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Abstract

Hydrotalcite (HT) type materials with different Cu:Mg:Al ratios were prepared. The samples were calcined at 450 8C and when the layered

structure was destroyed mixed oxides were formed. Such oxides were reduced under a flow of hydrogen gas at 300 8C and their catalytic

activity in dehydrogenation of 2-octanol was studied. High conversion and selectivity towards 2-octanone was observed. The samples without

copper showed low conversion, but it increased with the copper content. The characterization of both precursors and reduced catalysts was

carried out by XRD, XPS and diffuse reflectance. In the calcined samples, the XPS analysis detected Cu2+ in a CuAl2O4 spinel-like

environment as well as CuO, while the reduced samples contained Cu0 and copper ions, such as Cu2+ and Cu+. Diffuse reflectance showed that

the copper was present in two forms, the perfect and distorted octahedra. In the Al–Cu–Mg system, the copper was present in a cluster-like or

bulk-like species, excepting the samples having a copper excess, where a spinel-like species was detected. By XRD, a greater structural

ordering was observed in the samples containing a ratio Cu2+/Mg2+ � 1 (Cu < 50% keeping in mind only cations M2+) and in those having a

ratio (M3+/M3+ + M2+) approximately equal to 0.25; in this case other species were not detected.
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1. Introduction

Layered double hydroxides (LDH) or hydrotalcite-like

compounds (HLC) have recently received much attention

[1] in view of their potential usefulness as adsorbents, anion

exchangers, and most importantly as basic catalysts [2–6].

These compounds are represented by the formula

(M(1 � x)
2+Mx

3+(OH)2)x+(Ax/n
n�mH2O)x�, where the diva-

lent ion may be Mg2+, Cu2+, Zn2+, Ni2+, and the trivalent ion

Al3+, Fe3+, Cr3+. The compensating anions may be CO3
2�,

OH�, SO4
2�, NO3

�, Cl�, and x can have values between

0.25 and 0.33 [7]. It is an alternating layered structure with

positively charged brucite-like layers (M2+M3+(OH)),
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where M2+ cations are substituted by M3+ cations and

interlayers contain the charge balancing anions and water

molecules.

Numerous studies on the physico-chemical properties

and thermal stability of various LDH have been reported [8–

11]. Upon thermal decomposition, a highly active homo-

geneous mixed oxide is obtained from these materials at

about 450 8C, which is potentially a basic catalyst for a

variety of organic transformations, such as aldol condensa-

tions [12,13], epoxidation of limonene [14], alkylation of

phenol [15], epoxidation of activated olefins with hydrogen

peroxide [16], catalytic transfer hydrogenation of citral [17],

partial oxidation of methane to synthesis gas [18], oxidative

methanol reforming [19,20].

The aldehydes of 8–13 atoms of carbon are used in the

perfumery industry [21], specifically the 2-octanone is used

in perfumes and colognes in low concentrations and in
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artificial citric oils. The classic method to oxidize primary

alcohols uses chromic acid as the agent oxidizer, generating a

great quantity of polluting effluent. For a better protection of

the environment, it is desirable to find solid bases which

would substitute liquid catalysts and would also show all the

advantages of heterogeneous catalysis, i.e. ease of separation

of the products, decreased corrosion of the reactor, and

possible regeneration of the catalyst. Some aldehydes used in

perfumery are obtained by dehydrogenation of the corre-

sponding alcohol in gas phase [22]. LDH or HLC constitute a

special class of inorganic materials, which have aroused a lot

of interest in the last years, particularly for use in the reaction

of catalytic dehydrogenation of alcohols [3,23]. The copper

incorporation in the LDH showed interesting results in the

conversion and selectivity of the reaction under study.

In this work, the influence of copper on the structural and

catalytic properties of the samples was studied. The

precursors, the mixed oxides and the samples reduced have

been characterized by different physico-chemical methods,

such as X-ray powdered diffraction (XRD), infrared (FT-

IR), X-ray photoelectron spectroscopy (XPS), diffuse

reflectance UV–vis (DR), thermogravimetric analysis

(TGA), differential thermal analysis (DTA) and determina-

tion of specific surface area.

