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Abstract
Hydrotalcite catalysts derived from NiAl and NiAlMg mixed oxides were success-
fully prepared by coprecipitation at a constant pH of 11. Physicochemical methods 
were investigated to determine their structural and textural properties. Using isopro-
panol as a probe molecule, the acid–base properties of the catalysts were investi-
gated, and the evaluation of reactivity, selectivity and lifetime was established.

Keywords Hydrotalcite · Structural characterization · Isopropanol probe reactions · 
Acid–base properties

Introduction

Hydrotalcite is the generic name for isomorphic compounds of general formula 
 Mg6Al2(OH)16  CO3·4H2O. Hydrotalcite-type anionic clays, layered double hydrox-
ides (LDHs) containing exchangeable anions belong to materials that have attracted 
much attention in recent years. The structure of the layered double hydroxides can 
be visualized as the structure of brucite, Mg (OH)2. The brucite phase is constituted 
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of octahedrons with six  OH− groups each surrounded by  Mg2+ ions. Sheets are then 
constituted by the replication of octahedrons. For derived hydrotalcite structures, a 
part of  Mg+2 of the brucite is replaced by divalent and trivalent cations, where their 
atomic radius must be close to  Mg2+radius (r = 0.65 Å). The substitution leads to an 
excess of positive charges in the hydroxide layers, which are compensated by anions 
located in interlayer interspaces. The general chemical formula of LDHs is 
 [M1−x

2+Mx
3+(OH)2]x+[An−]x/n.mH2O, with  M2+ and  M3+are divalent and trivalent 

metals,  An−is an exchangeable interlayer anion such as  CO3
2−,  NO3

−,  Cl−…etc. and 
x is the molar fraction ratio M3+

M3++M2+
 , respectively. The value of x is an important 

parameter to obtain a pure hydrotalcite structure with a good crystallinity. It has 
been reported that this is obtained only in the range 0.2 ≤ x ≤ 0.33. When x takes a 
value higher than 0.33, the gibbsite phase Al(OH)3 forms. Likewise, for low values 
of x, i.e., x < 0.2, the brucite phase Mg(OH)2 is stable [1, 2].

Different preparation methods of the hydrotalcites were investigated to tune their 
physical and chemical properties in order to apply them in specific applications. 
However, the coprecipitation process remains the best synthesis approach for the 
following reasons [3, 4]:

• Easy and friendly condition method,
• Cost-effective,
• High reproducibility,
• High production rate and easily scalable,
• Good dispersion of the active phase.

Several textural and structural properties of non-calcined and calcined hydro-
talcite phases as nanomaterials have been applied in a wide variety of fields such 
as medicine, pharmaceutical, biotechnology, electronic, environment, catalysis and 
catalysts system (Fig. 1) [1].

Recently, oxides obtained by calcination of hydrotalcite have attracted much 
attention as catalytic system for applications, such as natural gas conversion and pro-
duction of hydrogen by dry reforming of methane [5, 6], Friedel Craft reaction [7], 
methanol synthesis [8], etc. The calcination of hydrotalcites at sufficiently high tem-
peratures leads to their dehydration, which is accompanied by de-hydroxylation and 
then decarboxylation reactions. It ends up with the collapse of the lamellar structure. 
In addition, mixed oxide phases are obtained at temperatures beyond 450 °C. The 
following properties can be highlighted from the combination of metal oxides [1, 6, 
8–10]:

• Stable phases with a significant specific surface (between 100 and 300  m2/g),
• Tunable acidic/basic and redox properties,
• Homogeneous dispersion of the active phase.

The catalytic activity and selectivity of the catalyst are closely related to its 
acid–base, redox properties, textural and structural features resulting from the 
synthesis conditions. Several probe molecules like  CO2 and  NH3 were used to 
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characterize the basic and acidic properties of the solids surface, respectively. The 
conversion of alcohol as catalytic test reaction has been intensively investigated and 
used to characterize and evaluate the acid–base character of solid catalysts [11, 12]. 
Most of the attention has been paid to targeted molecules (e.g., isopropanol) that are 
transformed into products depending on the nature of the available reactive cent-
ers onto the heterogeneous catalyst surface. Such reactions have the advantage of 
being simple and easy to be followed through the quantification of conversion rates. 
In addition, it can be performed at relatively low temperatures. In contact with an 
acidic or basic solid, the isopropanol probe molecule may undergo mainly two types 
of competitive elimination reactions: (i) dehydration, which yields propylene and 
takes place on acid sites of the catalyst. The formation of di-isopropyl is also pos-
sible as a product of the dehydration of propylene and (ii) dehydrogenation reaction 
produces acetone and hydrogen and occurs in basic sites [13–15] (Fig. 2). The yield 
and selectivity of products for isopropanol transformation depend on the acid–base 
features of catalytic surface, which constitutes a well-suited probe molecule in the 
design of advanced catalysts.

