mortar is shown). Typical
behavior can be observed in two different stages: during the first hours, a linear weight
increase with the time is registered, until the second stage is reached, in which the weight
gain is almost stabilized.

Figure 4. Water capillary absorption tests in mortars after 14 days curing.

In the case of the mortar with waterproofing additive (M-LDH-S), a significant decrease
was observed both in the rate of water penetration during the first hours and in the total
amount of water absorbed. However, in the case of mortars with LDH-CO3, similar
behavior to the case of the reference was observed. The time of saturation (tn) estimated
of all the studied mortars (between 3–4 h) was as detailed in Table 1. The water capillary
absorption coefficient (K), estimated according to [30], is detailed in Table 1 for the different
studied mortars.

Table 1. Water capillary absorption coefficients estimated according to the Fagerlund method [30].

Sample tn (min) K (kg/cm2 min0.5)

M-REF 208 0.0184
M-LDH-CO3 190 0.0220

M-LDH-S 224 0.0104

An increase in the saturation time and a decrease in the water capillary absorption
coefficient was obtained in the case of mortar incorporating LDH-S. A waterproofing
efficiency of 42% can be estimated from the K values included in Table 1. When LDH-CO3

167



ChemEngineering 2022, 6, 72

was added to the mortar, no improvement in water penetration by capillary absorption
was observed. In fact, even higher values of K were obtained in this case.

3.3. Passivation Stage of Reinforced Mortars

The passivation of the steel rebars embedded in the mortars was monitored during
the curing period by monitoring the evolution of the corrosion potential, and the corrosion
current density estimated by the Stern-Geary equation, as described in the previous section.
In each studied mortar, the two rebars showed a similar evolution, and thus, in the results
of the present study, the mean value between two rebars is used.

In Figure 5, the evolution of the corrosion potential (Ecorr) for the three studied mortars
is represented. The typical passivation process, with a continuous increase of the potential
during the first days of rebar contact with the alkaline phase of the mortar pores, was
registered. After about 15 days curing, the three studied mortars showed values of Ecorr
above −0.2 V vs. SCE, that is, the criteria established by Rilem Recommendations [35] as a
low probability for active corrosion occuring.

Figure 5. Evolution of the corrosion potential for the three studied reinforced mortars during the
passivation stage.

Concerning the evolution of the corrosion current density (icorr), the typical response of
a passivation process was also observed for the three studied mortars, as shown in Figure 6.
In this case, lower values of icorr during the whole period of curing were registered for
the rebars embedded in mortar containing LDH-S. The inhibitive action of the sebacate
incorporated in the interlayer of the LDH can be confirmed when compared to the evolution
of icorr for the rebars in mortars with LDH-CO3. In this latter case, higher corrosion rates
were registered, as well as a delay in reaching the corrosion values below 0.2 μA/cm2, which
can be considered as the boundary between negligible and active moderate corrosion [36].
The presence of sebacate in the interlayer of the LDH seems to promote the passivation of
the rebar, as the passive situation related to a negligible corrosion was reached before the
reference case, and lower icorr values were maintained.
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Figure 6. Evolution of the corrosion current density for the three studied reinforced mortars during
the passivation stage.

The electrical resistance of the mortar cover was also monitored during the entire
passivation period, as shown in Figure 7.

Figure 7. Evolution of the electrical resistance for the three studied reinforced mortars during the
passivation period.

A continuous increase during the first days of curing was observed in all the mortars,
as expected due to the evolution of the hydrated solid phases in the cementitious matrix.
After some time, an almost constant value of the electrical resistance was reached for the
different mortars. This steady stage was reached faster in the case of the reference mortar
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without any additive than in the other mortars, probably due to the continuous release of
water from the LDH that promotes later hydration processes of the cementitious matrix [37].
Higher values of the electrical resistance were measured for the M-LDH-S, as expected due
to the water-repellent ability of this additive, as has been confirmed in Section 3.2 in the
present study. The higher values of the electrical resistance in the mortar incorporating
LDH-S seem to be related to a more protective action of this mortar on the passivation
processes of the steel rebars (see Figure 6).

3.4. Corrosion Stage of Reinforced Mortars

As detailed in the previous section, after the passivation of the rebars during the
curing period in saturated calcium hydroxide, the reinforced samples were exposed to a
chloride solution to promote the penetration of the chloride ions through the concrete pores
to the rebar. During this stage, the same electrochemical parameters as in the passivation
stage were monitored: corrosion potential (Ecorr) and corrosion current density (icorr).

In Figure 8, the evolution of the corrosion potential during the exposure to chloride
penetration is shown. A rapid significant decrease of the corrosion potential in all cases can
be observed after just the first day of immersion of the reinforced mortar samples in the
solution of sodium chloride.

Figure 8. Evolution of the corrosion potential for the three studied reinforced mortars during the
corrosion stage (exposure to chloride action).

In the case of the reference mortar, the drop in potential was higher than in the case of
the mortar with LDH additives. The potential decrease in the mortar with LDH-S was less
significant, and only in this case the Ecorr seemed to evolve to more anodic values during
the first days of exposure to the chloride solution.

When the corrosion current density evolution is considered, the behavior of the three
studied reinforced mortars was different during the exposure to chloride action, as can be
observed from Figure 9.

In the case of the reference sample, an increase of icorr values to the region considered as
moderate corrosion (>0.2 μA/cm2) was registered after 7 days of exposure to the chloride
penetration, indicating the corrosion initiation of the embedded rebars. In the mortar
with LDH-CO3, this increase occurred after approximately 25 days of chloride exposure,
probably due to the ability of LDH to trap chloride. In fact, the icorr values fluctuated on the
limit between passivation and corrosion for a few days, until a new increase of icorr values
was produced after 40 days of exposure to chloride action.
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When LDH-S was added to the mortar, rebars did not show any sign of corrosion even
after 50 days of exposure to chloride, confirming the protective ability of the LDH-S as a
corrosion inhibitor. Low values of icorr, below 0.1 μA/cm2, were maintained during the
whole test.

Figure 9. Evolution of the corrosion current density for the three studied reinforced mortars during
the corrosion stage (exposure to chloride action).

3.5. Inhibitory Efficiency of LDH-Based Additives

To evaluate the efficiency of the corrosion inhibitors based on LDH, the total charge
passed during the entire chloride exposure period (Qcorr) has been estimated and repre-
sented in Figure 10 for the different studied mortars. In this case, the response of each rebar
has been considered, and therefore two points for each mortar are shown in Figure 10.

Figure 10. Total charge associated with the corrosion period (exposure to chloride action) for each
studied rebar.
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While in the case of M-REF and M-LDH-S, a similar response is registered for the two
embedded rebars in each case, in the case of M-LDH-CO3, higher variability is observed.
Nevertheless, it can be observed that both M-LDH-CO3 and M-LDH-S showed lower values
of charge, indicating a certain higher protective ability of these mortars. When LDH-S was
added to the mortar, the decrease was significantly higher, confirming the higher efficiency
of this additive as a corrosion inhibitor. The inhibitory efficiency of both additives can
be estimated using Equation (1), and the mean values of 74% and 23% were obtained for
M-LDH-S and M-LDH-CO3, respectively.

At the end of the chloride exposure, one rebar of each mortar was subjected to an
anodic current by connecting the rebar to +0.250 V vs. SCE for 4 h to accelerate the corrosive
development, making the damage more visible to visual inspection of the rebars. In Figure 11,
the photographs of the exposed surface after the anodic polarization are included.

   
M-Ref M-LDH-CO3 M-LDH-S 

Figure 11. Visual aspect of the rebars at the end of the test.

The visual inspection of the rebar surface confirms the electrochemical results. While
the reference mortar and the M-LDH-CO3 show corrosion spots distributed on the exposed
surface, in the case of the M-LDH-S mortar, the presence of these spots is not evident.

4. Conclusions

The waterproofing ability of LDH with sebacate (LDH-S) in the interlayer has been
confirmed with a decrease of 42% in the water capillary absorption coefficient. This water-
repellent capacity resulted in a very effective corrosion inhibition for steel rebars embedded
in mortar with 3% LDH-S (74% inhibition). The effect of LDH-S can be observed from the
passivation of the rebar due to the contact with the alkaline aqueous phase of mortar pores.
The action of LDH-S seems be related to the increase in the electrical resistance values of
the mortar cover due to the hydrophobic effect caused by sebacate presence.

A less effective corrosion inhibition, associated with the presence of LDH in the mortar,
has been also observed (23% inhibition), probably due to the ability of this additive to trap
chloride ions. However, this protection was lost after continued chloride exposure, and
corrosion initiated similarly to the reference mortar.

Further studies are underway to analyze the protection mechanism associated to the
presence of LDH-S in the mortar.
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Abstract: A study of the adsorption features of bovine serum albumin (BSA), sodium and potassium
cations, and vitamin B1 by porous aluminosilicates with different structures in a medium simulating
blood plasma was conducted. The objects of this study were synthetic silicates with a montmorillonite
structure Na2x(Al2(1-x),Mg2x)Si4O10(OH)2·nH2O (x = 0.5, 0.9, 1), aluminosilicates of the kaolinite
subgroup Al2Si2O5(OH)4 with different particle morphologies (spherical, nanosponge, nanotubular,
and platy), as well as framed silicates (Beta zeolite). An assessment of the possibility of using
aluminosilicates as hemosorbents for extracorporeal blood purification was carried out. For this
purpose, the sorption capacity of the samples both with respect to model medium molecular weight
toxicants (BSA) and natural blood components—vitamins and alkaline cations—was investigated. The
samples were also studied by X-ray diffraction, electron microscopy, and low-temperature nitrogen
adsorption. The zeta potential of the sample’s surfaces and the distribution of active centers on their
surfaces by the method of adsorption of acid-base indicators were determined. A hemolytic test was
used to determine the ability of the studied samples to damage the membranes of eukaryotic cells.
Langmuir, Freundlich, and Temkin models were used to describe the experimental BSA adsorption
isotherms. To process the kinetic data, pseudo-first-order and pseudo-second-order adsorption
models were used. It was found that porous aluminosilicates have a high sorption capacity for
medium molecular weight pathogens (up to 12 times that of activated charcoal for some samples) and
low toxicity to blood cells. Based on the obtained results, conclusions were made about the prospects
for the development of new selective non-toxic hemosorbents based on synthetic aluminosilicates
with a given set of properties.

Keywords: aluminosilicates; kaolinite; montmorillonite; zeolites; hemosorbents; adsorption; albumin;
vitamins; hemolytic activity; body fluid

1. Introduction

In recent years, more and more attention has been paid to studying the features of
the adsorption of protein molecules from model solutions on the surface of sorbents of
various natures, in particular, on the surface of clay minerals [1–6]. Interest in such research
is related to the possibility of exploring the prospects for using clay minerals to remove
proteins from wine, as well as the performance of membranes for protein separation,
biosensors, or protein therapy platforms [2,7,8]. In addition, the relevance of these studies
is associated with the need to develop biospecific sorbents for the selective adsorption of
toxic substances of protein origin that accumulate in the body during oncological, immune,
infectious, and other diseases [9,10].

Hemosorption is the most promising method of performing the sorption detoxification
of the body [11–13]. Such sorption therapy is based on the adsorption ability of materials to re-
move toxic substances of various natures from the blood. The first and most common sorbents
were materials based on activated carbon. Such materials are capable of removing a variety
of toxic molecules-exotoxins (poisons), cytokines, anti-inflammatory mediators, products of
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a bacterial nature, as well as those arising from cell breakdown [14–17]. However, activated
charcoal-based materials have disadvantages, as in the process of hemosorption, there is a
partial traumatization and death of blood cells. In addition, in the process of hemosorption on
carbon sorbents, along with pathological components, a part of physiologically significant
metabolites is removed. In this regard, a promising direction is the development of sorption
technologies based on biospecific (selective) hemosorption.

There are a significant number of hemosorbents on the market, but none of them
currently fully meet all the requirements for such materials, namely having a high sorption
capacity with respect to toxins and metabolites, hemocompatibility, selectivity, and the
ability to withstand certain sterilization methods without losing basic properties. The
high sorption capacity of a number of inorganic adsorbents has great potential for medical
use, however, according to some researchers, inorganic matrices, which usually mean
natural porous minerals—clays, zeolites, etc.—are inferior to other adsorbents (activated
carbon, synthetic and natural organic polymers) in terms of biocompatibility [18–20]. This
problem can be solved by using synthetic inorganic matrices with the following desired
characteristics: high sorption characteristics and hemocompatibility due to the absence
of impurity phases, controlled chemical and dispersion composition, as well as a certain
particle morphology and specified porosity in a wide range (from nano- to macro- and
mesopores), which allows the adsorption of biological molecules of different sizes.

Medical sorbents must meet certain requirements—a high degree of chemical purity,
a minimum content of impurities, a smooth surface relief, a high sorption capacity for
removed substances, and the presence of hemocompatibility [21,22]. Under the conditions
of directed hydrothermal synthesis, the porous aluminosilicates of various structures can be
obtained with specified characteristics, such as a certain phase and chemical composition,
given particle size and morphology, as well as porous textural and sorption characteristics.
Preliminary studies of the cytotoxicity and hemolytic activity of synthetic samples of
aluminosilicates showed that they do not have the toxicity that is characteristic of natural
minerals, which indicates that it is promising to study the possibility of their use as medical
sorbents [23,24].

The present work presents the results of a study of porous textural properties, surface
properties, hemolytic activity, as well as the features of adsorption by synthetic porous
aluminosilicate sorbents with different porosities and particle morphologies from a medium
simulating blood plasma, bovine serum albumin, sodium and potassium cations, as well as
vitamin B1. Framework aluminosilicates (zeolites), layered silicates with montmorillonite
structure, as well as layered silicates of the kaolinite subgroup with spherical, sponge, and
platy morphologies were selected as objects for this study.

Bovine serum albumin (BSA) is a water-soluble globular protein (with an approximate
molecular size of 9 nm × 8 nm × 6 nm.) [25,26], which is part of the blood serum and blood
cytoplasm of animals and plants. Albumin refers to proteins with an average molecular
weight of 67–69 kDa. BSA is often used to understand the adsorption mechanism of
proteins at solid/liquid interfaces. In this study, BSA acts as a marker of medium molecular
weight proteins. It is known that pathogenic compounds formed in the body during
oncological, immune, infectious, and other diseases belong to proteins of medium molecular
weight [1,27]. The adsorption of albumin by clay minerals has been widely studied [1–6,28],
especially with regard to biosensors. Since the value of the isoelectric point of albumin is 5,
most studies were carried out with solutions having acidic pH values (4.5) and sometimes at
elevated temperatures. At the same time, the requirements for hemosorbents impose certain
requirements on the experiments being carried out—the pH values must correspond to the
pH of the blood plasma (neutral) and the temperature of the study should not exceed 37 ◦C.
To replicate the conditions of hemosorption as accurately as possible, in this work, studies
of the adsorption process were carried out at room temperature at neutral pH, from the
medium of a synthetic biological fluid, prepared in accordance with the chemical analysis
of human body fluids, with ion concentrations nearly equal to those of the inorganic
components of human blood plasma [29,30]. Alkaline cations and vitamins, the adsorption

176



ChemEngineering 2022, 6, 78

of which was also considered in this work, are essential microelements that are part of
the blood and affect the state of the cardiovascular and other human systems. Sodium,
potassium, calcium, and magnesium play a central role in the normal regulation of blood
pressure [31]. A marked reduction in sodium and potassium intake is effective, even in
treating severe hypertension. Thiamin, or vitamin B1, is an essential water-soluble vitamin
that acts as a coenzyme in carbohydrate and branched-chain amino acid metabolism [32].
Therefore, the loss of mineral substances during the process of hardware blood purification
in the process of hemosorption is extremely undesirable.

The results of the study of the adsorption capacity of synthetic aluminosilicate samples
with different porosity (for example, the maximum diameter of zeolite cavities does not
exceed 1 nm; and montmorillonites have the ability to change the interlayer distance over a
wide range—from 1 Å to complete exfoliation into individual layers) and with different
surface properties, this will allow us to evaluate the possibility of developing universal
and selective sorbents for carrying out the adsorption of substances of different molecular
weights and different molecular sizes.

2. Materials and Methods

2.1. Reagents

The following reagents were used for the synthesis and analysis of the samples:
tetraethoxysilane TEOS ((C2H5O)4Si, special purity grade, ≥99.0%), aluminum nitrate
Al(NO3)3·9H2O (reagent grade, ≥97.0%), magnesium nitrate Mg(NO3)2·6H2O (reagent
grade), nitric acid HNO3 (reagent grade, 65 wt%), aqueous ammonia (25 wt% NH3), ethanol
C2H5OH (96 wt%), hydrochloric acid HCl (35–38 wt%), sodium hydroxide solution (50 wt%
in water), raw halloysite nanotubes (Sigma-Aldrich, Product of Applied Minerals, USA),
potassium hydroxide (KOH, 45% aqueous solution), silica sol (LUDOX HS_40, 40%), alu-
minum sulfate (Al2(SO4)3·18H2O, ≥98%), tetraethylammonium hydroxide ((C2H5)4NOH,
35% aqueous solution, Sigma), activated charcoal (MW 12.01 g/mol, Fluka Analytical),
bovine serum albumin (lyophilized pH~7, Biowest), and vitamin B1 (Thiamine hydrochlo-
ride, reagent grade ≥ 99%, Hubei Maxpharm Industries).

Simulated body fluid (SBF) was prepared according to the procedure in [25] using the
following reagents: NaCl (98%, NevaReactiv), NaHCO3 (99.5%), KCl (NevaReactiv, 99%),
Na2HPO4·2H2O (98%, Chimmed), MgCl2·6H2O (98%, NevaReactiv), CaCl2·2H2O (98%,
NavaReactiv), and (CH2OH)3CNH2 (Trizma base, Sigma, MW127.14 g/mol). Solutions
were prepared in deionized water (Vodolei, NPP Khimelektronika, Russia) with a specific
conductivity no higher than 0.2 μS/cm.

2.2. Synthesis of Aluminosilicates

Porous aluminosilicates of various structural types and with different particle mor-
phologies were chosen as the objects of this study. All studied aluminosilicates were
synthetic, with the exception of halloysite nanotubes. The main characteristics of the
samples, their chemical formulas, and structural types are given in Table 1.

Samples with a montmorillonite structure corresponding to the ideal chemical for-
mula Na2x(Al2(1-x),Mg2x)Si4O10(OH)2·nH2O with various degrees of isomorphic substi-
tution magnesium atoms in octahedral layers were chosen as objects of this study: with
x = 1 (Mg3Si4O10(OH)2·nH2O), x = 0.9 (Na1.8Al0.2Mg1.8Si4O10(OH)2·H2O), and x = 0.5
(Na1.0Al1.0Mg1.0Si4O10(OH)2·nH2O). Samples corresponding to the Al2Si2O5(OH)4 kaoli-
nite formula were synthesized under conditions that made it possible to obtain various
particle morphologies—spherical, sponge, and platy. In addition, the sorption and physico-
chemical properties of the samples were compared with the results of a study of natural
halloysite Al2Si2O5(OH)4.·nH2O with nanotubular morphology. The zeolite of the struc-
tural type Beta was also studied as an object of this study.

The synthesis of all samples was carried out under hydrothermal conditions according
to previously developed methods [23,33–37]. The resulting product was washed with
water and dried. For zeolite samples, an additional decationization procedure was carried
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out, that is, the removal of alkaline cations K+ and Na+ localized in large cavities. Sample
decationization was carried out by the triple treatment of zeolites with an ammonium
salt solution followed by drying at 120 ◦C and the decomposition of the ammonium ion
NH4+ at 600 ◦C for 1 h. In addition, the initial zeolite was preliminarily calcined for 2 h
at a temperature of 350 ◦C in order to remove the adsorbed water and residues of organic
molecules (tetraethylammonium) from the pores of the zeolite.

Table 1. Main characteristics of the studied samples.

Samples
Designa-

tion

Mineralogical
Name

Structural
Type

Chemical
Formula

(by Synthesis)

Particles
Morphol-

ogy

Synthesis
Conditions

Content, wt%

T, ◦C t, h SiO2 Al2O3 MgO
Loss on

Ignition, %
Additionally.

MT-Al0 Montmorillonite LS Mg3Si4O10(OH)2
·nH2O layers 250 72 59.39 0 28.63 11.45 -

MT-Al0.2 Montmorillonite LS Na1.8Al0.2Mg1.8
Si4O10(OH)2·H2O layers 350 72 58.10 5.32 18.31 14.75 Na2O 3.52

MT-Al1.0 Montmorillonite LS Na1.0Al1.0Mg1.0
Si4O10(OH)2·nH2O layers 350 72 53.00 22.82 8.04 13.45 Na2O 2.69

Kaol-sph Kaolinite LS Al2Si2O5(OH)4 spheres 220 72 44.74 37.22 0 14.74 -
Kaol-

sponge Kaolinite LS Al2Si2O5(OH)4 nanosponges 220 72 43.77 36.14 0 15.79 -

Kaol-pl Kaolinite LS Al2Si2O5(OH)4 plates 350 96 45.84 39.48 0 14.05 -

Hal Halloysite LS Al2Si2O5(OH)4
·nH2O nanotubes - - 46.22 36.38 0 16.04 -

Beta Zeolite Beta FS H+
7[Al7Si57O128]
·nH2O spheres 135 48 69.38 8.54 0 20.09 Na2O 0.3, K2O

0.2

Designations: LS—layered silicate; FS—framed silicate.

2.3. Characterization

The X-ray phase analysis of the samples was carried out using a powder diffractometer
Rigaku Corporation, SmartLab 3 (CuKα-radiation, operating mode-40 kV/40 mA; semi-
conductor point detector (0D)-linear (1D), θ-θ geometry, measurement range 2ϑ = 5–70◦
(step 2θ = 0.01◦), speed 5◦/min).

The samples were chemically analyzed to gravimetrically determine the Si, Mg, and
Al contents using a quinolate of the silicon molybdenum complex and by complexometric
titration. The sodium and potassium content of the studied samples was determined by
atomic absorption spectroscopy (Thermo scientific iCE 3000, Waltham, MA, USA).

The textural parameters of the materials were determined by means of the low-
temperature adsorption–desorption of nitrogen. The isotherms were collected using a
Quantachrome NOVA 1200e instrument (Quantachrome Instruments, Boynton Beach, FL,
USA). Degassing was performed at 300 ◦C for 12 h. The specific surface area of the sample
was calculated by the BET method [38] using NOVAWin (USA) software. The pore size
distribution and mean pore diameter were calculated by the Barret-Joyner-Halenda (BJH)
method from the desorption curve [39].

The morphology of the samples was studied by scanning electron microscopy (SEM)
by using a Carl Zeiss Merlin instrument (Oberkochen, Germany) with a field emission
cathode. The beam current and accelerating voltage were 2 nA and 21 kV, respectively.
The device was equipped with a two-beam workstation with focused ion and scanning
electron beams, a Carl Zeiss Auriga laser with a field emission cathode, a GEMINI electron
optics column, and an oil-free vacuum system with a beam current range of 400 pA and
an acceleration voltage of 1.5–4 kV. The powders of the samples were directly planted on
conductive carbon tape without additional processing.

The electrokinetic (zeta) potential of the samples was determined using the particle size
and zeta potential analyzer NaniBrook 90 PlusZeta (Brookehaven Instruments Corporation,
USA). The samples were a suspension obtained by dispersing 50 mg of sample in 20 mL of
deionized water. Before the measurements, the suspension was subjected to low power
(50 W) ultrasonication for two minutes on an ultrasonic processor UP50H.

The functional composition of the surface of the samples was studied by the method of
the adsorption of acid-base indicators with different pKa values in the range from −4.4 to
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14.2, undergoing a selective adsorption on the surface of active centers with the correspond-
ing pKa values according to the procedure described in [40]. The content of adsorption
centers was determined from the change in the optical density of the aqueous solutions of
indicators using UV absorption spectroscopy (LEKISS2109UV spectrophotometer).

The adsorption properties of the samples with respect to BSA were studied under
static conditions from BSA solutions in SBF with an albumin concentration of 2.4 g/L.
The experiments were carried out at room temperature (25 ± 1 ◦C), which corresponds
to the conditions of the hemosorption procedure. To a weighed portion of the sorbent
(30 mg), 10 mL of a BSA solution in SBF was added, and the mixture was stirred on a
magnetic stirrer for the time necessary to plot the kinetic curves (from 1 to 30 h). After the
experiment was completed, the sample was centrifuged. The protein concentration in the
supernatant were analyzed with a UV–Vis spectrophotometer (SHIMADZU UV-2600/2700)
at 278 nm. Each point of the kinetic curve was taken as the average of three measurements.
The BSA concentration was determined using UV–Vis absorption spectroscopy (Shimadzu
UV-2600/2700, Shimadzu Europa GmbH) by the optical density at a wavelength of 278 nm.

The capacity of the sorbent, mg/g (the amount of adsorbed substance), was deter-
mined by the following Formula (1):

X= (Ci − Cf) Vs/ ms, (1)

where Ci is the initial concentration of albumin solution, g/L; Cf is the final concentration
after sorption, g/L; Vs is the volume of albumin solution, L; and ms is the weight of the
sorbent sample, g.

To process the kinetic data, pseudo-first-order (PFO) and pseudo-second-order (PSO)
adsorption models [41,42] were used. The kinetic expression for PFO, based on the capaci-
tance of a solid, is written in the following form:

qt = qe

(
1 − e−k1t

)
, (2)

where qt and qe are the sorption capacity at time t and in equilibrium (mg/g), and k1 is the
PFO reaction rate constant, min−1

The mathematical expression for the PSO kinetic model is as follows:

qt =
qe

2k2t
1 + qek2t

(3)

where qt and qe are the sorption capacity at time t and in the equilibrium state (mg/g) and
k2 is the PSO rate constant (g/(mg·min)).

The study of the equilibrium adsorption of BSA was carried out at an initial albumin
concentration in the range from 100 to 2400 mg/L. For this, 32 mg of a sorbent sample with
a weighing accuracy of ±0.0002 g was dispersed in 10 mL of BSA solution in SBF with a
given concentration. The experiments were carried out in a static mode in closed glass
bottles with a volume of 20 mL with stirring for the time necessary to achieve adsorption
equilibrium (from 4 to 24 h depending on the structural type of aluminosilicates). The
samples were filtered and the albumin concentration in the filtrate was determined as the
arithmetic mean of three measurements. To establish the patterns of sorption, the equations
of isotherms were calculated according to the most widely used Langmuir, Freundlich, and
Temkin models [43–45]. The parameters of the adsorption equations were calculated by the
method of nonlinear regression using the OriginPro 8 program.

The adsorption capacity of the samples for vitamin B1 was determined under static
conditions at room temperature (25 ± 1 ◦C). Vitamin B1 solution in SBF (100 mg/L, 10 mL) was
added to 30 mg of the sorbent and stirred on a magnetic stirrer for 1 h. After the experiment
was completed, the sample was centrifuged. The vitamin concentration in the supernatant
was analyzed with a UV–Vis spectrophotometer (Shimadzu UV-2600/2700, Shimadzu Europa
GmbH) at 242 nm. Each concentration was taken as the average of three measurements.
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The content of the sodium and potassium cations (in mmol/L) in the SBF solutions after
contact with sorbent samples for 1 h was determined by atomic absorption spectroscopy
(Thermo scientific iCE 3000, USA). To a weighed portion of the sorbent (30 mg), added
20 mL of SBF was and stirred on a magnetic stirrer for 1 h at room temperature. After
the experiment was completed, the sample was centrifuged. The content of the cations
in the initial SBF solutions corresponded to the reference values of the content of sodium
and potassium cations in human blood plasma and amounted to 142 and 3.43 mmol/L,
respectively. The sorption capacity of the samples (C, mg/g) was determined using the
following formula (1).

A hemolytic test was used to determine the ability of the studied samples to damage
the membranes of eukaryotic cells [46]. Human erythrocytes obtained from the periph-
eral blood of healthy donors by standard procedure [46,47] were used to determine the
hemolytic activity. The studies were carried out according to the previously described
method. [23,34]. The final concentration of aluminosilicate preparations in the incubated
samples was 10 mg/mL and 0.3 mg/mL. The result of the study was presented as a per-
centage of hemolysis corresponding to the content of hemoglobin released from destroyed
erythrocytes after the incubation of a suspension of erythrocytes with the studied samples
of aluminosilicate.

3. Results and Discussion

The X-ray diffraction patterns of samples are shown in Figure 1. The comparison of
the diffraction patterns of the samples with the bar charts of the standards allows us to
conclude that the single-phase samples of specified structures, montmorillonite, kaolinite,
halloysite, and Beta zeolite are used as initial samples. The results of the chemical analysis
of the samples (Table 1) confirm that the samples studied are hydrous aluminosilicates with
different Si/Al ratios.

Figure 2 shows the SEM images of the samples. It is observed that the aluminosilicate
samples are characterized by different particle morphologies. Thus, the main morphology
of the samples with the montmorillonite structure are layers self-organized into larger
micron size agglomerates (Figure 2a–c). According to previous studies [33], the average
particle size of montmorillonite is approximately 20 nm. Samples with a kaolinite structure
were obtained with spherical, platy, and sponge morphologies. Particles with a spherical
morphology have an average diameter of approximately 200–300 nm (Figure 2g). Samples
with a nanosponge morphology are formed by aluminosilicate layers with a thickness of
approximately 24–27 nm which are combined into micron-sized agglomerates (Figure 2f).
Platy particles have a thickness of approximately 100 nm and an average lateral size of
approximately 1 μm (Figure 2d). The raw halloysite has a nanotubular particle shape
(Figure 2e). The nanotubes are approximately 700 nm long and 60 nm in diameter. Zeolite
Beta particles have a spherical morphology with an average diameter of 300 nm (Figure 2h).

Figure 3 shows low-temperature nitrogen adsorption curves for the studied alumi-
nosilicate samples. All curves can be attributed to a type IV isotherm according to the
IUPAC classification. This type of isotherm indicates the presence of both micro- and
mesopores [48]. The hysteresis loops are of different shapes, which is associated with the
different types and shapes of pores in the samples. The shape of the hysteresis curves for
kaolinite samples with a spherical and sponge morphology of particles, tubular halloysite,
samples of montmorillonite, and Beta zeolite can be attributed to the H2 type. This shape of
the hysteresis loop points to complicated partly constricted pore network [49]. The shape
of the hysteresis loop of the kaolinite sample with a platy morphology can be attributed to
the H3 type and indicates the presence of the aggregates of platy particles that form slit-like
pores. The samples differ considerably in their specific surface area (SSA), which increases
from 20 to 676 m2/g depending on the particle morphology (see Table 2). In addition, the
samples differ in the average pore diameter. For example, an average pore diameter of
MT-Al0 sample is 4.4 nm, while that of MT-Al0.2 and MT-Al1.0 montmorillonites is 1.8 and
3.8 nm, respectively. The average pore size of the samples with the structure of kaolinite
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and zeolite Beta is 3.7 nm. For the Beta zeolite, this value most likely characterizes the
secondary porosity, since the average size of the channels and cavities of this zeolite does
not exceed 0.8 nm [50].

 
(a)  

 

(c) 

Figure 1. X-ray diffractions patterns of the samples: (a) aluminosilicates with montmorillonite
structure; (b) aluminosilicates with kaolinite structure; and (c) zeolite Beta. Bar chart of the standards:
�—raw montmorillonite (PDF No. 48-74); �—raw kaolinite (PDF No. 79-1593); *—raw halloysite
(PDF No 00–009-0453); •—Beta (PDF No. 12-204).

 
(a)  

Figure 2. Cont.
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(f) 

(g) (h) 

Figure 2. SEM images of the samples: (a)—MT-Al0; (b)—MT-Al0.2; (c)—MT-Al1.0; (d)—Kaol-pl;
(e)—Hal; (f)—Kaol-sponge; (g)—Kaol-sph; and (h)—Beta. Samples are designated in accordance
with the designations presented in Table 1.

Along with the porous textural properties of the sorbents, an important role in the choice
of sorption materials in medicine is played by the chemical nature of their surface, namely
the composition and number of functional groups on the surface. The chemistry of surface
compounds determines the course of donor–acceptor interactions, which significantly affects
the spectrum of absorbed molecules, and consequently, biochemical parameters ([51]).

The distribution of the adsorption sites on the surface of the studied samples as a function
of their pKa values is shown in Figure 4. These results indicate the presence of different types
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of adsorption centers on the surface including a Lewis base (pKa ≤ 0, formed by oxygen
atoms) and acidic (pKa ≥ 14, formed by silicon atoms), Bronsted acidic (0 < pKa < 6), neutral
(pKa~6–8), and basic (8 < pKa < 14) sites corresponding to hydroxyl groups [40].

 
(a) 

 
 

(c) 

Figure 3. N2 adsorption–desorption isotherms of the samples: (a)—aluminosilicates with montmoril-
lonite structure; (b)—aluminosilicates with kaolinite structure; and (c)—zeolite Beta.

Table 2. Properties of the studied samples of aluminosilicates.

Samples SSA a, m2/g ζ (pH 7), mV

Sorption Capacity for
Cations, mg/g

Sorption Capacity
for Vitamin B1,

mg/g

Hemolysis%, at Sample
Concentration

Na+ K+ 10 mg/mL 0.3 mg/mL

MT-Al0 549 −15.1 ± 0.2 0 0 22.4 ± 0.9 5.1 ± 0.9 0.6 ± 0.5
MT-Al0.2 320 −33.3 ± 0.3 3.3 ± 0.9 0.20 ± 0.08 39.9 ± 0.1 58.5 ± 5.9 2.0 ± 1.2
MT-Al1.0 190 −34.1 ± 0.9 4.2 ± 0.5 0.14 ± 003 31.6 ± 0.8 86.9 ± 9.0 14.9 ± 4.6
Kaol-sph 240 −18 ± 0.8 2.7 ± 0.3 0.13 ± 0.02 1.37 ± 0.1 23.1 ± 2.6 3.9 ± 4.6

Kaol-sponge 470 −20 ± 0.6 0 0 23.3 ± 0.2 27.0 ± 7.0 2.3 ± 0.8
Kaol-pl 22 −19 ± 0.9 3.1 ± 0.3 0.12 ± 0.03 0.8 ± 0.2 66.1 ± 1.8 3.8 ± 1.6

Hal 41 −28 ± 0.4 4.3 ± 0.2 0.13 ± 0.03 1.1 ± 0.1 97.5 ± 8.6 25.5 ± 9.5
Beta 676 −32.2 ± 0.6 9.1 ± 0.6 0.19 ± 0.05 29.5 ± 0.7 15.7 ± 1.7 0.9 ± 0.2

Carbon 360 0.6 ± 0.4 0 6.7 ± 0.9 8.7 ± 2.3 0.9 ± 0.2

Designations: SSA—specific surface area (m2/g); ζ (pH 7)—zeta potential of the surface as pH 7, mV, a—relative
error in the specific surface area (SSA) value is 1%.
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Figure 4. Distribution of the adsorption centers as a function of their pKa values on the surface of
aluminosilicate samples and activated carbon: ♦—MT-Al0; �—MT-Al0.2; �—MT-Al1.0; •—Kaol-
sph; �—Kaol-sponge; �—Kaol-pl; �—Hal; ×—Beta; —activated carbon. LBS—Lewis basic sites;
BAS—Brønsted acidic sites; LAS—Lewis acidic sites.

An analysis of the surface of the studied samples by the method of adsorption of acid-
base indicators allows us to draw conclusions about the distribution of active centers on the
surface, as well as about the change in the strength and ratio between these centers with a
change in the chemical composition of aluminosilicates and their morphology. Samples
of all compositions contain weakly acidic Brønsted acid sites (BASs) with pKa 5 and BAS
with increased acidity with pKa 2.5. At the same time, the maximum amount of BAS with
pKa 5 is typical for a sample of MT-Al0 and kaolinite with a spherical particle morphology.
Their smallest amount is observed for a kaolinite sample with nanosponge morphology. All
samples are characterized by the presence of Lewis basic sites (LBSs) with pKa-4.4. At the
same time, the number of such sites is at its maximum for the zeolite sample, and somewhat
less for the kaolinite samples with a platy morphology. In other samples, the content of
LBSs with pKa 4.4 is quite low. The kaolinite sample with platy particle morphology is also
characterized by a significant content of LAS with pKa 14.2. The activated carbon sample
is characterized by a high content of active sites with pKa 6.4, corresponding to Brønsted
neutral centers, and a rather low number of active sites with pKa 5. Most aluminosilicate
samples, on the contrary, are characterized by a high number of active centers with pKa
5 and a small number, or even the complete absence, of active sites with pKa 6.4. An
exception is a sample of kaolinite with a spherical morphology of particles and MT-Al0,
which have a large number of active centers with pKa 5 and with pKa 6.4. The MT-Al0
sample is also characterized by a large number of active centers with pKa 8.8. The rest of
the samples have practically no active centers in this region.

Comparison of the obtained data with the results of the chemical analysis of the sam-
ples and the study of the morphology of their particles allows us to conclude that both
the chemical composition and morphology affect the distribution of active centers on the
surface of silicate sorbents. Thus, the MT-Al0 sample studied in this work, which does
not contain aluminum in its composition, but contains magnesium oxide, is characterized
by the largest number of BAS among all samples with pKa 8.8 and 2.5. Samples of alu-
minosilicates of the same chemical composition, but with different particle morphologies,
such as kaolinite with spherical, platy, and sponge morphologies, as well as nanotubular
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halloysite, have a different functional composition of active centers on their surface, which
may be due to the different availability of these centers, as determined by their morphology.
Thus, the largest amount of BAS with pKa 5 in this series of samples is characteristic of
a sample with a spherical particle shape. The sample with a platy morphology has the
highest amount of LAS with pKa 14.2. The sample with nanotubular morphology as a
whole has the smallest number of active centers, however, the amount of LAS with pKa
14.2 in this sample is significant. A comparison of the functional composition of the surface
of the studied samples with activated carbon shows that silicates have more active centers
both in terms of their number and in terms of their diversity.

The results of the study of the zeta potential of the surface of the samples are presented
in Table 2. All the studied samples have a negative surface zeta potential at pH 7, which is
typical for aluminosilicates, and ranges from −25 ± 8 mV. Somewhat more negative values
are typical for the samples of montmorillonite and zeolite (approximately −30 mV) than
for samples of kaolinite—from −18 to −28 mV—depending on the particle morphology.
The least negative surface charge among all the samples is characteristic of the MT-Al0
sample (−15 mV), which is associated with the absence of isomorphic substitutions in the
octahedral magnesium–oxygen layers. The magnitude of the surface charge can make
a significant contribution to the nature of the adsorption of charged molecules. Thus,
aluminosilicates, having a negative surface charge, usually sorb positively charged ions
from aqueous solutions very well (e.g., methylene blue, vitamin B1) [23,52], and sorb
negatively charged ions (e.g., azorubine, 5-fluoracil) [23,53] to a much lesser extent. It is
known that the albumin molecule has a net negative charge at a physiological pH [54],
which can lead to difficulties in the adsorption of albumin by porous aluminosilicates.

Figure 5 shows the kinetic curves of albumin adsorption by the studied samples of
aluminosilicates. The data obtained allow us to conclude that the time to achieve sorption
equilibrium, depending on the sorbent, varies in the range from 4 to 24 h. The shortest time
to achieve sorption equilibrium (1 and 2 h) is characteristic for activated carbon and Beta
zeolite, respectively. It can be seen that the samples of montmorillonite have the highest
sorption capacity with respect to albumin, both with isomorphic substitutions (MT-Al1.0
and MT-Al0.2) and without them (Sap), however, the time to reach adsorption equilibrium
for them is the longest and reaches 20–24 h. Upon contact with albumin for 24 h, the
sorption capacity of the montmorillonite samples reaches 220–250 mg/g. Montmorillonite
MT-Al1.0 has the highest sorption capacity. For 24 h of contact, the sorption capacity
of MT-Al1.0 reaches 256 mg/g, which is more than 12 times higher than the sorption
capacity of activated carbon. The sorption capacity of montmorillonites samples of other
compositions is somewhat lower, but they also have rather high values. The obtained
values of the sorption capacity of synthetic montmorillonite samples correlate with the
previously obtained results of the study of the sorption capacity of raw clays [2,5] and
even slightly exceed them, which is due to the absence of impurity phases in the samples
under study.

For samples of the kaolinite subgroup with different particle morphologies, the sorp-
tion capacity for albumin is significantly lower than that for montmorillonite, and is at
the level of 60–80 mg/g for samples with platy, spherical, and tubular morphologies. For
samples of kaolinite with a spherical particle morphology, the sorption capacity for albumin
is even lower and is at the level of 25–40 mg/g. The sorption capacity of Beta zeolite is
53 mg/g. The sorption capacity for the albumin of all studied aluminosilicate samples
exceeds the sorption capacity of activated carbon.

Such adsorption by aluminosilicate samples is associated with the features of their
structure and surface properties. No direct relationship between the specific surface area of
the samples and their sorption capacity for albumin was found. Thus, the highest values of
the specific surface area are typical for MT-Al0 samples (549 m2/g), kaolinite nanosponges
(470 m2/g), and Beta zeolite (676 m2/g). However, the sorption capacity of these samples is
not the highest. Montmorillonite samples are characterized by the highest sorption capacity
for albumin, despite the highest values of the negative zeta potential of the surface. The
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high sorption capacity of montmorillonite compared to other samples is most likely due
to its ability to increase the interlayer distance over a wide range (from 1 Å to complete
exfoliation into individual layers) in the process of the adsorption of organic and inorganic
molecules and their intercalation in the interlayer space [55,56]. As a result, albumin is
located both on the outer (сhips, edges, and outer surface of layers) and inner surfaces
(interlayer space) of montmorillonite particles. The structures of other aluminosilicate
samples do not have this feature, and albumin adsorption mainly occurs on the outer
surface of the particles. On the other hand, the ability to intercalate and increase the
interlayer distance leads to an increase in the adsorption equilibrium time for samples with
the montmorillonite structure.

Figure 5. Kinetic curve of albumin by the aluminosilicate samples and activated carbon. Samples are
designated in accordance with the designations presented in Table 1.

Based on the results of the graphical processing of the experimental data (Table 3),
it was found that the sorption kinetics of all samples, except for MT-Al0.2 and MT-Al1.0
samples, is well described by a pseudo-second-order (PSO) equation: the theoretically
calculated values of the sorption capacity qcalc are close to those found experimentally,
and the high approximation coefficient is 0.92–0.98. The PSO kinetic model is usually
associated with the situation where the rate of the direct adsorption/desorption process
is rate limiting. Within the framework of kinetic models, the rate constants of the process
were calculated (Table 3). The PSO rate constants are the highest for the activated carbon
and Beta zeolite samples, which is consistent with the short equilibration time in the system
(1 and 2 h, respectively). The most adequate model for the MT-Al0.2 and MT-Al1.0 samples,
taking into account the qcalc values, is PFO.

Table 3. Parameters of the kinetic models of sorption of albumin on aluminosilicates with different
morphologies.

Samples
Morphology

qexp, mg/g
PFO Model PSO Model

qcalc k1 R2 qcalc k2 R2

MT-Al0 229 ± 19 207 ± 11 0.32 ± 0.07 0.93 229 ± 10 (3 ± 1)·10−3 0.97
MT-Al0.2 229 ± 15 222 ± 18 0.14 ± 0.03 0.92 278 ± 32 (5 ± 2)·10−4 0.93
MT-Al1.0 256 ± 24 250 ± 18 0.17 ± 0.03 0.92 301 ± 30 (7 ± 3)·10−4 0.93
Kaol-sph 42 ± 4 41 ± 2 0.13 ± 0.02 0.96 52 ± 4 (2 ± 1)·10−3 0.98

Kaol-sponge 92 ± 2 86 ± 6 0.18 ± 0.04 0.89 101 ± 9 (2 ± 1)·10−3 0.93
Kaol-pl 72 ± 3 64 ± 4 0.22 ± 0.04 0.92 74 ± 5 (3.5 ± 1)·10−3 0.95

Hal 82 ± 4 72 ± 6 0.23 ± 0.06 0.87 83 ± 7 (3.4 ± 1)·10−3 0.92
Beta 59 ± 7 51 ± 3 2.9 ± 1.1 0.90 55 ± 3 (5 ± 0.2)·10−2 0.95

Carbon 22 ± 5 20 ± 1 2.5 ± 0.8 0.98 21 ± 1 0.34 ± 0.18 0.99
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Figure 6 shows albumin adsorption isotherms by synthetic aluminosilicates, as well as
by activated carbon. The symbols represent the experimental data, and the lines represent
the model that best fits the data. Taking into account the high values of the correlation
coefficients (R2) and the close values of the experimental and calculated sorption capac-
ity (Table 4), among the three nonlinear models, the Langmuir isotherm best describes
adsorption on all samples, except for Hal and Kaol-pl. This model describes a homoge-
neous monomolecular adsorption process and assumes that the surface of a solid body
contains a finite number of active centers with equal energy. For the Hal and Kaol-pl
samples, the Freundlich equation is the most appropriate. According to the Freundlich
model, the surface of the studied sorbents contains active centers with different affinity
energies for adsorbate molecules. The value of 1/n can be considered as an indicator of
the inhomogeneity of sorption centers: as the inhomogeneity increases, 1/n→0, and as the
homogeneity of centers increases, 1/n→1. At the same time, the data obtained make it
possible to characterize aluminosilicates as materials with a high concentration of sorption
centers with different degrees of activity, which is consistent with the results of studying
the distribution of active centers on the sample surface (Figure 4). The constant KF has a
linear dependence on the adsorption capacity of the adsorbent, i.e., the larger this constant,
the greater the adsorption capacity.

Table 2 presents the results of determining the sorption capacity of samples in relation
to potassium and sodium cations, as well as vitamin B1 in the SBF medium. The results of
the study of the hemolytic activity of the samples are also given there.

Based on the obtained results, it can be concluded that all studied samples absorb
sodium and potassium cations from SBF in small amounts, potentially not leading to
serious pathological changes. At the same time, two samples—MT-Al0 and kaolinite with
nanosponge morphology—do not have a sorption capacity for these cations. The sorption
capacity of aluminosilicates with respect to vitamin B1 is relatively high and is the highest
for samples with a montmorillonite structure—MT-Al0.2, MT-Al1.0, Sap, and for Beta
zeolite. The samples of the kaolinite subgroup with spherical, platy, and tubular particle
morphologies are characterized by the lowest sorption capacity. The results of the vitamin
B1 adsorption study generally correlate with the results of the BSA adsorption study and
can be explained by the structural features of the studied samples.

Figure 6. Langmuir and Freundlich adsorption isotherm plots. Langmuir isotherm: MT-Al0; MT-
Al1.0; MT-Al0.2; Beta; Kaol-sph; Kaol-sponge; carbon samples. Freundlich isotherm: Hal and Kaol-pl.
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Table 4. Equation constants of albumin sorption isotherms.

Sample Mor-
phologies

qexp
Langmuir Equation Freundlich Equation Temkin Equation

qm KL R2 n KF R2 BT AT R2

MT-Al0 334 ± 20 404 ± 34 (5 ± 1)·10−3 0.97 2.9 ± 0.7 30.5 ± 2.9 0.90 89.2 ± 7.5 (1 ± 0.1)·10−2 0.96
MT-Al0.2 255 ± 12 272 ± 5 (8 ± 1)·10−3 0.99 364 ± 0.4 36.0 ± 8.0 0.96 50.0 ± 2.0 (11 ± 2)·10−2 0.94
MT-Al1.0 190 ± 14 180 ± 11 (25 ± 9)·10−3 0.94 7.3 ± 2.5 67.0 ± 6.5 0.93 20.5 ± 6.3 4.6 ± 1.1 0.92
Kaol-sph 24 ± 1 23 ± 1 0.8 ± 0.3 0.99 49.2 ± 5.0 20.4 ± 1.4 0.97 1.0 ± 0.4 3.1 ± 0.2 0.97

Kaol-sponge 48 ± 1 46 ± 2 (8 ± 3)·10−3 0.98 5.2 ± 0.8 12.6 ± 2.3 0.97 6.8 ± 0.6 1.0 ± 0.5 0.96
Kaol-pl 24 ± 1 20 ± 2 (13 ± 1)·10−2 0.87 7.2 ± 2.0 8.1 ± 2.0 0.95 9.7 ± 1.6 2.2 ± 0.9 0.95

Hal 48 ± 3 43 ± 3 (8 ± 4)·10−2 0.91 6.2 ± 1.0 15.3 ± 2.6 0.98 5.4 ± 0.8 5.1 ± 0.3 0.97
Beta 50 ± 6 55 ± 2 (13 ± 2)·10−2 0.99 4.4 ± 1.2 18.0 ± 4.6 0.90 9.7 ± 1.6 2.2 ± 1.5 0.95

Carbon 63 ± 8 66 ± 2 (31 ± 7)·10−3 0.99 4.2 ± 0.8 14.3 ± 3.5 0.98 10.9 ± 1.2 0.6 ± 0.4 0.94

qm—maximum sorption capacity (mg/g); qexp—experimental value of sorption capacity (mg/g); Langmuir constant
related to adsorption free energy (L/mg); BT—constant related to the heat of adsorption (L/g); KF—Freundlich
constant related to adsorbent capacity (L/g); AT—dimensionless Temkin isotherm constant.

Blood plasma is an aqueous solution of electrolyte, nutrients, metabolites, proteins,
vitamins, trace elements, and signaling substances. The most important characteristic of a
selective hemosorbent is the presence of sorption capacity in relation to pathogens, and its
absence in relation to other blood components, particularly vitamins and microelements. In
this case, the optimal hemosorbent should also not have the ability to destroy blood cells,
that is, it should not have hemolytic activity. The results of the study of hemolytic activity,
presented in Table 2, indicate that the greatest increase in hemolytic activity (toxicity) at a
sample concentration of 10 mg/mL occurs in the series Sap<Carbon<Beta<Kaol-sph<Kaol-
sponge<MT-Al0.2<Kaol-pl<MT-Al1.0<Hal. The presence and difference of the hemolytic
activity in samples may be associated with differences in their chemical composition,
surface properties, and particle shape. Thus, the dependence of the hemolytic activity
and cytotoxicity of aluminosilicates of the kaolinite subgroup on the morphology of their
particles was shown earlier [57]. It was found that among single-phase samples with the
same chemical composition Al2Si2O5(OH)2, samples with a tubular morphology have the
highest toxicity, and samples with spherical particles have the lowest toxicity. In addition
to this effect, the effect of the influence of the chemical composition on the hemolytic
activity was found in the present work. Among the samples with the montmorillonite
structure, samples with the highest aluminum content have the highest hemolytic activity.
The sample of magnesium silicate montmorillonite (Mg3Si4O10(OH)2·nH2O) has the lowest
hemolytic activity among all the studied samples, including activated carbon.

It should be noted that samples are considered non-toxic if their hemolytic activity
does not exceed 5% [58]. With a decrease in the concentration of the studied samples to
0.3 mg/mL, the hemolytic activity of all samples decreases, and for most samples, reaches
values not exceeding 5% (with the exception of samples MT-Al1.0 and Hal).

4. Conclusions

This work studied the possibility of using porous aluminosilicates with different
structures and particle morphologies as hemosorbents. The sorption capacity of the samples
in relation to the model medium molecular weight toxicants (BSA), vitamin B1, and alkaline
cations in a simulated body fluid, as well as their hemolytic activity, were studied. It was
established that the sorption capacity of aluminosilicate samples is largely determined
by their structural features, porous textural characteristics and surface properties (charge
and distribution of active centers on the surface). Thus, samples with a montmorillonite
structure, which have the ability to increase the interlayer space over a wide range, have
the highest sorption capacity with respect to BSA. However, the time to reach sorption
equilibrium for such samples is quite long and amounts to approximately 24 h, which
is also related to the peculiarities of their structure. The sorption capacity of zeolite
samples is several times lower than montmorillonite, however, the sorption equilibrium is
reached in 1 h. The Langmuir isotherm best describes adsorption on all samples, except for
samples with nanotubular and platy particle morphology. For these samples, the Freundlich
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equation is the most appropriate. The hemolytic ability of the samples is largely determined
by the morphology of the particles and the chemical composition of the samples. Thus,
aluminosilicates with tubular particles and samples with the highest aluminum content
have the highest hemolytic activity.

The studies of adsorption features and properties of porous aluminosilicates have
shown that aluminosilicate sorbents can be considered potential hemosorbents. They have
a high sorption capacity for medium molecular weight pathogens (up to 12 times that of
activated charcoal for some samples) and low toxicity to blood cells. Directed hydrothermal
synthesis makes it possible to obtain aluminosilicates with a given chemical and phase
composition, certain surface properties, and porous textural characteristics. It is shown
that the chemical composition, surface charge, particle morphology, and structural features
determine the adsorption capacity and biological activity of the samples.

Based on the performed study, it can be concluded that the optimal option for the
further development of new selective and non-toxic hemosorbents is synthetic magnesium
silicate montmorillonite (Mg3Si4O10(OH)2·nH2O), since it has a significant sorption capacity
with respect to BSA, modeling pathogens with an average molecular weight, lack of
sorption capacity for potassium and sodium cations from the blood plasma medium, and
low hemolytic activity.
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Abstract: The steam reforming of ethanol, methanol, and other oxygenates (e.g., bio-oil and olive
mill wastewater) using Ni-based catalysts have been studied by the scientific community in the last
few years. This process is already well studied over the last years, being the critical point, at this
moment, the choice of a suitable catalyst. The utilization of these oxygenates for the production of
“green” H2 is an interesting alternative to fuel fossils. For this application, Ni-based catalysts have
been extensively studied since they are highly active and cheaper than noble metal-based materials.
In this review, a comparison of several Ni-based catalysts reported in the literature for the different
above-mentioned reactions is carried out. This study aims to understand if such catalysts demonstrate
enough catalytic activity/stability for application in steam reforming of the oxygenated compounds
and which preparation methods are most adequate to obtain these materials. In summary, it aims to
provide insights into the performances reached and point out the best way to get better and improved
catalysts for such applications (which depends on the feedstock used).

Keywords: ethanol; methanol; oxygenates; steam reforming; Ni-based catalysts

1. Introduction

The extensive use of fossil fuels over the last few decades has been contributing
significantly to the build-up of greenhouse gases in the atmosphere, which on its hand
contributed considerably to global warming. Alternative renewable fuels have been studied,
among which hydrogen is seen as a potential candidate to replace fossil fuels as an energy
carrier [1–4]. Among other advantages, the following are worth mentioning: hydrogen
possesses a gravimetric energy density of 143 MJ·kg−1, more than three times higher than
that of gasoline and diesel [4]; it can be produced through several processes, many of
which include renewable feedstock [5]; hydrogen can be used either in internal combustion
engines or in fuel cells [6–8]; the risk associated to hydrogen handling is equal or lower
than that of other fuels [4].

Over the last years, hydrogen has been industrially produced mostly through steam
reforming of natural gas, naphtha, heavy oils, and to a lesser extent through coal gasification.
Only a very small fraction of all of the hydrogen that has been produced worldwide comes
from water and other renewable sources [9–12]. Furthermore, if the electricity used in water
electrolysis is generated from fossil fuels, the hydrogen produced through this method
cannot be considered renewable either.

ChemEngineering 2022, 6, 39. https://doi.org/10.3390/chemengineering6030039 https://www.mdpi.com/journal/chemengineering
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The steam reforming of oxygenated compounds derived from biomass, namely
methanol [13–16], ethanol [17–20], and bio-oil [2,21–23], among others, has been largely
studied over the last 20 years as an alternative for the well-established fossil-based pro-
cesses, such as natural gas steam reforming. Furthermore, their contribution to the build-up
of greenhouse gases in the atmosphere is significantly lower than that of fossil fuels
(e.g., most of the emitted CO2 belongs to the natural CO2 cycle) [24]. If these advantages are
combined with sustainable biomass exploitation policies that aim to avoid competition be-
tween the use of land for the production of bio-fuels, food, animal feed, fiber and ecosystem
services [25], big-scale hydrogen production through steam reforming of biomass-derived
oxygenates might be a likely scenario in the near future.

The successful development of the steam reforming process applied to these biomasses
derived oxygenates is highly dependent on the choice of a suitable catalyst, since the steam
reforming process is already well studied. In terms of catalytic performance, a suitable cat-
alyst for hydrogen production through steam reforming should ideally meet the following
criteria: be highly active to produce high amounts of hydrogen; be highly selective towards
hydrogen so that the production of secondary products is minimized; be capable of main-
taining long term activity without suffering from deactivation [26,27]. Furthermore, an easy
protocol to activate the catalyst is desired (e.g., activation with the hydrogen-containing
feedstock at the reaction temperature, thus avoiding more complex protocols) [27]. A catalyst
must be cheap as its cost can contribute significantly to the overall process expenditure [28].
Finally, and in agreement with the current sensitive environmental situation, catalysts must
be as environment-friendly as possible.

Different metallic active phases such as based on Ni, Cu, Co, Pt, Pd, Ru, Rh, and/or
Ir, among others, have been investigated for the steam reforming of biomass-derived
oxygenates for hydrogen production. However, Ni-based catalysts have been extensively
studied over the last decades not only due to the fact that they have the potential to be highly
active and stable, but also because they are cheaper than, for instance, noble metal-based
catalysts. Ni-based catalysts, although widely used in steam reforming processes, are less
active than noble metal-based materials and more prone to deactivation; effectively, noble
metal-based catalysts perform well—they are stable and exhibit high catalytic activity [29].
However, they are very expensive and need high temperatures to be reduced. In this
way, Ni-based materials are more suitable for industrial-scale applications. Moreover,
nickel-based catalysts are inexpensive, but under some reaction conditions they suffer
from sintering and deactivation by carbon production [30,31]. Nevertheless, the reaction
mechanism over Ni-based catalysts follows the same steps as over noble metal-based
catalysts for most steam reforming processes [30].

Still, a careful choice of the Ni loading, support, promoter(s) and synthesis method is of
uttermost importance, as these factors have a crucial impact on both catalytic performance
and price [32].

Since the steam reforming of biomass-derived oxygenates, such as methanol, ethanol
and other oxygenates (e.g., bio-oil and glycerol), is still under intensive study, and consider-
ing the above reasons that highlight the potential of Ni-based catalysts, a literature review
encompassing a wide range of these materials for the different reactions is hereby carried
out. Ultimately, this work aims to understand if Ni-based catalysts currently show enough
potential for application in steam reforming of oxygenated compounds and which formula-
tions might be more promising for each application. For the first time, and up to the best
knowledge of the authors, this review discusses the results obtained with the best Ni-based
catalysts developed so far for the steam reforming of different oxygenated compounds,
portraying in detail the effect of the preparation method and the deactivation suffered by
these materials in long-term tests. Besides that, this work directs future research works
about the most critical properties in preparing catalysts with high catalytic performances
for the steam reforming of methanol, ethanol and other oxygenates.

193



ChemEngineering 2022, 6, 39

2. Methanol Steam Reforming

2.1. Introduction

Methanol is the simplest of all alcohols and can be produced from several types of
biomass such as agricultural waste, forestry waste, livestock and poultry waste, fishery
waste, sewage sludge [13,21], among others, through pyrolysis, gasification, biosynthesis,
electrolysis and photo electrochemical processes [13]—the main route of methanol for-
mation is the through syngas. Even though some of these processes, such as pyrolysis
and gasification, allow a significant hydrogen production directly from biomass [33],
the production of methanol, later to be converted into hydrogen, is preferred for the
following reasons: it is liquid under room conditions and, for that reason, more suitable
for use in fuel cells; it is easier to transport; the required infrastructures are already
available; and the production and use of methanol (and other biofuels) are considerably
more technologically ready [15].