The catalytic performance of the mixed oxides obtained

at 450 8C and reduced with hydrogen at 300 8C in

dehydrogenation of 2-octanol is also reported.
2. Experimental

2.1. Samples preparation

Samples have been prepared [24], changing the M2+/Al3+

and the Cu2+/Mg2+ molar ratios, in order to assess the effect

of these variables on the properties of the HLC and their

calcination products.

The synthesis procedure was as follows: two solutions

were prepared, A and B. The aqueous solutions of

Mg(NO3)2�6H2O, Cu(NO3)2�3H2O and Al(NO3)3�9H2O

(solution A) (1.5 mol), while the solution B, were prepared

dissolving 0.1 mol Na2CO3 and 0.33 NaOH in 150 ml

distilled water. Then, both solutions were added simulta-

neously to 50 ml of water (60 ml/h). The addition was

carried out at room temperature and the light-green
Table 1

Chemical composition of the LDH studied

LDH M2+ Al3+/Al3+ + M2+

HT0 Mg 0.25

HT38 Cu–Mg 0.14

HT47 Cu–Mg 0.25

HT60 Cu–Mg 0.18

HT80 Cu–Mg 0.25

HT100 Cu 0.25
suspension was continuously stirred magnetically, while

pH was maintained at a value of 10 � 0.2. The precipitate

was aged in the mother liquor for 4 h at room temperature,

and then it was separated by centrifugation at 2800 rpm; the

solid was washed with bidistilled water until pH 7, and then

was dried overnight at 90 8C in the open air. The solids were

finally calcined in static air at 450 8C for 9 h. Hard bluish-

green solids were obtained.

2.2. Sample characterization

The XRD powder patterns were collected on a Rigaku

diffractometer, using monochromatized Cu Ka radiation

(l = 1.54 Å) at a scan speed of 1/4 min in 2u and interfaced

to a DACO-MP data acquisition microprocessor provided

with Diffract/AT software. Thermogravimetric analysis

was carried out on an Setaram instrumentation apparatus.

Samples (ca. 30 mg) were loaded and heated under a flow of

synthetic air and at a heating rate of 10 8C/min to 600 8C.

Diffuse reflectance UV–vis-near infrared spectra were

obtained using a spectrophotometer Shimadzu 8100 and

BaSO4 as reference. X-ray photoelectron spectroscopy

(XPS) analyses were carried out using a Physical

Electronics PHI 5700 spectrometer with a non-monochro-

matic Mg Ka radiation (300 W, 15 kV, 1253.6 eV) as the

excitation source. High-resolution spectra were recorded in

the constant pass energy mode at 29.35 eV, using a 720 mm

diameter analysis area. Under these conditions, the Au 4f7/2

line was recorded with 1.16 eV FWHM at a binding energy

of 84.0 eV. The spectrometer energy scale was calibrated

using Cu 2p3/2, Ag 3d5/2 and Au 4f7/2 photoelectron lines at

932.7, 368.3 and 84.0 eV, respectively. Charge referencing

was done against adventitious carbon (C 1s, 284.8 eV). The

pressure in the analysis chamber was maintained lower than

5 � 10�6 Pa. PHI ACCESS ESCA-V6.0 F software

package was used for acquisition and data analysis. A

Shirley-type background was subtracted from the signals.

Specific surface area was determined by the BET method,

which was recorded on a Micromeritics ASAP 2000

instrument. The precursors were degassed at 200 8C and the

calcined materials at 390 8C, both for 50 min. The Fourier

transform-infrared spectra (FT-IR) of the samples were

recorded on a Jasco FT/IR 5300 apparatus, with a nominal

resolution of 4 cm�1 and 16 scans; the sample was pressed

in KBr pellets.
M2+/Al3+ Cu2+/Mg2+ % Cu (only M2+)

3.00 – 0

6.14 0.71 38.4

3.00 0.90 47.3

4.55 1.33 60.1

3.00 3.91 79.7

3.00 – 100
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Fig. 1. XRD patterns for different LDH.
2.3. Catalytic activity

