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A B S T R A C T   

The aldol condensation reaction between furfural (F) and acetone (A), which typically produces 4-(2-Furyl)-3- 
buten-2-one (FA), is a critical reaction due to the application of the final product as a flavoring agent in various 
food items. Traditionally, this reaction is catalyzed by liquid-based catalysts. However, homogeneous liquid-base 
catalysis often leads to environmental damage. Solid-base catalysis is highly desirable to address the environ
mental issue due to liquid-base catalysis as it reduces the need for excessive solvents and reagents, thus pre
serving the environment. In this study, a series of Mg-Al hydrotalcites (HT) intercalated with nitrate ion (HT- 
NO3), carbonate ion (HT-CO3), or acetate ion (HT-CH3COO) were prepared using three different coprecipitation 
procedures. Upon calcination at 450 ◦C, the solids were transformed into mixed metal oxides. Among the 
calcined hydrotalcites, the catalysts with acetate anion (cHT-CH3COO) or carbonate anion (cHT-CO3) exhibited 
the highest basicity and thus showed superior catalytic activity for the aldol condensation reaction. Optimal 
conversion and selectivity were achieved at 90 ◦C for 2 h using the most basic catalysts (cHT-CO3 and cHT- 
CH3COO). These catalysts yielded over 98 % conversion with FA selectivity of 76 % for cHT-CO3 and 65 % for 
cHT-CH3COO, respectively. Notably, the catalyst cHT-CH3COO exhibited higher selectivity towards F2A (32 %) 
than the cHT-CO3 catalyst (18 %). The effect of interlayer anions on the structural properties of the Mg-Al 
hydrotalcites was analyzed using X-ray diffraction. Fourier-transform infrared spectroscopy (FT-IR) was 
employed to investigate the interactions corresponding to different types of anions. The specific surface area and 
pore volume of the calcined Mg-Al hydrotalcites were determined using nitrogen adsorption (BET), while their 
total basicity was evaluated through acid-base titration. The reaction kinetics were monitored using gas 
chromatography.   

1. Introduction 

In green chemistry, several important industrial reactions, such as 
condensation, alkylation, and addition, are catalyzed by homogeneous 
bases. However, using liquid bases (e.g., NaOH, KOH, metal alkoxides) 
as catalysts in conjunction with solvents has a significant drawback. It 
generates substantial amounts of saline effluents on an industrial scale, 
which can harm the environment and necessitate costly subsequent 
treatment (Sudheesh et al., 2011). Research has recently investigated 

the potential of replacing liquid bases with basic solids, specifically 
layered double hydroxides (LDHs), to address environmental concerns. 
This substitution has several advantages, including reduced corrosion, 
improved regeneration, and enhanced recovery (Houssaini et al., 
2023b). Many attempts have been made to replace typical liquid bases 
with basic solid catalysts, offering various benefits, including environ
mental, economic, and technical advantages (Houssaini et al., 2023a). 
LDHs are also valuable for the aldol condensation of furfural and acetone 
and can be used without solvents (West et al., 2008; Xing et al., 2010). 
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Additionally, LDHs are highly regarded for their exceptional chemical 
and physical properties, as well as their ease of fabrication and cost- 
effectiveness. As a result, LDHs are widely used for various applica
tions, including catalysis, batteries, cosmetics, adsorption, and sensors. 
(Abd El-Monaem et al., 2023; Eltaweil et al., 2023). 

The aldol condensation between furfural (F) and acetone (A) gen
erates two products, which are 4-(2-furyl)-3-buten-2-one (FA) and 1,5- 
difuran-2-yl-enta-1,4-dien-3-one (F2A). Furfural is produced globally 
from agro-food coproducts (corn cobs, wheat straw, sugar cane bagasse, 
etc.) through an aldol condensation reaction associated with catalytic 
hydrodeoxygenation, which develops potential chemical industry ap
plications in petrochemistry and biofuel production (Serhan et al., 
2019). Also, several food manufacturers use the FA as a flavoring agent 
for beverages, candies, gelatins, and other flavors, etc. Thus, solid cat
alysts based on hydrotalcite-like compounds performed the aldol 
condensation of furfural and acetone production by green chemical 
method without solvent (Parejas et al., 2019). 