For each application, especially for catalysis applications, the acid–base proper-
ties of the catalysts are key parameters regarding their reactivity, selectivity and life-
time. There is strong incentive to enhance solid base properties of catalysts in order 
to improve their catalytic activity for reactions, such as alkylation, isomerization and 
Knoevenagel condensation reaction under specific friendly experimental conditions. 
Materials like zeolites, alkaline earth, basic resin, nickel ferrite spinel, oxides (ZnO, 
MgO), vanadium-containing catalysts and modified carbon have already been inves-
tigated for these reactions and isopropanol transformation [16–18].

Recently, there has been a great interest in the utilization of oxides obtained from 
calcined hydrotalcites due to their promising strong base properties [1, 10]. The cat-
alytic properties of oxides derived from hydrotalcite depend mainly on the nature of 

Fig. 1  Different applications of hydrotalcite
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divalent and trivalent cations, exchangeable interlayer anions and chemical composi-
tion of the hydrotalcite structure and on the activation process which requires acid, 
base and redox active sites. The decomposition mechanism provides a valuable test 
reaction to investigate the acid–base properties of materials. Hereafter, the role of 
Mg is emphasized in reference to its use in hydrotalcite-based catalysts.

Nakatsuka et al. [19] investigated the activity of calcination products of several 
MgAl-HTc in the polymerization of ß-propiolactone. All the HT precursors were 
calcined at 450 °C for one hour. According to the authors, MgO prepared by cal-
cination was not active in the reaction. Moreover, a correlation was found between 
the activity and the number of basic sites. The inhibition of activity occurring upon 
 CO2 and  H2O additions confirmed the role of the basic sites in the formation of the 
polymerization centers. In particular, the authors correlated the activity to the inter-
action between MgO and  Al2O3, favoring the formation of suitable basic sites. The 
basic character was examined for the first time on the compound MgAl-CO3-HT, the 
heat treatment of which allows to obtain oxides of the MgO type [1, 10]. The basic 
properties of MgO have been widely studied in the literature [1, 20]. Strong basic 
sites are assigned to  O2− species, while medium basic sites are assigned to  (O−) 
groups located near hydroxyl groups. The low basicity is attributed to the  (OH−) 
group (Brønsted basicity).

As a conclusion, the activity of MgAl pure, after calcination at 450  °C, the 
XRD analysis showed the presence of mixed oxides: MgO with  Al2O3. The cata-
lytic activity behavior of this sample via isopropanol decomposition is to produce 
acetone through strong basic sites [21]. In addition, the combination of MgO-Al2O3 
promotes the formation of suitable basic sites [1]. The number of defects, and there-
fore the number of strong basic sites, in the lattice of MgAl should be expected to 
increase when increasing the amount of Al introduced. Since Al is more electron-
egative than Mg, an increase in Al should increase the average electronegativity of 
the solid and thus, a decrease in the average electronic density of the unsaturated 
framework oxygen could be expected reflecting in the basic strength [22].

On the other hand, the propylene formation on the MgAl hydrotalcite sample can be 
related to the presence of acid sites associated with  Al3+, which is substituted by  Mg2+ 

Fig. 2  Pathway of the isopropanol decomposition
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in a MgO lattice. This substitution may produce local excess of positive charge in the 
lattice of the oxide which can act as acid sites [22].

The NiAl-HT- and NiMgAl-HT-type hydrotalcite have been studied in many appli-
cations such as Friedel craft reaction, aldolization and dry reforming of methane [1, 
6]. For the last process, researchers suggest that the basic properties of catalyst derived 
from hydrotalcite improve the catalytic activity,  CO2 activation and consequently the 
resistance of carbon deposition [1, 23].

In the present work, mixed oxides catalysts derived from hydrotalcite of samples 
NiAl-HTc and NiMgAl-HTc were prepared by coprecipitation method, characterized 
by different chemical–physical techniques and tested in the isopropanol decomposition 
reaction. The purpose of this work is to evaluate the effect and the influence of the pres-
ence of Mg in HDL matrix on textural and structural catalytic properties and acid–base 
properties of mixed oxides nanomaterials derived from hydrotalcite. The use of isopro-
panol as probe molecule was considered as a low temperature method under 250 °C, 
where no structural changes are expected (as it is the case for TPR analysis) and allow 
the investigation of the composition and especially the use of substitutes of Ni by Mg 
and Al.