The methanol steam reforming (MSR) is described by the overall reaction shown
in Equation (1):

CH3OH + H2O � CO2 + 3H2

(
ΔH298 K

r = 49.7 kJ·mol−1
)

(1)

The MSR can be divided into two major reactions: methanol decomposition (Equation (2))
followed by the water-gas shift reaction (WGS) (Equation (3)).

CH3OH � CO + 2H2

(
ΔH298 K

r = 90.2 kJ·mol−1
)

(2)

CO + H2O � H2 + CO2

(
ΔH298 K

r = −41.2 kJ·mol−1
)

(3)

This process is globally slightly endothermic and, for that reason, it can be carried
out at relatively low temperatures (ca. 200–300 ◦C) [26] when compared to the steam
reforming of methane, for example, which is normally carried out at 700–900 ◦C [29].
Some of the by-products of this process are CO2 and CO. The production of CO, in
particular, should be avoided, especially if the produced hydrogen is to be used in
polymer electrolyte fuel cell applications, where the concentration of CO must be lower
than 20 ppm to avoid poisoning of the anode catalyst (low temperature fuel cells) [14].
In fact, for low temperature fuel cells in road vehicles applications, the International
Organization for Standardization (ISO 14687) recommends a maximum CO concentration
of 0.2 ppm in the hydrogen feed stream [34].

Another frequent by-product in MSR is CH4, whose formation can happen through
hydrogenation of either CO and/or CO2 (Equations (4) and (5), respectively). Besides that,
the highly undesired formation of coke deposits on the catalyst surface may also occur (for
instance, the Boudouard reaction—Equation (6)).

CO + 3H2 � CH4 + H2O
(

ΔH298 K
r = −206 kJ·mol−1

)
(4)

CO2 + 4H2 � CH4 + 2H2O
(

ΔH298 K
r = −165 kJ·mol−1

)
(5)

2CO � CO2 + C
(

ΔH298 K
r = −172 kJ·mol−1

)
(6)

Even though for fuel cell applications the minimization of CO formation is of extreme
importance, its conversion into CH4 is not desired either as it consumes H2 (3 mol per mol
of CO), the target product. Therefore, choosing an appropriate catalyst that maximizes H2
production (not only due to higher methanol conversions but also due to lower CO and
CH4 production) could solve, at least partially, this problem.
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2.2. Nickel-Based Catalysts

Over the years, several materials were studied as catalysts in the MSR reaction. Among
them, Cu-based materials are the ones that have been more targeted for this reaction
due to the copper’s high surface area, high dispersion and small particle size, among
other factors [26]. Furthermore, copper is relatively cheap. On the other hand, copper
catalysts can be easily deactivated [35]. Group 8–10 metal-based catalysts have also been of
significant interest and, even though they were, in general, less active towards MSR than
Cu-based—group 11, they have shown better long-term and thermal stability [26]. Among
those, Ni-based catalysts, which is one of the cheapest metals of such groups, have been
a target of huge interest over the last decades for the steam reforming of oxygenates.

2.2.1. Catalytic Activity and H2 Selectivity

Monometallic nickel catalysts supported on different materials have been extensively
explored. Deshmane et al. [36] tested TiO2 supported Ni, Co, Cu, Zn, Pd and Sn catalysts
for the MSR process. The Ni-based catalyst was the second most active after the Pd-based
catalyst in terms of methanol conversion and H2 selectivity, having converted approxi-
mately 86% of methanol with an H2 selectivity of around 97% (at 350 ◦C). However, it
presented the highest CO selectivity, which would be a problem if the product H2 stream
was to be used in polymer electrolyte fuel cell applications. The authors concluded that the
specific metal-support interactions, which controlled both reducibility and metal particles
dispersion on the TiO2 support, had a very significant impact on these results. The low
activity of the Ni catalyst in the WGS reaction was the main responsible for the high CO
selectivities. In a similar work [37], nickel supported on high surface area mesoporous
MCM-41 has also been tested for MSR and an H2 selectivity of 99.9% was achieved at
350 ◦C (45.1% of methanol conversion) [37]. However, compared to other metals (Cu,
Pd, Sn, Zn and Co), Ni was observed to be one of the less active in terms of methanol
conversion, contrary to what was observed for TiO2 support. The authors suggest that
the significantly lower reducibility of 10 wt.% Ni/MCM-41 due to silicates and silicides
formation could be the reason for its lower activity. It could also be associated with the
lower dispersion observed.

In another work [38], it was observed for a Ni/CeO2 catalyst that the strong metal-
support interactions play a crucial role in the high selectivity towards CO2 production
in the detriment of CO or surface carbon. Specifically, the enhanced water dissociation
over reduced CeO2 and subsequent oxygen transfer from ceria to nickel enhances the
surface oxidation ability of the last. Moreover, the methanol conversion was benefitted
over this catalyst and full conversion attained at 400 ◦C. Other monometallic Ni catalysts
supported on other simple oxides have also been studied. For example, 12 wt.% Ni/SiO2
converted 53% of methanol and showed H2 selectivity as high as 74% at 200 ◦C only [39],
while in another work 10 wt.% Ni/Al2O3 exhibited a conversion of only 24% at 400 ◦C
and a H2 yield of only about 15% [40]. In this last work, a comparison between the Al2O3
supported catalyst and Ni catalysts supported on MgO prepared through different methods
showed that not only did the Al2O3 supported catalyst show higher methanol conversion
and H2 yield (400 ◦C), but it also showed lower CO selectivity (600 ◦C). The reason why the
MgO-based catalysts showed higher CO selectivity could be due to their higher CO2 capture
ability, which would afterward result in the acceleration of the reverse Boudouard reaction
(Equation (6)) and consequent reduction of deposited carbon [40]. This mitigated carbon
deposition would certainly be advantageous from a long-term stability standpoint, but the
higher CO production would be a problem for polymer electrolyte fuel cell applications.
Bobadilla et al. [41] tested Ni nanoparticles supported on a CeO2 and MgO modified Al2O3
support, having reached a methanol conversion of approximately 66% and H2 yield of
around 70% at 350 ◦C. The reason why the authors chose this modified support was due to
the fact that MgO addition favors the gasification of carbon deposits and CeO2 modification
improves the metal dispersion, which results in a more active and stable catalyst [42].
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From this preliminary assessment, one might guess that Ni-Cu-based catalysts are
probably a good option for MSR that could assure both high activity and stability. Several
catalysts combining both nickel and copper active phases have been reported over the
years [43–49]. By studying Cu-Ni bimetallic catalysts with different Cu/Ni ratios (and also
the corresponding monometallic catalysts), Khzouz et al. [43] observed that while Ni was
related to the enhancement of the methanol decomposition reaction, Cu promoted the WGS
reaction, especially above 250 ◦C. Furthermore, the bimetallic Ni-Cu catalysts did not yield
any CH4, thus suggesting that Cu alloying in Ni had an inhibiting effect on methanation
reactions (Equations (4) and (5)). However, the formation of CH4 during MSR is not always
inhibited over Cu-Ni-based catalysts, as has been reported in several works [46,50–52].
Besides the operating conditions (e.g., reaction temperature or water/methanol feed molar
ratio), factors related to the catalysts are also responsible for such different behaviors,
namely the support, metal loading and the preparation method adopted.

Lytkina et al. [53] studied bimetallic Ni-Cu-based catalysts supported on ZrO2 an-
nealed at different temperatures (350 ◦C or 400 ◦C), having observed that the higher
annealing temperature led to higher crystallization of the support and, consequently, to
the deterioration of its adsorption properties. While methanol molecules adsorb on the
metal active sites, water molecules adsorb preferentially on the active sites located in the
support [54,55]. This was probably one of the causes of the lower H2 production for the
catalysts whose support was annealed at 400 ◦C. Simultaneous agglomeration of catalyst
particles with resulting decreased active surface area was also probably another cause of
such decrease in catalytic activity towards H2 production.

As already mentioned, the loading of the different species is also of crucial importance
for catalytic activity. For bimetallic Cu-Ni catalysts, it has been observed that varying
the Cu/Ni ratio (0.25–4), while maintaining the total active metal loading, affected the
catalytic activity considerably [43,53]. For both studies, while increasing the amount of
Ni enhanced methanol conversion, lower Ni contents yielded higher H2 yields and lower
CO production, due to the WGS reaction. It has been suggested that this happens due to
a change in the mechanism of adsorption of methanol molecules on the catalyst surface
(see Figure 1) [53]. More specifically, for catalysts with higher copper content, there is
a higher tendency for single-site (η1 in Figure 1) methanol adsorption, while two-sites (η2

according to Figure 1) adsorption through oxygen and carbon atoms is more likely to occur
over group 8–10 metals. While in the first case alcohol and water adsorption on adjacent
sites with consequently higher yields of H2 and CO2 are more likely, in the second case CO
production should be more benefited than carbon dioxide [53,56]. The authors suggest that,
alternatively, higher Cu content (lower Ni content) might contribute to deeper oxidation of
the carbon atoms of the alcohols (i.e., to CO2) due to a lower Fermi level [53].

Figure 1. Mechanism of adsorption of methanol molecule over different catalyst surfaces. Reprinted
with permission from Ref. [53]. Copyright 2022 Elsevier.
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The effect of the total Ni/Cu loading (Ni/Cu of 0.25) on ZrO2 support has also been
analyzed [48]. The increase of the bimetallic loading up to 30 wt.% enhanced the conversion
of methanol, having this behavior been correlated to the higher frequency of Ni/Cu core-
shell structures observed through transmission electron microscopy (TEM) in the sample
with the highest metal content. On the other hand, the sample with a 15 wt.% bimetal load-
ing showed the highest H2 yield. While only Cucore-Nishell nanoparticles were identified
in the 15 wt.% sample, Cucore-(NiCu-alloy)shell nanoparticles were also observed in the
30 wt.% sample. The authors suggested that the nanoparticles with only Ni in the shell
presented better H2 production performance than the nanoparticles whose shell consisted
of a Ni-Cu alloy.

Ni-Cu bimetallic catalysts supported on metal oxide-stabilized zirconia (ZrO2) sup-
ports doped with Y, La or Ce were analyzed in another work [57]. The results showed that
not only the nature but also the composition of the support influence MSR considerably,
which supports the above-mentioned bifunctional mechanism. In fact, while doping the
ZrO2 support with La resulted in higher catalytic activity, doping with Y allowed a higher
selectivity towards H2. This suggests that the doped support influences the process selec-
tivity as well. The modification of the ZrO2 support with Ce led ultimately to a twofold
increment in the activity of Cu-Ni-based catalysts comparatively to the ones modified with
Y. It was found that 10 wt.% of Ce was the optimum content that allowed to reach the best
catalytic performance, increasing the Ce content beyond that point having been shown
as detrimental. The authors suggest that this behavior could be either due to the need of
the simultaneous presence of Ce anions (Ce3+ and Ce4+), being that the presence of Ce3+

on the surface of the particles decreases with increasing Ce content, and Zr, or due to the
interaction of defects.

In the work of Huang et al. [58], it has been shown that Ni-Cu/Al2O4 materials
presented high conversion (>99%), high H2 yield, and high stability in long-term tests,
when used as catalysts in the MSR reaction at low temperatures, in the range of 200–300 ◦C.
In addition, this catalyst exhibits high methanol conversion (very close to 100%), high H2
yield (always close to 90%) and low CO2 concentration (around 10%) during the long-term
experiment performed in this study. Moreover, it was possible to detect the presence of CO
in the reactor outlet (around 5%) during 30 h. These results show that the Ni-Cu bimetallic
catalysts present suitable properties to be applied in the MSR process and the promotion of
these samples with Ce increases the catalytic performance.

Moreover, it was observed [59] that the simultaneous existence of Pt and Ni elements
on the surface of CeO2 support improved the methanol conversion and H2 production in
comparison with the monometallic samples.

Besides Cu and Pt, other metals such as Sn and La [60,61] have been combined
with Ni (using Al2O3 as support) in other studies, also aiming to optimize the catalytic
performance of the MSR process. While La was observed to enhance the catalytic activity
towards H2 production [61], the presence of Sn was reported to favor mainly the stability
of the catalyst [60]. This stabilizing effect of tin is further discussed in the next section
(Section 2.2.2). Besides assessing the effect of Sn addition, the authors also evaluated the
addition of MgO to the Al2O3 support, having concluded that the sample whose support
incorporated the highest MgO loading (30 wt.%) presented the highest H2 production. This
enhancement was attributed to the decrease of the support acidity and improvement of
Ni dispersion. As for the promoting effect of La, it was observed the interaction between
La species and NiO and/or Al2O3 (support) to form La-Ni oxide and/or La-Ni-Al mixed
oxide, which led to the separation of external NiO particles from the Ni-Al interface. The
authors hypothesized that this facilitated the formation of smaller separated NiO particles
more highly dispersed (Figure 2), which were ultimately responsible for the improved MSR
activity [61]. Furthermore, increasing the Ni loading up to 10 wt.% facilitated the reduction
of the catalyst at lower temperatures and improved methanol conversion and H2 selectivity
(lower CO selectivity) for similar reasons as for La.
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Figure 2. Effect of La addition (B) on the surface composition of a NiO supported on Al2O3 catalyst (A).
Reprinted with permission from Ref. [61]. Copyright 2022 Elsevier.

Layered double hydroxides (LDHs) derived catalysts containing nickel have also been
a target of interest for MSR over the years. Kim et al. [62] reported a Cu0.55Ni0.10Zn0.10 Al0.25 LDH
which converted about 50% of methanol at 300 ◦C, being the presence of Ni respon-
sible for a slight improvement of the low temperature activity comparatively to the
Cu0.55Zn0.20 Al0.25 LDH. Qi et al. [63] tested a Ni/Al LDH with a Ni/Al molar ratio of
approximately 5.7 which converted 100% of methanol with an H2 selectivity slightly above
50% and CO selectivity below 10% (at 380 ◦C). In another work [64], another Ni/Al LDH
with a Ni/Al molar ratio of around 4.9 converted 87.9% of methanol, provided an H2 yield
of approximately 77% and produced low levels of CO at 390 ◦C. Besides the difference
in the Ni/Al molar ratio and reaction conditions between both works, the preparation
procedures were also different. The effect of this aspect was, in fact, the target of analysis in
both works and was certainly decisive in the results obtained. This will be discussed later
(cf. Section 2.2.3). The addition of K to LDHs has been found to further enhance its activity
in MSR [65]. The use of K2CO3, during LDH preparation, as precipitating agent combined
with no washing, to keep more K in the final solid, increased the conversion of methanol.
Furthermore, post-addition of K2CO3 through the incipient wetness method decreased
significantly the production of methane. On the other hand, the production of CO suffered
a significant increment, which might indicate that the inhibition of methane production
could be related to the inhibition of the methanation of CO (Equation (4)). The addition
of K also benefited slightly the yield of H2 and the selectivity towards CO2 in detriment
of CO, especially at temperatures around 400 ◦C. The catalytic activity of the K-promoted
LDH was superior to that of a commercial Cu catalyst (42 wt.% CuO, 47 wt.% ZnO and
10 wt.% Al2O3), as shown in Figure 3.

Different studies using Ni-based catalysts suggested the formation of several interme-
diates on the catalyst surface during the reaction: according to these works, methyl formate
and H2 were produced via dehydrogenation of methanol, followed by the formation of
formic acid [66–68]. Then, CO2 and H2 were produced by the decomposition of formic
acid. The formation of formaldehyde and dioxomethylene during the MSR process was
also suggested by other reactions [66].
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Figure 3. Comparison of the activity in methanol conversion of (a) NiAl-LDH with potassium and
(b) commercial catalyst at 390 ◦C and steam/carbon molar feed ratio of 1.2. Both catalysts were
pre-activated in situ at 240 ◦C for 6 h on a reactive stream before reaction. Reprinted with permission
from Ref. [65]. Copyright 2022 Elsevier.

2.2.2. Deactivation

High catalytic activity and H2 selectivity alone do not guarantee that a specific material
is a good catalyst for a specific reaction. Long-term stability is another crucial criterion
that has to be taken into account when choosing a catalyst. To design a catalyst with
long-term catalytic stability, it is crucial to understand what phenomena can disturb such
stability. Such phenomena are: (i) coke formation due to hydrocarbons decomposition;
(ii) sintering and crystallization or segregation of the metal particles caused by thermal
effects; (iii) poisoning originated by chemisorption or reaction of certain substrates on the
catalyst surface (e.g., H2S and CO on Pt-based catalyst in hydrogenation reactions and H2
dissociation in the anode of polymer electrolyte fuel cells, respectively); and (iv) fouling
due to solids deposition caused by dusty materials in the feed [69].

Going back to the bimetallic Cu-Ni catalysts, Qing et al. [44] reported a Cu-Ni-Al spinel
with Cu/Ni/Al molar ratio of 1/0.05/3 and calcined at 1000 ◦C that showed stable conver-
sion of methanol during 300 h (Figure 4). Comparatively to the other materials prepared
and tested by the authors, the lower particle size, higher specific surface area and pore
volume, more hardly-reducible spinel and better sustained release catalytic performance
(catalyst used without being previously reduced and active Cu sites gradually generated
during the reaction) probably contributed to the enhanced stability of such catalyst.

In another work [48], a 30 wt.% Ni-Cu/ZrO2 catalyst showed stable methanol conver-
sion (above 90%) and H2 production (selectivity remained around 60%) for 46 h on-stream
at 400 ◦C, after which the H2-TPR profile of the catalyst was unaffected. In fact, Lytkina
et al. [57] tested several Cu-Ni catalysts supported on metal oxide-stabilized ZrO2 supports
doped with Y, La and Ce and all of them were reported to work for at least 90 h without vis-
ible deactivation (constant H2 selectivity at 300 ◦C). As already mentioned, even though Cu
can be easily deactivated, the presence of a group 8–10 metal, such as Ni, could be partially
responsible for this long-term stabilization. In fact, it has been reported that the addition of
a second metal improves, in general, the stability of steam reforming catalysts by promoting
their hydrogenation activity [69,70] and decreasing the coke deposition [38,40,42,60].
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Figure 4. Methanol conversion rate as a function of time-on-stream (TOS) for the catalysts with
Cu/Ni/Al molar ratio of 1/0.05/3 calcined at 900 ◦C (squares), 1000 ◦C (circles) and 1100 ◦C
(triangles) at 255 ◦C, 1 bar and WHSV = 2.18 h−1. Reprinted with permission from Ref. [44]. Copyright
2022 Elsevier.

Penkova et al. [60] observed that the simultaneous presence of Ni and Sn results in the
formation of an alloy that enhances catalytic stability; this beneficial effect of tin was also
corroborated elsewhere [41]. In terms of carbonaceous deposits formation, the addition of
Sn resulted in a decrease compared to the monometallic Ni catalysts, indicating that the
formation of the NiSn alloy inhibits the formation of NiC and, consequently, coke. It was
also observed that the addition of Sn plays an important role in delaying the temperature
range of particles agglomeration and, therefore, avoiding low temperature sintering. The
authors also concluded that the addition of MgO to Al2O3 in the support results in lower
coke formation [60]. In fact, after 20 h on-stream, the decrease of the catalytic activity was
negligible. This behavior has been attributed to both a decrease in surface acidity of the
Al2O3 support (confirmed from FTIR of adsorbed pyridine) and an improvement of Ni
dispersion caused by the formation of MgAl2O4 spinel, which inhibits the incorporation
of Ni in the Al2O3 phase. Consequently, the oxidation of carbonaceous deposits was
facilitated. The only carbon deposits detected through temperature-programmed oxidation
(TPO) were not very stable. A similar result was observed elsewhere [40] for a Ni catalyst
supported on MgO. The authors attributed the stable behavior (20 h) of the catalyst to
its capacity to mitigate the agglomeration of Ni particles and to the high basicity of the
MgO support. The last enhanced the adsorption of CO2 and, consequently, promoted the
gasification reaction between CO2 and carbon, as previously discussed.

Concerning bimetallic samples of Ni-Cu, in a recent work by Liu et al. [71] it was
observed that the Ni-Cu/Al2O3 materials with higher Al content present higher initial
catalytic activity, however, show a quick catalyst deactivation, while the catalysts with less
Al content show better catalytic stability. The deactivation of the samples was related to
the non-spinel CuO particles that are easier to agglomerate and sinter as compared to that
from spinel Cu2+ species. In this way, the catalysts with more non-spinel CuO show a high
initial catalytic activity but a higher deactivation rate.

A comparison between several metals supported on MCM-41 showed that the
Ni-based catalyst was less stable than, for instance, the Cu-based catalyst [37]. Such
deactivation of the Ni-based catalyst was attributed to the formation of carbonaceous de-
posits, thermal sintering and changes in the support structure. It is suggested that the metal
particles in MCM-41 behave as bulk materials, thus having little metal-support interactions.
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This could be one of the reasons why, contrarily to what would be expected, the Ni-based
catalyst was less stable than the Cu-based one.

LDHs present good catalytic stability during MSR [64,65]. In both works, the Ni/Al
LDHs demonstrated stable MSR activity for approximately 100 h. When the LDH was
pre-treated with a diluted H2 stream [64], stable H2 production with low levels of CO and
no CH4 occurred. On the other hand, when the catalyst was pre-treated on the reactive
stream, it deactivated over time-on-stream with increasing CO formation. The reason
for such difference will be further explored in the next section. Besides enhancing the
catalytic activity, as already discussed, the addition of K to LDHs also promotes catalytic
stability [65]. A K-promoted Ni/Al LDH showed similar stability at 390 ◦C to that of
a commercial Cu catalyst (42 wt.% CuO, 47 wt.% ZnO, and 10 wt.% Al2O3).

2.2.3. Effect of the Preparation Method

The preparation method used is also a very important parameter to be considered.
The same catalyst formulation prepared through different methods might result in very
different performances and costs. The impregnation method is among the most reported
for the preparation of heterogeneous catalysts mainly due to its simple execution and low
waste streams [72]. From the works already discussed above, a considerable part of them
reported the use of such method [38,40,41,43,45,47–49,53,57,60,61], being that both wet
impregnation and incipient wetness impregnation were reported. Furthermore, in the case
of the bimetallic catalysts, both co-impregnation and sequential impregnation were used.

A comparison between co-impregnation and sequential impregnation, used for the
preparation of bimetallic Ni and Cu over CeO2 catalysts, has been established [73]. The
authors observed that the bimetallic catalyst prepared through co-impregnation (Cu-Ni)
presented higher methanol conversion and H2 selectivity during oxidative MSR than
the homologous catalyst formulation prepared via sequential impregnation (Ni/Cu and
Cu/Ni). However, in a different work [74], the Ni and Cu over ZrO2 catalysts prepared
by sequential impregnation showed higher oxidative MSR activity than the correspond-
ing co-impregnated material. Fukui’s theory [75] indicates that higher reactivity occurs
when the system’s gap-energy is low and its total energy is high. In other words, higher
reactivity corresponds to an easier adsorption or desorption of a molecule for a specific
reaction. The molecular simulations carried out by López et al. [74] show that the sequen-
tially impregnated materials on ZrO2 showed lower gap-energy and higher total energy
(lower adsorption energy) than the co-impregnated catalyst (Figure 5), thus suggesting that
an electron transfer mechanism is benefited at the interface between the support and the
bimetallic structures in the first material. This ultimately enhances the redox properties of
the catalyst and, consequently, its activity. Furthermore, the observed presence of bimetallic
Cu-Ni and core-shell Ni/Cu nanoparticles and crystalline anisotropy of the active phase
could have influenced the results greatly. These results show once again that MSR activity
is sensitive to the catalyst structure, which on its hand depends on how the bimetallic active
phase is impregnated. The opposite behaviors observed in both works could be due to the
different supports, having once again in mind the importance of the active phase-support
interface in MSR activity.

The precipitation or co-precipitation methods have also been applied to prepare some
of the catalysts discussed in this section [40,53,57]. Luo et al. [40] prepared three nano
NixMgyO solid solutions through different methods: (1) incipient wetness impregnation of
Ni onto the MgO support prepared via precipitation method; (2) the same method with
an added hydrothermal treatment of the support at 100 ◦C for 24 h after precipitation;
(3) co-precipitation of both Mg and Ni salts with the same hydrothermal treatment used
in the previous method. Among the three catalysts, the one prepared through the second
method showed a superior capacity to convert methanol and produce H2. By comparing
methods (2) and (3), the differences are that while in method (2) Ni was incorporated in the
treated support via incipient wetness impregnation, in method (3) Ni was introduced in
the catalyst simultaneously with Mg through co-precipitation and went through the same
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treatment as the support (not Ni) in method (2). Therefore, the lower performance of the
catalyst prepared through method (3) is probably associated with these two methodological
modifications. TPR analysis showed that the catalyst prepared via method (3) was less
reducible than the one prepared through method (2). H2-TPD results indicated that most
Ni species dissolved deeply inside the MgO matrix, being only a minority amount at the
subsurface to catalyze the MSR reaction. Furthermore, co-precipitation methods normally
involve several washing steps after precipitation, aiming to remove residual nitrates, potas-
sium, sodium and other compounds. This allows avoiding sintering and agglomeration
of particles during thermal treatment (higher resistance to sintering was observed for the
catalyst prepared through method (3)). Consequently, significant undesired streams con-
taminated with nitrates are produced. Alternatively, chloride or sulfate-based precursors
could be used if they did not poison methanol catalysts. Formate precursors have been
researched as possible alternatives that could overcome these limitations [72].

 

Figure 5. Molecular models of bimetallic and monometallic clusters: the top graph shows the gap-
energy, the bottom graph shows the system total energy and the inset shows the adsorption energy of
methanol on the surface. Reprinted with permission from Ref. [74]. Copyright 2022 Elsevier.

Other methods such as the sol-gel [39,48,50] and polyol method [41,50] have also been
used to prepare Ni-based MSR catalysts. The sol-gel method allows the attainment of
good chemical homogeneity, stoichiometry, phase purity, narrow particle size distribution,
ultrafine powder and high specific surface area due to molecular and atomic scale mixing
and networking of chemical components [76,77]. Regarding the works that used the sol-gel
method, none of them established a comparison with other methods. A comparison has,
however, been established between Ni/SiO2 catalysts prepared via wet impregnation and
the simple sol-gel method in ethanol steam reforming (ESR) [78]. The catalyst prepared
via sol-gel presented good dispersion and considerably higher BET surface area than the
catalysts prepared through impregnation. Furthermore, the first produced about twice
the amount of H2 produced by the last. This last result depends not only on the catalyst,
but also on the reaction that it catalyzes. In other words, the fact that the sol-gel-prepared
catalysts performed better than the catalysts prepared through impregnation in ESR does
not guarantee that the same behavior would be observed in MSR. Furthermore, the sol-gel
process presents disadvantages such as the high costs of some necessary chemicals and the
often large volume shrinkage and cracking due to washing and drying steps mainly [79].
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Bobadilla et al. [41] correlated the influence of the synthesis method used to prepare Ni
and Ni-Sn supported on CeO2-MgO-Al2O3 with their respective catalytic behavior in MSR.
More specifically, the authors established a comparison between the catalysts prepared via
deposition of nanoparticles obtained by the polyol method and catalysts prepared through
impregnation. The nanoparticles produced via the polyol method presented better activity
than the impregnated catalysts, especially the monometallic Ni catalysts. The authors
proposed a model of the catalyst surface and phase distribution before and after reduction
for the monometallic catalysts prepared through both methods (Figure 6).

 
Figure 6. Model of the catalyst surface and phase distribution before and after reduction for the
monometallic catalysts prepared through the impregnation method (above) and polyol method
(below). (Np’s: Nanoparticles). Reprinted with permission from Ref. [41]. Copyright 2022 Elsevier.

The impregnation method seems to be as good as the polyol method to produce Ni
nanoparticles. Even though the catalyst prepared via impregnation required a higher
reduction temperature, it also presented higher metal-support interaction and a lower
degree of nanoparticles sintering. The monometallic catalyst prepared via impregnation
showed CeO2 fluorite phase and both MgAl2O4 spinel and NiAl2O4 spinel, while for the
nanoparticles-based catalyst (polyol method) only the CeO2 fluorite and MgAl2O4 spinel
structures were observed. The NiAl2O4 spinel in the impregnated sample was transformed
into metallic Ni during reduction.

The polyol method was, on the other hand, considered by the authors as the preferable
method for the preparation of the bimetallic Ni-Sn catalyst due to its control of composition
and the enhanced resistance to sintering and reducibility that it confers to the catalyst. There-
fore, polyol method being a better alternative than, for example, impregnation depends
significantly on the catalyst being prepared. It has been concluded elsewhere [80] that due
to the variety of shapes, compositions and nanostructures that can be produced, significant
research has still to be carried out for a better comprehension of the polyol method.

Besides the preparation method, some parameters that are transversal to several
methods can also have a significant impact on the catalyst activity and stability. Both drying
and calcination conditions are known to be crucial parameters that have to be carefully
selected. Going back to the work of Luo et al. [40], the authors observed that the addition
of a hydrothermal treatment of the support at 100 ◦C for 24 h after precipitation increased
the methanol conversion from 55.3% to 97.4% and the H2 yield from 30% up to 58.5% at
600 ◦C, after 20 h on-stream. This enhancement was attributed to the higher reducibility of
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the catalysts subjected to the hydrothermal treatment. The catalysts hydrothermally treated
also showed superior stability, which was ascribed to their higher surface basicity.

In another work [44] the authors observed that increasing the calcination temperature
of Cu-Ni-Al spinel catalysts in the temperature range of 900–1100 ◦C increased the content
of spinel. On the other hand, it also increased the spinel’s particle size (sintering) and,
consequently, led to a decrease in the specific surface area. Ultimately, the catalysts calcined
at 1000 ◦C presented better catalytic activity and stability (Figure 4). Analysis of the
used catalysts showed that the catalysts calcined at 1000 ◦C presented the smallest size of
copper species, which took part in the catalysis of the reaction, in line with the catalytic
activity results.

Reduction conditions are also of crucial significance in terms of catalytic perfor-
mance [46,50]. It has been observed that reduction under H2 atmosphere at 400 ◦C or
500 ◦C yielded different results [46]. More H2 and CO2 and less CO were produced over
the catalyst reduced at 400 ◦C compared to the one reduced at 500 ◦C. Reducing the catalyst
at 500 ◦C resulted in the reduction of Fe from Fe3O4, which subsequently reacted with
the Ni particles, thus resulting in the formation of a Fe-Ni alloy. It is possible that this
alloy covered the pores on the surfaces and lowered the surface area. This benefited the
selectivity towards CO at the expense of H2. In another work [50], besides analyzing the
effect of reduction temperature (140, 160 and 180 ◦C), the authors also analyzed the effect
of pretreatment atmosphere (4 h under Ar or 4 h under Ar and then 2 h under H2 atmo-
sphere) on the MSR activity of Ni-Cu/CaO-SiO2 prepared via polyol method. Reduction
at 160 ◦C under Ar atmosphere resulted in the highest H2 yield due to, mainly, the higher
dispersion of metal on the support. While increasing the reduction temperature from 160
to 180 ◦C produced larger Ni and Cu particles on the support and, consequently, poorer
dispersion, reduction under H2 atmosphere, after treatment under Ar atmosphere, led to
metal particles agglomeration [81].

The preparation of LDHs is normally carried out via co-precipitation [62–65], and the
addition of promoters such as Na or K normally occurs through impregnation [65]. It has
been extensively reported that both calcination temperature and pretreatment conditions
are decisive regarding LDHs’ activity. The results obtained by Qi et al. [63] show that
while calcination at 250 ◦C allowed attaining full methanol conversion only at 380 ◦C over
a NiAl-LDH, calcination at 330 ◦C and 500 ◦C resulted in a progressive dislocation of
the full conversion temperature towards lower values, with the LDH calcined at 500 ◦C
achieving total conversion at 360 ◦C. The catalytic performance of the LDH was not only
influenced by the pretreatment temperature [63], but also by the pre-treatment atmo-
sphere [64]. While pretreating the LDH under diluted H2 resulted in high activity and
stability, pre-treating it under a reactive stream resulted in higher deactivation, lower H2
generation and more CO [64].

2.3. Summary

A summary of the MSR catalysts reviewed in this section that showed the most
promising results is presented in Table 1. It can be observed that from the list of the
10 most promising catalysts, half of them are bimetallic Ni-and Cu-based materials. All
such 5 catalysts showed methanol conversions of at least around 90%, as well as relatively
high H2 yields and selectivities. As already discussed, the catalysts with higher Cu content
and lower amounts of Ni tend to be more selective toward H2 and CO2 in detriment
of CO; almost no CO was produced over Ni0.2-Cu0.8/ZrO2 [53]. On the other hand, Ni
normally catalyzes mostly the methanol decomposition reaction, thus enhancing methanol
conversion. Furthermore, Ni0.2-Cu0.8/Ce0.1Zr0.9O2-catalyst showed quite promising stable
operation [57]. This shows how attractive bimetallic Ni-Cu-based catalysts are for MSR.
Moreover, the impregnation method appears to be a critical issue. Finally, the annealing
and reduction procedures adopted in both works were carried out at temperatures very
similar to those employed during the MSR reaction.
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The bimetallic 10 wt.% Ni-10 wt.% La/Al2O3 catalyst also showed promising results,
not only in terms of methanol conversion and H2 production but also regarding its low
CO generation [61]. The same cannot be said about the monometallic Ni catalyst reported
by Deshmane et al. [36], which showed high CO selectivity despite the high conversion of
methanol and selectivity towards H2. Even though the catalyst consisting of nickel nanopar-
ticles supported on CeO2-MgO-Al2O3 mixed oxide [41] showed performance parameters
above the average of the catalysts reviewed, it is below all of the others shown in Table 1.
More research must be conducted regarding the polyol method. As for the LDH-based
materials [64,65], they allowed reaching high conversions of methanol and yields of H2,
while showing promisingly stable operation. However, some CO production was observed
in both cases. Nevertheless, it has been highlighted in this review that slight changes
in the formulation of the LDHs could reduce this problem. However, the drawbacks of
the precipitation method (mentioned in more detail in the previous section), namely the
undesired streams resulting from washing, must be considered. If such drawbacks are
solved, LDH-based materials might be interesting for the MSR. Finally, considering the
emergence of CO2 sorption-enhanced reactor concepts and the so extensively reported
ability of LDHs to capture CO2 at high temperatures (300–500 ◦C) [82–84], these mate-
rials have great potential to be used as hybrid sorbent-catalyst (so called DFM, or dual
function materials).

Finally, along this section, it was observed that the most crucial catalyst properties to
achieve high catalytic performance for the MSR process are the metal dispersion and the
surface area of the material. In this way, to reach high methanol conversion, high H2 yield
and low sub-products production, it is necessary to prepare a catalyst with a high surface
area (for instance, using a porous support with a high pore volume) and with a strong
interaction between the active phase and the support.

Taking into account the results presented in Section 2.2 (and the main outputs summa-
rized in Table 1), to achieve high methanol conversion and high H2 production in long-term
MSR experiments, it is suggested the utilization of a bimetallic Ni-Cu catalyst (for instance,
prepared by impregnation) promoted with (or supported on) ZrO2/CeO2.

3. Ethanol Steam Reforming

3.1. Introduction

Renewable ethanol can be produced from several feedstocks, as indicated in Table 2.
The production of bio-ethanol from algae, even though possible, is still in an early stage
of development [85]. The conversion of the different types of biomass into ethanol varies
significantly, mainly in terms of the attainment of sugar solutions. While sugar sources
only need an extraction process to attain fermentable sugars, starch sources demand
previous hydrolysis to convert starch into glucose. Finally, for lignocellulosic biomass,
a pre-treatment is required before hydrolysis so that the cellulose structures are modified
for enzyme accessibility [85].

Ethanol is highly available, easy to handle, transport and store and is less toxic
than methanol [15,20]. Furthermore, it has higher hydrogen content than methanol
(six hydrogen atoms instead of four). These are some of the reasons why it has been
extensively investigated for hydrogen production through ethanol steam reforming (ESR).
The ESR can be described by the overall reaction shown in Equation (7).

C2H5OH + 3H2O → 2CO2 + 6H2

(
ΔH298 K

r = 174 kJ·mol−1
)

(7)

This reaction is considerably more endothermic than MSR and for that reason temper-
atures around 400–600 ◦C are often adopted, which are still below those typically used in
steam reforming of methane.
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Table 2. Sources of bio-ethanol [85].

Category Biomass

Sugar sources

Sugarcane

Sugar beet

Sweet sorghum

Cane

Molasses

Beet molasses

Grape

Dates

Watermelon

Apple

Starch sources

Corn

Wheat

Cassava

Barley

Canna

Sorghum grain

Potato

Sweet potato

Yam

Jerusalem artichoke

Iles-iles

Oat

Banana

Lignocellulosic biomass

Perennial grasses

Aquatic plants

Softwood

Hard wood

Sawdust

Pruning

Bark thinning residues

Cereal straws

Stovers

Bagasse

Organic municipal solid wastes

Contrarily to MSR, the ESR overall reaction is irreversible since at least one of the
reaction steps that ultimately and ideally leads to its conversion into 6 moles of H2 is
irreversible. Regarding the reaction pathways involved in ESR, a consensus has not
been reached due to the influence of reaction conditions and a considerable variety of
catalysts. Still, there has been some agreement towards the reaction network depicted
in Figure 7 [17,19,86].
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Figure 7. Reaction network proposed for ESR. Reprinted with permission from Ref. [17]. Copyright
2022 Elsevier.

The reactions that have been considered as major and minor routes are presented
by order in Table 3. The final major step is the WGS reaction (Equation (3)). Depending
on the catalyst that is used, major routes might become minor and vice-versa. Therefore,
H2 production and coke formation in ESR are highly dependent on the catalysts used.
Moreover, minimizing CO production is once again crucial if the H2 that is produced is
directed to a polymer electrolyte fuel cell. This will also depend significantly on the choice
of an appropriate catalyst. In fact, due to the higher number of possible alternative routes,
this choice might be even more crucial here than it was for MSR.

Table 3. Reaction routes considered for the ESR in Figure 7.

Type Reaction
ΔH298 K

r

(kJ·mol−1)
Eq. Number

Major

C2H5OH → CH3CHO + H2
(ethanol dehydrogenation to acetaldehyde) 68 (8)

CH3CHO → CH4 + CO
(acetaldehyde decomposition) - (9)

CH4 + H2O � CO + 3H2
(methane steam reforming; the reverse of Equation (4)) 206 (10)

Minor

C2H5OH → C2H4 + H2O
(ethanol dehydration to ethylene) 45 (11)

C2H4 → C
(ethylene polymerization to coke) - (12)

2CH3CHO → C3H6O + CO + H2
(acetaldehyde condensation into acetone and subsequent decarboxylation) - (13)

2CO � CO2 + C
(Boudouard reaction) −172 (14)

CO + H2 � H2O + C
(reduction of carbon monoxide) −131 (15)

CH4 � 2H2 + C
(methane cracking) 75 (16)
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3.2. Catalysts

On contrary to the MSR, ESR requires catalysts that are active in C-C bond cleavage.
Hou et al. [17] observed that Rh-based catalysts are the most active in breaking such
bonds. On the other hand, and as already mentioned, nickel-based catalysts are normally
cheaper and, therefore, might constitute a potential alternative. Furthermore, these Ni-
based materials normally also show good C-C bond breaking activity and are very active
in CH4 reforming (they are used industrially for this reaction). However, challenges related
to coke formation and sintering have been identified [17]. In this section, a review of the
latest Ni-based catalysts reported in the literature is carried out and a thorough analysis of
the best strategies to improve their catalytic activity, selectivity and stability are conducted.

3.2.1. Catalytic Activity and H2 Selectivity

Once again, the nature of the support that is used is vital for the catalytic activity in
ESR and selectivity towards H2 production in detriment of secondary products such as
intermediate liquids, CO, CH4, and coke. Aiming to better understand this, Dan et al. [87]
compared the catalytic performance of monometallic Ni catalysts supported on Al2O3
and ZrO2 and analyzed the effect of modifying both supports with CeO2 and La2O3. The
Al2O3-supported catalyst presented better catalytic activity than the ZrO2-supported one.
The authors reported that this difference could be mainly due to the higher number of active
sites, resulting from the higher surface area, higher Ni dispersion and smaller nanoparticle
size. In terms of ethanol conversion, while the addition of both CeO2 and La2O3 to ZrO2
led to significant improvements, for Al2O3 only the modification with La2O3 improved the
conversion. The authors claim that since these modifications do not improve the intrinsic
catalytic activity of the Ni sites (based on turnover frequency calculations), the improved
results could be due to the participation of the support in the catalysis of ESR and/or due
to the higher amount of Ni active sites available. In terms of H2 production, while the
modifications of the Al2O3 support did not result in significant improvements, the addition
of Ce and especially La to the ZrO2 support improved the H2 yield considerably. Besides
the mentioned enhancement of Ni dispersion, La2O3 is also known to increase the basicity
of the modified catalysts [88]. As for CeO2, it enhances (besides the Ni dispersion) the
reducibility of Ni [89] and the capacity of the support to adsorb water [90]. It has been
reported for a bimetallic Ni-Cu catalyst that the reduction ability of CeO2 promoted the
intermediate formation of acetone [91]. Overall, the catalyst supported on La2O3-modified
ZrO2 provided the best results with total ethanol conversion and H2 yield of approximately
60% at 350 ◦C [87].

As already observed for MSR, the number of modifying agents is also very important.
Even though modifying the Al2O3 support with La resulted in a slight increment in terms of
both ethanol conversion and H2 production [87], it has been observed in other work [92] that
the addition of La2O3 to the support could be either beneficial or detrimental depending
on the La/Al molar ratio. In this last work, while La/Al ratios in the range of 0.05–0.15
improved the production of H2 compared to the non-modified catalyst, a La/Al molar
ratio of 0.2 was detrimental. Such behavior could be explained by the two opposite trends
observed in Figure 8: the Ni surface area and ethanol adsorption capacity. Even though the
catalyst with a La/Al ratio of 0.20 presented the highest Ni surface area, it also showed the
lowest ethanol adsorption capacity. Although the basicity of La is known to be beneficial
to counterbalance the acidity of Al2O3, as it reduces the formation of ethylene, too much
basicity will negatively affect the dehydrogenation of ethanol [93], thus decreasing H2
production. For this reason, this catalyst showed not only the lowest H2 yield, but was also
the only catalyst to be unable to fully convert ethanol. The catalyst with a La/Al molar
ratio of 0.1 showed the best catalytic performance.
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Figure 8. Nickel surface area and ethanol adsorption capacity as a function of the La/Al molar ratio
in Ni/xLa2O3-Al2O3 (x = 0, 0.5, 0.1, 0.15 and 0.2) catalysts. Reprinted with permission from Ref. [92].
Copyright 2022 Elsevier.

Trane-Restrup et al. [90] compared the performance of monometallic Ni supported
on CeO2, MgAl2O4, Ce0.6Zr0.4O2, and CeZrO4/MgAl2O4. The catalysts based on the last
two supports presented higher catalytic activity, most probably due to their higher water
dissociation capacity [94,95]. This would allow higher surface concentrations of OH-species,
which would react with carbon species to form H2 and carbon oxides [90]. It has been
proposed that reactions with lattice oxygen on these kinds of supports could also contribute
to the enhanced activity of the Ni catalysts over these supports [96]. The particle size of Ni
obtained over the different supports could not be responsible for the results obtained as the
Ce0.6Zr0.4O2, with the largest Ni particles, presented the highest conversion [90].

Prasongthum et al. [97] prepared a Ni-based catalyst supported on graphene (Ni/CNT-SF)
with total ethanol conversion at 300–550 ◦C. The authors reported that the utilization of
this support enhanced the performance of the catalyst due to the tubular structure of
the graphene.

In a different work, the effect of modifying Al2O3 support with ZnO was analyzed [98].
While for both Ni/Al2O3 and Ni/ZnAl2O4 small amounts of acetaldehyde and ethylene
were formed, indicating the occurrence of both ethanol dehydrogenation and dehydration,
over the Ni/ZnO-Al2O3 only H2, CO and CO2 and a small amount of CH4 were observed.
This latter case could be a result of the formation of a NiZn alloy with different compositions
(NiZn and Ni4Zn) on this catalyst, while on the other two catalysts only metallic Ni
was present.

The modification of TiO2 support with montmorillonite (MMT) was also evaluated [99]
and an enhancement in the performance during ESR was observed. This modification im-
proved the crystal growth control and produced anatase phase of delaminated MMT/TiO2
nanocomposite. Also, the formation of a Ni-MMT phase at the surface enhanced both Ni
reducibility and dispersion, the last having amplified the ability of Ni to break C-C bonds.
Elsewhere [100], it was concluded that organically modifying MMT with cetyltrimethylam-
monium bromide resulted in higher surface area and pore volume and higher Ni dispersion
combined with smaller metal particles.

Musso et al. [101] prepared several Ni-based catalysts supported on La and Y via the
sol-gel technique. Samples containing the Y element showed higher catalytic performance
and lower production of sub-products. One of these materials (containing Y) also showed
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no catalyst deactivation even in a 50-h long-term experiment at 650 ◦C. The higher catalytic
performance of this material could be related to its structural properties (namely the higher
number of oxygen vacancies and better metal-support interaction). Besides that, several
Ni-based catalysts supported on ceria with different Ni loadings (10, 13, and 15 wt.% ) were
prepared by Niazi et al. [102] for the ESR process. The results showed that the Ni content
has a positive impact on the catalytic activity of the catalysts (due to the higher number of
active sites available). It was verified that, in a general way, the H2 and CO yields increased
with the temperature using all of the prepared materials. In opposition, the production of
CH4 and CO2 decreased as the temperature increased.

Two works [103,104] have reported monometallic Ni supported on zeolites with
considerable ESR activity. In the first case [103], a comparison between hierarchical and
non-hierarchical beta zeolite supported catalysts showed that the first presented superior
ethanol conversions and H2 yields over time. Such superiority of the hierarchical beta
zeolite is probably associated with the presence of intra-crystalline mesoporous channels,
which confine the well dispersed Ni particles, thus improving mass transfer efficiency.
Moreover, catalysts having different loadings of Ni (5–15 wt.%) over the hierarchical beta
zeolite were tested under the ESR process, being that a loading of 15 wt.% allowed the
attainment of approximately complete ethanol conversion and almost 80% of H2 yield.
This was attributed to the strong metal-support interaction and high active Ni surface
area. In the second work [104], Ni was impregnated on non-modified and dealuminated
BEA zeolite. Even though Ni supported on dealuminated BEA zeolite showed initially
lower H2 selectivity than Ni supported on non-modified zeolite (full conversion in both
cases), the second deactivated rapidly while the first maintained the initial H2 production.
Nevertheless, the first catalyst led to higher CO production, which could be a problem in
the case of a fuel cell application. On the other hand, it produced less acetaldehyde for the
most of the reaction time and significantly less ethylene, being the last species normally
an indicator of coke formation.

The effect of different promoting agents on Ni-based catalysts in terms of ESR activity
and H2 selectivity has been widely researched and, in the last years, several interesting
findings have been reported. Using Mg to promote Ni-based catalyst was analyzed by
Chen et al. [105] and Song et al. [106], being that both report that Mg addition promotes
ESR activity towards H2 production. In the first work [105], the Mg promoter, added
to a Ni supported over attapulgite clay catalyst, anchored the Ni species on the support
surface, leading to highly dispersed metallic Ni, high metal surface area and the lowest
crystal size, ultimately resulting in improved ethanol consumption comparatively to the
unpromoted material. In fact, it was observed elsewhere that the increase in the active Ni
surface area was accompanied by enhanced ethanol adsorption capacity [106]. Furthermore,
modification with Mg also increased H2 production, as it benefited dehydrogenation of
ethanol to form acetaldehyde, and subsequently H2, in detriment of ethanol dehydration
to form ethylene. This is associated with the lowered acidity of the Mg promoted catalysts.
The influence of the Mg loading was also analyzed [105], having been concluded that
loading of 10 wt.% provided the highest catalytic activity with around 94% of ethanol
conversion and H2 yield of 85% at 500 ◦C. A Mg loading of 20 wt.%, however, presented
similar catalytic activity to the unpromoted catalyst at the same temperature This could be
once again associated with the excess of basicity mentioned earlier [93].

A comparison of the Mg promoter with other metal promoters (Ba, Ca and Sr) [106] was
also carried out. As can be inferred from Figure 9, all promoted catalysts presented higher
H2 production than the unpromoted material and in the following order: Sr > Mg > Ba > Ca.
Furthermore, by establishing a relationship between the catalysts’ H2 yields and active
Ni surface areas and ethanol adsorption capacities, the authors concluded that higher
H2 productions occurred over the catalysts with higher Ni surface areas and ethanol
adsorption capacities, contrary to the study carried out by Song et al. [92]. In other words,
the promotion of the Ni/Al2O3-ZrO2 catalyst with Sr resulted in the highest increase in
the surface area of the Ni active phase and ethanol adsorption capacity. The same authors
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analyzed elsewhere the impact of Sr loading over the same catalyst [107]. Different Sr
loadings (0, 2, 4, 6, 8, and 10 wt.%) were used, having been observed that even though
complete ethanol conversion was attained, regardless of the Sr loading, the highest H2 yield
was obtained over the catalyst with 6 wt.% of Sr, which presented the highest Ni surface
area, lowest particle size, highest dispersion and highest ethanol adsorption capacity. It
is also argued that an excess amount of Sr covered the catalyst surface, thus harming
H2 production.

 

Figure 9. Relationship between the H2 yield obtained over Ni-X/Al2O3-ZrO2 (X = Ba, Ca, Mg and
Sr) and their (a) nickel surface area and (b) ethanol adsorption capacity. Reprinted with permission
from Ref. [106]. Copyright 2022 Elsevier.

A comparison between the promoting effect of K, CeO2 and ZrO2 has been estab-
lished [90]. Enhancement of ethanol conversion was observed for all cases compared to
the unpromoted Ni/MgAl2O4 catalyst, especially when simultaneous modification with K
and CeO2 was carried out. This enhancement in ethanol conversion could be attributed
mainly to K modification, as the modification with only CeO2 did not result in significant
enhancement, contrary to what happened when modification with only K was carried out.
On the other hand, CeO2 had a significant role in inhibiting coke formation. Elsewhere [108]
it was observed that Ce addition to a Ni/MMT catalyst increased both ethanol conversion
and H2 selectivity by 15% and 24%, respectively. While Ni is responsible for breaking the
C-H and C-C bonds of ethanol, CeO2, with its oxygen vacancies, activates H2O to produce
OH groups, which on their side can react with intermediate products to yield CO2 and H2.
In fact, the authors observed that increasing the Ce content improved the CO2/CO ratio,
which confirms that CeO2 benefited the WGS reaction. On the other hand, in a previous
work [90], it was observed that when the promotion of the catalyst with CeZrO4 was carried
out, higher ethanol conversion was observed. In a different work [109], the addition of Zr
to a bimetallic Ni-Co catalyst supported on ordered mesoporous carbon enhanced the ESR
catalytic activity in terms of both ethanol conversion and H2 yield. This was due to the
lower crystal size, higher dispersion of the Ni-Co active phase and higher specific surface
area of the promoted material.

As for the effect of Co addition, Nejat et al. [110] observed that Co addition benefited
both ethanol conversion and H2 production, regardless of the Co content in the range 1–9 wt.%
(constant total metal loading of 10 wt.%). The Co-promoted catalysts showed lower CO and
CH4 production as well. Very similar results were attained elsewhere [111]. Even though
neither of these works included a clear explanation of why promotion with Co resulted
in enhanced ESR catalytic activity and H2 selectivity, it has been reported that besides
having the ability to break C-C bonds [112], Co also promotes the WGS reaction [113,114].
However, too much Co is detrimental to the desired ESR activity [110] and so a balance
between Ni and Co contents is required. The 9 wt.% Ni-1 wt.% Co/MCM-41 catalyst con-
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verted 90% of ethanol and produced a H2 yield of 80%, the best performance among the
tested materials in this study [110].

Noble metals have also been combined with Ni aiming to optimize the catalytic activity
in ESR towards H2 production. Combining both Ni and Rh in the active phase has often
been observed to be beneficial for ESR activity towards H2 production [115–117]. The
authors in [115] claim that the presence of Rh promotes dehydrogenation of ethanol to
acetaldehyde in detriment of ethanol dehydration, as the presence of small quantities
of aldehyde was observed for the bimetallic catalysts, but not for the Ni monometallic
catalyst. On the other hand, the Rh-promoted catalysts showed higher CH4 production
than the monometallic Ni catalyst, probably due to the higher capacity of hydrogenation of
CH3 species (that were produced during C-C cleavage). However, at higher temperatures
(above 500 ◦C) this trend changed, and the bimetallic catalyst started showing lower CH4
generation than the monometallic Ni catalyst. This is in agreement with the common report
that the promotion of Ni in the active phase with Rh enhances the steam reforming of
CH4 [115–117]. Elsewhere [116] the enhancing effect of Rh promotion was attributed to
the easier reduction and smaller crystallite size of Ni on a bimetallic catalyst supported
on CeO2-ZrO2. Le Valant et al. [117] compared the promoting effect of different metals
on a Rh-based catalyst. It was observed that while promotion with Pt had no significant
effect on the H2 yield, both Pd and Ni increased it relatively to the unpromoted catalyst,
especially Ni. Furthermore, the Rh-Ni bimetallic catalyst showed higher CO and lower
CH4 production, thus indicating the promotion of CH4 reforming. Bimetallic catalysts in
which Ni was combined with Pt [118,119] and Au [120] have also been studied in the ESR
reaction. While significant amounts of acetaldehyde were observed over monometallic Ni
catalyst supported on detonation nanodiamond, the same compound was not observed
over the bimetallic Pt-Ni on the same support [118]. Furthermore, higher production of H2
and CO was observed over the bimetallic catalyst than over the monometallic Ni catalyst.
It is proposed that the bimetallic catalyst exhibits a synergistic effect and that it could be
associated with the influence of both the electronic structure of the catalyst surface and to
the sorption properties of the catalyst [119]. The addition of Au to the Ni/SBA-15 catalyst
also enhanced the ESR activity [120]. This has been once again attributed to the improved
dispersion of the NiO/Ni phase, which resulted in smaller particles, and strengthened
NiO/Ni-support interaction. Promotion with B also enhanced ESR activity towards H2
production due to the formation of a Ni-B alloy [86]. Finally, W was also found to improve
catalytic activity due to a synergism between W and Ni and the enhanced steam reforming
of methane activity by WOx [121].

Similar to what was observed for the MSR process, LDH-derived materials containing
Ni have been tested in ESR [122–125]. Romero et al. [122] analyzed the effect of changing the
Mg content in a Ni-Mg-Al mixed oxide, having found that the Mg/Ni ratio of 0.33 allowed
maximum H2 production and minimum amounts of ethylene and acetaldehyde. On
the other hand, more CO and lower ethanol conversion were obtained compared to the
materials with a lower Mg/Ni ratio. Such dependence on the Mg/Ni ratio has been
attributed to the fact that it influences the interaction of Ni0 in the oxide matrix, thus also
changing the nature of the active sites. In a different work [123] Ce was impregnated into
a Ni-Mg-Al LDH derived catalyst, having been determined that 10 wt.% of Ce allows
the highest ethanol conversion. The catalysts with more than 10 wt.% of ceria showed
lower ESR activity due to ceria particles aggregation, which probably blocked the active
sites catalyzing the desired reactions. Elsewhere [125], the introduction of Cu in the LDH
structure enhanced Ni reducibility on the derived mixed oxide. Furthermore, the presence
of Cu enhanced the production of H2, as it promoted WGS. A Mg-Al LDH-derived mixed
oxide has also been used as support to combine the high basicity of MgO and high activity
of Al2O3 [124]. Ni supported on this material was able to reach higher ethanol conversion
and H2 production than Ni supported on either MgO or Al2O3. Furthermore, Cu-Ni-Co
over the same support yielded an even better catalytic performance as the presence of the

213



ChemEngineering 2022, 6, 39

three metals provided restricted formation of intermediate products and coke, thus leading
to higher H2 yields.

In a general way, the mechanism of the ESR process involves the dehydrogenation of
ethanol to yield several intermediates such as ethylene and acetaldehyde [126,127]. These
last species can either decompose to CH4 and CO or transform into ethane and H2O [127].

3.2.2. Deactivation

Even though there are several possible reasons for catalyst deactivation, coke formation
and sintering are the most common ones in the ESR process, as seen previously for the MSR
reaction. Regarding coke, there are more coke formation pathways that can happen during
ESR than during MSR due to the more complex reaction network of the first (cf. Figure 7).

A comparison in terms of overtime stability has been established between catalysts
consisting of Ni over different supports (Al2O3, ZrO2, MgO and CeO2) [124]. It was
observed that while the MgO supported catalyst kept stable activity for several cycles,
the other catalysts suffered from practically constant deactivation over cycles. In another
work [87] it was observed that while Ni/Al2O3 maintained stable activity for 24 h on
stream, Ni/ZrO2 suffered from deactivation. The different stability results regarding
Al2O3 supported monometallic Ni catalyst between both works [87,124] could be due to
the different conditions employed, namely temperature and Water to Ethanol Feed Ratio
(WEFR). As for the deactivation suffered by the ZrO2 supported catalyst, it was related
to the formation of large deposits of amorphous carbon, observed by TEM, which could
have blocked the access to the active sites. The authors attributed such significant carbon
deposition to the large Ni particles and the weak interaction between Ni and the ZrO2
support [87]. The addition of both CeO2 and La2O3 to the support induced a change
in the nature of the formed carbon deposits to filamentous carbon, which, contrarily to
amorphous carbon, does not normally envelop the Ni nanoparticles [128]. Therefore,
despite the observed formation of coke, no significant blockage of the active sites access
took place and so no substantial deactivation was observed after 24 h. Such enhancement
in stability was probably a result of the change in the properties of the support’s surface
and better Ni dispersion. As for the Al2O3 supported catalyst and the corresponding
catalyst similarly modified, no considerable changes were observed regarding the nature
of the deposited carbon (filamentous). Elsewhere [129], Ni supported on CeO2-MgO
converted ethanol completely while showing H2 selectivity of approximately 70% after
18 h time on stream. Such results are probably associated with the high oxygen storage
capacity of the catalyst, which probably allowed the gasification of carbon deposits, thus
avoiding deactivation. The presence of Ce in the support could have also promoted water
dissociation into –OH and –O species, which would also contribute to coke gasification into
CO, CO2 and H2 and, consequently, the high H2 selectivity [130]. Tahir et al. [131] tested
a Ni/MMT-TiO2 catalyst for the steam reforming of ethanol being observed high catalytic
performance at 500 ◦C. After the experimental tests it was determined a significant amount
of carbon deposition (graphitic nature), but this had little effect on catalyst activity over the
20 h of the long-term test.

It has been observed by Song et al. [92] that adding too much La2O3 to Al2O3 can not
only affect negatively the catalytic activity, as already discussed in the previous section but
also the stability over time. The authors observed that the catalyst with the highest La/Al
ratio of 0.20 started deactivating rapidly after 3 h on stream, contrary to what was observed
for the other materials with lower La content. The reason for such behavior was not coke
formation, since the amount of deposited coke (amorphous and filamentous) decreased
with increasing La/Al ratio, as observed by TPO and TEM. The formation of La2O2CO3
could have contributed to carbon removal from the catalyst surface [132,133]. Furthermore,
the enhanced basicity of the La-rich catalyst could have also played an important role in
inhibiting ethylene formation, a main coke precursor. On the other hand, an increase in
the size of the Ni particles was observed for the catalyst with the highest La content. This
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suggests that sintering occurred and could have been the main reason for the observed
deactivation. Re-oxidation of metallic Ni did not occur.