Hydrotalcite-like compounds belong to a class of anionic clay min
erals known as layered double hydroxides (LDHs). The hydrotalcite 
structure resembles that of brucite Mg (OH)2, in which part of the Mg2+

cations, coordinated octahedrally by hydroxyl ions, are replaced by Al3+

ions, forming positively charged layers. The general chemical formula of 
hydrotalcite is [M2+

1–x M3+
x (OH)2]x+ [Xn-

x/n⋅yH2O]x-, where the divalent 
metal ion M2+ may include (Mg2+, Zn2+, Ni2+…) and the trivalent metal 
ion M3+ (Al3+, Fe3+, Ga3+…). The compensating anions X n- are (CO3

2–, 
NO3

–, organic anions, etc.), and × is equal to the ratio of M3+/ (M3++

M2+) with a value varying in the range of 0.2 < x ≤ 0.33. LDHs used to a 
substitution of M2+ by M3+ of relatively similar sizes (rM2+– rM3+) <
0.18 Å leads to a net positive charge layer, compensated by anions in the 
interlayer space (Cavani et al., 1991; Miyata, 1980; Trave et al., 2002). 
The catalytic properties of the mixed oxides derived from hydrotalcite- 
like compounds are fascinating. The nature and ratio of cations pre
sent in brucite layers, the anions nature in the interlayer of the hydro
talcite precursor, and the thermal decomposition temperature notably 
influence the density of the basic sites (Xu et al., 1998). However, the 
research did not pay much attention to the influence of interlayer anions 
in hydrotalcite precursors on the catalytic activity of hydrotalcite- 
derived mixed oxides, particularly concerning aldol condensations 
(Tichit et al., 2003). 

The advantages of layered double hydroxide-related catalysts 
include their low synthesis cost and high thermal stability (Abdelrah
man et al., 2023; Bendary and Abdelrahman, 2022). The heteroge
neously catalyzed aldol condensation of furfural and acetone using Mg- 
Al and rehydrated mixed oxides has received significant research 
attention (Arhzaf et al., 2021; Hora et al., 2015, 2014; Kikhtyanin et al., 
2017, 2015; Parejas et al., 2019). Various factors have been studied to 
modify the physicochemical, acid-basic, and catalytic properties of the 
obtained oxides, including the modification of bivalent Mg and trivalent 
Al in the hydrotalcite-like matrix, the ratio of bivalent to trivalent ions, 
the synthesis method (co-precipitation, sol–gel, urea method, or hy
drothermal), and the temperature of calcination of the parent 
hydrotalcite-like precursors (Arhzaf et al., 2020a; Debecker et al., 2009). 
Our long-term interest in developing basic catalysts derived from 
hydrotalcite-based materials, such as Mg-Al mixed oxide (Didier Tichit 
et al., 1998; Tichit, 1998), continues with this work. In this case, we 
maintain the same Mg-Al hydrotalcite-like matrix but introduce 
different anions in the interlayer space, specifically acetate anions. We 
have successfully tested mixed oxides with intercalated acetate anions as 
basic catalysts for the aldol condensation between furfural and acetone. 

The objective of this study is to synthesize hydrotalcite HT-X with 3 
M ratios of Mg/Al using the co-precipitation method and investigate the 
impact of intercalating different anions in the interlayer space of 
hydrotalcites on their physicochemical properties. Furthermore, the 
study aims to examine the influence of these intercalated anions on the 
catalytic activity and selectivity in the aldol condensation reaction be
tween furfural and acetone using the mixed oxides obtained after heat 

treatment. In contrast to previous studies, this research focuses solely on 
mixed oxides derived from hydrotalcites that employ carbonate anions 
as charge compensators. Additionally, special attention is given to the 
effect of acetates as organic anions, as they may contribute to an 
enhanced selectivity in the aldol condensation reaction compared to the 
commonly studied carbonate anions. 

2. Experimental 

2.1. Materials 

Magnesium nitrate (Mg(NO3)2⋅6H2O; 99 %), aluminium nitrate (Al 
(NO3)3⋅9H2O; 99 %), sodium carbonate (Na2CO3; 99.9 %), sodium hy
droxide (NaOH; 99.8 %), sodium acetate (NaCH3CO2; 99.9 %), ammonia 
solution (NH4OH; 25 %), Acetone (C3H6O; 99.8 %) and (Furfural 
C5H4O2; 99.8 %) were purchased from Loba Chemie (India). (Mg 
(CH3CO2)2⋅4H2O; 99.8 %), (Al(CH3CO2)2. OH; 99.8 %), (Decane; 
C10H22; 99.9 %), and (FA: C8H8O2; 99.8 %) were purchased from Sigma- 
Aldrich. All the reagents were of an analytical grade and were employed 
directly. The reaction is conducted in an autoclave reactor with a vol
ume of 100 mL and a temperature sensor. 

