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The glycerol generated as a by-product in the production of biodiesel could

be used as a renewable rawmaterial to economically promote the production

process. The catalytic conversion of glycerol to a product with higher added

value, such as glycerol carbonate, has attracted great interest in the chemical,

pharmaceutical, and lithium battery industries, among others, due to its low

toxicity, hydration capacity, and biodegradability. Layered-double hydroxide

(LDH) materials, the precursors of the catalysts, were synthesized by a direct

coprecipitation method to incorporate a third metal ion in addition to

magnesium and aluminum ions. This method is the easiest regularly

applied technique to design these low cost anionic nanoclay. The atomic

percentage of Cu, Zn, or Ni incorporated was 15% of the Mg load in the

material. The synthesis atomic ratio, (M2++Mg2+)/Al3+ had a constant value of

3, where M represents the transition metal incorporated. LDHs produced the

corresponding mixed metal oxides by thermal decomposition. These

materials have excellent properties for reactions catalyzed by the basic

sites, high surface area, homogeneous cation dispersion, and thermal

stability. The physicochemical material properties were characterized by

XRD, N2 sorption, MP-AES, TPD-CO2, SEM, and XPS. The mixed oxides

were evaluated in the catalytic conversion of glycerol to glycerol

carbonate. The addition of Cu, Ni, or Zn to the matrix of Mg and Al

produced changes in its physicochemical properties and mostly in the

catalytic activity. X-ray diffractograms of LDHs showed the typical

characteristic structure of layers even with metallic ions of Cu, Ni, or Zn

incorporated, because their ionic radii are similar to that of the Mg ion, 0.69,

0.73, and 0.74 Å, respectively. The obtained mixed oxides showed a high

catalytic activity towards the conversion of glycerol to glycerol carbonate

under mild reaction conditions, a 1:2 ratio of glycerol:ethylene carbonate and

solvent free. Relative yields higher than 80% were obtained, attributable to an

adequate distribution of basicity and textural parameters. The catalysts were

used in successive reaction cycles without significant loss of activity.
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Introduction

The circular economy provides a new way to produce and

consume. The possibilities for economic development associated

with the circular economy always promote sustainable

development (Jaiswal et al., 2022). Here, biodiesel is among

the most commonly used renewable energy sources. Biodiesel

production generates 10% by weight of glycerol as a by-product,

so it is reasonable to consider its employment as a renewable raw

material to economically advantage the process. The catalytic

conversion of glycerol (Gly) to a product with high value, such as

glycerol carbonate (GC), has attracted great interest due to its low

toxicity, hydration capacity, and biodegradability (Sonnati et al.,

2013; Lukato et al., 2021). The transesterification reaction

demands glycerol and the availability of another precursor

molecule, such as an alkyl carbonate (Esteban et al., 2015a;

Esteban et al., 2015b; Kondawar and Rode, 2017; Pradhan and

Sharma, 2020). Alkyl carbonates, such as ethylene carbonate

(EC), a cyclic organic carbonate, produce ethylene glycol, a

valuable by-product, together with the glycerol carbonate

(Esteban et al., 2016). The GC is a building block for

polycarbonates, a green solvent, and an additive in the

electrolytic solutions used in lithium batteries, cosmetics, food,

and the medical industry (Sonnati et al., 2013; Christy et al.,

2018). For the synthesis of glycerol carbonate, many catalysts,

such as zeolites (Singh et al., 2014), metal salts (Procopio and Di

Gioia, 2022), zinc catalysts (Fujita et al., 2013), ionic liquids

immobilized on resins (Cho et al., 2010; Kim et al., 2011), metal

oxides (Deshmukh and Yadav, 2021), and hydrotalcites (Climent

et al., 2010; Galadima andMuraza, 2017) have been studied. In all

such studies, a strong relationship is evidenced between the

catalytic activity and the balance of basic sites, which show a

higher yield of glycerol carbonate. Among the catalysts reported,

layered double hydroxides (LDHs) as precursors of mixed metal

oxides stand out as heterogeneous catalysts, producing high

yields and leaching resistance compared to other solid

catalysts (Lari et al., 2017). As a sustainable alternative means

of producing GC, transesterification between glycerol and an

alkyl carbonate has been proposed, using mixed metal oxides

(MMO) derived from LDH (Climent et al., 2010). LDHs are

anionic nanoclays with a lamellar structure. The general formula

is [M2+
(1-x)M

3+
x(OH)2]

