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High catalytic activity at low temperature in oxidative dehydrogenation
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h i g h l i g h t s

� A montmorillonite was pillared with Al and/or Cr and tested in ODP.
� All catalysts (Al–C, Cr–C, Al–Cr–C) were active in ODP.
� The highest propylene yield (10.3%) was obtained with the Al–Cr–C catalyst at 450 �C.
� Even at 350 �C a promising propylene yield of 9.3% was obtained with Al–Cr–C.
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a b s t r a c t

A montmorillonite was pillared separately with chromium and aluminum polyoxocations (Cr–C and Al–C
respectively) and also with an equimolar mixture of both polioxocations (Al–Cr–C). The resulting solids
were characterized by scanning electron microscopy, energy dispersive spectrometry, thermal analysis,
Fourier transform infrared spectroscopy, X-ray diffraction and nitrogen adsorption at �196 �C. The inclu-
sion of polycations in the interlamellar space led to modifications in the properties of the clay. An eleven
fold increase in specific surface area with respect to the calcined starting clay was found for the Al–C,
whereas a twofold increase was observed for the Cr–C; the value for the Al–Cr–C was only slightly higher
than that for the latter. Diffractograms of the Cr–C showed the occurrence of a Cr2O3 phase. Catalytic
activity in oxidative dehydrogenation of propane was assayed in the temperature range from 350 �C to
450 �C using Ar/C3H8/O2 (80/10/10) as reactant gas mixture. Propylene selectivity was found to be tem-
perature-dependent, showing a maximum in the studied temperature range for the catalyst containing
only aluminum, whereas remaining practically constant for the Cr-containing catalysts. Highly promising
propylene yields at low temperature were obtained with the catalyst containing Al and Cr (Al–Cr–C): 9.3%
at 350 �C and 10.3% at 450 �C.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Light alkanes, including propane, are abundant in natural gas
and as by-products of oil refining and are commercialized mainly
for their fuel value. Their transformation into the corresponding
olefins, via dehydrogenation or oxidative dehydrogenation, con-
verts them into raw materials for petrochemical industry, thus
increasing dramatically their value. Particularly for propane an
industrial process has not yet been developed as Cavani et al. [1]
assure in a recent review on the topic. The authors conclude: ‘‘it
is evident that, in the future, the greatest efforts will be devoted
to the study of catalysts and/or reactor configurations that are
capable of maintaining high selectivity to propylene under condi-
tions leading to high propane conversion’’. In consequence the
researchers’ attention is focused still nowadays on the topic.

Dehydrogenation so well as oxidative dehydrogenation is ther-
modynamically favorable and for propane the reactions are as
follows:

C3H8 ! C3H6 þH2 DH298 þ 124 kJ mol�1
C3H8 þ 1=2O2 ! C3H6 þH2O DH298 ¼ 117 kJ mol�1

Catalytic propane dehydrogenation requires high temperature
(over 700 �C) to attain propene yields that assure the economic
balance of the process. In these conditions coke deposition on
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the catalyst is unavoidable requiring regenerations cycles to re-
store catalyst activity [2–4]. Oxidative dehydrogenation of propane
(ODP) allows comparable yields at relative lower temperatures
(under 600 �C) which in addition to the presence of oxygen in
the reaction mixture diminish the risk for coke deposition. The
use of lower temperatures and the fact to avoid regeneration cycles
contribute to the economy of the process. As the reaction is exo-
thermic high temperatures are reached during the process, that
although favorable from a kinetic point of view, they contribute
to undesired side reactions as cracking and total oxidation of reac-
tants and products.

As an extra drawback the high temperatures compromise the
catalyst structure in detriment of the catalytic performance [5].
Finding a highly active catalyst at low temperature or even at mod-
erate temperatures –but not compromising catalyst’s structure–
represents a great challenge nowadays. The catalytic activity of
chromium in paraffin dehydrogenation –especially C3 and C4– for
olefin production has been reported. Generally the active species
is supported on a solid having a high specific surface area as alu-
mina [6–8], silica [9,10] mesoporous solids [11] and microporous
materials [12].