2.2. Catalyst preparation 

2.2.1. Preparation of MgAl-X LDHs 
The MgAl-CO3 LDH was prepared by the co-precipitation method at 

constant pH. Two aqueous solutions (250 mL), the first one containing 
0.15 mol of (Mg(NO3)2⋅6H2O) and 0.05 mol of (Al(NO3)3⋅9H2O) for a 
composition Mg/Al = 3 and the second one containing 0.4 mol of NaOH 
and 0.025 mol of Na2CO3, were mixed at 50 ◦C under vigorous stirring, 
maintaining the pH close to 10. The mixture was refluxed at 65 ◦C at the 
end of the addition for 18 h. The precipitate was formed and washed 
several times until the solution was free of nitrate ions, then dried at 
80 ◦C. This sample is referred to as HT-CO3. 

The MgAl-NO3- LDH was prepared, keeping the same arrangement 
and the exact proportions of the metal salts; the NaOH/ Na2CO3 
precipitating agent was replaced by NH4OH (2 M), and no inert gas, such 
as nitrogen, was bubbled through the reaction mixture. This sample is 
referred to as HT-NO3. 

The MgAl-CH3COO- LDH was prepared by the co-precipitation 
method. Two aqueous solutions (200 mL), the first one containing 
0.15 mol of (Mg (CH3CO2)2⋅4H2O) and 0.05 mol of (Al (CH3CO2)2. OH) 
for a composition Mg/Al = 3 and the second one containing 0.4 mol of 
NaOH and 0.05 mol of (NaCH3CO2), were slowly mixed at 50 ◦C under 
vigorous stirring, maintaining the pH close to 10. The mixture is refluxed 
at 65 ◦C at the end of the addition for 18 h. The precipitate was washed 
several times, and the products were dried at 80 ◦C. This sample is 
referred to as HT-CH3COO. They were made active by employing a tube 
furnace to calcinate the catalysts, HT-CO3, HT-NO3 and HT-CH3COO, to 
450 ◦C in the air. The temperature was maintained at 450 ◦C for 8 h 
while increasing by 5 ◦C/min. The catalyst-produced mixed oxides are 
used to condense the furfural and acetone. 

2.3. Reaction conditions and analysis 

In a stirred auto-clave agitation reactor set to the reaction temper
ature, furfural was aldol condensed with acetone. For each experiment, 
the reactor is filled with 29 g of acetone (A) and 4.8 g of furfural (F) 
(molar ratio A/F = 10). Acetone was added more than furfural to pro
duce FA with remarkable selectivity (Xu et al., 2011) and then given 1 g 
of freshly calcined cHT-X hydrotalcite. Using decane as an internal 
standard, GC is used to track the dissolution of furfural and the devel
opment of condensation products (FA and F2A). The injector and de
tector temperatures were set at 250 ◦C. The temperature of the column 
was programmed by heating it at 50 ◦C for 3 min, then ramping up at a 
rate of 20 ◦C/min to 150 ◦C, leaving it at this temperature for 3 min, then 
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ramping up at a rate of 2 ◦C/min. The chromatographic analysis was 
performed using a (Shimadzu-2010) chromatograph equipped with a 
DB1 capillary column 0.25 mm in diameter and 25 m in length and a 
flame ionization detector. The reaction products have been identified by 
comparing them to commercial items based on their retention times. 

The following formulas were used to calculate the conversion rates of 
furfural, selectivity, and yield to FA and F2A at a given moment. 

conversion (%) =
[F]0 − [F]t

[F]0
100selectivityFA(%) =

[FA]t
[F]0 − [F]t

100  

yieldproduct(i)(%) =
[product(i)]t

[F]0
.100 selectivityF2A(%) =

2[FA]t
[F]0 − [F]t

100 

Where [F]0, [F]t, [FA]t, and [F2A]t represents the starting concen
tration of furfural, the concentration at the time of furfural that has not 
yet been consumed, and the concentrations of the products FA and F2A. 

