
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Digital.CSIC
www.elsevier.com/locate/apcata

Applied Catalysis A: General 327 (2007) 1–12
Chromium–saponite clay catalysts: Preparation, characterization

and catalytic performance in propene oxidation

G. Mata a, R. Trujillano a, M.A. Vicente a,*, C. Belver b,
M. Fernández-Garcı́a b, S.A. Korili c, A. Gil c

a Departamento de Quı́mica Inorgánica, Universidad de Salamanca, Plaza de la Merced, s/n, E-37008 Salamanca, Spain
b Instituto de Catálisis y Petroleoquı́mica, C/ Marie Curie, 2, Campus de la Universidad Autónoma de Madrid, Cantoblanco, E-28049 Madrid, Spain

c Departamento de Quı́mica Aplicada, Edificio Los Acebos, Universidad Pública de Navarra, Campus de Arrosadı́a, E-31006 Pamplona, Spain

Received 14 February 2007; received in revised form 15 April 2007; accepted 16 April 2007

Available online 21 April 2007
Abstract
Chromium–saponite catalysts have been prepared by two synthesis procedures. The first method consisted in the intercalation of the saponite

with solutions containing aluminium and chromium oligomers with various molar ratios, while the second one consisted in the incipient wetness

impregnation of alumina-pillared saponite with several chromium salts, ammonium chromate, Cr(II) acetate and Cr(III) nitrate. Several techniques,

X-ray diffraction, nitrogen physisorption at �196 8C, thermogravimetric and differential thermal analysis, infrared and DR-UV–vis spectro-

scopies, temperature-programmed reduction and electron paramagnetic resonance spectroscopy at�196 8C, have been used to characterize and to

compare the properties of the materials synthesized. The results show that the solids obtained combine the layered structure of the clay and the

thermal stability given by the alumina pillars. The catalysts have been tested in the oxidation of propene, showing a catalytic behaviour according to

the Mars–van Krevelen mechanism, the performance not depending on the method in which chromium was incorporated to the clay.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Pillared interlayered clays (PILCs) are a very important

family of porous solids that has been developed in the last years.

The synthesis procedure includes three principal steps: (i) the

preparation of polyoxocations by hydrolysis of certain multi-

valent cations, which under appropriate conditions give rise to

cationic polymeric species, (ii) the formation of the intercalated

clays by ion exchange of the original charge-compensating

cations of swellable smectite clays by the polyoxocations

synthesized in step (i), and (iii) the formation of the pillared

clays by calcination of the intercalated clays to high

temperatures, at which the metastable polyoxocations are

transformed into stable oxi-hydroxidic phases, which act as

pillars that support the clay layers and maintain them separated.

The clay layers prevent aggregation of the metallic oxide
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clusters, yielding to very dispersed particles. The porous

structure of the pillared clays depends on the number and the

size of the pillars in the interlayer region [1–7].

Intercalation of chromium is particularly interesting, because

it can form well-defined polycations, such as a dimer

[Cr2(OH)2(H2O)8]4+, a trimer [Cr3(OH)4(H2O)9]5+, two tetra-

mers, an open one [Cr4(OH)6(H2O)11]6+ and a closed one

[Cr4(OH)5O(H2O)10]5+, or even a hexameric species [8–13].

These species coexist in Cr-speciation diagram with the

monomer [Cr(H2O)6]3+, and we may refer to all them with

the general term ‘‘Cr-polycations’’, although the last one

obviously is not a polymeric species. Aluminium can easily

be polymerised to form the well-known polycation [Al13O4

(OH)24(H2O)12]7+, in short Al13, very efficient for the intercala-

tion of clays [14–16]. Alumina-pillared clays are thus well-

known, easy to prepare and very stable [1–7]. The joint

hydrolysis of Al(III) and Cr(III) has as a result the incorporation

of two elements to the structure of the clay [17–20]. Co-

intercalation can be carried out in a relatively easy way by the

joint hydrolysis of the two elements, followed by the addition of
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the solution containing the polymerized cations to the clay.

Although it has been claimed that Cr3+ cations may be

incorporated in the hydrolysis to the structure of Al13 units

[20,21], no enough evidence of such mixed species has been

found, and each cation may form its own polymeric species.

Chromium is an interesting metal for catalytic applications

because of the variety of its oxidation states [22]. Chromium

catalysts have been used in several reactions with environmental

applications, such as the combustion of volatile organic

compounds (VOCs) [23,24] and Cl-VOCs [25], and DeNOx

reactions [26]. Only in a few cases these catalysts are based in

clay supports [24,27]. Natural clays are not as common catalyst

supports as alumina, silica, zeolites or carbon. The use of pillared

clays, because of their relatively long preparation procedure, is

justified if very specific catalysts are obtained [28,29].

In the present paper, the preparation, characterization and

catalytic behaviour of several chromia-saponite catalysts are

reported. The samples have been prepared by co-pillaring of

saponite with aluminium- and chromium-polycations, at

various Al/Cr ratios and by impregnation of alumina-pillared

saponite with various chromium precursors. The pillared

samples were evaluated as catalysts in the oxidation of propene,

chosen as a common hydrocarbon test in exhaust treatments

[30,31].

2. Experimental

2.1. Raw materials and preparation of the catalysts

The clay used in this work was a saponite from Yunclillos

(Toledo, Spain), kindly supplied by TOLSA (Madrid, Spain).

