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Abstract In this study, MgNiAl mixed oxides derived

from layered double hydroxide precursors were prepared

by pH-controlled co-precipitation. Three samples were

prepared with a (Mg2? ? Ni2?)/Al3? ratio of 2 and a Ni2?/

Mg2? with ratios of 0.22, 0.47, and 4.05. The structural,

textural and redox features of the oxides were investigated

by a variety of techniques, including X-ray diffraction,

transmission electron microscopy, N2 physisorption, and

temperature-programmed reduction. The acid and base

properties were assessed by NH3 and CO2 adsorption

microcalorimetry, respectively. The acid–base features

were also investigated by testing the catalytic behaviors of

the oxides for the conversion of 4-methylpentan-2-ol under

both mild and stressed conditions. The reactant alcohol can

undergo dehydration into 4-methylpent-1-ene, 4-methyl-

pent-2-ene, and skeletal isomers of C6-alkenes, as well as

dehydrogenation to 4-methylpentan-2-one and higher

ketones, the product selectivity being governed by the

concentration and strength of the acid and base sites.

Comparison between the calorimetric and test reaction

results is discussed.
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Introduction

Hydrotalcites (LDHs) belong to the class of natural and

synthetic anionic clays [1]. The hydrotalcite structure, with

formula Mg6Al2(OH)16CO3�4H2O, resembles that of

brucite, Mg(OH)2. In brucite, magnesium cations are

octahedrally coordinated by hydroxyl ions, giving rise to

edge-shared layers of octahedra. In LDH materials, part of

the Mg2? ions are replaced by Al3? ions, resulting in

positively charged cation layers. Charge-balancing anions

(usually CO3
2-) and water molecules are situated in the

interlayers between the stacked brucite-like cation layers

[1, 2]. LDHs have attracted much attention in recent years

as catalyst precursors. The thermal decomposition of these

materials [3, 4] gives rise to mixed oxides composition and

resistance to sintering of which make them interesting as

industrial catalysts [1].

By the isomorphous substitution of Mg and Al cations of

the LDHs with appropriate di- and trivalent cations, the

acid–base properties of the ex-hydrotalcite oxides, as well

as their redox properties, may be tailored, with the aim of

obtaining bifunctional catalysts with a unique combination

of such properties [5]. The basic character of ex-hydro-

talcite oxides, usually assessed by temperature-pro-

grammed desorption (TPD) of carbon dioxide, is often

invoked for explaining their catalytic activity in many

reactions [6–8]. The drawback of such an approach is

twofold: (i) it neglects any possible role of the acid sites,

which might be simultaneously involved in the reaction

mechanism; (ii) it relies on a technique which, though easy

to use and straightforward to interpret on a qualitative

basis, is unable to describe quantitatively the energetics of

the interaction between the surface site and the probe

molecule. Adsorption microcalorimetry is a direct, reliable

technique for the investigation of the acid–base features of
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Complesso Universitario Monserrato, s.s. 554, Bivio Sestu,