2.4. Catalysts characterization 

Monochromatized Cu-K radiation (λ = 1.5406 Å, 40 kV, and 20 mA) 
was used in a PW 1800 Philips automated goniometer (Bragg-Brentano) 
to record hydrotalcite samples’ powder X-ray diffraction patterns. The 
data were gathered using angular increments of 0.04◦ to 2S per incre
ment over the 2θ angular diffraction range of 5◦ to 70◦. The hydrotalcite 
samples Fourier transformed infrared (FT-IR) spectra were captured 
using the KBr pellet technique and a Shimadzu (IR AFFINITY-1S) in
strument, with a resolution of 4 cm− 1 for each sample. The KBr pellets 
were made by combining 98 wt—% KBr with extensively dried hydro
talcite with around 2 wt% of KBr. 

They used a Shimadzu thermogravimetric and differential thermal 
analyzer (TG-DTA) analysis (TA-60). Samples weighing a few milligrams 
were heated at 10 ◦C/min until 600 ◦C. Using a scanning electron mi
croscope, the TESCAN Vega3-EDAX apparatus with an accelerating 
voltage of 20 kV examined the morphology of the Hydrotalcites powder. 
Our materials’ elemental makeup was identified using energy-dispersive 
X-ray spectroscopy (EDS). Specific surface areas and pore sizes for the 
catalysts calcined (cHT-X) were determined by the BET (Brunauer- 
Emmet- Teller) and BJH (Barrett-Joyner-Hallenda) method, respec
tively, from the N2 isotherms carried at − 196 ◦C using a Micromeritics 
ASAP-2010 system. The catalysts were outgassed under a vacuum at 
200 ◦C prior to analysis. 

An acid-base titration method was performed to quantitatively 
determine the total basicity of the calcined solids (cHT-X). Before the 
measurement, all catalysts were carefully degassed at a temperature of 
110 ◦C. In this method, 150 mg of solids were dissolved in 2 mL (0.1 mg. 
L-1) of a freshly prepared phenolphthalein indicator solution in toluene 
and stirred at room temperature for 45 min. The resulting solution was 

titrated with aqueous benzoic acid (0.01 M). 

3. Results and discussions 

3.1. Catalysts characterization 

3.1.1. XRD 
According to Fig. 1, the XRD patterns of all the synthesized samples 

have strong, symmetric basal reflections at low values of 2θ, indicative 
of the LDHs structure (Miyata, 1980). The broad and asymmetric XRD 
peaks at larger values of 2θ indicate that the hydrotalcite phase is 
severely disordered. The samples of HT-NO3 and HT-CH3COO are very 
distinct. The reflections are an R3m rhombohedral symmetric hexagonal 
lattice (Arhzaf et al., 2020b). The basal distance between the layers was 
calculated using the (003) reflection, using the formula c = 3d003. The 
(110) reflection was used to calculate the unit cell dimension a where a 
= 2d110. The crystal size was measured from the X-ray peak using the 
Sherrer equation (Holzwarth & Gibson, 2011; Houssaini et al., 2021). 

D =
k.λ
β
.

1
cos(θ)

Where (k) is a constant related to the crystallite shape, normally 
taken to be equal to 0.9, with (λ) the X-ray wavelength, (β) is the width 
of the diffraction peak at half maximum, and (θ) is the value of the theta 
angle relative to a line (003). The results show that the size of the 
crystals varied depending on the sort of intercalated anion, as seen in 
Table 1. For HT-CO3 and HT-NO3, the diffraction patterns consist of 
more extensive reflections at higher 2θ values and crisp, symmetric, and 
strong basal reflections at low 2θ values, corresponding to consecutive 
orders of the interlayer spacing. The basal reflections for HT-CH3COO 
are more diffuse and less intense, which suggests less crystallinity and a 
disorder of the layered structure. As a result, the anion’s type determines 
the hydrotalcite’s crystallinity and layering sequence. XRD patterns of 
cHT-X show that the hydrotalcite layered structure disappears when 
heated to 450 ◦C and then cooled again. The only reflections in the XRD 
pattern pertain to the MgO phase, indicating the development of Mg-Al 
mixed oxide with the MgO periclase-type structure, where the results are 
shown in (Table 1). 