The raw material was purified by dispersion in water, careful

decantation and extraction of the fraction with particle size

smaller than 2 mm. The structural formula of purified saponite

on the basis of an unit cell, 22 oxygen atoms, based on the

chemical analysis given in Table 1, was found to be [Si7.348

Al0.652] [Al0.178 Mg5.369 Mn0.004 Fe0.154 Ti0.022] O20 (OH)4

[Ca0.096 Na0.066 Mg0.230 K0.081]. The cation exchange capacity

(CEC) was 0.99 mequiv/g, the basal spacing 13.8 Å and the

BET specific surface area 169 m2/g.

Saponite was intercalated with chromium, aluminium, and

solutions containing both elements. Intercalation with chro-

mium polycations was carried out following a procedure

described previously [32,33]. According to this procedure,
Table 1

Chemical analyses (wt.%) of the natural, pillared and impregnated solids, referred

Sample SiO2 Al2O3 Fe2O3 MnO M

Saponite 60.09 5.77 1.65 0.03 3

Al1.0 56.46 14.56 1.51 0.03 2

Al0.9Cr0.1 54.35 15.19 1.46 0.03 2

Al0.5Cr0.5 52.40 10.66 1.41 0.03 2

Al0.2Cr0.8 51.37 7.83 1.38 0.03 2

Cr1.0 49.90 5.08 1.42 0.03 2

Crac 51.67 13.58 1.45 0.03 2

Chromate 51.99 13.36 1.40 0.03 2

CrNit 51.90 13.57 1.41 0.03 2
30 mmol of CrCl3�6H2O (Aldrich, purissimum) were dissolved

in water, and hydrolysed with 1 mol/dm3 NaOH (Panreac,

purissimum), at a OH�/Cr3+ mole ratio equal to 2.0. The

solution thus obtained was aged for 72 h so that polymerisation

took place and then added to a previously prepared suspension

of saponite in water at a ratio of 5:0 mmolCr=gclay. The resulting

slurry was left under stirring for 72 h to favour cation exchange,

and then washed by dialysis until absence of chloride. The

intercalated solid was separated by centrifugation and dried at

70 8C for 16 h. Finally, it was heated at 1 8C/min up to 500 8C
in an oven and calcined for 2 h.

Intercalation with aluminium polycations was carried out by

a similar procedure [15,16]. First, AlCl3�6H2O (Panreac,

purissimum) was dissolved in water and hydrolysed with

1 mol/dm3 NaOH (Panreac, purissimum), at a OH�/Al3+ mole

ratio equal to 2.2. The resulting solution was left under vigorous

stirring for 24 h so that aluminium polycations (Al13) were

formed, and then added to a clay suspension, at a ratio of

5 mmolAl3þ=gclay. The slurry was aged under stirring for 24 h,

and then washed by dialysis until absence of chloride. The solid

was obtained by centrifugation, dried at 70 8C and calcined at

500 8C as the chromium intercalated clays.

For the preparation of the intercalating solutions containing

the two elements, the required amounts of AlCl3�6H2O and

CrCl3�6H2O were dissolved in water at three Al/Cr mole ratios,

specifically 0.9:0.1; 0.5:0.5 and 0.2:0.8. The three solutions

were hydrolysed with a NaOH solution having a concentration

of 1 mol/dm3 at (OH�/Al3+ + Cr3+) mole ratios of 2.2, 2.1 and

2.0, respectively. The rest of the preparation procedure was

similar to the ones already described for the pillared clays

containing only one metal [19].

The alumina-pillared solid, which may be considered as

reference pillared clay, was used as the support for the

preparation of the supported catalysts by incipient wetness

impregnation. The salts used for the impregnation were

ammonium chromate (NH4)2CrO4 (Aldrich 98%), chromium(II)

acetate monohydrate dimer [Cr(CH3COO)2�H2O]2 (Aldrich) and

chromium(III) nitrate nonahydrate Cr(NO3)3�9H2O, (Aldrich

99%), which are precursors containing chromium in various

oxidation states, that were dissolved in the minimum amount of

water, in acetone in the case of the acetate, not soluble in water,

and then added to the support. The resulting solids were dried and

calcined in the same way as the pillared solids. In all cases, the

final loading of the catalysts was 8 wt.% of Cr2O3.
to dry solids (0% water)

gO CaO Na2O K2O TiO2 Cr2O3

0.70 0.71 0.27 0.52 0.25 0.00

6.64 0.11 0.04 0.44 0.22 0.00

5.73 0.05 0.05 0.37 0.22 2.55

4.20 0.04 0.04 0.44 0.22 10.55

3.81 0.04 0.02 0.36 0.20 14.96

2.14 0.04 0.01 0.41 0.22 20.75

4.19 0.10 0.02 0.33 0.22 8.39

4.34 0.09 0.01 0.35 0.21 8.22

4.49 0.10 0.04 0.42 0.22 7.82



G. Mata et al. / Applied Catalysis A: General 327 (2007) 1–12 3
The intercalated-pillared solids are hereafter referred as

AlxCry, with x and y being the mole fraction of Al and Cr,

respectively. The clay-based solids are referred by the name of

the precursor used for impregnation, namely Crac, Chromate

and CrNit stand for the catalysts prepared starting from Cr(II)

acetate, ammonium chromate and Cr(III) nitrate, respectively.

In all cases, these references correspond to the dried samples;

the suffix ‘‘�500’’ is added to designate the calcined solids.