x+(An−)x/n.mH2O, where M2+ and M3+

refer to mono, di, tri, and tetravalent metal ion placed in the

layers as hydroxides, while A represents the charge compensating

anion, generally carbonate, which, together with m water

molecules, are located in the inter lamellar space; x can vary

between 0.17 and 0.33, depending on the combination of di and

trivalent metals. Meanwhile, when only Mg and Al metal cations

are present in the nanoclay composition, the material is called

hydrotalcite (HT). The properties of LDH are strongly influenced

by the composition and nature of the anions and cations of the

structure. The incorporation of a third metal in the structure

modifies its catalytic behavior. The LDH also exhibits catalytic

behavior to synthesize glycerol carbonate, as previously noted,

only the MMO obtained were tested in this work. Thus, the

MMO were evaluated directly to determine best glycerol

carbonate yield (Granados- Reyes et al., 2016). On the other

hand, the MMOs derived from LDH form a homogeneous

composition at the molecular scale and show behavior that is

distinct from the behavior of pure metal oxides. Due to the

combination of different phases in the molecular network, they

present high surface area, thermal stability, basic surface

properties, and homogeneous dispersion of the active phase

(Corma et al., 2005; Crivello et al., 2005). In this work, the

catalytic results of glycerol conversion to glycerol carbonate

through MMOs with the incorporation of different transition

metals (Cu, Ni, or Zn) are presented, focusing on the selectivity to

glycerol carbonate, maximized over the glycidol produced and

the stability of materials during recycling.

Materials and methods

Catalysts synthesis

The precursors, LDH materials, were synthesized by the

direct coprecipitation method to incorporate the metal ions.

The atomic percentages of Cu, Zn, or Ni incorporated were

15%, replacing the Mg load in the material (Bálsamo et al., 2017;

Bálsamo et al., 2020; Rizescu et al., 2020). The 15% level was

chosen for the second divalent metal in the structure after the

15%, 20%, and 25% levels were evaluated. The MMO with 15%

for the second divalent metal incorporated presented the best

performance. The detailed results are not shown in this work.

The selection was also based on the range adopted byMarimuthu

et al. (2018) (from 13% to 27%) on the best catalytic behavior.

The atomic ratio of the synthesis, (M2++Mg2+)/Al3+, showed a

constant value of 3 (where M indicates the transition metal

incorporated). The method consisted of the dropwise addition

of two prepared solutions, one of them from the nitrates of Mg

and Al and of the transition metal to be incorporated. The other

one was a Na2CO3 solution that provides the interlayer anion to

be achieved the structure. In addition, a NaOH solution was

added to keep the pH constant at 10 ± 0.2 and to promote the

hydroxide formation. The gel obtained was stirred continuously

for 4 h, and an aging period of 18 h was followed. The precipitate

obtained was filtered and washed with distilled water up to pH 7.

After washing, the sample was dried in an oven at 90°C for 12 h
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(Bálsamo et al., 2020). The precursors were calcined at 450°C for

9 h to obtain the MMO. The option of the calcination

temperature (450°C) for obtaining the mixed metal oxides was

defined through the thermal decomposition of the hydrotalcite-

like compounds into mixed oxides was studied. Water at the

surface and in the interlayer was eliminated at 105°C and 205°C,

respectively. After 370°C the thermogravimetric analysis showed

that most interlayer negative ions were eliminated. A slight

maximum at about 480°C was presented in the DTG analysis

attributed to residual nitrates ion remaining after washing of the

LDH sample, which agrees with the reported results (Basąg et al.,

2016). Consequently, the selected calcination temperature of

450°C for obtaining the mixed metal oxides was enough for

the oxide phase appearance, as shown by TGA (Kuljiraseth et al.,

2019). The TGA and DTG spectra for the MMO-Cu(15) sample

are shown in Figure 1 as an example of the thermal behavior of

the material. The samples were designated as follows: LDH-

M(15) and MMO-M(15), where M indicates the transition metal

incorporated.