In a different work [98] in which a WEFR of only 3 was used, a Ni/Al2O3 catalyst
showed deactivation once again. However, it was observed that promoting Al2O3 with
ZnO at a Zn/Al ratio of 2 resulted in stable ESR activity for 28 h on stream at 500 ◦C,
probably due to coke formation inhibition, as shown by thermogravimetric analysis and
scanning electron microscopy analysis. The calcined Ni/ZnO-Al2O3 precursor is mainly
composed of NiO/ZnO crystalline phases dispersed over amorphous Al2O3, which is
transformed into a metallic phase over ZnAl2O4 support during reduction (Figure 10).
When Zn is in excess (Zn/Al of 2), a mixture of NixZny intermetallic phase, containing
only small amounts of pure Ni, is observed in the metallic phase of the reduced catalyst.
It is possible that this dilution of Ni metal atoms in the NiZn alloy allowed the inhibition
of carbon formation, thus resulting in the mentioned increased stability. Furthermore, the
alloy was stable and, consequently, not destroyed during the reaction. On the other hand,
for Zn/Al of 1/2, the reduced metal consists only of Ni0, as the limited amount of Zn is
only enough to form the ZnAl2O4 support. For this reason, filamentous carbon was formed
and resulted in deactivation (Figure 10). Sintering was not significantly observed in either
case. Despite this, the catalyst containing an excess of Zn suffered from deactivation at
400 ◦C and the authors propose that this is due to the re-oxidation of metallic Ni by water
during the ESR process.

 
Figure 10. Phase transformation during reduction and reaction steps over Ni/ZnAl having
two different Zn/Al molar ratios. Reprinted with permission from Ref. [98]. Copyright 2022 Elsevier.

Two catalysts having MMT in the support have shown promisingly stable behav-
iors [99,100]. A comparison between Ni/MMT-TiO2 micro-particles and nano-composite
at 500 ◦C showed that while the micro-particles-based catalyst deactivated over time, the
nano-composite material did not show signs of deactivation after 20 h [99]. The enhanced
stability of the last sample is probably associated with the total inhibition of ethylene for-

215



ChemEngineering 2022, 6, 39

mation at 500 ◦C. This indicates that the ethylene polymerization reaction leading to coke
formation did not occur. Also, the presence of MMT in the support of the nano-composite
catalyst was probably responsible for the low coke formation observed over this material,
as it improved the dispersion of Ni on the surface. On the other hand, Xue-mei et al. [100]
observed that Ni supported on MMT presented significant coke deposition accompanied
by the formation of acetaldehyde and ethylene at 500 ◦C, which resulted in deactivation
after 10 h of reaction. This indicates that a synergism between MMT and TiO2 was probably
what allowed the positive effect of MMT addition in the work of Mulewa et al. [99]. The
modification of MMT with cetrimonium bromide in [100] resulted in enhanced catalytic
stability (30 h) due to a reduction of carbon formation, accompanied by a significant re-
duction of acetaldehyde and ethylene formation. Such reduction was possible due to the
immobilization of highly dispersed Ni on the interlayers of the organically modified MMT,
which reduced the coating of metallic Ni with carbon.

Besides showing good catalytic activity, the two zeolite-supported monometallic Ni
catalysts [103,104], also showed good catalytic stability. The intracrystalline mesoporous
structure of the Ni/hierarchical beta zeolite was probably related to the lower deactivation
rate compared to the non-hierarchical zeolite. The sol-gel method used also contributed
to the observed stability [103]. As for the Ni over dealuminated BEA zeolite tested by
Gac et al. [104], it showed superior over time stability than Ni supported on non-modified
BEA zeolite. The deactivation of the last catalyst was mainly attributed to the formation of
significant amounts of amorphous, graphitic and filamentous carbon deposits, probably
associated with the high production of ethylene. On the other hand, much lower carbon
deposits were formed over the catalyst whose zeolite support was dealuminated. The
enhanced stability of this catalyst is probably related to the structural changes caused by
dealumination, which led to enhanced dispersion of nickel nanoparticles (higher active
nickel surface area), and a decrease of the acidity of the zeolite support (decreasing the
coke formation).

The addition of Mg to Ni-based catalysts has also been reported to allow stable ESR ac-
tivity [105,106]. Such improvement has been attributed to the suppression of both sintering
and carbon deposition [105]. As for coke formation, the addition of Mg decreased the acidic
strength of the catalyst, which resulted in lower ethylene formation and, consequently, less
carbon deposition. Still, stable ESR activity for 50 h was only reached by the catalyst with
the optimal Mg loading of 10 wt.%, which showed the strongest interaction between the
Ni active phase and the support and, therefore, the lowest sintering and coke formation
rates [105]. The authors attributed this behavior to the lower carbon deposition observed
over the Sr promoted catalyst, probably due to its higher basicity (already discussed). As
for the effect of Sr loading [107], it was observed that the unpromoted catalyst and the
catalyst with the highest Sr loading of 10 wt.% slightly deactivated over a 1000 h period
under 450 ◦C. Besides the presence of filamentous carbon, it was also observed that the
10 wt.% Sr catalyst (weakest metal-support interaction) suffered from sintering. Ultimately,
the 6 wt.% Sr catalyst not only presented the best catalytic activity (as already discussed),
but also remained stable for 1000 min on stream.

The effect of promoting a Ni/MgAl2O4 catalyst with K, CeO2, ZrO2 and combinations
of these promoters (CeO2-K, CeZrO4, and K/CeZrO4) on the catalytic stability has been
studied [90]. As can be seen in Figure 11, the unpromoted catalyst (base) showed rapid de-
activation over time. The Ce promoted catalyst showed similar behavior, but with a quicker
deactivation during the first hour of reaction and subsequent deactivation (contrary to
what was verified in previous works for other catalysts). On the other hand, promotion
with K, CeO2-K, CeZrO4 and K/CeZrO4 resulted in stable activity.

In fact, carbon deposition was lowered by factors of two to four over these promoted
catalysts. It is possible that K blocked the active sites for carbon formation, while the
redox-active promoters could have contributed to higher OH availability and/or provided
lattice oxygen to react with coke precursors.

216



ChemEngineering 2022, 6, 39

 
Figure 11. Ethanol conversion as a function of time on stream (TOS) for Ni/MgAl2O4 (base) with
different promoters. Reprinted with permission from Ref. [90]. Copyright 2022 Elsevier.

Elsewhere [108], promotion of a Ni-based catalyst with Ce resulted in significantly
improved stability over 50 h time on stream compared to the unpromoted material. As al-
ready mentioned, such enhancement was related to the suppression of both coke formation
and sintering. On one side the high oxygen storage and transport capacity of Ce facilitates
carbon species gasification and, on the other side, Ce strengthens the metal-support inter-
action, thus restraining the growth of Ni particles. Trane-Restrup et al. [90] have shown
the formation of carbon whiskers. Such carbonaceous structures have been reported to
break catalyst pellets with time, thus leading to increasing pressure drops on the catalyst
bed and, consequently, local hot spots in industrial reactors [134]. Moreover, it was ob-
served that Ni sintering contributed to the deactivation of both Ni/CeO2-K/MgAl2O4 and
Ni-K/MgAl2O4 catalysts. Finally, the authors tested the promotion with different amounts
of sulfur of Ni-CeO2/MgAl2O4, the addition of S having decreased coke deposition. Prob-
ably sulfur blocked the step sites on the Ni particles, responsible for carbon deposition.
The sulfur loading of 0.03 wt.% allowed the minimum formation of carbon deposits [90].
The positive effect of promotion with Zr addressed by Trane-Restrup et al. [90] was also
observed in other work [109], having once again been observed enhanced stability. The
authors attributed this enhancement to sintering inhibition, higher dispersion of the Ni-Co
active phase on the support and the formation of carbon nanotubes that were unable to
deactivate the catalyst. Regarding this last aspect, the catalyst without Zr showed amor-
phous coke formation which, on contrary to the carbon nanotubes, resulted in ESR active
sites deactivation.

The promotion of Ni with Co in the active phase has also been reported to improve
the catalytic stability [110]. The authors tested three catalysts for 8 h under ESR reaction,
two monometallic Ni and Co over MCM-41 and bimetallic Ni-Co over the same support.
The Ni catalyst presented the highest coke formation among the three, followed by the Co
catalyst and the bimetallic catalyst presented the lowest carbon deposition. This indicates
that Co partially hinders coke formation. Elsewhere [111], a bimetallic Ni-Co/Al2O3
catalyst showed quite stable behavior for 100 h on stream. This improvement, partially
caused by the promotion of Ni with Co in the active phase, has been associated with higher
surface area, higher metal dispersion and lower particle size. Such enhancements were also
caused by specific preparation conditions [111].

Besides improving the catalytic activity of the ESR reaction, promotion with Rh also
allows higher long-term stability [115,116]. Campos et al. [115] reported a decrease in
coke formation observed over a bimetallic Ni-Rh catalyst of 70 and 560 times relative
to monometallic Rh and Ni catalysts, respectively. The authors attributed the enhanced
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coke resistance of the bimetallic catalyst to i) synergism between Ni and Rh catalytic
activities; ii) favored WGS reaction; iii) improved capacity to gasify methyl groups resultant
from the decomposition of intermediate products; and iv) no accumulation of CO and/or
acetate species. The Rh-Ni/CeO2-La2O3-Al2O3 catalyst was able to still convert more
than 80% of ethanol after 144 h on stream at 500 ◦C. As already discussed for other
catalysts, the addition of Rh was also reported to lead to the preferential formation of
less encapsulating amorphous coke (which does not deactivate active sites), contrarily to
monometallic Ni [116]. Au addition also suppressed, for the reason already mentioned in
the previous section, both carbon deposition over Ni particles and their sintering, resulting
in stable activity for 25 h on stream [120]. Both W [121] and B [86] promoted Ni catalysts
have also shown remarkable stability compared to the respective monometallic Ni catalysts.
In fact, the W promoted catalyst maintained an H2 yield of around 80% for 80 h time
on stream, to which the inhibition of sintering of Ni particles contributed [121]. As for
the effect of B [86], the formation of a Ni-B alloy lowers coke deposition by enhancing
the cracking of acetaldehyde and, consequently, avoiding the formation of acetone (coke
precursor). Also, the simultaneous presence of Ce in the mixed support led to the formation
of CeBO3, which assisted in the removal of carbonaceous deposits. As a result, ethanol
conversion was still around 96% after 50 h of reaction.

Finally, Romero et al. [122] observed that the Mg content in a Ni-Mg-Al mixed oxide
influenced its stability, besides its catalytic activity (already discussed). More specifically,
as shown by the TPO profiles of the used catalysts in Figure 12, higher Mg contents led to
lower coke formation (lower gasification to CO2). It has been claimed elsewhere [135,136]
that higher Mg content in LDHs results in enhanced oxygen mobility and water adsorption-
dissociation capacity, ultimately leading to improved carbon resistance. The presence of
Cu in the LDH has also been reported to improve ESR catalytic stability by mitigating the
deposition of carbon [125].

 
Figure 12. TPO profiles of LDH-derived mixed oxides with different Mg/Ni molar ratios (number in
each sample) used in ESR. Reprinted with permission from Ref. [122]. Copyright 2022 Elsevier.

3.2.3. Effect of the Preparation Method

As previously seen for the MSR process, the method through which a catalyst is pre-
pared can have a determining effect on its catalytic activity and stability. The same has been
consistently observed for the ESR reaction. Once again, the impregnation method (wet
impregnation and incipient wetness impregnation) has been the most commonly used for
the preparation of ESR catalysts [87,90–92,98–100,106,107,109–111]. Zhao et al. [111] estab-
lished a comparison between co-impregnation and sequential impregnation of bimetallic
Ni and Co over Al2O3 in terms of ESR performance. As observed for MSR, co-impregnation
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once again led to higher ethanol conversion and H2 selectivity (above 350 ◦C) than sequen-
tially impregnated materials. At 350 ◦C, the co-impregnated material converted 68.7% of
ethanol, while the Co/Ni/Al2O3 and Ni/Co/Al2O3 showed conversions of only 50.9%
and 36.6%, respectively. Furthermore, the co-impregnated catalyst showed the lowest
production of CO and CH4. These results were mainly due to the higher metal dispersion,
lower metal particle size and higher surface area of the co-impregnated material. For the
same reasons, while the co-impregnated catalyst showed relatively stable activity for 100 h,
both Co/Ni and Ni/Co started deactivating significantly after 60 h and 30 h, respectively.
The authors also propose that the co-impregnated material might have benefited from H2
spillover, which would have been responsible for the observed decrease in carbon deposits,
possibly gasified into CH4 [137].

Elsewhere [138], Ni/SBA-15 was prepared via incipient wetness impregnation using
two different Ni precursors: nickel nitrate (commonly used) and nickel citrate. The citrate
precursor strengthened the metal-support interaction and improved the dispersion of the
smaller nickel particles. Furthermore, analysis of the spent catalysts after 25 h of ESR
showed that not only less coke was formed on the catalyst synthesized with the citrate
precursor, but it was also easily removable (contrarily to the catalyst prepared with nitrate
precursor). This ultimately resulted in higher ESR activity and stability of the catalyst
prepared using nickel citrate as a precursor.

The use of chelating agents in the wet impregnation method has also been tested [139].
The authors prepared four different Ni/CeO2-MgAl2O4 catalysts, one without a chelating
agent (conventional wet impregnation) and three others using different chelating agents:
ethylenediaminetetraacetic acid, nitrilotriacetic acid and citric acid. The catalyst prepared
with ethylenediaminetetraacetic acid as a chelating agent showed the best catalytic activity
among the prepared samples. While the other three catalysts showed production of
acetaldehyde and ethylene and a small decay in conversion after 7 h of reaction, the catalyst
prepared using ethylenediaminetetraacetic acid did not show either of those. The results
for the last catalyst were due to smaller NiO particles, which induced stronger Ni-CeO2
interaction, and a higher Ce3+/C4+ ratio, which means a higher capacity to store and release
oxygen, thus leading to the observed higher resistance to coke formation [140]. The other
chelating agents also improved such properties comparatively to the catalyst prepared
through conventional impregnation, especially nitrilotriacetic acid, but to a lower extent.
Contrarily to other methods or method modifications already discussed, this methodology
keeps the simplicity of the conventional wet impregnation method. It also allows high
synthesis reproducibility [141].

Wu et al. [86] compared the impregnation with the co-precipitation method in terms of
their influence on ESR activity and stability. As can be observed in Figure 13, the catalysts
prepared via co-precipitation presented higher ethanol conversions and higher stability
than the respective B-promoted or unpromoted catalysts prepared through impregnation.
First, the materials prepared through co-precipitation presented a higher surface area
than the respective impregnated counterparts. This difference was higher between the
boron promoted catalysts. The very low surface area obtained for the B promoted catalyst
prepared via impregnation was caused by the calcination at 400 ◦C, which resulted in pore
blocking. Despite showing the second higher ethanol conversion, this catalyst showed the
lowest H2 selectivity. Furthermore, co-impregnation improved the dispersion of NiO as
a result of allowing Ni2+ to interpolate into the Ce0.5Zr0.5O2 solid solution.

A sol-gel iso-volumetric impregnation method was used to prepare Ni/MBeta zeo-
lite [103]. Comparatively to the iso-volumetric impregnation, used to prepare the same
catalyst, the sol-gel method improved the same parameters previously discussed (smaller
metal particles and improved dispersion), thus resulting in stronger metal-support interac-
tion. This resulted in higher carbon deposition resistance, as the highly dispersed small
metal particles make it more difficult for carbon deposits to accumulate on the metal surface
and embed it. Therefore, higher conversion of ethanol into H2 and more stable activity were,
once again, obtained via the sol-gel-based method compared to the impregnation-based one.
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In a different work, Wu and co-workers [142] analyzed the effect of using different agents
(HNO3 or NH4OH) at different ratios with tetraethyl silicate (0.04 or 0.20), which changed
the acidity of the preparation solution, to prepare different Ni/SiO2 catalysts. Essentially,
changing the preparation solution’s pH did not significantly influence the production of H2,
but it changed coke formation. The higher basicity of the solution resulted in larger SiO2
particles and lower surface area and porosity and, consequently, higher coke formation.

 
Figure 13. Influence of preparation method of Ni/Ce0.5Zr0.5O2 (C, co-precipitation; I, impregnation)
on the catalytic activity of boron promoted and unpromoted catalysts. Reprinted with permission
from Ref. [86]. Copyright 2022 Elsevier.

The calcination conditions, such as temperature [143] and atmosphere [142], have
also been the target of analysis in terms of impact on ESR activity and catalysts’ stability.
Nichele et al. [143] prepared Ni/TiO2 catalysts calcined at 500 and 800 ◦C, being that
calcination at 800 ◦C led to more stable behavior due to stronger metal-support interaction,
which ultimately contributed to avoiding sintering. Elsewhere [142], the effect of calcining
a Ni/SiO2 catalyst under N2 or air on the catalytic activity and stability in ESR was assessed.
The results indicate that calcination under N2 atmosphere resulted in higher H2 yield and
lower coke formation comparatively to preparation under air. Calcination under N2 led to
the formation of both Ni and NiO phases, while only NiO was formed when air was used.
Furthermore, the first showed higher Ni dispersion (smaller Ni particles), probably the
main cause of the enhanced activity towards H2 production.

3.3. Summary

A summary of the ESR catalysts reviewed in this section that showed the most promis-
ing results is presented in Table 4. These three catalysts showed ethanol conversions of
100%, as well as quite high H2 yields. In these studies, it was verified that the utilization of
adequate promoters and supports could be very beneficial for the catalyst performance.
For instance, in the work of Song et al. [92], it was observed that the addition of La2O3
in a Ni/Al2O3 catalyst (La/Al between 0.05–0.15) improved significantly the catalytic
performance of the material. Moreover, the utilization of graphene and zeolite as supports
has shown to be a good solution to achieve high catalytic activities; concerning the study
that used zeolite [103], the high performance of the material was attributed to the strong
metal-support interaction and high active Ni surface area. In the work of Prasongthum
et al. [97], the unique characteristics of the graphene (electron cloud) accelerate the rate of
carbon gasification and help the regeneration of the active Ni surface.
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Besides that, the impregnation method appears to be suitable to impregnate Ni on
the support surface, although several studies indicate that co-precipitation increases the
catalytic performance of the materials. Finally, the reduction methods adopted in these
studies were performed at temperatures very similar to those used during the ESR reaction.

In the previous section, it was also verified that the most important catalyst properties
to achieve proper catalytic performance (in terms of catalytic activity and stability) for the
ESR process are the number of active sites available and the ability to gasify coke deposits.
In this way, to reach high ethanol conversion, high H2 production and low sub-products
production, it is necessary to prepare a catalyst with a proper content of active phase (well
dispersed) and promoted with basic oxides (e.g., MgO and CeO2—these phases inhibited
the coke production).

Taking into account the main results shown and discussed in Section 3.2 (and presented
in Table 4), it is suggested the preparation of a Ni-based catalyst (for instance, prepared by
impregnation) promoted with (or supported on) CeO2 for the ESR process, to obtain high
and stable catalytic performances.

4. Other Oxygenates Steam Reforming

4.1. Introduction

Many recent studies are focused on the sustainable production of fuels and renewable
energy sources, to decrease the dependency on fossil fuels and reduce the emissions of CO2.
One of the attractive alternatives for sustainable production of fuels is biomass, which is
a renewable and CO2-neutral emission fuel source [144]. Biomass conversion into different
types of fuels can be performed through distinct processes, namely: biological, mechanical,
or thermal processes [145–148]. For instance, pyrolysis is the thermal decomposition of the
biomass (in the absence of O2) that produces charcoal, fuel gas and bio-oil. Three different
modes of pyrolysis can be differentiated: fast, intermediate, and slow [146,149,150]. The
fast pyrolysis, which occurs at high heating rates, @ 450–600 ◦C and <2 s of residence
time, provides a higher yield in bio-oil, while the charcoal and fuel gas can be used to
produce heat for the process itself [146]. Compared with biomass, bio-oil has a much
higher energy density (ten times higher). Consequently, it is much more suitable for
transportation [22,151]. The composition of bio-oil is highly variable depending on several
factors such as residence time, heating rate and temperature of the process, and composition
of the biomass source itself [152]. A typical composition of bio-oil consists of many different
oxygenated species such as alcohols, acids, ketones, phenols, etc. [153–155]. In Table 4 is
possible to see an example of bio-oil composition, produced through flash pyrolysis of
two different types of biomass: a mix of 85% of pine and 15% of spruce [22].

Another possible attractive alternative of sustainable fuel composed of distinct oxy-
genated compounds is the olive mill wastewater (OMW, a polluting stream generated from
the olive oil producing systems) since the composition of this stream (mainly polyphenols,
carbohydrates, fatty acids and water) is very similar to the composition of the bio-oil. Sev-
eral studies have shown that OMW disposal/discharge causes large environmental impacts
due to its high content of organic matter and pollutant load [156–158]. The most referenced
compounds are the following: vanillic acid, caffeic acid, tyrosol, p-coumaric acid, cinnamic
acid, d-arabinose, d-galactose, d-galacturonic acid, syringic acid, gallic acid, protocatechuic
acid, phenol, acetic acid, phenethyl alcohol, guaiacol and benzyl alcohol [159–176]. How-
ever, the composition of OMW is highly variable and it suggests that such compounds
can be present in major or minor proportion, depending on several factors which include
the maturation level of the olive, the region of cultivation, the age of the olive tree, the
treatment of the tree, the method of extracting the oil and the weather conditions that the
olive was been subjected to in the ripening process [164].

In addition to the polluting effluents already mentioned (bio-oil and OMW), there are
other streams with a very similar composition and potential such as palm oil mill effluent
(POME) and glycerol. POME is a polluting stream generated from the palm oil producing
system, constituted by several oxygenated molecules [177], causing environmental impacts
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identical to OMW. The composition is also highly variable due to the reasons already
mentioned for the composition of the OMW. About the glycerol, it is possible to verify
that this oxygenate compound is the main by-product of biodiesel production (100 kg of
glycerol/ton of biodiesel), without economic value so far.

These streams could be used directly as combustion fuels, but their poor volatility, high
viscosity and coking formation result in problems for equipment. However, experimental
studies of oxygenates steam reforming (OSR) showed that this technology is viable to
produce hydrogen [178–187]. Additionally, several thermodynamic studies for the steam
reforming of several oxygenates have already been performed, which also demonstrate
the potential of this technology for the production of hydrogen [152,188–191], though only
from the theoretical (thermodynamic) point of view. This technology would enable the
production of green H2, while reducing the pollutant load of these oxygenated streams.
The produced biofuel is environmentally attractive since it is renewable [192]. The OSR is
described by the overall reaction shown in Equation (17):

CxHyOz + (2x − z) H2O →
(

2x − z +
y
2

)
H2 + xCO2

(
ΔH298 K

r => 0 kJ·mol−1
)

(17)

The OSR can be divided into two major reactions: oxygenates decomposition
(Equation (18)) to yield syngas (mixture of hydrogen and carbon monoxide) followed
by the WGS reaction (Equation (3)).

CxHyOz + (x − z)H2O →
(

x − z +
y
2

)
H2 + xCO

(
ΔH298 K

r => 0 kJ·mol−1
)

(18)

As it was aforementioned for MSR and ESR processes, there are also secondary reac-
tions associated with this process that form some undesired by-products (e.g., methane,
coke). For instance, the reactions represented by Equations (4)–(6). Therefore, choosing
a proper catalyst, able to maximize conversion and selectivity for H2 formation, is also
required for this reaction.

Several catalysts were extensively studied for the steam reforming of individual model
compounds that are present in the bio-oil, OMW, or POME. At the moment, the main
challenge is to prepare highly reducible and with high oxygen mobility redox catalysts
for OSR. These catalysts must present high performance with high stability. Numerous
catalysts have been extensively studied for the steam reforming of individual compounds,
which are the main species present in the pollutant effluents considered in this section. The
molecules included in this group are acetic acid, phenol and toluene. The performance of
such catalysts is affected by the type of support and the promoter agent(s); these topics are
discussed in the next sub-section, but only for catalysts with Ni as the active phase. Besides
that, some materials already developed for the steam reforming of bio-oil, OMW, glycerol
or POME were also discussed.

4.2. Nickel-Based Catalysts
4.2.1. Catalytic Activity and H2 Selectivity

The Ni-based catalysts are the most used in the steam reforming of oxygenates since
they are effective, commercially available and relatively cheap [193–197]. Metal loading is
an important parameter in the study of such catalysts’ performance. In the study of Zhang
et al. [198] (focused on acetic acid steam reforming), it was concluded that the increase of
Ni loading from 10 wt.% to higher values (in a Ni/Al2O3 catalyst prepared by a wetness
impregnation method) did not significantly increase the activity of the catalysts when
a steam to carbon feed ratio of two or five was used. However, high content of Ni in the
catalyst did prevent coke formation, promoting its stability (due to the higher number of
active sites available). In another study of acetic acid steam reforming, Borges et al. [199]
verified that the higher is the Ni loading (in LHD-like precursors of Ni-Mg-Al prepared
through co-precipitation), the lower will be the temperature and the time necessary for
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the reduction, since the interactions between Ni and Mg-Al oxides are weaker (TPR peaks
shifted to lower temperatures)—c.f. Figure 14.

 
Figure 14. TPR analyses of the calcined hydrotalcite-like precursors (xNiMg) with different Ni
loading (x is the molar ratio of Ni2+/Mg2+. Reprinted with permission from Ref. [199]. Copyright
2022 Elsevier.

In several studies, it was found that different supports significantly influenced the
catalyst performance in the reforming reaction. Ni-based catalysts supported on various
types of Al2O3 with different crystalline phases for the steam reforming of acetic acid were
prepared and tested by Chen et al. [196]. The crystalline phases of Al2O3 support influence
the intensity of the interaction between these supports and Ni and, consequently, the
formation of metallic Ni. Since the surface of α-Al2O3 was mainly formed with bulk NiO,
more metallic Ni was present on the Ni/α-Al2O3 catalyst after the reduction treatment. In
this way, this catalyst presents a higher catalytic activity, as the metallic Ni content caused
higher C-C and C-H bonds breaking capability.

In the work of He et al. [200] (toluene steam reforming), it was possible to verify that
the high Ni dispersion in Ni/γ-Al2O3 increases toluene conversion and H2 yield. On the
other hand, a series of Ni core-shell catalysts with various shell species (i.e., SiO2, Al2O3,
CeO2 and TiO2) were prepared by Pu et al. [201]—see Figure 15. By comparing the catalytic
activities of the catalysts with various shell materials, it was concluded that the improved
Ni/Al2O3-i catalyst (the nickel precursor was reduced by NaBH4) was the most suitable for
the steam reforming of acetic acid, showing much higher catalytic activity than the other
materials (Figure 16).

The nature of the support was also studied by Zhang et al. [202], using attapulgite
(ATTP) and Al2O3 as support of Ni-based catalysts. ATTP has a lower specific surface area
and lower thermal stability than Al2O3. The low thermal stability negatively affects the
catalytic performance for steam reforming of acetic acid. However, the interaction between
the Ni species and ATTP is much weaker than that of Ni with Al2O3, and, as a consequence,
at the low Ni loading, the Ni/ATTP catalyst showed better performance. Chen et al. [203]
studied the effect of using biochar as support in a Ni catalyst for the steam reforming of
acetic acid. The catalyst characterization showed that after activation, the porosity of the
biochar enlarged significantly, and both the surface area and the dispersions of Ni particles
increased, increasing the catalytic activity. Kechagiopoulos et al. [204] used a Ni-based
catalyst supported in natural material (Ni/olivine) in a spouted bed reactor; it was observed
that the catalyst presented a high catalytic activity for the steam reforming of representative
model species of the aqueous phase of bio-oil. Besides, Liu et al. [205] stated that the
porosity of the support could promote the catalytic performance in bio-oil steam reforming,
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by comparing the results obtained from a Ni-Mo catalyst supported on natural sepiolite and
acidified sepiolite. The authors verified that the acidified support showed higher catalytic
performance than the non-acidified sepiolite since the acid treatment changed the internal
structure of the support to produce a higher number of pores, leading to an increase of the
surface area of the material.

 
Figure 15. TEM images of the core-shell catalysts reduced at 600 ◦C: (a) Ni/iO2, (b) Ni/Al2O3,
(c) Ni/CeO2, and (d) Ni/TiO2. Reprinted with permission from Ref. [201]. Copyright 2022 Elsevier.

Figure 16. (a) Conversions of acetic acid and (b) H2 yields in the steam reforming of acetic acid over
different catalysts. Reaction conditions: 1 bar, WHSV = 21 h−1, and steam to carbon molar feed
ratio = 3.18. Reprinted with permission from Ref. [201]. Copyright 2022 Elsevier.
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In several studies dealing with the steam reforming of long-chain oxygenates, the
catalysts were often doped with promoters. Galdamez et al. [24], who addressed the steam
reforming of bio-oil, concluded that the addition of La2O3 in the Ni-based catalyst does
not increase the H2 yield. Nevertheless, Garcia et al. [206] observed that the promotion
of a Ni/Al2O3 catalyst with MgO and La2O3 enhanced the steam adsorption that facil-
itated the gasification of surface carbon (decreasing coke formation) also during bio-oil
steam reforming. The increase in the performance of a Ni/Al2O3 catalyst caused by the
incorporation of these two promoters was also reported by Bangala et al. [207] (though
in naphthalene steam reforming). In the work of Zhang et al. [208] (acetic acid steam
reforming), it was verified that the addition of KOH to Ni/Al2O3, with the lowest Ni
loading, significantly enhances the catalytic activity. Choi et al. [209] studied the steam re-
forming of acetic acid by using Ni-based catalysts modified by Mg, La, Cu, and K elements;
they found that the Ni/Al2O3 catalyst modified with Mg showed the best performance at
low temperatures.

In the work of Charisiou et al. [210] (steam reforming of glycerol), it was studied
the catalytic activity and stability of a Ni-based catalyst promoted with Y and Zr. It
was concluded that the addition of Y stabilized the ZrO2 phase and, for this reason, the
utilization of these promotors enhanced the production of H2 and increased the stability of
the catalyst.

Souza et al. [211] prepared Ni-Pt monometallic and bimetallic materials supported
on ZrO2 for the acetic acid steam reforming. The addition of Pt to Ni catalysts caused
an increase in the metallic dispersion and a decrease in the nickel reduction temperature;
however, the catalytic performance was not improved by Pt addition. Ni monometallic
catalyst presented the best catalytic behavior: 100% of conversion and 30% of H2 yield at
500 ◦C, without any deactivation during 30 h on stream. The high activity and stability of
Ni/ZrO2 catalyst may be related to its high reduction degree, increasing the availability of
metal sites, and its low acidity, reducing coke formation. The fast deactivation of Pt/ZrO2
catalyst is associated with its highest rate of coke production.

Baamran et al. [212] prepared several Ni-based catalysts supported on TiO2 for the
steam reforming of phenol. As mentioned in previous works, the superior performance of
the materials was related to the larger surface area, higher metal dispersion and no internal
diffusion inside the pores (these properties were obtained due to the small particle size).
The best catalyst (10 wt.% Ni/TiO2) attained a 98.3% of phenol conversion, 76.9% of H2
yield and high stability for more than 70 h. Besides that, another work of the research
group of Baamran et al. [213] reported a synergistic effect between the TiO2 and ZnTiO3
phases in Ni-based materials, enhancing the Ni dispersion and, in this way, increasing the
catalyst activity and stability. Moreover, Abbas et al. [214] prepared Ni/Co3O4-supported
TiO2 catalysts for the phenol steam reforming with continuous H2 production. Using a feed
rate of 10 mL/h, temperature equal to 700 ◦C, and 0.3 g of catalyst loading, a H2 yield of
83.5%, a selectivity of 72.8%, and a phenol conversion of 92% were obtained. High stability
in terms of production of H2 after 100 h of reaction was obtained with the best material
(no deactivation was verified). This stability was attributed to the strong interaction of the
metal-support (improving the metal dispersion and enhancing the reducibility), minimizing
the coke formation.

It was reported that the incorporation of Cr in a Ni/MgO-La2O3-Al2O3 catalyst in-
hibited the formation of Ni3C [207], modified the metal sites forming alloys with Ni, and
reduced the crystallite size (enhancing the crystallinity of the material), increasing the cata-
lyst activity. Besides that, Bangala et al. [207] observed that the presence of TiO2 decreases
the conversion since it reduces the crystallinity and robustness of the material and destroys
the Al2O3 matrix. It was also observed that the addition of CeO2 improved the catalyst
performance, namely through the inhibition of coke production due to the enhanced cata-
lyst redox properties [195,197,215–218]. So, the addition of basic oxides (e.g., MgO, CeO2,
La2O3, etc.) or other promoters to the Al2O3 support, in a general way, enhanced the steam
reforming catalytic performance.
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Besides the monometallic Ni-based catalysts, other elements such as Pt, Co, Rh,
Cu, and Fe were used along with Ni in bimetallic catalysts for the steam reforming of
oxygenated molecules. A series of Ni-Cu bimetallic catalysts supported on sepiolite
(Nix-Cuy/SEP) was prepared by Liang et al. [219] for the steam reforming of phenol.
The results showed that the Ni-Cu alloys were successfully synthesized, and the addition
of Cu decreased the Ni particle size, improving the redox ability and metal dispersion
of bimetallic catalysts (in this case, Cu can be also considered as a promoter of the cat-
alyst). Pant et al. [220] reported that Ni-Co, Ni-Co/CeO2-ZrO2, and Ni/La2O3-Al2O3
catalysts catalyze the acetic acid steam reforming reaction, being that among them, the
Ni-Co catalyst was more effective. In this specific case, the unsupported catalyst presents
a higher performance due to the combined action of the Ni and Co (Co catalyzes the WGS
reaction [221,222]). Besides that, since Al2O3allows the formation of a high quantity of coke,
the unsupported catalyst presented higher stability. Mizuno et al. [223] studied the steam
reforming of acetic acid over Ni-Co supported in MgAl2O4. The ketonization reaction
occurred on the MgAl2O4 support and the presence of Co or Ni changed the reaction
pathway of adsorbed species, which suppressed the formation of acetone.

Rocha et al. [224,225] tested one commercial catalyst and several prepared materials
based on Ni in the OMW steam reforming process (using a synthetic OMW effluent).
A catalytic screening was carried out with these materials (at 1 bar and 350/400 ◦C), and
stability tests (at 1 bar and 400 ◦C) were performed with the most promising samples. The
authors reported that the LDH-based catalysts and the Ni-Ru/SiO2 catalyst prepared in the
laboratory showed good catalytic properties (the last one with high deactivation resistance
in the long-term test of 24 h) due to a high number of active sites available and high surface
area. Using the commercial catalyst (Ni/Al2O3-SiO2), this research group [224] observed
that the H2 and CO2 production was very high during all of the screening experiments. Still,
the CH4 yield was very close to zero and CO was not detected during the experimental test.

Adhikari et al. [226] compared the catalytic activity of several Ni-based catalysts on
different supports for the steam reforming of glycerol: MgO, CeO2 and TiO2. At 600 ◦C,
it was found the following order of H2 selectivity: CeO2 > MgO > TiO2. Pant et al. [227]
observed that the incorporation of CeO2 in the Ni-based catalysts affects the reduction of Ni
species, enhancing the catalyst activity for the stem reforming of glycerol. In a general way,
it was reported that the addition of a CeO2 promoter enhances the catalytic performance of
the Ni-based catalysts for steam reforming processes [228].

For the steam reforming of POME [186], a Ni/Al2O3 catalyst was demonstrated
to be a good candidate for syngas production and reduction of the organic load of the
pollutant stream.

Finally, mixed oxides such as LHD-type oxides (Ni-Mg-Al oxides) have been reported
as promising catalyst precursors for the steam reforming of these types of oxygenates since
they present high surface areas in comparison with other catalysts [199,229].

In the steam reforming of these oxygenates, it was possible to observe the formation
of several surface intermediates. For instance, it was verified the formation of lactic acid,
acetaldehyde, propyleneglycol, ethylene glycol, methanol, acetic acid, acetone, hydroxyace-
tone, acrolein and ethanol during the steam reforming of glycerol [230–232].

4.2.2. Deactivation

The formation of carbon deposits on the catalysts used in the OSR leads to catalyst
deactivation (as verified in Sections 2.2.2 and 3.2.2). Therefore, to achieve continuous
performance and sustainable H2 production, it is necessary to study the deactivation of
such catalysts.

In the study of Zhang et al. [198], it was verified that the increase of Ni content, from
10 wt.% to higher values, does not significantly affect the catalytic activity of the catalysts.
Still, it enhanced the stability, and especially the resistance towards coking in the steam
reforming of acetic acid. While the coke formed over the catalyst with the lower Ni loading
was mostly amorphous, the coke formed over higher Ni loading was more fibrous [198]. In
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another work, Zhang et al. [208] also verified that the addition of KOH to Ni/Al2O3 with
the low Ni loading not only significantly enhances the catalytic activity but also promotes
gasification of the reactive intermediates such as methyl group, carbonyl group, etc. The
effect of the support in the stability tests was studied by Zhang et al. [202] (also in acetic acid
steam reforming), using attapulgite (ATTP) and Al2O3 as support of a Ni-based catalyst.
The stability of the Ni/Al2O3 catalyst was higher than that of Ni/ATTP, due to the higher
surface area of Al2O3, and to the nature of the coke formed on the surface of the Ni/Al2O3
catalyst (fibrous) instead of the coke formed on Ni/ATTP (amorphous). Hoang et al. [195]
showed that Ni/HT gradually deactivates with the time-on-stream due to coke formation
(competitive adsorption in the active sites)—see Figure 17.

 
Figure 17. Steam reforming of acetic acid in presence of Ni/HT catalyst with steam to carbon ratio of
5, T = 700 ◦C, WHSV= 25.2 h−1. Reprinted with permission from Ref. [195]. Copyright 2022 Elsevier.

In the work of Savuto et al. [197] (who studied the steam reforming of tar model com-
pounds), mayenite (Ca12Al14O33) was used as support of Ni, showing excellent oxidation
properties that increase the resistance of the catalyst towards coke deposition. On the other
hand, Choi et al. [209] verified that a Ni/Al2O3 catalyst with a large amount of weak basic
sites and few middle and strong basic sites is required to improve the catalytic performance
and minimize coke formation (in acetic acid steam reforming).

It was also reported that, for several Ni-based catalysts, La2O3 led to a decrease
in coke formation [194,206,207,217,233,234] and KOH and MgO improved the
stability [194,206,207,234–236]. It was also observed in several studies using Ni-based
catalysts that the addition of CeO2 improved the catalyst stability, namely through the
decrease of coke production [195,197,215–218]. So, the addition of basic oxides to the Al2O3
support, in a general way, enhanced the catalytic performance. The main role of these
oxides is to enhance the redox properties of the material [237,238], which increases the
oxidation of surface carbon and the stability of the catalyst.

228



ChemEngineering 2022, 6, 39

In the study of Rocha et al. [225], it was observed that the increase of the CO production
was related to the decreased extent of the WGS reaction (catalyst deactivation), decreasing
the production of H2. Besides that, it was concluded that the production of amorphous
coke is the main route for the deactivation of the catalysts, as shown in multiple studies on
the steam reforming processes.

Sánchez et al. [239] studied the utilization of a Ni-based catalyst for the steam reform-
ing of glycerol. This work reported a catalyst deactivation after 8 h of a long-term test
(at 600 and 650 ◦C) caused by coke deposition. However, Wen et al. [240] verified that
Ni-based supported catalysts suffer quick deactivation for the glycerol steam reforming,
but due to the sintering of the Ni particles during the reaction.

Finally, a brief reference to structured mesoporous silicate materials that were reported
to be Ni supports less susceptible to deactivation due to coke formation than the conven-
tional microporous supports. Apart from that, it is well known that they also cause less
resistance to the diffusion of reactants to the active sites [241].

4.2.3. Effect of the Preparation Method

The preparation method (including the precursors of the species) used is also a very
important parameter to be considered since it can affect the activity and stability of the
catalysts. For instance, in a recent study by Yu et al. [242], the effect of the type of Ni
precursors (used in the incipient wetness impregnation method) on the catalytic behaviors
of Ni/Al2O3 during steam reforming of acetic acid was studied. It was found that the type
of anion in the nickel precursors affects the properties and performance of the Ni/Al2O3
catalysts. NiSO4/Al2O3 and Ni(NH2SO3)2/Al2O3 did not show good catalytic activity,
while Ni(NO3)2/Al2O3 and Ni(CH3COO)2/Al2O3 showed good and similar activity for
the conversion of acetic acid. Nevertheless, Ni(CH3COO)2/Al2O3 was more stable and
had a higher resistance toward coke production. Among the nickel precursors investigated,
Ni(CH3COO)2 was more suitable as the CH3COO– anion.

Metal salts precursors have significant effects on the properties and catalytic perfor-
mance of the final catalysts, which should be considered in the preparation of Ni-based
catalysts. This topic is not very studied for the steam reforming long-chain oxygenates
or even model compounds (apart from methanol and ethanol), and almost all Ni-based
catalysts assessed for these reactions are prepared by the traditional impregnation method
(see Table 5).

Table 5. Example of the composition of bio-oil [22].

Component [wt.%]

Water 20–23

Acids 3–22

Sugars 4–9

Phenols 3–4

Lignin 2–18

PAH (a) 8 [ppm]

Others (b) 2–21
(a) Poly aromatic hydrocarbons. (b) Ketones, aldehydes, and alcohols.
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4.3. Summary

A summary of the most promising OSR catalysts reviewed in this section is shown in
Table 5. From those eleven catalysts, seven are monometallic and the others are bimetallic.
Regarding the support, most of the supports are Al2O3-based. Besides that, it is worth
mentioning that almost all of the eleven catalysts presented in Table 5 were prepared by
impregnation. All of these catalysts showed conversions close to 100% and high H2 yields
(always higher than 57%) and selectivities (always higher than 54%). In addition, several
catalysts do not present any deactivation, even over long-term experimental tests (30 h).

Analyzing the results of oxygenates conversion, only the catalysts Ni/ABC (ABC—
Activated Biochar) and 6.6 wt.% Ni–10 wt.% Fe/(CeO2)0.4-PG0.6 (PG, palygorskite) did not
convert completely the compounds fed [203,216]. Regarding the H2 production, it was observed
that the monometallic catalysts 15 wt.% Ni/α-Al2O3 and 3.5 wt.% Ni/5 wt.% La2O3-ZrO2
demonstrated higher performance (H2 yield of 90%) in comparison with the remaining
materials [194,196]. It is also important to emphasize that two catalysts prepared by co-
precipitation [216,233] did not demonstrate loss of activity (during 20 h of operation) through
the stability tests (6.6 wt.% Ni–10 wt.% Fe/(CeO2)0.4-PG0.6 and 10 wt.% Ni/La2O3-Al2O3).
These results show how attractive Ni-based catalysts are for OSR.

Finally, it was also observed that the most crucial catalyst properties to reach a high
catalytic activity/stability for the OSR processes are the number of active sites available
(related to metal dispersion), the surface area and the basicity of the material. In this way, to
reach high oxygenates conversion, high production of H2 and low sub-products production,
it is necessary to prepare a catalyst promoted with basic oxides, which presents high metal
dispersion (defined by the strong interaction between the active phase and the support),
and with high surface area (utilization of a proper porous support).

Taking into account the works discussed in Section 4.2 (and observing the data sum-
marized in Table 6), to obtain high catalytic performances during long-term tests in the
steam reforming of oxygenates it is suggested the preparation of a Ni-based catalyst by im-
pregnation, supported on Al2O3, and promoted with a metal oxide (e.g., MgO or CeO2—to
inhibit the coke production).
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5. Conclusions

In the last years, the production of H2 through the catalytic steam reforming of
biomass-derived oxygenates was the target of several studies and such a process has been
demonstrated to be a very attractive alternative for green H2 production. In this way, and to
improve the H2 production, the selection of an appropriate catalyst is fundamental. Nickel-
based materials have been widely studied due to their lower price and their performance
as compared to noble metal-based materials. This review addressed steam reforming of
different biomass-derived oxygenates, namely methanol, ethanol, and other oxygenates
(bio-oil, acetic acid, OMW, etc.).

Most of the promising catalysts for the MSR are bimetallic, Ni and Cu-based. The
materials demonstrated methanol conversions of around 90%, as well as high H2 yields and
selectivities. The materials with higher Cu content and lower amounts of Ni tend to be more
selective towards the production of H2 and CO2 (in detriment of CO). The impregnation
method for the preparations of these catalysts appears to be an appropriate choice and
the annealing/reduction programs adopted were often carried out at temperatures very
similar to those used during the MSR. Besides that, the LDH-based materials allowed to
reach high methanol conversions and H2 yields and showed very stable operation. These
materials might be a potential option in a MSR process since they present a high potential
to be used as hybrid sorbent-catalyst (i.e., dual-functional) materials.

Among the best catalysts for the ESR reaction, half are monometallic and the other
half are bimetallic. It was concluded that the presence of CeO2 in the catalyst composition
enhanced the catalytic activity towards H2 and stability. Several advantages resulting from
promoting the catalysts with Rh were identified, despite the high cost of the noble metal
(which is attenuated by using low loadings of Rh). The best catalysts used in the ESR
process were prepared via simple impregnation techniques.

From the catalysts with the best performances for the OSR, six are monometallic and
the others are bimetallic, and almost all of the catalysts presented Al2O3-based supports.
Most of these catalysts were prepared by impregnation. The catalysts showed practically
complete conversions of the oxygenates and moderate to high H2 yields (>57%) and
selectivities (>54%). Still, several catalysts do not present any deactivation in the stability
tests, although they have not been tested for extended times on stream (<30 h).
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Notation and Glossary

ABC Activated Biochar
ATTP Attapulgite
DFM Dual Function Materials
ESR Ethanol Steam Reforming
ISO International Organization for Standardization
LDH Layered Double Hydroxides
MSR Methanol Steam Reforming
MMT Montmorillonite
OMW Olive Mill Wastewater
OSE Oxygenates Steam Reforming
PF Palygorskite
POME Palm Oil Mill Effluent
TEM Transmission Electron Microscopy
TPD Temperature-Programmed Desorption
TPO Temperature-Programmed Oxidation
TPR Temperature-Programmed Reduction
WEFR Water to Ethanol Feed Ratio
WGS Water-Gas Shift
WHSV Weight Hourly Space Velocity
XRD X-Ray Diffraction
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Abstract: The synthesis and applications of composites based on layered double hydroxides (LDHs)
and nanocarbons have recently seen great development. On the one hand, LDHs are versatile 2D
compounds that present a plethora of applications, from medicine to energy conversion, environmen-
tal remediation, and heterogeneous catalysis. On the other, nanocarbons present unique physical and
chemical properties owing to their low-dimensional structure and sp2 hybridization of carbon atoms,
which endows them with excellent charge carrier mobility, outstanding mechanical strength, and
high thermal conductivity. Many reviews described the applications of LDH/nanocarbon composites
in the areas of energy and photo- and electro-catalysis, but there is still scarce literature on their latest
applications as heterogeneous catalysts in chemical synthesis and conversion, which is the object of
this review. First, the properties of the LDHs and of the different types of carbon materials involved
as building blocks of the composites are summarized. Then, the synthesis methods of the composites
are described, emphasizing the parameters allowing their properties to be controlled. This highlights
their great adaptability and easier implementation. Afterwards, the application of LDH/carbon
composites as catalysts for C–C bond formation, higher alcohol synthesis (HAS), oxidation, and
hydrogenation reactions is reported and discussed in depth.

Keywords: layered double hydroxides; carbon materials; composites; catalysts; C–C bond formation;
oxidation; hydrogenation

1. Introduction

Nanocomposites combining LDHs and carbon-based materials as building blocks have
attracted a great deal of interest lately, particularly as electrocatalysts and photocatalysts.
Several excellent reviews related to the synthesis, characterization, and application of
LDH/carbon nanocomposites highlight their remarkable properties and performance for
energy storage and conversion, environmental protection, and pollution abatement [1–7].
Although less developed, the applications of LDH/carbon nanocomposites as nanofillers,
non-enzymatic sensors, adsorbents for water remediation, and drug delivery systems have
been also reported in several reviews [8–11]. Some of them point out the use of LDH/carbon
nanocomposites as catalysts in acid–base and redox reactions [3,8,11,12]. However, there is
now a remarkable number of publications reporting the high efficiency of LDH/carbon
nanocomposites in these reactions.

This type of application was reported for the first time in 2005 [13,14]. MgAl-LDH/carbon
nanofiber (CNF) composites were used in the base-catalyzed condensation of acetone,
reaching specific activity four times higher than that of the unsupported MgAl-LDH. More-
over, impregnation of a MgAl-LDH/CNF composite with Pd led to a bifunctional catalyst
achieving the single-stage synthesis of methylisobutylketone (MIBK) from acetone, with
initial activity five times higher than the mechanical mixture of activated MgAl-LDH
and Pd/CNF catalysts. Afterwards, various LDH/carbon nanocatalysts have been imple-
mented, displaying highly successful performance compared to unsupported LDH-based
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catalysts for base-catalyzed C–C bond-forming reactions, as well as for oxidation and
reduction reactions. Their higher efficiency than the single MgAl-LDH mainly results
from the higher specific surface areas and porosity. Moreover, interactions between LDH
nanosheets or metal nanoparticles (NPs) obtained from LDH precursors and nanocar-
bons improve electron transfer and avoid aggregation of the LDH or metal NPs. The
LDH/carbon composites also exhibit high thermal and chemical stabilities. They gener-
ally retain the intrinsic properties of the individual LDH and carbon components with
additional synergistic effects.

The hierarchical nanocomposites derived from a multitude of LDH compositions and
0D carbon dots (CD), 1D nanofibers (CF), single-walled carbon nanotubes (SWCNT) and
multi-walled carbon nanotubes (MWCNT), and 2D graphene-like compounds give rise to a
large family of materials.

The main characteristics of each type of carbon material have been extensively de-
scribed [15–19]. Graphene, particularly its oxidized or reduced forms, i.e., graphene oxide
(GO) or reduced graphene oxide (rGO), is currently the most widely used nanocarbon
component in LDH/carbon nanocatalysts. The use of nitrogen-doped graphene is also now
emerging. The success of the graphene-like supports for the design of LDH-containing
composites is partly based on their 2D structural compatibility, which allows intercalation.
The resulting sandwich-type structures are rarely used as catalysts, where disordered
arrangements with more accessible and dispersed active sites are desirable [20,21]. GO
and rGO are more likely chosen for their electronic and thermal conductivities, their ability
to enhance the dispersion and avoid aggregation of the LDH, and to enhance the me-
chanical and chemical stability of the composites. CNF and CNT appear as the second
type of nanocarbons used. More recently, carbon dots (CD) and nitrogen-doped carbon
dots (NCD) have been considered promising to develop composites with improved basic
properties, fast electron transfer through strong metal–CD interaction, and high mechanical
resistance [20–22].

This review highlights the research implemented on the LDH/nanocarbon composites
for base-catalyzed C–C bond formation, oxidation, hydrogenation reactions, and HAS.
Firstly, the properties of the different types of carbon materials involved as building blocks
of the composites will be summarized. Then, the synthesis methods of the LDH/carbon
nanocomposites will be described. Afterwards, application of LDH/carbon composites as
catalysts in the previously cited reactions will be reported. Finally, the main features emerg-
ing from the large survey of the literature considered in the review will be summarized
and discussed. In addition, several possible future search directions will be indicated.

2. LDHs and Carbon Materials

2.1. LDHs

LDHs are built up of brucite (Mg(OH)2)-like layers, which consist of magnesium ions
surrounded by six hydroxyl groups in an octahedral geometry where the divalent metal
(M2+) is isomorphically substituted by a trivalent one (M3+). The excess of positive charge
is balanced by intercalated anions coexisting with water molecules. The general formula
of LDH can be written as [M2+

1−xM3+
x(OH)2]x+ (Am−

x/m)x− · nH2O, where M2+ and M3+

are di- and trivalent cations, respectively, and Am− are the interlayer anions. The molar
ratio M3+/(M2+ + M3+) generally ranges from 0.2 to 0.33, although some different M2+/M3+

molar ratios have also been reported [23]. LDHs exhibit remarkable versatility for the
preparation of base- and metal-supported catalysts due to their variety of compositions
and their activity either in the lamellar form or as layered double oxides (LDO) obtained
by thermal decomposition. Moreover, they are highly suitable as precursors of metal-
supported or multifunctional catalysts, with large specific surface areas and peculiar
metal–support interactions [23–26]. However, LDHs are prone to particle aggregation,
dissolution in liquid media, and sheet stacking, which causes low dispersion of metal NPs
and hinders reactants’ accessibility to the active sites. This contributes to reducing the
efficiency of the LDH-derived catalysts. Many of these drawbacks have been prevented by
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the dispersion of LDH-based catalysts on various supports. Among them, nanocarbons are
increasingly used due to their complementary properties with LDHs.

2.2. Carbon Materials

Despite exhibiting the same general properties, i.e., electron conductivity, high me-
chanical strength, high thermal conductivity, and chemical inertness, each nanocarbon
has specific properties. For catalytic applications, the nanocarbons should have a high
surface area, suitable pore size, high graphitization degree, and strong interfacial coupling.
In particular, 2D graphene-like materials, 1D carbon nanotubes (CNT), carbon fibers (CF)
and nanofibers (CNF), and 0D carbon dots (CD) have been considered as components
of the LDH/nanocarbons [15]. These nanocarbon components are very versatile for sur-
face modification and functionalization, which is necessary to ensure interfacial coupling
with LDHs.

Graphene-like materials, i.e., graphene (G), graphene oxide (GO), and reduced graphene
oxide (rGO), are the most reported materials involved in LDH/nanocarbon composites.
G consists of a single layer of sp2 and sp3-hybridized carbon atoms organized in a 2D
hexagonal lattice. The synthesis of graphene-like materials involves either bottom-up
methods starting from carbon molecules or top-down methods using a carbon source,
generally graphite. For catalytic applications, chemical synthesis is most suitable since it
provides a reactive surface with high density of functional groups. Hummers’ method and
its modified methods are the most common routes for graphite oxidation [27]. The obtained
GO can be easily exfoliated. Through a subsequent reduction step with a chemical agent or
by ultrasonication or thermal or hydrothermal treatment, GO sheets are transformed into
reduced graphene oxide (rGO).

A CNT can be considered as a rolled-up graphene sheet to form cylindrical molecules.
They are classified as single-walled carbon nanotubes (SWCNT) and multi-walled car-
bon nanotubes (MWCNT) according to the number of rolled-up graphene layers form-
ing the tubular nanostructure. CNTs present high strength, electrical and thermal con-
ductivity and stability, and a high surface area, which makes them very attractive for
catalytic applications.

CFs and CNFs exhibit structures and properties closely related and similar to those
of CNTs. However, the geometry of CNFs, formed by regularly stacked truncated conical
graphene layers, is different to that of CNTs [19]. CNFs can be defined as linear filaments
formed of sp2 carbon atoms, giving a flexible, highly graphitic structure with lengths from
several nanometers to microns. Similar to CNTs, CNFs present a high surface area and
chemically active end planes, which facilitate its functionalization.

Carbon dots (CD), including carbon quantum dots CQD, graphene quantum dots
(GQD) and N-doped carbon dots (NCD), and the CD/inorganic nanocomponents, are
emerging as cutting-edge materials for the development of advanced catalysts. CD exhibit
a size below 10 nm, whose structure is composed of sp2 and sp3 hybridized carbon atoms
in the core and the outer part, respectively [28]. A variety of top-down and bottom-up
syntheses have been developed for producing CD with different characteristics.

The typical synthesis, structure, and properties of the nanocarbons used in the
LDH/nanocarbon-derived catalysts are summarized in Table 1. More extensive descrip-
tions can be found in several recent reviews [15–17,19,28–31].
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Table 1. Properties and synthesis methods of different types of nanocarbons.

Nanocarbon Properties Synthesis Methods

Graphene-like materials

sp2-sp3 electronic
configuration with free
π-electrons
Semiconductor, fast electron
transfer
Highly functionalizable
Strong hybridization with
electronic state of catalyst
species, strong interfacial
coupling
π-π conjugation interaction of
reactants
Extremely high theoretical
surface area

Confined self-assembly
Chemical vapor deposition
Arc discharge
Epitaxial growth on SiC layer
Unzipping of carbon
nanotubes
Mechanical exfoliation of
graphite
Sonication of graphite
Electrochemical
exfoliation/functionalization
of graphene
Chemical
synthesis/exfoliation

CNT

sp2 electronic configuration
with free π-electrons
Highly graphitic
Enhanced charge transport
Tailorable acid/basicity and
easy functionalization
High surface area
Good thermal stability

Arc discharge
Laser ablation
Chemical vapor deposition

CNF

Facile and eco-friendly
preparation
Semiconductive, electronic
structure similar to graphite
Chemically active edges, easy
functionalization
Excellent thermal resistance
High surface area

Chemical vapor deposition
Floating catalyst method
Electrospinning/carbonization

CD

sp2 hybridization
Water solubility, easy
functionalization
Low cost and toxicity
Quantum confinement
properties, semiconductor

Microwave-assisted
Combustion/hydrothermal
Supporting synthesis method
Arc discharge
Laser ablation
Electrochemical synthesis
Chemical oxidation

3. Preparation Methods

Among the various preparation methods of LDH/carbon nanocatalysts, two stand out:
self-assembly of LDHs and carbon components and coprecipitation of LDHs on the carbon
component acting as a growth substrate [1,3,8,10,11]. The self-assembly method is scarcely
utilized, and an overwhelming majority of LDH/carbon nanocomposites are prepared by
coprecipitation, which can be easily adapted to the nature of the carbon material and the
design of various structures.

3.1. Self-Assembly Method

The self-assembly method, particularly employed in the case of GO, is based on the
electrostatic interaction between the negatively and positively charged surfaces of the GO
and LDH, respectively. It leads to different nanocomposite structures depending on the
previous treatment of the LDH mixed with the GO nanosheets exfoliated by ultrasonication.
When the LDH is exfoliated in water, the resulting LDH/GO composite is poorly homoge-
neous, exhibiting LDH and GO domains both separated and in intimate contact [20]. On
the contrary, LDH nanosheets exfoliated in dimethyl formamide (DMF), when restacking is
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avoided during drying, leads to a nanocomposite with ultrathin LDH nanosheets highly
dispersed on GO, boosting the catalytic performance [32].

A nanostructured Fe3O4@GO@Zn-Ni-Fe-LDH magnetic composite was developed by
Zeynizadeh et al. combining three components: magnetic Fe3O4 nanoparticles (MNP), GO,
and ZnNiFe-LDH [33]. Fe3O4 MNP allow the recovery and reusability of the nanocatalyst,
while their immobilization on GO prevents aggregation. The overall synthetic process
of the Fe3O4@GO@Zn-Ni-Fe-LDH composite started with the oxidation of graphite to
GO (Hummers’ procedure), followed by the coprecipitation of Fe3O4 on GO exfoliated
by sonication to give the Fe3O4@GO component. Then, the Fe3O4@GO constituent was
assembled with a previously prepared ZnNiFe-LDH, which led to a nanocomposite where
LDH was disposed in plane with the GO constituent, generating a highly porous material.

CD/LDH catalysts have also been generally prepared by self-assembly, mixing LDH and
CD aqueous solutions without particular pretreatments in the preformed constituents [34]. In
other cases, the LDH nanosheets are stabilized with an organic polymer to avoid particle ag-
gregation and favor water dispersibility and CD dispersion on the LDH sheets. For instance,
Yang et al. developed a method for the synthesis of an LDH@PDA@PNIPAM@Pd/CD
nanocatalyst where polydopamine (PDA) was deposited on the MgAl-LDH nanosheets,
dispersed by ultrasonic treatment through the mussel chemical method [22]. Afterwards,
sulfhydryl-terminated poly(N-isopropylacrylamide) (PNIPAM) polymer was grafted via
Michael addition. Finally, the LDH@PDA@PNIPAM@Pd/CD nanocatalyst was obtained
by loading Pd and CD on the polymer brush-modified MgAl-LDH nanosheets dispersed by
sonication (Figure 1a). This preparation favored both the formation of small and uniform
CD and Ag NPs. The different components (LDH and CD) in the composite promoted
electron transfer and migration but stabilized and improved the dispersion of Pd NPs.