09042 Monserrato, CA, Italy

e-mail: dmeloni@unica.it

123

J Therm Anal Calorim (2012) 108:783–791

DOI 10.1007/s10973-011-2031-6



solids [9–13]. By the simultaneous assessment of the

adsorbed amount of a suitable probe molecule and the

heat evolved at increasing coverage, the energetic features

of surface sites can be pictured by processing the overall

set of combined volumetric and calorimetric data. It is

well known [14] that the catalytic conversion of alcohols

is very sensitive to the acid–base properties of surfaces,

and the conversions of propan-2-ol [15], butan-1-ol [16],

and 2-methyl-3-butyn-2-ol [17] have been proposed as

test reactions for the assessment of such features. In the

case of propan-2-ol, the dehydration selectivity to propene

and its dehydrogenation selectivity to acetone are directly

traced back to the acidic and basic features, respectively,

of the catalyst, but no information on the strength of the

surface sites can be obtained. This point is addressed in

[16], where the butan-1-ol dehydration to but-1-ene and

dibutylether was correlated to the presence of acid sites of

intermediate strength, whereas but-1-ene isomerization to

cis-but-2-ene and trans-but-2-ene required strong and very

strong acid sites. By using 2-methyl-3-butyn-2-ol the

presence of acid sites (on which dehydration to 3-methyl-

3-buten-1-yne and 3-methyl-2-buten-1-al occurs), basic

sites (on which decomposition to acetone and acetylene

takes place), and acid–base pairs (which catalyze

3-methyl-3-buten-2-one and 3-hydroxy-3-methyl-2-buta-

none formation) can be revealed, but the strenght of the

sites remains unexplored. In comparison, the use of

4-metylpentan-2-ol as the reactant alcohol seems to be

able to provide a wealth of information, because both the

number and strength of the acid and base sites are respon-

sible for the possible occurrences of (i) two competing

reactions, namely, dehydration to the corresponding 1- and

2-alkenes and dehydrogenation to 4-methylpentan-2-one,

(ii) three different reaction mechanisms for the dehydra-

tion reaction, namely E1, E2, and E1cB, (iii) consecutive

isomerization and condensation reactions involving the

alkenes and the ketones, respectively. The conversion of

4-metylpentan-2-ol has been widely investigated in the

present authors’ laboratory [18–29] with the practical aim

of screening active and selective catalysts for the trans-

formation of 4-metylpentan-2-ol into 4-methylpent-1-

ene, starting material for the manufacture of polymers

of superior technological properties. It was found by

adsorption microcalorimetry of ammonia and CO2 that the

selectivity to the diverse products can be governed by the

fine tuning of the number and strength of the acid and

base sites. Based on this, monitoring of the products

distribution of the 4-methylpentan-2-ol transformation

seems a useful tool for determining the acid–base prop-

erties of solids. This method has been used, in association

with adsorption microcalorimetry, for the study of diverse

oxides [30] and, more recently, for the investigation of

LDH-derived materials [31, 32].

The present article is a further contribution to the char-

acterization of ex-hydrotalcite mixed oxides by the

combined use of adsorption microcalorimetry and 4-meth-

ylpentan-2-ol reaction. Three hydrotalcite samples were

prepared by pH-controlled co-precipitation with a

(Mg2? ? Ni2?)/Al3? ratio of 2 and a Ni2?/Mg2? ratios of

0.22, 0.47, and 4.05. The LDH materials were characterized

by X-ray diffraction (XRD) and transmission electron mi-

croscoy (TEM), to check their structural features. Through a

calcination step, the hydrotalcite samples were converted

into mixed oxides, which, after XRD and nitrogen physi-

sorption characterization, were studied by ammonia and

carbon dioxide adsorption microcalorimetry, as well as by

catalytic testing for 4-methylpentan-2-ol conversion in

long-lasting runs under both mild and stressed conditions.

Perturbation of the products distribution should be expected

if the redox features of the catalyst, possibly stemming from

the presence of Ni in the mixed oxides, were also involved

in the 4-methylpentan-2-ol conversion. Actually, the con-

version of alcohols into carbonyl compounds, such as

aldehydes [33] and ketones [34] at low temperatures, has

been reported in the case of Cu-based catalysts. To address

this point, the redox properties of the LDH-derived mixed

oxides were also investigated by the temperature-pro-

grammed reduction (TPR) technique.

Experimental

Materials

4-Methylpentan-2-ol (analytical grade) and nitric acid

(HNO3, 63%) were provided by Fluka. Magnesium nitrate

(Mg(NO3)2�6H2O), nickel nitrate (Ni(NO3)�6H2O), alu-

minum nitrate (Al(NO3)3�9H2O), potassium carbonate

(99.99%), and sodium hydroxide (analytic grade) were

supplied by Sigma-Aldrich. Ammonia (99.9%) and carbon

dioxide (99.9%) were purchased from Air Liquide.