Catalyst characterization

To study the crystalline structure and the different phases

present, the materials were characterized by X-ray diffraction

(XRD) using an X’Pert Pro-PANalytical diffractometer

equipped with CuKα radiation (λ = 1.54 Å). Diffraction

patterns were collected in a 2θ range from 4° to 70° with a

step of 0.03 and 4.5 s/step. Elemental analysis was carried out by

microwave plasma atomic emission spectrometry (MP-AES) in

an Agilent 4200 equipment (Agilent, United States) after

dissolving the samples with acid digestion, according to the

US EPA 3052A method. The surface area and pore

characteristics of the calcined materials were determined by

N2 sorption analysis at -196°C using an ASAP 2020 Plus

2.0 equipment (Micromeritics, United States). The Brunauer-

Emmett-Teller (BET) equation was applied to calculate the

surface area. Measurements of pore size and pore volume

were obtained from desorption isotherm analysis using the

Barrett-Joyner-Halenda (BJH) method. The catalysts

morphology was observed by high-resolution scanning

electron microscopy (SEM) in a Σigma-ZEISS equipment. By

desorption at programmed temperature with a CO2 probe

molecule (TPD), the basicity of the MMO surface was

determined using a Chemisorb 2720 (Micromeritics,

United States). The X-ray photoelectron spectroscopy (XPS)

measurements were performed using a Thermo Scientific

K-Alpha spectrometer, equipped with a reduced spot

aluminum (Al Kα = 1486.6 eV) monochromatic X-ray source

and a hemispherical analyzer with 180° double focus and 128-

channel detector. Charge effects were compensated for by using

an electron gun. Peak fitting involved a Shirley-type baseline

subtraction and subsequent deconvolution using mixed

Gaussian-Lorentzian functions. This analysis was performed

using Avantage software. Binding energy (BE) values were

referenced to C 1 s at 284.8 eV.

Catalytic reactions

The reactions were performed in a glass batch reactor (20 ml)

equipped with a condenser system. The reactor was operated in a

batch regime with the solid and liquid phases stirred at

atmospheric pressure. The reaction parameters were modified

until those that determined the maximum yield for glycerol

FIGURE 1
TGA and DTG spectra for the MMO-Cu(15) sample.

FIGURE 2
XRD of precursor samples (LDH).
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carbonate from the reaction between glycerol (Cicarelli, 99%)

and ethylene carbonate (Aldrich, 98%) were achieved; a molar

ratio Gly:EC of 1:2 was used. The reactions were carried out at

70°C during 90 min, solvent free, using 7.5% catalyst by weight

from glycerol weight. After the reaction time, the solid catalyst

was separated by centrifugation and the liquid reaction mixture

was analyzed by gas chromatography. Stability material studies

also incorporated in the separation of the used catalyst from the

reaction mixture by centrifugation and acetone washing,

followed aby drying at 100°C overnight. An Agilent

Technologies 7820A gas chromatography device with an HP-

20M capillary column (25 m × 0.20 mm × 0.20 µm) and a flame

ionization detector was employed. The identification and

quantification were carried out using the standards of 4-

(Hydroxymethyl)-1,3-dioxolan-2-one (Sigma Aldrich, >99%
GC) and Glycidol (Sigma Aldrich, >99% GC). A known

amount of cyclohexanol (Sigma Aldrich, >99% GC) was

added as an internal standard to quantifies conversion, yield,

and selectivity results.

Results and discussion

The LDH diffractograms are shown in Figure 2. Typical

diffraction peaks at 2θ ~ 11°, 22°, and 35° corresponding to the

(003), (006), and (012) crystal planes in the layered structures

with a rhombohedral symmetry (3R) were observed in all

samples (Fu et al., 2021). The thermal decomposition

treatment of the LDH at 450°C destroyed the lamellar

structure, and it also allowed the formation of metal oxides.

The MMO diffractograms (Figure 3) exhibited peaks at 2θ of 37°,

43°, and 63° and were assigned to reflections of the periclase phase

of MgO (JCPDS 00-001-1235) (Sangeetha et al., 2019). No

segregated phases were detected, which suggests that the

transition metal oxides were homogeneously dispersed in the

matrix of Mg and Al oxides. Thereby, the slight and widened

diffraction peaks correspond to the CuO, NiO, or ZnO phases in

MMO-Cu(15), MMO-Ni(15), and MMO-Zn(15), respectively.

Specifically, in the MMO-Cu(15) sample, diffraction peaks at

2θ = 32°, 36°, 39°, and 62° are characteristic of CuO (JCPDS 00-

002-1041). The signals at 2θ = 37°, 43°, and 63° in the MMO-

Ni(15) sample can be attributed to NiO (JCPDS 00-001-1239).

Finally, the peaks at 2θ = 32°, 34°, 36°, and 63° for the

diffractogram of the MMO-Zn(15) sample correspond to the

ZnO phase (JCPDS 00-001-1136); the slight peak at 2θ = 29° can

be attributed to the remaining intermediate phase of zinc

carbonate (Sangeetha et al., 2019).