Clays, due to their abundance and low cost, are interesting
materials to be used in catalysts synthesis. Their low specific sur-
face area represents a drawback for their direct application. How-
ever the smectites, particularly montmorillonites, owing to their
high exchange capacity and expandable character, can be trans-
formed into solids with high microporosity and specific surface
area, which are referred to as pillared clays (PILC: Pillared Inter
Layered Clay). The pillaring technique involves the exchange of
the interlayer cations of the clay by bulky ones; the subsequent
controlled calcination leads to the formation of oxidic species be-
tween the clay layers [13] and generates an open and rigid struc-
ture. Polioxocations of aluminum, known as Al13, have been
widely used to prepare alumina-pillared clays (Al-PILCs), also poly-
hydroxy species of Fe, Ti, Cr, Ga as well as of mixed metal cations
have been reported and are summarized in comprehensive reviews
[14–16]. An improvement of Al-PILCs thermal stability was verified
when the polioxocation was prepared by basic hydrolysis of a solu-
tion containing Ga and Al in a ratio of 1:12 [17].

Preparation of chromium-polioxocations has been reported by
several authors [18–20] and has enabled the synthesis of chro-
mium-pillared clays (Cr-PILCs) [21–28]. Heat treatment conditions
–temperature and atmosphere– influence greatly the structural
and textural properties of these solids. Most authors report that
the basal spacing (d001) achieved for the Cr-PILC is not stable at
high temperatures. Volzone [29] reported a decrease of the specific
micropore volume as well as the presence of Cr2O3 when the solids
were heated at temperatures above 420 �C in the presence of oxy-
gen. Hopkins et al. [19] reported for Cr-PILC a d001 value of 15.4 Å
stable up to 300 �C. The structure of the solid is more stable when
the calcination is performed in inert atmosphere instead of air
[30,31]. Zhao et al. [25] prepared the pillaring solution using both
Al and Cr and showed that thermal stability of the PILC reduced
with increasing of Cr/Al ratio. Toranzo et al. [27] prepared Al–Cr
mixed pillars by basic co-hydrolysis of their salts. Tomul and Balci
[32] prepared Al–Cr-PILCs mixing different amounts of solutions
containing each of the hydroxylated species; the resulting solu-
tions were aged before use.

Tzou and Pinnavaia [33] and Moini et al. [34] reported good cat-
alytic activity for Cr-PILCs in the reaction of dehydrogenation of
cyclohexane to produce benzene. Mata et al. [28] reported the cat-
alytic activity in propene oxidation of Al–Cr-PILCs prepared using
oligomers obtained by co-hydrolysis of the corresponding metal
chlorides. Kar et al. [35] used Cr-PILCs as catalysts for octahydrox-
anthenes synthesis in solvent free conditions. Catalytic activity in
oxidative dehydrogenation of propane (ODP) of rare earth
phosphates supported on Al-PILCs is reported by De Los Santos
et al. [36] verifying the highest propylene yields in the temperature
range from 400 �C to 600 �C.

To improve thermal stability of Cr-PILCs different preparation
routes have been proposed: (a) the co-hydrolysis of a solution con-
taining aluminum and chromium salts at different Al/Cr ratios
[25,28], the presence of aluminum in the pillaring solution is pro-
posed to improve thermal stability of the PILC; (b) the hydrolysis of
the Al13 Keggin polycation in the presence of a chromium salt [26],
it has been proposed that chromium can replace aluminum during
hydrolysis. In any case no conclusive evidence of mixed species is
presented.

The aim of this study was to obtain new and cheap catalysts by
pillaring of a Uruguayan montmorillonte with high catalytic activ-
ity in the oxidative dehydrogenation of propane. Chromium poly-
hydroxy cations and Al13 were prepared separately. Solutions
containing either one of them or a mixture (Cr/Al molar ratio equal
to 1) were used for pillaring a montmorillonite. Structural and tex-
tural properties of the PILCs were determined and their catalytic
activity in ODP was evaluated in the temperature range from
350 �C to 450 �C.