Catalytic runs were performed in a home-made system

formed by a tubular glass flow reactor (10 mm external

diameter). The temperature of the reactor was measured by a

thermocouple placed in the middle of the catalyst bed. The

reactions were conducted at atmospheric pressure and

reaction temperatures at 300 8C. The LDH was calcined at

450 8C for 9 h and before the start of the experiment the

samples were reduced under a flow of hydrogen gas at

300 8C for 2 h. The reagent was 2-octanol (Anedra, 97%)

and was introduced in the reactor through a positive

displacement pump (W/F = 21.2 g h/mol). Liquid products

were condensed and samples were taken each 30 min up to

arrive to a time on stream of 240 min. The reaction mixture

was analyzed by a Hewlett-Packard 5890 gas chromato-

graphy equipped with a DB-1 (J&W Scientific) column and

TCD detector.
3. Results and discussion

3.1. Chemical composition

Table 1 gives the composition of the LDH studied. As can

be seen, the (Al3+/Al3+ + M2+), Cu2+/Mg2+ molar ratio and

% Cu (keeping in mind only cations M2+) were changing.

3.2. X-ray diffraction

For X-rays diffraction, in all cases the hydrotalcite phase

was detected, including the sample without magnesium

(HT100). Fig. 1 compares the XRD patterns for three LDH

prepared with different (Al3+/Al3+ + M2+) and Cu2+/Mg2+

molar ratio. As can be seen, the three precursors possess the

typical structure with stacked layers similar to those found

by Reichle et al. [25], although in the HT60 phase malachite

and in the HT38 another non-identified phases was observed.

This coincides with the variation in the relationship M2+/

Al3+. In the HT60 and HT38, the relationship M2+/Al3+ is

above to three, with excess of Cu2+ in the first case and of

Mg2+ in the second. On the other hand, and for a given series

of samples, sharpness of the peaks (directly related to

crystallinity) decreases as the relative content of Cu in the

sample increases.
Table 2

Different species detected by DRX in the precursor and in the calcined samples

LDH Species precursors c

HT0 HT 22.86

HT38 HT + non-identified phase 22.95

HT47 HT 22.68

HT60 HT + Ma 22.71

HT100 HT 22.71

HT, hydrotalcite; Ma, malachite.
The lattice parameters for the samples studied have been

included in Table 2. Parameter a has been calculated as twice

the spacing of the peak corresponding to diffraction by

planes (1 1 0) [1], while parameter c is calculated from the

position of the first, intense, basal, peak (plane 0 0 3 if

hexagonal packing is assumed) and c = 3d(0 0 3).

The d-spacing for planes (0 0 3) for a hexagonal packing

is in the range of 7.56–7.65 Å for all samples. Assuming a

value of 4.8 Å for the width of a brucite layer [26], the

interlayer space is 2.76–2.85 Å.

Magnesium/copper substitution in the brucite-like layers

does not give rise to deep changes in the a parameter, as the

ionic radii of both cations are rather similar (0.86 Å for Mg2+

and 0.87 Å for Cu2+ in octahedral coordination), and thus the

a parameter is in the range of 3.06–3.08 Å for all samples.

Heating the precursors at 450 8C destroyed the layered

structure and a MgO and CuO phase were observed. Table 2

shows the different species detected by XRD in the

precursors as in the samples after calcined. After the

reduction, it was observed that in all cases the Cu2+ change

to Cu0, except in the HT60 where Cu+ and Cu0 were detected.

3.3. UV–vis diffuse reflectance (DR) spectroscopy

In Fig. 2, the spectra of the uncalcined and calcined HT100

(LDH CuAl) are shown. The UV–vis DR spectra of the

uncalcined sample show two main bands; one between 260

and 400 nm and an other around 700 nm together with a

shoulder. Both bands were typical copper–aluminum

samples. The band around 240 nm can be attributed to
a Species calcined samples SBET (m2/g)

3.06 MgO 217

3.07 CuO–MgO 120

3.06 CuO–MgO 156

3.08 CuO–traces of MgO 125

3.08 CuO 35



M. Crivello et al. / Catalysis Today 107–108 (2005) 215–222218

Fig. 2. UV–vis diffuse reflectance spectra of uncalcined and calcined LDH

CuAl.

Fig. 3. UV–vis diffuse reflectance spectra of LDH CuMgAl with different

Cu2+/Mg2+ molar ratio.