Figure 1. (a) Schematic synthesis of LDH@PDA@PNIPAM@Pd/CDs and LDH@PDA@PNIPAM@Pd
catalysts. Reproduced with permission [22]. Copyright 2021, Elsevier. (b) Schematic synthesis strategy
for nanoarray-like xCu-LDH/rGO nanohybrids. Reproduced with permission [35]. Copyright
2019, ACS. (c) Formation process of hollow flower-like and SEM images of CoAl-LDH@N,S-G@Pd.
Reproduced with permission [36]. Copyright 2019, Elsevier.

3.2. Coprecipitation Method

Coprecipitation of LDH on the carbon support is facilitated by the strong adsorption
ability of the metal cations in the solution with the negatively charged carbon surface. This
gives rise to highly dispersed LDH nucleation sites.
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Except for CD and amorphous carbon, other nanocarbons, such as G, CF, and CNT,
need to be oxidized before the reaction due to their chemical inertness and hydrophobic-
ity. Oxygenated functional groups are introduced through different procedures. GO is
produced via oxidative exfoliation of graphite using the Hummers or modified Hummers
method [27]. The functionalized surface of GO allows the nucleation and growth of LDH by
electrostatic forces between GO and the LDH cation precursors [20,21,32,33,37–40]. Treat-
ment of GO with citric acid (CA) leads to hierarchical LDH/GO composites containing
completely exfoliated GO, supporting small LDH particles vertically oriented, due to the
complexation effect of citrate on the LDH nucleation sites [35,39,41]. The preparation of
nanocomposites based on CA-assisted synthesis is schematized in Figure 1b, with several
key features at each main step favoring the formation of nanosheet array-like structures.
Addition of the mixed base solution up to pH 10 to the CA-GO suspension induced depro-
tonation of the –COOH groups of CA (pKa1 = 3.13, pKa2 = 4.76, pKa3 = 5.40) and a decrease
in the negative surface charge of GO. This led to hydrogen bonding between the carboxyl
groups of the citrate species and the OH groups of GO. The dispersibility of GO was
enhanced due to electrostatic repulsion among the negatively charged CA-functionalized
sheets. When the mixed metal cations and the alkaline solutions were simultaneously
added into the CA-GO suspension, the metal cations were electrostatically bonded to the
citrate species, leading to highly dispersed nucleation sites and LDH sheets. The LDH
nuclei presented faster growth in the a,b than in the c direction, resulting in plate-like
LDH crystals, oriented vertically and covering both sides of the GO surface, preventing
their restacking.

Functionalization of CNT goes from oxidation by sonication or reflux in a strong acid
solution to the adsorption of organic molecules or coating with a polymer, e.g., polyacrylic
acid (PAA), introducing carboxyl groups [42–47]. CNT functionalization followed by the
addition of an organic linker efficiently immobilized the LDH cation precursors on the sur-
face. For instance, L-cysteine (L-cys) has been added to functionalized PAA-CNT. The LDH
was then coprecipitated on the L-cys-PAA-CNT materials, leading to the nanocomposite.
L-cys contained on the surface of PAA-CNTs can interact with the cations, forming the
LDH, acting as a bridging linker between LDH and CNT [47].

The presence of L-cyst led to the coprecipitation of a highly dispersed LDH phase on
the CNT and inhibited the crystal growth of the LDH compared to single-functionalized
PAA-CNT. This strategy can be applied to obtain highly dispersed metallic NPs derived
from the LDH over CNT. In contrast, studies involving either CNF or CF report simple
oxidation by refluxing in concentrated nitric acid [14,48].

Coprecipitation of LDH on the nanocarbon has been performed following different
approaches. The metal precursor salts of the LDH can be added to the carbon material (GO,
functionalized CNT, CD) with subsequent addition of the alkaline solution [20,37,38,47,49].
When LDH is precipitated on CNT, the particles nucleate and grow within the open
framework of CNT, as well as separated domains. Due to the different geometry of the two
components (1D vs. 2D), the contact area between the particles is relatively small.

Intimate contact has been found between LDH and GO particles in LDH/rGO nanocat-
alysts, where the LDH nanoplatelets are generally disposed in plane with the rGO surface,
except for high LDH loadings, where the nanoplates grow perpendicularly. Separate
aggregated LDH domains can be also observed depending on the loading and prepa-
ration route.

Previously oxidized CNF have also been used as a substrate for the precipitation
and growth of LDH through incipient impregnation of the Mg2+ and Al3+ salt precursors
and an alkaline solution, followed by hydrothermal treatment (50 ◦C for 24 h). The LDH
platelets presented a lateral size of ca. 20 nm supported on the CNF, with a loading of
11 wt% [50–52].

In many other cases, the nanocarbon was first dispersed in the alkaline solution and
the metal salt solution was subsequently added [39,40,42,44,53]. It led to well-dispersed and
non-aggregated LDH nanosheets over the nanocarbons, particularly when GO contained
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citrate complexing groups, where nanoarray-like structures were observed. The different
hierarchical structures induced by the order of addition of the metal cation salts and the
alkaline solutions account for different supersaturation levels during synthesis.

The simultaneous addition of the metal-containing salt solution and the alkaline solu-
tion at constant pH into a suspension containing the well-dispersed nanocarbon (GO, CF,
CNT) has been also reported [33,43,48]. In such cases, the carbon support was completely
wrapped by well-dispersed LDH nanoflakes oriented vertically. Contrarily, a single-drop
method, where the base solution was added dropwise to a mixture of GO and Ru, Co,
and Al chloride salt solution, led to nanocomposites with parallel orientation of the LDH
platelets on GO (Ru/LDH-GO-P) [54]. The high local supersaturation level in the former
case favored the nucleation and perpendicular growth of the LDH platelets. Contrarily,
in the single-drop method, the low supersaturation favored growth and led to parallel
orientation of the LDH platelets onto GO with higher interaction.

LDH can also be coprecipitated on GO or N- and S-doped GO using urea or thiourea
as a hydrolysis agent under hydrothermal conditions. Rohani et al. reported a catalyst
with hollow inner and mesoporous hierarchically flower-like outer structures using a
template-free method (Figure 1c) [36]. The preparation process was based on the synthesis
of CoAl-LDH@GO hollow spheres previously reported involving Ostwald ripening by
coprecipitation of the Co and Al metal salts with urea and ammonium fluoride within a
GO suspension in ethanol [55]. The obtained hollow CoAl-LDH@GO was then dispersed
in thiourea as source of N and S dopants and hydrothermally treated (180 ◦C for 12 h) to
obtain CoAl-LDH@N,S-G hollow spheres. Finally, the Pd NPs were introduced to obtain
CoAl-LDH@N,S-G@Pd hollow spheres. During the process, most of the Pd (II) was reduced
to Pd (0) due both to the presence of reductive Co (II) in the LDH and of the electron rich
N,S–G. SEM images show a spherical flower-like architecture of the assembly of CoAl-LDH
and G with a dense outer part and a hollow inner part (Figure 1c) of the hierarchical
CoAl-LDH@N,S-G@Pd. HRTEM confirmed the presence of (012) planes of CoAl-LDH and
a good combination between Pd NP and G sheets of ~2 nm thickness. These structural
features, creating high surface areas, also improved the dispersion of Pd NPs, electronically
enriched due to the interaction with the basic LDH support.

The slow urea hydrolysis maintains low supersaturation during the coprecipitation
and a lower nucleation than growth rate, leading to LDH materials with large crystallites
and a homogeneous particle size distribution [56–58]. Urea hydrolysis also gives rise to
GO reduction to G [32].

The influence of the synthesis route on the final structure and features of the composites
was noticed in the work of Álvarez et al., which studied two series of MgAl-LDH/rGO
with 0.5 ≤ LDH/rGO ≤ 10 mass ratio by the direct coprecipitation or self-assembly of
MgAl-LDH and rGO. The LDH/rGO samples were dried either in static air at 80 ◦C or by
freeze drying (Table 2, entry 7) [20].

Table 2. Composition and preparation method of the LDH/nanocarbon composites, and catalytic
reactions performed.

Comp.
Preparation

Method
Reaction

(Substrate)
Reaction Conditions Ref.

1 CNF/MgAl-LDH Pore precipion by
incipient impion

Condension

(Acetone)

1.8 mol acetone; mcat: 1 g;
activated 450 ◦C; rehyd. gas

phase; T = 0 ◦C
[13]

2 CNF/MgAl-LDH Pore precipion by
incipient impion

MIBK synthesis
(Acetone)

1.8 mol acetone; mcat: 1 g;
calcined 450 ◦C; red. 250 ◦C (H2);

rehyd. gas phase. T = 60 ◦C, P
H2 = 1.2 bar

[14]
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Table 2. Cont.

Comp.
Preparation

Method
Reaction

(Substrate)
Reaction Conditions Ref.

3 CNF/MgAl-LDH

Pyrolysis/hydration of
electrospun

PVA/PEO/MgAl–
nitrate

Transestion

(DEC, glycerol)

DEC: glycerol: 16 mol/mol; mcat:
0.4 g; calcined 450 ◦C; rehyd. gas

phase; T = 130 ◦C
[59]

4 MWCNT/MgAl-
LDH Coprecipion Condension

(Acetone)

0.8 mol acetone; mcat adjusted to
contain 50 mg LDH; calcined

450 ◦C; rehyd. liq. phase; T = 0 ◦C
[44]

5 CNF/MgAl-LDH Pore precipion by
incipient impion

Transestion

(DEC, glycerol)

DEC: glycerol: 17 mol/mol; mcat:
0.3 g; calcined 500 ◦C; rehyd. liq.

or gas phase; T = 130 ◦C
[60]

6 CNF/MgAl-LDH Pore precipion by
incipient impion

Condension

(Acetone)

100 g acetone; 1 g supported
catalyst (0.3 g bulk catalyst);

calcined 500 ◦C; rehyd. gas phase
[60]

7 rGO/MgAl-LDH

Copion or
self-assembly; Freeze

drying or drying in air
(80 ◦C)

Condension

(Acetone)

27.5 mmol acetone; 1.5 wt%
LDH/rGO respect to acetone;

activated 450 ◦C; T = 0 ◦C
[20]

8 rGO/MgAl-LDH Copion LDH on GO
Claisen-Schmidt

condension (BALD,
acetophenone)

BALD (a)/acetophenone = 1.05;
mcat: 25 wt%; calcined 450 ◦C;

T = 40 ◦C
[37]

9 rGO/CeMgAl-
LDH Copion LDH on GO Knoev.el (BALD,

diethylmalonate)
BALD: diethylmalonate 2:3; mcat:
1 wt%; non-activated; T = 160 ◦C. [61]

10 rGO/CeMgAl-
LDH Copion LDH on GO

Cascade oxidation-
Knoev.el

(BA/benzoyl
acetonitrile)

BA (b)/benzoyl acetonitrile 0.83;
mcat: 1 g; non-calcined; P O2 = 1

atm: T = 80 ◦C
[61]

11 GO/CuAl-LDH
GO/CoAl-LDH

Copion LDH from
metal nitrates with

NaOH + Na2CO3 on
GO)

Copion LDH from
metal chlorides by
urea on GO (97 ◦C;

48 h)

Ullmann
(Iodobenzene)

Iodobenzene (2 mmol), DMSO
(4 mmol), mcat: 0.25 g;

non-activated; T = 110 ◦C
[21]

12 N,S-G/CoAl-
LDH/Pd

Mixture Al3+, Co2+,
NH4F, and thiourea

hydrothermally
treated.

Then + H2PdCl4

Sonogashira (Aryl
halides/

Phenylacetylene)

Aryhalide (1 mmol),
phenylacetylene (1.2 mmol),

0.06 mol% Pd; cat. non-activated;
T = 100 ◦C.

[36]

13 rGO/CoAl-
LDH/Pd

Copion Co and Al
nitrates on the

CA-modified GO
(pH 10). Aging 65 ◦C;

4 h

Heck
(Iodobenz./Styrene)

DMF (12 mL), H2O (4 mL),
K2CO3 (3 mmol), aryl halide

(1 mmol), styrene (1.2 mmol); cata
non-activated

[53]

14 GO/ZnNiFe-
LDH/Fe3O4

Fe3O4 on GO. Then
LDH immobilized on

Fe3O4@GO

One-pot
Knoev.el-Michael

(BALD/4-
hydroxycoumarin)

4-hydroxycoumarin/BALD = 1:
0.5; mcat: 30 mg; non-activated;

reflux H2O (2 mL)
[33]
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Table 2. Cont.

Comp.
Preparation

Method
Reaction

(Substrate)
Reaction Conditions Ref.

15 rGO/RuCoAl-
LDH

Ru, Co, and Al
chlorides added into

GO susp.ion.
NaOH + Na2CO3 then

added until pH 10.
Aging 90 ◦C; 6 h
Ru, Co, and Al
chlorides and

NaOH + Na2CO3
sol.ion simultaneously
added to GO susp.ion

until pH 10. Aging
90 ◦C; 6 h

One-pot
oxidation + Knoev.el

condion (Cinnamyl
alcohol/ethyl
cyanoacetate
(substituted

BA/ethyl
cyanoacetate or

malonitrile))

BA (1 mmol) and toluene (7 mL)
in 50 mL flask kept 60 ◦C (O2, 2 h,

0.10 MPa). After ethyl
cyanoacetate (1.5 mmol) added at

60 ◦C: cata non-activated

[54]

16 rGO/NiAl-
LDH/Au

LDH/rGO: Copion

metal nitrates and
exfol. GO dispersed

into NaOH + Na2CO3
Au/NiAl-LDH/rGO:

(1) PVA aq. sol.
(PVA/Au = 1.2) + aq.

HAuCl4 +NaBH4
(NaBH4/Au = 5); (2)
LDH/rGO added in
the Au-containing

colloid

Oxidation (BA)
mcata = 0.4 g; non-activated;

40 mL BA, no solvent; T = 140 ◦C;
P O2 = 2 bar

[40]

17 GO/CoAl-LDH
Assembly of GO and

LDH exfoliated in
formamide

Oxidation (BA)
mcata = 0.1 g; non-activated;

1 mmol BA, 5 mL DMF;
T = 120 ◦C; P O2 = 1 bar

[32]

18 NCD/MgAl-
LDH/Au

Copion LDH in
presence NCD (pH

10.5). Then addition of
HAuCl4 into aq.

suspion NCD/LDH
and poly(N-vinyl-2-

pyrrolidone) + NaBH4

Oxidation (BA)
mcata = 0.1 g; non-activated; 10

mL BA, no solvent; T = 120 ◦C; P
O2 = 0.4 MPa

[49]

19 CNT/MgAl-
LDH/Ru

LDH-CNT:
Acid-treated CNT

dispersed in
NaOH + Na2CO3 then

addition of metal
nitrates (pH 10.5).

Treatment 100 ◦C; 16 h.
Wetness impr.

LDH-CNT with
RuCl3.3H2O
(Ru = 1 wt%)

Oxidation (BA)

mcata = 0.2 g (0.02 mmol Ru);
reduced 400 ◦C (H2); 2 mmol BA,

105 mL toluene, 6 mL H2O;
T = 85 ◦C; P O2 = 1 bar; O2 flow

rate 25 mL min−1

[42]

20 GO/CoCuAl-LDH

Copion LDH from
metal nitrates on GO

with NaOH + Na2CO3
(pH 10). GO/

LDH = 0.2–0.8 wt/wt

Oxidation (EB (c))
EB 10 mmol; TBHP 40 mmol;
mcata = 0.1 g; non-activated;

T =120 ◦C
[38]
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Table 2. Cont.

Comp.
Preparation

Method
Reaction

(Substrate)
Reaction Conditions Ref.

21 CNT/ZnCr-LDH

Copion LDH from
nitrate salts on

acid-treated CNT and
NaOH + Na2CO3

Oxidation (EB)
EB: 10 mL (81.7 mmol); no

solvent; PO2 =1 MPa; mcata = 0.1
g; non-activated; T = 130 ◦C

[62]

22 rGO/NiCo-LDH

GO colloid added in
mixed sol.

(VC2H5OH:VH2O = 1:1)
and sonicated. Metal

chloride solion (Ni/Co
= 1) added dropwise
to GO suspion with

NH4Cl (pH 9).
Treatment 120 ◦C; 12 h.

Oxidation (Sty (d))

1.1 mL Sty; mcata = 0.03 g; non
activated; 10 mL acetonitrile,
1.8 mL TBHP (70%, aq. sol.);

T = 80 ◦C

[63]

23 rGO/CuMgAl-
LDH

Copion LDH into CA
(e)-GO suspension

Reduction (4-NP)

1 mM 4-NP (200 μL) + 10 mM
NaBH4 (2.5 mL) + 10 μL cata.

susp. (2.5 mg mL−1)
non-activated

[39]

24 rGO/CuMgAl-
LDH

Copion LDH into
CA-GO suspension

Reduction (4-NP)

200 μL 4-NP (200 μL, 1 mM) +
NaBH4 (2.5 mL, 10 mM) + cata.

(20 μL, 1 mg mL−1)
calcined 600 ◦C

[41]

25 rGO/CuNiAl-
LDH

Copion LDH into
CA-GO suspension

Reduction (4-NP)
4-NP (200 μL, 1 mM) + NaBH4 sol

(2.5 mL, 10 mM) + cata. (10 μL,
2.5 mg mL−1) non-activated

[35]

26 CDs/MgAlCe-
LDH/Ag

LDH Copion and
dispersed into AgNO3
aq. sol. Then addition
of CDs aq. sol. and UV

irradiation

Reduction (4-NP,
MB, MO, CR, RhB,

R6G)

4-NP (200 μL, 10 mM) + NaBH4
sol (200 μL, 0.1 M) + cata. (20 μL,

1 mg mL−1) non-activated
[34]

27 CDs/MgAl-
LDH/PNIPAM/Pd

LDH functed with
PNIPAM (Mussel).

Then addition of Pd
and CDs

Reduction;
Knoev.el; One-pot

Knoev. el

-reduction (MB,
RhB, CR, R6G, MO.
4-NP, o-NO, m-NP,
BALD, malonitrile)

MB (2 mL, 0.013 mM) + NaBH4
sol (1 mL, 0.5 M) + cata. (20 μL,
0.05 mg mL−1) non-activated

[22]

28 rGO/NiAl-
LDH/Pt

Copion LDH on GO.
Then impregnation

with H2PtCl6

Reduction
(p-nitrophenol,

P-NA)

P-NA (3 mL, 0.1 M) + NaBH4 sol
(0.1 mL, 0.1 M) + mcat: 1 mg

activated 600 ◦C (N2)
[64]

29 PAA-CNT/NiAl-
LDH

LDH copion in
presence PAA

functionalized CNT
(P-CNT) and

L-cysteine

Reduction o-(CNB) T = 140 ◦C, P H2 = 2 MPa; cata
activated 500 ◦C (10% v/v H2/Ar) [47]

30 rGO/NiAl-LDH LDH copion in
presence GO

Reduction (CALD) T = 120 ◦C, P H2 = 1 MPa; cata
activated 600 ◦C (N2) [65]

31 MWCNT/CuMgAl-
LDH

LDH copion in
presence pretreated

MWCNT

Reduction
(Glycerol)

Glycerol (5 g, 60 wt%); P H2
2 Mpa; T = 180 ◦C; mcat: 0.2 g

activated 400 ◦C (air)
[66]
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Table 2. Cont.

Comp.
Preparation

Method
Reaction

(Substrate)
Reaction Conditions Ref.

32 CFs/CuCoAl-
LDH

Copion of Cu, Co, and
Al nitrates on CF (pH
9.5–10). Aging 60 ◦C

HAS (H2/CO/N2)

3 MPa syngas mixture
H2/CO/N2 = 8:4:1 (GHSV:

3900 mL (gcat h)−1); T = 220 ◦C;
cata reduced 450 ◦C (H2)

[48]

33 CNT/CuCoAl-
LDH

Cu, Co, Al nitrates
dissolved into CNT

solion then + (NaOH +
Na2CO3) at pH 9.5.

Aging RT

HAS (H2/CO/N2)

3 MPa syngas mixture
H2/CO/N2 = 8:4:1 (GHSV:

3900 mL (gcat h)−1). T = 230 ◦C;
cata reduced 450 ◦C (H2)

[43]

34 CFs/CuFeMg-
LDH

Copion Cu, Fe and Mg
nitrates and on CF at

pH 9.5–10. Aging
65 ◦C

HAS (H2/CO/N2)

3 MPa syngas mixture
H2/CO/N2 = 8:4:1 (GHSV:

3900 mL (gcat h)−1). T = 280 ◦C;
cata reduced 500 ◦C (H2)

[67]

35 CFs/CuZnAl-
LDH/K

Copion Zn and Cu
nitrates on CF and Al
nitrate at pH 5.5–6.2.

Aging 110 ◦C. K2CO3
impion

Isobutanol
synthesis (H2/CO)

H2/CO = 2 (GHSV: 3900 h−1),
mcat: 560 mg; T = 320 ◦C,

P = 4 MPa; cata activated 400 ◦C
(N2) + 320 ◦C (N2/H2 = 4:1)

[68,69]

(a) Benzaldehyde; (b) Benzyl alcohol; (c) Ethlylbenzene; (d) Styrene; (e) Citric acid.

The LDH:rGO ratio, the preparation, and the drying methods influenced the crys-
tallinity of the composites, which was higher in the self-assembled than in the coprecipitated
and freeze-dried samples. Intimate contact between LDH and rGO components occurred
in all samples. However, coprecipitation led to more homogeneous LDH/rGO composites,
with LDH nanoplatelets markedly smaller than those obtained by self-assembly. Moreover,
drying at 80 ◦C developed more ordered structures by hydrogen bonding between both
LDH and rGO building blocks than freeze drying, where restacking of LDH and rGO layers
was avoided. The self-assembled samples exhibited, in general, a heterogeneous structure
regardless of the drying method.

Differently from coprecipitation or self-assembly methods, LDH/CF composites have
been prepared through the reconstruction of an LDO dispersed on pyrolyzed poly(vinyl
alcohol) (PVA)/poly(ethylene oxide) (PEO) fibers obtained by electrospinning. In this case,
MgAl-LDH precursors were directly introduced throughout the microstructured fiber matrix,
whose confined space limited the LDH crystal growth, although this can also reduce their
accessibility. The PVA/PEO/MgAl fibers were obtained from a PVA/PEO/MgAl precursor
aqueous solution following three consecutive steps: (i) PVA/PEO/MgAl fiber templating by
electrospinning of the precursor solution; (ii) carbonization of the PVA/PEO/MgAl fibers
at 450 ◦C, leading to Mg(Al)O mixed oxide supported on carbon fiber; (iii) hydration in
the gas phase leading to the reconstruction of Mg(Al)O into MgAl-LDH and the formation
of the LDH/CF composite (Table 2, entry 3) [59]. Pyrolysis and rehydration resulted
in the formation of agglomerated LDH particles both over the surface and within the
network formed by the fused CNF. HRTEM and XRD analyses confirmed the formation
of a crystalline layer of approximately 10–20 nm thickness containing LDH crystallites of
approximately 4–8 nm (5–10 layers).

4. Applications of LDH/Nanocarbon Composites in Heterogeneous Catalysis

4.1. Base and Multi-Step Reactions

A series of publications reported the use of MgAl-LDH NPs deposited on various
nanocarbons (CNF, MWCNT, or GO) as solid base catalysts for the self-condensation of
acetone, the single-stage synthesis of MIBK, the Claisen–Schmidt condensation of acetophe-
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none and benzaldehyde, the Knoevenagel reaction, and the transesterification of glycerol
with diethyl carbonate [13,14,20,37,44,59–61].

The preparation method, activation procedure, and experimental conditions used in
the different reactions considered in this review are summarized in Table 2.

4.1.1. Self-Condensation of Acetone and Single-Stage Synthesis of MIBK

The pioneering work of Winter et al. reports catalysts based on MgAl-LDH particles
of controlled size supported on CNF to improve the number of accessible active sites and
the LDH’s mechanical strength [13,14]. The MgAl-LDH/CNF composite was used as a
base catalyst for the self-condensation of acetone to diacetone alcohol (DAA), the single-
stage synthesis of MIBK, and the condensation of citral and acetone to pseudoionone. The
MgAl-LDH/CNF nanocatalysts were activated at 500 ◦C, followed by rehydration under
decarbonated water-saturated N2 flow, providing highly efficient base sites [50–52,70–72].

The small lateral dimension (21 nm) of the LDH platelets in the LDH/CNF catalysts
increased the number of active sites situated at the edges, improving by approximately
four times the catalytic activity in the self-condensation of acetone if compared with the
unsupported LDH. The number of basic sites correlated well with the initial specific activity,
confirming the influence of reducing the size of the LDH platelets. Selectivity to DAA
was higher than 98%. Reactivation of the used catalyst by heat treatment and rehydration
removed the adsorbed side products and restored the activity without leaching of the
LDH phase.

Winter et al. also reported the preparation of a multifunctional Pd-MgAl-LDH/CNF
catalyst, containing acid, base, and hydrogenating sites required for the single-stage synthe-
sis of MIBK from acetone [14]. The as-synthesized LDH/CNF impregnated with Pd(acac)2
was then heated at 500 ◦C and reduced at 250 ◦C, and was rehydrated to obtain Brønsted
basic sites, favoring the condensation of acetone with respect to Lewis basic sites (Table 2,
entry 2).

The initial activity of the activated Pd-LDH/CNF was five times higher than that
of a physical mixture of LDH and Pd/CNF. The formation of DAA was faster than the
dehydration of DAA to mesityl oxide (MO), which was almost not observed, being rapidly
hydrogenated to MIBK. The sum of selectivities into DAA, MO, and MIBK was higher
than 99%.

These were the first reports on LDH/CNF-supported catalysts that confirmed that the
catalytically active sites are situated at the edges of the LDH platelets and their amount
greatly increases when the platelets are well-dispersed on a support.

Commercially available MWCNT were used by Celaya-Sanfiz et al. as supports for
LDHs [44]. MWCNT have several advantages over CNF, particularly a higher aspect ratio,
smaller diameter, and enhanced mechanical strength.

Coprecipitation of MgAl-LDH into a dispersion of previously oxidized MWCNT led
to the MWCNT/MgAl-LDH nanocomposite with LDH loading ranging from 33 to 83 wt%.
Activation was performed by calcination and rehydration in the liquid phase. The catalysts
presented LDH particles disposed within the open structure of the MWCNT, decreasing
the specific surface area from 230 m2 g−1 of bare MWCNT to 119–85 m2 g−1 depending on
the LDH loading. The LDH crystallite sizes of the composites were slightly smaller than
in the bulk LDH, and, apparently, they decreased with the increasing MWCNT content.
However, larger LDH platelets were observed after hydration (ca. 62 nm) than for the as-
synthesized MWCNT/LDH (ca. 30 nm). Álvarez et al. reported a similar trend for hydrated
MgAl-LDH/CNF, assigned to dissolution/recrystallization during hydration in the liquid
phase [60]. The basicity of the MWCNT/LDH ranged from 1.6 to 2.4 mmol gLDH

−1 of CO2
desorbed for the composites with LDH content of 33–83 wt%, which is higher than the
values reported previously in LDH/CNF samples, obtained by CO2 adsorption, with lower
LDH loadings (11 to 20 wt%) [14,59,60].

The self-condensation of acetone at 0 ◦C with the hydrated MWCNT/LDH composites
led to DAA only. There was an almost threefold increase in the initial reaction rate (V0)
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from ca. 71 to ca. 196 mmolDAA gLDH h−1 when going from the mere activated LDH to the
MWCNT/LDH catalyst containing 83 wt% LDH. V0 decreased greatly with the MWCNT
loading up to 9.8 mmolDAA gLDH h−1 at 33 wt% LDH. This value can be compared to V0
of 542 mmolDAA gLDH h−1 reported by Winter et al. for an LDH loading of 11 wt% [14].
Notably, in this latter case, the V0 of the LDH/CNF catalyst was fourfold higher than that
of bulk LDH. Compared to LDH/CNF, the catalytic improvement of MWCNT/LDH is less
important despite its higher LDH content. This accounts for the presence of carboxylated
carbonaceous fragments generated during the MWCNT oxidation, which inhibits the
active sites.

Álvarez et al. were the first to investigate the LDH/graphene-like composites as acid–
base catalysts for C–C bond reactions, particularly the self-condensation of acetone [20].
Two series of MgAl-LDH/rGO with 0.5 ≤ LDH/rGO ≤ 10 mass ratio were prepared by
either direct coprecipitation or self-assembly. In addition, both series of LDH/rGO samples
were dried either in static air at 80 ◦C or by freeze drying (Table 2 entry 7).

After activation at 450 ◦C, all composites exhibited the XRD pattern of rGO at low
LDH loading and of Mg(Al)O mixed oxide at high LDH loading; meanwhile, HRTEM
images revealed similar morphologies and structural features to the non-calcined parent
samples. The surface areas of the activated composites with LDH:rGO = 10 were in the
range of 170–240 m2 g−1.

Only DAA was obtained with all the activated LDH/rGO catalysts, with a clear
influence of the LDH/rGO mass ratio on the activity, from 19.8 to 104.7 mmol gLDH

−1

for LDH/rGO mass ratios of 0.5 and 10, respectively. Only when LDH/rGO ≥ 5, the
activity was higher than that of the bulk LDH (51.2 mmol gLDH

−1), with a maximum at
LDH/rGO = 10, achieving the best compromise between the number and accessibility of
sites. The composite prepared by coprecipitation and freeze drying exhibited remarkable
activity, leading to a DAA amount of 104.7 mmol gLDH

−1 after 8 h, compared to around
70–80 mmol gLDH

−1 for LDH/rGO prepared by self-assembly and either dried in air or
freeze-dried. This can be related to the reduced lateral dimension of the LDH platelets
(30–40 nm) and the disordered structure of the composite, with poorly stacked rGO and
LDH sheets in weak interaction, which enhanced the accessibility to the active sites. Con-
trarily, those samples with lower LDH content exhibited poor activity significantly lower
than that of the bulk calcined LDH. This was attributed to their low number of active
sites and to the layer-by-layer hybridization between the LDH layers and the rGO sheets,
hindering accessibility to the active sites.

Adsorption of CO2 on both series of samples with amounts from 63 to 157 μmol gcat
−1

for LDH/rGO-0.5 and from 361 to 407 μmol gcat
−1 for LDH/rGO-10 confirmed that the

improved catalytic activity accounted for the LDH loading. Moreover, a clear correlation
was found between the global rate of reaction and the number of stronger basic sites of the
LDH/rGO series.

The basicity, determined by the adsorption of CO2, and the catalytic activity in the
self-condensation reaction of acetone for the different MgAl-LDH/nanocarbon catalysts are
compared in Table 3. All the reactions were performed at 0 ◦C with a similar LDH/acetone
weight ratio of ~1.10 for CNF and MWCNT supports, and of 0.36 for rGO.

The number of basic sites varied in a large range, pointing to the influence of the
loading and particle size of the LDH component and the structure of the carbonaceous
support, which led to different accessibilities to the active sites in the composites. The
unexpectedly different number of basic sites found between the two LDH/CNF samples
with the same LDH loading and particle size probably resulted from the different conditions
of CO2 adsorption performed at 0 and 25 ◦C, respectively. The higher number of basic sites
of MWCNT/LDH compared to LDH/rGO having similar LDH loading (80–90 wt%) and
particle size (~50 nm) typically accounts for the lower accessibility to the sites in the case of
rGO due to its intimate contact with the LDH sheets. The LDH particles are, on the contrary,
well exposed within the open framework of the MWCNT, acting as a supporting scaffold.
The reaction rates are difficult to confirm as the values were calculated over very different
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times, but a global tendency can be underlined regarding the efficiency of the supports as
CNF > MWCNT > rGO. However, the absence of a correlation between the basic properties
and the catalytic activity among the different materials confirms that accessibility to the
sites is a determining parameter.

Table 3. Basicity and catalytic activity in the self-condensation of acetone at 0 ◦C for different
MgAl-LDH/carbon nanocomposites.

Carbon
Activation
(Rehyd.ion)

mHT

[mg]
macet

[mol]

mHT/macet.
× 103

[g/g]

CO2 ads.
[mmol
gHT

−1]

React. Rate
[mmolDAA

gHT
−1 h−1]

Ref.

CNF Calc. 450 ◦C
(gas phase) 110 1.8 1.05 0.75 (a) 542 (b) [14]

CNF Calc. 450 ◦C
(gas phase) 120 1.72 1.20 0.37 (c) nd [60]

MWCNT Calc. 450 ◦C
(liq. phase) 50 0.8 1.08 1.8 (c) 196 (d) [44]

rGO Calc. 450 ◦C 0.57 2.75 × 10−2 0.36 0.41 (c) 0.052 (e) [20]
(a) CO2 adsorption at 0 ◦C; (b) over the first 15 min; (c) CO2 adsorption at 25 ◦C; (d) from the amount of DAA
produced over 100 h; (e) from the amount of DAA produced over 8 h.

4.1.2. Claisen–Schmidt Reaction (Synthesis of Chalcone)

LDH/rGO composites were investigated in the Claisen–Schmidt condensation of ace-
tophenone and benzaldehyde to chalcone [37]. A wide range of basic catalysts were used for
this reaction, but selectivity to chalcone is generally low because of the side reactions, such as
Michael addition [73–79]. A series of catalysts with 0.5 ≤ MgAl-LDH/rGO ≤ 20 mass ratio
was prepared by coprecipitation and drying in air at 80 ◦C, as previously reported (Table 2,
entry 7) [20].

The number of basic sites of the activated catalysts, evaluated by the amount of
adsorbed CO2, increased from 52 to 265 μmol gcat

−1 when the LDH content increased. For
LDH loadings higher than 80 wt%, the amount adsorbed was similar to or higher than in
the bulk activated LDH (128 to 265 μmol gcat

−1 compared to 129 μmol gcat
−1, respectively),

all exhibiting similar specific surface areas (~280 m2 g−1). Thus, dispersion of the LDH
nanoparticles on the rGO surface increased the number and accessibility toward highly
basic O2- sites. Accordingly, conversion reached 100% after 4 h with activated LDH/rGO
catalysts when the condensation of acetophenone and benzaldehyde was carried out at
40 ◦C in the presence of either polar protic (methanol, MeOH), polar aprotic (acetonitrile,
ACN), or non-polar (toluene) solvents or neat conditions. Bare activated LDH needed 8 h
to complete the reaction.

The LDH/rGO ratio and the nature of the solvent greatly influenced the distribution of
products. Chalcone, with yields in the range from 65 to 100%, was the main product using
ACN, toluene, and in neat conditions. The weak acidity of ACN poisoned the stronger basic
sites of the catalyst, inhibiting the Michael addition. Meanwhile, in solventless conditions,
a Michael addition product was formed with ca. 20% selectivity along with c,t-chalcone (ca.
80% selectivity) due to the stronger basic sites, which initiated a side reaction.

With MeOH only, c,t-chalcone with yields in the range from 20% to 75% and an aldol
product were formed. The Michael addition was totally inhibited due to the acidity of
MeOH being slightly higher than that of ACN. Toluene led to the higher yield of c-chalcone
and the Michael addition product, which was likely related to its very weak acidity and the
different adsorption of the reactants on the catalyst surface.

4.1.3. Knoevenagel and One-Pot Oxidative Knoevenagel Reactions

Recently, Ce-containing MgAl-LDH-GO composites bearing different GO loading
(5–25 wt%) were tested as catalysts in the Knoevenagel condensation of benzaldehyde with
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dimethyl malonate to diethyl benzylidene malonate (DBM) and subsequently to cinnamic
acid (CNA), and the one-pot cascade oxidation–Knoevenagel condensation of benzyl
alcohol (BA) and benzoyl acetonitrile to yield 2-benzoyl-3-phenylacrylonitrile (BPA) [61].
The Ce-MgAl-LDH/GO composite prepared by coprecipitation (Table 2, entry 9) presented
the typical structural features corresponding to both LDH and GO. The acidity and basicity
measurements showed a synergistic interaction between the Ce-containing MgAl-LDH and
GO rather than a simple additive effect. Thus, while Ce-MgAl-LDH solid showed a mainly
basic and GO a mainly acidic character, the composite presented both basic and acidic sites.
Their numbers passed through a maximum for 15 wt% of GO (2.98 mmolacrylic acid g−1 and
0.46 mmolpyridine g−1, basic and acid sites, respectively).

The conversion of the mere solids Ce-MgAl-LDH and GO (8% and 5% after 5 h,
respectively) was rather low compared to the composites. The catalytic activity, in terms of
aldehyde conversion, of the composites increased with the GO content up to an optimum
for 15 wt% (24% and 76% after 5 h and 24 h, respectively), in line with the acidity and
basicity results. Then, it decreased for higher GO content. The yield to CNA, with a
maximum of ca. 45% after 24 h of reaction for the catalyst containing 15 wt% of GO,
followed the same trend.

The ratio between the basic and acid sites, associated with the LDH and GO compo-
nents, respectively, was a key factor determining the product distribution, since the basic
sites are involved in the proton abstraction from the α-position of diethyl malonate to
undergo nucleophilic addition to the carbonyl group of the benzaldehyde yielding DBM.
However, selectivity to DBM decreased with the basicity. This is assigned to the favored
decarbethoxylation of DBM by the basic sites, first leading to the ethyl cinnamate ester
intermediate. At the same time, conversion of the latter into CNA occurs by the acid sites.
Indeed, it was observed that the pure GO phase (essentially acid) led to high selectivity to
CNA (99%), indicating a key role in its production in the composites. Again, the catalyst
with 15 wt% GO presented the highest values of both total acidic and basic sites, but also
showed the highest basic-to-acidic site ratio.

In the case of the cascade reaction, the conversion of BA was higher for the Ce-MgAl
LDH-GO composites compared to the LDH and GO materials alone, the latter being
completely inactive. BA conversion decreased with the increase in the GO concentration,
which was attributed to a decrease in the number of accessible redox active sites needed in
the first step of the reaction due to GO restacking at higher content. However, with lower
GO content, the accessibility to the redox sites was increased by separation of the LDH
particles, which favored the oxidation of BA.

4.1.4. Transesterification of Glycerol

The Mg(Al)O mixed oxide and meixnerite-like compound (OH-MgAl-LDH), obtained
upon rehydration in the liquid or gas phase of Mg(Al)O, presented high efficiency in the
base-catalyzed transesterification of glycerol with diethyl carbonate (DEC), leading to
glycerol carbonate [80,81]. This reaction was also studied using MgAl-LDH/CNF with
LDH nanoparticles of controlled size (20 nm), prepared following the protocol of Winter
et al., with LDH content of ca. 12 wt% and activated either by calcination at 500 ◦C (LDH-
CNFc) or by calcination followed by rehydration in the liquid phase (LDH-CNFrl) or gas
phase (LDH-CNFrg) (Table 2, entries 5 and 6) [60].

The LDH-CNFc was the most efficient catalyst, showing a V0 of 53 mmol Gly g−1
HT h−1

better than LDH-CNFrl and LDH-CNFrg (3 and 7 mmol Gly g−1
HT h−1, respectively)

and by far higher than bare calcined LDH (0.18 mmol Gly g−1
HT h−1). Accordingly, total

glycerol conversion was obtained after 1.5 h for LDH-CNFc but after 3 h for LDH-CNFrg
and 8 h for LDH-CNFrl; meanwhile, the calcined LDH (LDHc) needed 22 h for total
conversion. The nearly four times higher number of basic sites in LDH-CNFc than in the
bulk catalyst (LDHc) cannot account for its 300 times higher initial reaction rate. This
indicates different adsorption of the reactants depending on the different polarity of the
catalysts. The heat-treated CNF is less polar than the bulk LDH and this improves DEC
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adsorption and the reaction rate. Likewise, the different behavior of the rehydrated samples
can be explained by their different content of physisorbed and interlayer water.

The LDH-CNFc catalysts exhibited good stability, with slight decrease in glycerol
conversion after three runs, without leaching of the active phase.

The transesterification of glycerol with DEC was also studied with catalysts formed by
MgAl-LDH NP supported on CNF prepared by electrospinning [59]. The loading of LDH
in the composite was ca. 20 wt%.

Glycerol transesterification with MgAl-LDH/CF was threefold higher than that of bare
MgAl-LDH (5.6 × 10−3 vs. 1.7 × 10−3 mmol Gly g−1

HT s−1, respectively). This is consis-
tent with their different numbers of basic sites located at the edges of the platelets. However,
the activity of MgAl-LDH/CF (5.6 × 10−3 mmol Gly g−1

HT h−1 after 10 h) was by far lower
than that of the MgAl-LDH/CNFrg catalyst (7 mmol Gly g−1

HT h−1 after 1 h) reported
by Álvarez et al., both studies being performed in similar conditions [60]. The different
behavior of MgAl-LDH/CF and MgAl-LDH/CNFrg catalysts both rehydrated in the gas
phase can be related to their physico-chemical properties. LDH loading in MgAl-LDH/CF
was slightly higher than in MgAl-LDH/CNFrg (20 vs. 12 wt%) and the mean crystallite
size was also smaller in the former catalyst, two features able to improve the catalytic effi-
ciency. However, the specific surface area was significantly higher for MgAl-LDH/CNFrg
(164 m2 g−1) than for MgAl-LDH/CF (15 m2 g−1) due to the different textures of the CNF,
being of lower porosity when prepared by electrospinning. Consistently, the amount of
adsorbed CO2 was higher by a factor of 1.8 in MgAl-LDH/CNFrg (0.37 mmol g−1

LDH)
than in MgAl-LDH/CF (0.21 mmol g−1

LDH) and in both cases higher than in the bulk
rehydrated MgAl-LDH (0.13 mmol g−1

LDH). Therefore, despite the potentially higher
number of active sites located at the edges of its smaller particles, MgAl-LDH/CF was
found to be less active due to the lower accessibility of the particles embedded in the
carbon fibers prepared by electrospinning. Moreover, covering of the LDH particles by
coke provided by the carbonization process cannot be ruled out.

4.1.5. Ullman, Sonogashira, and Heck Reactions

Ahmed et al. investigated CuAl-LDH and CoAl-LDH supported on GO as cata-
lysts for the classical Ullmann reaction [21]. The CuAl-LDH/GO composite (Cu:Al = 2:1;
LDH:GO = 20:1) was prepared by coprecipitation of the CuAl-LDH onto an aqueous GO
dispersion. Meanwhile, the CoAl-LDH/GO composite (Co:Al = 2:1; LDH:GO = 20:1) was
prepared via a urea-mediated coprecipitation method (Table 2 entry 11). The LDH content
was 97 wt% in both composites and the XRD patterns were typical of LDH, while GO was
considered well exfoliated. Crystallite sizes (c direction) were around 19 and 43 nm for
CuAl-LDH/GO and CoAl-LDH/GO, respectively. SEM images showed lateral particle
sizes of 100 nm for CuAl-LDH. Consistently, they were larger (up to 8 μm) with a hexagonal
shape for CoAl-LDH synthesized by the urea method. The specific surface area was higher
for CuAl-LDH/GO (44 m2 g−1) than for CoAl-LDH/GO (17 m2 g−1). It increased by
around 60–70% compared to the bare LDHs upon introduction of 3 wt% GO, with the
creation of mesopores of 2–3 nm.

The catalysts’ activity in the condensation of iodobenzene to biphenyl was CuAl-
LDH > CoAl-LDH > CuAl-LDH/GO > CoAl-LDH/GO. Remarkably, these results were
obtained without the addition of a reducing agent, contrarily to usual operating conditions.
The slightly lower activity of the LDH/GO catalysts compared to their bulk counterparts
was attributed to a restacking of the GO layers in DMSO. In contrast, GO in the composite
catalysts greatly improved their stability over reusability cycles. Thereby, the biphenyl yield
dropped by around 30% after five reaction cycles with the LDH/GO catalysts, whereas it
dropped by around 55% and 72% with CuAl-LDH and CoAl-LDH samples, respectively.

Wang et al. designed hierarchically structured nanoarray-like catalysts Pdx/rGO@CoAl-
LDH for the Heck reaction using a lattice atomic-confined in situ reduction strategy of Pd2+

induced by the well-dispersed Co2+ atoms in the LDH layers [53]. CoAl-LDH provides
both reductive Co2+ sites able to form highly dispersed Pd0 NP and basic sites able to
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increase their electron density. Moreover, graphene enhances electron conductivity at the
same time, which provides high mechanical strength and a large surface area, inducing
high dispersion of LDH nanoplates and improved adsorption of aromatic reactants via
π–π interactions.

The catalysts presented a hierarchically structured nanoarray-like morphology with
LDH nanoplates of ~65 × 7.5 nm grown perpendicular to both sides of the rGO layers.
Pd NPs (<2 nm) were highly dispersed and preferentially located at the edges of the LDH
nanoplatelets due to the interaction of the Pd precursor and the pending OH groups,
suggesting strong metal–support interaction (SMSI).

Based on the time (t) required to reach the maximum conversion (C) and TOF values,
hierarchical Pd0.6/rGO@CoAl-LDH (t = 20 min, C = 98.1%, TOF = 981 h-1) presented the
highest catalytic activity in the Heck reaction between iodobenzene and styrene compared
to non-hierarchical Pd0.6/rGO@CoAl-LDH-h (t = 50 min, C = 98.2%, TOF = 393 h-1)
and control catalysts Pd0.92/CoAl-LDH (t = 60 min, C = 95.0%, TOF = 317 h-1) and
Pd2 + 0.78/GO (t = 270 min, C = 98.1%, TOF = 73 h-1) (Figure 2a). The rGO layers largely
contributed to the activity, and the hierarchical composite improved it due to its structured
nanoarray-like morphology, which allowed a reduction in the Pd NP size and enhancement
in their dispersion. It also provided more accessible active sites (Figure 2b).

 

Figure 2. (a) −ln(1−C) against time (t) and Arrhenius plots for the Heck reaction of iodobenzene
and styrene on Pdx/rGO@CoAl-LDH at varied temperatures; (b) plausible mechanism for the Heck
coupling reaction of aryl halides with styrene on Pdx/rGO@CoAl-LDH catalysts. Reproduced with
permission [53]. Copyright 2017, ACS. (c) The possible reaction pathways for the oxidation of BA
over the CoAl-ELDH/GO catalyst. Reproduced with permission [32]. Copyright 2018, ACS.

When the Heck reaction was performed with the series of hierarchical Pdx/rGO@CoAl-
LDH (x = 1.9, 1.2, 0.6, 0.33, 0.0098), the TOF increased from 846 h-1 to 2982 h-1 when Pd
loading decreased from 1.9 to 0.33 wt%, in line with a concurrent increase in dispersion. The
hierarchical Pd0.0098/rGO@CoAl-LDH catalyst with ultrasmall Pd NPs (1.3 nm) greatly
dispersed exhibited a TOF value of 160,000 h-1 with 16.0% of iodobenzene conversion
after 1 h, which is considerably higher than the values previously reported with Pd-based
heterogeneous catalysts [53].

Moreover, the hierarchical composites showed a broad range of substrate applicability,
having conversions higher than 94.3% within 40 min in reactions between varied substituted
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aryl halides with styrene and its derivatives. The catalysts could be reused in more than
five runs without noticeable loss of activity.

Hierarchical flower-like CoAl-LDH@N,S-G@Pd catalysts were evaluated in the Sono-
gashira alkynylation reaction between a variety of aryl halides and phenylacetylene with
optimized conditions (solvent, temperature, and base) [36]. The Pd and N,S-G loading
was ~1.20 wt% and ~5 wt%, respectively. XPS analysis identified Co, Co2+ in CoAl-LDH
structure, and Pd0, Pd2+ species in the CoAl-LDH@N,S-G@Pd composite.

Product yields higher than 90% were obtained in the coupling reaction of both electron-
deficient and electron-rich aryl iodides with phenylacetylene, although completion of the
reaction was reached after 3 h with the methyl substituent. The coupling was also effective
with substituted aryl bromides and aryl chlorides, but longer reaction times were needed
to achieve completion. This hierarchical catalyst presented activities comparable with
other Pd-containing catalysts reported, with the advantages of a shorter reaction time, mild
reaction conditions, high product yield, and smaller amount of Pd [36].

The efficiency of the CoAl-LDH@N,S-G@Pd composite can be ascribed to its meso-
porous spherical flower-like architecture (Figure 1c) with a hollow structure, which facili-
tates the diffusion of the reactants to the Pd sites, also favored by the high dispersion and
stabilization of the Pd NPs by the well-ordered Co(II) in the LDH sheets. Moreover, the
π-π stacking of G with aromatic substrates makes the reactants more accessible to Pd sites,
and the electron enrichment of Pd by the basic LDH and the N,S-G increases the rate of the
oxidative addition step.

The absence of Pd leaching from CoAl-LDH@N,S-G@Pd showed that the reaction was
purely heterogeneous. Moreover, the catalyst was highly recyclable. A decrease of only
~12% in the product yield in the model reaction was observed after six catalytic runs.

4.1.6. One-Pot and Cascade Reactions

A magnetic Fe3O4@GO@Zn-Ni-Fe-LDH system showed high efficiency in the one-pot
Knoevenagel–Michael reaction between 4-hydroxycoumarin and a variety of benzaldehy-
des substituted with different electron-donating and electron-withdrawing groups [33].
The biscoumarin compounds were obtained in 87–95% yield within 30–40 min, showing
the good activity of the catalyst. The condensation of 4-hydroxycoumarin and benzalde-
hyde with the Fe3O4@GO@Zn-Ni-Fe-LDH catalyst gave 95% yield of 3-3′-benzylidenebis(4-
hydroxycoumarin) in 3 min, the highest performance compared with other catalytic systems
such as CuO-CeO2 [82], SiO2-OSO3H NP [83], or phosphotungstic acid [84], which led to
93–94% yields in 12–30 min. GO provides a substrate for the formation of well-dispersed
ZnNiFe-LDH platelets with acid–base properties and highly accessible sites required for
the targeted reaction. After magnetic separation of Fe3O4@GO@Zn-Ni-Fe-LDH from the
reaction media and washing, the catalyst can be reused up to five times, with a small loss
in the yield of 3-3′-benzylidenebis(4-hydroxycoumarin) from 95% to 87%.

Zhang et al. have prepared nanocomposites based on RuCoAl-LDH and GO follow-
ing either single-drop addition or simultaneous addition at constant pH for the cascade
reaction between cinnamyl alcohol and ethyl cyanoacetate to produce cynnamilidene ethyl
cyanoacetate [54].

The single-drop method led to the parallel orientation of the LDH platelets on the
surface of GO (Ru/LDH-GO-P). Meanwhile, simultaneous addition led to the perpendicular
orientation of the LDH platelets on GO (Ru/LDH-GO-V).

Ru/LDH-GO-P, with 99% yield of cinnamylidene ethyl cyanoacetate, was significantly
more active than Ru/LDH-GO-V, with 48% yield (60 ◦C under O2; 3 h). Ru/LDH-GO-P
presented the highest amount of weak and medium–strong basic sites. The higher catalytic
efficiency of Ru/LDH-GO-P was also in line with its higher abundance of O2

2− and
O2

− species detected by O2-TPD, whose formation was promoted by the higher amount
of Co3+ species and the higher specific surface area compared to Ru/LDH-GO-V. Two
control catalysts, Ru/LDH-sd and Ru/LDH-cp, obtained by single-drop and coprecipitation
methods, respectively, were poorly active (30% and 14% yield, respectively), showing that
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the presence of GO in the nanocomposites improves the dispersion of the active sites of
the LDH nanosheets. The physical mixtures of the three components also were less active
(<36% yield) than the corresponding nanocomposites. Ru/LDH-GO-P could be reused at
least five times without an obvious decrease in the activity.

Interestingly, the Ru/LDH-GO-P catalyst showed high efficiency in the one-pot
oxidation–Knoevenagel condensation reactions involving benzyl alcohols substituted with
either an electron-withdrawing (NO2, Cl, Br) or an electron-donating group (CH3, CH3O)
and active methylene groups (ethyl cyanoactate or malonitrile). Product yields were in the
range of 91 to 99% within 2–3 h.

The different LDH/carbon nanocatalysts with hierarchical structures involved in the
Ullmann, Sonogashira, Heck, and one-pot reactions are summarized in Table 2, entries
11–15.

It is noteworthy that the hierarchical nanocomposites combining transition metal-
containing LDH, particularly CoAl-LDH, and Pd, with GO or rGO show remarkable effi-
ciency for the achievement of a wide range of C–C coupling, such as Ullman, Sonogashira,
and Heck reactions. Varying the LDH composition, e.g., RuCoAl-LDH, ZnNiFe-LDH,
allows multifunctional catalysts that are able to perform one-pot Knoevenagel–Michael
and oxidation–Knoevenagel cascade reactions. This behavior results from several main
characteristics of these nanocomposites. The large surface area of the GO or rGO support
favors the dispersion, and the number, strength, and accessibility of the most active sites
of low coordination located at the edges of the LDH nanoplatelets. Moreover, it is possi-
ble to adjust the supersaturation rate during coprecipitation to obtain LDH nanosheets
vertically or horizontally oriented on GO. Vertical orientation gives rise to the most effi-
cient catalysts. Defects created by the reduction of GO to rGO during preparation of the
nanocomposites are the preferential nucleation sites of the LDH crystallites and concur
with their high dispersion. For CoAl-LDH and Pd systems, the presence of Co2+ species
in the LDH facilitates the reduction of Pd2+, giving rise to highly dispersed Pd NPs of
small size. Moreover, electron transfer occurs from both the LDH nanosheets with basic
character and rGO to the Pd NPs. All these features contribute to enhancing the reactivity
of Pd for oxidative addition. The specific surface area of the nanocomposites reaches up
to 180 m2 g−1, accounting for the dispersion of the GO nanosheets due to the presence of
LDH decreasing π-π interactions, generally responsible for their stacking. These properties
make the Pd-containing nanocomposites more active than the classical catalysts in the C–C
coupling reactions. The LDH-based nanocomposites can also lead to bi- and tri-functional
catalysts required to achieve one-pot reactions and magnetic separation of the catalyst.

It is important to highlight the high robustness and stability of the LDH/carbon
nanocomposites, which can be subjected to five or six cycles of regeneration with a decrease
in activity not exceeding 30%.

4.2. Oxidation Reactions

LDH/nanocarbon composites are very attractive for a variety of oxidation reactions
because the tunable composition of LDH allows the required catalytic active sites to be
obtained, particularly efficient electron-deficient metal species. Moreover, the intrinsic
LDH basicity can induce multifunctional composites. LDH/carbon nanocomposites are
also designed for the oxidation of aromatic compounds due to their highly favorable
adsorption on the carbon surface through π-π interaction closely to the dispersed active
sites. The reactivity will also benefit from the balance between the hydrophobic and
hydrophilic character induced by the carbon and LDH components, respectively, the large
specific surface areas, and the strong interaction between the components. The preparation
methods of the LDH/carbon nanocomposites and the conditions of the oxidation reactions
considered are summarized in Table 2, entries 16–22.
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4.2.1. Oxidation of Primary Alcohols

The development of highly active and selective catalysts for the solvent-free oxidation
of primary alcohols is still challenging. Miao et al. reported for the first time the use of an
LDH/graphene composite as a support for Au NPs for the selective oxidation of benzyl
alcohol (BA) [40]. Its structure consisted of thin graphene sheets decorated by nanosized
LDH particles grown parallel or perpendicular to the surface with an average size ~62 nm
and Au NPs with an average particle size of 2.63 nm. Both the oxygenic functional groups
and the defect sites on the surface of rGO acted as anchoring sites for the nucleation of
LDH and Au NPs, with strong SMSI, high dispersion, and small size.

The BA conversion of Au/NiAl-LDH/rGO achieved in solvent-free conditions (140 ◦C;
P O2: 2 bar) reached ca. 62% after 10 h, which was higher than that of Au/GO (7.1%),
Au/NiAl-LDH (51.8%), and the physical mixture of Au/GO and Au/NiAl-LDH (38.2%).
Selectivity toward the targeted benzylaldehyde of the Au/NiAl-LDH/rGO and Au/NiAl-
LDH catalysts after 10 h reaching 65.2% and 63.3%, respectively, was higher than that of
Au/GO (60.6%), showing that the over-oxidation of BA was prevented on less oxygenated
rGO than GO. The main by-products were toluene, benzoic acid, and benzyl benzoate,
the latter reaching up to 35% selectivity at higher BA conversion through the reaction
of benzaldehyde with BA to form hemiacetyl, which was then oxidized. The optimum
GO/NiAl-LDH mass ratio of 1:2.8 led to a 40% benzaldehyde yield.

Upon reusing Au/NiAl-LDH/rGO, the conversion of BA dropped by only 10%,
with selectivity to benzaldehyde still reaching 68% after the third recycling step. This
stability probably results from the strong anchoring of the Au NPs, which prevents their
agglomeration, and from the presence of NiAl-LDH, preventing the agglomeration of rGO.

Wang et al. developed an approach aiming to replace noble metal-containing catalysts
for the oxidation of BA using CoAl-LDH [32]. Co-based catalysts have demonstrated high
efficiency in the oxidation of alcohols. However, the high Co loading required to reach high
conversion leads to poorly dispersed active species and low TOF values. Furthermore, the
addition of basic promotors is common to improve the activity. Co-containing LDH can
provide both highly dispersed Co species and high basicity. Exfoliation of LDH is also an
interesting method to improve the accessibility to the active sites. Wang et al. prepared
CoAl-ELDH/GO composites achieving first the coprecipitation of CoAl-LDH using the
urea method. An aqueous suspension of GO exfoliated by ultrasonication was then added
into the suspension of CoAl-LDH nanosheets previously exfoliated in formamide (ELDH)
(Table 2, entry 17). Both ultrathin ELDH nanosheets and GO nanosheets with apparent
thickness in the range of 2.4–3.3 nm and 1.1–1.2 nm, respectively, were observed in the
CoAl-ELDH/GO composite, with Co/Al = 1.6 and GO content of 15.3 wt%.

CoAl-ELDH/GO was significantly more active (92.2% conversion) than CoAl-LDH
(37.3%), GO (10.7%), and their physical mixture (51.9%) in the BA oxidation (DMF; 120 ◦C;
4 h). The conversion reached with the CoAl-LDH and GO physical mixture corresponds to
the sum of the values of the two components, showing that there is no synergetic effect.

Benzaldehyde was the main product of the reaction, with similar selectivity of 99.2%
for CoAl-ELDH/GO and the bulk CoAl-LDH, while it decreased to 91.5% for GO with the
formation of significant amounts of benzoic acid (5.9%) and benzyl benzoate (2.5%). These
results revealed the predominant role of CoAl-LDH in the catalytic performance, while GO
acted as a poorly active support. The positive effect of the dispersion of CoAl-LDH on GO
is evidenced by the TOF value, being five times higher for CoAl-ELDH/GO (1.14 h−1) than
for the bulk CoAl-LDH (0.23 h−1).