2.2. Characterization techniques

X-ray diffraction (XRD) patterns of the solids were obtained

over non-oriented powder samples, at a 2u range from 2 to 658,
scanned at 2 8/min. The instrument used was a Siemens D-500

diffractometer with filtered Cu Ka radiation operated at 40 kV

and 30 mA.

Elemental analysis of the solids was carried out by

inductively coupled plasma optical emission spectroscopy

(ICP OES) at Activation Laboratories Ltd., Ancaster, Ontario,

Canada.

Specific surface area and pore size distributions were

obtained by static adsorption of nitrogen (Air Liquide,

99.9992%) at �196 8C, using a static volumetric apparatus

(Micromeritics ASAP 2010 adsorption analyser). About 0.1 g

of sample was used for each experiment, previously outgassed

at a pressure lower than 6.67 Pa, first at room temperature for

6 h and then at 110 8C for 2 h.

Thermal studies were performed on Perkin-Elmer analysers,

TGA7 and DTA7 for thermogravimetric and differential

thermal analysis, respectively. All measurements were carried

out at a heating rate of 10 8C/min under a flow of 20 cm3/min of

air (Air Liquide, 99.999%) or nitrogen (Air Liquide,

99.9992%).

FT-IR spectra were recorded in the 350–4000 cm�1 region

on a Perkin-Elmer 1730 Infrared Fourier Transform Spectro-

meter. About 1 mg of sample and 300 mg of KBr (Panreac, for

IR spectroscopy) were used in the preparation of the pellets.

DR-UV–vis spectra were recorded in reflectance mode on a

Cary 5 spectrometer, with an optical length of 0.2 cm.

Temperature-programmed reduction (TPR) analyses were

carried out on a Micromeritics TPR/TPD 2900 instrument. About

40 mg of samplewere heated from room temperature to 900 8C at

10 8C/min, under a flow of 60 cm3/min of carrier gas (5% H2 in

Ar, Air Liquide). Hydrogen consumption was measured by a

thermal conductivity detector (TCD) and CuO (Merck, 99.99%)

was used as an external standard for area calibration. Water and

other compounds that may be formed during the precursor

decomposition and the metal reduction were retained in a cold

trap to avoid any interference with the measured signal.

The electron paramagnetic resonance (EPR) spectra were

recorded at �196 8C in a Bruker ER 200D spectrometer

calibrated with DPPH (diphenyl picryl hydrazide). The samples

were previously outgassed under vacuum conditions, ca.

26.6 � 10�3 Pa, for 1.5 h.

Catalytic tests were carried out in a fixed bed flow reactor.

The catalysts were sieved and the fraction between 125 and

250 mm was used in the catalytic experiments. The feed was
adjusted in order to evaluate the oxidant capacity of several

reaction mixtures, choosing respectively oxygen and nitrogen

oxides as oxidant agents. The propene concentration was

attuned to 0.1% C3H6 (1.86% C3H6 in Ar, Air Liquide)

mixing with 0.45% O2 (20% O2 in N2, Air Liquide) or 0.9%

NOx (98% NO + 1% NO2 + 0.5 N2O, Carburos Metálicos) in

argon (99.999%, Air Liquide), establishing a total flow of

200 cm3/min. The gas-hourly space velocity (GHSV) was

fixed to 19 000 h�1 after checking the optimum conditions to

compare the catalysts. Propene oxidation was studied from

200 to 500 8C, at intervals of 50 8C. In all cases, the samples

were raised to the measurement temperature with a

temperature rate of 5 8C/min and stabilized for 45 min prior

to analysis, in order to ensure steady-state conditions. The

reactants and products of the reaction were analysed by on-

line infrared spectroscopy with a Perkin-Elmer 1725X FTIR

spectrometer with a multiple reflection transmission cell

(Infrared Analysis Inc.).

3. Results and discussion

3.1. Characterization of the catalysts

The solid intercalated with aluminium shows the X-ray

diffractogram typical from alumina-pillared clays, see Fig. 1,

sample Al1.0. The basal spacing increases from 13.81 Å, in the

natural clay (diffractogram not shown), to 18.33 Å in the

intercalated solid. Also intercalation with aluminium–chromium

polycations produces a shift of the basal (0 0 1) reflection peak to

lower angles, indicating an increase in the basal spacing,

intercalation being effective in all the solids considered, see

Fig. 1. More differences are observed for the solids calcined at

500 8C, although all of them show a layered structure, solids

where aluminium is the only or the majority element are well-

ordered, while for solids where chromium is the only or the

majority element, their ordering in the c-dimension is rather low.

Literature data show that alumina-pillared clays are thermally

stable, particularly alumina-pillared saponites, for which

maintenance of the layered structure has been reported under

calcination up to 700 8C [34]. However, chromia-pillared clays

are thermally stable only up to 200 8C [19]. Thus, for alumina–

chromia-pillared clays, it is expected that alumina gives thermal

stability to the solids, while increasing amounts of chromia will

loss this stability. In XRD patterns, this effect may be observed as

a total disappearance of d0 0 1 reflection peak, or at least as a

strong decrease in its intensity, showing relative ordering due to

the regions where the layered structure may be maintained

by alumina pillars. This is the trend actually found; the solid

Al1.0-500 shows an intense d0 0 1 reflection at 18.48 Å, while the

solid Al0.9Cr0.1 displays this reflection, also as an intense peak, at

17.21 Å. In opposite, the solid Cr1.0-500 shows a wide band

between 10.05 and 12.92 Å. In the series where Cr is majority,

Cr2O3-eskolaite peaks are detected in the solids calcined at

500 8C.