2. Materials and methods

2.1. Starting material

A raw mineral extracted from Bañado de Medina (32� 230 000

South, 54� 210 000 West), Uruguay, was used. Over 80% of it is consti-
tuted by a calcium-rich montmorillonite with low sodium and
potassium content [37]. Cation exchange capacity (CEC) of the min-
eral, as determined by the ammonium acetate method (1 M and
pH = 7), was 1.12 meq per gram of the dry clay. The interlayer cat-
ions were analyzed by atomic absorption spectroscopy and atomic
emission spectroscopy. The results in meq/g are as follows: Ca+2

0.82; Mg+2 0.29; Na+ 0.012; K+ 0.002 [38]. The raw mineral was oven
dried at 110 �C for 24 h, ground and sieved. The fraction with aggre-
gates size less than 250 lm was selected and named as M.

2.2. Preparation of catalysts

The solid M was exchanged with solutions containing Cr and/or
Al hydroxylated species.

Al-polyhydroxycation solution was prepared from a 0.1 M AlCl3

solution over which a 0.2 M solution of NaOH was slowly added
while vigorous stirring was kept. Volumes were selected to give
a final molar ratio OH�/Al3+ of 2. The resulting solution was aged
for one hour at 50 �C [39]. According to Bottero [40] in those con-
ditions, the 95% of the aluminum is embodied in the Al13 cation.

Cr-polyhydroxycation solution was prepared from a 0.1 M
Cr(NO3)3 solution over which a 0.2 M solution of NaOH was slowly
added while vigorous stirring was kept. Volumes were selected in
order to attain a final molar ratio OH�/Cr3+ of 2. The solution was
aged for 24 h at 60 �C [41].

A third solution was obtained by mixing equal volumes of the
above aged solutions, resulting in a molar ratio Cr3+/Al3+ = 1.

Each of the three solutions was added to 10% (w/w) slurry of the
solid M. In all cases the volume of the intercalating solution was the
necessary to achieve a ratio of 10 mmol of total metal per gram of
dry clay and the contact time was 2 h. The resulting solids were sep-
arated by filtration and repeatedly washed with deionized water.
The exchanged clays obtained (M-samples) were named as Al–M,
Cr–M and Al–Cr–M according to the intercalating solution used in
the preparation. The M-samples were calcined in air in a tubular
furnace, Carbolite, CTF-12/65/550, at a heating rate of 1 �C min�1

up to 450 �C, and maintained at this temperature for 2 h. The PILCs
thus obtained were identified as Al–C, Cr–C and Al–Cr–C, according
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to the intercalating solution used in the preparation. M sample cal-
cined in the same conditions was named as M-450.

2.3. Characterization of solids

A JEOL JS M-5900LV scanning electron microscope, operated at
20 kV was used to obtain SEM microphotographs. The elemental
composition of selected zones of the samples was determined by
energy dispersive spectrometry with a NORAN Instruments EDS-
vantage probe.

Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) for M and M-samples were performed on NET-
ZSCH409 equipment from room temperature and up to 1000 �C
in air atmosphere and at a heating rate of 10 �C min�1.

FTIR spectra (4000–400 cm�1) of M and the catalysts were mea-
sured as KBr pellets with an IRPrestige-21/FTIR-8400S instrument.

The samples were characterized by X-ray diffraction (XRD) on
Philips equipment with 3710 controller and 3020 goniometer,
operated at 40 kV and 20 mA using a Ni-filter and Cu Ka radiation
in the 2h degrees range from 3 to 65. Spacings were derived using
Bragg’s law.

The adsorption–desorption nitrogen isotherms were deter-
mined at �196 �C using a Quantachrome, Autosorb-1 equipment,
suitable for micropore analysis. Samples were outgassed at
250 �C to a residual pressure below 10 mPa. The specific surface
area (SBET) was determined applying the BET model [42] to adsorp-
tion data in the p/po range that allowed fine adjustment of them.
The specific total pore volume (VT) was calculated, unless other-
wise indicated, after the gas adsorption at a relative pressure of
0.95 that was converted to liquid volume using a value of
0.808 g cm�3 for the density of the adsorbed nitrogen [43]. The
specific micropore volume (Vlp) was determined using the Dubi-
nin–Radushkevich model [43]. The specific external surface area
(Sext) and specific micropore surface area (Slp) were determined
applying the t-plot to adsorption data in the relative pressure
range from 0.85 to 0.95 [44].