Table 3

Relative concentration of the surface evaluated by XPS, in calcined and

reduced samples

LDH Treatment (Cu/Mg)at (Cu/Al)at (Cu/Mg + Al)at

HT60 Calcined at 450 8C 0.80 1.32 0.50

HT38 Calcined at 450 8C 0.79 1.72 0.54

HT47 Calcined at 450 8C 0.65 0.75 0.34

HT60 Reduced at 300 8C 0.36 0.53 0.21

HT38 Reduced at 300 8C 0.39 0.51 0.22

HT47 Reduced at 300 8C 1.15 0.99 0.53
the O2� ! Cu2+ ligand to metal charge transfer transition.

The band at 680 nm can be attributed to the transition of

Cu2+ ions in the distorted octahedron [27] and the shoulder

that appears at 838 nm is attributed to the transition of the

Cu2+ in symmetry octahedral.

The UV–vis DR spectra of the calcined sample presents

only one a band around 260 nm that is characteristic of

copper–aluminum samples and has been attributed to the
2Eg ! 2T2g spin-allowed transition of Cu2+ ions in the

distorted octahedral environment with a spinel-type structure.

The UV–vis DR spectra of the uncalcined sample LDH

CuMgAl with different Cu2+/Mg2+ molar ratio were shown

in Fig. 3. These samples exhibit a band around 700 nm

which can be attributed to transition of Cu2+ in the distorted

octahedron. When comparing this band in the three spectra,

it is observed that it is plane in the case of the HT60 and

lightly displaced to a shorter length of wave, which would

indicate a bigger distortion of the octahedron. In this case,

the relationship Cu2+/Mg2+ is of 1.33 (excess of Cu2+). The

shoulder that is present at 838 nm is attributed to the

transition of the Cu2+ in symmetry octahedral (smaller in

HT60). The band at 260 nm, displaced in the HT60 toward a

greater length of wave, is due to a O2� ! Cu2+ charge

transfer process. The band around 330 nm (as shoulder in

HT60) is attributed to the increment of the lateral interaction

of the ions Cu2+ with Al3+ [28].

The UV–vis DR spectra of the calcined sample (Fig. 3)

exhibit a broad band between 300 and 350 nm together with

a shoulder superimposed on the band between 600 and

800 nm. These bands are attributed to the charge transfer

involving Cu2+–O2�–Cu2+ species, possibly cluster-like or

bulk-like species. The exception is present in the HT60

where a great band is observed around 280 nm and a plane

band with two shoulders at 368 and 838 nm, characteristic of

the aluminium–copper samples. These bands have been

attributed to the 2Eg ! 2T2g spin-allowed the transition of

Cu2+.
3.4. XPS analysis

The nature of the species active present on the surface is

important for establishing the properties of the catalyst. To

this purpose, the XPS analysis has been done in order to

obtain information about the surface composition of the Cu–

Mg–Al mixed oxides derived from hydrotalcite-like

samples. The relative concentration at the surface has been

evaluated by XPS in both calcined and H2-reduced samples.

The surface Cu/M (M = Mg, Al) atomic ratios, summarized

in Table 3, have been calculated from peak areas,

considering photoelectron cross sections and mean free

paths. There is overlapping of both Cu 3s–Al 2s and Cu 3p–

Al 2p core levels. Due to the overlapping of Cu 3p and Al 2p

core level peaks, a deconvolution of both contributions was
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Fig. 4. Central level Cu 2p3/2 of the calcined HT60 sample and two

deconvolution components.
carried out to quantitatively determine the Al 2p peak

intensity. The largest copper concentration at the surface is

observed in the HT38 calcined sample. The decrease of the

Cu/Mg and Cu/Al intensity ratio in H2-reduced HT60 and

HT38 samples clearly indicates a lack of copper dispersion as

a consequence of Cu particle formation from the phase

where Cu2+ is dispersed on oxide. When the relationship

M2+/Al3+ = 3 and Cu2+/Mg2+ < 1, the biggest concentration

of superficial copper is observed.