The lattice parameter (a) is the same for all the solids since they are 

Fig. 1. X-ray diffraction patterns of the fresh hydrotalcite (A: HT-X) and calcined hydrotalcites (B: cHT-X).  

Table 1 
Lattice parameters and size crystallite of the hydrotalcite samples.  

Sample d (003) (Å) c (Å) d (110) (Å) a (Å) D (003) (Å) 

HT-CO3 

HT-NO3 

HT-CH3COO 

7.81 
8.67 
12.10 

23.43 
26.02 
36.30 

1.531 
1.526 
1.529 

3.06 
3.05 
3.06 

90 
52 
64  
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the same types of metal atoms, Mg and Al. The significant difference in 
the basal spacing is due to anions intercalating in the different solids, 
where the charge and size of anions lead to the smallest parameter value 
(c). Monocharged anions, such as NO3

– and CH3COO -, increase param
eter (c), compared to the anions CO3

2– that are doubly charged and cause 
a strong electrostatic attraction. The intercalation of acetate anions, 
with an average spacing of 12.1 Å (2θ = 7.2◦), corresponds to the (003) 
reflection in acetate intercalated LDHs, like the report of El Malki et al 
(El Malki et al., 1992). The higher order basal reflections, (006) and 
(009), are observed at 2θ = 11.5◦ (7.6 Å) and 2θ = 21.3◦ (4.2 Å), 
respectively. The turbostratic disorder in the middle region (30◦ < 2θ <
50◦) is due to the disordered insertion of water molecules in the inter
layer galleries of HT-CH3COO. 

3.1.2. FT-IR 
Infrared spectroscopy has been widely used to characterize hydro

talcite and related materials (Abelló et al., 2005; Xu et al., 1998). The 
samples IR spectra are displayed in (Fig. 2). In every instance, intense 
and broad absorptions caused by hydroxyls and water molecules phys
ically adsorbed and in the interlayer (OH stretching modes) at 
3600–3400 cm− 1 and (OH bending mode) at 1640–1600 cm− 1 were seen 
(Bish and Brindley, 1978; Miyata, 1975; Sharma et al., 2007). The 
asymmetric stretching of the carbonate and nitrate anions was attrib
uted to the bands at 1370 and 1382 cm -1 for the samples. The CO3

2– and 
NO3

– out-of-plane deformation was characterized by the bands at 836 
and 854 cm− 1. In the HT-CH3COO sample, the bands at 1561 cm− 1 and 
1412 cm− 1 represent the symmetric and antisymmetric stretching vi
brations of the COO– groups. The bands seen at lower wavenumbers in 
the spectrum (400 cm− 1 < ν < 1000 cm− 1) are thought to be lattice 
vibration modes associated with M− O and M− OH vibrations (Titulaer 
et al., 1994). 

3.1.3. TGA-DTA 
Fig. 3 depicts the thermal breakdown of samples in the air using TG- 

DTA analysis over the temperature range of (25–600) ◦C. The break
down profiles have a total weight loss in the range of (35–46) wt%, 
which is in good accord with those reported in the literature for 
hydrotalcite-like compounds (Morato et al., 2001; Prinetto et al., 2000). 
The thermograms of the three LDHs materials, HT-CO3, HT-NO3, and 
HT-CH3COO show two zones of weight loss corresponding to endo
thermic events in the DTA analysis (Reichle et al., 1986). Lossing 
physically adsorbed and interlayer water molecules account for the first 
peak at the region below 207 ◦C, with a weight loss of (11–18) wt% 
(Arhzaf et al., 2021). Whereas the second peak between (297–497) ◦C is 
caused by the dehydroxylation of the brucite-like sheets and the 
breakdown of the compensating anions in the interlayer (Cavani et al., 
1991). However, for HT-NO3 in this temperature domain, the pic is vast 
due to the stability of nitrate ions. In addition to the two weight loss 

peaks previously mentioned, HT-CH3COO also showed a third powerful 
and extremely narrow exothermic peak at 435 ◦C, which was caused by 
the breakdown of acetate anions (Fig. 3). We can infer that the interlayer 
anion’s type offsets the DTA peaks but only slightly affects the overall 
weight loss. 