2.4. Catalytic evaluation

The catalytic activity of the solids in the ODP was studied in a
‘‘U’’-formed fixed bed reactor, built in natural quartz tube, with
external diameter of 8 mm and 1 mm wall thickness. The catalyst
bed occupied approximately 2 cm in one branch of the reactor.
The free volume (pre and post the catalytic bed) was filled with
quartz chips in order to minimize the contribution of the homoge-
neous reactions to the process. In a blank run at 450 �C, the cata-
lytic activity of the reactor full-packed with quartz chips was
verified to be negligible.

The reaction gas mixture was 10% in C3H8, 10% in O2 and 80% in
Ar (mole percentages) at a total flow of 50 mL min�1 measured at
22 �C. The catalytic tests were conducted at atmospheric pressure
using 0.5 g of the catalyst. The catalysts were activated at 450 �C
for 30 min under Ar flow (40 mL min�1) and the catalytic activity
was determined at 350 �C, 400 �C and 450 �C. After 45 min at each
temperature a sample of the outlet gas mixture was extracted and
analyzed by gas chromatography. The results are presented as
C3H8 conversion, selectivity to the products CO2 and C3H6. The yield
of C3H6 was determined as the product of C3H8 conversion and C3H6

selectivity. Chromatographic relative error was less than 5% and car-
bon balance was found, in all determinations, to be 100 ± 5%.
3. Results and discussion

SEM microphotographs are shown in Fig. 1 for the catalysts and
the host clay. The lamellar structure of the host clay can be
appreciated and it is retained in the Cr–C. For the catalysts contain-
ing aluminum a more agglomerate structure is observed.

Atomic percentages for the main elements, Si, Al and Cr, were
determined by EDS at various zones of the sample. As they were
concordant average values are presented in Table 1. Silicon amount
–being the only one that is not modified during the preparation–
was taken as reference for determination of the atomic ratios.

Al/Si ratio is indicative of the amount of aluminum incorporated
by the Keggin ion during the preparation of the solid. The value ob-
tained for the M sample increases almost twice in the Al–C, does
not change significantly for the Cr–C and increases only a 17% for
the Al–Cr–C. It is worth noting the scarce amount of aluminum
incorporated in the Al–Cr–C catalyst, which suggest a strong com-
petence of chromium hydroxylated species during the exchange
preparation step. Cr/Si ratios for Al–Cr–C and Cr–C are, considering
method uncertainty, the same, even when chromium concentra-
tion in the pillaring solution was different (5 mmol g�1 for the
Al–Cr–C and 10 mmol g�1 for the Cr–C). Similar atomic ratios can
be derived from mass percentages presented by Tomul and Balci
[32] which also support the idea of the high competence of chro-
mium over aluminum during the exchange step of the preparation
method.

Thermogram patterns (DTA) for M and M-samples are shown in
Fig. 2. An endothermic peak around 170 �C for all the samples is as-
cribed to the release of water adsorbed on the clay surface and
associated to the exchangeable cations located in the interlayer
space [45]. The shape of this peak for the M-samples differs from
that for M sample, due to the different cations in the interlayer
space. In fact, Ca2+, Mg2+ and Na+ present in M were substituted
by the polymeric species OH–Al and/or OH–Cr during the cation
exchange step of the pillaring process. The endothermic peak for
the sample M is located at 170 �C and shifts to 172 �C, 167 �C and
161 �C, respectively, for Al–M, Al–Cr–M and Cr–M. It is worth not-
ing that the dehydration temperature decreases in the samples as
Cr/Al molar ratio increases, suggesting that the hydration water is
more loosely bound in the samples intercalated with chromium
species. A second endothermic peak centered at 678 �C in the ther-
mogram of the sample M (Fig. 2) is assigned to the release of the
hydroxyl groups of the montmorillonite [45]. The dehydroxylation
temperature for are 650 �C, 647 �C and 644 �C, respectively for Al–
M, Al–Cr–M and Cr–M so it decreases as Cr/Al molar ratio
increases.

The inclusion of hydroxylated species between the montmoril-
lonite layers resulted in the presence of exothermic peaks between
300 �C and 500 �C (Fig. 2) attributable to the formation of the oxi-
dic phases of aluminum and chromium [41,46].

The small endo-exothermic S-shaped peaks in the range from
890 �C to 990 �C correspond to changes in the montmorillonite
structure generating new phases [45]. Intercalation of the alumi-
num and/or chromium species caused the shift of these peaks to
higher temperatures indicating an increase of the thermal stability.
The endothermic peak at 890 �C shifted to 942 �C for the solid to
which only chromium species were incorporated.