Figs. 4 and 5 show the Cu 2p3/2 peaks of the HT60

calcined and hydrogen reduced samples, respectively. From

these spectra it is evident that the line profile changes

drastically after hydrogen reduction at 300 8C. The calcined

sample presents the principal Cu 2p3/2 peak around 934 eV,

which is characteristic of Cu2+ species [29], when

referenced to the C 1s core level at 285.0 eV. An additional

means of identifying Cu2+ ions is the satellite line of the

principal, whose origin is complex and has been explained as

due to electron shake-up processes [30], final state effects

[31], and charge transfer mechanisms. Such peaks have been

deconvoluted into two contributions centered around 932.5

and 934.2 eV. The latter peak can be attributed to Cu2+ in a

CuAl2O4 spinel-like environment, whereas the peak at
Fig. 5. Central level Cu 2p3/2 of the reduced HT60 sample.
932.5 eV is attributed to Cu2+ in CuO. When the peak of

oxygen was deconvoluted, a single peak was shown around

531 eV which is attributed to oxides, except in the HT60

where another species are detected (possibly spinel-like).

Fig. 5 shows the spectra of HT60 H2-reduced sample. As

in the other analyzed cases, the almost total disappearance of

the satellite peak and the simultaneous shift of the principal

Cu 2p3/2 peak towards lower binding energy upon H2

reduction at 300 8C, show that after reduction, the copper

species are Cu+, Cu0 and some Cu2+.

3.5. Thermal analyses (TGA and DTA)

Thermal properties of the sample have been assessed by

DTA and TGA. These studies were carried out in air. The

curves recorded for samples HT60, HT38 and HT47 are shown

in Fig. 6. Several peaks were observed, the first at

approximately to 200 8C, due to the loss of water, showing

in this case two minima, at an approximate temperature of

180 8C (HT60 and HT38) when the relationship was M2+/

M3+ > 3 and at 210 8C when the relationship was M2+/

M3+ = 3 (HT47). The third at 400 8C is generally attributed to

the removal of water (from the layer hydroxyl groups) and of

carbon dioxide (from interlayer carbonate anions). It can be

observed that in HT38 (excess of Mg2+) this peak is more

marked that in the other LDH and in HT60 (excess of Cu2+),

this peak is very weak. In all cases, a peak at 300 8C was

detected, this can be due to the formation of amorphous

alumina species that is not detected by XRD.
Fig. 6. Differential thermal analysis and thermogravimetry curves of Cu–

Mg–Al samples HT47, HT38 and HT60.



M. Crivello et al. / Catalysis Today 107–108 (2005) 215–222220

Fig. 7. FT-IR spectrum of samples with different content of copper: (a)

HT47, (b) HT60, (c) HT38 and (d) HT100.

Fig. 8. FT-IR spectrum of sample HT60: (a) uncalcined, (b) calcined and (c)

reduced.

In the case of the analyses of TGA, two consecutive weight

losses are recorded, as expected for hydrotalcite-like com-

pounds with vaporizable interlayer anions. The first weight

loss between 50 and 200 8C can be attributed to the removal of

interlayer water and the liberation of the molecular water

located in the galleries of the LDH. The second in the range of

250–430 8C, is attributed to the removal of water and carbon

dioxide and give place to the formation of metallic oxides.

3.6. FT-IR spectroscopy

Further evidence of the characterization of the samples

prepared has been obtained from the FT-IR spectra of the

samples. These are very similar in all cases, except in the

HT100, and the main features arise in the interlayer anion and

in the water molecules. The spectrum for samples HT100,

HT60, HT38 and HT47 are given in Fig. 7. The main

absorption at about 3450 cm�1 (part not shown in this figure)

is due to the OH stretching mode of hydroxyl groups, both in

the interlayer water molecules and in the hydroxyls in the

layers. The extended absorption in the low wavenumbers

side of this band has been recorded in some cases as a broad

shoulder around 3100–3050 cm�1 and it has been ascribed

[32] to water molecules hydrogen-bonded to interlayer

carbonate anions. The rather weak absorption at 1637 cm�1

(except in HT100) is due to the deformation mode of

interlayer water molecules. The band at 1369 cm�1, with a

shoulder at 1496 cm�1 (this shoulder is not observed in

HT47), is due to mode n3 of carbonate species. Although, this

is a single vibration, triply degenerated mode, it splits into

two bands due to a lowering in the local symmetry of the

carbonate anion in the interlayer space, because of

electrostatic interaction either with the positively charged

layers, or with the water molecules. The extremely weak

shoulder at 1061 cm�1 (not observed in same samples) is

due to the n1 mode of carbonate which, although originally

forbidden for the D3h symmetry of the free ion, becomes
activated upon a reduction in its symmetry, probably by

hydrogen bonding to interlayer water molecules and layer

OH groups. Finally, the bands recorded at 852, 790, 634 and

436 cm�1 (very weak in HT100) are due to lattice vibrations

involving the layer cations (Mg2+, Cu2+, and Al3+).