Investigation of the surface defects, local atomic arrangement, and electronic struc-
ture revealed that the Co-OOH and Co . . . Co distances remained unchanged but that the
coordination number decreased significantly in CoAl-ELDH/GO in comparison to the
bulk CoAl-LDH. This suggests that coordinatively unsaturated CoO6−x octahedra were
formed in the ultrathin nanosheets of the composite with the generation of Co and O va-
cancies. The positron annihilation spectra (PAS) of CoAl-ELDH/GO showed the presence
of larger amounts of Co vacancies and of negatively charged VCo-Co-OHδ− sites than
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in the bulk CoAl-LDH, with more lattice oxygen atoms exposed. Accordingly, both the
strength and density of the basic sites of CoAl-ELDH/GO were improved with respect to
bulk CoAl-LDH. The mobility of oxygen species was higher in the CoAl-ELDH/GO than
in the bulk CoAl-LDH. This was consistent with the higher number of oxygen vacancies
and surface O2

− in the composite. The oxygen vacancies together with Co-OHδ− adjacent
to Co vacancies (VCo-Co-OHδ−) were found by DFT calculation to be the sites of stronger
BA adsorption via its OH group.

The CoAl-ELDH/GO catalyst showed good stability over six runs. Furthermore, it was
also highly active and selective in the oxidation of a wide range of other benzylic alcohols.

The authors proposed a mechanism with two possible pathways for the oxidation
of BA under molecular oxygen on CoAl-ELDH/GO (Figure 2c). O2 initially adsorbed on
the oxygen vacancies captured electrons from adjacent Co2+, giving activated O- and Co3+

species. The O-H group of the BA molecule simultaneously adsorbed on an oxygen vacancy
(path I) or a VCo-Co-OHδ− site (path II) was activated, leading to H abstraction and the
formation of an unstable metal-alkoxide species. Further, the α-Cδ+-Hδ− bond cleavage on
an activated O− site accepting Hδ− led to the formation of benzaldehyde. The catalytic
cycle was completed by the oxidation of the hydride by activated O−, with the concurrent
reduction of Co3+-O− to Co2+-O− followed by the desorption of H2O.

CD-containing LDH-based nanocomposites are scarcely investigated in the literature.
Notwithstanding, several recent papers indicate exciting outlooks for such composites,
such as an N-doped CD/CoAl-LDH/g-C3N4 heterojunction photocatalyst and GdDy-
LDH assembled with doxorubicin and folate–carbon dots, designed as cancer-targeted
therapeutic agents or CD/LDH phosphors [85–87].

Interesting papers report nanocomposites with LDH and CD or N-doped CD (NCD)
as supports of Au NPs and Ag NPs for heterogeneous catalysts. CD or NCD provide
stabilizing and reducing ability, electro-donating capacity improving their basicity, and
strong metal–carbon interaction favorable to the reduction of organic water pollutants and
oxidation of alcohols [34,49].

Supported Au NPs on a NCD/MgAl-LDH composite (Au/NCD/MgAl-LDH) pre-
pared by the coprecipitation of MgAl-LDH and NCD, and subsequent Au introduction
by the deposition–reduction approach, gave rise to catalysts with improved basicity and
metal–support interaction (Table 2, entry 18) [49]. Nitrogen atoms incorporated into car-
bon materials provided basic species inducing a Lewis basicity to the neighboring carbon
atoms [88,89].

The Au/NCD/MgAl-LDH composite contained Au0 NPs of approximately 3.46 nm
average size, uniformly dispersed and poorly aggregated, with a loading of 0.3 wt%. The
highly dispersed NCD component on the surface of MgAl-LDH increased the surface
density of stronger basic sites compared to the Au/MgAl-LDH sample. In addition,
SMSI was produced in the Au/NCD/MgAl-LDH composite, indicated by BE values of
Au0 species lower than for the Au/MgAl-LDH. This is due to the strong coordination of
electron-donating N atoms in NCD and Au0 NPs.

The BA oxidation with the Au/NCD/MgAl-LDH composite was conducted without
a solvent and the addition of bases in the reaction media, as previously reported for an
Au/NiAl-LDH/rGO composite [40].

MgAl-LDH and NCD/MgAl-LDH were poorly active in BA oxidation, leading to
conversion of 4.2% and 5.8%, respectively, after 4 h. The conversion increased upon
introduction of Au on MgAl-LDH (38.2%) and further with the introduction of NCD (47.3%)
with the Au/NCD/MgAl-LDH composite at similar Au loading compared to Au/MgAl-
LDH (0.82% and 0.91%, respectively). This suggests that the improvement of basicity
promotes the activity of the composite. Consistently, the initial TOF based on surface Au
atoms after 0.5 h of reaction greatly increased from 8591 h−1 with Au/MgAl-LDH up to
20175 h−1 with Au/NCD/MgAl-LDH. The role of the basicity was also confirmed when
the catalytic results were compared with those previously obtained with the Au/NiAl-
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LDH/rGO composite [40]. Conversion of BA was indeed 49 and 35% with Au/NCD/MgAl-
LDH and Au/NiAl-LDH/RGO, respectively, after 5 h.

Benzaldehyde was the main reaction product, with benzoic acid and benzyl benzoate
as by-products. The conversion increased with the Au loading, with a concurrent slight
decrease in benzaldehyde selectivity.

Similar selectivity to benzaldehyde of approximately 80%, with benzyl benzoate as
the main by-product, was obtained with Au/NiAl-LDH/rGO [40]. However, it must be
underlined that Au/NiAl-LDH/rGO exhibited a specific surface area of 172.5 m2 g−1

and Au NP size of 2.63 nm, while they were 61 m2 g−1 and 3.46 nm, respectively, for
Au/NCD/MgAl-LDH. These structural features were more favorable to the former catalyst.
Moreover, Au/NCD/MgAl-LDH was more active despite the softer reaction conditions
used, i.e., 120 ◦C reaction temperature vs. 140 ◦C for Au/NiAl-LDH/rGO. The presence
of NCD and of MgAl-LDH instead of NiAl-LDH contributes to improving the basicity of
Au/NCD/MgAl-LDH in comparison to Au/NiAl-LDH/rGO and, therefore, the catalytic
activity in the oxidation of BA.

BA conversion with Au/NCD/MgAl-LDH decreased only by 6.0% after five consecu-
tive runs, instead of 12.4% with Au/MgAl-LDH, showing the high stability of the former
composite, whose Au leaching was around 1.0%.

Shan et al. developed a method aiming to obtain highly thermodynamically stable
Pickering emulsion using an amphiphilic nanocomposite based on LDH and CNT compo-
nents. The selective oxidation of BA was studied using an Ru-based LDH-CNT catalyst as
a solid emulsifier [42].

LDH-CNT composites were prepared by the coprecipitation of MgAl-LDH on the
acid-treated CNT (Table 2 entry 19). The Ru/MgAl-LDH-CNT catalyst was obtained by
wet impregnation of the MgAl-LDH-CNT support with RuCl3·3H2O and reduced at 400 ◦C
under H2 flow. The collapsed LDH structure obtained after reduction was recovered
after redispersion for 3 h in a water–oil interface (H2O:toluene = 1:2), giving a homogen-
eous emulsion.

The Ru content was ca. 0.7 wt% in the Ru/LDH-CNT composite, Ru/LDH, and
Ru/CNT, with particle sizes of 2–3 nm uniformly dispersed on the surfaces. They also
showed similar specific surface areas of ~90 m2 g−1. However, the catalytic activities
of the three materials revealed different behaviors for the selective oxidation of BA to
benzaldehyde. The selectivity was in all cases 99.9%, but conversion of 92% was reached by
Ru/LDH-CNT, compared to 52% and less than 5% for Ru/CNT and Ru/LDH, respectively,
after 5 h of reaction. These results can be attributed to the different capacities of LDH,
CNT, and LDH-CNT to stabilize water–toluene emulsions. LDH-CNT presented a 100%
stabilized volume fraction with the smallest emulsion droplets (30–150 μm) much lower
than those of CNT and unstable hydrophilic LDH nanosheets at the water–oil interface
(100–300 μm). This resulted in an increased emulsion interfacial surface area, where the
Pickering interfacial catalysis (PIC) process took place, leading to the high catalytic activity
observed with Ru/LDH-CNT in the aerobic oxidation of BA. The advantage of the PIC
process is obvious when one considers that 54% conversion of BA is obtained over Ru/LDH-
CNT with toluene as the solvent.

With LDH at 85 ◦C, coalescence of the droplets at the water–oil interface occurred and
the LDH was transferred to the aqueous phase. Therefore, Ru/LDH did not catalyze the
oxidation of BA likely dissolved in toluene. CNT dispersed at the water–oil interface al-
lowed PIC emulsion catalysis to occur, although partial coalescence of the droplets occurred.
Ru/CNT (conversion 52%) was then found more active than Ru/LDH (conversion < 5%).
LDH-CNT exhibited the higher thermostability at the water–oil interface due to the smaller
size of the droplets and the restricted rotation of the emulsifier induced by the nanosheet-
shaped structure, which led to higher conversion on Ru/LDH-CNT. The positive effect
of LDH nanosheets for the PIC process was confirmed using a Ru/LDH-CNT catalyst
whose LDH-CNT support was hydrothermally treated for 4 h instead of 16 h, leading to a
smaller LDH particle size. The conversion of BA on this Ru/LDH-CNT reached 84% at 5 h,
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higher than that over Ru/CNT despite a lower emulsion volume (55% versus 77%). The
three-phase contact angle of the LDH-CNT at the water–oil interface of 97◦, instead of 110◦
for CNT, showed that the wettability of CNT is modulated in the presence of LDH, leading
to a more stable emulsion, accounting for the higher stability of the Pickering emulsion
with LDH-CNT.

Table 4 summarizes the reaction conditions and catalytic results of the considered
nanocomposite catalysts. Benzaldehyde is always the main product of the reaction. Higher
conversion of BA and selectivity to benzaldehyde are obtained in the presence of a solvent,
DMF, or water–toluene, than in solvent-free conditions. In the latter, higher catalytic activity
is obtained when the basicity of the catalyst is improved. The CoAl-ELDH/GO composite
allows similar conversion and selectivity to the Ru-containing catalyst to be obtained in
the PIC process, showing that a non-noble-metal-containing catalyst can be efficient in
the oxidation reaction. It can be noted that the PIC process allows the performance of the
reaction at a lower temperature. In the case of Au-containing catalysts, the high selectivity
to benzyl benzoate probably results from the reaction conditions, particularly the high
oxygen pressure and temperature, promoting the reaction of benzaldehyde and BA.

Table 4. Conditions of reaction and results of aerobic oxidation of BA over different nanocompo-
site catalysts.

Catalyst
BA

[mmol]
Solv

mcat

[g]
PO2

[bar]
T

[◦C]
t

[h]

SS
[m2

g−1]

Conv.
[%]

BAL
[%]

BB
[%]

Ref

Au/NiAl-
LDH/rGO 4.3 no 0.4 2 140 5 172.5 35 80 20 [40]

CoAl-
ELDH/GO 1 DMF 0.1 1 120 4 92.2 99.3 0 [42]

Au/NCD/
MgAl-LDH 89 no 0.1 4 120 5 61 49 83.4 16 [32]

Ru/LDH-
CNT

(Pickering)
2 H2O/Tolne 0.2 1 85 5 89 92 99.9 6 [49]

BAL: Benzaldehyde; BB: Benzyl benzoate.

4.2.2. Oxidation of Alkylaromatics

Nanocomposites based on non-noble-metal-containing LDH and carbon compounds
offer wide possibilities to obtain highly efficient catalysts for the selective oxidation of
alkylaromatics able to fulfil sustainable chemistry requirements. Two main model reac-
tions have been particularly investigated: the selective oxidation of ethylbenzene (EB) to
acetophenone (AP) and the oxidation of styrene to styrene oxide (SO).

Among the selective oxidation of alkylaromatic compounds, that of EB to produce
AP is relevant because AP is an important intermediate to produce esters, aldehydes, and
pharmaceuticals. Cobalt-based metal oxides have been reported as efficient catalysts for the
oxidation of EB. For example, hierarchical flower-like core–shell-structured CoZnAl-MMO
supported on amorphous alumina microspheres or a flower-like Al2O3@CoCuAl-MMO
catalyst exhibited high activity and selectivity toward AP [90,91].

CoCuAl-LDH on a graphene sheet nanocomposite prepared by coprecipitation of the
LDH on GO (Table 2 entry 20) was also tested in EB oxidation [38].

The main products of the oxidation of EB at 120 ◦C using tert-butyl hydroperoxide
(TBHP) as an oxidant were AP, BA, and 1-phenylethanol (1-PA). The catalytic activity
of the CoCuAl-LDH/graphene nanocomposites depended on the graphene/LDH mass
ratio. A mass ratio of 0.4 led to a maximum EB conversion of 96.8% and AP selectivity of
95.4%. GO and graphene were poorly active, with conversion not exceeding 13.5%, while
pristine CoCuAl-LDH exhibited significant conversion (68.8%) and selectivity to targeted
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AP (88.1%). Moreover, the catalyst could be recycled at least four times without significant
loss of activity.

CoCuAl-LDH/graphene nanocomposites presented improved catalytic performance
if compared to other types of catalysts previously reported, despite the different reaction
conditions used in each case [38].

The higher activity shown by CoCuAl-LDH/graphene nanocomposites is assignable
to: (i) the adsorption of EB on the graphene through π-π interaction in close proximity to
Co2+ and Cu2+ active sites; (ii) the high dispersion of CoCuAl-LDH nanoplatelets of small
size; (iii) promotion of THBP activation due to the strong interaction of graphene with Co2+

and Cu2+ sites; and (iv) the preferential adsorption of EB than water on the hydrophobic
graphene surface.

ZnCr-LDH/CNT was the best-performing of the different carbonaceous composites
studied by Zhao et al. in solvent-free aerobic EB oxidation with O2 at 130 ◦C, with con-
version of 54.2% and AP selectivity of 93.7% [62]. The ZnCr-LDH/CNT nanocomposite,
prepared as shown in Table 2, entry 21, presented LDH platelets with an average size of
~10 nm, highly dispersed on the surface of CNT (Figure 3a). Larger ZnCr-LDH particles
(30–40 nm) were obtained over the graphene (G) surface, while aggregation occurred on
active carbon (AC). These ZnCr-LDH/G and ZnCr-LDH/C composites yielded EB con-
version of 45.1% and 40.0%, respectively, with AP selectivity of ca. 87% in both cases. The
physical mixture of CNT and ZnCr-LDH (20 wt% CNT) leading to EB conversion of 28.5%
was less active than ZnCr-LDH/CNT and the pristine ZnCr-LDH (37.9%), revealing a
synergistic effect in the composite. The strong interaction between ZnCr-LDH particles and
CNT was revealed by the largest positive shift in the BE of the Zn 2p and Cr 2p regions in
ZnCr-LDH/CNT in comparison to the pristine ZnCr-LDH.

 

Figure 3. (a) HRTEM image of ZnCr-LDH/CNT composite; (b) ZnCr-LDH/CNT performance with
single molecular oxygen, single TBHP (0.5 mL, 70% aqueous solution), and mixed oxidants of O2 and
TBHP, respectively (reaction conditions: EB, 10 mL; PO2, 1.0 MPa; 130 ◦C; catalyst, 0.1 g). Reproduced
with permission [62]. Copyright 2018, Elsevier. (c,d) SEM and TEM images of NiCo-LDH/RGO5 and
(e) proposed reaction pathway for the epoxidation for styrene. Reproduced with permission [63].
Copyright 2019, Elsevier.

Interestingly, oxidation of EB over ZnCr-LDH/CNT using either O2, a small amount of
TBHP (0.5 mL, 70% aqueous solution), or both oxidants (Figure 3b) led to contrasting results.
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An induction period of around 4 h was observed using O2 that was, on the contrary,
absent using TBHP, but EB conversion was very low, reaching only 7.1% with AP selectivity
of 55.8% after 6 h. Using both O2 and TBHP, EB conversion of 50.8% with high AP
selectivity of 93.6% was achieved after only 1 h. The addition of butylated hydroxytoluene,
as a radical scavenger, inhibited the reaction performed under O2, suggesting that it obeyed
a free radical process because free radicals generated from TBHP greatly enhanced the
reactivity. The ZnCr-LDH/CNT catalyst was also found to be active for the oxidation of
other alkylaromatics.

The high efficiency with a clear synergistic effect between the components of the ZnCr-
LDH/CNT catalyst can be mainly related to the dispersion of the ZnCr-LDH nanoplatelets
on the CNT surface, which increases the accessibility, the strength of the active sites, and
their strong electronic interaction. Such features promote EB adsorption on CNT through
π-π interaction and its contact with the adjacent Cr3+ sites interacting with O2.

The CoCuAl-LDH/graphene catalyst (G/LDH mass ratio of 0.4), with an AP yield of
92.35% using TBHP, is significantly more efficient than ZnCr-LDH/CNT as reported by Xie et al.,
leading to an AP yield of ca. 4% or 50.8% with TBHP or O2, respectively, which emphasizes
the higher intrinsic efficiency of the CoCuAl-LDH/graphene catalyst [38,90]. This was also
confirmed in the oxidation of cumene, 1,2,3,4-tetrahydronaphtalene, and diphenylmethane,
with conversions of 84.8, 98.1, and 97.3%, respectively, with the CoCuAl-LDH/graphene
nanocatalyst, and of 49.0, 53.6, and 63.8%, respectively, with ZnCr-LDH/CNT.

The different behavior of the CoCuAl-LDH/graphene and ZnCr-LDH/CNT catalysts
mainly accounts for their different numbers of active sites. The total loading of Co2+

and Cu2+ indeed reached 11.2 wt% in CoCuAl-LDH/graphene, while Cr3+ loading was
0.87 wt% in ZnCr-LDH/CNT. Notably, the performance of the CoCuAl-LDH/graphene
and ZnCr-LDH/CNT catalysts was better than that of a range of previously reported
catalysts. The literature data suggest that higher EB conversions are generally obtained
when using TBHP operating at a lower temperature (70–130 ◦C) but a larger reaction time
(8–24 h) than with O2 (120–160 ◦C and 1–9 h) [38,90].

The epoxidation of styrene is of outstanding importance. For cleaner processes,
oxidation of styrene with H2O2 or TBHP rather than with organic peracids is preferred,
with higher selectivity to styrene oxide generally obtained with TBHP.

Shen et al. have reported a series of NiCo-LDH/rGO nanocomposites (NiCo-LDH/RGOx,
x = 1–10 wt%), synthesized by a one-pot hydrothermal method, as catalysts using TBHP
as an oxidant [63]. A GO colloid was dispersed in a C2H5OH/H2O solution, where a Ni
and Co chloride salt solution (Ni/Co = 1) was added dropwise along with NH4Cl under
stirring (pH adjusted to 9). The suspension was hydrothermally treated (120 ◦C for 12 h),
producing both LDH crystallization and GO reduction.

LDH nanoplatelets were dispersed around rGO as nanoflower clusters (Figure 3c,d)
and presented a smaller size (50–100 nm) than in the pristine NiCo-LDH (ca. 200 nm).

There was a significant influence of the rGO content on the catalytic activity of the
reaction performed at 80 ◦C for 8 h. Styrene conversion increased from 88.6% to 95.1%
when the rGO content increased from 0% to 5 wt%. Such behavior accounted for an increase
in the number and strength of accessible Ni2+ and Co2+ active sites, leading to improved
THBP binding (Figure 3e). This gave rise to MIII-oxo and MIII-peroxo species, able to attack
the C=C bond of styrene, producing a peroxo metallocycle that was then decomposed to
form styrene oxide (path 1). Benzaldehyde was also generated due to the cleavage of C=C
bond of the styrene adsorbed on MII species.

The best SO yield (70.2%) was obtained with 5 wt% of rGO and decreased when the
rGO content increased; meanwhile, selectivity to BAL remained almost similar around
27%, regardless of the rGO content. These catalytic results improve those ones previously
reported with catalysts such as Fe-sal-CMK-3, NiO NP and Au/L-Fe3O4, giving SO yields
of 32.4%, 10.8%, and 53.4%, respectively [92–94]. NiCo-LDH/RGO catalysts showed
remarkable stability along five catalytic runs, with styrene conversion decreasing only by
around 2% and SO selectivity remaining constant.
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In summary, the previous results illustrate the great potential of the LDH/nanocarbon
composites to perform the oxidation of various substrates through the tailoring of their
composition. The LDH composition and/or the introduction of nitrogen-doped carbon
dots (NCD) allow the adjustment of the basicity of the final nanocomposite. The ability
to obtain Pickering emulsions highly stabilized with LDH/nanocarbon composites offers
interesting outlooks that have not yet been explored in the hydrogenation of benzaldehyde.
The LDH/nanocarbon catalysts are particularly suitable for the oxidation of molecules
containing aromatic cycles due to the π-π interactions with the carbon component and the
enhanced electron transfer.

4.3. Hydrogenation Reactions

Since 2012, Mg, Co, Ni, or Cu-based LDHs have been combined with carbon materi-
als, i.e., amorphous carbon, GO, CNT, or CD, to obtain hierarchical structures acting as
precursors of catalysts for a wide variety of hydrogenation reactions. They were involved
in the reduction of organic dyes and nitroarenes, the selective hydrogenation of C=O
or C=C conjugated bonds and of 5-hydroxymethylfurfural (HMF) to 2,5-dimethylfuran
(DMF), the hydrodechlorination (HDC) of chlorobenzene, and the hydrogenolysis of glyc-
erol [22,34,35,39,41,47,64–66,95–99].

The nature of the components and the preparation methods of the LDH/nanocarbon
nanocomposites and the hydrogenation reactions considered are summarized in Table 2,
entries 23–30.

4.3.1. Hydrogenation of Organic Dyes and Nitroarenes

Nitro derivatives have a highly pollutant nature, especially 4-nitrophenol (4-NP) (or
p-nitrophenol), which is anthropogenic, carcinogenic, and toxic, with, in addition, high
solubility and stability in water. Reduction of 4-NP to produce 4-aminophenol (4-AP) is an
important issue because this latter is a valuable industrial raw material and pharmaceutical
intermediate. Several transition metals, mainly Cu, Co, and Ni and their oxides, have
been widely used for the reduction of 4-NP [99–102]. A wide variety of LDH/nanocarbon
composites have been also explored as catalysts or precursors for the reduction of 4-NP
and organic dyes.

CuxMg3−xAl-LDH/rGO (x = 0.5, 1, 1.5) and Cu3−xNixAl-LDH/rGO (x = 2.5, 2.0, 1.5)
nanocomposites with nanoarray-like structures (Figure 1) were prepared according to the
CA-assisted aqueous-phase coprecipitation method and studied for the reduction of 4-NP
with an excess amount of NaBH4 [35,39,41].

The reduction of GO and the presence of abundant and smaller sp2 graphitic regions,
with the creation of defects acting as nucleation sites, account for the vertical and uniform
growth of the LDH in the nanoarray-like CuxMg3−xAl-LDH/rGO (x = 0.5, 1, 1.5) (named
xCu-LDH/rGO) nanocomposites, reducing the strong interparticle interaction among LDH
nanoplates (Table 2, entry 23). Thus, the hierarchical nanoarray-like morphology is in
line with the higher specific surface area of the composites (204–215 m2 g−1) compared to
Cu1Mg2Al-LDH (named CuAl-LDH) (102 m2 g−1).

Complete conversion in the reduction of 4-NP was achieved within 2.5 min with
the xCu-LDH/rGO composites, in comparison to 11 min with CuAl-LDH, while GO and
Mg3Al-LDH were inactive [39]. The active Cu-related species were more efficient in the
hierarchical nanoarray-like structure. Both the apparent reaction rate constant (pseudo-
first-order kinetics) and the TOF number increased with the Cu content and were higher
than with pure Cu-LDH or previously reported catalysts [103–105]. Cu 2p XPS, XRD, and
HRTEM analyses revealed that the active sites were Cu2+ ions belonging to LDH nanosheets
and Cu+ formed by reduction upon dissociation of NaBH4 in water, which led to the in situ
formation of Cu2O NPs on the LDH nanosheets. Indeed, the presence of spherical Cu2O
NPs (~7 nm) was ascertained by HRTEM, with also the presence of interfaces between
LDH domains supporting Cu2O NPs and single rGO layers. A synergistic Cu2O-Cu-LDH-
rGO three-phase interface is then suggested, which can be considered as the most active
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catalytic domain due to the enhanced electron transfer. The xCu-LDH/rGO composites
act as efficient Cu2O reservoirs without needing a pre-reduction step. These composites
were also active for the reduction of various nitroarenes (2-NP, 3-NP, 2,4-dinitrotoluene,
and 4-nitrobenzaldehyde).

The high catalytic efficiency of the composites accounts for: (i) the electronic mobility of
rGO in the Cu2O-Cu-LDH-rGO three-phase interface, which facilitates the electron transfer
from BH4

− to 4-NP mediated by small Cu2O NPs; (ii) the enhanced contact between the
reactant and the active Cu2O centers due to the π–π stacking interaction between rGO and
adsorbed 4-NP; (iii) the improved diffusion and transfer of 4-NP and BH4

− to the catalytic
sites due to the large specific surface area of the composites.

Considering the well-known influence of calcination to improve metal–support inter-
action, Dou et al. investigated the catalytic activity of the xCu@Cu2O/MgAlO-rGO hierar-
chical nanocomposites obtained by calcination (600 ◦C under N2 flow) of the CuxMg3−xAl-
LDH/rGO precursors (x = 0.5, 1, 1.5) (Table 2, entry 24) [41].

The xCu@Cu2O/MgAlO-rGO nanocomposites contained Cu, Cu2O, and CuO phases
according to the reduction of Cu2+ to Cu+ and Cu0 by rGO, and poorly crystallized MgAlO
mixed oxide with highly dispersed Cu-based spherical-like particles. Their average size
increased (12.8 to 40.3 nm) with the copper content, and they were located near the border
between MgAlO and rGO layers. These structural features conferred upon the composite
catalysts a mesoporous structure with high specific surface areas, decreasing from 200 to
157 m2 g−1 when the copper content increased.

FTIR suggested charge transfer between π electrons of rGO and the copper atom,
weakening the Cu-O bonds and stabilizing Cu+. Catalysts 1.0Cu@Cu2O/MgAlO-rGO
and 1.5Cu@Cu2O/MgAlO-rGO exhibited core–shell-like Cu@CuO NPs with Cu0 in the
core and Cu2O in the outer shell, while 0.5Cu@Cu2O/MgAlO showed a mixture of Cu
nanocrystallites and Cu2O phases. These results confirmed the in situ self-reduction of Cu2+

into Cu0 by rGO and Cu2O NPs located on the border between MgAlO and rGO, creating a
Cu-Cu2O-MgAlO-rGO four-phase interface. These latter must greatly improve the catalytic
activity, particularly due to the presence of well-dispersed and poorly aggregated core–
shell-like Cu@Cu2O NPs in the MgAlO matrix, in close contact with rGO layers, and
electron transfer from Cu or Cu2O to MgAlO and rGO (XPS).

Complete reduction of 4-NP to 4-AP occurred within 3, 1, and 1.2 min with 0.5Cu@Cu2O/
MgAlO-rGO, 1.0Cu@Cu2O/MgAlO-rGO, and 1.5Cu@Cu2O/MgAlO-rGO catalyst, respec-
tively. The 1.0CuMgAlO with CuO phases supported on MgAlO led to the reduction of
88% of 4-NP within 17 min. The dramatically higher activity of the xCu@Cu2O/MgAlO-
rGO catalysts may be related to the four-phase synergistic effect and the presence of
core–shell-like Cu@Cu2O NPs. The apparent rate constant (pseudo-first-order kinetics)
was 2.03-fold higher for 1.0Cu@Cu2O/MgAlO-rGO and 1.5Cu@Cu2O/MgAlO-rGO than
for 0.5Cu@Cu2O/MgAlO-rGO. This clearly showed the higher catalytic efficiency of the
core–shell-like Cu@Cu2O NPs than the mixture of Cu and Cu2O NPs, in agreement with
the core–shell metal–metal oxide interaction. Moreover, 1.0Cu@Cu2O/MgAlO-rGO, with
the smaller core–shell-like Cu@Cu2O NPs, showed 1.2-fold higher activity than its non-
calcined precursor. Therefore, calcination, which allows a shift from the three-phase to the
four-phase interface system and the formation of core–shell-like Cu@Cu2O NPs interacting
with MgAlO and rGO, creates more active species. In addition, 1.0Cu@Cu2O/MgAlO-rGO
exhibited remarkable activity in 4-NP reduction comparable to that of several noble-metal-
containing catalysts [103,106–108].

The peculiarity of the four-phase interface system is that the core–shell-like Cu@Cu2O
NPs play a key role as efficient electron transport entities instead of Cu2O alone in the
three-phase interface system [39]. Indeed, 4-NP anions and BH4

− are both adsorbed on
the surface of the catalyst, supporting the electrophilic Cu@Cu2O entities, while BH4

−
reacts with H2O to produce H2. Dissociation of H2 on Cu@Cu2O generates Cu-H species,
reducing –NO2 groups to –NH2 groups through several sequential steps, including the
formation of nitroso groups and hydroxylamine intermediates and the generation of 4-AP.
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The high dispersion of the active Cu@Cu2O species and the strong four-phase synergistic
effect also serve to improve the catalytic activity. rGO facilitates both the electron transfer
from BH4

− to 4-NP and the adsorption of 4-nitrophenate anions through π-π interaction
with the surface-active Cu@Cu2O NPs.

A very interesting proof-of-concept for the use of the −1.0Cu@Cu2O/MgAlO-rGO
catalyst in a fixed bed reactor for the treatment of industrial effluents has been given by
the reduction of 4-NP, methyl orange (MO), and a mixture of 4-NP and MO. Complete
reduction of 4-NP to 4-AP and complete degradation of MO as an individual or mixture of
substrates were obtained.

Bimetallic Cu-based catalysts, especially with Ni as a second transition metal, have
been found more active than monometallic ones for the reduction of nitroarenes, particu-
larly 4-NP [109–112]. Wei et al. have considered that bi-transition-metal-based Cu3−xNixAl-
LDH/rGO nanocomposites may improve the catalytic activity compared to the previous
CuxMg3−xAl-LDH/rGO [35]. Therefore, a series of Cu3−xNixAl-LDH/rGO (x = 2.5, 2,
1.5) composites was prepared via an AC-assisted aqueous-phase coprecipitation method
(Table 2, entry 25). The samples exhibited the same structural and morphological features
as the CuxMg3−xAl-LDH/rGO series, with highly uniform, dispersed nanosheets forming
an array-like structure, high accessibility and surface area, and strong interaction between
LDH and GO, which led to electron transfer. The BE values for Cu 2p3/2 and Ni 2p3/2
varied with the Cu2+ on Ni2+ molar ratio, suggesting an electronic interaction and syner-
gistic effect.

The time to reach the entire conversion of 4-NP to 4-AP ranged as follows: Cu1Ni2Al-
LDH/rGO (1.5 min) < Cu1.5Ni1.5Al-LDH/rGO (2 min) < Cu0.5Ni2.5Al-LDH/rGO (2.5 min).
This shows that the activity depended on the composition. Cu1Ni2Al-LDH/rGO was more
active than the single transition metal sample Cu1Mg2Al-LDH/rGO, reaching complete
conversion in 2 min [39]. Because complete 4-NP conversion occurred in 3 min with
Cu1Ni2Al-LDH and both Ni3Al-LDH and rGO were inactive, it was concluded that the Cu-
related species were the active sites, whose efficiency was improved due to the synergistic
effect with Ni2+. Moreover, the positive influence of the dispersed Cu species in the LDH
nanosheets strongly interacting with rGO was reflected by the 1.3-fold higher kapp values
(pseudo-first-order kinetics) obtained with the composites than with their corresponding
Cu3−xNixAl-LDH.

The excess of NaBH4 benefited the formation of small Cu2O NPs, also directed by the
isolation and stabilization effects of the Ni-OH groups of the LDH layers. XPS peaks in
Cu1Ni2Al-LDH/rGO upon reduction with NaBH4 showed an increase in electron density
around Ni and Cu core level compared to untreated Cu1Ni2Al-LDH/rGO. Moreover, 15.9%
of total Cu in the LDH was in situ reduced to Cu2O species. Therefore, Cu2+ ions can
be considered as a reservoir continuously providing highly active Cu2O NPs when an
excess of NaBH4 is used in the reduction reaction, as already reported for the CuxMg3−xAl-
LDH/rGO composites [39]. Moreover, in the reaction medium, the electron transfer from
Cu to Ni (slightly more electronegative) improved the hydrophilicity of the surface of
Cu2O in the Cu1Ni2Al-LDH/rGO composite when compared to the single transition
metal Cu1Mg2Al-LDH/rGO. Cu2O NPs were more stabilized in the former hybrid due
to the stronger interaction with the OH groups of LDH. All these features suggest that
the three-phase interface Cu2O-Ni-OH-rGO between the Cu1Ni2Al-LDH domains and the
single-layer rGO induces a strong synergistic effect, enhancing the catalytic activity.

Furthermore, 4-NP conversion of 90.3% after 10 catalytic cycles demonstrated the
remarkable reusability of the Cu1Ni2Al-LDH/rGO catalyst, whose slight deactivation was
mainly due to the increase in the average Cu2O NP size (from ~3.8 to ~9.8 nm).

The previous results emphasize the influence of the composites’ composition (CuxMg1−x
Al-LDH/rGO and Cu3−xNixAl-LDH/rGO) and of their topotactic decomposition (xCu@
Cu2O/MgAlO-rGO). The main physico-chemical characteristics, the performance in the
reduction of 4-NP, and the recyclability of the most active catalysts in each series are
compared in Table 5.
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Table 5. Physico-chemical characteristics, catalytic performance in the reduction of 4-NP, and reusabil-
ity of the nanocomposites containing Cu-based LDH and rGO.

Catalyst
SA

[m2g−1]
Active Interf.

Domain

Size
Cu

[nm]

t
[min]

kapp

[×10−3

s−1]

TOF
[h−1]

Rec. (a)

[nb]
Ref

Cu1Mg2Al-
LDH/rGO

(1.0Cu-
LDH/rGO)

210.5 Cu2O-
Cu(LDH)-rGO

Cu2O
(~6.8) 2 25.11 161.9 20 [39]

1.0Cu@Cu2O/
MgAlO-rGO 160 Cu-Cu2O-

MgAlO-rGO

Cu@Cu2O
(24.3/core

12.2)
1 55.35 199.6 25 [41]

Cu1Ni2Al-
LDH/rGO 151

Cu2O-Ni-OH
(CuNiAl-

LDH)-rGO

Cu2O
(~3.8) 1.5 34.37 197.6 10 [35]

(a) Number of reuse cycles.

All the as-prepared composites exhibited ultrathin LDH nanosheets vertically grown
on both sides of the rGO substrate, giving rise to large surface areas (>150 m2 g−1) and
mesopores (2–15 nm). Their catalytic efficiency arose from the existence of three-phase
interface domains formed upon in situ reduction with NaBH4 during the reaction process.
They contained well-dispersed Cu2O NPs of small size (3–7 nm), continuously provided by
the reduction of Cu2+ in the LDH layers, which acted as a reservoir of the active species.
The Cu2O NPs supported on the LDH layers in close contact with the rGO layers benefited
from significant electron transfer. These features and the π-π stacking effect between the
catalytic surface and the aromatic cycle of the nitroarenes led to a synergistic effect. This was
enhanced in the bi-transition-metal composites due to the higher isolation and stabilization
effect induced by Ni-OH rather than Mg-OH species and to the electron transfer from Cu
to Ni.

The topotactic decomposition of the CuxMg1−xAl-LDH/rGO precursors by calcination
led to four-phase interfaces in the xCu@Cu2O/MgAlO-rGO nanocomposites with core–
shell-like Cu@Cu2O NPs instead of Cu2O NPs in the non-calcined precursor. The former
Cu species improved the synergistic effect and the catalytic performance due to faster
electron transfer, with also the contribution of the larger surface area and mesoporosity. It is
noteworthy that the reduction of the Cu2O species into well-dispersed Cu crystallites was
observed by HRTEM in the CuxMg1−xAl-LDH/rGO precursors recycled 20 times, with
only a slight decrease in activity.

Remarkably, calcination of the single-transition-metal-containing composites gave
rise to catalysts (xCu@Cu2O/MgAlO-rGO) exhibiting rather similar performance to the
non-calcined bi-transition-metal Cu3−xNixAl-LDH/rGO composites. Then, core–shell-like
Cu@Cu2O NPs presented the same efficiency as regards electron transfer and the adsorption
of reactants as materials with the presence of a second transition metal. This provides many
possibilities to tune the catalytic properties.

The LDH/rGO composites presented significantly higher catalytic reduction efficiency
for 4-NP than several recently reported catalysts [64,103–105,113,114].

Iqbal et al. have designed a multicomponent CD/Ag@MgAlCe-LDH catalyst combin-
ing Ag NPs and CD NPs with Ce-doped MgAl-LDH for the reduction of 4-NP and several
organic dyes [34]. Ag NPs act as electron relays between electron donors and electron
acceptor species, making them efficient redox catalysts [115]. CD acted as stabilizers and
reducing agents of Ag NPs, preventing their aggregation. LDHs doped with rare-earth
elements behave as highly basic structures or precursors of mixed oxides with tunable
redox properties.

The CD/Ag@MgAlCe-LDH nanocomposite was obtained by dispersion of a previ-
ously coprecipitated Ce-doped MgAl-LDH (MgAlCe-LDH) into an aqueous solution of
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AgNO3 followed by the addition of CD. The obtained mixed solution was exposed to UV
light (254 nm) to induce a photoreaction (Table 2, entry 26).

The introduction of Ce3+ into the brucite-like layers in CD/Ag@MgAlCe-LDH was
confirmed. Additionally, a cerium phase and Ag NPs were identified. Photoluminescence
experiments revealed electron transfer from CD to Ag NPs, and transient photocurrent
measurements showed that the introduction of CD enhanced the photocurrent value.
Moreover, CD/Ag@MgAlCe-LDH exhibited a photocurrent intensity two-fold higher than
Ag@MgAlCe-LDH which evidenced a synergistic effect of CD and Ag NPs and a more
efficient electron–hole pair separation.

The complete reduction of 4-NP into 4-AP in the presence of NaBH4 (4-NP/
NaBH4 = 3:200) occurred at approximately 120 s upon addition of the CD/Ag@MgAlCe-
LDH catalyst. On the contrary, the Ag@MgAlCe-LDH, CD@MgAlCe-LDH, and MgAlCe-
LDH catalysts were practically inactive after reaction times above 840 s. CD/Ag@MgAlCe-
LDH was also very active for the reduction of various organic dyes, with complete degrada-
tion achieved for rhodamine 6G (R6G) (90 s), MB, MO, and RhB (120 s), and Congo red (CR)
(440 s). Based on the values of the apparent kinetic rate constants (kapp) (pseudo-first-order
reaction) for the degradation of the different substrates, the activity of the catalysts ranged
as follows: CD/Ag@MgAlCe-LDH > Ag@MgAlCe-LDH > CD@MgAlCe-LDH > MgAlCe-
LDH. The kapp for the reduction of 4-NP (38 × 10−3 s−1) is comparable to that obtained
with the best-performing CuMgAl-LDH/rGO and CuNiAl-LDH/rGO catalysts, lead-
ing to kapp values in the range from 25.11 × 10−3 to 55.35 × 10−3 s−1 (Table 5) [39,41].
The CD/Ag@MgAlCe-LDH catalyst can be recycled and reused eight times without loss
of activity.

In this catalyst, CD acted as a reducing agent of Ag+ and coordinatively bonded to
the Ag NPs, preventing their aggregation. Moreover, the small size of the CD and Ag
NPs increased the number of accessible active sites and provided an effective interface,
improving the electron transfer. Moreover, the MgAlCe-LDH improved the catalytic
activity through its high specific surface area and behaved as a basic co-catalyst. The LDH’s
hydrophilic surface also facilitated the adsorption of BH4

− on Ag NPs and the adsorption
of the 4-NP or organic dye substrates. Ce ions were involved in the redox reaction through
the reversible Ce3+/Ce4+ oxidation state. The CD NPs on the Ag NPs and the Ce ions on
the MgAlCe-LDH support both promoted the electron transfer and migration.

Yang et al. achieved the combination of Pd NPs as an electron transfer system and CD
as a reducing and stabilizing agent in a nanocomposite, where the originality is the use of
a polymer (poly(N-isopropyl acrylamide) surface-modified LDH as a support (Figure 1;
Table 2, entry 27) [22]. This multicomponent nanocatalyst displayed good water dispersibility.

The content and average diameter of the Pd NPs were 5.86 wt% and 3.7 nm, respec-
tively, and the average diameter of CD was 4.25 nm in LDH@PDA@PNIPAM@Pd/CD.
Pd NPs exhibited a more uniform size and distribution on the surface than on a reference
LDH@PDA@PNIPAM@Pd composite reduced with NaBH4, due to the stabilizing and
reducing effects of CD. The sequential increase in intensity of the N 1s XPS peak after PDA
modification, PNIPAM grafting, and CD loading in the LDH@PDA@PNIPAM@Pd/CD
material confirmed that these components were supported on the LDH surface. Moreover,
the characteristic Pd 3d5/2 and Pd 3d3/2 XPS peaks of Pd NPs were attributed to three
different Pd2+ species: unreduced Pd2+; PdO in contact with air, and ultra-small Pd clusters.

Reduction of MB into leucomethylene blue in the presence of an excess of NaBH4
was completed after 32 s for LDH@PDA@PNIPAM@Pd/CDs and 64, 32, 80, and 80 s
for LDH@PDA@PNIPAM@Pd, LDH@Pd/CD, LDH@Pd, and Pd/CD control catalysts,
respectively. Meanwhile, LDH, LDH@PDA@PNIPAM, and CD were almost inactive.
LDH@PDA@PNIPAM@Pd/CD was also active for the reduction of CR, MO, R6G, and RhB
and the reduction of 4-NP, o-NP, and m-NP.

These results showed that both the grafting of PNIPAM and the presence of CD
improve the catalytic performance. The polymer grafting increases the dispersibility in
water and the surface area of the LDH@PDA. This favors the dispersion of Pd NPs of

272



ChemEngineering 2022, 6, 45

small size immobilized on the polymer brushes. Meanwhile, the high water dispersibility
improves the contacting surface area between the reactants and the catalytically active
sites. The reactants and BH4

− are strongly adsorbed on the LDH support around the Pd
NPs. These latter are stabilized and poorly aggregated due to the presence of CD, which
improves the electronic transfer between the species. All these synergistic effects serve to
enhance the catalytic activity and reusability.

Interestingly, LDH@PDA@PNIPAM@Pd/CD was also investigated as a bifunctional
catalyst for the one-pot Knoevenagel condensation–reduction tandem reaction of 4-nitrobe-
nzaldehyde and malonitrile. The Knoevenagel reaction was first performed (60 ◦C for 6 h)
and the resulting mixture subjected to reduction with NaBH4. Conversion reached 78% in
the first condensation step and 64% after the second step with reduction of the alkenyl and
nitro groups to alkane and amine groups. These results need to be optimized but represent
a promising approach for the development of other types of tandem reactions.

NiO has been scarcely investigated for the reduction of 4-NP, although CuO, Co3O4,
Fe2O3, and NiO exhibit almost similar activity [116]. Akbarzadeh and Gholami prepared
a Pt-modified NiO-Al2O3 nanocomposite derived from GO-supported NiAl-LDH as a
catalyst for 4-NP reduction (Table 2, entry 28) [64].

The characteristic XRD reflections of NiAl-LDH in the NiAl-LDH/G precursor moved
to those of NiO after calcination at 600 ◦C in Pt-NiO/G. The highly dispersed Pt0 NPs in
low amounts (2.3 wt%) were not detected. TEM images showed that they were highly
dispersed on the mixed oxide.

The performance of the Pt-NiO/G catalyst was compared to that of NiO, NiO/G, and
Pt-NiO catalysts obtained by calcination of NiAl-LDH, NiAl-LDH/G, and Pt-NiAl-LDH
precursors, respectively. The latter was obtained by impregnation of H2PtCl6 on NiAl-LDH.
The reduction of 4-NP was achieved with NaBH4:4-NP = 1:1000.

Both NiO (kapp = 1.37 × 10−3 s−1) and NiO/G (kapp = 2.07 × 10−3 s−1) were poorly
active (pseudo-first-order kinetics). The activity was greatly improved upon introduction
of Pt in Pt-NiO (kapp = 14.87 × 10−3 s−1) due to the synergistic effect between NiO and
well-dispersed Pt0 NPs. Supporting Pt-NiO on the G support in the Pt-NiO/G composite
led then to a two-fold increase in the kapp value, reaching 33.9 × 10−3 s−1. However,
the Pt-NiO/G was poorly stable because the reaction time for reduction increased by
approximately 50% after five consecutive cycles.

The mechanism of the reduction was explored by varying the BH4
− and 4-NP concen-

trations. The non-linear dependence of the kapp values with the concentration of substrate
and 4-NP suggested a Langmuir–Hinshelwood mechanism. The hydrogen transfer from
the adsorbed BH4

− to 4-phenolate anions was the rate-limiting step of the reaction. The
higher catalytic efficiency of Pt-NiO/G is likely due to the electron transfer from Pt to
NiO, leading to an electron-rich area. The active hydrogen species and electrons formed
from BH4

− reacting with the Pt-NiO surface are transferred to the adsorbed 4-NP, thus
generating 4-AP. The authors did not consider the promoting effect of rGO, which likely
also improved the electron transfer as Pt-NiO was less active than Pt-NiO/G.

4.3.2. Hydrogenation of Nitro Compounds and α-β-Unsaturated Aldehydes

Previous works have shown that Ni-supported or Ni alloys efficiently replace noble-
metal-containing catalysts in the selective hydrogenation of o-chloronitrobenzene (o-CNB)
to o-chloroaniline (o-CAN) [117,118]. Wang et al. prepared dispersion-enhanced Ni-
supported catalysts derived from nanocomposites based on NiAl-LDH and PAA (poly-
acrylic acid) and L-cysteine-functionalized CNT components (Ni-L/P-CNT) (Table 2, entry
29) [47]. In these catalysts, Ni NPs with a narrow size distribution of ca. 6.0 nm highly
dispersed on the CNT support exhibited thin and faceted aspects accounting for SMSI. Ni0

NPs were larger and highly aggregated in Ni/P-CNT. Dispersion of Ni0 NPs was ~11.8%
and ~20.5% in Ni/P-CNT and Ni-L/P-CNT, respectively. It was improved in Ni-L/P-CNT
due to the optimized dispersion of the precursor NiAl-LDH on CNT.

273



ChemEngineering 2022, 6, 45

The small LDH crystallite size in LDH-L/P-CNT made the reduction of Ni2+ in
Ni(Al)O mixed oxide easier if compared to the LDH/P-CNT catalyst (without L-cysteine),
where a mixture of NiO and Ni0 was found after reduction.

Ni-L/P-CNT exhibited superior catalytic performance in the liquid-phase hydrogena-
tion of o-CNB (140 ◦C, P H2 2 MPa, 150 min), compared with the LDH/P-CNT catalyst
and that prepared by conventional impregnation. For similar Ni content (~21 wt%), Ni-
L/P-CNT presented o-CNB conversion of 99.3% and selectivity to o-CAN of 98.8%. In
contrast, Ni/P-CNT presented conversion of 2.4% and selectivity of 98.5% due to the higher
specific surface area (206 vs. 109 m2 g−1), reduction degree (95 vs. 46%), and dispersion
(20.5 vs. 11.8%) of Ni0 species in the former catalyst, as well as the existence of an electronic
interaction between metal and support. This latter modified the mode of the metal–reactant
interaction and thus enhanced the selectivity towards the desired products. The SMSI
increased the high electronic density for π-electrons of the CNT support, inducing the
enhanced oriented adsorption of o-CNB with the nitro group and repulsion of the chlorine
group, whose hydrogenolysis was inhibited. This accounted for the higher o-CAN selec-
tivity of the Ni/P-CNT and Ni-L/P-CNT catalysts compared to single Ni-impregnated
CNT. Ni-L/P-CNT could be recycled up to five times, maintaining an o-CAN yield of 95%
without Ni leaching.

Xie et al. used a NiAl-LDH/G composite as a precursor for catalysts to perform the
liquid-phase hydrogenation of cinnamaldehyde (CALD) into hydrocinnamaldehyde [65].
NiAl-LDH/G was synthesized via the classical coprecipitation method of LDH in the pres-
ence of GO (Table 2, entry 30). Several comparative samples, i.e., NiAl-LDH, NiAl-LDH/C
composite (C: active carbon), coprecipitated Ni(OH)2/G, and impregnated Ni(NO3)2/G,
were also prepared. The catalysts (Ni-L/G, Ni-L/C, Ni-Co/G, and Ni-Im/G) were obtained
by the heating of the precursors at 600 ◦C under N2 flow.

In the NiAl-LDH/G composite, GO was reduced into graphene, supporting highly
dispersed LDH nanosheets (average size 22 nm) homogeneously dispersed and anchored
on both sides of the exfoliated graphene sheets. Subsequently, small, highly homogeneous
supported Ni NPs were obtained upon thermal treatment.

The activity of the Ni-L/G catalyst was evaluated in the hydrogenation reaction of CALD
(120 ◦C, 1 MPa H2) and compared to that of Ni-Co/G, Ni-Im/G, and Ni-L/C catalysts.

The products of the reaction are hydrocinnamaldehyde (HCAL), cinnamyl alcohol
(COL), and hydrocinnamyl alcohol (HCOL). Ni-L/G exhibited the lowest particle size
(12.6 nm), highest dispersion (36.5%), and largest specific surface area (182.6 m2 g−1) and it
was the most active (100% conversion) and selective catalyst toward HCAL (94.8%). The
strong interaction between NiAl-LDH and graphene, which inhibited both the aggregation
of the Ni2+-containing LDH sheets and the restacking of the graphene sheets, accounted
for the high dispersion of the Ni0 NPs upon in situ reduction and the improvement in the
catalytic activity. On the contrary, weak interaction between the metal precursor species
and the support in Ni(OH)2/G and Ni(NO3)2/G samples led to poorly dispersed and large
Ni NPs in Ni-Co/G (dispersion 19.8%; particle size 38.6 nm) and Ni-Im/G (dispersion
10.7%; particle size 68.4 nm), giving rise to lower conversion of 62% and 37.9%, respectively.
Despite the similar specific surface areas (175.2 vs. 182.6 m2 g−1), Ni particle sizes (13.4 vs.
12.6 nm), and dispersion (34.6 vs. 36.5%) of Ni-L/C and Ni-L/G, the former catalyst led to
lower conversion (56.5%). This shows that the 2D structure and the electronic properties of
graphene, favoring the accessibility of the reactant to the active sites and electronic transfer
toward the Ni NPs, improve the catalytic efficiency. Ni-L/G could be recycled up to five
times while maintaining its catalytic performance.

4.3.3. Hydrogenolysis of Glycerol

The rising production of biodiesel gives rise to huge amounts of glycerol. Several
means of revalorizing glycerol have been implemented using LDH-based materials, such
as base-catalyzed transesterification with diethyl carbonate, dimethyl carbonate, or methyl
stearate; carboxylation with urea; selective etherification to short-chain polyglycerols;
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acetalization with acetone; oxidation into commodity chemicals, and steam reforming into
H2 [59,60,119–126]. It has been already reported that LDH/CNF and LDH/CF composites
can act as efficient catalysts for the transesterification of glycerol with diethylcarbonate [59,60].

Xia et al. have used a nanocomposite obtained from CuMgAl-LDH and MWCNT
components to valorize glycerol through hydrogenolysis to propanediols (PDOs) [66].

A series of MWCNT-CuMgAl-LDH composites were prepared by coprecipitation of
CuMgAl-LDH into an aqueous suspension of pretreated MWCNT. The MWCNT’s weight
varied between 1.5 and 6 wt%. The precursors were heated at 400 ◦C and subsequently
reduced at 300 ◦C to obtain the MWCNT-Cu/MgAlO catalysts (Table 2, entry 31). The
MWCNT enabled the ordered accumulation of lamellae, bringing narrow-sized, doublet
pore channels and high surface area of the catalysts. Indeed, the specific surface areas of the
MWCNT-Cu/MgAlO catalysts, in the range of 130–218 m2 g−1, were higher than that of the
LDH Cu-supported catalyst Cu/MgAlO (128 m2 g−1). The MWCNT-Cu/MgAlO catalysts
showed a first group of mesopores whose average size decreased from 12.8 to 4.7 nm
when the MWCNT content increased from 1.5 to 6 wt%. Other mesopores of 40–50 nm
were attributed to the gap of MWCNT-pillared Cu/MgAlO lamellae. The close contact of
Cu/MgAlO with MWCNT also enhanced the reducibility of CuO due to H2 dissociation
on MWCNT and spillover to Cu2+, and improved Cu0 dispersion.

The conversion of glycerol (26%) and the selectivity to 1,2-PDO (97.8%) both increased
with the incorporation of MWCNT in the catalysts, having a maximum for (3%) MWCNT-
Cu/MgAlO, with conversion and selectivity reaching 64.8 and 99.3%, respectively. At
the same time, the activity per exposed Cu atom increased from 8.6 to 17.3 h−1. Remark-
ably, the conversion and selectivity to 1,2-PDO were higher than those obtained with
Pd0.04Cu/MgAlO (conversion 35.5% and selectivity 97.2%) and Rh0.02Cu/MgAlO (conver-
sion 32.1% and selectivity 96.3%) catalysts, which is of practical interest due to the lower
price of MWCNT than noble metals.

The 1,2-PDO yield decreased from 64.3% to 41.3% after five catalytic cycles performed
with (3%)MWCNT-Cu/MgAlO,, but this was mainly due to the loss of catalyst upon separation,
because the activity of surface Cu atoms decreased only slightly (17.2 to 16.6 h−1) and no
leaching of Cu occurred.

The results obtained in hydrogenation reactions deserve several general comments
regarding the properties of the LDH/nanocarbon catalysts. Assemblies of Ni- or Cu-
containing LDH and carbon supports succeeded to obtain active and selective catalysts,
mainly resulting from the ability to concurrently obtain highly dispersed metal NPs at high
loading, SMSI, and tailored acid–base and textural properties, leading to synergistic effects.
The large majority of the LDH/carbon-derived supported catalysts combine NiAl-LDH
and amorphous carbon, CNT, or rGO. A comparison of the mean size and dispersion of
Ni NPs of the most efficient catalysts at high Ni loading (22–42 wt% normalized to the
Al content) and almost similar activation conditions allows us to highlight the influence
of the nature of the carbon support. For an Ni particle size of ca. 13 nm, GO led to
higher dispersion. This suggests higher metal–support interaction with the former support,
which is consistent with the uniform size of the particles observed by TEM [65]. The high
dispersion (20.5%) observed at Ni loading of ~40 wt% (based on the same Al content in
the catalyst of ~6.5 wt%) on the PAA and L-cysteine-functionalized CNT support confirms
that the surface groups of L-cysteine interacting with the Ni2+ and Al3+ cations allowed a
highly dispersed NiAl-LDH phase to be obtained. It led subsequently to highly dispersed
Ni0 NPs of small size after reduction. It is noteworthy that the reduction of NiO depended
on the nature of the carbon support. Treatment under nitrogen of composites composed
of LDH graphene induced the complete reduction of NiO, where the supports acted as
reducing agents. Meanwhile, although reduction was performed under hydrogen, Ni2+

was not totally reduced in the case of LDH/CNT composites, indicating that CNT is a less
efficient reducing agent.

The works dealing with the series of hierarchical nanosheet array-like CuMgAl-LDH/rGO
composites highlight the influence of their composition and activation mode [35,39,41]. With Cu
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and Ni (CuNiAl-LDH), the active species in the 4-NP hydrogenation is Cu2O, even though
Ni is the major species. There is electron transfer from Cu to the more electronegative Ni,
and the more electrophilic surface of Cu2O is more stabilized by the Ni-OH groups of the
LDH. There is a strong synergistic effect among the in situ reduced Cu2O species, Ni-OH
(of LDH layers), and rGO, with an enhanced electron transfer ability [35].

It can be pointed out that in the CD/Ag@MgAlCe-LDH nanocomposite, the carbon
compound did not act as a support but as NPs, decorating the active Ag NPs, thus improv-
ing electron transfer. It also produced the reduction of Ag+. The Ce-doped MgAl-LDH
was not only a support of high specific surface area but also a co-catalyst, providing basic
sites and the redox ability of the cerium ions. The CD/Ag@MgAlCe-LDH nanocomposite
represents a remarkable example of a synergistic effect and electronic interactions between
the components.

4.4. HAS and Direct Synthesis of Isobutanol from Syngas

Catalysts based on Co, Fe, or Ni (e.g., CuFe- and CuCo- catalysts) have attracted
particular interest for syngas (CO + H2) conversion to higher alcohols, albeit suffering
from several drawbacks such as poor stability, low alcohol productivity, and low selectivity.
LDHs are very promising to obtain efficient catalysts for HAS. CO conversion from 17 to
57% and alcohol selectivity from 45 to 60% have been reported using catalysts prepared
from CuFeMg-LDH, CuFeMgAl-LDH, CoZnGaAl-LDH, CoMn-LDH, and CuCoAl-LDH
precursors [127–132].

Dispersion of the LDH on a carbonaceous support greatly improved the performance
of the obtained composite catalysts by avoiding hot spots during the reaction and the
agglomeration of LDH particles, which decrease selectivity to higher alcohols.

Several works deal with catalysts combining CuCoAl-LDH with CF or CNT and
CuFeMg-LDH with CF highly selective to C2+OH alcohols, and combining CuZnAl-LDH
with CF for the direct synthesis of isobutanol from syngas [43,48,67–69]. The different
nanocomposites were prepared by coprecipitation of LDH on acid-treated CF or CNT.
The LDH crystallite size decreased with the CF or CNT content, in agreement with the
increasing dispersion of the nucleation centers, generating more sheets and preventing
their stacking. All nanocomposites presented a mesoporous structure, where the CF and
CNT supports were completely wrapped by the highly dispersed LDH nanosheets. Metal
NPs or alloys were formed upon reduction. The reduced composites exhibited the same
lamellar morphology as the precursors without agglomeration of the particles and metal
NPs with a uniform spherical-like shape.

The preparation of the LDH/carbon nanocatalysts and the conditions of activation are
summarized in Table 2, entries 32–35.

CO conversions in the range of 32.5%–38.5% for CuCo/Al2O3/CFs (220 ◦C) and of
39.1–44.6% for CuCo-Red/CNT catalysts (230 ◦C), with selectivities to C+2OH in the range
from 40.6% to 61.2% in the HAS from syngas, were higher than that found for reduced
CuCoAl-LDH (CO conversion 30.1 and 34.7% at 220 and 230◦C, respectively, and selectivity
~24.5%). Increasing the CF or CNT content in the nanocomposite favored the CO conversion
and C+2OH selectivity at the expense of hydrocarbon, CO2, and methanol. The rise in CO
conversion can be related to the smaller size of the CuCo-alloy NPs, their higher dispersion,
and the H2 adsorption/activation on the supports. Indeed, CF or CNT was found to
promote the reduction of Cu2+ and Co2+ due to the activation and spillover of H2 and
the lowering of the crystallite size of the LDH. The Cu and Co interaction in the alloy is
highly favorable to C+2OH selectivity. Cu is the active species responsible for CO molecular
activation and insertion, whereas Co is responsible for CO dissociative activation and
chain propagation.

The improved selectivity to C+2OH also accounted for the good thermal conductivity
of CF and CNT supports, which suppress hot spots responsible for the hydrocarbons’
formation. Simultaneously, water produced during HAS can react with CO via the water–
gas shift reaction (WGSR) to produce CO2. This reaction, faster at higher temperatures,
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is lowered by the suppression of hot spots and by the higher diffusion of water in the
porous structure of the supported catalysts. The lower hydrocarbon selectivity observed
with CNT-containing nanocomposites suggests that thermal conductivity is probably better
with CNT than CF.