Experimental

Sample preparation

The catalysts obtained from the hydrotalcite calcined type precursors were prepared 
by coprecipitation by mixing two solutions: i) a solution containing divalent cations 
Ni  (NO3)2·6H2O (Merck, 99%) or with Mg  (NO3)2·6H2O (Merck, 99%), and trivalent 
cations Al  (NO3)3·9H2O (Fluka, 98%) ii) a solution prepared by dissolving an amount 
of  Na2CO3(Merck, 98%) and NaOH (Merck, 98%) to adjust the pH. The two solutions 
were mixed dropwise under vigorous stirring at room temperature and at pH basic con-
stant (pH 11). The final pH of the total solution was adjusted by adding NaOH solution 
(2 M). After the addition of reagents, the obtained gel was aged at 80 °C in oil bath 
shaker for 18 h under gentle stirring. The solid was cooled to room temperature, then 
filtered and washed with a large amount of deionized water to remove all residuals until 
getting a solution pH equal to 7. The resulting slurry was dried overnight by an oven 
at 80 °C under air. The non-calcined synthesized samples were labeled NiAl-CO3and 
NiMgAl-CO3.

After drying, the solids NiAl-CO3and NiMgAl-CO3 were calcined at 450 °C for 6 h 
using a heating rate of 4 °C/min in a muffle furnace. The calcined materials obtained 
were referred to NiAl-CO3-c and NiMgAl-CO3-c. The solids were crushed to obtain a 
fine powder (Fig. 3).
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Sample characterization

Atomic absorption spectroscopy (AAS) analysis

The chemical composition was determined by Atomic Absorption Spectroscopy 
(AAS) using Spectro-Analytical Instruments Horiba Jobin–Yvon, Ultima spectrom-
eter; 100 mg of the solids was dissolved in 20 ml of aqua regia and the solution was 
diluted to 100 ml with distilled water.

X‑ray diffraction (XRD) analysis

Powder X-ray diffraction (XRD) patterns were recorded with Siemens D-501 equip-
ment, using CuKα radiation in the 2θ range between 10 and 80°. The crystallite size 
was evaluated using the Scherrer’s formula [Eq. (1)] [24, 25]. 

where λ is the wavelength of CuKα (λ = 1.5418 Å), βhkl is the half-width of the peak, 
and θ is the Bragg’s diffraction angle.

Brunauer–Emmett–Teller (BET) analysis

Brunauer–Emmett–Teller (BET) surface area measurements were carried out using 
a NOVA 2000e volumetric adsorption analyzer at − 196 °C (liquid nitrogen). Before 
each measurement, the powder was degassed under vacuum at 150 °C for 2 h.

(1)d
hkl

=
0.9�

�
hkl
cos�

Fig. 3  Scheme of HDLs synthesis
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Fourier transform infrared (FTIR) analysis

Fourier transform infrared (FTIR) spectra were recorded using a Perkin Elmer model 
number spectrometer. Over 32 scans were taken to improve the signal-to-noise ratio 
in the wavelength range (400–4000  cm−1) with a resolution of 4  cm−1. The analysis 
was performed on ca. 4 mg of powder mixed with 100 mg of dried spectroscopic 
KBr pressed into pellets.

Thermogravimetry analysis (TG) and differential thermal analysis (DTA)

Thermogravimetry analysis (TGA) and differential thermal analysis (DTA) were 
performed using a Netzsch STA 409 PC/PG instrument under air as purge gas from 
room temperature up to 850  °C with a heating rate of 10  °C/min using alumina 
crucibles.

Scanning electron microscopy analysis (SEM)

Scanning electron microscopy images (SEM) of the products were recorded on a 
Hitachi S-4800 instrument equipped with a field emission filament using an accel-
eration voltage of 5 kV and a working distance of 10 mm.

Transmission electron microscopy analysis (TEM)

A transmission electron microscopy (TEM) study of the samples was carried out at 
200 kV using a Philips CM200 TEM equipped with a LaB6 emitter, an Oxford ISIS 
EDX super-ultrathin window detector and a Gatan Model 678 Imaging Filter (GIF). 
The crushed sample dispersed in ethanol solution was vigorously stirred using ultra-
sound to minimize the deposit of clusters of particles. A droplet of this suspension 
is then placed on a copper grid covered with a carbon film. Once the grid is ready; 
SEM analysis can be measured.

Catalytic testing

The isopropanol decomposition on material catalysts takes place through two path-
ways: the dehydration, which generally needs acid catalysts or the two types of 
acidic–basic sites, dehydrogenation is catalyzed by basic sites.

The catalytic tests of transformation of isopropanol (Merck, 99.7%) were con-
ducted in a fixed bed continuous flow reactor under atmospheric pressure and tem-
perature between 150 and 250 °C, by passing nitrogen gas through a saturator-con-
taining alcohol. The mass of catalyst was approx. 0.02 g, and the flow rate was kept 
to 0.05 ml/min. The tests were carried out at atmospheric pressure and the saturat-
ing vapor of the gaseous propan2-ol reagent (P0 = 4 mmHg) is obtained by bubbling 
nitrogen (380 mmHg) in liquid propan2-ol placed in a saturator immersed in an ice 
bath.
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Reactants and reaction products were analyzed by gas chromatography (VARIAN 
3350) using a 10% Carbowax 20 M on Chromosorb 200 column and flame ioniza-
tion detector.