Table 1 shows the cell parameters for the hydrotalcite-type

compounds. Assuming hexagonal symmetry, these parameters

are calculated through the reflections (003) and (110), using the

equations c = 3d003 and a = 2d110, where c indicates the basal

spacing (between layers), and a is the average cation-cation

distance in the lamellar structure (Luggren et al., 2016). It was

observed that the cation-cation distance and the basal spacing

were similar in the precursors substituted with the transition

metal and in the HT. The average crystallite size of the precursors

in the “c” direction (the stacking direction, which is

perpendicular to the layers) was estimated from the (003)

reflection using the Debye-Scherrer equation (Xu and Zeng,

2000). Although the mean size of the crystallites in the “a”

direction was estimated from the FWHM of the (110) peak

(Zhang et al., 2004), the low intensity of this peak together with

the approximations inherent in the Scherrer equation introduces

significant uncertainty to the calculated value (de Souza Rossi

et al., 2019). The values of the crystallite size of the precursors

oscillated between 6.5 and 8.7 nm for the LDH with the Cu or Zn

incorporated and the MgAl sample, respectively, and they were

similar to those previously reported (Di Cosimo et al., 1998;

Kannan et al., 2005; Valente et al., 2010; Basąg et al., 2016)

(Table 1). The precursors with the transition metal presented

smaller crystallite sizes than the HT. The crystallite sizes of the

mixed oxides (Table 2) were estimated by applying the Debye-

Scherrer equation to (200) reflection and using the inter-planar

distance of the cubic cell (dhkl � a/
����������

h2 + k2 + l2
√ ). The

morphology values identified were close, ranging from 3.3 nm

for the MMOwith Ni incorporated to 4.0 nm for MMO of MgAl.

In particular, the size of the crystallites in the MMO, after heat

treatment, was lower than the precursor size. Small MgO

crystallite sizes favor the dispersion of the active phase in the

mixed oxide (Liu et al., 2013). The slight increase in the

crystalline particle size of the reused catalysts with the best

performance could be attributed to the aggregated phases.

The chemical composition of the samples in the bulk and the

surface of the materials is summarized in Table 2 in the MP-AES

FIGURE 3
XRDofmixed-metal oxide samples. (•) MgO; (+) CuO; ( ) NiO;
(◆) ZnO; (()Zn4(CO3)(OH)6·H2O.
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TABLE 1 Cell parameters and morphology of the materials.

Sample LDH MMO

Cell parameters Crystallite size (nm) Cell parameter (nm) Crystallite
size (nm)

d003 (nm) a (nm) c (nm) Fresh Used*

MgAl 0.772 0.3052 2.312 8.7 0.4193 4.0 --

Cu(15) 0.768 0.3065 2.302 6.5 0.4187 3.4 --

Ni(15) 0.784 0.3057 2.348 6.5 0.4178 3.3 3.5

Zn(15) 0.761 0.3054 2.279 7.7 0.4199 3.5 3.8

*Corresponding to the catalyst used during four cycles at the reaction conditions: 70°C, 90 min, 7.5% w/w catalyst and reagents molar ratio (Gly:EC) of 1:2.

TABLE 2 Textural properties and metallic composition of the materials.

Sample LDH MMO MMO

Area (m2g-1) Pore diameter
(nm)

Pore volume
(cm3g-1)

M (at%) (M + Mg)/Al
(at%)

Als/Alb*

MP-AES XPS MP-AES XPS

MgAl 110 253 14.00 0.711 -- -- 2.98 1.19 1.82

Cu(15) 120 248 13.62 0.734 15.25 15.25 3.04 0.90 2.13

Ni(15) 119 247 11.28 0.710 15.45 13.72 3.06 1.33 1.74

Zn(15) 118 241 17.48 0.794 14.23 14.35 2.96 1.08 1.42

*Als = surface Al (by XPS), Alb = bulk Al (by MP-AES).

FIGURE 4
N2 adsorption-desorption isotherms of the mixed oxides.

FIGURE 5
Pore size distribution of the mixed oxides.
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and XPS studies, respectively. The MP-AES results showed that

both the atomic percentage ratios of the metal ions and the loads

of the transition metals were similar to the theoretical ones. The

results obtained by XPS showed that in all cases, there was an

enrichment of Al ion content on the surface of the MMO, as

evidenced in the atomic percentage ratio of metal ions (Márquez

et al., 2001). The enrichment of Al content on the material

surface was illustrated in Table 2 by the relation Als/Alb for all

samples, where Als indicates the Al content on the surface and

Alb indicates the Al content in the bulk, respectively (Bîrjega

et al., 2005; Shen et al., 2017; Arias et al., 2021).