LDHs and mixed oxides preparation

The LDH precursors with different Mg/Ni/Al molar ratios

were prepared by pH-controlled co-precipitation, under

low supersaturation, of the corresponding metal nitrate

salts. The synthesis was carried out keeping constant the

M2?/M3? ratio equal to 2 (where M2? = Mg2?, Ni2?, and

M3?= Al3?), while the relative proportions of Mg and Ni

were variable. In a typical synthesis, an aqueous solution of

the metal nitrates with a total cation concentration of 1.5 M

and an aqueous basic solution (used as a pH controlling

agent), containing 0.8 M of Na2CO3 and 1.6 M of NaOH,

were simultaneously introduced by two dosing pumps in a

flask fitted with a pH electrode and containing a small
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amount of deionized water. The suspension was vigorously

stirred at 308 K and maintained at constant pH of 9 by

adjusting the relative flow rates of the two solutions. After

complete addition of the metal salts, the final suspension

was aged under stirring at 308 K for 16 h. The resulting

solid was recovered by filtration, washed with deionized

water, and dried overnight at 313 K. Three samples were

prepared and labeled as LDH(0.22), LDH(0.47), and

LDH(4.05), where the figures within parenthesis indicate

the Ni2?/Mg2? molar ratio. The corresponding mixed

oxides, denoted as MgNiAl(0.22), MgNiAl(0.47), and

MgNiAl(4.05), were obtained from the LDH samples by

calcination in oven at 723 K for 6 h (heating rate

3 K min-1).

Characterization techniques

The Mg, Ni, and Al contents were determined by induc-

tively coupled plasma atomic emission spectrometry (ICP-

AES) analysis by using a LIBERTY 200–VARIAN

instrument. Samples (50 mg) were treated with 10 cm3 of a

nitric acid solution (1 M) at room temperature and diluted

to 250 cm3.

XRD patterns were recorded with a 0.100� step

on a Seifert diffractometer using Cu-Ka radiation

(k = 1.5406 Å).

TEM images were obtained on a JEOL 200 CX micro-

scope equipped with a tungsten cathod operating at

200 kV. The sample was dispersed in n-octane by sonica-

tion, dropped on a carbon-coated copper grid and dried for

observation.

Textural analyses were performed using a Thermofinn-

igan Sorptomatic 1990 apparatus by determing the nitrogen

adsorption/desorption isotherms at 77 K. Before the anal-

ysis, the samples were pretreated overnight at 673 K under

vacuum (10-3 Pa). Specific surface areas and pore volumes

were determined by the BET method. Pore–size distribu-

tion plots were obtained from the desorption branch of each

isotherm by the BJH method.

Temperature-programmed reduction (TPR) analysis was

carried out in a Prolab TPD/R/O 1100 instrument. After

activation of the sample (50 mg) under air (15 cm3 min-1)

at 723 K (10 K min-1) for 6 h and cooling to room tem-

perature, TPR runs were performed between 303 and

1073 K (20 K min-1) in a stream of 5 vol% H2 in N2

(30 cm3 min-1). The H2 consumption was evaluated by

monitoring the flowing carrier gas through a hot-wire

detector (HWD). A 3A molecular sieve trap was used to

remove water.

A Tian-Calvet heat flow calorimeter (Setaram) equipped

with a volumetric vacuum line was used for microcalori-

metric measurements. After calcination in air at 723 K for

6 h, each sample (100 mg) was pre-treated overnight at

673 K under vacuum (10-3 Pa) before adsorption.

Adsorption was carried out at 353 K by admitting suc-

cessive doses of probe molecule (ammonia or carbon

dioxide) and recording the thermal effect. The run was

stopped at a final pressure of 133.3 Pa.

Catalytic runs

4-Methylpentan-2-ol conversion was carried out at atmo-

spheric pressure in a fixed-bed flow microreactor. To avoid

thermal conversion of the reactant, a quartz microreactor

was used, and all the stainless steel lines to and from the

reactor were passivated by immersion of pipes into hot

diluted HNO3 for 2 h, followed by thorough washing and

drying, before assembling the catalytic equipment. Test

runs were also performed in the empty reactor, showing a

conversion below 0.5%. After activation in situ (12 h at

723 K under CO2-free air flow), 4-methylpentan-2-ol was

fed into the reactor (mass of catalyst, mcat = 0.1 g)

with an N2 stream (alcohol partial pressure, po, alcool =

18.4 kPa). The reaction was carried out for 8 h under

both mild (473 K and contact time, s = 0.01 gcat h galcohol
-1 )

and stressed conditions (623 K, contact time, s =

0.52 gcat h galcohol
-1 ).