In the CuFeMg-LDH/CF composite developed by Cao et al., Cu acts as the active
site for CO molecular activation and insertion, and Fe for CO dissociation and chain
propagation, with a cooperative effect between these sites [67]. Moreover, dispersion of the
CuFe dual sites on the CF support improved the catalytic performance in comparison to an
unsupported catalyst.

The CuFeMg-LDH/CF (Cu/Fe/Mg molar ratio 1:1:1) composite was prepared as
CuCo-LDH/CF composites, leading to LDH nanosheets (200–230 nm) uniformly attached
to the CF support and not agglomerated (Table 2, entry 32) [48]. The CuFe-Red/CF catalyst
was obtained by direct reduction at 450 ◦C of the CuFeMg-LDH/CF precursor without
intermediate calcination to avoid the reduction of Cu2+ to Cu0 by CF. It contained Cu0 and
Fe0 particles supported on MgO and CF (30 wt%), with Cu0 particles size (5.2 nm) smaller
than in the unsupported catalyst (6.1 nm).

Both CuFe-Red/CF and CuFe-Red presented higher CO conversion and C+2OH se-
lectivity than Cu-Fe catalysts previously reported in the literature for HAS, according to
the strong synergistic effect between the Cu and Fe species obtained from the CuFe-LDH
precursor [133,134]. CuFe-Red/CF performed better than CuFe-Red, with a significant
decrease in hydrocarbon and CO2 selectivity due to the improvement in the thermal conduc-
tivity upon introduction of CF. Only a slight deactivation in CuFe-Red/CF was observed
during 500 h of reaction, with CO conversion decreasing from 35.4% to 30.1% and selectivity
to alcohols from 41.1% to 33.9%. The spent CuFe-Red/CF catalyst contained Cu0, MgO,
and CF, as in the fresh catalyst, but Fe0 NPs converted into iron carbide (Fe2C) species. Cu
and Fe2C were active species for HAS. After 500 h of reaction, there was no sintering of the
particles, but separation of the Cu and Fe species was the key reason for the deactivation
and the enhancement of hydrocarbon selectivity.

With CO conversion of 35.4% at 280 ◦C, CuFe-Red/CF showed lower activity than
CuCo/Al2O3/30%CF, whose conversion reached 38.5% at 230 ◦C, both catalysts having the
same CF loading of 30%. Selectivity to CO2 was enhanced with CuFe-Red/CF compared to
CuCo/Al2O3/30%CF due to the higher reaction temperature, causing the WGSR to occur
more rapidly, generating CO2.

Isobutanol is a valuable platform chemical obtained from the HAS from syngas.
Cu/ZnO/Al2O3-based catalysts are the most interesting for the industrial synthesis of
isobutanol from syngas [135]. Alkali-doped Cu/Zn catalysts have been largely investigated
for HAS in order to increase the yield of higher alcohols [136–140].

Huang et al. have prepared CuZnAl-LDH/CF composites by coprecipitation for the di-
rect synthesis of isobutanol from syngas, focusing on the CF content and on the addition of K
(Table 2, entry 35) [68,69]. Well-crystallized CuO and weakly crystallized ZnO were the only
phases detected in the composites. Reduction at 320 ◦C led to Cu0 NPs and to a CuO/ZnO
solid solution whose formation was promoted upon the addition of ACF or K. The content
of CuO/ZnO solid solution increased from 0.7 to 3.7 and 5.1 wt% when moving from
CuO/ZnO/Al2O3 to CuO/ZnO/Al2O3/30%ACF and CuO/ZnO/Al2O3/30%ACF/K. The
reducibility of Cu2+ into the CuO/ZnO/Al2O3/ACF catalysts was improved with the ACF
content (0 to 30 wt%). Interestingly, EDS analysis revealed similar amounts of Cu and Zn
on CuO/ZnO/Al2O3/30%ACF and CuO/ZnO/Al2O3/30%ACF/K samples, while a Cu
enrichment was produced on the Cu/ZnO/Al2O3 surface (without ACF), showing that K
and/or ACF promoted the formation of the CuO/ZnO solid solution.

Moderate CO adsorption is beneficial to alcohol synthesis and particularly for isobutanol
selectivity resulting from CO insertion by reversal aldol condensation at the β-carbon of n-
propanol [141]. CO-TPD analysis showed that the peak area of the moderately CO adsorbed
species increased as CuO/ZnO/Al2O3/30%ACF/K > CuO/ZnO/Al2O3/30%ACF > CuO/
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ZnO/Al2O3. Then, both ACF and K promoted the adsorption of CO species with moder-
ate strength.

The CuO/ZnO/Al2O3/ACF composites with CO conversion in the range from 24.94%
to 47.27% were more active than the non-supported CuO/ZnO/Al2O3 mixed oxide with
conversion of 24.52%. This agreed with an increase in the specific surface area and dis-
persion of the LDH nanoflakes in the composites, leading to more accessible Cu2+ active
sites. Conversion decreased at 40% ACF content (42.61%) due to the low amount of
CuO/ZnO/Al2O3 active phase. Selectivity to alcohols decreased upon addition of ACF
(>10%) at the expense of alkanes. However, methanol and isobutanol were the two main
products. Addition of ACF increased significantly the isobutanol selectivity, reaching
a maximum of 19.88% for 30% ACF. CO conversion and isobutanol selectivity further
increased upon addition of K, although to a lower extent than upon addition of ACF.
The best-performing catalyst was CuO/ZnO/Al2O3/30%ACF/K, with CO conversion of
49.77% and isobutanol selectivity of 22.13% owing to the synergistic effect between ACF
and K. Both promoted electron transfer to Cu and adsorption of CO with moderate strength,
favorable to CO insertion and carbon chain propagation. Otherwise, they enhanced the
content of active CuO/ZnO solid solution.

A comparison of the results obtained from the CuCoAl-LDH/CF, CuCoAl-LDH/CNT,
and CuFeMg-LDH/CF composites, on one hand, and from the CuZnAl-LDH/CF compos-
ite, on the other hand, can hardly be achieved due to the different reaction temperatures in
the range of 220–280 ◦C in the former case and of 320 ◦C in the latter. However, the results
deserve several comments. A different product distribution was obtained at almost similar
CO conversion when CuCo alloy and Cu with Fe2C NPs or CuO/ZnO solid solution were
the main active species. The former species gave rise to higher hydrocarbon selectivities
despite the lower reaction temperature, which suggests better thermal conductivity in the
presence of ZnO. Ethanol and C4+OH were the main alcohols formed. The CuO/ZnO solid
solution as the active species led to higher alcohol selectivity, with methanol and isobutanol
as the main products. The higher alcohol yield was accompanied by a higher CO2 yield
according to the formation of a large amount of water and then WGSR with CO.

5. Concluding Remarks and Perspectives

This review evidences that the catalysts derived from LDH/nanocarbon composites
deserve significant attention due to their huge potentialities apart from electro- and photo-
catalysis. They are yet employed with remarkable efficiency in a large range of reactions,
including C–C cross-coupling (e.g., aldolization, Michael, Knoevenagel, Ullman, Sono-
gashira, Heck, synthesis of chalcone, etc.), oxidation, hydrogenation, HAS, and cascade
reactions (e.g., Knoevenagel–Michael and oxidation–Knoevenagel). These hierarchical
catalysts will be undeniably developed in the near future due to their unique tailoring
for targeted reactions. A dramatic variety of assemblies can be obtained, as illustrated
through several remarkable examples. Assembling hollow flower-like LDH and N, S-doped
graphene acting as a support of Pd NPs led to composites with hollow inner and meso-
porous hierarchically flower-like outer structures. Sandwich-like superstructures resulted
from the intercalation of LDH and rGO and of MMO and MWCNT. Magnetic properties
can be obtained combining Fe3O4 NP, GO, and LDH. Colloidal suspensions of LDH/GO
composites resulted from the self-assembly of previously exfoliated LDH and GO. A uni-
form nanoarray-like framework was obtained by the coprecipitation of CuMgAl-LDH on
exfoliated and citrate-functionalized GO.

Several specific properties account for the various morphologies and the structural and
textural features. LDH nucleates from smaller sp2 graphitic domains and some unrepaired
defect sites on the nanocarbons. The resulting growth of highly dispersed and poorly aggre-
gated LDH nanosheets in turn impedes the restacking and agglomeration of the graphene
sheets. Both features give rise to highly accessible and dispersed active sites. Dispersion
of the LDH nanosheets can be also greatly improved through pre-functionalization of the
carbon support, as achieved with PAA-CNT and subsequent immobilization bridging link-
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ers, e.g., L-cysteine. Moreover, the supersaturation rate of the LDH during coprecipitation
allows control of the orientation of the nanosheets on the nanocarbon.

Other specific properties of the LDH/nanocarbon composites, such as the hydropho-
bic/hydrophilic balance and the amphiphilic property exhibited by LDH/CNT nanocom-
posites used as highly thermodynamically stable Pickering emulsifiers, are emerging.
Adsorption of aromatic reactants via π-π stacking with graphene-like and CNT supports is
highly favorable to catalytic reactivity.

One of the main specificities of the LDH/carbon composites is the interfacial electron
transfer. It is facilitated by the considerable inherent electronic mobility in the carbon com-
ponents, leading to charge redistribution upon interaction with the less conductive LDH
phases. Differences have been previously reported among the variety of nanocarbons with,
for instance, higher charge transfer ability of the planar π-electrons of the highly graphitized
structure of graphene, compared to CNT with a more distorted sp2 structure [142–145].

Evidence of the in situ self-reduction of cations such as Ni2+ induced by different
carbon supports, i.e., rGO or CNT with SMSI, has been given. It occurs upon heating in
the absence of H2 in LDH/rGO composites or under hydrogen in LDH/CNT composites.
Reduction of the cations can also occur during the reaction processes using chemical agents
(NaBH4) thus avoiding the pre-reduction step.

The textures that improve the mass transport and accessibility of the reactants to
the active sites, the electron transfer leading to SMSI and the improved adsorption of the
reactants, and the dispersion of the active sites are the main features responsible for the
synergistic effects observed in the nanocomposites in comparison to physical mixtures of
the components. However, a specificity of the LDH/nanocarbon catalysts is the multi-phase
synergistic effect illustrated through outstanding examples.

It must be underlined for future developments that basic sites can be introduced
through several routes in LDH/nanocarbon composites. LDH or LDO components can
indeed provide Lewis- or Brønsted-type basic sites. Another approach is the doping of the
LDH/nanocarbon with an alkaline cation (e.g., K+) or the introduction of N atoms in GO
(N,S-GO), amorphous carbon, or CD (NCD).

Some strong tendencies can be drawn from the reported results. The large majority
of the composites are prepared by coprecipitation of the LDH phase in the presence of
the nanocarbon. Otherwise, well-known methods for controlling the size and avoiding
aggregation of the LDH particles have been employed. We can underline the separated
nucleation and aging step process, the exfoliation of the nanosheets, and the use of urea
as an alkaline controlling agent. Regarding the composition of the LDH, MgAl-LDH is
the most widely used for base-catalyzed reactions, and the Cu- or Ni-containing LDH for
redox reactions.

GO is undeniably the most significant nanocarbon in all the reported works. It is
generally exfoliated by sonication, leading to almost individual nanosheets. Its reduction
in the alkaline media creates defect sites very useful as nucleation sites to improve the
dispersion of the coprecipitated LDH phase.

It is important to highlight the good durability and cyclability of the LDH/nanocarbon
catalysts, which is a critical property for practical applications. It is consistent with the
high mechanical strength of the nanocarbons and the robustness of the assemblies with
LDH, the SMSI leading to very weak leaching. Moreover, regeneration of the active sites is
facilitated by the high dispersion and accessibility.

The above overview suggests several perspectives for the larger development of
LDH/nanocarbon catalysts:

1. Those based on N-doped nanocarbons (N-GO, N-CD, N-graphene quantum dots)
would lead to hierarchical structures exhibiting original basic properties. They will
efficiently perform a larger range of base-catalyzed reactions, particularly those re-
quiring strong basic strength (e.g., isomerization of olefines).

2. The ability to introduce basic sites by different routes (LDH and/or carbon compound)
and metal NPs through transition metal cations in the LDH or by impregnation
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offers unlimited possibilities to design multifunctional catalysts. This will allow
large implementation of one-pot and cascade reactions. It is perhaps the most prom-
ising application.

3. LDHs intercalated with catalytically active anionic species by direct exchange or
reconstruction have not been yet exploited in LDH/carbon compounds. This would
be a new, original route to synthesize multifunctional catalysts.

4. There is a great need to optimize the interface between the nanocarbons and the
LDHs, determining to a large extent the charge transfer and cyclability of the obtained
catalysts. This will result from control of the synthesis conditions. Because direct
growth of LDH on the nanocarbon by coprecipitation appears the most convenient and
largely used method, great effort must be devoted to control the supersaturation level
during synthesis. Moreover, coprecipitation of LDH through separated nucleation
and aging steps will be more extensively exploited and, when large LDH particle size
is needed, the urea synthesis method will be preferred. Furthermore, exfoliation of
LDH could be more largely developed, particularly using organic solvents, leading to
exceptional results.

5. CD-based LDH/nanocarbons offer possibilities to improve the electron transfer and
to decorate the metal NPs. These composites have been scarcely studied, although
they are potential multifunctional catalysts for cascade reactions.

6. A major challenge is the large scale and the reproducibility of the synthesis of the
LDH/nanocarbon hierarchical structures. Synthesis in continuous flow of rGO/ZnAl-
LDH has been reported [146,147]. This approach must be extended.

Therefore, the first concern in the new directions of research involving LDH/nanocarbon
catalysts will be the tailored combination of components chosen to provide the specific
sites involved in the targeted reactions. Original LDH compositions including rare earth
and noble metal cations must be considered. Besides the most adapted nanocarbon, other
oxides and/or dopants (e.g., Na+, K+, F−) able to induce, for instance, magnetic properties
or improve basicity could be added. A preparation method exploiting several intrinsic
properties of the LDHs (exfoliation, reconstruction, anionic exchange) will largely con-
tribute to inducing synergistic effects and porous hierarchical structures. At present, one of
the most promising catalytic applications of these materials concerns the valorization of
biomass. The LDH/nanocarbon catalysts can be adapted to one-pot and cascade reactions
in liquid media, including aqueous media, which has gradually led to their use in this
application field. The noticeable advantage of the LDH/nanocarbon composites to obtain
good-performing supported metal catalysts at low noble metal loading or avoiding the use
of highly dispersed transition metals (Ni, Co, Cu, etc.) without leaching and good recycla-
bility will be largely exploited to develop industrial processes of biomass valorization at
low cost. Another promising direction is the synthesis of fine chemicals for pharmaceutical
applications, where cascade reactions are particularly suitable to reduce costs and improve
the atom economy of the processes.
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Abstract: In recent decades, the environmental impact caused by greenhouse gases, especially CO2,
has driven many countries to reduce the concentration of these gases. The study and development of
new designs that maximise the efficiency of CO2 capture continue to be topical. This paper presents a
review of the application of hydrotalcites as CO2 sinks. There are several parameters that can make
hydrotalcites suitable for use as CO2 sinks. The first question is the use of calcined or uncalcined
hydrotalcite as well as the temperature at which it is calcined, since the calcination conditions
(temperature, rate and duration) are important parameters determining structure recovery. Other
aspects were also analysed: (i) the influence of the pH of the synthesis; (ii) the molar ratio of its main
elements; (iii) ways to increase the specific area of hydrotalcites; (iv) pressure, temperature, humidity
and time in CO2 absorption; and (v) combined use of hydrotalcites and cement-based materials. A
summary of the results obtained so far in terms of CO2 capture with the parameters described above
is presented. This work can be used as a guide to address CO2 capture with hydrotalcites by showing
where the information gaps are and where researchers should apply their efforts.

Keywords: CO2 sinks; calcined hydrotalcite; one-coat mortar; CO2 curing

1. Introduction

The incessant consumption of energy, which goes hand in hand with modern life in
developed countries, has negative effects on the quality of the environment and ecosystems.
These impacts, caused by greenhouse gases (GHGs), are leading many countries to adopt
responsible environmental policies. Carbon dioxide (CO2) is the dominant anthropogenic
greenhouse gas (76%), responsible for global warming [1]. Before the industrial revolution
(1760s), the CO2 level was about 280 ppm [2], while today it could be considered at an
average level of 400 ppm [3,4]. According to the International Energy Agency (IEA, 2017),
the global mean temperature has increased by 1 ◦C above the preindustrial level due to
anthropogenic greenhouse gas emissions [5]. The increase in global average temperature
is expected to reach 1.5 ◦C by the end of 2040 [6,7], and it is therefore necessary to take
measures to reduce these CO2 levels.

To reduce these levels, two main carbon capture (CC) technologies are being pre-
sented [6,8]: (i) carbon capture, transport and storage technologies (CCS); and (ii) carbon
capture and utilisation technologies (CCU). CCSs are primarily aimed at mitigating GHGs
when fossil fuels are used for energy generation. CCS technologies are classified into
three types: pre-combustion, post-combustion, and oxy-fuel combustion capture [6]. CCS
technologies would remove around 20% of GHG emission by 2050 [9]. Captured CO2 can
be a source of recycled carbon, and CCU can provide more services and greater climate
change savings than capturing and storing CO2 underground [10]. The use of CO2 gives
an added value to these GHGs, which, together with the circular economy concept, can
mitigate climate change [11,12]
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Therefore, CO2 capture is expected to play an important role in the commercialisation
of future CCS technologies [13]. Many countries and research teams are considering
various candidate processes and materials [14], such as absorption [15], adsorption [16,17];
membranes [18] and cryogenic distillation systems [19]. Solid sorbents (carbon, silica,
calcium oxide, among others) are expanding as an emerging alternative for CO2 capture,
due to their great characteristics for such a task [20–22]. According to their temperature of
use, solid sorbents can be classified as follows [23]: (a) low temperature (<200 ◦C) [24–27];
(b) intermediate temperature (between 200–400 ◦C) [28,29]; and (c) high-temperature
(> 400 ◦C).

Hydrotalcites are brucite-like layered materials, that have been known for over
150 years with a general formula of [M2+

1−xM3+
x (OH)2]

x+
(An−)x/n·mH2O, where M2+ and

M3+ represent divalent and trivalent cations, respectively, and A represents the interlayered
anion [30–35]. Hydrotalcites are known in the bibliography as LDHs (Layered double hy-
droxides). The layer charge is determined by the molar ratio, that is x = M3+/(M3+ + M2+),
and it varies between 0.2 and 0.4 [36–38]. The Mg3AlCO3 hydrotalcite is a type of LDH
commonly found in nature. Reviewing the literature, a wide range of applications of these
materials can be found [3]: catalytic applications [36,39–42], medical applications [43–46]
as additives for polymers [47,48], for adsorption of pollutants [49–51], water decontami-
nation [52,53], waste barriers [54–58], among various other applications. Several chemical
companies (e.g., BASF, SASOL, Clariant, Kisuma Chemicals, Sakai Chemicals, etc.) produce
several thousands of tonnes yearly, so it is an easily-available product [19]. Hydrotalcites, as
such, are not good CO2 absorbents due to poor basic properties and presence of entities that
hinder CO2 adsorption and are therefore subjected to thermal treatment (around 500 ◦C)
to obtain nearly amorphous metastable mixed solid solutions known as calcined layered
double hydroxides (CLDHs) [19]. In CLDHs, there is a loss of mass and a breakdown of its
structure, forming an oxide, according to Equation (1) [59]:

Mg6Al2(OH)16CO3·4H2O → Mg6Al2O9 + 12H2O + CO2 (1)

The CO2 emitted during calcination (Equation (1)) is identical to the CO2 captured
during the synthesis of hydrotalcite (Equation(2)):

Mg6Al2O9 + 12H2O + CO2 → Mg6Al2(OH)16CO3·4H2O (2)

Consequently, the CO2 balance of the calcined hydrotalcite is 0 (Equations (1) and (2)).
In this sense, all the CO2 captured by the calcined hydrotalcite represents a negative
CO2 balance. This will reduce the carbon footprint of those materials to which calcined
hydrotalcite is added.

Another characteristic of hydrotalcite is the memory effect, which allows the recon-
struction of the original shape of hydrotalcite when it is in a humid environment and in the
presence of CO2. CLDHs in a CO2 environment return to its initial state of LDHs [60–63].
The CO2 capture balance by the hydrotalcite in its reconstruction is positive and hence the
interest of using this material as a CO2 capture material is very great (in the last decade) [64].
Nowadays, the challenge is to develop new types of hydrotalcites with higher CO2 sorption
capacities, higher sorption/desorption kinetics, and good stability throughout consecutive
reutilisation cycles in similar operation conditions as those applied in a sorption-enhanced
steam reforming process [65].

These hydrotalcites (in their LDH or CLDHs form) can also be found as additives to
cement-based materials to improve resistance to chloride attack [66], durability [67–70] and
even the use of LDH as additives to improve the thermal insulation of the intumescent
fire retardant (IFR) coating [71]. Wu et al. [72] indicated that the structure regeneration of
CLDHs in a cement paste environment had also been revealed [69]. After calcination, a
large number of active sites produced what in favour of the improvement effect of CLDH
on cement [72]. Since hydrotalcites may be incorporated into various building material
mixtures, mortars, concretes and backfills, their application as accessible and affordable
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materials is prospective [73–75]. However, research in the field of hydrotalcites and cement-
based materials is still insufficient [72,76]. It is also difficult to find studies that add LDH or
CLDH to alkaline-activated materials [77,78].

It is even more difficult to find studies in which CLDHs are used as additives in order
to increase the CO2 capture capacity of cement-based materials. Ma et al. [79] reported the
adsorption of CO3

2− by CLDH seven times faster than LDH due to the release of anions af-
ter calcination, which can be very beneficial for CO2 capture. Suescum-Morales et al. [3,59]
added different percentages of CLDH (calcined Mg3AlCO3) in a one-coat mortar in order
to increase the CO2 capture capacity. Adding 5% of calcined hydrotalcite increased the CO2
capture capacity by 8.52% with respect to the reference mortar.

This paper presents a review of the application of hydrotalcites as CO2 sinks. Different
aspects were analysed: pH of the synthesis, the molar ratio (Mg/Al), the specific area,
pressure, temperature and time in CO2 absorption. A summary of the results obtained so
far in terms of CO2 capture with the parameters described above is presented. This work
can be used as a guide to address CO2 capture with hydrotalcites by showing where the
information gaps are and where researchers should apply their efforts.

2. Calcined or Uncalcined Hydrotalcite to Capture CO2?

The answer is immediate: calcined hydrotalcite or its use under high temperatures
(around 400 ◦C so that the hydrotalcite becomes oxide and can be rebuilt in contact with
CO2). LDH are poor CO2 adsorbents in their natural or unburned form, which is due to a
poor basic property and the presence of entities that hinder CO2 adsorption. Hence, they
are subjected to thermal treatment to obtain nearly amorphous metastable mixed solid
solutions (CLDHs) [19]. Figure 1 shows two diagrams representing what happens during
the calcination of hydrotalcite of Mg3AlCO3 as shown (A) by W.J. Long et al. [77] and (B) by
Lauermannová et al. [73]. Both schemes attempt to represent the collapse of the structure
due to the loss of interlayer anions and moisture.

Figure 1. Structural changes of LDH after calcination according to adapted from W.J. Long et al. [77]
(A) and Lauermannová et al. [73] (B) (open Access).

2.1. Thermal Behaviour of Hydrotalcite by TGA/DTA

LDH undergoes several stages until it reaches CLDHs. There is even research that
attempts to explain this process in great detail and focuses on it alone [80,81]. It is very
important to choose a suitable calcination temperature, avoiding it being too high (to avoid
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higher energy consumption), or being too low (not producing the collapse of the structure
and hindering a higher CO2 capture). To distinguish the different stages, it is useful to
rely on thermogravimetric analysis (TGA) and differential thermal analysis (DTA) carried
out by Suescum-Morales et al. [33], shown in Figure 2. It should be noted that different
variations in temperature ranges may be encountered, approximately as shown below.

Figure 2. TGA (solid lines) and DTA (dotted lines) for commercial hydrotalcite of MgAlCO3 [33].

First of all, a loss of humidity is observed, up to a temperature of about 105 ◦C. The
second stage occurs from 105 to 270 ◦C, where the water hydration of the hydrotalcite
structure is lost (leading to a decrease in basal spacing) [82–84]. There are authors who
indicate that between 200 and 300 ◦C, the OH− groups attached to Al3+ are lost [19]. The
third stage, from 270 to 540 ◦C, is where the dehydroxilation of the hydrotalcite takes place
and the loss of the carbonate anion of the interlayer in the form of CO2 occurs. The layer
structure collapses (Figure 1), and the LDH converts to a mixed-oxide MgO-like phase [85].
In the last stage, from 540 to 1000 ◦C, very small weight losses are observed, attributed to
the loss of residual OH− groups.

From the above, it can be seen that the calcination temperature affects the capacity to
capture CO2 in CLDHs. Different structural characteristics are presented in the different
stages of thermal decomposition. From this analysis, the ideal calcination temperature of the
hydrotalcite under study can be determined, which is characteristic and unique depending
on the type of hydrotalcite. Most research indicates that the calcination temperature of
a Mg-Al LDH is around 400 ◦C [86–88]. However, the performance of a TGA/DTA for
each specific case would allow observing the exact calcination temperature. Therefore,
specific experimental tests are necessary to further verify the influence of the calcination
temperature on adsorption. This is discussed in the following sections of this review, using
XRD, SEM/TEM, pH measurements in the synthesis, influence of molar ratio, and specific
surface area measurements.

2.2. Thermal Behaviour of Hydrotalcite by XRD

The appropriate calcination temperature can also be determined by XRD temperature
variation analysis. The thermal decomposition sequence of Mg-Al-CO3 hydrotalcite is well
documented. Miyata, 1980 and Hibino et al., 1995 [82,89] studied the XRD variation at
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different temperatures, shown in Figure 4 (non-calcined, 150, 250, 350, 500, 850 and 1000 ◦C).
The diffraction patterns of MgO can be identified between 400 ◦C and 850 ◦C, given the
amorphous nature of Al2O3 at this temperature. For 900 ◦C the spinal phase (MgAl2O3)
was formed. Given these experiences, the following chemical equations can be posed, with
the different temperature ranges, to help us understand the process (Equations (3)–(5)):

Mg6Al2(OH)16CO3·4H2O → Mg6Al2(OH)16CO3 + 4H2O 100 < T < 250 °C (3)

Mg6Al2(OH)16CO3 → 6Mg(Al)O + 8H2O + CO2400 < T < 850 °C (4)

6MgO + Al2O3 → MgAl2O4 + 5MgO 900 < T < 1000 °C (5)

Figure 3 shows the similar XRD obtained by several authors by calcination at 500 ◦C
for different periods: firstly, the XRD obtained by W.J. Long et al. [77] (Figure 3a) shows
how at a temperature of 500 ◦C for 3 h the layered structure collapses and also shows
the production of mixed oxides. Figure 3b shows a similar result, but in this case using
a calcination time of 2 h, and the same temperature (500 ◦C) [33]. This leads to a large
saving of energy in the calcination of LDH, with a consequent lowering of the carbon
footprint. Already, Z. Yang et al. [67] calcined at 500 ◦C for 3 h, obtaining a similar result.
Even Q.Tao et al. [90] heated at 500 ◦C for 4 h, obtaining similar results (Figure 3c). Similar
results in XRD were obtained by S.I. Garcés Polo et al. [91] for CLDH. None of the previous
authors [33,67,77,91] indicated the amount of sample used in the calcination, which may
have led to these observed differences. Although different calcination temperatures have
been used with similar results, there are no economic studies of the cost of calcination;
studies of this type, with times, temperatures and quantities of LDH to be calcined, would
be very useful for these materials in industrial applications. It would also be very important
to carry out a real carbon footprint calculation (UNE EN 15804:2012), which determines the
real CO2 sink capacity in each specific case (amount of hydrotalcite, type of furnace, etc.).
Only two studies have been found that indicate the amount of hydrotalcite calcined (100
and 1 g respectively) [92,93]. Annotations of this type, i.e., what quantity is fed into the
LDH kiln, are very important in order to maximise the efficiency of the calcination process.

Figure 3. XRD patterns of (a) LDH and CLDH adapted from W.J. Long et al. [77]; (b) LDH and CLDH
of Suescum-Morales et al. [33]; (c) LDH and CLDH adapted from Q.Tao et al. [90].
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Figure 4. XRD of MgAlCO3 formed between room temperature and 1000 ◦C [94].

2.3. Thermal Behaviour of Hydrotalcite by SEM/TEM

Figure 5a shows SEM images of commercial LDH and CLDH Mg-Al from
W.J. Long et al. [77]. After 3 h at 500 ◦C, the structure collapses. A decrease in size was
also observed. P. Cai et al. [95] obtained similar results (Figure 5b) with the same tempera-
ture and time of calcination. After 4 h at 450 ◦C on Mg-Al LDH, C. Geng et al. [96] observed
a decrease in particle size, and the hexagonal shape was hardly noticeable (Figure 5c). No
other studies using different temperatures (different at 500 ◦C) and calcination times have
been found that show SEM images of LDH and CLDH. Studies along these lines could fill
this information gap.

Figure 5. SEM images of LDH and CLDH Mg-Al of (A) adapted from W.J. Long et al. [77] and
(B) adapted from P. Cai et al. [95] and (C) adapted from C. Geng et al. [96].
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Figure 6A shows the TEM images of LDH and CLDH, after 2 h at 500 ◦C, obtained
by Suescum-Morales et al. [33]. In CLDH, small pores were formed, attributable to the
dehydration process, dehydroxilation of the OH− groups, and to the decomposition of
the interlayer carbonate. C Hobbs et al. [97] studied the evolution of a Mg-Al LDH under
different temperatures using a rate of 10 ◦C/min (Figure 6B). At a temperature of 20 ◦C
(LDH), they have a well-defined platelet shape; the porous structure is clearly visible at
850 ◦C. S Luo et al. [98] also obtained the same porous structure in CLDH, as shown in
Figure 6C.

 
Figure 6. TEM images of LDH and CLDH Mg-Al of (A) Suescum-Morales et al. [33]; (B) adapted
from C Hobbs et al. [97] (open access) and (C) adapted from S Luo et al. [98].

Different heating rates have been used in LDH calcination; a heating rate of 10 ◦C/min
was used in Mg/Al LDH by several authors [99–102] and a heating rate of 5 ◦C /min
was used by [103]. It is known that if the heating rate is slower, the thermal effects are
better observed (better porous structure). However, if the ramp is slower, it takes more
time and wastes more energy; if the heating is too fast, the porous structure will be worse.
These differences should be extensively studied, both from an energy point of view (higher
consumption and, therefore, higher carbon footprint produced by the kiln when the larger
ramp is used), and from the point of view of the efficiency of the CLDH itself. Another
very important aspect is the kinetics of LDH, which has been extensively discussed in other
research [104,105].

3. Influence of the pH Used in the Synthesis in CO2 Capture

Generally, LDH used for CO2 capture has been synthesised by the coprecipitation
method [33,34]. In this respect, Wang et al. [106] studied the effect of pH variation on the
synthesis (coprecipitation method) in the range of 6.5–14. Subsequently, they studied the
effect of the variation of this parameter on CO2 capture. The pH that produced the best
adsorption was 12 (23.76 mg/g). In other previous research, Wang et al. [88] indicated
that the best pH value used for the synthesis of hydrotalcite oriented for CO2 capture was
between 10 and 12.

The crystallinity of the HT samples increases with the pH value of the synthesis, while
the BET surface area decreases with increasing synthesis pH (in the range of 6.5–9 pH
values). However, from a pH value of 10, the BET surface area increases suddenly, which
can be seen in Figure 7, taken from Wang et al. [88].
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Figure 7. BET surface area and Mg/Al ratio as function of synthesis pH values adapted from
Wang et al [88].

In other research studies, a pH of 7 was used by León et al. [25] and Rossi et al. [27], a
pH of 9 was used by Torres-Rodriguez et al. [26], and a pH of 8 by Suescum-Morales et al. [33].
In summary, we must take into account that the pH value in the synthesis is fundamen-
tal in the development of the morphology, porous structure, as well as in the chemical
composition (Mg/Al ratio).

4. Influence of the Molar Ratio (Mg/Al) of Its Main Elements in CO2 Capture

The properties of LDH are also strongly influenced by the M2+/M3+ ratio, cation type
and anion type. For a higher capture capacity of CO2, large interlayer spacing, high layer
charge density and a greater number of basic sites are desirable. A high Al content increases
the density, but decreases the layer spacing. A high Mg content increases the number of
basic sites. In the consulted bibliography, optimal Mg/Al ratios are considered to vary
from 1:1 to 3:1 [19,106–109].

Kim et al. [110] studied the effect of high Mg/Al ratios on the CO2 sorption with
hydrotalcites prepared with the coprecipitation method using ratios between 3 and 30. The
highest CO2 capture capacity was obtained (407.9 mg/g) for an Mg/Al ratio of 20, using
temperatures of 240 ◦C.

M. Salomé Macedo et al. [111] studied the influence of different Mg/Al ratios (from 2
to 20) to be used as CO2 sorbents at high temperature. The best results were obtained for an
Mg/Al ratio of 7 at 1 bar of pressure and 300 ◦C (71.3 mg/g). These authors indicated that,
in general, one observes a gradual increase in the sorption capacity for the same synthesis
pH with the increase in the Mg/Al ratio.

The relationship between the pH of the synthesis, the molar ratio and the specific
surface area obtained is very important. For example, Kim et al. [110] obtained the highest
surface area with a molar ratio of 3 (256 m2/g−). M. Salomé Macedo et al. [111] showed
that the BET specific surface area and total pore volume of samples clearly depend on the
Mg/Al molar ratio. Suescum-Morales et al. [33] showed that the higher the specific surface
area, the higher the CO2 capture capacity. Therefore, the specific surface area seems to be a
very important factor in determining the CO2 capture.

As a summary, it can be said that although the molar ratio is very important in terms
of CO2 capture, there are also many other factors that affect this parameter: the pH of
the synthesis, the nature of the anion, pressure used, and absorption temperature, among
others, are the most important.
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5. Ways to Increase the Specific Area of Hydrotalcites

The extensive literature presented in this paper highlights the significant interest of
researchers in using LDH and CLDH as CO2 adsorbents. Several strategies have been im-
plemented in order to increase the CO2 capture capacities: replacing cations or anions [88],
different preparation methods [112], calcination, working temperatures and pressures [113]
and alkali doping [29,114], among others.

A good strategy would be to increase the specific surface area, as a larger specific
surface area would lead to a higher CO2 capture capacity. Wang et al. [115] intercalated
long carbon-chain organic anions, and it increased the CO2 capture capacity. This was
due to the increase in the interlayer distance from 0.78 to 3.54 nm (Figure 8). A similar
strategy was followed by Li et al. [116], except that in this case they used K2CO3 in the
LDH precursor of Mg3Al-stearate, again increasing the interlayer distance, and achieving a
higher CO2 capture capacity. A similar strategy was also followed by A. Hanif et al. [117].

Figure 8. General schemes of the structural changes of (a) Mg3Al-CO3 and (b) with organic anions
adopted from abstract of Wang et al [115].

Another way to increase the specific surface area would be to directly exfoliate the LDH
in layers using bottom-up or top-down methods [118], although some authors indicate that
the layers could be restacked after drying [119]. To avoid this, García-Gallastegui et al. [86]
used graphene oxide as a support, where the negatively charged graphene oxide flakes
were well dispersed in the positively charged LDH layers. Another strategy was followed
by Othman et al. [120], who coated a MgAlCO3 hydrotalcite with zeolites in order to
increase the CO2 capture capacity. K. Wu et al. [121] were the first to use mesoporous
alumina to load LDH using the coprecipitation method, obtaining a large BET surface area
(278–378 m2/g).

A new method, called aqueous miscible organic solvent treatment (AMOST), uses
solvents such as acetone and methanol to wash the LDH wet slurry and remove the
intercalated water [119,122]. This method achieves larger surface areas and larger pore
volumes [119]. Figure 9 shows the diagram of the synthetic process used for AMOST using
acetone and K2CO3.
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Figure 9. General scheme of synthetic process of AMOST method using by adopted from
Zhu et al [122].

6. Pressure, Temperature, and Capacity in CO2 Absorption and Use of CO2 Captured

There are several parameters that can vary the CO2 capture capacity of a hydrotalcite;
among the most important are temperature and pressure [33]. Table 1 shows a comparison
of the capture capacity of different types of hydrotalcite under different conditions.

Table 1. Maximum adsorption capacities of CO2 for hydrotalcites reported in the literature.

Refs. Type LDH to CLDH?
Mg/Al Molar

Ratio
Pressure
(Atm.)

Temperature
Isotherm

(◦C)

Capacity
Adsorption

(mg/g)

[29] Alkali-modified (K and CS) 300 ◦C for 3 h - 2 400 25.52

[38] K promoted
* Mg3AlCO3

LDH - 16.50 400 28.60

[122] * Mg3AlCO3 with treatment
AMOST 450 ◦C for 3 h 3 1 400 30.58

[22] K promoted
* Mg3AlCO3

400 ◦C for 4 h - 3.5 400 41.80

[64] K promoted
* Mg3AlCO3

400 ◦C for 3 h - 10 400 25.68

[2] K promoted commercial
hydrotalcite 400 ◦C for 6 h - 30 400 21.18

[117] * Mg3AlCO3 450 ◦C for 10 h 2 13 350 44.95

[114] K promoted
* Mg3AlCO3

450 ◦C for 3 h 2.9 20 350 44.94

[28] * Mg3AlCO3 400 ◦C for 4h 3 1 300 26.4
[7] * Mg3AlCO3 400 ◦C for 2h 2 1 300 46.21

[91] * Mg3AlCO3 500 ◦C for 4 h 3 43.42 300 144.32
[92] Hydrotalcite of K-Na 650 ◦C for 6 h (100 g) 3 (K/Na ratio) 1.34 300 34.03
[112] * Mg3AlCO3 400 ◦C for 2h 2 1 300 41.53
[116] * K-Mg-Al 400 ◦C for 6 h 3 - 300 54.57
[86] * Mg-Al with graphene oxide 400 ◦C for 4 h - - 300 12.84

[35] Alkali metal (Na, Cs and K)
with * Mg3AlCO3

300 ◦C for -h 2 0.15 300 21.12

[123] K-loaded CNF supported
hydrotalcite 500 ◦C for 4 h - 1.1 250 62.27

[110] * (Mg/Al = 20) No information 20 1 240 407.97
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Table 1. Cont.

Refs. Type LDH to CLDH?
Mg/Al Molar

Ratio
Pressure
(Atm.)

Temperature
Isotherm

(◦C)

Capacity
Adsorption

(mg/g)

[88] * Mg3AlCO3 - 3 1 200 23.32
[106] * Mg3AlCO3 400 ◦C for 1 h 3.1 1 200 23.76
[23] * Mg3AlCO3 400 ◦C for 4 h 1 200 39.60

[106] * Mg3AlCO3 400 ◦C for 6 h 3 1 200 36.52

[124] K promoted Gallium
substituted hydrotalcite 400 ◦C - - 200 39.80

[121] Mesoporous alumina with
Mg-Al LDH No 4 1 200 68.64

[26] * Mg3AlCO3 550 ◦C for 1 h 3 1 80 93.72
[25] * Mg3AlCO3 450 ◦C for 10 h 3 1 50 45.76
[27] * Mg3AlCO3 400 ◦C for 1 h 3 1 50 40.04
[120] * Mg-Al with coated zeolites 400 ◦C for 15 h 3 1 30 197.73
[93] * Ni-Mg-Al 650 ◦C for 7 h (1 g) - 1 20 70.62
[125] * Cu-Al 600 ◦C for 75 min 3 (Cu/Al ratio) 1 20 20.54
[33] * Mg3AlCO3 500 ◦C for 2 h 3 34.28 0 142.02

[34] Organohydrotalcites
TDD 1 500 ◦C for 2 h 3 35 0 176.66

* Hidrotalcite of. 1 Tetradecanedioate anions.

As can be seen in Table 1, it is uncommon to use pressures higher than atmospheric pres-
sure to measure CO2 capture capacity, except in some research [2,22,29,38,64,91,92,114,117].
It is much more unusual to find research using high pressures and low temperatures (be-
tween 0 and 40 ◦C) [33,34]. At a pressure of 35 atm, an amount of 1.34 g of CLDH reduce
CO2 in 1 m3 of air to preindustrial level [34]. Therefore, researchers have to pool their
efforts to study CO2 capture at high pressures and low application temperatures with
calcined hydrotalcites.

Another very important factor to take into account will be the analysis of the reversibil-
ity conditions of CO2 adsorption–desorption. For those materials in which it is reversible,
these could be used to purify different gas streams in cyclic adsorption–desorption pro-
cesses, as in the case of the use of CaO [21]. CaO could be used to capture CO2 from thermal
power plants or cement plants, to be stored and subsequently sold for use in different
industrial processes. There is research in which CO2 is used as a curing gas [11], capturing
CO2 (5.55 kg CO2/t mix), improving mechanical properties and decreasing curing times
(1 day in a CO2 chamber is similar to 7 days in a conventional chamber), which can lead to
an improvement in productivity. In addition, in order to avoid the inconvenience of using
an accelerated carbonation chamber, an unprecedented strategy has been introduced, where
an aqueous solution with injected CO2 is used as kneading water, with very promising
results [12]. In the case of irreversible processes, they could be used as CO2 sinks, either
alone or incorporated into other materials.

7. Combined Use of Hydrotalcites and Cement-Based Materials

The good and promising results obtained by the scientific community as adsorbents of
hydrotalcites suggest the idea of incorporating them into construction materials, such as
cement-based materials [66–70]. The ion exchange is the key feature that makes the use of
LDH/CLDH in building materials attractive. These, together with the memory effect of
CLDH, are the two suitable factors for the ion exchange and capture mechanism shown in
Figure 10 [75].
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Figure 10. Schematic representation of the LDH/CLDH structure and ion exchange/captured
mechanism represented by Zahid M. Mir [75] (open access).

In recent years, LDH/CLDH have emerged as a new class of engineering materials [75],
which can aid in the corrosion control of concrete structures and potentially prolong their
service life. Calcined hydrotalcite improves the durability of cement-base materials. One of
the first findings mixing hydrotalcites with concrete dates back to 2004 [126]. In 2013, there
were two very important contributions in this field [69,126].

This includes the use of LDH as an additive to improve the thermal insulation of the
intumescent fire retardant (IFR) coating [71]. Wu et al. [72] indicated that the structure
regeneration of CLDHs in a cement paste environment was also revealed [69]. After
calcination, a large number of active sites produced were improving the effect of CLDH
on cement [72]. Since hydrotalcites may be incorporated into various building materials
mixtures, mortars, concretes and backfills, their applications as accessible and affordable
materials is prospective [73–75]. However, research in the field of hydrotalcites and cement-
based materials is still insufficient [72,76].

It is also difficult to find studies that add LDH or CLDH to alkaline activated materi-
als [77,78]. Mixing LDH/CLDH in alkali-activated materials to improve the durability of
these materials may be a very interesting field for the scientific community.

It is even more difficult to find studies in which CLDHs are used as additives in order
to increase the CO2 capture capacity of cement-based materials. Ma et al. [79] reported the
adsorption of CO3

2− by CLDH seven times faster than LDH due to the release of anions af-
ter calcination, which can be very beneficial for CO2 capture. Suescum-Morales et al. [3,59]
added different percentages of CLDH (Mg3AlCO3) in a one-coat mortar in order to increase
the CO2 capture capacity. Adding 5% of calcined hydrotalcite increased the CO2 capture
capacity by 8.52% with respect to the reference mortar. One m2 of one-coat mortar with
5% of calcined hydrotalcites cleans 5540 m3 of air [3]. The use of these one-coat mortars in
building facades is a very promising strategy due to the large surface area exposed to the
atmosphere. Studies along these lines should be reinforced to improve this information gap.

8. Conclusions

Application of hydrotalcites as CO2 sinks and climate change mitigation is an emerging
line of research. In this review, a guide on CO2 capture by hydrotalcites is presented.

Firstly, the behaviour of hydrotalcites and the structural change from LDH to CLDH
and their properties with the calcination of LDH are presented. After a review of the

298



ChemEngineering 2022, 6, 50

literature, although the calcination temperatures are roughly similar, the times required to
produce these changes, as well as the amount of hydrotalcite to be calcined, are somewhat
diverse. Researchers must work together to clarify these factors so that they are not
ambiguous data. These data would be very important since, for industrial use and a
real application of these materials as CO2 sinks, technical and economic calculations are
necessary, which indicate the feasibility of using these products by companies. On the other
hand, hydrotalcites can also be excessively calcined, with the consequent waste of energy
(in time or temperature).

Secondly, the pH value in the synthesis is very important in the development of the
morphology, porous structure, as well as in the chemical composition. The molar ratio
(Mg/Al) is very important in terms of CO2 capture, although there are also many other
factors that affect this parameter: pH of the synthesis, nature of the anion, pressure used
and absorption temperature.

It is also important to develop strategies that increase the specific surface area of
hydrotalcites, as this is one of the most important factors in CO2 absorption capacity. After
a comparison of different studies (32 papers) on the capture capacity of LDH and CLDH, a
gap in information on CO2 capture capacities at high pressure and low temperature has
been observed. Therefore, researchers have to pool their efforts to study CO2 capture at
high pressures and low application temperatures using calcined hydrotalcites.

It is very difficult to find studies in which CLDHs are used as additives in order to
increase the CO2 capture capacity of cement-based materials. The ion exchange and the
memory effect of CLDH are key to the use of hydrotalcites as CO2 capture additives in
cement-based materials. Studies along these lines should be reinforced to improve this
information gap and mitigate climate change.
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Abstract: Hydrotalcite is the name of a mineral discovered in Sweden in 1842 whose formula is
Mg6Al2(OH)16CO3·4H2O and presents a layered crystal structure that consists of positively charged
hydroxide layers neutralized by interlayer anions as carbonate, also containing water molecules. The
ease of their synthesis and the possibility of incorporating other layer cations and interlayer anions
have made this type of layered double hydroxides (LDH) a group of very interesting materials for
industry. In addition to LDH and due to the name of the most representative mineral, this group of
compounds is commonly called hydrotalcite-like materials, or simply hydrotalcites. Another way
of referring to them is as anionic clays because of their layered structure but, unlike classical clays,
their layers are positive and their interlayers are anionic. The main fields of application of these
solids comprise catalysis, catalyst support, anion scavengers, polymer stabilizers, drug carriers, or
adsorbents. This paper briefly summarizes some of the work carried out by Professor Rives over
more than thirty years, focused, among other topics, on the study of the synthesis, characterization,
and applications of hydrotalcites. This research has led him to train many researchers, to collaborate
with research groups around the world and to publish reference papers and books in this field. This
contribution, written to be included in the Special Issue “A Themed Issue in Honor of Prof. Dr. Vicente
Rives”, edited on the occasion of his retirement, only shows a small part of his scientific research and
intends to value and recognize his cleverness and his enormous scientific and human quality.

Keywords: hydrotalcite; LDH (layered double hydroxide); synthesis of hydrotalcites; hydrotalcites
as catalysts; hydrotalcites as adsorbents

1. Introduction

Hydrotalcite-like compounds (HT), so-called “anionic clays”, are layered double hy-
droxides with general formula [M1−xM’x(OH)2]x+(X)x/m·nH2O, where M = Mg(II), Zn(II),
Ni(II), . . . , M’ = Al(III), Fe(III), . . . and X = CO3

2−, NO3
−, SO4

2−, . . . [1]. This is the sentence
that, in 1991, started a new line of research for Professor Rives’ research group at the Uni-
versidad de Salamanca. It can be said that it was “the principle of a beautiful friendship”
with these solids for Prof. Rives and for many people that were a part of his team during
this time. The study of these layered double hydroxides (LDH) has led to the collaboration
of Prof. Rives with researchers from all over the planet. These collaborations implied a
great advance in the knowledge of this group of compounds.

As indicated, hydrotalcite-like compounds or hydrotalcites (HT), layered double
hydroxides (LDH), or anionic clays, are the common names for these kinds of materials.
The first name is an extension of that of the mineral found in Snarum, Norway [2,3],
extended for designating the large family of solids, mainly synthetic, with its structure. As
these solids have, contrary to the natural clays, their layers positively charged and so, their
interlayer space occupied by exchangeable anions, they are also known as anionic clays.
Finally, attending to their layered structure and chemical composition, they belong to the
family of the layered double hydroxides (Figure 1).
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Figure 1. Structure of Mg–Al–carbonate hydrotalcite.

The formula of this mineral was first given by the Italian mineralogist Ernesto Manasse
in 1915 [4], and so manasseite is another name used for this solid, although it slightly differs
from hydrotalcite in its chemical composition. In 1942, two Swiss scientists, Feitknecht
and Gerber, described for the first time the synthesis of this compound [5]. During the
second half of the 20th century, a great number of researchers have reported on its crystal
structure [6–8]. All these aspects, together with the synthesis methods and the large number
of possible applications, were largely commented on in the first book entirely dedicated
to these compounds, edited by Prof. Rives in 2001 [9]. The entire book has been cited
more than 1400 times, according to GoogleScholar, even more, if considering the separate
chapters. The high interest in hydrotalcites has given rise to the publication of thousands
of scientific articles and bibliographic review papers (9300 documents when looking for
“hydrotalcite” at Web of ScienceTM). One of the most important revision papers is that
published by Rives and Ulibarri in 1999, which reviewed the scientific articles published
up to that date on the synthesis, properties, and applications of hydrotalcite-like materials
containing intercalated anions constituted by metal complexes or oxometalates [10] (cited
770 times according to Web of Science and 1000 times according to GoogleScholar). This
review described the role of catalysts, sensors, electrodes, etc., that these materials can play,
as obtained or after thermal treatments.

The aim of this work is to summarize the scientific works dedicated to the knowledge
of LDH that Professor Rives has carried out and shared, together with his collaborators,
with the entire scientific community. Another no less important purpose of this paper is to
acknowledge the time dedicated and the will, kindness, good work, and brilliance with
which Professor Rives has been able to teach and supervise all the research students that
have had the luck of working with him.

2. Synthesis and Characterization

Rives et al. reported for the first time, in 1991, the synthesis and characterization
of the solid obtained after thermal treatments of Co,Al-hydroxycarbonate compound
containing Co(II) cations with a hydrotalcite structure [1]. In the same year, they described
the synthesis by the coprecipitation method of layered double hydroxides, also with the
hydrotalcite-like structure and containing carbonate as interlayer anion and Ni(II) and
Al(III) cations in the layers [11]. Several solids with different Ni/Al ratios were prepared
and studied by means of FT-IR and V-UV/DR spectroscopies. The local environment of the
Ni(II) cations was found to be octahedral in all cases, but the orientation of the interlayer
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carbonate anions varied depending on the Ni/Al ratio. Although the synthesis of this
type of hydrotalcite had been previously reported by Reichle [12], its behavior upon aging
treatments was not clear. Rives et al. studied in-depth for the first time the Co(II)/Co(III)
oxidation in these compounds, linked to the synthesis and aging treatment experimental
conditions. Aging was carried out by thermal treatments, and so the same authors, in
1992, continued their study by analyzing the effect of hydrothermal treatments on the
nature of the hydrotalcites when varying the time and temperature [1]. Consequently, they
also examined the physicochemical properties of MgAl hydrotalcites synthesized by the
coprecipitation method and they established the bases that explained the variation of the
crystallinity with the temperature, time, and type of aging treatment [13,14]. The Mg/Al
ratio increased, and the specific surface area and the water content decreased, when the
hydrothermal treatment was prolonged.

To explain the importance of these materials for their use in catalysis, a study of
their acid/base properties was conducted in 1993 on a MgAl-HT and on their calcination
products [15]. The adsorption of pyridine to measure the acidity, and formic acid to
study the basicity on the surface of the HT was carried out by using FT-IR spectroscopy.
The acid and basic sites of these solids were described and the authors confirmed that
Lewis acid sites were linked to Al(III) ions and the basic ones were correlated to isolated
surface hydroxyl groups. More recently a wide study of the control of the synthesis
conditions to obtain hydrotalcite-like materials with tuned properties has been done on
MgAl hydroxycarbonates [16]. In this work, the authors tried to find the optimal conditions
to prepare samples with pre-designed structural and textural properties. They found that a
sample obtained after 48 h of conventional hydrothermal treatment can be synthesized by
aging only 10 h under microwave irradiation. Hydrothermal treatment under microwave
irradiation needed shorter treatment times and, thus, lower energy consumption, leading
to hydrotalcites with higher crystallinity than conventional hydrothermal treatments. This
last work was based on the studies previously carried out on the incidence of microwave
thermal treatments, in which the changes in the crystallinity, the textural and structural
characteristics, or the porosity of different hydrotalcites were explored [17–19].

The research in HT containing oxidizable cations continued with the report for the
first time of the synthesis of an LDH containing V(III) cations in the layers [20]. To avoid
vanadium (III) oxidation, the synthesis was carefully designed; the preparation of an Mg-
V-carbonate HT was carried out under a nitrogen atmosphere using Schlenk techniques.
Characterization results using powder X-ray diffraction (PXRD) infrared spectroscopy
with Fourier Transform (FT-IR) and extended X-ray absorption fine structure (EXAFS),
among other techniques, confirmed the formation of hydrotalcites with Mg(II) and V(III)
cations in the layers, CO3

2− as an interlayer anion, and with a well-ordered layered
structure. Subsequently, Labajos et al. described different ways of obtaining and aging
Mg(II)-V(III)-HT with carbonate as interlayer anion, widely studying the effect of drying
under air or under vacuum and the incidence of the hydrothermal treatment in the as-
synthesized samples and its calcination products [21] was tested. The use of vacuum for
drying and hydrothermal treatment after synthesis gave rise to better-crystallized samples.
The first description in the literature of the synthesis and characterization of Ni(II)-V(III)
hydrotalcites with different Ni/V molar ratios and the study of their calcination products
was carried out by Rives’s research group in 1999 [22]. The synthesis of this system was
similar to the previously reported to avoid the V(III) oxidation [21,22], obtaining well-
crystallized hydrotalcite with Ni(II) and V(III) in the brucite-like layers, and carbonate with
the plane parallel to the brucite-like layers as interlayer anion [22].

The characterization of this type of layered solids by different thermal techniques,
namely thermogravimetry (TG) Differential Thermal Analysis (DTA), and Temperature Pro-
grammed Reduction (TPR), has been largely implemented along to improve the knowledge
of the properties of the HT [9,23]. TG and DTA analysis were demonstrated to be essential
to analyzing the nature and the strength of the bond of interlayer anions and molecules, and
also the number of volatile species. Thus, Labajos and Rives investigated the thermal evo-
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lution of the layer Cr(III) cations of HT compounds [23]. The presence of chromate species
after calcination at medium temperatures in MgCr and NiCr of HT was recognized by TPR
analysis of the samples [23]. TPR analysis of a series of carbonate-HT with reducible cations
such as Co(II)-Fe(III), Ni(II)-Cr(III), Mg(II)-Mn(III), and MgAl-vanadate were carried out.
The results proved the ability of these techniques to complete the characterization of these
solids, mainly focusing on their applicability as catalysts and/or catalyst precursors. [24].

The interest in HT containing cations with redox properties increased because of their
potential as oxidation or photooxidation catalysts. Thus, a comparative study of vanadate
exchanged MgAl, MgCr, NiAl, and NiCr-HT obtained by means of different synthesis
methods was reported in 1994–1995 [25–27]. The synthesis procedures tested to introduce
the vanadate anions in the interlayer were direct coprecipitation, direct or indirect recon-
struction, and pre-swelling with glycerol, among others. These preparations were also
done to compare the results with those of hydrotalcites previously synthesized containing
vanadium (III) within the layers [24]. The different synthesis procedures gave solids with
similar composition and layered structure but with differences in the crystallinity degree
and specific surface area and porosity. These kinds of differences are interesting to obtain
final materials with specific properties in catalytic reactions [28–33]. The use of alterna-
tive routes to synthesize hydrotalcite-like materials with decavanadate in the interlayer
was also assessed. For this, the application of an ultrasonic method was used to obtain
MgAl-decavanadate by means of anionic exchange between carbonate and decavanadate.
This anionic exchange was achieved by submitting a suspension of MgAl-carbonate LDH
precursor in a vanadate solution to ultrasonic treatment. The exchange was easily achieved,
and the crystallinity of the final solid was higher than that of the precursor [34]. The
synthesis of polyoxovanadate pillared systems of ZnAl-HT was also tested and in this
case, the structural characterization was implemented by an X-ray absorption and diffrac-
tion study [35]. The inclusion of anions other than vanadate in the interlayer space was
successfully achieved as Zn,Al-HT interlayered with hexacyanoferrate(II) and hexacyano-
ferrate(III) anions were synthesized by reconstruction of the solid obtained by calcination
of the carbonate form at 500 ◦C, anionic exchange of nitrate- and terephthalate-containing
HT, and also direct synthesis [36].

Anions other than carbonate or decavanadate, such as oxalate, borate, or silicate
anions, have also been used as interlayer anions that compensate for the layer charge, and
the synthesis procedure gave perfectly characterized solids having the hydrotalcite-like
structure. The layered solids were synthesized by using two different procedures [37,38].
The first one was the anion exchange method by changing the nitrate anion of a MgAl-
nitrate HT for the different anions, borate, silicate, or [Cr(C2O4)3]3−. The reconstruction
method of Mg-Al-carbonate calcined HT was also used for obtaining the Mg,Al layered
double hydroxide with [Cr(C2O4)3]3− anions in the interlayer. All solids obtained showed
PXRD patterns typical of layered solids with a hydrotalcite-like structure (Figure 2).

The effect of the Mg/Al molar ratio on the disposition and number of anions in the
interlayer spacing was thoroughly studied. The interlayer spacing value depended on this
ratio, and thus also depended on the precise orientation of the interlayer anions [37,38]. In
this sense, the “memory effect” is a very interesting property of this kind of compound that
is based on the ability of the oxides derived from the calcination of HT in reconstructing
the layer structure when rehydrated in the presence of anions. This effect was also widely
depicted in 1999 by submitting to rehydration the oxides obtained after calcining the
original solids at increasing temperatures [39]. The crystalline phases formed were assessed
by means of PXRD and the Al cations environment by 27Al MAS NMR. It was observed that
the reconstruction could be complete when the calcination temperature was below 550 ◦C
and the time of rehydration 24 h. When samples were calcined at 750 ◦C, a rehydration time
of 3 days was necessary. Finally, after calcination at 1000 ◦C, only a partial reconstruction
was possible. However, the NMR results indicated that some of the Al(III) cations remained
in tetrahedral sites [39]. This work aroused the interest of many researchers and has been
widely cited (more than 190 times according to Web of ScienceTM, and more than 250 times
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according to GoogleScholar) in different HT research publications. Recently, it was cited in a
review that summarizes the effect of aluminum content on optical, electrical, and dielectric
properties of mixed metal oxides obtained by calcination of Mg-Al-nitrate HT [40].

θ

Figure 2. PXRD of a Mg−Al−carbonate hydrotalcite obtained by the coprecipitation method. The
Miller indices are assigned according to the JCPDS 22-700.