3.1.4. SEM-EDS 
The scanning electron microscopy images obtained for the three 

synthesized materials are shown in Fig. 4. The morphologies signifi
cantly differ according to the intercalated anion, and the inter-lamellar 
anion’s nature strongly modifies the platelets’ morphology, size and 
aggregation state. The composition of the platelets was probed by 
energy-dispersive X-ray spectroscopy (EDS). The results of the EDS an
alyses are presented in Table 2 and indicate the existence of Mg and Al 
with their atomic composition close to 3 for HT-CO3 (Mg/Al = 2.95) and 
HT-NO3 (Mg/Al = 3.14) while for the HT-CH3COO phase, the atomic 
composition is different from the expected one (Mg/Al = 1.98). This 
could be from the total precipitation in the acetate anion case. 

3.1.5. BET 
The experimental measurement of the specific surface area is based 

on nitrogen adsorption according to the principle of the Brunauer, 
Emmet, and Teller methods (Yukselen and Kaya, 2006). It is easily 
deduced by knowing the surface area occupied by a nitrogen molecule 
(N2), and the volume adsorbed on the catalyst’s monolayer. The nitro
gen adsorption–desorption isotherms at − 196 ◦C performed on the 
calcined solids catalysts are shown in Fig. 5. It is shown that the iso
therms obtained for three solids correspond to type IV (mesoporous 
solids) according to the IUPAC classification. The hysteresis loop is of 
type H3, indicating the formation of the catalysts in platelets, typical of 
hydrotalcite materials (Zhang et al., 2019). This isotherm is found in 
materials which have aggregates that are non-rigid and of platelet par
ticles forming pores of slit shape. The textural properties of the calcined 
solids are summarized in Table 3. The average pore size of the solids is in 
the range of (10–18 nm), confirming that all samples are mesoporous 
materials. The BET surface area of the calcined hydrotalcites varied in 
the range from 69 to 179 m2.g− 1. Among the studied samples, the 
calcined HT-NO3 hydrotalcite is characterized by the lowest surface area 
(69 m2.g− 1). It is likely that the stability of the nitrate anions after 
calcination close to 450 ◦C, as shown in the figures of the TG-DTA 
analysis, causes the blocking of the pores and thus decreases the 
porous volume (0.12 cm3.g− 1). Contrary to cHT-NO3 the total pore 
volume of the other samples is relatively high, ranging from 0.27 cm3. 
g− 1 for cHT-CH3COO to 0.74 cm3.g− 1 for cHT-CO3. The high porosity of 
cHT-CO3 compared to cHT-CH3COO could be explained by the presence 
of pores with diameters in the 14–18 nm range. 

3.1.6. Total basicity 
Titration is a common analytical technique used to determine a 

solid’s concentration or the amount of base. The total basicity of the 
calcined solids was determined by titration with benzoic acid (pKa =
4.2) (Sahu et al., 2013), using phenolphthalein as an indicator. We then 
calculated the basicity of different solids from the amount of benzoic 
acid consumed during the titration. Prior to calcination, the three pre
pared hydrotalcites (HT-X) had lower base strength because they could 
not change the color of the phenolphthalein (8.0 < pKBH+ < 9.6). In 
contrast, with heat treatment, the calcined Mg-Al hydrotalcites had a 
higher base strength, which increases in the order cHT-NO3 < cHT- 
CH3COO < cHT-CO3 according to the Hammett basicity measurements 
shown in Table 4, which show that the strength of the most robust base 
sites of these materials depends on their composition. 

It is clear from the literature that the basic surface properties of these 
materials depend on the nature of the M2+ and M3+ cations, their M2+/ 
M3+ molar ratio or the nature of their compensating anions. When 
considering the effect of the nature of the compensating anions on the 
materials on its basicity, two situations must be distinguished. With Fig. 2. FT-IR spectra of the HT-X Hydrotalcites.  
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fresh or rehydrated hydrothalcite, basicity is primarily controlled by the 
nature of the intercalated anion and the amount of water remaining 
(Abelló et al., 2005; D. Tichit et al., 1998). In calcined hydrotalcite, the 
surface concentration of the base centers varies with the type of anion 

inserted in the hydrotalcite (Kustrowski et al., 2004). For the calcined 
hydrothalcite HT-CO3 and HT-CH3COO, the active base sites are asso
ciated with hydroxide and various acid-base pairs of Lewis, like Mg2+- 
–O2

– or Al3+-–O2
– and a Lewis base associated with O2

– anions (Climent 

Fig. 3. TGA–DTA profiles in the (25–600) ◦C range of HT-X hydrotalcite.  