The reaction mixture was analyzed by online gas chro-

matography using a fused silica capillary column (Petrocol

from Supelco, 50 m length, 0.20 mm i.d., 0.50 lm film

thickness). Product separation was carried out using the

following analysis program: Tinitial = 323 K for 15 min,

heating rate 10 K min-1, Tfinal = 473 K for 10 min. The

identification of the reaction products (4-methylpent-1-ene

(1-Alk), 4-methylpent-2-ene, cis and trans (2-Alk), skeletal

isomers of C6-alkenes (i-C6), 4-methylpentan-2-one (K),

and heavy ketones (HK)) was checked by GC/MS.

Results and discussion

Structural and textural characterization of LDHs

and MgNiAl mixed oxides

The XRD patterns of the LDH samples (not shown for

brevity) were typical of the hydrotalcite structure, with

intense sharp and symmetric peaks at 2h = 11.55�
(hkl: 003), 23.35� (hkl: 006), 60.23� (hkl: 110) and 61.55�
(hkl: 113), and broad and asymmetric peaks at 2h = 34.57�
(hkl: 102), 39.17� (hkl: 105) and 46.77� (hkl: 108) [31]. No

excess phase was detected, suggesting that the Ni2? cations

have isomorphously substituted the Mg cations in the hy-

drotalcite structure [31, 35]. From the position of the most

intense peaks with crystallographic indices (003) and

(110), the lattice distances d003 and d110 can be used to

calculate the two lattice parameters a and c, where
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a (2 9 d110) corresponds to the cation–cation distance

within the brucite-like layer, while c (3 9 d003) is related

to the total thickness of the brucite-like layer and the

interlayer distance. The value of parameter a is very sen-

sitive to the nature (ionic radii) of the layer cations, while

the value of parameter c strongly depends on the nature and

orientation of the interlayer anion. For the present samples,

the calculated a and c values are: 3.012 and 22.162 Å for

LDH(0.22); 3.039 and 22.046 Å for LDH(0.47); 3.051 and

22.918 Å for LDH(4.05). These values are close to those

reported in the literature for this type of material [6, 31].

Expectedly, the parameter a increases with the degree of

substitution of Mg2? ions (ionic radius 0.65 Å) by Ni2?

ions (ionic radius 0.69 Å). Since there is the same anion

(carbonate) for all the LDH samples, the variations

observed in the c parameter can be ascribed, as suggested

in the literature [35], to differences in the hydratation

extent.

TEM images for the LDH(4.05) sample are shown in

Fig. 1. The characteristic filament-like morphology of the

hydrotalcite materials is clearly visible (Fig. 1a), with fil-

ament lengths up to 200 nm. At higher magnification, in

the dark field mode (Fig. 1b), the material appears com-

posed of very small crystals (ca. 3 nm). The electron dif-

fraction pattern (Fig. 1c) confirms the hydrotalcite phase.

The typical reflections of the hydrotalcite structure were

no longer visible in the XRD patterns of the materials

obtained upon calcining the LDH samples at 723 K (not

shown). Broad peaks were visible at 63.2, 43.6, and 36.1�
for MgNiAl(0.22); 63.2, 43.5, and 36.3� for MgNiAl(0.47);

63.5, 43.8, and 37.3� for MgNiAl(4.05). Based on the PDF

cards for MgO(78-0430) and NiO(45-0946), and taking

into account the composition of the samples, the patterns

for the low-Ni content samples could be reasonably

assigned to a poorly crystallized MgO-dominated cubic

phase, whereas the reflections in the MgNiAl(4.05) pattern,

which appear slightly shifted toward higher angles, could

be assigned to a poorly crystallized NiO-dominated cubic

phase.