The textural properties of the materials were determined by

N2 adsorption-desorption (Figure 4), and the results are

registered in Table 2. As expected, the MMO samples

exhibited a higher specific surface area than their precursors

due to loose CO3
2- anions such as CO2 during the calcination

process. The surface area slightly decreased with the

incorporation of the transition metal (Sahani et al., 2021).

According to the IUPAC classification, all of the MMO

samples exhibited type IV isotherms with H3 hysteresis loops

indicating the presence of mesopores, a result that is confirmed

by pore size distribution (Marimuthu et al., 2018; Rizescu et al.,

2020). The hysteresis loops indicate that slit-like pores are

formed by the collapse of the layers during calcination

treatment (Figure 5). The sizes of the pores and their volumes

were similar in all samples of the MMO (Table 2), although a

slight increase in those morphologic properties was observed in

the MMO with Zn incorporated. The morphology of all MMOs

was similar, so the one with a Zn sample incorporated was taken

as representative and is depicted in Figure 6. A typical rosette-like

structure was detected in the morphology of the MMO samples.

No segregated phases were observed when incorporating the

different transition metals in the material, which could indicate

the successful dispersion of CuO, NiO, or ZnO particles on the

matrix of magnesium and aluminum oxides with a strong surface

synergism. These surface morphologies were consistent with the

analysis carried out on the adsorption-desorption isotherms of

N2 (Climent et al., 2010).

Temperature-programmed desorption studies with CO2

probe molecule were performed to analyze the strength and

percentage of the basic site type present on the surface of the

catalysts (Table 3). This material property could perform a key

role in the reaction between glycerol and ethylene carbonate

because an adequate strength of the basic sites could allow

proton extraction from the primary hydroxyl group of

glycerol and improve the nucleophilicity of this molecule

(Esteban and Vorholt, 2018; Sahani et al., 2021). The

desorption profiles were deconvoluted, and three main

areas of 50–300°C, 300–500°C, and 500–950°C were

distinguished, associated with weak, medium, and strong

basic sites, respectively (Figure 7). The weak basic sites

correspond to surface OH− groups; the acid-base pairs of

Mx+− O2- match the medium basic sites, and the strong

basic sites are associated with isolated low-coordination

anions of O2- (Shi et al., 2021). In particular, the MMO-

Cu(15) sample showed a high-temperature desorption peak

(860°C), indicating a further increase in the basicity strength

of the sites (Climent et al., 2010). A detail analysis of the

strength and percentage of each basic site type showed that

MMO with Ni or Zn incorporated presented the greater

amount of basic sites suitable for transesterification

reaction than the remainder of the catalysts. The catalytic

FIGURE 6
SEM micrograph of the MMO with incorporated Zn.

TABLE 3 Basic properties and catalytic activity of the mixed oxides.

MMO Number of basic sites (mmole g-1) and
percentage (%)

Catalytic activity (mole %)

Weak Medium Strong Total Gly conversion CG selectivity GD selectivity

MgAl 1.0 (44) 0.6 (28) 0,6 (28) 2.2 95.9 89.4 10.6

Cu(15) 0.7 (45) 0.4 (27) 0,4 (28) 1.5 95.6 93.6 6.4

Ni(15) 1.7 (53) 0.4 (11) 1.2 (36) 3.2 91.8 96.9 3.1

Zn(15) 1.2 (40) 0.8 (27) 1.0 (33) 2.9 90.5 95.3 4.7
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activity of the MMO samples for the transesterification

reaction is summarized in Table 3. The transition metal

incorporated promoted the glycerol conversion and the

selectivity to GC, although a small amount of glycidol (GD)

was produced by the decarbonylation of GC as byproduct with

the release of CO2. The reaction parameters mentioned in the

methodology were chosen from previous optimization studies.