Fig. 4. SEM images at 20 µm and EDS analysis of the hydrotalcite: (a) HT-CO3, (b) HT-NO3 and (c) HT-CH3COO.  
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et al., 2004). In addition, the weak base sites in hydrotalcites come from 
OH– groups, while strong base sites in calcined hydrotalcites are asso
ciated with OH– groups and O2

– centers related to metal atoms. The re
sults of the total basicity measured on the various catalysts are presented 
in Table 3, which show that the number of total basicity in (mmol.m− 2) 
of the calcined Mg-Al hydrotalcites (cHT-X) increases in the order cHT- 

NO3 < cHT-CO3 < cHT-CH3COO. It shows that the type of interlayer 
anion in precursor hydrotalcites significantly affects the calcined Mg-Al 
hydrotalcites’ surface basicity. 

3.2. Catalytic activity in the aldol condensation reaction of furfural with 
acetone 

The modifications of the properties of the catalyst resulting from the 
insertion of the different Xn- anions followed by calcination were more 
characterized by their performance in aldol condensation of furfural 
with acetone. The aldol condensation between acetone and furfural 
using the hydrotalcite-type solid catalysts is according to the following 
reaction (Fig. 5) (Hora et al., 2014). As we know, the first step in this 
condensation reaction is the extraction of a proton from the α-carbon 
atom of acetone (A) through a basic catalytic site, forming a carbanion 
which consecutively attacks the carbonyl group of the adjacently 
adsorbed furfural molecule. From this reaction, an intermediate β-hy
droxyl ketone (alcohol) formed and dehydrated quickly to yield a first 
condensation product, 4-(2-furyl)-3-buten-2-one (FA). The initial 
abstraction of the α obtains the F2A (1,4-pentadien-3-one, 1,5-di-2-fur
anyl) -proton from FA, forming a carbanion which attacks successively 
the carbonyl group from another absorbed furfural molecule (Medina 
et al., 2007). In a parallel route, the probable auto-condensation of 
acetone on the calcined hydrotalcites was negligible, corresponding to 
an acetone conversion not exceeding 1.5 %. The intermediate carbanion 
formed from acetone could attack a second acetone molecule leading to 
diacetone alcohol and mesityl oxide. 

Catalytic activity for calcined hydrotalcites is illustrated in Table 5 at 
60 and 90 ◦C, respectively. In preliminary tests, the catalytic perfor
mance of the three prepared hydrotalcites (HT-X) was assessed in aldol 
condensation of furfural and acetone at 60 ◦C and acetone/furfural ratio 
of 10. Regardless of origin of X anions, furfural conversion does not 
exceed 2 % in all cases, thus proving the absence of strong basicity in the 
as prepared hydrotalcites. It was confirmed by the low basic strength of 
these materials compared to the calcined hydrotalcites and the high 
surface area and porosity of the calcined hydrotalcites were essential to 
obtain high catalytic activity. The lower conversion of furfural through 
cHT-NO3 is due to its low basicity and low porosity, however, for cHT- 
CO3 and cHT-CH3COO the conversion is the same and exceeds 74 % at 
60 ◦C, and 98 % at 90 ◦C. The density of the base sites in cHT-CH3COO 
(0.024 mmol.m− 2) greater than that in cHT-CO3 (0.018 mmol.m− 2) was 
probably the factor responsible for increasing the selectivity of F2A for 
the catalyst in acetate (32 % at 90 ◦C) compared to that of carbonate (18 
% at 90 ◦C). 

Furfural conversion and catalyst selectivity was significantly influ
enced by temperature and reaction time. The conversion reaction at 
lower temperatures, less than acetone boiling point, caused poorer 
starting materials conversions to furfural and selectivity desirable 
condensation selectivity products FA and F2A. The critical reaction step 
is forming alcohol intermediate in the early stages of the reaction, which 
is then dehydrated to give the first desired condensation product, FA. 
This is condensed with another furfural molecule and dehydrated to 
produce F2A. According to Lukas Hora et al. (Hora et al., 2014), a low 
temperature does not favor dehydration of the alcohol intermediate in 
the initial state of the reaction, which decreases the selectivity of the 
reaction towards FA and F2A at the expense of the alcohol intermediate, 
whereas high temperature (60–90) ◦C favors the synthesis of conden
sation products with better selectivity over FA (Table 5). 