The spectra of the HT60 uncalcined, calcined and reduced

sample is shown in Fig. 8. The spectra of calcined and

reduced samples showed only strong absorptions in the low

wavenumbers range, due to lattice metal–oxygen vibrations,

and weak absorptions due to surface weakly adsorbed water

molecules.

3.7. Measurement of specific surface areas

The specific surface area was determined by the BET

method. The values obtained are summarized in Table 2.

This shows that the biggest area was obtained in the HT47

(good relationship), while in the sample without magnesium

the area was of 35 m2/g.

3.8. Catalytic activity

Catalytic activity of samples calcined at 450 8C and

hydrogen reduced at 300 8C was assessed in dehydrogenation

of 2-octanol to 2-octanona, in some samples octenes and

water were observed. The results obtained are summarized in

Figs. 9 and 10. Several differences were found in the nature of

the catalyst and its catalytic performance. As a general trend,

although the sample without copper has low conversions, it

increases with the copper content while that the presence of

small percentages of magnesium gives the catalyst stability.

The highest conversions were observed in samples with

percentages of copper over and above 50%. Fig. 9 shows the

variation of conversions and selectivity as a function of the

copper content (the percentage was calculated keeping in
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Fig. 9. Variation of the conversion and selectivity in relation to the copper

content. Conversion (~) and selectivity (*).

Fig. 10. Conversion vs. time on stream using catalysts with different

content of magnesium. HT100 (&), HT38 (x), HT47 (~) and HT60 (^).
mind only the cations 2+). The selectivity to 2-octanona

slightly increases with the increase in the copper content.

Fig. 10 shows the conversion versus time on stream using

catalysts with different percentages of magnesium in its

structure. As shown, initially the conversion was similar in

all cases and remained unalterable, except in those samples

without magnesium (HT100), where the conversion falls

abruptly after a short time of use. In the samples HT38 and

HT47, the conversion decrease only a 15%. The sample that

presented higher stability was the HT60.
4. Conclusions

Hydrotalcite-like materials containing Cu2+ and Mg2+

cations in the layers, together with Al3+, and carbonate in the

interlayer, have been prepared by a coprecipitation method,

with different Cu/Mg/Al molar ratios.
These solids are transformed to mixed oxides when

calcined at 450 8C, the layered structure being completely

destroyed. The removal of water and carbon dioxide leads to

an increase in the specific surface area of the solids; this

value is related to the content of magnesium in the samples.

For diffraction of X-rays, in all cases the hydrotalcite

phase was detected, including in the sample without

magnesium. When the samples were calcined at 450 8C,

MgO and CuO phase were observed.

In respect of the structure it was determined that, in the

uncalcined samples the copper forms a perfect octahedron or

a distorted octahedron. This distortion increases with the

increase of copper in the sample. In calcined samples, two

different species were detected, depending on the copper

content in the sample. In the samples with a smaller quantity

of copper, clusters-like or bulk-like species were detected,

while in samples with a high content, the ions Cu2+ in a

distorted octahedron environment of the aluminum surface

with a spinel-type structure were detected.

The presence of the signal at 934.2 eV, observed by

analysis of XPS, attributed to Cu2+ in environment spinel-

type structure (CuAl2O4), justifies the appearance of Cu+

and Cu2+ in the reduced samples, since the copper that is in

this structure is more difficult to reduce.

The synthesized catalysts show a high conversion and

selectivity toward 2-octanona decreasing abruptly in the

case of those catalysts without magnesium. The catalytic

activity can also be attributed to the copper content in each

sample, the best catalytic activities were presented in those

whose percentage in copper was superior to 50%. It can be

proposed that the presence of small percentages of

magnesium contributes to a significant extent to the

dispersion of entities of oxidized copper at the surface of

the calcined samples.
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[24] O. Clause, M. Gonçalves Coelho, M. Gazzana, D. Mateuzzi, F.

Triffiro, A. Vaccari, Appl. Clay Sci. 8 (1993) 169.

[25] W. Reichle, S. Kang, D. Everhardt, J. Catal. 101 (1986) 352.
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