The calcination products of all these LDH have always shown a high interest because
of the possibility of obtaining double, ternary, or quaternary mixed oxides with high spe-
cific surface area and dispersion degree, and so suitable for catalysts reactions. Countless
LDH have been prepared to improve the synthesis methods and also the characterization
procedures of the solids derived from their calcination [41–43]. Ulibarri et al. studied the
synthesis of hydrotalcites with oxidable cations in the layers, such as Ni and Mn, and their
incidence in the mixed oxides obtained from their calcination at different temperatures [43].
Fernández et al. synthesized Mg-Al-Fe hydrotalcites with different Al/Fe molar ratios to
test the effect of iron content on the crystalline phases formed upon thermal decomposi-
tion [44]. Trujillano et al. described the synthesis and characterization of Co-Fe-carbonate
HT and their calcination products. The formation of Cox(II)-Coy(III)-Fez(III) oxides with
spinel-like structure and different cation molar ratios, depending on the temperature and
time of calcination, was widely studied [45,46]. A Ni-Fe-carbonate HT was prepared by
testing two different aging treatments and calcining temperatures to each original sam-
ple [47]. X-ray absorption results for calcined samples showed that Ni(II) cations were
located in octahedral sites, while Fe(III) cations were in octahedral and tetrahedral sites
in the same proportion. Coordination parameters at the first and second shells of Ni(II)
and Fe(III) cations for the sample calcined at 750 ◦C coincided with those expected for a
mixture of NiO and the NiFe2O4 spinel, phases detected by X-ray diffraction [47]. For the
sample calcined at 450 ◦C, although PXRD only detected crystalline NiO, X-ray absorption
measurements also indicated that Fe(III) ions were forming an amorphous phase. This
study also allowed us to know that the reducibility of cations in the sample calcined at
450 ◦C depended on the synthesis method and the formation of the spinel phase. This
article has also received large attention (109 Web of Science citations, and 148 GoogleScholar
citations up to May 2022). Recently, it has been used as a reference in a review dealing
with the use of hydrotalcite as adsorbents for the removal of heavy metal anions as water
contaminants [48].

To study systems with more than two cations in the layer and to test the nature of
derived mixed oxides containing yttrium obtained by its calcination, a new Mg,Al,Y-LDH
with the hydrotalcite-like structure as a precursor of mixed oxides was prepared. This
study was based on industry interest in yttrium garnets as gemstones and as magnetic ma-
terials. The synthesis was carried out by coprecipitation of Mg(II), Al(III), and Y(III) cations
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in alkaline solutions. The nature of mixed oxides obtained by calcination at increasing
temperatures was assessed meanly by X-ray diffraction [49].

Other type of LDH is the so-called hydrocalumite, which contains Ca (II) and Al (III)
as layer cations and chloride as interlayer anion. For the synthesis of this compound, Al
was recovered from a saline slag generated during the recycling of this element, trying to
minimize the contamination and valorize this residue [50]. The synthesis of hydrocalumite
was favored by using microwave radiation. The optimum aging temperature under MW
irradiation was 125 ◦C, as it allowed to obtain pure hydrocalumite, with high crystallinity
and composed of LDH-type aggregates of regular hexagonal particles. The high crystallinity
of the solids justified their low SBET values. Globally, solids with textural properties
comparable to those prepared from pure commercial reagents, can be prepared by using
the aluminum slag, which supposes a high added value for this residue. [50]. Depending
on the conditions, hydrocalumite was accompanied by impurities of calcite and katoite, the
thermal behavior of this system has been studied in detail by a combination of TG, DTA,
and analysis of the evolved gases (EGA) by means of mass spectrometry (MS) [51].

3. Applications

The catalytic activities for acetaldehyde self-condensation and 2-methylbut-3-yn-2-ol
conversion of both Mg-Al and Li-Al HT with carbonate, chloride, nitrate, or vanadate as
anions were studied by Rives et al. [52]. The solids were tested as-synthesized and after
calcination at different temperatures. The authors concluded that the surface acidity that
was measured using Hammett indicators depended on the nature of the anions. Another
conclusion was that the host matrix had no major effect on the acidity or the catalytic
activity, although the MgAl materials showed higher thermal stability. They also confirmed
that the activity was related mostly to the nature of the interlayer anion, and higher catalytic
activity was found for the solids containing vanadate.

As hydrotalcite-like solids act as catalysts precursors, some catalytic reactions have
been tested using the mixed oxides obtained upon calcination of synthetic LDH. In 1997,
MgCr-, NiCr- and NiAl-Vanadate hydrotalcites with decavanadate as interlayer anion were
prepared. The original solids were calcined and then the surface acidity was studied by
monitoring the adsorption of pyridine by FT-IR spectroscopy and tested for 2-propanol
oxidative dehydrogenation. The samples NiAl-vanadate presented the highest acidity
while the selectivity to the oxidative dehydrogenation was larger on the MgCr- Vanadate,
and NiCr- Vanadate samples calcined at 300 ◦C [53]. The isopropanol oxidation reaction on
calcined LDH with different interlayer anions (carbonate, nitrate, silicate, and borate), was
studied in 2001 [53]. The original solids were submitted at 600 ◦C and their surface acidity
was determined by ammonia adsorption; surface Lewis acid sites and Brönsted basic sites
were studied. The samples derived from carbonate and nitrate hydrotalcites showed the
highest activity for acetone formation due to their surface acidity and basicity. In contrast,
samples derived from silicate- or borate-HT showed lower activity due to the lack of surface
basic sites [54]. MgAl HT was also used in a new and green methodology of synthesis of
two chiral building blocks. This synthesis implied a regioselective Baeyer-Villiger reaction
and can be considered a green procedure because hydrogen peroxide was the only oxidant
used and the catalyst was a non-contaminant MgAl-carbonate HT [55]. Furthermore, the
use of carvone, a cheap commercial compound, enhances the value of this methodology
(Figure 3).
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Figure 3. Green synthesis of two chiral building blocks by using hydrotalcites as catalysts.

A wide catalytic study was centered on the influence of Zn content of Ni–Cr–Al
mixed-oxide catalysts with a spinel-like structure on the catalytic performance in acetylene
hydrogenation. The physicochemical properties of these oxides were also analyzed. The
catalysts derived from the calcination of several HT with different cationic molar ratios and
formula (ZnxNiyAlzCrt (OH)2) (CO3)z+t/2 mH2O, and the joint action of ZnO and Cr2O3,
as activity modifier and support modifier, respectively, was tested [56–58].

Continuing with the use of calcined HT for the acetylene hydrogenation reaction,
Monzón et al. compared the previous catalysts but doped with Fe(III) instead of Cr(III) [59].
The researchers tested the effect of the Ni/Zn molar ratio on the activity, selectivity, and coke
formation of NiO-ZnO-Al2O3 catalysts depending on the Fe/Al cationic molar ratio. They
concluded that Ni was not the only one responsible for the performance of the catalyst and
that the presence of ZnO gave rise to a significant decrease in the coke formation (Figure 4).
The same effect was observed when the catalysts contained Cr(III) instead of Fe(III).

 
Figure 4. Conversion and ethylene yield (left) and initial rate of coke formation (right), versus the Ni
loading in the different catalysts derived from calcined HT. Reprinted from Appl. Clay Sci. 1998, 13,
363–379. Copyright (1998) with permission from Elsevier.

In these works, the authors assessed that the calcination of HT was a successful
method to obtain highly dispersed mixed oxides. On the other hand, they concluded
that the selectivity in the hydrogenation of acetylene, a structure-sensitive reaction, and
the coke formation, can be easily modified by varying the chemical composition of the
catalysts [59]. Otherwise, the influence of the Ni/Mg cationic molar ratio on the precursor
HT was linked with the variation of the selectivity, the activity, and coke formation of NiO-
MgO-Al2O3 catalysts modified with Cr(III) for acetylene hydrogenation [60]. An optimal
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Ni/Mg molar ratio was found, also observing that the addition of MgO can modulate the
catalytic properties of Ni because the conversion, selectivity, and yield to ethylene increased
when the Mg/Ni ratio increased, and coke formation simultaneously decreased.

Another catalytic reaction tested using hydrotalcite-derived catalysts was hydroxyla-
tion of phenol. For this purpose, Rives et al. synthesized CuCoAl ternary HT with (Cu +
Co)/Al atomic ratio of 3.0 and different Cu/Co atomic ratios from 80:20, to 20:80 [61]. The
original solids were obtained by the coprecipitation method under low supersaturation.
These solids showed a layered hydrotalcite-like structure and their crystallinity increased
with the copper concentration. Another remarkable aspect was the increase in the total
pore volume and the specific surface area with cobalt content. Calcination of the original
hydrotalcites at 500 ◦C gave rise to the solids whose PXRD patterns corresponded with
those of the tenorite and spinel phases. These oxides were tested in the liquid phase hy-
droxylation of phenol using H2O2 as an oxidant. The higher activity was presented by the
calcined solid with a Cu/Co atomic ratio of 75:25 It was also concluded that an increase
in substrate/catalyst ratio enhanced the conversion of phenol. Using oxidants other than
H2O2 and solvents other than water did not show measurable conversion of phenol. The
authors confirmed the influence of the presence of cobalt and of the surface properties on
the activity of copper in the control of the development of the reaction [61].

Mg-V-hydrotalcites were synthesized with different Mg/V molar ratios and then
calcined at 800 ◦C to be tested for oxidative dehydrogenation of propane and n-butane. The
relative amounts of Mg3(VO4) and MgO determined the formation of different vanadates,
which influenced the performance of the oxides obtained in oxidative dehydrogenation of
propane and n-butane [62].

Thanks to their high specific surface area, another application of the HT and their
calcination products is the adsorption and removal of pollutant compounds. Thus, Tru-
jillano et al. used HT solids to eliminate the salts responsible for the degradation of the
stones of the cultural heritage as well as for their cleaning [63]. In this work, the authors
used the MgAl calcined hydrotalcite as an absorbent of anionic contaminants of the stone
as a complement of the conventional clays (sorbents of cationic contaminants) that were
used by the same research group as sorbents of cationic pollutants and salts [64]. Both
surveys demonstrated the possibility of using effective, cheap, non-aggressive, and green
procedures to remove pollutants and salts. The authors proved that hydrotalcites and
conventional clays are highly effective agents for cleaning stone material in an easy way.
This investigation was part of a European scientific and multidisciplinary collaboration
project between researchers from a consolidated research unit formed by the Instituto de
Recursos Naturales y Agrobiología at Salamanca (IRNASA-CSIC) and the University of
Salamanca, dedicated to the cleaning and protection of the artistic heritage in stone, and
the Spanish research team was headed by Professor Rives.

Owing to their wide range of chemical composition, HT can show a wide range of
colors after calcination. It is well known that on heating the hydrotalcites decompose form-
ing mostly amorphous species when calcining at low temperatures. When the calcination
temperature increases, the crystallization of the divalent oxide is first observed, and at
higher temperatures segregation of spinel takes place. If the mixed oxides obtained contain
transition metal cations, they can be applied as ceramic pigments [65]. With the purpose
of starting a study on the use of HT as pigments, a series of MgAl-carbonate HT with
Mg/Al molar ratios of 4/1, 2/1, 1

2 , and 1/4 were prepared by the coprecipitation method
to ascertain the different steps of the degradation of this kind of solids under calcination
depending on their composition. The solids obtained had as formula [MgxAl1−x(OH)2]
(CO3

2−)(x/2)·nH2O and the optimum x value for hydrotalcite formation was between 0.20
and 0.35. The thermal decomposition of the solids obtained was systematically studied
by following the amount of Al in tetrahedral positions and the inversion degree of the
spinel obtained at each temperature was determined to be higher as the temperature of
calcination increased [65].
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Other hydrotalcites prepared by precipitation at constant pH to be used as pigments
were those containing Mg (II) and Al(III), doped with 0.5%, 1%, 2%, or 3% of Cr(III) and
Y(III) [66]. The solids were calcined at 1200 ◦C for 5 h in air to give solids with a mixed
structure (spinel and rock salt for MgO). Their color was pink, which made these solids
suitable for being used as ceramic pigments. The incorporation of Cr in the structure of the
spinel modified somewhat the chromaticity coordinates, but quantitative changes follow
different trends. Nevertheless, these changes were qualitatively like those observed for
the original LDH, so the authors found it easy to predict the expected color of the calcined
solids by monitoring the color of the uncalcined precursors [66].

To test the incidence of the preparation method in the final color of the pigments
obtained by calcination of HT, nickel-aluminum HT was prepared by conventional co-
precipitation and by coprecipitation in the presence of a surfactant. Larger and better-
ordered crystals were obtained when the synthesis method was the inverse micelles
route [67]. Calcination of the original samples gave rise to the formation of homoge-
neously dispersed mixed oxides. The lightness and chromaticity coordinates of the solids
(HT precursors and calcined solids) were analyzed to ascertain if the preparation procedure
influenced the final color. Both the preparation method and the calcination treatment had a
little effect on the precise chromaticity coordinates (green/red and blue/yellow) and an im-
portant effect on the luminosity (whiteness/darkness) of the solids. The color coordinates of
these solids showed that an enhancement of the green color was observed when the HT was
prepared in an organic medium. After calcination, this solid also showed a larger luminosity
than the solid derived from the HT prepared by conventional coprecipitation [67].

As the thermal decomposition of HT leads to highly dispersed mixed oxides, the
precise color of the final oxides can be tuned by controlling the precise chemical composition
of LDH precursors containing transition metal cations in the layers. Rives et al. synthesized
hydrotalcites containing Co(II) and Cr(III) cations with Co/Cr molar ratios ranging from 2
to 0.5, which were tested as pigments upon calcination. The authors developed the synthesis
of some selected samples whose colors were of better quality than two commercial black
pigments [68].

The preparation of HT-containing lanthanide cations has also been reported. A series
of Mg-Al-carbonate HT with 4% loading of different lanthanide cations in the brucite-like
layers was reported [69]. All the original mixtures had an M(II)/M(III) molar ratio of
3, and among the trivalent cations, different Ln/Al molar ratios were considered: 4/96
for Tb–Al, Er–Al, and Yb–Al HT, and 2/2/96 for Er-Yb-Al HT. The as-synthesized solids
showed the hydrotalcite-type structure, without contaminating phases and they were
calcined at 1000 ◦C forming perfectly dispersed mixed oxides, with the MgO and the
MgAl2O4 spinel structure and without any differentiated phase containing lanthanide
ions. All samples prepared and their calcined products were white, except the Er (III)-
containing samples, which revealed a weak pink color. The analysis of the color of all
the samples was made by determining the colorimetric coordinates L*a*b* of the CIE
system (International Commission on Illumination). All the samples containing Tb(III)
were submitted to luminescence studies, exhibiting green fluorescence under irradiation of
254 and 365 nm. The emission spectra showed a series of narrow lines ascribed to Tb(III)
transitions. The decay curves monitored at 543 nm indicated the presence of a single local
Tb(III) environment in the parent and calcined samples. For the calcined samples, the
photoluminescence evidence supported the insertion of Tb(III) in MgAl2O4 rather than in
MgO [69].

The synthesis, structural characteristics, and applications of some Cu(II)-containing
HT were also depicted. Originally, due to the difficulty in the obtaining of hydrotalcites with
Cu (II) as the only divalent cation, ethylene glycol was used to reduce the divalent cations
of a CuAl-LDH and a NiAl-LDH by means of the so-called polyol process. In this test, it
was found that the degree of reduction of both cations to their metallic forms depended on
the nature of the interlayer anions as well as on the time and temperature of treatment of
the reaction mix [70]. The synthesis, structural and textural characteristics, and the catalytic
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performance on the hydroxylation of phenol of CuNiAl and CuCoAl hydrotalcites were
described by Kannan and Rives, together with other researchers [71–73]. These authors also
studied the transformation of Cu-rich hydrotalcites (Cu + M(II))/Al (with M(II) = Co, Ni, or
Mg) when calcined at high temperatures, observing considerable differences in the thermal
change temperatures of these samples depending on the co-divalent metal cations [61].

The synthesis under several procedures of NiGa, NiAl, CuAl, or CuAlFe hydrotalcites
with carbonate or surfactants as interlayer anions was reported trying to establish a rela-
tionship between their properties and the preparation method. The surfactants used were
alkyl sulfonates of organic chains with different lengths or alkyl-benzene sulfonates. These
materials were submitted to calcination and the thermal effects at increasing temperatures
and the solids formed were defined [74–79]. The magnetic properties of CuAl LDH with
carbonate or anionic surfactant were also investigated [78], and low oxidation states of
copper (Cu2O or Cu) were obtained over a mixed oxide phase when Cu(II)Al (III)-LDH
containing organic sulfonates in the interlayer were calcined. This reduction of Cu(II) was
not possible when the interlayer anion was carbonate, and this process was not observed
for cations other than Cu(II) [79]. Ternary hydrotalcite containing Ni, Cu, and Al cations
with different cationic molar ratios were also synthesized to measure the effect of copper
on the reaction of isomerization of eugenol, observing a decrease in the activity when
increasing the amount of copper [80].

The use of hydrotalcites as drug carriers for controlled release is a research line that V.
Rives began to study at the beginning of this century. In 2004, MgAl LDH with naproxen
in the interlayer was prepared by using two synthetic procedures: reconstruction and
coprecipitation. From the X-ray results discussion, the authors concluded that the drug
was incorporated in the interlayer of the solids with a tilted bilayer orientation with the
carboxylate groups linked to the brucite-like sheets [81].

The intercalation of naproxen in LDHs by coprecipitation and anion-exchange was
also studied on Mg-Al-Fe HT [82]. The drug release rate was tested in vitro, to ascertain
if the LDH can act as an additive or as a matrix. The intercalation of the drug forming
bilayers and the possibility of its exchange in the biological medium led to a release much
slower than when the LDH was only physically mixed with the drug [82]. Later, Rives et al.
collected the existing literature on hydrotalcites–drugs interactions in two bibliographic
reviews, published in 2013 and 2014, respectively [83,84].

The studies on CO2 sorption on hydrotalcites started by using calcined HT as sorbents,
research done in collaboration with researchers from the Universade de Porto (Portugal).
In this case, the preoccupation with the production of huge amounts of CO2 from the
combustion of fossil fuels, and the greenhouse effect of this gas, justified the use of calcined
hydrotalcites as CO2 adsorbents, finding high efficiency. This suitability was due to the
ability of these solids to operate in the temperature interval found in both post- and
pre-combustion streams (i.e., 200–400 ◦C) [85–88].

So as to ascertain the incidence of water in the CO2 capture, a calcined Mg-Al-Ga HT
impregnated with K, aged under microwave irradiation was checked (Figure 5). It was
observed that the presence of water significantly increased the CO2 capture. So did higher
total pressures and temperatures. Finally, Energy-dispersive X-ray spectroscopy results
showed that under wet conditions potassium and gallium were mobilized towards the
sorbent surface and this fact contributed to enhancing the sorbent behavior of the HT.

Different procedures of synthesis, the characterization results, and the thermal prop-
erties of composites having hydrotalcites as nanofillers can be found in the literature of
this research group [89–94]. The preparation by in situ polymerization was tested with the
synthesis of a polyethylenterephthalate-hydrotalcite by using polyethylenterephthalate
and different amounts of a hydrotalcite with dodecylsulphate as interlayer anion. The
characterization results permitted conclude that the maximum amount of inorganic ad-
ditive that could be well dispersed was between 2–10%, while higher loadings did not
allow a complete dispersion and formed agglomerates [90]. The in-situ polymerization
method was proved to be the best one to obtain PET-LDH composites with low contents of
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LDHs. The PET-LDH composites thus prepared were thermally more stable than similar
composites prepared by blending [90].

 
Figure 5. CO2 sorption experiments over Mg–Al–Ga HT. Reprinted from J. Ind. Eng. Chem. 2019, 72,
491–503. Copyright (2019) with permission from Elsevier.

To evaluate the influence of the hydrotalcite as nanofillers in a polyester resin, two
LDH with organic interlayer anions, adipate-LDH and 2-methyl-2-propene-1-sulfonate-
LDH were synthesized and characterized. Flexural tests showed that incorporation of
organo-LDH in the resin reduced the flexural strength of the resin. The study of fire
reaction properties indicated up to 46% reduction in the polyester flammability [90].
Polyamide6.6/Mg,Al/adipate-LDH nanocomposites were prepared by solid state polymer-
ization [92] and the structural characterization and thermal measurements results led to
the conclusion that the best dispersion and the best thermal stability of the nanocomposites
were achieved for the composite with 0.1% LDH content, and it was higher than that of
pure polyamide [92].

The interest in the synthesis of hydrotalcites for the remediation of soils and ground-
water contamination was evidenced by the research in the synthesis of MgAl and CaAl
HT labeled with fluorescein by intercalation of this molecule [95,96]. These fluorescent
solids can act as tracer particles for in situ remediation strategies. Their particle size was
tuned by varying the synthesis conditions and aging time with an easy and economic
synthesis method. If co-injected with reactive particles showing similar properties, the
reactants could easily be detected, thanks to the fluorescent particles, in the subsurface,
and their potential movement and spreading rate, caused by groundwater flow, could be
followed [95,96].

Hydrotalcites with intercalated oxidizing agents have been proved to act as reactants
for remediation strategies because HT serves as supports for the oxidizing agents during
their injection to penetrate aquifers. So, the efficiency of LDH intercalated with perman-
ganate and peroxydisulphate anions was tested in batch experiments using trichloroethene
or 1,1,2-trichloroethane as the target contaminants. The oxidation processes produced by
the intercalated oxidizing agents gave rise to the degradation of the contaminants by the
HT-based solids [97].

Hydrotalcite-like compounds treated with acetone to modify their surface area and
particle aggregate can be used as sorbents of ecosystems pollutants as chlorinated hydro-
carbons [98] or other toxic chemicals such as perfluorooctane sulfonate and perfluorooc-
tanoate [99]. These tuned solids have proved to be powerful and interesting toxic sorbents
because of their high anion exchange capacity and high specific surface area [100].

Different ways of preparing hydrotalcite and the phenomena occurring during their
synthesis continue being studied [100–102]. So, the synthesis of ZnAl-nitrate LDH has
recently been carried out in the presence of methylamine, dimethylamine, and trimethy-
lamine, and under microwave hydrothermal treatment. Solids with high crystal sizes and
low particle size distributions were obtained [100]. ZnAl-carbonate HT and the oxides
obtained from their calcination have also been proved to be efficient in the photodegra-
dation of 4-nitrophenol, one of the most common contaminants in industrial waters [102].
The catalysts were tested as prepared and after calcination at 650 ◦C, a treatment that
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gave rise to the formation of a ZnO phase dispersed on an Al2O3 amorphous phase. The
best performance was found for the calcined solid, which removed the contaminant by
adsorption-degradation. The high specific surface area of the solid led to a high adsorption
capacity and the high dispersion of its active form allowed a higher degradation power
than commercial ZnO that was tested as reference.

4. Conclusions

The work on hydrotalcites done by Professor Rives and the research team that has
worked with him is not easy to summarize. Innovation in hydrotalcite synthesis methods
has resulted in the knowledge of procedures that lead to obtaining hydrotalcites tailored
to the final application. This fact is demonstrated by the extensive and detailed charac-
terization work carried out for more than thirty years. Likewise, the usefulness of these
solids as catalysts, catalyst supports, contaminant adsorbents, etc., has been constantly
verified. The contribution to the improvement of synthesis procedures of solids that allow
for reducing pollution and energy expenditure has been constant in the research projects
on hydrotalcites. Such work has been published in several scientific journals and the
publications have been widely studied and cited by researchers around the world.
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Abstract: Photoreforming (PR) of biomass can be considered a viable technology under mild experi-
mental conditions to produce hydrogen with a high reaction rate using compounds from renewable
resources and waste materials. The application of biomass PR gives rise to both hydrogen generation
and biomass waste valorization. The process could be scaled up to obtain hydrogen under natural
sunlight irradiation, and research on polymeric carbon nitride (g-C3N4)-based photocatalysts has
been widely carried out in recent years. The non-metallic-based carbon nitride materials are econom-
ical and (photo)stable polymer semiconductors, and their physicochemical surface and electronic
properties are optimal for obtaining H2, which can be considered a gas that does not cause major
environmental problems. Some hindrances related to their structure, such as the low absorption of
visible light and the relatively high recombination rate of electron-hole pairs, restrict the performance;
therefore, it is necessary to improve their activity and the yield of the reaction by modifying them in
various ways. Various types of solutions have been proposed in this regard, such as, for example,
their coupling with other semiconductors to form composite materials. The current mini-review aims
to overview the PR field, reporting some of the most interesting papers devoted to understanding
the role of g-C3N4 in biomass PR. Information on many physico-chemical aspects related to the
performance of the process and possible ways to obtain better results than those present up to now in
the literature will be reported.

Keywords: polymeric carbon nitride; C3N4; H2; hydrogen production; photoreforming; biomass;
photocatalysis

1. Introduction

The significant rise of the Earth’s inhabitants and industrial progress has led to in-
creasingly greater use of fossil fuels, with consequent depletion of energy resources and
built up of environmental pollution.

Hydrogen is a fuel with a high calorific value (142 MJ·kg−1) which is storable (al-
though some precautions are necessary), clean and ecological, and its combustion leads
to the formation of water without coproduction of other gases such as CO2 or particulate
matter [1]. It is predicted to be one of the most important energy carriers of the future and
has been produced worldwide in recent years, mainly from steam reforming of natural gas,
coal, or crude oil, and only a very small proportion has derived from biofuel reforming and
electrolysis [2]. Thermal catalytic reforming of fossil fuels, mainly hydrocarbons, represents
the most important source of hydrogen (about 95%), while the alternative use of biomass
can be conceived as a second-generation technology. However, a large amount of heat
required for the thermal catalytic reforming processes of aqueous solutions of organic
compounds is a major obstacle to environmental sustainability; therefore, the development
of technologies capable of exploiting solar energy and renewable raw materials to obtain
green hydrogen from renewable resources such as water and biomass are welcome [3].

ChemEngineering 2023, 7, 11. https://doi.org/10.3390/chemengineering7010011 https://www.mdpi.com/journal/chemengineering
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Heterogeneous photocatalysis can play an essential role in the progress of sustainable
energy, and it is considered one of the best strategies for transforming solar energy into
chemical energy. It is a green and low-cost technology that has demonstrated its potential
use for environmental remediation, even if no large-scale applications have been realized
and only niche applications can be hypothesized [4]. Since 1972, when Fujishima and
Honda reported the possibility of obtaining “green” H2 by the water-splitting process
using a TiO2 electrode under simulated solar irradiation [5], interest in this technology has
increased tremendously. Green hydrogen can be obtained not only by photocatalytic water
splitting but also by the photoreforming (PR) of an organic or inorganic substrate.

The photocatalytic reactions are started by the excitation of a semiconductor, which,
when exposed to light having an energy equal to or greater than its band gap, causes the
promotion of electrons (e−) from the valence band (VB) to the conduction band (CB). The
electron-hole pairs formed can recombine, release energy, or migrate and be trapped by
active sites present on the semiconductor surface or by adsorbed species that are reduced
or oxidized.

Figure 1 reports three important heterogeneous photocatalytic processes. Their ap-
plication to water and air remediation has been largely studied [4]. The figure shows the
classical application of the photocatalytic technology where the photoproduced electron-
hole pairs must give rise to oxidation and a reduction reaction, respectively. The positive
holes can react with donor species, often water molecules, which form very oxidant hy-
droxyl radicals (·OH), and contemporaneous electrons can react with adsorbed molecules,
usually O2, because the organic photo-oxidation processes are generally carried out in the
air. Consequently, O2 present in the air can react with electron-producing ·O2

− which in
turn reacts with water-affording hydroxyl and hydroperoxide (·OOH) radicals. The oxidant
species formed unselectively react, giving rise to intermediates and, ultimately, the final
products, which are mainly CO2 and H2O when the organic molecules in the suspension of
the semiconductor only contain C and H. Notably, sulfates or nitrates can be formed from
the mineralization of the organic substrate. Under anaerobic conditions, the splitting of
water can produce H2 and O2 in a process called water photosplitting. This occurs when
the energy of the electrons is sufficient to reduce protons to H2, i.e., when ECB < E(H2/H+),
and holes can oxidize water to O2, i.e., when EVB > E(O2/H2O). Instead of H2O, an organic
molecule can act as a hole trap, and, therefore, the photogenerated holes, which act directly
or indirectly through the production of hydroxide radicals, can lead to the production of
a partially oxidized derivative of the organic molecule or to its complete decomposition
to CO2 and H2O. This process, which uses organic molecules as traps for holes, is called
photoreforming (PR). In this case, the organic species can be a biomass derivative, which
is represented in Figure 1 simply as an organic molecule. Figure 1 also shows merely the
photocatalytic oxidation of an organic molecule in the presence of oxygen, and this type
of reaction has been studied extensively with the aim of breaking down polluting organic
molecules. In the last case, the difference with respect to the photoreforming process is
that in the organic photo-oxidation process, the molecular oxygen acts as an electron trap
instead of water or protons (as shown in Figure 1), and, consequently, H2 is not formed.

Indeed, the reduction of water or H+ takes place only under anaerobic conditions
and always gives rise to the formation of H2, as shown in Figure 1. Many articles claim to
perform “water splitting” despite the fact that an organic species has been used as a hole
scavenger; however, when O2 (from water oxidation) is not obtained, it is more correct to
refer to these reactions as PR instead of water splitting, as often reported in the literature [7].
Despite its attractiveness, water photo-splitting is a more difficult reaction than PR, both
thermodynamically and kinetically. The H2 formation rate is much higher in the PR process
than in the photo-splitting one because the oxidation reaction of the organic species with
photogenerated holes is irreversible. Conversely, H2 and O2 from water splitting can easily
reform H2O, decreasing the efficiency of converting light to hydrogen. The suppression
of electron-hole recombination is also more difficult during the photo-splittingsplitting
of water.
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Figure 1. Reaction pathways of water photo-splitting and photoreforming under anaerobic conditions
along with the oxidation of an organic molecule in the presence of oxygen. Reprinted with permission
from Ref. [6].

The overall photocatalytic process to form H2 can be considered for both water split-
ting and biomass PR. The splitting of water involves the concurrent Oxygen Evolution
Reaction (OER) shown in Equation (1) and the H2 Evolution Reaction (HER), as reported in
Equations (2) and (3):

2 H2O → O2 + 4 H++ 4 e− (1)

2 H+ + 2 e− → H2 (2)

or
2 H2O + 2 e− → H2 + 2 OH− (3)

with an overall process represented by Equation (4):

H2O → H2 + O2 ΔE◦ = −1.23 V (4)

The highly reducing electrons can give rise to the hydrogen evolution reaction in
Equations (2) and/or (3). As mentioned before, H2 generation from water splitting
possesses a large thermodynamic barrier due to the difficult oxygen evolution reaction
(Equation (1)) with E◦ = +1.23 V vs. Normal Hydrogen Electrode (NHE) at pH = 0.

The PR process is considered non-selective and involves the splitting of water to
generate H2 through a reduction reaction and the simultaneous partial oxidation of an
organic molecule to other species with higher added value or its mineralization to CO2
and H2O, all in one process. In PR, which must take place under anaerobic conditions, the
electrons in the photocatalyst migrate to the (CB) and reduce the protons of H2O to H2.
The photogenerated holes in the (VB) of the photocatalyst (see Figure 1), on the other hand,
oxidize the organic substrate.

The oxidizing species are the holes (h+) in the VB, which can also form radical oxidizing
species (reactive oxygen species, ROS), which in turn attack the biomass by oxidizing it as
in the reaction shown in (Equation (5)) for glucose, where the latter molecule can obviously
be considered only a model molecule representative of biomass. The overall PR process
(Equation (6)) is, however, nearly energetically neutral (ΔE◦ = +0.001 V), which means
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that energy is only needed to overcome the activation barriers. Thus, low-energy photons
present in visible light that are very abundant in the solar spectrum can be used for biomass
PR.

C6H12O6 + 6 H2O → 6 CO2 + 24 H+ + 24 e− E◦ = −0.01 V vs. RHE (5)

C6H12O6 + 6 H2O → 12 H2 + 6 CO2 ΔE◦ = +0.001 V (6)

The effect of sacrificial reagents used as hole scavengers to boost hydrogen production
was first reported in the 1980s by Kawai and Sakata [8]. Organic or inorganic species,
including biomass compounds, may be used for the production of H2. Photoreforming has
not received as much attention as water photo-splitting despite its interest and the high
efficiencies reported. It is worth noting that its selectivity exceeds that of thermocatalytic
processes due to the milder (environmental) conditions under which it proceeds, with
comparable activity.

The idea is to obtain the desired products, possibly by increasing the selectivity toward
the most interesting chemical, preventing the obtaining of dangerous or worthless com-
pounds such as CO2. A mixture of various organic compounds is, therefore, undesirable.
Toe et al. attribute the poor selectivity during PR to (i) unwanted adsorption/desorption of
reacting species on the photocatalyst surface; (ii) uncontrolled formation of radical species
(e.g., OH radicals) with a strong oxidant power; and (iii) saturation of the surface with
products that gives rise to over-oxidation [9].

2. Organic Molecules as Hole Scavengers in Photoreforming: From Model Molecules
to Biomass

Research on how to enhance selectivity toward photocatalytic organic transformation
has long been studied, but mainly under aerobic conditions, where O2 traps the electron
from the conduction band. One of the most used organic substrates used for selective PR
is methanol [10], whose partial oxidation gives rise to formaldehyde, formic acid, methyl
formate, or ethylene glycol. Ethanol is also often used as a hole scavenger [11], forming
mainly acetaldehyde, acetic acid, 1,1-diethoxyethane, and 2,3-butanediol. As shown in
Scheme 1, when glycerol acts as a hole scavenger [12], dihydroxyacetone (DHA), glycer-
aldehyde, and glyceric acid are formed, while among the aromatics, benzyl alcohol gives
rise to benzaldehyde, benzoic acid, hydrobenzoin, 2-phenylacetophenone, and benzoin.

Scheme 1. Partial oxidation products obtained from glycerol (A) and benzyl alcohol (B) as hole
scavengers in the photoreforming reaction.
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In Scheme 2, it can be seen, among the furans (they are the most used hole scavengers),
that (A) 5-hydroxymethyl-2-furfural (HMF) gives rise to 2,5-furandicarboxaldehyde, also
called 2,5-diformylfuran (FDC), and 2,5-furandicarboxylic acid (FDCA), while (B) furfuryl
alcohol is partially oxidized to furfural and furoic acid.

Scheme 2. Oxidation pathways of 5-hydroxymethyl-2-furfural (HMF) (A) and furfuryl alcohol (B) to
their corresponding aldehydes and acids.

Furfural and 5-hydroxymethyl-2-furfural (HMF) are extensively accessible biomass-
derived renewable chemical feedstocks, and their oxidation to 2,5 furandicarboxylic acid
(FDCA) and furoic acid, respectively, is a research area with great possibilities for ap-
plication in cosmetics, food, optics, and polymer industries. Water-based oxidation of
furfural/HMF is a cost-effective approach to generating, at the same time, H2 and furoic
acid/FDCA. Nevertheless, this process is today limited to (photo)electrochemical methods
that can be difficult to improve and scale up.

A wide range of biomass-derived compounds bearing a large variety of oxygen-
containing functionalities can be used as a hole scavenger in the PR reaction, the most
widely used being methanol, ethanol, and glycerol, but also aldehydes and alcohols of
various kinds [13,14], saccharides [15] and others, such as amines [15] as triethanolamine
(TEOA), or polysaccharides, including cellulose [16]. Monosaccharides, such as pentoses
(ribose, arabinose) and hexoses (glucose, galactose, fructose, mannose), and organic acids
(acetic acid, formic acid) have also been extensively used as hole scavengers [17].

Based on the species analyzed in an aqueous solution during the glucose PR, we
hypothesized the reaction sequence reported in Scheme 3. Glucose was transformed into
arabinose by α-cleavage in the presence of H2O producing equimolar amounts of formic
acid and H2, and subsequently, arabinose into erythrose by the same mechanism. The
greater quantity of H2 compared to formic acid can be explained by taking into account
that its formation comes not only from glucose degradation but also from the splitting
of water [18].

Di- or polysaccharides show that the hydrogen production rate is one or two orders of
magnitude higher with respect to those reached in the presence of pure water [19].

The oxidation of the organic species has been considered unselective; however, some
reports conclude that the organic molecules can be partially oxidized instead of mineralized,
so PR for H2 production can be more widely considered as a synthesis process where, for
instance, alcohol is selectively oxidized to an aldehyde [9,20,21].
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Scheme 3. Reaction pathway by using glucose as a hole scavenger in H2 generation in the presence
of Pt-TiO2 photocatalysts in the anaerobic system [18].

Di- or polysaccharides show that the hydrogen production rate is one or two orders of
magnitude higher with respect to those reached in the presence of pure water [19].

The oxidation of the organic species has been considered unselective; however, some
reports conclude that the organic molecules can be partially oxidized instead of mineralized,
so PR for H2 production can be more widely considered as a synthesis process where, for
instance, alcohol is selectively oxidized to an aldehyde [9,20,21].

Importantly, not all organic species are equally valid for this role, as Mills et al. pointed
out. Organic species need to possess a suitable functional group (e.g., alcohol, carbonyl)
and a hydrogen atom in the “α” position with respect to them [22]; organics without the
alpha hydrogen, such as ketones and carboxylic acids, may result ineffective in PR.

Catalysis is among the principles of green chemistry [23], and together with the
paradigm of obtaining a high reaction efficiency, assessed by the chemical yield, waste
minimization is also one of the principles considered to support environmental sustain-
ability [24], along with the energy expended in a process and the type of the catalysts that
must be non-polluting. In this context, not only materials derived from waste are gaining
more attention in recent years, but also the use of waste itself with a view to promoting a
circular economy.

In a remarkable process, real biomass feedstocks can be used as hole scavengers in the
PR reaction; raw feedstocks, such as wood, rice husks, sawdust, and algae, have been used
in PR [25]. Lignocellulosic and agro-industrial waste and residues represent important
feedstock for modern biorefineries aimed at the sustainable production of renewable
energy and chemicals [26]. The most important biomass feedstocks are of three types:
(i) lignocelluloses, (ii) starch-and sugar-based crops, (iii) vegetable oil crops [27], being the
lignocellulosic substrates those present in greater quantities in the biosphere.

Lignocellulose is the biomass most abundant, and as illustrated in Figure 2, it is a com-
bination of carbohydrate polymers (cellulose and hemicellulose) and aromatic polymers
(lignin), including all dry waste derived from plants (biomass); moreover, it has an evolved
structure to provide mechanical and chemical stability [28].
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Figure 2. Schematic illustration of the chemical and spatial structure of lignocellulose. Reprinted
with permission from Ref. [28]; © 2020 reprinted with permission from Elsevier.

Cellulose and hemicellulose are formed by long chains of hexose and pentose sugars
such as C6H12O6 or C5H10O5, which can be easily photo-reformed by virtue of their polarity
and the high content of hydroxyl groups (-OH), as shown in Figure 2. Lignin (also called
lignocellulose) is a heavy and complex organic polymer consisting mostly of phenolic
compounds, mainly found in the cell wall of plants. It is a polymer chain composed of
phenylpropane molecules. Cellulose and lignin represent about 70% of the total biomass.

The content of chemical species varies significantly depending on the type of biomass
selected. For example, considering biomass from food waste, cereals contain 70–80%
carbohydrates (they represent very suitable biomass for photoreforming), while meat
consists mainly of proteins and fats, both of which are unsuitable to be used in H2O-based
PR because of their structural complexity and hydrophobicity. Sugars were extensively
studied as probe substrates for biomass PR since, as mentioned above, most of the biomass
is based on saccharide chains (cellulose and hemicellulose). The most consolidated PR of
glucose is carried out in the presence of TiO2 [18]. An increase in temperature from 30 to
60 ◦C improved the H2 production.

Chemisorbed biomass consumes all of the reactive oxygen species (ROS) produced
in the protocatalytic process (h+, ·OH, ·O2

− and 1O2), generating the corresponding oxi-
dized species in the PR reaction. In general, as an example, a monosaccharide as glucose
generates small acidic species as lactic acid by isomerization, retro-aldol reaction, and
dehydration [29]. Moreover, the cleavage of one C-C bond could give rise to a succession of
arabinose, erythrose, and formic acid products in photocatalytic glucose partial oxidation
and hence in reforming [30].

Disaccharides (maltose, sucrose, lactose) generally provided worse results than monosac-
charides. The PR of soluble polysaccharides occurred at smaller H2 yields, probably because
of their high molecular weights and the presence of hydrogen bonds in the structures. The
use of lignocellulose in PR is energy-demanding, because it requires the breaking of its
structure. Depending on the kind of biomass chosen, the accessible chemical content for the
PR is 55–95% by weight [31]. This percentage could increase with the incessant progress in
photocatalytic materials able to photoreforming lignin, which, however, being a complex
polymer, remains difficult to photo-reformate. Lignocellulose PR technology is still not
suitable for the industrial expectations of the difficulty in the deconstruction of lignocel-
lulosic feedstocks. In fact, the complex structure is difficult to be degraded and protect
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against microbial attack. Moreover, the strong hydrogen bonds between the chains within
the cellulose microfibrils make lignocellulose recalcitrant to chemical transformation.

As pointed out by Uekert, before using it for PR, the biomass feedstocks in general
must suffer a pre-treatment. In the first stage, a mechanical treatment would produce
small pieces; hence, a chemical pre-treatment would solubilize the organics to facilitate the
contact between the hole scavenger and the photocatalyst during the PR, increasing the
H2 evolution rate. Some reports are devoted to the hydrolysis and solubilization at acidic
or alkaline pHs, exposition of the feedstock to high-pressure saturated steam, enzymatic
processes (mainly to hydrolyze cellulose) or others; however, no systematic study has been
devoted to this important stage as far as the research has been focused on synthetic aqueous
solutions of model molecules [32].

3. Some Considerations and Details on g-C3N4-Based Photocatalysts for
H2 Production

3.1. g-C3N4 as Photocatalyst

The ideal photocatalyst in a PR reaction should be selective versus the most value-
added species deriving from organics oxidation, stable and cheap in order to be used
on an industrial scale. Important parameters are band edges, optical absorbance, and
carrier mobility. The biggest challenge for a photocatalyst is to possess suitable visible
light absorption in order to harvest solar light and high carrier mobility, i.e., reduced
recombination. Many semiconductors have been studied as photocatalysts, but certainly,
TiO2 has been the most studied due to its activity along with cost-effectiveness, safety, and
(photo)chemical stability.

In the last decades, polymeric carbon nitride, known as melon, C3N4 polymer, or
g-C3N4, has successfully been employed in photocatalysis due to its low cost, non-toxicity,
thermal stability, appropriate band gap, and suitable photocatalytic performance. g-C3N4
consists of a conjugated polymeric system. Indeed, it is constituted by s-triazine or tri-
s-triazine units interconnected via tertiary amines. The atoms in the layers are arranged
in honeycomb configurations with strong covalent bonds. Interactions between the two-
dimensional sheets (2D) are weak van der Waals forces. This material is highly stable in var-
ious solvents, including H2O, diethylether, acetic acid, alcohols, N,N-dimethylformamide
(DMF), toluene, tetrahydrofuran (THF), and NaOH aqueous solution. The g-C3N4 can
be prepared by thermal condensation of nitrogenous precursors such as melamine, urea,
thiourea, cyanamide, dicyandiamide, and ammonium thiocyanate. From these precur-
sors, the organic moiety is transformed stepwise by slow calcination into the yellow-
brown melon structure based on tri-s-triazine (heptazine) rings. Poly-addition and poly-
condensation reactions occur together in a continuous manner to build the melon sheets
that constitute the g-C3N4 structure [33]. As shown in Figure 3A, melon is structurally
related to the more condensed (fully dehydrogenated) graphitic carbon nitride, g-C3N4,
a visible-absorbing semiconductor. Melon, a highly ordered polymer, is the first formed
polymeric g-C3N4 structure. Further reaction leads to more condensed and less defective g-
C3N4 species, based on tri-s-triazine (C6N7) units as elementary building blocks. Melamine,
melem, and melon are triazine- and heptazine (tri-s-triazine unit)-based molecular com-
pounds to prepare g-C3N4. As illustrated in Figure 3B, triazine (C3N3) and heptazine
(C6N7) rings are the basic tectonic units of g-C3N4.
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Figure 3. (A) Structures of melem, melon, and g-C3N4 obtained from the thermal condensa-
tion of dicyandiamide to form g-C3N4. Reprinted with permission from Ref. [34]; © 2023 MDPI.
(B) (a) Triazine and (b) tri-s-triazine (heptazine) structures of g-C3N4 (gray, blue, and white balls
are carbon, nitrogen, and hydrogen, respectively). Reprinted with permission from Ref. [35];
© 2022 MDPI.

Antonietti’s group introduced this metal-free semiconductor in 2006 as a catalyst [36]
and then, in 2009, as a heterogeneous photocatalyst for H2 evolution [37]. It has been
used as a photocatalyst for selective redox transformations [9,38]; indeed, the potential
of the valence band (VB) and the absence of hydroxyl groups on the surface hinders
the direct formation of ·OH radicals, species responsible for unselective oxidation of
substrates. The HOMO-LUMO gaps of melem, polymeric melon (the building unit of
g-C3N4), and an infinite sheet of a hypothetically fully condensed g-C3N4 were 3.5, 2.6, and
2.1 eV, respectively [37]. The calculated band gap of polymeric melon is very close to the
experimentally measured medium-band gap of 2.7 eV, as reported by Antonietti et al., with
the edges of the conduction band and valence band lying at −1.13 V and +1.57 V (vs. NHE
at pH = 7) [39].

The photocatalytic activity of C3N4 has been hampered by several important draw-
backs that are challenging to overcome, as evidenced in Figure 4; in particular, low charge
carrier mobility and the fast recombination of the charge carriers restrict its practical use
very significantly.

Several methods have been explored to modify/improve/optimize the structure of
C3N4 by top-down strategies such as acid treatment, exfoliation, or etching, as well as
bottom-up approaches [40]. Some synthetic strategies, such as nanostructure design, for
instance, by using soft or rigid templates, electronic structure alteration via incorporation
of dopant atoms, generation of point defects via vacancies, or the supramolecular pre-
organization, allow to increase their specific surface area and to modify the value of the
band gap. Furthermore, the deposition of noble metals and the construction of composites
can improve the electron-hole separation, as will be better described below [41].

3.2. g-C3N4 in Anaerobic Conditions: Strategies to Improve Its Photocatalytic Activity

g-C3N4 has been used as a photocatalyst for water photo-splitting for the first time to
obtain H2 and O2 under visible light irradiation by Antonietti’s group [37]. The production
of H2 from an aqueous solution of triethanolamine (10 vol%) after 72 h of reaction passed
from 7 to 770 μmol when 3 wt% of Pt nanoparticles were added to the bare semiconductor
under irradiation with a wavelength longer than 420 nm. On the other hand, under UV
irradiation at λ > 300 nm, the total H2 production in 19 h was ca. 4.5 mmol in the presence
of Pt/g-C3N4 photocatalyst.
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Figure 4. Advantages and disadvantages of g-C3N4 in photocatalysis along with the estimated
position of the g-C3N4 band edges at pH 7 and reduction potentials of the relevant reactions related
to water splitting and CO2 reduction. Reprinted with permission from Ref. [41]; © 2017 Elsevier.

Very few papers report the evolution of H2 from H2O without the use of a hole
scavenger. Ong et al. report only one example in the presence of a composite of g-
C3N4/polypyrrole [42]. Polypyrrole injects electrons into the g-C3N4 conduction band,
and the holes in the valence band of g-C3N4 react with water giving rise to H2O2. The
authors do not propose a trap for polypyrrole valence band holes, which could hardly be
transferred to solution species; hence, a self-oxidation of the polymer (sacrificial agent)
would likely occur [43]. Alternatively, Liu et al. report O2 and H2 evolution in the absence
of scavengers using as photocatalyst metal-free carbon nanodot/g-C3N4 nanocomposite.
They calculated quantum efficiencies of 16% (at λ = 420 nm), 6.3% (λ = 580 nm), and 4.4%
(λ = 600 nm) and obtained an overall efficiency in the solar energy conversion equal to ca.
2.0%. The mechanism of water oxidation is a process with two 2-electron steps yielding
firstly H2O2 that subsequently decomposes to provide O2 and H2O. The rate increases
with carbon nanodot loading because they catalyze the rate-limiting step, i.e., the H2O2
decomposition [44]. The results reported by Liu et al. are surprisingly high.

Generally, a hole scavenger is employed to minimize electron-hole recombination,
often with suitable quantum yields, as reviewed by Naseri et al. [45], but as claimed
before, the reaction cannot be considered water photo-splitting, but it regards the PR of
the scavenger employed. The oxidation reaction is the rate-determining step of the overall
reaction, so the use of electron donors (hole scavengers) clearly improves the activity [46].

In order to increase the catalytic activity of the pristine material, other additional
strategies aimed at improving the absorption of visible light, reducing the electron-hole
recombination rate, and improving the reaction kinetics have been extensively investigated.
Such approaches include nanostructure architecture, doping, heterojunction, and the use of
plasmonic metals and co-catalysts.

Noble metals such as Rh, Au, Ag, and particularly Pt are often used as co-catalysts
because the metals trap photogenerated electrons as well as decrease the overpotential
facilitating multielectron transfer reactions. Often, RuO2 is also present to sink the holes,
avoiding the photoproduced couples (h+/e) recombination [47]. The large work function
and low activation energy of Pt allow this metal to be the most effective cocatalyst for H2
evolution [48]. The optimal amount of Pt follows a bell shape because the photocatalytic
activity increases with increasing the amounts of metal. However, further increasing could
lead to a decrease in the number of surface active sites on the semiconductor photocatalyst
and even to a shielding effect on the incident light, as well as can favor electron/hole recom-
bination, acting the metal as a recombination center. Furthermore, the presence of noble
metal nanoparticles on the semiconductor surface can generate visible activated surface
plasmon resonance (SPR) to activate the photocatalytic process to visible light irradiation.

Battula et al. report that Pt-C3N4 exhibited high selectivity to 2,5-diformylfuran (DFF)
during the partial oxidation of 10 mL of an aqueous solution of 5-hydroxymethyl furfural
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(10 mM) [49]. The obtained results are modest in terms of photoreforming, and a H2
production rate of 12 μmol h−1 m−2 (corresponding to 2040 μmol h−1 gcat

−1) was obtained
with a DFF yield of 13.8% with >99% selectivity after 6 h under simulated solar light
(light intensity of 100 mW cm−2) light. The selectivity was maintained even after 48 h of
experiment, with an improved DFF yield of 38.4% and H2 production rate of 36 μmol h−1

m−2 (corresponding to 6120 μmol h−1 gcat
−1).

Transition metals such as Fe, Co, and Ni or inorganic compounds such as (OH)2, MoS2,
WS2, NiS, NiO, Ni(OH)2, or CoP have also been used as co-catalysts for the PR. The analo-
gous layered structures of inorganic semiconductors, such as MoS2 and g-C3N4, gave rise to
a composite that remarkably increased the photocatalytic H2 evolution. This performance
has been attributed to the similar layered geometries of the solid photocatalysts, which
allow the composite to improve the mobility of charge carriers at the interfaces and hence
their lifetime [50]. Interestingly, it was observed that by increasing from 0D to 1D, to 2D,
and to 3D, the dimensions of conjugated polymers, the mobility of electrons rises, and,
at the same time, the binding energies of the bound electron/hole pairs are reduced. For
instance, it has been observed a decrease in the electron/hole recombination rate in the
presence of graphene nanosheets/g-C3N4 composite for the photocatalytic H2 evolution.
Xiang et al. observed that an amount of 1 wt% of graphene on g-C3N4 was an optimum
during the photoreforming of an aqueous solution of methanol carried out under visible
light irradiation (λ > 400 nm). In fact, the quantity of H2 resulted ca. three-fold that found
by using the pristine g-C3N4. The heterojunction between g-C3N4 and graphene increases
the electrical conductivity and improves the carrier separation. It is also capable of storing
and transporting electrons to the reaction sites [51].

Improved performance for photocatalytic H2 production has been reported by Sun
et al., who highlighted the synergistic effect of rGO nanosheets and Pt nanoparticles. In fact,
the rGO nanosheets, which act as electron transfer mediators, capture the electrons photo-
generated by g-C3N4 and then transfer them to the Pt cocatalyst, while the nanoparticles of
Pt act as reduction active sites to promote the H2 evolution reaction [52].

In addition, Yan et al. report that in the composites g-C3N4/rGO, the carbon nitride
plays the role of the photocatalyst, whereas reduced graphene oxide can collect and trans-
port electrons to reaction sites improving in this way the activity [53]. Organic polymers as
poly(3-hexylthiophene) can exhibit semiconducting properties (band gap ca. 2 eV), and
its composite with g-C3N4, using Pt as cocatalyst, has been used for H2 production from
aqueous ascorbic acid under visible light irradiation [54]. The poly(3-hexylthiophene)/g-
C3N4 composite enabled outstanding activities (>300 mmol h−1 gcat

−1) for irradiation with
λ > 500 nm. Although deactivation leading to 30% lower H2 production rates after several
days of operation has been observed, these results encourage further investigation of this
inexpensive carbon-based material.

Interestingly, sunlight can also be used as an irradiation source to obtain H2 from
water by triethanolamine PR using rGO nanosheets/C3N4 composites. The highest H2
production observed on Ag-loaded samples (the wt% of Ag in the catalyst was in the
range of 1–5%) was 525 μmol h−1 gcat

−1, which increased to ca. 88 mmol h−1 gcat
−1 when

1 wt% of Pt was also present. The apparent quantum efficiency (AQE) reported for the
best material was ca. 9% using, as an irradiation source, indifferently visible LED or
natural sunlight [55].

Spinel ferrite-g-C3N4 systems also take advantage of sunlight for H2 generation
through PR [56]. For instance, the evolved H2 rate by a ferrite-g-C3N4 composite gave
rise to 10 times more H2 than with the bare g-C3N4. The efficiency of the composite was
justified by claiming its optimized light absorption ability [57].

As far as composite semiconductor materials are concerned, an interesting idea is the
Z-scheme. Bard suggested the first mechanism proposal of this system in 1979 [58]. It
involves the transfer of electrons from the LUMO of the CB of WO3 to the HOMO of the
VB of C3N4, thus gaining the capability to react for both electrons and holes compared to
heterojunctions [59]. Few Z-scheme has been published in PR [60–62]. In the Z-scheme
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g-C3N4/WO3 published by Yu et al., a host-guest concept is conceived. Authors introduce
WO3 nanocuboids in the host g-C3N4 achieving an intimate interfacial contact with an
injection of electrons from the WO3 conduction band (CB) to the valence band (VB) of
g-C3N4, as reported in Figure 5 [62]. The photocatalytic H2 production was evaluated
by using an aqueous solution of triethanolamine, which acted as a hole scavenger under
simulated solar irradiation. The presence of 1 wt% Pt on g-C3N4 gave rise to an H2 amount
of 0.44 mmol h−1 gcat

−1. Indeed, the electrons from the CB of g-C3N4 (ca.−1.1 V vs. NHE)
possess enough reducing power for the H2 production, whereas pristine WO3 resulted in
virtual inactivity. The use of g-C3N4/WO3 as a photocatalyst significantly enhanced the H2
production to 3.12 mmol h−1 gcat

−1, i.e., it increased seven times [62].

Figure 5. Z-scheme of visible light harvesting g-C3N4/WO3 nanocomposite. CB and VB energy
levels have been taken from [62].

Composites of Nb2O5/g-C3N4 exhibited high visible light absorption resulting in a
notable photocatalytic activity under simulated sunlight irradiation using triethanolamine
or methanol as hole scavengers. An amount of 110 mmol h−1 gcat

−1 of H2 has been
produced using a sample containing 10 wt% of g-C3N4 over niobium oxide, more than
double that obtained with the pristine semiconductor [63]. The enhanced photocatalytic
activity has been attributed to the energy and the fast separation of photogeneration of
electron-hole pairs at the Nb2O5/g-C3N4 interface through a direct Z-scheme, as suggested
in Figure 6.

3.3. Real Wastes as Hole Scavengers in the Photoreforming Process in the Presence of
g-C3N4-Based Semiconductors

The use of real biomass has been very rarely reported in the context of photoreform-
ing technology, particularly in the presence of g-C3N4-based materials as photocatalysts.
Uekert et al. have been the most active group, and pioneer, as far as we know, in us-
ing real waste in this process. It is interesting to mention that they have used not only
biomass but real food wastes and synthetic polymers as hole scavengers. As well known,
polymers are of particular concern due to their non-biodegradability and accumulation
in the environment. In addition, plastics can be used in PR even if its oxidation is not
a simple task because non-biodegradable polymers are composed of long hydrocarbon
chains such as polyethylene or polystyrene, which are difficult to reform due to the stability
of their C-C bonds [9,64]. Uekert et al. have studied this problem and proposed the use
of carbon nitride/nickel phosphide composite as a photocatalyst to obtain H2 by the PR
of poly(ethylene-terephthalate) (PET) and poly(lactic acid) (PLA) under alkaline aqueous
conditions [65]. They used as photocatalysts a cyanamide-functionalized carbon nitride
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(CNx) coupled with a nickel phosphide (Ni2P). The same group has previously used bare
C3N4 for lignocellulose PR [66]. They compared the activity of this material with that
of CdS/CdOx quantum dots in an alkaline aqueous solution via solar illumination at
room temperature producing H2 [67]. These authors have proven that glucose, fructose,
galactose, sucrose, but also raw biomass such as starch, casein, bovine serum albumin
(BSA), glycerol, castor oil, and soybean oil are suitable hole scavengers in PR by using
photocatalysts both CdS/CdOx in alkaline medium (KOH 10M) and the composite contain-
ing C3N4 in aqueous suspension, i.e., H2NCNx/Ni2P. They observed that simple soluble
molecules such as sugars, glutamic acid, and glycerol gave rise to the highest yields of H2,
though the activity decreased when the molecule to be oxidized became more complex.
The same research group has also focused on the interesting aim of developing the use of
food waste in PR. They argue that food waste PR can be applied to small off-grid systems
to simultaneously handle food waste and generate H2. Both CdS/CdOx in an alkaline
solution and the C3N4-based composite H2NCNx/Ni2P at neutral pH have been active in
this task [32]. Uekert et al. have selected casein, fructose, and starch as case studies because
they are present in commonly discarded foods (bread, cheese, and apples). After 5 days of
irradiation, conversions in H2 with CdS/CdOx in KOH were ca. 16–27% measured with
respect to the theoretical yield of hydrogen, whereas they were 3–7% in the presence of the
C3N4-based photocatalyst in KOH and 1–4% in water [32].

Figure 6. Scheme of the possible photocatalytic mechanism in the presence of Nb2O5/g-C3N4

photocatalysts. Reprinted with permission from Ref. [63]; © 2019 MDPI.

In any case, the most abundant renewable resource for the production of aromatic
chemicals remains lignin, the natural amorphous polymer that acts as the essential glue
that gives plants their structural integrity, which constitutes 15–30% by weight of the
biomass [68]. Lignin mainly contains C-O bonds and C-C bonds, wherein the β-O-4 bond
represents the main content [69,70]. The latter bond can be broken into more chemically
useful fragments. Lignin can be converted into different aromatic compounds, which are in
turn used to synthesize other value-added chemicals [21,31,70] and is able to produce H2
in the order of mmol h−1 gcat

−1 [9,19,55].