As indicated before, the impregnated solids are prepared

by using the saponite pillared with Al13 polycations, sample

Al1.0-500, as support. The clay based solids maintain, in all



Fig. 1. XRD patterns of (a) intercalated and (b) pillared clays.
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cases, the layered structure of the support, see Fig. 2, although

with a loss in the ordering in the c-axis. When considering the

diffractograms of the solids after calcination, which are the final

catalysts, c-axis ordering is low, solids being mainly

delaminated. No peaks of chromium oxides neither oxihydr-

oxides are detected, this suggesting a high dispersion of the

chromium species on the surface of the support, forming

amorphous species or particles with size below the detection

limit of X-ray diffraction, which is particularly interesting

considering the relatively high amount of chromium used for

impregnation.

The chemical analysis of the pillared solids reflects the

fixation of aluminium and chromium during the intercalation
Fig. 2. XRD patterns of impregnated clay
process, together with the evolution of other elements of the

clay. The chemical composition of all the solids are given in

Table 1, for better comparison expressed as water-free

composition calculated considering the sum of the metallic

oxides as 100%. A strong decrease in the amount of Ca and Na

in the natural clay may be noticed, confirming that the

incorporation of aluminium and chromium is produced by a

cation exchange reaction between the polymeric cationic

species of these elements in solution and the exchangeable

cations in the interlayer region of saponite. The amount of

aluminium and chromium fixed varies almost linearly with the

molar ratio of the two elements in the intercalating solutions,

reaching high fixation amounts, mainly in the case of
s (a) before and (b) after calcination.



Table 2

Effect of the chemical treatments on the composition of the pillared solids

Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 Cr2O3

Saponite 60.09 5.77 1.65 0.03 30.70 0.71 0.27 0.52 0.25 0.00

Al1.0 60.09 15.50 1.61 0.03 28.35 0.12 0.04 0.47 0.24 0.00

Al0.9Cr0.1 60.09 16.80 1.61 0.03 28.45 0.05 0.05 0.41 0.25 2.81

Al0.5Cr0.5 60.09 12.23 1.62 0.03 27.76 0.04 0.04 0.51 0.25 12.10

Al0.2Cr0.8 60.09 9.16 1.61 0.03 27.86 0.04 0.03 0.42 0.24 17.50

Cr1.0 60.09 6.12 1.71 0.03 26.66 0.05 0.02 0.50 0.27 24.99

Composition of pillared solids is referred to the SiO2 content in the natural saponite. All compositions given in wt.% and referred to dry solids (0% water).
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chromium. Variations are also observed in the amount of other

elements, in some cases, these are only relative variations due to

the high amounts of aluminium and chromium incorporated to

the solids. In order to better compare these variations, all

compositions are referred in Table 2 to a reference value, the

amount of SiO2 in the natural saponite, 60.09%, being selected,

because silicium is not altered in the treatments here carried

out. When compositions are compared in this basis, it can be

observed that the amount of Al2O3 fixed varies between 3 and

11%, while the amount of Cr2O3 fixed varies between 3 and

25%. The amount of aluminium incorporated in the Al1.0 solid

is in good accordance with the amount expected for

compensating the CEC of the clay, assuming that this element

is majority forming Al13
7+ units [35,36]. However, in the case

of chromium, the amount fixed by the intercalated solids is

clearly higher than that necessary for compensating CEC

considering the polycationic species that this element can form.

It may thus be proposed that chromium forms other polymeric

species, or that a certain amount of this element is fixed in the

surface of the clay. It is clearly observed in the normalized

composition that the content of Mg decreases in the intercalated

solids. The high sensibility of saponite clay under acidic

conditions is well known, being Mg(II) in its octahedral

positions easily leached [37,38]. It may be taken into account

that the pH of the intercalating solutions is close to 4, and

although their leaching effect on the clay may be attenuated

because of the slightly alkaline character of the clay suspension,

it provokes an important dissolution of octahedral Mg, almost

25% of the total amount of this element in the most acidic

sample (Cr1.0), with the subsequent deleterious effect in the

layered ordering of the clays.

The formation of one or other of the polycations of

chromium cited above strongly depends on the Al/Cr ratio. As it

has been previously reported by our own group [19], the co-

hydrolysis of both elements takes place with a competition for

the hydroxyl groups added to the cation solutions. Al3+,

because of its higher acidity, polymerises first, and thus Cr3+

polymerisation strongly depends on the limited amount of

hydroxyl not employed for polymerisation of Al3+. This,

together with the amount of hydroxyl added, between 2.0 and

2.2 of OH/metal mole ratios, makes that higher is the ratio of

Al3+ in the solution, lower is the amount of hydroxyl available

for Cr3+ polymerisation and consequently, lower the degree of

polymerisation of this cation. This degree of polymerisation

can be easily followed by visible spectroscopy, by study of the

position and relative intensity of the two bands appearing
between 400 and 600 nm [8–13]. Under the conditions used in

this study, the trimeric species predominates in the solutions

with stoichiometry Cr1.0 and Al0.2Cr0.8, the dimer predominates

in the solution with stoichiometry Al0.5Cr0.5, and the monomer

in the solution Al0.9Cr0.1. The presence of these species in the

intercalating solutions is compatible with the basal spacing

observed by X-ray diffraction, when comparing the interlayer

distance with the height of the polycations calculated by

Volzone [33].