The conversion of isopropanol  (Conisop), selectivity of propene  (Secprop) and 
selectivity of acetone  (Secacet) were estimated using the following formulas:

Results and discussion

Characterization of catalyst

The chemical formula of the synthesized samples was determined by X-ray fluo-
rescence supposing that the carbonates are the only anions in the inter-layer. The 
number of the carbonates was estimated from the molar ratio  M2+/M3+. The water 
molecules content  (mH2O) was calculated using the formula (Eq. 2):

where m is the number of water molecules in the inter-lamellar space, a is the molec-
ular mass of the anhydrous compound and w the mass loss (%) of water derived 
from the thermogravimetric analysis (Fig. 4).

The data of the X-ray fluorescence technique (Table  1) confirm that the 
 M2+/M3+ratios were like those estimated from the concentrations of the salts in 
the initial synthesis solution. This result confirms the complete precipitation of Ni/
Mg and Al precursor salts during the synthesis. The results confirm the presence of 
the transition metals used (Ni, Mg and Al) in all hydroxides double lamellar phase 
(HDL-phases) samples. This indicates that the operating conditions such as the pH, 
precipitating agent, temperature of the germination phase lead to the precipitation of 
divalent and trivalent ions under stoichiometric conditions.

The result obtained (Table  1) indicates that the general formula 
 [M1−x

2+Mx
3+(OH)2]x+[An−]x/n·mH2O enables the synthesis of HDL-phases with 

different divalent and trivalent metals where 0.22 ≤ x ≤ 0.33 [1, 6, 26]. The mass 
changes of the samples type hydrotalcites were derived from TGA/DTA analy-
ses. The analysis showed the typical results reported in the literature of the ther-
mal decomposition of hydrotalcite as materials [1, 6, 27]. According to Table 2 and 

Conisop(%) =
Moles of isopropanol converted

Moles of isopropanol in feed
× 100

Secprop(%) =
Moles of propylene produced

Moles of isopropanol converted
× 100

Secacet (%) =
Moles of acetene produced

Moles of isopropanol converted
× 100

(2)18m =
w(a + 18m)

100
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Fig.  2, the evolution of the thermal decomposition of hydrotalcite phases reveals 
three steps of the mass losses. The first step presents the moving of the physically 
absorbed molecules on the outer surface of the HDL-phases at 100 °C correspond-
ing to 4 and 5 wt% for NiMgAl-CO3 and NiAl-CO3, respectively. The second 
step designs the elimination of inter-lamellar water by de-hydroxylation phenom-
ena accompanied by the elimination of nitrates molecules at around 200–205  °C 
accounting 15–16  wt%.The third and the last step occurs at higher temperatures 
(300–320  °C), which is characterized by the elimination of the carbonates in the 
layer space with mass loss corresponding to 35 and 31 wt% for NiMgAl-CO3 and for 
NiAl-CO3, respectively.

The BET surface area (SBET) non-calcined and calcined specimens at 450  °C 
materials are summarized in Table  2. For the two samples, the surface area after 

Fig. 4  TGA/DTA for a NiMgAl-CO3 and b NiAl-CO3

Table 1  Chemical composition of the prepared samples

Sample name x =
nM3+

n(M2++M3+)
ratio

M2+

M3+

MgO (%) (%) NiO (%) Al2O3 (%) Formula

NiMgAl-CO3-c 0.33 1.97 26.19 23.19 32.96 [Ni0.22Mg0.45Al0.33]
(CO3)0.165·0.15H2O

NiAl-HT-CO3-c 0.34 1.91 – 67.28 24.56 [Ni0.65Al0.34] 
 (CO3)0.170·0.24H2O

Table 2  TG results and specific surface of two prepared samples

Sample First stage Second stage Third stage SBET  (m2/g)

Wt% Tempera-
ture (°C)

Wt% Tempera-
ture (°C)

Wt% Tempera-
ture (°C)

Precursor Calcinated

NiMgAl-CO3 4 100 16 205 35 320 94 169
NiAl-CO3 5 100 15 200 31 300 32 117
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calcination is greater than the precursor. This result is due to the occurrence of three 
phenomena: dehydration, de-hydroxylation and decarbonation during thermal treat-
ment. The sample contains Mg (i.e., NiMgAl-CO3) and shows high specific area 
after and before calcination compared to NiAl-CO3 due to dispersive effects, which 
have already been investigated and reported in the literature [1, 9, 28].