The calcined solids derived from carbonates and acetates exhibit a 
large specific surface area, which contributes to their excellent activity 
in the condensation reaction between furfural and acetone. However, 
there is a difference in selectivity towards the formation of FA and F2A. 
When the calcined solid based on carbonates is used at a temperature of 
90 ◦C, the reaction achieves a conversion rate of 99 % after two hours, 
with a selectivity of 76 % towards FA and 18 % towards F2A. On the 
other hand, the calcined solid based on acetates shows a selectivity 

Table 2 
EDS elemental data analysis of hydrotalcite samples.  

Samples Atomic percent in (%) 
C N O Mg Al 

HT-CO3 

HT-CH3COO 
HT-NO3 

15.91 
33.28 
8.59  

- 
- 
6.14 

58.45 
49.94 
60.13 

19.15 
11.15 
19.07 

6.49 
5.63 
6.07  

Fig. 5. Nitrogen adsorption/desorption isotherms for calcined MgAl- 
Hydrotalcites. Fig. 5 Reaction scheme of the aldol condensation between 
Furfural and Acetone. 

Table 3 
Surface area and porosity of the calcined solids are determined by N2 adsorption.  

SSample Surface BET (m2. 
g− 1) 

Pore diameter 
(nm) 

Pore volume (cm3. 
g− 1) 

cHT-CO3 

cHT-NO3 

cHT- 
CH3COO 

179 
69 
121 

14 – 18 
10 – 12 
12 – 16 

0.74 
0.12 
0.27  

Table 4 
Total basicity of the calcined solids.  

Sample Total Basicity 
(mmol. g− 1) 

Total Basicity 
(mmol.m− 2) 

Base strength 

cHT-CO3 

cHT-NO3 

cHT- 
CH3COO 

3.20 
0.42 
2.87 

0.018 
0.006 
0.024 

11.1 < pKBH+ <

12.7 
8.0 < pKBH+ <

9.6 
10.1 < pKBH+ <

11.1  
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conversion of 65 % towards FA and 32 % towards F2A. This variation in 
selectivity can be attributed to differences in the density, strength, and 
nature of the basic sites present in the calcined hydrotalcites, as well as 
disparities in the porosity and specific surface area of these materials. 

4. Conclusions 

The MgAl-X (HT-X) phases were synthesized using the co- 
precipitation method at a constant pH, with a fixed molar ratio of Mg/ 
Al = 3, and different compensating anions (X: CO3

2–, NO3
–, and 

CH3COO–). Various physicochemical techniques were employed to 
characterize these materials. X-ray diffraction (XRD) analysis revealed 
that the diffractograms of the synthesized lamellar phases closely 
resembled those of layered double hydroxides. Electron microscopic 
observations confirmed the distinct platelet morphology of these phases, 
which varied depending on the intercalated anion. FT-IR analysis helped 
identify molecular vibrations corresponding to the interlamellar anions, 
hydroxyl groups, and network vibrations related to the octahedral 
layers. Following calcination, the resulting materials (cHT-X) exhibited 
mesoporous characteristics, with textural properties influenced by the 
type of interlayer anion in the initial hydrotalcite. The composition of 
the parent solid (HT-X) also affected the density and strength of the basic 
surface sites. In comparison to the aldol condensation of furfural with 
acetone, the mixed oxide cHT-NO3 derived from HT-NO3 displayed low 
catalytic activity. Conversely, the mixed oxides cHT-CO3 and cHT- 
CH3COO derived from HT-CO3 and HT-CH3COO, respectively, exhibited 
excellent conversion to furfural (≥98 %). Selectivity differences were 
observed towards FA and F2A, with the cHT-CO3 catalyst demonstrating 
higher selectivity towards FA (76 % at T = 90 ◦C) compared to cHT- 
CH3COO (65 % at T = 90 ◦C). Conversely, the cHT-CH3COO catalyst 
displayed higher selectivity towards F2A (32 %) than the cHT-CO3 
catalyst (18 %) at the same temperature (90 ◦C). Furthermore, both 
catalysts showed increased conversion and selectivity with higher 
temperatures. 
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