The chemical composition given in Table 1 shows that the

impregnated solids have Cr2O3 contents close to 8 wt.%, the

content targeted during the synthesis. The differences with

respect to this value are due to the degree of hydration of the

solids in each step of the synthesis.

The nitrogen adsorption–desorption isotherms of the solids

are shown in Figs. 3 and 4. As can be observed, a high amount

of nitrogen is adsorbed at low relative pressure. All the

isotherms are of type I + II from the IUPAC classification, with

a hysteresis loop type H3, behaviour characteristic of layered

materials with slit-like pores [39,40]. The structural parameters

calculated from these isotherms are given in Table 3. Specific

surface areas were obtained by the BET method, the external

surface area by the t-method, the total pore volume was

calculated from the amount of nitrogen adsorbed at a relative

pressure of 0.99, and the micropore size distributions by using

the Horvath–Kawazoe method [41].

First of all, it may be noticed that the specific surface area of

the natural saponite is rather high, clearly higher than the values

usually reported for natural smectites in general, and for

saponites in particular (30–50 m2/g). However, high BET

surface area values have been reported by several authors for

saponites in Madrid Basin, which has been attributed to the very

small particle size of these clays due to their sedimentary origin

[37,38,42]. Surface area shows the higher values for the solids

intercalated with solutions containing only one cation, Al3+ or

Cr3+, while solids derived from mixed solutions show lower

values, although the decrease is only remarkable for Al0.9Cr0.1

solid.

Thermal treatment at 500 8C affects the solids depending on

their composition. Thus, solids Al1.0-500, Al0.9Cr0.1-500 and

even Al0.5Cr0.5-500 maintain a high percentage of the surface

area of the corresponding counterparts before calcination,

between 81 and 93%. A loss of 42 and 37% of the surface area

of the intercalated solids is observed in the samples Al0.2Cr0.8

and Cr1.0, respectively. This is related, to a large extent, to the

thermal stability of the solids under calcination, as previously



Fig. 3. Nitrogen adsorption–desorption isotherms at �196 8C of (a) intercalated and (b) pillared clays.
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discussed when reporting their XRD data, the high collapse of

chromium-rich solids under calcination at 500 8C entails a

strong loss in surface area, while the maintenance of an ordered

layered structure in the aluminium-rich solids causes the

maintenance of most of surface area. Surface area always losses

because calcination at 500 8C entails the removal of water from

the polycationic species, thus provoking a decrease in the

length of pillaring unities, or even the collapse of the layered

structure observed by X-ray diffraction. The microporous

surface contributes in a very significant way to the total surface

area of the solids, reaching values between 84 and 87% in the

intercalated solids and between 56 and 82% in the pillared

counterparts.
Fig. 4. Nitrogen adsorption–desorption isotherms at �196 8C of
The specific surface area of the materials leads very different

results for the dried and the calcined impregnated solids. The

solids dried at 70 8C show strong decreases of surface area with

respect to the support, showing values as low as 6 m2/g, even

lower than the external surface area of the clay particles,

meaning that the chromium salt has not only occluded the

intraparticular porosity, but is acting as a kind of glue sticking

the particles together. When the solids are calcined at 500 8C
the surface area increases. The incorporation of the precursors,

in some cases containing big organic moieties, strongly blocks

the access to the interlayer microporous region of the support,

causing the commented decrease in the surface area. The

calcination of the solids to form the final catalysts causes the
the impregnated clays: (a) before and (b) after calcination.



Table 3

BET surface area (SBET), micropore surface area (Smp), total pore volume (Vp), and micropore diameter of the solids

Sample SBET (m2/g) Smp (m2/g) Vp (cm3/g) Micropore diameter (Å)

110 8C 500 8C 110 8C 500 8C 110 8C 500 8C 110 8C 500 8C

Saponite 169 111 0.195 5.5

Al1.0 334 274 283 218 0.244 0.230 6.0 5.5

Al0.9Cr0.1 258 240 217 191 0.220 0.231 5.3 5.4

Al0.5Cr0.5 311 252 270 207 0.260 0.224 5.4 5.4

Al0.2Cr0.8 327 191 285 120 0.226 0.202 5.4 5.9–8.8

Cr1.0 328 209 280 117 0.243 0.231 5.4 5.9–8.7

Crac 187 177 168 105 0.112 0.157 5.5 5.8

Chromate 72 97 44 61 0.015 0.257 8.0 7.0–8.9

CrNit 6 107 n.a.a 73 0.094 0.251 n.a. 6.5–9.4

a Not applicable.
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removal of the precursor components, and consequently

opening the access to the previously blocked internal porosity.

At this respect, the thermal curves show the decomposition of

the organic moieties of the precursors as very exothermal

processes centred at about 380 8C, and the FT-IR spectra of the

final catalysts, calcined at 500 8C, confirms the absence of

organic matter in them. For the nitrate precursor, no evidence of

bands related to nitrate species appears in the corresponding

FT-IR spectra of the CrNit-500 sample indicating the removal of

the nitrate precursor component. In any case, because of the

incorporation of chromium and the commented partial collapse

of the layered support structure during the impregnation–

drying–calcination processes, the surface area of the supported

catalysts is always lower than that of the support.