The thermogravimetric analysis diagrams (TGA) for M and M-
samples are shown in Fig. 3. A noticeable difference in the pattern
obtained for the M sample and those for the exchanged ones (Al–
M, Cr–M and Al–Cr–M) is observed. The first one shows the char-
acteristic behavior of a montmorillonite with a quite abrupt mass
loss up to 250 �C due to water release, either adsorbed on the clay
surface or associated to the exchangeable cations in the interlayer
space and a second mass change verified in the temperature range
from 500 �C to 700 �C is attributed to montmorillonite structural
hydroxyl groups that are lost as water. On the other hand for the
M-samples the mass loss occurs continuously with increasing tem-
perature up to 700 �C and is assigned also to water release from the
OH-polymeric species of aluminum and/or chromium [31].



Fig. 1. SEM microphotographs of: (a) host clay, (b) Al–C, (c) Al–Cr–C, (d) Cr–C.

Table 1
Atomic ratios for M-450 and the catalysts determined after EDS data taking silicon as
reference.

M-450 Al–C Al–Cr–C Cr–C

Al/Si 0.29 0.49 0.34 0.29
Cr/Si – – 0.22 0.22
Cr/Al – – 0.66 0.74

Fig. 2. Thermogram (DTA) for the clay and the M-samples.

Fig. 3. Thermogram (TGA) for the clay and the M-samples.
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The mass loss up to 250 �C observed in the thermogram corre-
sponds to the peak at 170 �C in the DTA diagram, while that veri-
fied up to 700 �C does to the peak about 650 �C for the C-samples
and at 678 �C for the sample M.

Infrared spectra (Fig. 4) for the host clay, M, shows bands at
3628, 3431, 1110, 1030, 910, 842, 517, 468 cm�1 that are typical
of montmorillonite, as well as bands at 798 and 626 cm�1 corre-
sponding to the presence of small amounts of cristobalite,
695 cm�1 (Si–O symmetrical bending vibration) and at 778 cm�1

(Si–O stretching vibration) evidencing the occurrence of quartz
[47]. The bands at 3628 and 3431 cm�1 are respectively assigned
to OH-stretching vibration (Al–Al–OH) and OH� from intercalated
water in the montmorillonite. The band at 1634 cm�1 is attributed
to OH vibration bending of H–O–H. The Si–O–Si stretching parallel
and perpendicular vibrations bands at 1030 and at 1110 cm�1,
respectively, are observed for all the samples. The bands at 910
and 842 cm�1 are respectively assigned to the bending vibrations
of Al–Al–OH and Mg–Al–OH groups and they are also observed
in the pillared samples, especially for those containing chromium,
but at higher wavenumber values 934 and 877 cm�1. This fact
would suggest some interaction of the pillaring species with Al–
OH and Mg–OH groups of the octahedral sheet of the host clay.
This observation reinforces what was observed in the TGA analysis:



Fig. 4. Infrared spectra for the clay and the catalysts.

Fig. 5. X-ray Diagrams for the samples prior (M-samples) and after (C-samples)
calcination at 450 �C. m: montmorillonite; b: boehmite; cr: Cr2O3; g: gibbsite; q:
quartz.
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in fact the presence of chromium shifts these IR bands to higher
wavenumber values, implying lower interaction energy which re-
flects in the lower temperature at which water loss was observed
in the TGA profile. The bands at 517 and 468 cm�1 clearly visible
in all the spectra correspond to Si–O–AlIV and Si–O–Si structural
groups of the host clay. The shoulder at 580 cm�1 in the chromium
containing samples (Al–Cr–C and Cr–C) are assigned to Cr–O vibra-
tion and indicate the presence of Cr(III) [48].