The nitrogen adsorption–desorption isotherms of the

mixed oxides (not shown for brevity) were of type IV

(IUPAC classification [36]), characteristic of mesoporous

solids, with a H3-type hysteresis loop, which is typical of

slit-shaped pores. The calculated values of BET surface

area and pore volume were 154 m2 g-1 and 0.38 cm3 g-1

for MgNiAl(0.22); 359 m2 g-1 and 0.67 cm3 g-1 for

MgNiAl(0.47); 282 m2 g-1 and 0.54 cm3 g-1 for MgNiAl

(4.05). Pore-size distribution plots (not shown) exhibited an

unimodal pore distribution centered at 3.8 nm.

The TPR profile of MgNiAl(4.05) is reported in Fig. 2.

It shows a sharp peak at 713 K, which merges into a very

large one centered around 823 K. The only reducible

species present in the sample is Ni2?, so that the hydrogen

consumption during the run is related to its transformation

into Ni metal. The TPR profile hence suggests that Ni2? is

present in the sample in (at least) two different environ-

ments. The detailed discussion of the this point is, however,

beyond the scope of the present study. The aim of the TPR

runs was to check whether the redox features of the oxides

could play some role in the catalysis of 4-methylpentan-2-

ol conversion. As the reduction of the Ni2? species sets in

well above the highest temperature used for catalytic

testing (623 K), any contribution from a redox mechanism

to the catalytic activity can be ruled out.

Fig. 1 TEM images for

LDH(4.05) hydrotalcite: bright

field mode (a), dark field mode

(b), and electron diffraction

pattern (c)
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Microcalorimetric investigation of the mixed oxides

The calorimetric results for all the samples are summarized

in Figs. 3, 4, 5, and 6 for NH3 and CO2 adsorption. The

differential heat of adsorption, Qdiff, is plotted versus the

ammonia uptake in Fig. 3. The initial Qdiff values are 189,

166, and 121 kJ mol-1 for MgNiAl(4.05), MgNiAl(0.47),

and MgNiAl(0.22), respectively, which reveals the pres-

ence of strong acid sites. For all the samples, the differ-

ential heat decreases as the ammonia uptake increases, thus

indicating heterogeneity of the sites. At high coverage

values, physisorption can take place, and its contribution to

the ammonia uptake should be neglected in the assessment

of the acid site concentration, nA. Typically, the heat

released during physisorption is twice as large as the

condensation heat [37], which, in the case of ammonia at

353 K is 20.2 kJ mol-1 [38]. Accordingly, the fraction of

ammonia uptake in Fig. 3 corresponding to differential

heats below 40 kJ mol-1 was ascribed to physical

adsorption and was neglected in calculating the acid site

concentration. The obtained nA values are 448, 637, and

146 lmol g-1 for MgNiAl(4.05), MgNiAl(0.47), and

MgNiAl(0.22), respectively.

The Qdiff versus ammonia uptake profiles can be used to

obtain the site-energy distribution plots. These are shown

in Fig. 4, where the negative inverse of the first derivative

of the differential heat with respect to nA (-dnA/dQdiff) is

plotted versus nA for the mixed oxide samples. The ap-

perance of peaks in the site-energy distribution plots

reveals that sets of homogenous sites, i.e., interacting with

the probe with similar strength, are present on the surface.

The higher the area under the peak, the higher the popu-

lation of the corresponding family of sites. Accordingly,
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the two peaks visible in the plot for MgNiAl(0.47) corre-

spond to two sets of homogeneous sites, whose strength of

which is around 55 and 120 kJ mol-1, respectively. One

family of homogeneous sites is present on MgNiAl(4.05)

(peak at 50 kJ mol-1). The lack of peaks in the site-energy

distribution plot for MgNiAl(0.22) indicates continuous

heterogeneity of the sites on this sample.

The differential heat for CO2 adsorption is plotted ver-

sus the uptake in Fig. 5. Strong basic sites are present on all

the samples, as indicated by the initial Qdiff values: 191,

207, and 154 kJ mol-1 for MgNiAl(4.05), MgNiAl(0.47),

and MgNiAl(0.22), respectively. Heterogeneity of the

samples is revealed by the decreasing trend of Qdiff with

increasing the CO2 uptake. The concentrations of basic

sites, nB, are calculated from the total CO2 uptake by

neglecting the fraction corresponding to differential heats

below 27 kJ mol-1 (twice the condensation heat of CO2 at

353 K [37]) are 206, 388, and 7 lmol g-1 for MgNiAl

(4.05), MgNiAl(0.47), and MgNiAl(0.22), respectively.