The total pore volume, determined from the amount of

nitrogen adsorbed at a relative pressure of 0.99 is rather high,

reaching for some solids values higher than 0.20 cm3/g,

probably related to interparticular porosity. The micropore size

distribution of the solids, Fig. 5, determined by the Horvath-

Kawazoe method, show that most of the solids have a

monomodal pore distribution, with a maximum centred at
Fig. 5. Micropore size distribution for (a
5.3–6.0 Å. Some of the solids calcined at 500 8C present a

bimodal distribution, with maxima close to 5.9 and 9.4 Å. This

bimodal distribution has been previously reported for pillared

clays [43], and as observed is maintained by some of the

impregnated solids now prepared.

The DR-UV–vis spectra of the solids show the characteristic

bands of Cr(III) in octahedral environment, see Fig. 6. This

cation shows three spin-allowed bands, usually two of them

appearing in the visible region (n1 and n2) and the other

appearing overlapped by the strong charge transference in the

UV region (n3), and also a spin-forbidden transition called the

‘‘ruby line’’ (n4). The spectra of the intercalated and pillared

solids are very similar, with the visible bands centred at about

430 and 600 nm in the intercalated solids and at 460 and

600 nm for the pillared ones. The small shift observed in n2 to

high wavelength, that is, to low energy, for the pillared solids,

and the subsequent decrease in the Racah parameters (not

given) indicates that the pillared solids are more covalent that

the intercalated ones, which accords with the dehydration and

dehydroxilation that encompasses the calcination step carried

out to transform the intercalated solids into the pillared ones, in
) pillared and (b) impregnated clays.



Fig. 6. DR-UV–vis spectra of intercalated-pillared and of impregnated clays.
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other words, to transform the polycations into pillars [44]. As

indicated, the impregnated solids show spectra rather different

from the dried to the calcined solids, being remarkable that the

spectra of the calcined solids are similar to those of the pillared

solids, both series calcined at 500 8C. No bands that may be due

to oxidation states different from Cr(III) were observed,

although it may be noticed that Cr(VI) species do not present d–

d transitions. Thus, having in mind the limitation commented

about the fact that visible spectroscopy is blind to Cr(VI)

species, it may be said that, independently of the precursor used

in the impregnation the further treatments, particularly the
Fig. 7. TPR curves of (a) pillare
calcination at 500 8C, make all the final catalysts to contain

similar chromium species.

Temperature-programmed reduction of the final catalysts

shows that most of chromium in the solids is in the trivalent

state. The reduction profiles, see Fig. 7, of natural saponite and

of the Al1.0-500 solid present a small reduction effect at high

temperature due to the small amount of Fe(III) in the octahedral

positions of the saponite. Besides of this effect, the solids

containing chromium present two reduction effects, the first one

centred at 390–400 8C in the pillared solids and at 375–390 8C
in the impregnated solids, and the second one appearing as a
d and (b) impregnated clays.



Fig. 8. EPR spectra of the samples indicated recorded at �196 8C after

outgassing.

Table 4

Percentage of Cr(VI) related to the total content of Cr in the solids calcined at

500 8C

Sample Cr(VI) content (%)

Al0.9Cr0.1 58.2

Al0.5Cr0.5 14.3

Al0.2Cr0.8 7.3

Cr1.0 5.4

Crac 16.6

Chromate 21.4

CrNit 34.4
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shoulder of the former, at 475 8C. It has been reported that the

calcination of solids containing chromium under oxidant

atmosphere produces Cr(VI) species at moderate temperature,

which decompose at higher temperature giving Cr(III) species.

The amount of Cr(VI) has been reported to be close to 100% in

some solids after calcination at 400 8C, but strongly decreasing

when the calcination temperature increases to 500 8C [45].

Taking in consideration that our solids have been calcined at

500 8C in air, it is not reasonable to expect that chromium may

be in the solids as Cr(II), and if it is as Cr(VI) it may be easily

reduced up to Cr(III) by hydrogen, this reduction not continuing

to Cr(II).

The TPR curves of the impregnated catalysts are similar to

that of CrO3. This suggests that the Cr(VI) species present in the

solids are close to Cr(VI) oxide, even when ammonium

chromate was used as precursor. Assuming that the reduction

effects are due to the process Cr(VI)! Cr(III) and the absence

of other reduction processes, they allow to calculate the amount

of chromium present in the solids calcined at 500 8C as Cr(VI)

species, data given in Table 4, or alternatively to calculate an

average oxidation state for chromium [45,46]. It was found that

between 5.4 and 58.2% of total chromium is under the form of

Cr(VI) species. However, it may be considered that the value of

58.2% of Cr(VI) is found for solid Al0.9Cr0.1-500, and because

of the low amount of Cr fixed by this solid (see Table 1), the

determination of the amount of Cr(VI) in this solid from

hydrogen consumption has a high relative error. In the pillared

solids, when higher is the amount of chromium fixed during the

intercalation, lower is the percentage of Cr(VI) after calcina-

tion. In the impregnated solids, although the amount of

chromium is very similar in all of them, the percentage of Cr in

the Cr(VI) form varies between 16.6 and 34.4%, suggesting that

the amount of Cr(VI) after calcination at 500 8C depends on the

nature of the precursor used. The amount of chromium that

remains in the Cr(VI) form after calcination at 500 8C is clearly

higher than that reported for other solids, in which even all

chromium is in the trivalent form after calcination at this

temperature [45].