Fig. 5 shows the diffractograms for the starting solid M, the
M-samples and the catalysts. The montmorillonitic character of
the clay, as well as the presence of quartz impurities, is confirmed
by the presence of the sharp and well defined characteristic peaks
for these minerals. For the Al–M sample the intercalation of
hydroxylated Al species caused an increase of the d001 spacing of
14.91 Å for the M sample to 17.70 Å. Considering the minimum
spacing for the montmorillonite of 9.8 Å [49] the height of the gal-
lery generated by pillaring can be determined to be of 7.9 Å. This
value results intermediate between the crystalline size of the
dehydrated cation of Al13 determined by Johansson [50] and that
in water solution determined by Bottero et al. [51], suggesting that
the Al13 still retains some of the hydration water at the calcination
temperature. The presence of gibbsite, Al(OH)3, is evidenced by a
low intensity peak at 4.78 Å, and boehmite, AlO(OH), can be iden-
tified by the peak at 6.20 Å although it is barely visible. Calcination
at 450 �C of this sample gives the catalyst Al–C and does not alter
either the interlamellar spacing of 17.70 Å or the Al-hydroxylated
phase corresponding to boehmite species. On the other hand the
more hydrated species of gibbsite, Al(OH)3, disappear during the
calcination, and the peak corresponding to boehmite increases, as
evidenced by XRD.

For the Al–Cr–M sample, in which both hydroxylated species (Al
and Cr) were used in the exchange step, a d001 spacing of 16.33 Å
was determined after XRD diagram. Even when this value is lower
than the one achieved when only Al-species were intercalated
(Al–M), it is indicative that the oligomer species have been
incorporated in the interlayer space. In addition, as this peak for
Al–Cr–M is lower and wider than the corresponding one for the
Al–M sample, it can be concluded that the simultaneous inclusion
of the Al and Cr hydroxylated species gave a less defined spacing,
hence a poorer crystalline structure. For this sample the peak cor-
responding to gibbsite, Al(OH)3, even being wider than that ob-
served for the Al–M sample, is also shown, indicating that Al13

species have been incorporated during the exchange step. Calcina-
tion of the Al–Cr–M sample at 450 �C results in the Al–Cr–C cata-
lyst, which diffractogram shows a low intensive and broad peak
evidencing the poorer crystallinity of the solid and corresponding
to a d001 spacing of 9.8 Å, characteristic for a non-pillared dehy-
drated montmorillonite. The heat treatment caused the appear-
ance of the Cr2O3 phase evidenced by the peaks identified in
Fig. 5, which are not observed in the corresponding exchanged clay
(Al–Cr–M).

For the Cr–M sample a d001 spacing of 16.33 Å is determined
from the XRD diagram, being equal to that of the Al–Cr–M sample
and leaving an interlayer space of 6.5 Å. After Volzone’s indication
of chromium polycations height: 4.0 Å for the dimer, 5.0 Å for the
trimer and 6.5 Å for the tetramer [29] it can be postulated that in
this case the tetrameric chromium polycation is the intercalated
species. However, treatment at 450 �C, at which the Cr–C catalyst
is obtained, caused the d001 spacing to collapse to 9.5 Å, slightly
lower than the observed for the Al–Cr–C sample. Toranzo et al.
[27] reported a d001 spacing of 18.9 Å for a saponite intercalated
with chromium polycations and verified that after calcination at
300 �C it reduces to the value corresponding to the non-pillared
dehydrated saponite, as was verified here for the montmorillonite.
Also the characteristic peak for Cr2O3, not observed for the Cr–M
sample, is present in the diffractogram for Cr–C, indicating that this
species has been formed during calcination.

It is worth noting that the d001 spacing for Al–Cr–C and Cr–C
correspond to the sheet height of the montmorillonite, i.e. that



Table 2
Textural parameters derived from nitrogen adsorption data.

Solid VT Vlp SBET Sext Slp

(cm3 g�1) (cm3 g�1) (m2 g�1) (m2 g�1) (m2 g�1)

M-450 0.124 0.000 37 37 0
Al–C 0.276 0.167 401 59 347
Al–Cr–C 0.104 0.034 84 44 45
Cr–C 0.083 0.022 57 51 11
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even when the Cr2O3 phase can be identified by XRD it has not con-
tributed to the clay layers separation acting as pillars. On the other
hand either stability of Al13 pillars has been compromised by the
presence of Cr-species or the amount of aluminum incorporated
has been so low that Al-pillaring is not evidenced by XRD. Compar-
ison of the Al/Si and Cr/Si molar ratios for these samples (Table 1)
evidenced the lower amount of Al incorporated in the Al–Cr–C
catalyst.