Usually, a high surface area leads to a good catalytic activity due to the high dis-
persion of active phase. In the present work, non-calcined NiMgAl-HT and even 
after calcination exhibits a large surface area compared to calcined and non-calcined 
NiAl-HTc. This result is explained by the incorporation of Mg into NiAl hydrotal-
cite matrix. The presence of Mg2 + cation increases the specific surface area and 
modifies the pore diameter. Furthermore, the crystallite size’s phase presented by 
NiMgAl-HTc resulted smaller than that for NiAl-HTc as confirmed by XRD analy-
sis. This result agrees with previous findings from Crivello et  al. and Abdelsadek 
et  al. [28, 29] who determined that the  Mg2+ cation has a dispersive effect over 
the other components of the catalyst. In the case of the solid NiMgAl-HTc, a great 
activity or catalytic behavior was obtained with larger surface area influence for the 
isopropanol decomposition and dry reforming of methane [29].

Figure 3 shows the XRD patterns of HDL precursor phases and calcined sam-
ples. The diffractograms of the precursor samples NiMgAl-CO3 and NiAl-CO3 
show the presence of two main peaks allocated to the layered double hydroxides 
phases of hydrotalcite: peaks intense sharp symmetric reflections for (003), (006), 
(110) and (113) planes and asymmetric broad peaks for (012), (015) and (018). 
No other phase was detected which indicates that the divalent and trivalent ions 
were completely introduced into hydrotalcite structure under the selected experi-
mental conditions. This enables synthesizing hydrotalcite phases with mixtures 
of different divalent and trivalent cations in the right range of metallic composi-
tion. After calcination at 450 °C, the XRD patterns (Fig. 5) show clearly that the 
structure was modified. The hydrotalcite phases were decomposed to form metal-
lic oxides. The NiO phase was detected for the NiMgAl-CO3-c and NiAl-CO3-c 

Fig. 5  X-ray diffractograms of precursor NiMgAl-CO3 and NiAl-CO3 and calcined sample NiM-
gAl-CO3-c and NiAl-CO3-c. (o): HDL phase, δ NiO, Λ MgO and Θ NiO-MgO
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calcined samples, plus MgO in the case of NiMgAl-CO3-c. However, alumina 
 Al2O3was probably formed but was not detected by XRD analysis since it is an 
amorphous phase at this temperature. No ternary or mixed oxides were detected 
by XRD analysis.

The first reflection of the plane (003) is characteristic of the successive stacking 
of the layers along the axis c. The mesh parameter (c) is easily calculated since it is 
equal to 3c′(c′ corresponding to the sum of the thickness of a layer of brucite (4.8 Å) 
and the inter-lamellar domain, i.e., the inter-reticular distance family plans (003). 
The mesh parameter (a) corresponds to the distance between neighboring cations 
within a brucite-like layer and is defined from the distance (a = 2 × d110). The a and 
c parameters obtained for the HDL synthesized phases are very similar to the value 
reported in the literature [1, 4, 30] (Fig. 6).

The  d003, which presents inter-lamellar distance calculated for the carbonates 
hydrotalcite phases prepared samples is close to the value published (7.8 Å) [1, 31]. 
The crystallite size in a direction and c direction for the two materials is presented 
in Table 3.

The results obtained show that the dimensions in the a-direction are larger than 
that in c-direction which reveals the plate-like form of the hydrotalcite crystal phase. 
After calcination, the estimation of the crystallite sizes of the oxides NiO and MgO 
was estimated and is provided in Table 3. The crystallite sizes of the oxides (NiO, 
MgO) are lower than HDL precursor phase. It explains that the specific surfaces of 

Fig. 6  HDL structure and structural parameters a and c

Table 3  Crystallographic parameter a and c with crystallite size of synthesized HDL

a Hydrotalcite phase

Sample name d003 (Å) c =  d003 (Å) a =  2d110 (Å) Crystallite size’ phases (Å)

003a 110a MgO NiO

NiMgAl-CO3 7.60 22.74 3.04 95 110 22 25
NiAl-CO3 7.70 22.96 3.04 156 208 – 35
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the calcined samples NiMgAl-CO3 and NiAl-CO3 are larger than the HDL precursor 
phases (Table 2). In addition, compared to the two solids NiMgAl-CO3 and NiAl-
CO3, the non-calcined and calcined NiMgAl-CO3 show high surface area than non-
calcined and calcined NiAl-CO3. Magnesium influences the germination and crystal 
growth step and leads to the formation of the nano-sized crystallites, fine small par-
ticles and also increases the specific surface of the compound [28, 32]. This result 
agrees with the results obtained by BET analysis (Tables 2 and 3).

The morphology of the samples prior to calcination was investigated by SEM 
and TEM analyzes. Figures 7 and 8 show the SEM and TEM images, respectively, 
of HDL phases synthesized for the samples non-calcined NiMgAl-CO3 and NiAl-
CO3. SEM and TEM images of the NiAl-CO3 show that the morphology of HDL 
phases prepared precursor confirms the presence and accumulation of fine nanopar-
ticles of regular shape with inter-platelet porosity. The corresponding micrograph 
of the compound NiMgAl-CO3 exhibits special features. It seems that the fine parti-
cles aggregate and connect to each other giving rise to a specific arrangement like a 
«rose sand» (Figs. 7a and8a). This result was confirmed by the SEM images of this 
sample. Fine particles evidenced by SEM and TEM techniques correspond only to 
hydrotalcites phases precursor. This observation agrees with the results obtained by 
XRD analysis.