The characterization of chromium in the catalysts studied

was completed by EPR measurements, which spectra are shown

in Fig. 8. There are some reports describing the EPR

investigations of chromium species on several oxide surfaces

[47,48]. Mainly, three signals have been found in the EPR

spectra of Cr-catalysts denoted as g, b and d. The axial g-signal

is centred at a g-factor value of 1.9 and it has been assigned to
isolated Cr(V) species [49,50]. Whereas, the b-signal is

attributed to Cr2O3-like clusters and the d-signal is associated to

isolated or dispersed Cr(III) species [51]. Although again EPR

can not detect Cr(VI) species and thus we can not infer results

about species with this oxidation state from this technique, the

presence and nature of these signals are dependent to the

synthesis procedure, the support and the loading.

The EPR spectra of all catalysts studied present the same

two signals, denoted as I and II. The signal I is centred at a g of

4.2 with a shoulder located at a g of 9. It has an axial shape and

it can be attributed to the presence of isolated octahedral Fe3+

species subjected to a rhombic distortion [52]. These iron

species are located in the octahedral layer of the original clay,

whose presence has been indicated previously in Table 1. Signal

II is a symmetrical line centred at a g of 1.97 whose assignation

offers some controversy. Depending on the support, at this

position could appear the line assigned to Cr(V), denoted g-

signal, but also could be assigned to the presence of Cr(III) as

a-Cr2O3, signal b [47,51]. It is also important to remark that the

literature also proposed the hypothesis of a trimer of mixed

valence (Cr6+–Cr3+–Cr6+) with average oxidation state of 5 as

g-signal assignation [47]. In order to complete the EPR

characterization, the same spectra were recorded at room

temperature (not shown). The intensity of signal II decreased

when the annealing temperature increased. This change is

characteristic of the transformation of the paramagnetic species

into non-paramagnetic species. This reduction in the intensity

has been related to Cr2O3, which is weakly paramagnetic, being

the dipolar interaction more notable than the interchange

interaction at high temperatures [53]. In this sense, the

characterization of chromium–saponite performed by various

techniques confirms the presence of Cr(III) and Cr(VI) species

in all the catalysts studied.

3.2. Catalytic performance

Selected solids were first tested for the catalytic reduction of

NOx with propene, showing low activity for the nitrogen oxides

reduction although high activity for the hydrocarbon oxidation,



Fig. 9. Conversion of propene and selectivity to CO for propene oxidation.
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thus, we focused our attention on their catalytic behaviour for

oxidation of propene. However, some results obtained in the

NOx reaction are useful for explaining the catalytic perfor-

mance of the solids.

The results obtained for the oxidation of propene, in

presence of oxygen, are shown in Fig. 9. The conversion of

propene reaches values of 100% for all the catalysts studied at

400 8C, independently of the amount of chromium incorporated

to the clay in the pillaring or impregnation processes. The effect

of chromium amount only is apparent at lower temperatures. At

300 8C the increase of chromium percent slightly improves the

propene conversion. This behaviour suggests that low amounts

of chromium are effective for the propene oxidation reaction.

As reference, the support used for the preparation of the

impregnated solids, aluminium-pillared sample (Al1.0-500),

was included in Fig. 9 in order to evaluate its influence in the

catalytic behaviour. The catalytic performance of this sample is

very low, even at high temperatures, indicating that the

behaviour of the catalysts evaluated is mainly due to the

chromium species incorporated to the pillared clay.

The pillared and the impregnated solids have the same

behaviour, as shown in Fig. 9, indicating that the catalytic

performance does not depend on the method in which

chromium was incorporated. This element acts as the active

phase in oxidation reactions both if it is mainly located in the

interlayer region or on the external surface of the clay. The

propene combustion is not complete, as it has been described in

literature for other chromium combustion catalysts [23]. At

350 8C, CO is detected together with CO2 as reaction products.

The CO selectivity reached at 500 8C is 40% for all the samples

studied, except for the Cr1.0-500 sample, which reached 60%

CO selectivity, see Fig. 9.

The hydrocarbon oxidation begins at low temperatures,

250 8C, in all the solids studied. The reaction is activated from

300 to 400 8C, reaching the maximum at this last temperature.

This temperature should be related with the reduction peak

observed in the H2-TPR measurements described before,

attributed to the Cr(VI)! Cr(III) reduction. Thus, the activity

of these materials could be attributed to the easy oxidation of
Cr3+ ions to Cr6+ on the surface of chromium oxides. Similar

relation between the activity and the TPR results has been

described in the literature based on metal oxide catalysts for

hydrocarbon combustion [54]. The two oxidation states are

present in the chromium catalysts studied, as it has been

described before by TPR, EPR and UV–vis measurements.

Chromium could present multiple oxidation states by an

attachment to extra-lattice oxygen atoms. Due to its large

atomic radius, the electron in its outermost shell (3d) is

relatively easy to give high oxidation states and, thus, produce

high redox potential. It is expected that the increase in oxidation

state cause the increase of the electron accepting ability of

chromium [23,55]. The high oxidation state is suitable to be

reduced by organic compounds, giving low oxidation degrees

capable to be oxidized by the oxygen, thus, closing the redox

cycle.