4. Conclusions

Hydrogen production by photocatalysis in the presence of renewable solar energy
is one of the most versatile and environmentally benign paths for research to pursue.
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Photoreforming offers a simple, sunlight-driven method for transforming biomass waste
into valuable chemicals and clean H2 fuel. In this manner, H2 can be produced at room
temperature and atmospheric pressure by a simple, efficient, low-cost, and sustainable
process, with the use of a heterogeneous photocatalyst using biomass, solar light, and
water. Photoreforming involves the splitting of water to generate H2 through a reduction
reaction and the simultaneous oxidation of an organic species to obtain other molecules
with higher added value or, simply, to completely oxidize (mineralize) organics to CO2
and H2O. The current manuscript overviews some of the most relevant studies focused
on photoreforming using g-C3N4-based materials. Almost all of them report the use
of model organic molecules as hole scavengers, considering them as biomass prototype
species to investigate the photoreforming process at bench scale in order to understand
the physical-chemical features of the process. The published studies have demonstrated
that the PR of biomass is a promising approach to the sustainable generation of H2 and
feedstock chemicals. The simplicity of this process, which is capable of producing clean
H2 also at room temperature, is of considerable advantage if compared to thermochemical
methods, but efficiencies are still lower than those of conventional processes. The use of
g-C3N4 has been explored due to the several advantages in terms of cost, atoxicity, and
thermodynamic constraints. Indeed, it has been demonstrated that g-C3N4 is able to work as
a photocatalyst also under visible light irradiation. However, numerous disadvantages have
also emerged, as concerns about its use as a pristine solid due to the high recombination
rate of e-/h+ couples and the low oxidant capability of its valence band. The use of
heterojunctions has been proposed as the best strategy to take advantage of the g-C3N4
potentialities, particularly in the presence of semiconductor oxides. The latter types of
materials are particularly promising for PR reactions. In the future, a more transversal and
interdisciplinary approach will be necessary in order to jump into the view of the use of
real waste, currently pioneered faced by very few groups, as Uekert et al. In perspective,
future studies should focus on the development of narrow band-gap materials to enhance
solar energy conversion efficiency and to lower the required driving force, improving
the selectivity toward high-value products. Furthermore, the use of real waste as hole
scavengers would be approached. Photoreforming offers a unique sunlight-driven platform
for transforming biomass waste resources, even when combined with other types of waste,
into both valuable H2 and organic chemicals. To this aim, an intense dialogue among
chemists, materials science scientists, engineers, and technologists is mandatory.
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Abstract: High demand for energy consumption forced the exploration of renewable energy resources,
and in this context, biodiesel has received intensive attention. The process of biodiesel production
itself needs to be optimized in order to make it an eco-friendly and high-performance energy resource.
Within this scheme, development of low-cost and reusable heterogeneous catalysts has received much
attention. Mesoporous silica materials with the characteristics of having a high surface area and
being modifiable, tunable, and chemical/thermally stable have emerged as potential solid support of
powerful catalysts in biodiesel production. This review highlights the latest updates on mesoporous
silica modifications including acidic, basic, enzyme, and bifunctional catalysts derived from varied
functionalization. In addition, the future outlook for progression is also discussed in detail.

Keywords: biodiesel; mesoporous silica; catalyst; heterogeneous catalyst

1. Introduction

Renewable and clean energy is still a very important issue in the world due to declining
fossil fuel supplies. In response to this, producing sustainable energy with less CO2
emission by using biomass feedstock is one of the strategies. In addition, by applying
the circular economy principle, biomass feedstock derived from agricultural or forestry
cycles can help and enhance food security, environmental security, etc. [1]. As well as
reducing global CO2 emission. Within this scheme, biodiesel is a good alternative due to
its huge potential raw material and simple production. In terms of chemical composition
and applicability, biodiesel can be a replacement for diesel fuel, which is the petroleum oil
fraction containing 8–21 carbon atoms. Originating from different raw material, biodiesel is
composed of mono-alkyl esters of long-chain fatty acids derived from various feedstocks
such as plant oil, animal fats, or other lipids that are also known as triglycerides. Its
composition leads biodiesel to have better performance with respect to diesel fuel, especially
in terms of less harmful compounds such as sulfur, less toxicity, and better biodegradability.
A life cycle assessment showed a lower CO2 footprint of by biodiesel than diesel fuel.
For example, the reduction in life-cycle greenhouse gas (GHG) is valued as ranging from
40% to 69% compared with petroleum diesel [2,3]. Higher free oxygen in biodiesel results
in lower emission and full combustion. However, the corrosion and stability viscosity
of biodiesel are still drawbacks of its use. The oxygen-containing compounds such as
fatty acids can easily adsorb humidity or react with rubbing surfaces, leading to reduced
adhesion between contacting asperities and thereby limiting friction, wear, and seizure.
In practical terms, biodiesel harms the rubber parts of machinery [4]. This leads us to
recommend the use of biodiesel in a blend with petroleum diesel.
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There are numerous techniques that could be used to improve the quantity and quality
of biodiesel production from biomass sources such as vegetable oils. Essentially, these de-
pend on the synthesis and quality monitoring of the production, in which esterification and
transesterification are the most popular and inexpensive methods. Both esterification and
transesterification are alcoholysis reactions, in which, in principle, the ester of triglyceride
is converted into methyl ester or ethyl ester by methanol or ethanol as the reactant, and
glycerol is produced as a by-product. In addition, esterification converts free fatty acid.

Transesterification is a reversible reaction that can mostly be initiated by the presence
of a catalyst. This can theoretically be acid or base catalysis, and in such a situation, simul-
taneous esterification and transesterification can be performed in a production system. The
catalysts can either be in a different phase to the reactant, called a heterogeneous catalyst, or
in the same phase as the reactant, called a homogeneous catalyst. The traditional method of
transesterification is normally catalyzed using diluted sodium hydroxide as a homogeneous
catalyst, which produces a fast reaction but tends to be corrosive. Moreover, recycled waste
oils and greases as well as many other low-cost feedstocks usually contain water and are
about 10–25% FFA. The existing FFAs could be reacted through saponification, which leads
to reduced reaction rates and yields. This is a problem in terms of purification, and to
overcome this, an extra pre-treatment step is required in order to meet ASTM biodiesel
standards. Apart from these, homogeneous catalysts cannot be recycled and reused, and,
moreover, vast amounts of water are required for the washing step. Similar effects are
expressed by other homogeneous catalysts such as sulfuric acid or phosphoric acid.

Furthermore, progress towards overcoming these drawbacks has been demonstrated
by using solid catalysts as in a heterogenous catalysis system. The appropriateness of
the solid catalyst depends mainly on the composition of triglyceride and free fatty acids
(FFAs) in oil or fat, and the reaction condition/system [5]. Although only a small amount
in the production system, a catalyst could determine the total cost of production due to its
effectivity and reusability in the process. By taking the basic principle of heterogeneous
catalysis, a solid catalyst should accelerate a reaction via its capability to adsorb the reactant,
for more conducting surface reaction, followed by desorption of the product.

This means that not only is the basicity or acidity of the catalyst surface important,
but the solid catalyst should have chemical stability, thermal stability, and high adsorption
capacity, mainly for organic compounds. Inorganic solids having porosity and a high
specific surface area fit this purpose. Considering the molecular size of triglyceride, alco-
hol, and the possible products of the reaction, the modifiable pore size, and the possible
functionalization of the surface to make it more hydrophobic make mesoporous solids fit
the application [6]. On the other hand, the development of catalysts for use in biodiesel
production itself has progressed, for example, the use of various types of acid/base cat-
alysts that could be active at room temperature. These were developed and adapted to
consider the operational conditions of the reaction with the lowest possible energy. With a
similar purpose to the other mechanism, enzyme-based catalysts are also an advancement
that is considered fundamental and prospective for the future. This forced modifiable solid
supports to be adaptive in terms of catalyst sustainability [5,7].

Inorganic synthetic and natural solids such as metal oxide, mixed noble metal oxide
composites, zeolite, clay, carbon, silica, silica alumina, and their modified forms have
been reported. Among these materials, mesoporous silica-based catalysts demonstrated
a superiority for biodiesel production. Based on the progress of published papers, an
increasing amount of research on mesoporous silica-based catalyst is demonstrated, as can
be seen from the comparison presented in Figure 1.

339



ChemEngineering 2023, 7, 56

Figure 1. Popularity of mesoporous silica-based catalysts for biodiesel production [Source: SCOPUS
database, February, 2023].

The intensive interest in mesoporous silica-based catalysts is expressed by the increas-
ing number of published papers ranging from 2018 to 2021. Individually, the objectives
are higher compared to the published papers on mesoporous carbon, zeolite, clay, and
alumina-based solids catalysts [8–11]. These indicate the superiority, potency, and pos-
sible intensification of mesoporous silica-based catalysts. Some highlighted features of
mesoporous silica-based catalysts in biodiesel production are correlated with the tunable
porous size and structure and easy embedding of functional groups consisting of either
acid/base sites or the hydrophobic/enzymatic sites. Referring to these objectives and
publication progress, this review studied the bigger picture of the development of meso-
porous silica-based catalysts for biodiesel production, potency, and future challenges in
depth [12–14]. The study will begin with the kinds and classification of mesoporous silica
materials, modified mesoporous silica in terms of biodiesel production mechanisms, and,
furthermore, some possible challenges that need to be overcome and explored for future
industrialization.

2. Various Types of Mesoporous Catalysts

Mesoporous catalyst materials have a well-defined pore network with sizes ranging
from 2 to 50 nm. This mesoporous material exhibits a unique pore structure with intercon-
nected voids and channels, giving it porosity and a large surface area. Various mesoporous
catalyst materials have been developed, including mesoporous carbon materials, metal
oxides, metal organic frameworks (MOFs), and mesoporous silica (MCM-41 and SBA-15).
These materials have characteristics depending on the raw materials and synthesis methods
used. Several previous studies have reported various metal oxides as fillers for mesoporous
materials such as Al2O3, ZrO2, TiO2, and ZnO2, showing good performance as catalysts
due to their high firmness and low temperature deposition capacity [15]. Apart from metal
oxides, a mesoporous material that has been widely developed and used as a catalyst in
the biodiesel process is mesoporous carbon material. Mesoporous carbon provides a large
surface area and uniform porosity, so it has a high absorption of long FFA chains during
the conversion process [16]. However, the catalytic performance of this material is affected
by the modification or functionalization of the functional groups on its surface. Several
methods, such as chemical and electrochemical reduction, can be used to achieve this
modification. Apart from these two types of mesoporous materials, mesoporous MOFs are
promising in the catalytic process of biodiesel production. MOFs are a class of crystalline
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materials consisting of metal ions or clusters coordinated with organic ligands. These
materials have a highly ordered structure with an orderly arrangement of metal knots or
groups interconnected by organic linkages, forming a three-dimensional framework. MOF
fabric has a high surface area and porosity, so it is very suitable as a catalyst. However, this
material still has disadvantages such as low stability, a complex synthesis process, and, in
some cases, the larger pores in the mesoporous MOFs can be blocked or inaccessible to
molecules, reducing mass transport efficiency and inhibiting the material’s catalytic activity
or adsorption capacity [17]. The latter is a mesoporous silica material with a hexagonal
structure with several prominent properties, such as high porosity, thick pore walls, and
high thermal stability. Compared to metal oxide catalysts and others, using mesoporous
silica as a catalyst in biodiesel production offers several advantages, such as high surface
area, modifiable pore size and structure, good thermal stability, acid–base versatility, and
low cost or availability of raw materials. For example, mesoporous silica catalysts can be
modified to have different acidic or basic properties depending on the specific reaction
requirements. This versatility makes it possible to adapt the trigger’s properties to the
particular conditions of the biodiesel production process, such as esterification or transes-
terification reactions. Metal oxide catalysts usually have a fixed acidity or basicity, limiting
their flexibility [18]. Silica-based catalysts are generally more cost-effective due to the abun-
dance of raw materials, making them easier to obtain for synthesis and commercialization
than metal oxide-based catalysts.

3. Mesoporous Silica Materials and Modified Forms

Mesoporous silica is an inorganic polymer nanomaterial having a high specific surface
area and specifically with a pore size ranging from 2 to 50 nm. In principle, mesoporous
silica is synthesized through a controllable polymerization of silica precursors, mainly based
on the Stöber method [19]. Typically, the synthesis mechanism involves the hydrolysis and
condensation of silanes in basic, acidic, or neutral aqueous solution, called sol–gel processes.
Such techniques with various methods of polymerization, the use of surfactant or template,
and other specific conditions of sol–gel mechanisms were applied to achieve a uniformly
adjustable pore size and highly ordered channel structure [20]. From these synthesis
conditions, an impressive diversity of synthesis approaches have been developed and
patented and now well-established for specified mesoporous silica materials. In 1992, a new
family of mesoporous material was synthesized by Mobil Oil Company, and then called
MCM-41. The material has a homogeneous ordered pore size distribution ranging between
2 nm and 10 nm, and went on to form the basis of developing cubic-MCM-48 and lamellar-
MCM-50. These pioneering findings were followed by various kinds of mesoporous silica
materials such as Michigan State University (MSU-1), hexagonal mesoporous silica (HMS),
Technische Universiteit Delft (TUD), Santa Barbara Amorphous (SBA), Meso Cellular Form
(MCF), etc. [21–23].

Based on the synthesis mechanism, it can be concluded that there are some crucial
factors that determine the pore size distribution and ordered structure, i.e., the rate and
mechanism of polymerization, gelation mechanism, and the presence of surfactant, co-
surfactant, solvent, and co-solvent types. The surfactant influences the pore size distribution
due to their molecular size, hydrophobicity, and ionic/non-ionic state [19].

The highly specific surface area of mesoporous silica materials provides potential for
various heterogeneous catalysis applications. From a green chemistry perspective, some
mesoporous silica materials can be prepared using low-cost raw materials such as clay
(bentonite, kaolinite), fly ash, and bottom ash [13,24,25]. Regarding the surface catalysis
mechanism, specific features such as pore size can be adjusted according to the type of
material. Moreover, special characteristics required in catalysis such as surface acidity,
basicity, or the strength of certain molecular interactions can be achieved by modifying the
surface of the material. The attachment of certain functional groups to the surface can be
carried out based on the surface properties of the material, which is rich in hydroxyl groups.
The modification can be physical or chemical modification. Physical modification is mainly
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performed through adsorption, wrapping, and other physical effects. Meanwhile, chemical
modification commonly utilizes the Lewis acidity–basicity interaction between the coupling
agent containing organic functional groups. Through this mechanism, functional groups
such as-SH, -NH2, -Cl, or -CN could be tethered onto the surface via a grafting functional
group [8,26,27]. Figure 2 represents the simple mechanism of sulfonic acid tethering on
mesoporous silica’s surface to enhance the surface acidity for the transesterification reaction.

Figure 2. Scheme of sulfonic acid tethering onto mesoporous silica through (A) co-condensation and
(B) post-synthesis methods.

Generally, there are two main mechanisms for surface modifications: the simultaneous/
co-condensation sol–gel process and post-synthesis methods. Co-condensation is a one-step
synthesis method in which the organic, acid/base, or enzyme precursor is added into the
reactant of silica polymerization. With different steps, in the post-synthesis, the functional
groups are tethered or anchored onto the silica surface after the mesoporous structure is
created. Figure 2 describes the mesoporous silica functionalization by an SO3H functional
group through the co-condensation and post-synthesis methods [28,29]. According to
several works [29–32], both methods result in SO3-functionalized mesoporous silica with
enhanced surface acidity, acid catalysis capability, and reusability for biodiesel production
without any significant difference. However, somehow, the features could be remarkably
different for other functionalizations. In the next part, a description of the kind, method,
and specificity of functionalized mesoporous silica as a catalyst for biodiesel production
is discussed. The discussed functionalization is classified into: (i) acid or base surface
functionalization; (ii) metal or metal oxide supporting; (iii) ionic liquid functionalization;
and (iv) anchoring enzymes on the surface of mesoporous silica.

3.1. Acid- or Base-Functionalized Mesoporous Silica

For the transesterification and esterification mechanisms in biodiesel production,
both acid and base catalysts could be employed. Acid surface functionalization onto
mesoporous silica is performed through the attachment of sulfonic acid, organo-sulfonic
acid, phosphoric acid, tungstophosphoric acid, etc. Meanwhile, basicity enhancement by
attaching an alkaline earth base and alkylamine functionalizations are the strategies that
have been reported. In many kinds of catalysis, sulfonic acid and amine modifications
are the most common functional groups introduced onto mesoporous silica. Sulfonic
acid-functionalized MCM-41, SBA, MCM-48, and KIT are some examples in this scheme,
and, specifically for biodiesel production application, Table 1 lists the details of the acid
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functionalization method and the impact of the functionalization on the catalytic activity in
biodiesel production.

A series of organosulfonic acid-functionalized SBA for the transesterification of soy-
bean oil was reported in [33]. The organic sulfonic acids are propyl-sulfonic acid (Pr-SO3H),
arene-SO3H (Ar-SO3H), fluoro-sulfonic acid (F-SO3H), and modified arene-SO3H. Except
for F-SO3H and modified arene SO3-H functionalization, the organosulfonic acid-SBA
15 samples were prepared using co-condensation methods. Tetraethyl orthosilicate (TEOS,
98%, Aldrich) was used as silica precursor in the synthesis, and for the Pr-SO3H and
Ar-SO3H functionalizations, (3-Mercaptopropyl) trimethoxy silane (MPTMS) and 2-(4-
chlorosulfonyl phenyl) ethyltrimethoxy silane (CSPTMS) were utilized as the anchoring
agent before oxidization into organo-sulfonic acid conversion. The post-synthesis of F-
SO3H-SBA-15 was performed by interacting perfluorosulfonic acid precursor with calcined
SBA-15 (refer to previous investigation [34]). Meanwhile, the Ar-SO3H was then fur-
thermore modified through a reaction with methoxytrimethyl and methylation to obtain
modified Ar-SO3H-SBA-15. The surface acidity of the materials was assayed through poten-
tiometric titration using TMA as the basic standard solution. Details from the surface acidity
measurement revealed that there is a significantly increased exchange of TMA with the
modification. The surface acidity is relevant with the increased yield of soybean transesteri-
fication by using butanol over a microwave-assisted reaction. Among the organosulfonic
acids, F-SO3H-SBA-15 was the most superior catalyst as it produced about 80% of butyl
ester in a short time. However, the recyclability of the catalyst is still an important issue
to be resolved as the catalysts lost their activity after first usage. This is demonstrated
by F-SO3H-SBA-15, in which the catalyst could not be regenerated. The surface acidity
seems to be diluted in the reaction system. A similar phenomenon of the superiority of
F-SO3H-SBA-15’s catalytic activity was demonstrated in the methanolysis of palm oil, in
comparison with the activity of Pr-SO3H-SBA-15 and Ar-SO3H-SBA-15. In addition, the
Ar-SO3H-SBA-15 showed recyclability until the third use without any significant yield
reduction [34]. Similarly, SO3H-HM-ZSM-5 exhibited excellent improvement of oleic acid
conversion until 100% at a low temperature of reaction (88 ◦C) [35].

From several studies presented in Table 2, it can be summarized that the surface
acidity and pore distribution of functionalized mesoporous silica are more important for
determining catalyst activity and yield than the hydrophobicity character [36,37]. Although,
in general, sulfonation tends to decrease the specific surface area of mesoporous silica
materials, a significant enhancement of surface acidity was expressed by post-synthesis
sulfonic acid functionalization onto MCM-48, MCM-41, KIT-6, and SBA-15 [38,39]. The
significant role of surface acidity is also reflected by the reduction in activation energy (Ea)
caused by aril sulfonic acid functionalization, which referred to acid stabilization rather
than the hydrophobicity and specific surface area [40]. However, sometimes, the compared
physicochemical characterization highlighted that the specific surface area data are in line
with the order of surface acidity. Both characteristics are proportional with the catalytic
activity, so the conversion and yield are in following order: SO3H-MCM-48 > SO3H-MCM-
41 > SO3H-SBA-15. According to a more detailed assay using NH3 temperature program
desorption (NH3-TPD), the materials are rich in low acidity, as identified by the release
of protons at temperatures ranging from 100 to 350 ◦C. The acidity fits with the optimum
reaction for palmitic acid, which lay at around 160 ◦C. A comparative study on the type of
organosulfonic acid was performed by evaluating propyl sulfonic acid (Pr-SO3H), phenol
sulfonic acid (-PhSO3H), and the methyl- and hexyl-grafted phenol sulfonic acid SBA and
MCF [41]. Remarkably, it is noted that the grafting for hydrophobicity enhancement does
not effectively increase the conversion and selectivity, but it tends to maintain the stability
of the catalyst, at least for a second catalytic run [34,42].

In the co-condensation preparation of propylsulfonic acid (PrSO3H)/KIT-6, the PrSO3H
content affects the pore expanding. As the pore accessibility becomes rate-limiting in the
esterification of long-chain fatty acids such as lauric and palmitic acids, the increasing
pore size by sulfonic acid attachment improved the turnover frequency until 70% [43]. A
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more simple procedure to enhance surface acidity was expressed by the heteropolyacid
(H3PW12O40)/(HPA) impregnation of mesoporous silica structure. An increased conver-
sion of palmitic acid was demonstrated by HPA/MCM-41 [44]. The catalyst showed 100%
conversion toward palmitic acid and a turnover number of 1992. It is also important to
note that the catalyst is easily recyclable, without any activity change until the fourth cycle.

A study on the preparation of HPA-impregnated KIT-6 (HPA/KIT-6) with varied
content (10, 20, and 40 wt%.) as a catalyst for neem oil transesterification revealed the
significant improvement in yield, conversion, and reusability of the catalyst, which was
related to the presence of surface acidity in the composite. With a similar objective, a study
on HPA immobilization in MCM-48 was also performed with the content ranging from
0 to 50% for palmitic acid transesterification using cetyl alcohol [45]. The combination
of Lewis and Brønsted acidity influencing the conversion of oleic acid was reported for
zirconium-doped MCM-41-supported WO3. This depends on the WO3 loading, ranging
from 15 to 25 wt%. The better WO3 dispersion supports the activity and stability at high
temperatures [46]. High conversion was maintained at 97% even in the condition of the
presence of 5.5 wt% of water, suggesting that water is not adsorbed on the active centers of
the catalyst and oleic acid molecules.

However, it is not only surface acidity that influences the optimum conversion, but
the fine dispersion of small clusters of HPWA on the catalyst surface also plays a significant
role. The surface area and pore distribution do not linearly respond to the HPA content,
but an optimum is reached at about 15 wt%. [47]. A similar effect on the increased pore
distribution, where the increasing pore accessibility of the fatty acid led to optimum
surface reaction of canola oil transesterification, was represented by HPA immobilization on
aluminophosphate [47]. A similar trend was reported for the comparison of HPA dispersion
onto MCM-48, which showed the order of catalytic activity was as follows: MCM-48 >
SBA-15 > MCM-41. The higher activity is correlated with the structural geometry of the
pores [48]. Furthermore, the combination of sulfonic acid and HPA expressed a synergistic
effect, enhancing the activity and hydrothermal stability of the mesoporous silica [49].

Table 1. Various acid/base-functionalized mesoporous silica for transesterifications.

Catalyst Preparation Method
Transesterification

Reaction
Remark Reference

Ar-SO3H/SBA-15

Aryl-sulfonic acid-functionalized
SBA-15 material was syn-thesized

by following the one-step
co-condensation procedure.

Crude soybean oil
transesterification

Catalyst showed
recyclability until third

use without any
significant yield
reduction. Arene

structure gave higher
surface acidity and
tends to give better

catalyst stability.

[34]

SO3H/SBA-15
SO3H/SBA-15 was prepared
through the co-condensation

method.

Olive pomace oil
transesterification

Increased conversion of
oleic acid was reported.

The catalyst has
reusability properties.

[36]

Propyl sulfonic-KIT-6

KIT-6 silica functionalized with
sulfonic

acid through the co-condensation
method.

Cashew nut oil
transesterification by

butanol

The KIT-6
propylsulfonic acid
catalyst was able to

produce a 70% butyl
ester yield.

[39]
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Table 1. Cont.

Catalyst Preparation Method
Transesterification

Reaction
Remark Reference

SO3H/MCM-41

Material was prepared by using
polystyrene as a template and

p-toluenesulfonic acid (TsOH) as a
carbon precursor and −SO3H

source.

Oleic oil
transesterification

Catalyst showed
recyclability until fifth

use without any
significant conversion

reduction.

[37]

Propyl sulfinic-KIT 6

KIT was prepared by using
pluronic acid P123: TEOS:

BuOH:HCl:H2O = 0.017:1:0.31:1.83:
195. After calcination, silicas were
functionalized with sulfonicacid

groups by post-grafting using
mercaptopropyl trimethoxysilane

(MPTS 95%) and the thiol was
converted by oxidation using

H2O2.

Propanoic and
hexanoic esterification

The enhancements in
turnover frequency

(TOF) toward
propanoic and
hexanoic acid

esterification were 40
and 70%, respectively.

[43]

12-Tungstophosphoric
acid anchored to

MCM-41

MCM-41 was synthesized through
the sol–gel method using
surfactant cetyl trimethyl

ammonium bromide (CTAB),
NaOH, and TEOS. 12

Tungstophosphoric acid (12-TPA)
was impregnated by stirring at 100

◦C for 10 h.

Transesterification of
palmitic acid

The catalyst shows
high activity in terms of

100% conversion
toward palmitic acid
and a high turnover

number of 1992.

[44]

12-TPA/MCM-48

MCM-48 was prepared through
the sol–gel method with

composition of 1 M TEOS: 12.5 M
NH4OH:54 M EtOH: 0.4 M CTAB:

174 M H2O. 12-TPA was
impregnated by incipient

impregnation.

Transesterification of
jatropha oil (JO)

The uniform dispersion
of HPA inside the 3D
channels of MCM-48

influenced the
increasing activity for

the esterification of
oleic acid under mild

conditions. The catalyst
could be used for

biodiesel production
from WCO and JO with
very high conversion:

95% and 93%,
respectively.

[48]

HPA/KIT-6

KIT-6 was synthesized through
hydrothermal condensation using

precursor at a molar ratio of 1
TEOS: 0.017 P123:1.83 HCl

(35%):1.3 n-BuOH: 195 H2O. HPA
functionalization to KIT-6 was
conducted by impregnation.

Transesterification of
neem oil

The conversion of
neem oil depends on
Brønsted acid sites,

large surface area, pore
size, and the fine

dispersion of HPA in
the composite. The

optimum HPA content
in the composite is 20%.

[50]

1,5,7-triazabicyclo
[4.4.0]dec-5-ene
(TBD)/SBA-15

SBA-15 was prepared using a P123
templating agent.

1,5,7-triazabicyclo [4.4.0]dec-5-ene
[TBD] was functionalized through

the adsorption method in a
nitrogen environment.

Transesterification of
soybean oil

The higher the grafted
base amount, the

higher the FAME yield.
[51]
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Table 1. Cont.

Catalyst Preparation Method
Transesterification

Reaction
Remark Reference

TBD/MCM-41

Material was prepared through the
post-synthesis method. TBD was
anchored by immersing MCM-41

in TBD using tetrahydrofuran
(THF) as a solvent, followed by

filtration.

Transesterification of
soybean oil

The TON was 57,
higher than that of
MCM-41 (48). The
catalyst is reusable.

[52]

Piperazine/MCM-41

Material was prepared through the
post-synthesis method. Piperazine
was anchored by using the reflux

method in dry toluene
and propylamine in a N2

atmosphere.

Transesterification of
soybean oil

The TON was 1270,
higher than that of
MCM-41 (48). The
catalyst is reusable

without any activity
loss in the second cycle.

[52]

Amine-functionalized
SBA-15 and MCM-41

Material was prepared through the
post-synthesis method. Amine

functionalization was conducted
by grafting in anhydrous toluene

under argon.

Transesterification of
glyceryl tributyrate

The
aniline-functionalized
OMS materials display
the highest conversion
in transesterification.

[53]

Diphenylamine(DPA)/SBA-
15 and

DPA/MCM-48

Material was prepared through the
co-condensation method.

Transesterification of
oleic acid

Diphenylammonium
salts were immobilized

onto meso-porous
silicas using either the

co-condensation or
grafting technique. The
resulting catalysts were

highly effective at
esterifying the FFA in

greases (12–40 wt%
FFA) to FAME but

displayed only minimal
activity in

transesterifying
glycerides.

[54]

Sulfonated
phosphotungstic

acid-modified ordered
mesoporous silica

(HPW/OMS-SO3H)

HPW/OMS-SO3H was prepared
through the co-condensation

method in non-hydrochloric acid
solution.

Transesterification of
oleic acid

The catalyst showed
very high

hydrothermal stability
and recycling

performance. The
reaction catalyzed by

0.3HPW/OMS-SO3H-5
followed

pseudo-first-order
kinetics, and Ea was

found to be 22.46
kJ/mol.

[49]

The surface basicity modification of mesoporous silica is usually performed by anchor-
ing alkylamine and other nitrogen ligands, and the immobilization of alkali/alkali earth
oxide such as CaO, MgO, and Li2O [45,52,53,55]. The modification of mesoporous silica
with 3-aminopropyltriethoxysilane (RNH2), 2,3-aminoethylamino)propyltrimethoxysilane
(NN), and 3-diethylaminopropyltrimethoxysilane (DN) showed increased basicity, which
related to the increasing turn-over number. The compared kinds of amines confirmed the
superior performance of the tertiary amine [56]. The presence of tertiary amines can also
facilitate an increase in nucleophilicity due to the presence of three alkyl groups, making
the catalyst more reactive and able to form more robust interactions with the reactants

346



ChemEngineering 2023, 7, 56

during the transesterification process. This process causes faster kinetics and increases
efficiency compared to secondary and primary amines.

SBA-15 immobilized with 1,3-dicyclohexyl-2-octylguanidine (DCOG) was prepared
due to the fact that guanidine compounds are strong bases with higher basicities comparable
to carbonates and alkali hydroxide [51,57,58]. The preparation involved the covalent attach-
ment of DCOG onto the SBA15 surface, which increased the solid basicity and recyclabil-
ity [58,59]. With the similar reason of the strength of basicity, 1,5,7-triazabicycloij[4.4.0]dec-
5-ene (TBD) and 1,1,3,3-tetramethylguanidine (TMG) were used to functionalize SBA-15
and MCF [41,51]. A study on TBD functionalization to SBA-15 showed that the higher
the amount of TBD grafted to SBA-15, the higher the FAME yield obtained, even though
the SBA-15 support does not express the activity. Conversely, the free TBD base is ex-
tremely reactive, as a complete trans-esterification into FAMEs was observed after just 1 h
of reaction.

From the study, the functionalized materials became active at lower reaction tempera-
tures, and the activity is greatly influenced by the support. The activity is closely related
to the surface basicity, which results from the stability of the cations playing a role in the
catalysis mechanism. Similar to the result of [56], the catalytic activity is related to the
stability of cations caused by the delocalization of the positive charge on the electronegative
nitrogen atoms, and also the possible resonance. In line with this finding, the superior-
ity of guanidine-modified MCM-41 with respect to the piperazine-modified sample was
reported. The turnover number (TON) of guanidine-modified MCM-41 in the soybean
oil transesterification was 1270, while that of piperazine-MCM-41 was 57. A comparison
of the modifiers, presented in Figure 3, shows the superiority of aniline-functionalized
ordered mesoporous silica (OMS) [53]. However, when comparing mesoporous silica
functionalized with aniline and tertiary amine, the sample functionalized with aniline has
a more substantial base site and has higher basicity than the tertiary amine. Basicity is very
important in the transesterification reaction. After all, it helps activate the alcohol in the
conversion to biodiesel. In addition, mesoporous silica functionalized with aniline has a
large pore size, which allows for increased accessibility of the reactants into the active site
of the catalyst [60].

Figure 3. Comparison on the amine modifier n transesterification conversion.

The loss of activity becomes an important issue of acid/base-functionalized meso-
porous silica. According to some papers, the reduced activity is mainly caused by the
blocking solid porosity and the leaching of the active phase. One interesting case was
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expressed by guanidine-modified MCM-41, in which the conversion decreased significantly
from 99% in the first use to 86% and 26% in second and third usage, respectively. An investi-
gation on the possibility of guanidine leaching indicated that the anchored functional group
is still maintained. 13C CPMAS NMR analysis of the catalysts demonstrated that the de-
creased catalytic activity was caused by the neutralization of the basic sites by the free fatty
acids present in the oil. The binding causes catalyst poisoning [52]. In addition, the leaching
of non-chemically bonded amine groups is the main reason for the loss of activity after
recycling. Other factors include the non-intensive interaction between bulky surface and
triglyceride, which leads to the tendency to be more active for converting free fatty acids
(FFAs) [54]. Recyclability is achievable by the combination of acid/base-functionalized
magnetic mesoporous silica [61] and is similarly reported for other modifications such as
enzymes and metal/metal oxide [61,62].

3.2. Metal- or Metal Oxide-Impregnated Mesoporous Silica

Adding metal species or metal oxides to mesoporous silica can produce new prop-
erties and functions, especially for catalyst applications. The synergistic combination of
mesoporous silica’s high surface area and pore structure with the catalytic properties of
metals or metal oxide species opens opportunities for advanced materials with tailored
functionality and enhanced performance. The choice of metal modification or metal oxide
for mesoporous silica is application-dependent. As a catalyst for biodiesel production,
the catalytic activity and stability of the material will be affected by the type of metal or
metal oxide modified on the surface of the mesoporous silica. Therefore, further studies
and literature reviews related to comparing the use of metal or metal oxides need to be
conducted. Other than amine functional groups, impregnating CaO, MgO, and Li2O into
mesoporous silica materials are also popular methods for improving total basicity and
the yield of biodiesel. Impregnation is a simple method to disperse the alkaline earth
oxide. Table 2 presents some metal/metal oxide-modified mesoporous silicas and their
performance in biodiesel production. In general, the dispersion does not affect the struc-
ture of the mesoporous silica much but generally reduces the specific surface area of the
material. The high total basicity, homogeneous dispersion of metal oxide, particle size,
and strong interaction between support and metal oxide determine the conversion. This
is reflected by the higher activity of CaO/SBA-15 compared to CaO/MCM-41 [63]. In
order to achieve a homogeneous distribution of Ca in the structure of the nanocomposite, a
synthesis route can be taken by including calcium acetate or calcium citrate in the silica
gel hydrolysis [64]. From the range of studies, it can be concluded that the modification of
basicity or acidity in mesoporous silica significantly influences the catalytic activity and
reusability of the catalyst, but the main factor in increasing the features is the character of
the support. The specific surface area of the mesoporous silica determines the possibility of
functional organic molecules blocking the solid pores, but, on the other hand, changes the
surface hydrophobicity.

Even though the study on MgO dispersion into various mesoporous silicas such as
MCM-41, KIT-6, and SBA-15 revealed that the characteristics of the host such as surface area,
basicity, and porosity are important for the conversion enhancement, as well as the surface
Mg concentration, the improvement in the catalyst activity seems to be from the combined
effects of the multiple attributes of its host material and metal oxide distribution [65,66].
This shows that the activity of a base catalyst does not predominantly depend upon its
basic properties. As an example, the stability of MgO/ZSM-5 is recognized as an important
parameter to ensure the reusability of the catalyst, as the yield of biodiesel produced from
Spirulina oil was still above 85% until the fifth cycle. The conversion obeys pseudo-first-
order kinetics with the activation energy of 49.67 kJ/mol [67]. It is also important to note
that mesoporous silica itself does not show any catalytic activity for the reaction. Within the
scheme of enhancing surface acidity/basicity, supporting metals and metal oxides added
onto mesoporous silica materials are well-known active catalysts for various reactions. Sim-
ilar to the functional group modification, in principle, the supporting procedure could be
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the incorporation of metal into the framework of mesoporous aluminosilicates to improve
the acidity and, in the other method, the impregnation of metal or metal oxide.

Various metal and metal oxides such as W, Ce, Zr, Ca, Mo, and Zn were reported as the
active site for biodiesel conversion from many plant oils [68,69]. In addition, the combina-
tion of both methods for bimetal-modified mesoporous silica has also been attempted. For
example, Ce/Al-MCM-41 and Zr/Al-MCM-41 were prepared through the impregnation
of Ce and Zr metal precursor into Al-MCM-41, which was directly synthesized through
the sol–gel method of Si and Al precursors [70]. In the case of Al-MCM-41, Al-MCM-48,
or Al-SBA-15, for example, the precursors are usually transformed via alkali fusion in
the hydrothermal condition with the presence of surfactant as a templating agent [71–75].
The isomorphic substitution of silica with alumina improves the Brønsted acidity of the
mesoporous sample, and the presence of the ionic charges of the structure means there is
potential to be replaced with metal or metal oxide precursors. As-synthesized Ce/MCM-41
shows extreme improvement for sunflower conversion into biodiesel with respect to the
homogeneous distribution of Ce in the structure, as the identified agglomeration leads to
the reduced conversion.

In addition, the reusability of Ce/MCM-41 is an important feature with respect to
the pristine MCM-41, in which loss of the activity is easy [76]. The loading of active met-
als such as Ce, Ca, Ti, and Zn onto Al-MCM-41 or other mesoporous materials support
could be performed various intensification methods. One of these is ultrasound irradi-
ation [76,77]. The Ca dispersed into Al-MCM-41 demonstrated the significant effect of
ultrasound-assisted dispersion on the uniformly distributed Ca in the nanocomposite [70].
A similar result was reported for ultrasound-assisted Zr dispersion and the sulfation of
Zr/MCM-41. The irradiation of ultrasonic waves during sulfuric acid impregnation over
Zr/MCM-41 improves the morphology, particle size, surface area, and particle distribution
compared to non-sonicated sample. More intense irradiation leads to the formation of
smaller particle sizes, and highly dispersed particles were found in intensely irradiated
Zr/MCM-41 catalysts [78]. The higher dispersion of Zr with respect to the higher specific
surface area determines the accessibility of the reactant into solid surface and, furthermore,
gives more stability until the fifth cycle. The adoption of green synthesis of nanoparticles
for nanocomposite preparation is also a challenging topic. A homogeneous dispersed
ZnO/MCM-41 catalyst was successfully prepared by using orange peel extract [79].

Table 2. Some metal/metal oxide-modified mesoporous silica catalysts and their performance in
biodiesel production.

Catalyst Transesterification Reaction Remark Reference

Zirconium-doped
MCM-41-supported WO3. Transesterification of oleic oil

High conversion was maintained at 97% even
at in condition of the presence of 5.5 wt% of

water, suggesting that water is not adsorbed on
the active centers of the catalyst and oleic acid

molecules.

[46]

CaO/SBA-15
Transesterification of

sunflower oil and castor oil by
using methanol

The conversion was 65.7 and 95% for
sunflower oil and castor oil, respectively. [63]

MgO/SBA-15 Transesterification of lauric
acid with butanol

Incorporation of Mg into mesoporous silica
does not affect the structure. The catalysts

were able to promote the esterification of lauric
acid with 1-butanol, giving good yields at

ambient pressure.

[80]

MgO/ZSM-5 Transesterification of Spirulina
oil Catalyst is reusable until the fifth cycle. [67]
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Table 2. Cont.

Catalyst Transesterification Reaction Remark Reference

MgO/KIT 6 Transesterification of
vegetable oil Reaction conversion of 96%. [66]

Cs/SBA-15 Transesterification of canola
oil

A conversion of 99% was achieved with the
pressure of 3 MPa and reaction temperature of

260 ◦C.
[81]

Ce/MCM-41 Transesterification of
sunflower oil

Catalyst shows stability, which is related to the
homogeneous distribution of Ce in the

nanocomposite.
[76]

Zr/MCM-41 Transesterification of
sunflower oil

Catalyst was prepared through ultrasound
irradiation. It was found that the frequency of
ultrasound influenced the Zr distribution and
specific surface area, thus affecting the catalyst

stability.

[78]

ZnO/MCM-41 Jatropha oil transesterification

Catalyst was prepared using orange peel
extract as a green reductor of ZnO

nanoparticles. Catalyst showed high activity
(97% conversion).

[79]

TiO2/MCM-48 Palmitic acid photocatalytic
transesterification

The prepared material shows photocatalytic
activity for the photocatalytic esterification of
palmitic acid, and the material is recyclable

until the 10th cycle.

[77]

Cr/SiO2
Palmitic acid photocatalytic

transesterification

The prepared material shows photocatalytic
activity for the photocatalytic esterification of
palmitic acid under solar irradiation, and the

material is recyclable until the 10th cycle.

[82]

Photocatalytic transesterification is another green chemistry approach for biodiesel
production, and the utilization of TiO2 nanoparticles and TiO2/MCM-48 was successfully
recorded [77,83]. In principle, as the photocatalyst is impinged by the UV light, there
will be electron excitation from the valence band (VB) into the conductance band (CB),
at the same time, generating the same number of photogenerated holes (h+) in the VB.
The combination of the generated hole with adsorbed methanol as the reactant leads to
the formation of free radicals (CH3O·) and, similarly, with the adsorbed free fatty acids
(FFAs), R-COOH generates R-COO·. The collisions between methanol radicals (CH3O·)
and the carbonyl carbons on R-COOH· form intermediates. In a further third step, the
dehydration of the intermediate rearrangement produces biodiesel. Technically, vigorous
stirring in the process of reactant adsorption and product desorption is conducive to
the reaction since it facilitates the transfer rate of reactants and products at the interface
and in the liquid phase [77,84,85]. TiO2 is a well-known photoactive material for this
mechanism, as the band gap energy effectively catches the photon source for creating
radicals for the mechanism. As a non-photocatalytic mechanism, the study on palmitic oil
transesterification expressed that the conversion depends on several factors of the reaction
such as the length of the carbon chain of methanol, methanol:oil ratio, and stirring speed.
For the various alcohols, the conversion was increased in the following order: butanol <
isopropanol < ethanol < methanol [77]. By a different photocatalytic mechanism, Cr/SiO2
demonstrated photoactivity in transesterification under solar radiation. The prepared
Cr/SiO2 composite photocatalysts expressed strong photo-absorption both in the UV
and visible electromagnetic regions (230, 380, 440 nm, and between 500 and 700 nm).
The photo-illumination of the photocatalyst caused an electronic reduction of Cr6+ and
Cr3+, which generated H+, CH3O·, and R-COOH· radicals in high concentrations at the
photocatalyst surface. A further surface mechanism is similar to the mechanism of the
TiO2 photoactive material [82]. In order to enhance the stability of the catalyst for low-
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quality oil to biodiesel production, the biofunctionalization of metals/metal oxides with
acid/base functional groups was attempted [86]. Bifunctional acid–base catalyst of iron
(II)-impregnated double-shelled hollow mesoporous silica (Fe/DS-HMS-NH) and amine-
functionalized Ni/Mo-mesoporous silica are the examples for this scheme [87,88]. Based
on the studies that have been explored, metal oxide modifications, such as supported
metal oxide nanoparticles, can offer better longevity and stability for biodiesel production
catalysts. However, metal modification can still be effective, especially if the reaction
conditions are mild or cost considerations are critical.

3.3. Mesoporous Silica-Immobilized Lipase

The use of lipase (triacylglycerol acylhydrolase; EC 3.1.1.3) in biodiesel production
was reported in 1990 by Mittelbach for the alcoholysis of sunflower oil. The relatively high
conversion of nonaqueous alcoholysis in the mild reaction conditions, easy isolation of
biodiesel and glycerol of glycerin without further purification, and production without
the formation of chemical waste are general attractive features of lipase-catalyzed conver-
sion. As with many other enzymes, the specificity of lipases has great importance in the
conversion mechanism. Specifically, 1,3-specific lipases are capable of releasing fatty acids
from positions 1 and 3 of a glyceride and hydrolyzing the ester bonds of a plant oil. This
generally takes place in two main steps; hydrolysis of the ester bond and esterification with
the second substrate.

For industrial applications including biodiesel conversion, microbial-generated lipases
are preferred because of their short generation time. Among many different bacterial and
fungal sources such as Candida antarctica, Candida rugosa, Aspergillus niger, Chromobacterium
Viscosum, Mucor miehei, and Rhizopus oryzae, Candida rugosa is the most-used microorganism
for lipase production. Although there are several advantages, the use of lipase enzyme
comes with problems regarding its expense and instability. Lipase enzymes could lose their
activity due to inhibition by the reaction condition and the presence of by-products. The
inhibition by insoluble glycerol as a by-product occurs naturally.

Recycling, reusability, and the stability of enzymes in the face of environmental
changes are important factors, and as an attempt to achieve these feature, immobilizing
lipase into supporting solids is an intelligent strategy. From a technical perspective, lipase
immobilization could be conducted to maintain operational stability and catalyst recovery.
Immobilized enzymes can be separated from the reaction mixture more easily, and at the
same time allow the enzyme to be studied under harsher environmental conditions. Immo-
bilizing lipase is a mid-stream processing strategy along with intensification, optimization,
and process design. Many solid supports have also been reported as host of lipase, includ-
ing polymeric materials, silica-based material, and silica-alumina-based materials. With the
consideration of chemical stability and capability of hosting the enzyme effectively, meso-
porous silica materials have also been reported. Lipase immobilization can be performed
through various mechanisms such as adsorption, cross-linking, encapsulation, entrapment,
and hydrophobic interaction [89].

Adsorption is one of the simplest methods, particularly for mesoporous silica support.
Generally, enzymes are immobilized after the synthesis of the support through adsorption,
to avoid enzyme denaturation caused by harsh conditions or chemical reagents that are
detrimental to the enzyme. A simple immobilization method through physical adsorption
under a phosphate buffer has been reported [14,90,91]. Controlling surface charge is
important, which is explained by the fact that sodium ions act as counterions for reducing
the electrical double layer of the silica surface and thereby decreasing the k-potential
via the screening effect. Stronger silica–lipase interaction occurs in the presence of a
crosslinker such as glutaraldehyde. It was reported that immobilized Candida Ragusa
lipase (ICRL) on fibrous silica nanoparticles KCC-1 maintained above 81% of the initial
activity after 28 days, and 80% of the activity was maintained after 8 repeated cycles [92].
Other crosslinkers include sodium dodecyl sulfate (SDS), ethylene diamine tetra acetate
(EDTA), and polyethylene glycol (PEG), even though they generally lower the activity.
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The catalyst activity of immobilized enzymes should be through the mechanism of
interfacial activation, in which the active site of the lipase in aqueous solution is covered by
a flexible region of the enzyme molecule, often called the lid. Interaction with a hydrophobic
phase can cause opening of the lid to make the active site accessible. The positioning of
lipase onto the support is frequently performed through a hydrophobic interaction between
the surface and the lid of lipase. For this, covalent bonding of the linkage to increase
the surface hydrophobicity is required. Moderate hydrophobicity/hydrophilicity of the
support is the best feature providing lipase activity enhancement. However, too hydrophilic
(pure silica) or too hydrophobic (butyl-grafted silica) supports are not appropriate for
developing high activity for lipases [24]. As an example, the presence of Triton X-100 in
a lipase adsorption system had a detrimental effect, reducing the efficiency more than
twofold. The competition for surface adsorption sites is probably the major reason for
this [90]. Figure 4 describes the expression of lipase immobilization over adsorption,
covalent bonding, and cross-linking methods.

Figure 4. Schematic representation of mesoporous silica lipase immobilized through adsorption,
covalent bonding, and cross-linking methods.

Moreover, to provide easy handling and recoverability of the catalytic system, hybrid
nanocomposites were created by applying magnetic mesoporous silica materials. The
nanocomposites were designed as silica-coated magnetic nanoparticles as a host for lipase.
Fe3O4 nanoparticles with magnetic properties were the core of the nanocomposite shells
to host Burkholderia sp. lipase, leading to a biodiesel yield above 90% [93,94]. Greater
reusability and thermal stability were achieved through the combination of lipase immo-
bilization onto amine and aldehyde surface-modified mesoporous silica [95]. Superior
activity for olive oil transesterification was demonstrated by Rhizopus oryzae lipase (ROL)
immobilized onto aminopropyl triethylenesilane (AP) and glutaraldehyde (GA) magnetic
mesoporous silica. Silica was coated onto Fe3O4 before functionalization followed by
ROL immobilization, and the material still showed magnetism (~20 emu/g). Using the
Michaelis–Menten kinetics calculation, the composite shows a reduced KM parameter,
suggesting the substrate’s affinity to the enzyme [95].

3.4. Mesoporous Silica-Supported Ionic Liquids

Ionic liquids (ILs) are classified as molten salts with several unique properties and
characteristics that can be applied in various fields of application, including catalytic
processes. One of the main properties of ILs is their ability to act as phase transfer catalysts
(PTCs). This unique property facilitates the transfer of reactants or products between
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two immiscible phases, for example, between liquid and gas or solid and liquid phases.
The PTC characteristics of ILs also provide several advantages compared to traditional
solvents because ILs have good chemical stability, can dissolve various reactants, are
thermally stable, and have low volatility. Several studies have shown that ILs containing
pyridinium cations, phosphonium, imidazolium, and ammonium act as PTCs for benzoin
condensation, nucleophilic substitution, fluorination, and esterification [96,97]. Santiago
et al. (2017) reported ILs for enhancing the epoxidation reaction for the selective synthesis
of β-O-glycosides [98]. The results showed that the presence of imidazolium ILs could
facilitate the transfer migration of reaction between two different phases, aqueous and
organic phases. Moreover, Szepiński et al. (2020) investigated surface-active amino acids
ILs as PTCs for several different reactions [99].

Their study found that their effectiveness and efficiency as a PTC could be increased
quickly and significantly impact their catalytic characteristics, such as changing the cation
structure and extending the structural chain. PTCs in different phase systems, for example,
in the liquid/liquid phase, facilitate the migration of anionic reagents between phases so
that the process drives the reaction to run faster and improves the percentage of yield
product. Although ILs have shown exemplary performance in the PTC process, some
limitations of ILs as PTCs, especially on a large scale, still need to be overcome, such as low
compatibility, difficult recovery and reuse, low stability, or easy degradation [99]. Therefore,
ILs can be heterogeneous with solid materials such as mesoporous materials to overcome
these limitations. These supported ILs (SILs) provide new findings and opportunities,
especially in several reactions in biodiesel production. In addition, SILs allow for more
straightforward and efficient catalyst recovery.

Mesoporous material-supported ILs have been widely studied, especially in the con-
version and production of biodiesel. These materials provide many advantages, such
as dissolving various organic compounds and good stability at high temperatures and
pressures. SBA-15 is a mesoporous silica-based material widely developed as a catalyst
because it has uniform hexagonal pores with an average diameter of around 15 nm. Be-
sides being cheap, this material also has a narrow pore size distribution and a variety of
chemical functional groups, making it easy to modify to increase efficiency. Yuan et al.
(2012) reported the heterogenous catalyst-based basic IL-supported mesoporous SBA-15
for the epoxidation of olefins [100]. The basic ILs, 1-methyl-3-(chloropropyltriethoxysilane)
imidazolium chloride (CIL), were attached to the surface of SBA-15 through the surface
grafting reaction method. They found that the CIL could be loaded onto mesoporous
SBA-15 until 0.39 mmol/g. The CIL-supported SBA-15 showed good catalytic activity for
the epoxidation of various olefins compounds, with the highest conversion and epoxide
yields until 94% for the cyclooctene compound. This type of catalyst is quite reactive for
epoxidation reactions on cyclic olefins and less reactive for open and linear chain olefins.
A related study was also reported by Karimi and Vafaeezadeh (2012); they investigated
acidic IL-supported SBA-15 for solvent-free esterification [101]. Differences in the structure
and functionalization of the IL groups assigned to the mesoporous material SBA-15 have
been shown to affect the catalyst’s phase and mass transfer properties. Acidic hydrophobic
[OMIm] [HSO4] is believed to have efficient mass transfer properties for esterification
processes, especially in biodiesel production. Furthermore, this type of IL can also have
increased Brønsted acid strength and high reusability because it does not interact with
the water produced from the primary reaction process. Figure 5 shows an example of a
modified cationic ionic liquid process on mesoporous silica. When cationic ionic liquids
are introduced or immobilized onto the surface of mesoporous silica, they can change the
properties and functionality of silica materials. The immobilization of cationic ionic liquids
onto the surface of silica can increase its catalytic activity, selectivity, stability, and several
surface characteristics, as shown in Figure 5. Different types of ILs modified on mesoporous
silica can produce various surface areas. Thus, selecting the kind of IL directly affects the
characteristics of the resulting mesoporous silica. In addition, the type of modification
method used also affects it directly. Various synthesis methods have been studied, but
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grafting and impregnation are the primary methods for supporting ILs in mesoporous
silica materials [102,103]. Both are general methods that are representative of chemical and
physical processes. Impregnation is a method based on physical interaction and is more
straightforward; namely, it involves the adsorption of ILs on the surface of mesoporous sil-
ica. In contrast, the grafting method uses chemical interactions between ILs and the surface
of mesoporous materials. As a result, the grafting method shows better stability but has
drawbacks such as complicated and complex preparation methods, requiring a long time,
and high costs. These differences in synthesis methods directly affect the morphological
properties of the catalyst, such as pore size and surface area. In its application as a catalyst
in the production of biodiesel through a variety of different reactions, the specific surface
area of the IL-supported mesoporous silica determines the percentage of product produced.
However, the pore diameter and the reaction time applied during the process also influence
the ratio of products [104].

Figure 5. Illustration of heterogenous IL-supported mesoporous silica synthesis and the surface area
properties with different types of IL-supported mesoporous silica.

4. Environmental Impact and Circular Economy Analysis

Using mesoporous silica catalysts in biodiesel production can cause several environ-
mental impacts from the catalyst synthesis process and biodiesel production approaches.
The production process of silica catalysts generally involves energy-intensive methods for
the synthesis, purification, and activation processes. The energy needed in each process
contributes directly to the resulting emissions and environmental impact. However, the
amount of energy required depends on several factors, especially the synthesis method
chosen and used in the catalyst production. Therefore, to minimize excessive energy con-
sumption during the synthesis process of silica mesopore-based catalysts, several strategies
can be applied, such as exploring alternative synthesis pathways and optimizing the con-
ditions for the synthesis reaction. Development and synthesis approaches that are more
environmentally friendly and sustainable are one of the most efficient steps in helping to
reduce the energy requirements for catalyst production. However, it should be noted that
the specific energy requirements may vary depending on the desired characteristics of the
catalyst and the scale of production.

In addition to the synthesis method, the raw material used is another factor that
influences the environmental impact of using mesoporous silica catalysts. These two
factors are closely related to the amount of energy required because they are interconnected
with the selection of the synthesis and purification methods. Watanabe and co-workers
(2021) reported the synthesis of mesoporous silica from geothermal water [105]. They
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concluded that using geothermal water as a source of silica provides an advantage during
the synthesis process because the high water temperature can supply sufficient thermal
energy for the catalyst synthesis process. Thus, this process will encourage more efficient or
lower energy use. El-Nahas et al. (2020) reported a facile synthesis route for zeolite based
on waste raw materials such as disposed silica gel as a source of silica and various types
of aluminum waste (cans, aluminum foil, scrap wire cables, bottles, etc.) [106]. Studies
have proved that using waste as a raw material in synthesizing catalyst materials could
reduce production costs by up to 70% compared to commercial raw materials. In addition,
selecting appropriate and economical raw materials can reduce the use of chemicals and
multi-step procedures in the synthesis process so that production costs are lower than for
commercial raw materials.

Furthermore, if we look at the biodiesel production process, the transesterification
process has been widely reported to produce several types of by-products, such as solid
residue, methanol, biodiesel washing wastewater, and glycerol [107]. However, among
the various types of by-products, glycerol is a by-product with a relatively large quantity
produced from the catalytic process. Disposal of this waste must be properly managed to
prevent environmental pollution and minimize its impact. The conversion and reuse of
biodiesel by-products, especially glycerol, has been studied and continues to be developed.
For example, glycerol has been widely used to produce high-value biotechnology products
such as biosurfactants, 1,3-propanediol, citric acid, and ethanol. This biodiesel production
process can lead to an abundant glycerol yield in the future to reduce the price of glycerol
sales. Various techniques have been studied to convert glycerol into biotechnology products
or more useful renewable energy sources, such as ammoxidation, esterification, acetylation,
pyrolysis, gasification, and steam reforming [108].

Therefore, the application and circular economy approach for the synthesis of meso-
porous silica for biodiesel production can be viewed in terms of several essential aspects,
namely: (1) selection of waste raw materials that are rich in silica sources such as industrial
by-products (fly ash), agricultural residues (dregs sugarcane, rice husk), or household
post-consumer waste. (2) Selection of resources such as developing efficient synthesis meth-
ods with high purity and low energy use. Optimizing the synthesis process to minimize
energy consumption, waste generation, and the use of hazardous chemicals can reduce the
resulting environmental impact. (3) Emphasis on recycling and reuse of catalyst materials.
Developing catalyst materials that are easy to separate and purify is a challenging area of
study for the present and the future. Reusing catalyst materials can reduce waste generation
and promote a circular approach. (4) Cultivating collaboration between waste feedstock
suppliers, catalyst producers, and biodiesel producers to build closed-loop systems and
sustainable production is an essential step in adopting a circular economy approach in the
future.

Based on the mapping and bibliometric analysis results, as shown in Figure 6, con-
verting waste biomass into biodiesel and bioethanol is still an exciting topic and supports
the renewable energy transition policy. The development of alternative synthesis methods
that are more environmentally friendly is still a topic that is continuously being studied to
reduce the environmental impact of high energy consumption. Servicing raw materials and
their availability is an essential factor in developing a sustainable and abundant system for
future biodiesel and bioethanol production. Currently, fast pyrolysis involving enzymatic
reactions and microorganisms as the main raw material is considered to have the potential
to be developed for the production of bioenergy [109].
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Figure 6. Bibliometric analysis for biodiesel production using mesoporous catalysts (data source:
Web of Science, webofscience.com, accessed on 6 June 2023).

5. Conclusions and Outlook

Various catalysts and methods have been proposed for biodiesel production to achieve
the optimized conditions and a total low-cost process. Considering the green technology
and green chemistry perspective, heterogeneous catalyzed reactions are known as a promis-
ing method. Processes with low energy consumption and reusable catalysts are highlighted
to fit with the requirements. The present study revealed that the physical and chemical
characteristics of the catalyst (such as basicity and acidity) play a pivotal role in biodiesel
production. Mesoporous silica materials have been shown to be feasible heterogeneous cat-
alyst supports due to their high specific surface area and tunable properties. Varied surface
functionalization methods of mesoporous silica surfaces have been reported with specific
features in order to meet the prerequisites of industrial applications. Some issues that can be
noted for development include the intensive design of the nanocomposite by applying nan-
otechnology perspectives, the development of intensified methods, magnetically separable
catalysts, ionic liquid modified materials, and the photocatalytic conversion of biodiesel.
Immobilized biocatalysts with ultra-selectivity in non-solvent reaction using mesoporous
silica are still a promising and relevant scheme of material development. Nevertheless,
some nanomaterials from mesoporous silica are still too expensive to be commercialized
and to be used for biodiesel production. Silica precursors and other chemicals need to
be replaced with feasible materials, and for this issue, some explorations into biogenic
silica resources need to be looked at. Sustainable sources of silica such as rice husk, wheat
straw, salacca peel waste, and bamboo leaves have been reported to have potential for
functionalized silica [110–114]. As the design of catalyst preparation could be inclusively
combined with the agricultural industrial cycle, the concept of circular economy to provide
biodiesel as a renewable energy resource can be more intensified. It is believed that several
newly introduced functionalizations of mesoporous silica along with the intensification
of biodiesel production help in producing eco-friendly and economically viable biodiesel.
Developing innovative process intensification techniques, such as microreactors, continu-
ous flow systems, or advanced reactor designs that can facilitate increased efficiency and
productivity of biodiesel production using mesoporous silica catalysts, still needs further
study. In addition, the synthesis of mesoporous silica for biodiesel production at the indus-
trial level is also of interest to consider. Conducting a comprehensive life cycle assessment
(LCA) to evaluate the environmental impact of mesoporous silica catalysts on biodiesel
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production is essential. Overall, future research should aim to advance the understanding
of mesoporous silica catalysts in biodiesel production, addressing challenges related to
stability, catalyst design, feedstock flexibility, and process optimization, seeking sustainable
and efficient development.
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