After calcination, the SEM (see Fig.  7c, d) and TEM (see Fig.  8c, d) images 
for the two calcined materials NiMgAl-CO3-c and NiAl-CO3-c show the presence 
of the compact aggregates owing to the transformed hydrotalcite structure during 
thermal treatment. These aggregates are related to the mixture of oxides phases 
as revealed by XRD analysis (see Fig.  3, Table  3). FTIR spectra of non-calcined 
NiMgAl-CO3 and NiAl-CO3specimens are shown in Fig. 9a. The spectrum of the 

Fig. 7  SEM images of NiMgAl-CO3 (a, c) and NiAl-CO3 (b, d) with a, b: non-calcined phases and c, d: 
calcined phases

Fig. 8  TEM images of NiMgAl-CO3 (a, c) and NiAl-CO3 (b, d) with a, b: non-calcined phases and c, d: 
calcined phases
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two non-calcined samples exhibits typical features of the non-calcined hydrotalcite 
phases non-calcined already reported in the literature [33]. Table 4 summarizes the 
different vibration bands before and after calcination of the solids NiMgAl-CO3 and 
NiAl-CO3.

After calcination, the decrease in the all intensities of the different bands was 
observed owing to the treatment thermal at 450 °C: dehydration, de-hydroxylation 
and decarbonation (Fig.  5b, Table  4). It notices the presence of vibration bands 
at 1380   cm−1 characteristic to the carbonates. These are the trace amounts of the 
remaining carbonates which are called «residual carbonates» and they are responsi-
ble for memory effect, specific properties of hydrotalcites materials calcined at tem-
perature ≤ 450 °C [1, 34]. This result is in good agreement with the XRD data.

Raman assignment peaks (Fig.  10) of synthesized materials showed the same 
behavior to HDL phases structure described in literature reports [35] (Fig.  10). 
Broad stretching vibrations assigned at 3400–3600  cm−1 are attributed to OH vibra-
tions of physisorbed water molecules. Stretching vibrations modes at 2447 and 
2441  cm−1 for both solids NiMgAl-CO3 and NiAl-CO3, respectively, are associated 
with vibrations of OH units with metal. Raman bands at 1650  cm−1 for NiAl-CO3 
and 1654   cm−1for NiMgAl-CO3 are ascribed to inter-lamellar water deformation 
mode. The bands at 671  cm−1 (NiAl-CO3) and 702  cm−1 (NiMgAl-CO3) are desig-
nated to the γ4CO3 in the interlayer. The others bands (545, 404 and 364  cm−1) for 
NiAl-CO3 and (553, 450, 396, and 348  cm−1) for NiMgAl-CO3 are considered to the 
linkage Al–O–Al, Al–O–Ni in the two solids NiMgAl-CO3 and NiAl-CO3 in addi-
tion Al–O–Mg in the sample NiMgAl-CO3.

Catalytic testing results

Isopropanol is a test molecule often used to detect acid–base features of materials 
and especially of catalysts. The transformation of isopropanol can lead to essential 
products such as acetone, propylene and in a lower degree di-isopropyl ether. The 
production of acetone by isopropanol dehydrogenation is related to the presence 

Fig. 9  Infrared spectra of a non-calcined and b calcined samples NiMgAl-CO3-c and NiAl-CO3-c
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of basic sites, whereas the formation of propylene occurs via acid sites (Fig.  2). 
The results of isopropanol conversion, selectivity into acetone and propylene were 
investigated at different temperatures over the two catalysts NiMgAl-CO3-c and 
NiAl-CO3-c and the results are depicted in Fig. 11.

According to the experimental results, both catalysts show a good catalytic activ-
ity for the isopropanol decomposition with different acid–base, redox properties 
depending on the composition of the samples NiAl-HTc and NiMgAl-HTc and sup-
port the presence of Mg in NiAl-HT matrix. Without minimizing the role of Ni in 
the catalytic properties of hydrotalcites especially for methane reforming process 
(dry reforming, vapor-reforming and oxidation) [1, 36, 37], it must be emphasized 
that NiMgAl-HTc exhibits a greater catalytic activity despite its lower amount of Ni 
relative to NiAl-HTc. Interestingly, NiAl-HTc also presents basic properties. Ace-
tone is the major product for NiAl-HTc and NiMgAl-HTc catalysts; however the last 
formulation favors this product owing to the presence of  Mg2+ cation. This result is 
consistent with previous investigations of Abdelsadek et al. [29], who reported that 
the higher concentration of basic sites in NiMgAl hydrotalcite samples enhanced the 
catalytic activity.