The site-energy distribution plot for carbon dioxide

adsorption is shown in Fig. 6. A large peak, centered at

150 kJ mol-1, is visible in the plot for MgNiAl(0.47),

which points out to the presence of a large set of homo-

geneous, strong basic sites. The same family of sites is also

present on the surface of MgNiAl(4.05), but its population

is remarkably lower. Continuous heterogeneity of the sites

is observed on MgNiAl(0.22).

4-Methylpentan-2-ol conversion

The transformation of 4-methylpentan-2-ol to the mixed

oxides under mild conditions (T = 473 K and s = 0.01

gcat h galcohol
-1 ) gave only dehydration products, namely,

4-methylpent-1-ene (1-Alk), cis and trans 4-methylpent-2-

ene (2-Alk), skeletal isomers of C6-alkenes (i-C6). The

conversion level was about 23 mol% for all the samples,

and no catalyst aging was observed over 8 h on-stream.

The selectivity results showed that, whatever the sample,

skeletal isomers of C6-alkenes (68–65 mol%) and

4-methylpent-2-ene (27–23 mol%) were by far predomi-

nant over 4-methylpent-1-ene (9–7 mol%).

The first step of secondary alcohol transformation over

metal oxide catalysts is the adsorption of the reactant on

the surface. The adsorbed alcohol species can be converted

through a two-step mechanism involving intermediate

carbocation formation (E1), a concerted pathway (E2) or

through carbanion formation mechanism (E1cB) [14].

These mechanisms should be regarded as limiting cases,

since intermediate situations can occur. In the E1 mecha-

nism, Saytzeff orientation, leading to alkenes with the

double bond in internal position, is expected. Also in

the E2 mechanism Saytzeff products would prevail over

the alkene with the double bond in terminal position. By
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converse, the E1cB mechanism would lead to the Hofmann

product, i.e., the 1-alkene. Both the E1cB and E2 mecha-

nisms would require a balanced number of basic and acid

sites, in order that a two-point adsorption of the reactant alcol

can set in through the interaction of a basic site with the H

atom of the methyl group and of an acid site with the O atom

of the hydroxy group. If the strength of the basic sites is

higher than that of the acid ones, then the E1cB mechanism,

i.e., the rupture of the C–H bond first, followed by carbanion

formation and OH release to give the 1-alkene, should occur.

If the basic and acid sites are of comparable strength, then the

E2 mechanism, i.e., the simultaneous breaking of the C–H

and C–OH bonds, would take place, leading to the 2-alkene.

When the the acid site concentration is high compared to that

of the basic sites, the E1 mechanism occurs: it is initiated by

the attack of an acid site on the OH group of the reactant

alcohol, followed by the formation of a carbocation, which

releases a proton to give the corresponding alkene with

internal double bond. If strong acid sites are present, then

skeletal isomers of C6-alkenes should also be formed, owing

to alkyl shift in the carbocation.

The formation of the Saytzeff product, which undergoes

consecutive isomerization to a remarkable extent, suggests

that the E1 mechanism is operating on the MgNiAl mixed

oxides, which in turn indicates that (i) the acid sites prevail

on the basic ones, and (ii) acid sites strong enough to

isomerize the 2-alkene are present. It is worthy to note that

the possible occurrence of the E2 mechanism can be ruled

out on the basis of calorimetric data: the calculated

values of the nB:nA ratio are 0.05, 0.61, and 0.46 for

MgNiAl(0.22), MgNiAl(0.47), and MgNiAl(4.05), respec-

tively, which means that the concentrations of basic and

acid sites are so imbalanced that the two-point adsorption

cannot set in. For the same reason, also the establishing of

the E1cB mechanism is hindered, which is in agreement

with the observed very low selectivity to the Hofmann

product. It is also interesting to note that the fraction of

acid sites stronger than 80 kJ mol-1 (reasons for such limit

stem from previous findings [18–29]), nA[80:nA, is 0.40 for

MgNiAl(0.22), 0.47 for NiMgAl(0.47), and 0.50 for

NiAlMg(4.05), which is consistent with the occurrence of

the 2-alkene isomerization.