When using NO as oxidant agent, the catalysts behaviour

was considerably different to that observed when using oxygen

as oxidant, shown in Fig. 10A. The oxidation of propene

reached conversions close to 80% at high temperature, when

pillared and impregnated catalysts are used. However, the

conversion of NO reached values close to 30%, that is, much

lower than those reached for propene conversions. The yield to

diatomic nitrogen under these conditions results analogous to

NOx conversions for all catalysts studied. As there are no other

oxidant agents in the feed, these results suggest that the

catalysts contribute to the oxidation of the hydrocarbon by

means of a Mars–van Krevelen mechanism. Assuming the

Mars–van Krevelen when using NO as oxidant, the high

oxidation activity of the chromium-catalysts for propene

oxidation can also be explained by the Mars–van Krevelen

model [56,57], described in literature as the most suitable to

represent the VOC’s combustion reaction [54,58].

Considering the behaviour observed when using oxygen or

nitrogen oxide as oxidants, the reaction was carried out in the

joint presence of both oxidants. The stoichiometric ratio

propene-oxidants were maintained, making that the two

oxidants give the same amount of oxygen atoms

(C3H6 + 4.5NO + 2.25O2). The conversion of propene found



Fig. 10. Catalytic performance results with NO as oxidant: (A) C3H6 and NOx conversions for the catalysts indicated, showing the Al1.0 as reference; (B) C3H6, NOx

conversions and CO production for the Al0.5Cr0.5 catalysts with increasing amounts of O2; (full lines, 400 8C, dotted lines, 500 8C).
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under these conditions reached higher values than when using

only NO. The reaction was favoured by the presence of oxygen

(not shown). This behaviour was observed for all the clay-based

catalysts, reaching conversions close to 80% for propene and to

40% for NO. The yield to nitrogen runs parallel to the

conversion of NO, no other nitrogenous species were detected.

In all catalysts studied, the oxidant contribution is able to

produce the complete combustion of the hydrocarbon, without

evidences of the presence of CO, behaviour similar to that

described for NO reaction.

The effect of the amount of oxygen in the oxidant mixture

NO + O2 was investigated by adding increasing amounts of

oxygen under isothermal conditions, at 400 and 500 8C. All the

catalysts showed a similar behaviour, shown in Fig. 10B. At

400 8C, when the conversion of propene has not reached 100%,

the addition of oxygen favoured the oxidation of the

hydrocarbon without provoking a decrease in the reduction

of the nitrogen oxides, even for high oxygen concentrations.

This supposes the existence of a synergic effect between O2,

NO and the O–Cr species at this temperature. However, at

500 8C, when the conversion of propene was already 100%, the

excess of oxygen competed with the nitrogen oxides for the

oxidation of propene, the hydrocarbon reacted preferably with

oxygen strongly decreasing the conversion of the nitrogen

oxides. A modified Mars–van Krevelen model has been

claimed in the literature for explaining the synergy between O2

and NO for total oxidation abatement of VOC’s [58]. The

authors proposed that firstly the NO would react with O2 at the

catalyst surface to form NO2. Consequently, the NO2 could

assist or replace the oxygen to oxidize the catalyst yielding

MOx species suitable to oxidize the organic compounds in a

final step.

Coming back to the oxidation of propene with oxygen, the

high activity of Cr–saponite samples is accompanied by the

occurrence of high amounts of products of incomplete

combustion in the outlet stream, as indicated by the CO

presence. This suggests that the oxygen feed will initially

contribute to the chromium oxidation to high oxidation state
(Cr6+) and, then, to be reduced to low oxidation states by the

organic compounds and/or the reaction intermediates [53]. The

reduction of Cr3+ to lower oxidation species should be rather

difficult, as has been indicated before in the H2-TPR

measurements, requiring high temperatures or a stronger

reducing agent in the feed. This should limit the activity,

justifying in this case the uncompleted degradation of the

hydrocarbon.

In order to gain more information on the influence of

chromium phases and of the clay support in the redox behaviour

of the catalyst, the same reaction was performed using a Cr/

alumina catalyst as reference (not shown), synthesized in

the same way that the clay-based impregnated nitrate

sample (CrNit). This solid shows the same behaviour that the

clay-catalysts indicated before, such as 70% hydrocarbon

conversion and 35% CO selectivity. This fact suggests that the

other elements present in the clay, Fe and Mn, are not involved

in the oxidation–reduction process, only the chromium species

(CrOx) incorporated to the clay are responsible to the activity.

4. Conclusions

Treatment of a saponite with polycations of aluminium,

chromium or mixtures of the two elements successfully gives

rise to intercalated layered solids with high basal spacing.

Although the presence of chromium worsen the thermal

resistance of the pillared materials, modulating the Al/Cr ratio

it is possible to obtain solids that adequately combine the

stability of alumina-pillared clays and the catalytic ability of

chromium. Impregnation of an alumina-pillared saponite

support with various chromium-precursors produces, in some

cases, the delamination of the layered structure.

The pillared clays and the impregnated materials show high

specific surface area and porosity. Their performance for

oxidation of propene is very similar independently of the

method used for the incorporation of chromium. These results

could indicate that the amount of chromium active is the same

in all the samples.
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1829.

[20] L. Storaro, R. Ganzerla, M. Lenarda, R. Zanoni, A. Jiménez-López, P.
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[28] G. Ertl, H. Knözinger, J. Weitkamp (Eds.), Handbook of Heterogenous

Catalysis, vol. 1, Wiley–VCH, Weinheim, Germany, 1997.
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