The first observation is that the hydrotalcite phases exhibited a notable catalytic 
activity with respect to the reaction of the decomposition of isopropanol even at low 
reaction temperature compared to other materials like spinel ferrites which are only 
active beyond 200 °C [38]. The conversion of isopropanol in both formulations is 
influenced by the rise in the temperature of reaction. The increase in the reaction 
temperature results in an increase in the transformation of isopropanol to reach at 
250 °C the maximum conversion. The isopropanol conversion for the sample NiM-
gAl-CO3-c resulted higher than that for the binary NiAl-CO3-c. For instance, the 
conversion of isopropanol at 175  °C reaches 93% and 85% for NiMgAl-CO3 and 
NiAl-CO3catalysts, respectively. This result reveals that the decomposition of iso-
propanol is more active over NiMgAl-CO3catalyst.

At higher conversion rate, it is generally no longer the kinetic factors that influ-
ence the distribution of the reaction products and it becomes very difficult to give a 
precise meaning to the observed selectivity. The trends can only be established by 
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Fig. 10  Raman spectra of non-calcined (NiMgAl-CO3and NiAl-CO3) and calcined samples (NiM-
gAl-CO3-cand NiAl-CO3-c)
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extrapolation of the results obtained at low conversion rate and it is for this purpose 
that the reaction has been studied at temperatures lower than or equal to 250 °C.

The isopropanol transformation on NiMgAl-CO3 and NiAl-CO3 catalysts lead to 
only acetone and propylene, whereas di-isopropyl ether was not detected. Acetone, 
product of the dehydration reaction of isopropanol, needs the presence of basic 
sites, while propylene product is formed by the dehydration reaction in the pres-
ence of acid sites. The literature results indicate that the dehydration of the alcohol 
to acetone is able of revealing the basic character of the catalysts. However, this last 
point is still controversial, because the acetone formation can also involve an oxida-
tion–reduction mechanism, particularly at low temperatures [21, 39]. The activity of 
the isopropanol transformation shows that the acetone formation increases with the 
rise of the temperature reaction and it is favored by the presence of Mg in the HDL 
structure (NiMgAl-CO3-c).

Role of Mg and Al in the hydrotalcite‑derived catalysts

According to the literature, a study about vanadium oxides supported on hydrotalcite 
type (V/MgAl, with different amounts of Mg (1.00, 0.89 and 0.50) was tested for 
isopropanol transformation reaction. It showed that the sample with the largest con-
tent of Mg produced mainly acetone due to the presence of basic sites. Conversely, 
the catalyst with the largest amount of Al (i.e., V/Mg0.50Al) enhanced the forma-
tion of propylene due to the presence of acid sites. Vanadium also contributed to the 
generation of further acid sites in the catalysts, thereby increasing the conversion of 
isopropanol to propylene [21].

Hydrotalcites with different (Al/Al + Mg) ratios and prepared at different tem-
peratures were also investigated in the isopropanol decomposition [22]. When the 
decomposition of isopropanol was carried out over calcined sample (450 °C, 18 h), 
both acetone and propylene were observed. These results indicate that the calcined 
hydrotalcites exhibit both acid and basic sites [40]. Moreover, calcined hydrotal-
cites have basic sites capable of catalyzing consecutive reactions of acetone such as 
aldolic condensation and hydrogen transfer. It must be remarked that on the MgO 
prepared catalysts only acetone was detected as reaction product, and no further 
reaction of the primarily formed acetone was observed.

Furthermore, the presence of Mg almost inhibits the formation of propylene 
regardless of temperature. In addition, the existence of Al promotes a great forma-
tion of propylene due to the creation of new acid sites attributed to the substitution 
of  Mg2+ by  Al3+. A study of the catalytic conversion of the isopropanol reported that 
V-MgxAl catalyst with larger amount of Mg generated high selectivity of acetone. 
The greatest activity in the production of acetone in V-Mg1.0Al catalyst is attributed 
to the presence of magnesium (basic sites). The same solid with large amount of Al 

Fig. 11  Isopropanol catalytic decomposition on NiAl-CO3-c and NiMgAl-CO3-c at different reac-
tion temperatures. a Isopropanol conversion, b acetone selectivity and c propylene selectivity (the tests 
were conducted at atmospheric pressure and the saturating vapor of the gaseous propan2-ol reagent 
 (P0 = 4 mmHg) is obtained by bubbling nitrogen (380 mmHg) in liquid propan2-ol placed in a saturator 
immersed in an ice bath)

▸
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(i.e., V-Mg0.5Al) presented more selectivity to propylene due to the presence of a 
larger number of acid sites [1].