The 4-methylpentan-2-ol conversion over the mixed

oxides under stressed conditions (T = 623 K and s =

0.52 gcat h galcohol
-1 ) gave dehydration products as well as

dehydrogenation products, namely, 4-methylpentan-2-one

(K) and heavy ketones (HK). The initial conversion was ca.

95 mol% for NiMgAl(0.22), with a decrease to ca.

80 mol% after 8 h on-stream, and ca. 100 mol% for both

NiMgAl(0.47) and NiMgAl(4.05); a decrease to ca.

95 mol% was observed on the former, whereas no signif-

icant deactivation was observed on the latter. The selec-

tivity trends with time-on-stream are shown in Fig. 7.

Remarkable differences can be observed between NiM-

gAl(0.22) on the one side and NiMgAl(0.47) and NiM-

gAl(4.05) on the other. Dehydration is the main reaction

occurring on NiMgAl(0.22), the highest selectivity being

that to 2-alkene (41-44 mol%, over 8 h on-stream), fol-

lowed by that to 1-alkene (20–22 mol%), and that to i-C6

(18–19 mol%). Dehydrogenation to 4-methylpentan-2-

one also occurred to some extent (ketone selectivity

= 15–20 mol%). By converse, the selectivity to dehydra-

tion products is negligible on MgNiAl(0.47): it can be

regarded as a powerful dehydrogenation catalyst, over

which the primary product (4-methylpentan-2-one) under-

goes condensation reactions leading to higher ketones

(HK). Such secondary reactions are by far predominant

during the first period on-stream (SHK = 94–87 mol%);

from the third hour onward, and SHK starts decreasing and

4-methylpentan-2-one tends to become the major product.

Also MgNiAl(4.05) is virtually a dehydrogenation catalyst,

the selectivity to the dehydration products (1-Alk, 2-Alk

and i-C6) being very low. At variance with the case of
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Fig. 7 Selectivities to 1-Alk (filled square), 2-Alk (filled triangle),

i-C6 (filled diamond), K (asterisk), and HK (open circle) products

versus time-on-stream for MgNiAl(0.22) (a), MgNiAl(0.47) (b), and

MgNiAl(4.05) (c) mixed oxides, at 623 K and s = 0.52 g g-1 h-1
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MgNiAl(0.47), the extent of consecutive reactions involv-

ing the primary ketone is low, and the influence of time-on-

stream on SK and SHK rather limited.

It is generally assumed [14] that when the E1cB

mechanism is operating, there is a tendency for dehydro-

genation to occur to some extent: the ketone formation

would stem from the elimination of a hydride ion (instead

of OH-) from the carbanionic species. For catalysts with a

concentration of the basic sites higher than that of the acid

ones, the E1cB mechanism is unlikely, and dehydrogena-

tion can occur through another mechanism, as suggested in

[39, 40] on the basis of quantum chemical calculation and

confirmed for a variety of metal oxides in [30]. In this

mechanism, the reactant alcohol is adsorbed on the basic

sites by means of a hydrogen bond, the Ca–O bond being

strengthened and the Ca–H bond weakened by localization

of the negative charge on Ha; Ca–H bond rupture can then

occur, the Ha being abstracted by interaction with a posi-

tively polarized H atom of the surface (originating from the

previously split O–H group of the alcohol). A key

requirement is that the basic sites strength is high enough.