The selectivity and yields obtained are relative to the CG and

glycidol (GD) formed (Wang et al., 2018). Table 3 summarizes

the catalytic activity of the MMO catalysts for the

transesterification reaction between glycerol and EC at

90 min of reaction. In general, the introduction of the

transition metal favored the conversion and selectivity to

CG in reference to MMO-MgAl. Even though the GC

yields were similar, the MMO-Ni15 catalyst achieved a

lower glycidol formation. To obtain information on the

stability of the catalysts, the MMOs were reused for four

cycles in the transesterification reaction under the same

conditions and the results are presented in Figure 8. The

catalytic behavior of the MMO-Cu(15) sample showed that

the GC yield was sharply reduced throughout the four reuse

cycles. The MMO-Zn(15) and MMO-Ni(15) catalysts

remained more stable, and the best performance among

the four reaction cycles was seen in the latter. This trend

can be related to the number of total basic sites (Table 3). In

detail, the second cycle for the MMO-Cu(15) sample showed

a 20% decrease yield of GC. This catalyst behavior could be

attributed to the post reaction treatment, considering that

the material was washed with ethanol immediately before

each cycle instead of repeat calcination process being applied

for activation. The bulk composition of the catalysts is

presented in Table 4. The bulk composition of the MMO-

Cu(15) sample showed no considerable changes in

composition, so this metal leaching should not be

attributed. A slight decrease in the Mg atomic % in the

used MMO-Cu(15) could be the cause of decreased yield.

Considering the basic surface properties, only the sample

with Cu incorporated showed less basic strength distribution

on the surface, which could potentially have affected the

catalytic performance of the mixed oxide. Table 4 shows the

bulk metal composition of the fresh and used catalysts. The

samples with Cu and Zn incorporated showed a slight

FIGURE 7
TPD-CO2 profiles of OMM samples.

FIGURE 8
Glycerol carbonate yield of the used catalysts in four cycles.

TABLE 4 Comparison of the metal composition in the bulk of the
synthesis, fresh and used catalysts determined by MP-AES
analysis.

MMO Bulk M* (% at.) Mg (% at.) (M + Mg)/Al

Cu(15) Theoretical 15,0 85,0 3,0

Fresh 15,2 84,8 3,0

Used 15,6 84,4 2,9

Ni(15) Theoretical 15,0 85,0 3,0

Fresh 15,5 84,5 3,1

Used 14,0 86,0 2,9

Zn(15) Theoretical 15,0 85,0 3,0

Fresh 14,2 85,8 3,0

Used 14,7 85,3 2,7

*M = Cu, Zn, or Ni.
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decrease in the Mg atomic percentage, while the used sample

with Ni incorporated showed a decreased Ni atomic

percentage. Although the binary MgAl hydrotalcite

with a Mg/Al atomic ratio of 3.0 showed high glycerol

conversion under similar reaction conditions, the

presence of Cu, Ni, or Zn was essential for the

enhancement on the results to occur. The main role of

Zn, Ni, or Cu on the catalyst should be attributed to the

contribution on the acid-base bifunctional property on

the catalyst surface suggested by the role given to the

acidic sites. As Kondawar and Rode proposed, the

higher catalytic activity of mixed oxides than single

metal oxides was promoted by the two activation modes.

First, the Lewis basic site of the bifunctional

catalyst abstracted a proton from the primary hydroxyl

group of glycerol to enhance the nucleophilicity of

glycerol. Then, the Lewis acidic site simultaneously

activated the carbonyl carbon of alkyl carbonate.

Following this, glycerol carbonate was achieved as a

product (Kondawar and Rode, 2017). The acid

contribution of Cu, Ni, or Zn in the catalytic properties

of the materials will be considered in future studies of

pyridine FT-IR. The XRD patterns of the fresh and used

MMOs after the four cycles, are shown in Figure 9. No phase

changes were observed, and the structures were maintained.

Consequently, due to the catalytic results of the catalyst

reuse and their subsequent physicochemical

characterization, the MMO-Ni(15) showed the best

performance with great catalytic stability. This could be

attributed to a greater number of basic sites than the rest of

the catalysts.

Conclusion

The third transition metal ions of Cu, Ni, or Zn were

incorporated by coprecipitation in the layered structure of

LDHs. No segregated phases of CuO, NiO, or ZnO were

detected in the mixed oxides of Mg and Al. These materials

presented optimal textural parameters and basic surface

properties. All of the mixed metal oxides were catalyst-

efficient for the transesterification reaction between glycerol

and ethylene carbonate. They could also be reused in four

reaction cycles without significant loss of catalytic activity.

The MMO-Ni(15) presented the highest stability, followed by

MMO-Zn(15) and MMO-Cu(15). This deactivation may be

related to a trend in the decrease of the total basic sites for

each material. The XRD studies determined that MMO

structures were preserved, even after being used. The MMO-

Ni(15) showed the best catalytic performance, highest surface

number of basic sites, and structural stability.
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