From the structural point of view, the number of defects, and therefore the num-
ber of strong basic sites, in the lattice of MgO should be expected to increase (or 
decrease?) when increasing the amount of  Al2O3. On the other hand, an increase in 
Al should increase the average electronegativity of the solid and thus decreasing the 
average electronic density of the lattice oxygen since Al is more electronegative than 
Mg. After calcination, XRD analysis showed the presence of NiO, MgO and  Al2O3 
for NiMgAl-HTc and NiO and  Al2O3 for NiAl-HTc. Since the solids were calcined 
at temperature (450 °C) higher than the temperature of reaction (150–250 °C), we 
suggest and expect no change in textural and structural properties during catalytic 
reaction. According to these factors, the changes in the catalytic activity of the cata-
lysts would be due to the presence of different acid–base and redox properties. In our 
case NiMgAl-HT and NiAl-HT present different structural and textural properties 
due to the introduction of Mg into NiAl-HT matrix. They show different catalytic 
activity and acid–base properties during the catalytic decomposition of isopropanol.

At low reaction temperature (i.e., 150  °C) the NiAl-CO3-c catalyst shows acid 
sites owing to the main propylene formation. The selectivity to propylene reaches 
approx. 75%.

Acetone is the only major product obtained for the two catalysts but by increasing 
the reaction temperature, an evolution of basic sites appeared on the surface of this 
sample to favor the acetone production so that the selectivity to acetone is 25.2% at 
150 °C and increases up to 91% at 250 °C, respectively.

Table 5 (or Fig. 12) shows the selectivity ratio (R) between acetone and propyl-
ene: (R = Acetone selectivity

Propylene selectivity
 ) for the samples and at different temperatures of the 

reaction.
Except for NiAl-CO3-c catalyst at 150  °C in, the selectivity ratio (R) resulted 

higher than 1 in both formulations (i.e., NiMgAl-CO3 and NiAl-CO3). Note that the 
ratio R is more important for NiMgAl-CO3, this result reveals clearly that the ace-
tone is the predominant product owing to the significant basic properties of the sam-
ple NiMgAl-CO3-c. The difference in catalytic activity between NiMgAl-CO3-c and 
NiAl-CO3-c is related to textural and structural properties of the two solids since the 
crystallite size of NiO changes with the catalyst formulation (Table 5).

According to the literature [29, 36], NiMgAl-derived hydrotalcite catalyst shows 
higher activity than NiAl catalyst in the hydrogen generation via dry reforming 
of methane [20], an opposite trend was observed for CoMgAl and CoAl catalysts 

Table 5  Selectivity ratio to acetone and propylene with structural parameters in the presence of the sam-
ples NiMgAl-CO3-c and NiAl-CO3-c catalysts

Catalyst XRD phases Crystallites 
size (Å)

Surface 
area  (m2/g)

R =
Acetone selectivity

Propylene selectivity

T (°C) 150 175 200 250

NiMgAl-CO3-c NiO, MgO 25.22 169 – 2.09 10.23 10.00 12.91
NiAl-CO3-c NiO 35 117 – 0.33 1.02 2.93 9.98
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derived from hydrotalcite [41]. In this work, NiMgAl-CO3-c also presents the best 
and high catalytic activity in the isopropanol decomposition reaction and acetone 
production owing to its high surface area and a smaller crystallite size. This finding 
is due to the presence of Mg in the HDL phases which leads to increase in specific 
area with dispersive effect, formation of small species and favor strength of basic 
sites. The results showed a good correlation between the catalytic activity and the 
presence of basic sites created by the presence of Mg in the matrix NiAl, the interac-
tion between MgO and  Al2O3 promotes the formation of suitable basic sites.

The basicity of HDL non-calcined phases is attributed to Bronsted basic sites of 
 HO− hydroxide group located on the HDL network with weak strength. On the other 
hand, in the case of the mixed oxides MgAl-O, the strong basic sites, are Lewis type 
(i.e.,  O2− and  M2+-O2), without excluding the hydroxyl species, whose absorption 
bands have been observed on the infra-red spectra of the solid calcined at 450 °C.

Conclusions

Two catalysts derived from hydrotalcite (i.e., NiMgAl-CO3-c and NiAl-CO3-c) were 
successfully prepared by coprecipitation method at pH basic constant (pH 11). After 
their calcination at 450 °C for 6 h, only single oxides were present in the samples. 
The characterization of fresh and calcined HDL phases using different methods 
of physical–chemical analysis, such as SAA, TGA/DTA, XRD, SEM, FTIR and 
RAMAN exhibited the features of HDL phases. The catalysts were tested for the 
isopropanol decomposition reaction at different reaction temperatures (150, 175, 
200, and 250 °C). The solid NiMgAl-CO3-c demonstrated the best catalytic activity 
due to the presence of magnesium in the HDL phases structure. The incorporation 
of Mg into the HDL structure enhances the structural and textural properties so that 
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a high surface area with a small crystallite size is obtained and strong basic sites are 
created over NiMgAl-CO3-c. To summarize, the study of the catalytic activity of 
isopropanol transformation showed that the catalytic performances and basic prop-
erties vary according to the following order: NiMgAl-CO3-c > NiAl-CO3-c.
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