From the selectivity values to the different alkenes

(Fig. 7), it is apparent that neither the E1 nor the E2 and E1cB

mechanisms take place to a significant extent on

MgNiAl(0.47) and MgNiAl(4.05). This leads us to conclude

that for these oxides (i) the concentration of the basic sites

prevails over that of the acid sites, and (ii) the strength of the

basic sites is high. The basic function seems particularly high

for MgNiAl(0.47), as suggested by the remarkable occur-

rence of basic-catalyzed condensation reactions leading to

higher ketones. The decrease of SHK with time-on-stream

observed for this oxide is reasonably related to the deacti-

vation of the stronger sites, on which the condensation

products remain strongly adsorbed. At first sight, the above-

outlined conclusions, drawn from the catalytic runs under

stressed conditions, seem to be at variance with the calori-

metric results, which indicate that acid sites prevail over the

basic ones (nB:nA ratios = 0.61 and 0.46 for MgNiAl(0.47)

and MgNiAl(4.05), respectively). It could be reasoned,

however, that at the high reaction temperature of the catalytic

run, only the stronger sites would be involved in the reaction,

the weak ones being unable to significantly interact with the

reactant alcohol. Though no detailed discussion can be

attempted, a clue to which sites might participate in the

reaction can be obtained from the site-energy distribution

plots. A large family of strong basic sites (Qdiff in the range

110–150 kJ mol-1) is present on MgNiAl(0.47) (Fig. 6); in

this same region of strength, a family of acid sites is also

present on such oxide (Fig. 4). Assuming that only these two

sets of sites are strong enough to be involved in the reaction at

623 K, the ratio between the basic and acid sites,

nB(110–150):nA(110–150), should measure the relative amounts

of basic and acid sites, rather than the nB:nA ratio. For

MgNiAl(0.47), the calculated value of the nB(110–150):

nA(110–150) ratio is 2.0, i.e., among the sites that are able to

interact with the reactant alcohol, the basic sites are by far the

most abundant, which is consistent with the outcome of the

catalytic runs. The same holds for MgNiAl(4.05), for which

the nB(110–150):nA(110-150) ratio is 1.4. By converse, in the case

of MgNiAl(0.22), the acid sites are the most abundant among

the sites that are able to interact with the reactant alcohol at

high temperature (nB(110–150):nA(110–150) = 0.6), which is

consistent with the observed predominance of dehydration

over dehydrogenation over this oxide.

Conclusions

MgNiAl hydrotalcite materials, synthesized with a

(Ni2? ? Mg2?)/Al3? ratio of 2 and Ni2?/Mg2? ratios of

0.22, 0.47, and 4.05, thermally decompose at 723 K to

yield the corresponding mixed oxides, NiMgAl(x), where

x = Ni2?/Mg2? ratio. Such oxides have acid, basic, and

redox properties.

There is no contribution of the redox properties to the

catalytic activity of the oxides for the 4 methylpentan-2-ol

at both 473 and 623 K, due to the high ([673 K) Ni2?/Ni0

reduction temperature.

On the surface of all the oxides, the acid sites are

exposed at a higher concentration than the basic ones, as

indicated by both catalytic testing at 473 K (no dehydro-

genation activity observed, with E1 mechanism for dehy-

dration operating) and adsorption microcalorimetry (ratio

between the concentration of the CO2-interacting sites and

the concentration of the ammonia-interacting sites at 353 K

in the range 0.05–0.61).

At 623 K NiMgAl(0.47) and NiAlMg(4.05) behave as

dehydrogenating catalysts, as a consequence of the

involvement of strong basic sites in the reaction. The

4-methylpentan-2-ol conversion is mostly dehydration-

oriented on MgNiAl(0.22), on which the reaction is gov-

erned by acid sites (E1 mechanism). Not all the sites

titrated by ammonia and carbon dioxide in calorimetric

experiments at 353 K are able to interact with the reactant

alcohol at a temperature as high as 623 K. It is tentatively

proposed that the active sites are those of basic and acid

strengths in the 110–150 kJ mol-1 range.
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40. Nondek L, Sedlácek J. Mechanism of dehydrogenation of sec-

ondary alcohols on chromia. J Catal. 1975;40:34–9.

Characterization of the active sites 791

123


	Characterization of the active sites in MgNiAl mixed oxides by microcalorimetry and test reaction
	Abstract
	Introduction
	Experimental
	Materials
	LDHs and mixed oxides preparation
	Characterization techniques
	Catalytic runs

	Results and discussion
	Structural and textural characterization of LDHs and MgNiAl mixed oxides
	Microcalorimetric investigation of the mixed oxides
	4-Methylpentan-2-ol conversion

	Conclusions
	References