Nitrogen adsorption isotherms (Fig. 6) were determined for the
catalysts and for the clay that was previously calcined at 450 �C
(M-450). At low relative pressures an important adsorption is
observed for the Al–C sample, being significantly lower for Al–Cr-
PILC, Cr-PILC and M-450. This is indicative of the microporous
character of the catalyst obtained by pillaring the montmorillonite
with aluminum polyoxocations different from those in which chro-
mium species have been included. This fact is coincident with the
d001 spacing values derived from XRD analysis for the Al–Cr–C and
Cr–C samples.

Table 2 summarizes the textural parameters of the solids de-
rived from nitrogen adsorption data. For Al–C, a fine adjustment
to BET model was obtained for the adsorption data in the relative
pressures range from 0.007 to 0.1. For the other solids, and in
accordance to the non-microporous character of them, a fine
adjustment to BET model was obtained for adsorption data in the
relative pressure range from 0.05 to 0.25. The specific surface area
(SBET) of Al–C, the clay exchanged with aluminum polioxocations
and calcined at 450 �C, is eleven fold higher than that of M-450.
However, the specific surface area of Cr–C is less than double than
the one of M-450, indicating the lower thermal stability of the
chromium pillars with respect to aluminum pillars and corroborat-
ing what was observed after XRD analysis. Indeed, the d001 spacing
corresponds to pore diameter in the range of micropore and a dim-
inution of it involves a decrease of the adsorption volume in the
interlamellar space of the PILC. As adsorption data considered for
BET specific surface area determination include those in the p/po

range of the isotherm at which micropores are filled, the lower
d001 spacing results in a minor value of the specific surface area.

For the Al–Cr–C, obtained by exchange of the mineral with the
solution containing both polycations and calcined at 450 �C, the
specific surface area is only slightly higher than that for Cr–C, sug-
gesting that aluminum has barely contributed to increase thermal
stability of the Cr–C. A strong competition between chromium and
aluminum polycations to replace the interlayer cations could be
responsible for the exclusion of aluminum species from the inter-
layer space as previously proposed in the text.
Fig. 6. Nitrogen adsorption–desorption isotherms at �196 �C. Filled symbols:
adsorption, open symbols: desorption. Isotherm for Al–Cr–C is referred to the right
hand y-axis.
The specific micropore volume (Vlp) for Al–C was of 0.167 cm3

g�1, corresponding to 60% of the specific total pore volume deter-
mined from the adsorption data at a relative pressure of 0.95. For
Al–Cr–C and Cr–C the specific micropore volume represents the
33% and the 25% of each one of the specific total pore volume.
These results suggest a higher contribution of aluminum pillars
to generate the microporous structure. The specific external sur-
face area (Sext) for the calcined M sample (M-450) is identical to
the SBET surface area, emphasizing the non-microporous character
of the sample. For the catalysts Al–C, Al–Cr–C and Cr–C the exter-
nal surface area represents, respectively, 15%, 52% and 90% of the
SBET value. As at intermediate relative pressures the adsorption
branch of the isotherms for all the samples is parallel to x-axis,
the difference between SBET and Sext is related to the presence of
micropores. The above mentioned percentages indicate that an
important microporous network was developed in the Al–C cata-
lyst but not in Al–Cr–C and Cr–C samples, in accordance with what
was observed for specific total and micropore volumes and was
evidenced by XRD diagrams.

The results of the catalytic test versus temperature are pre-
sented as C3H8 conversion and selectivity to CO2 and C3H6 (Table 3).
Propane conversions between 20% and 27% are obtained with the
catalysts Al–Cr–C and Cr–C, and are significantly higher than those
achieved with the catalyst without chromium, Al–C, evidencing the
catalytic role of chromium. C3H8 conversion attained with the
M-450 sample is similar to that obtained with the Al–C catalyst
at 350 �C and 400 �C, but is lower at 450 �C. Catalytic activity of
the Al–C catalyst is markedly influenced by temperature as C3H8

conversion values indicate; however, temperature influence is
milder for the Cr–C catalyst, while for Al–Cr–C an increased tem-
perature hardly influences C3H8 conversion values within the tem-
perature range of the experiment.

For all catalysts the reaction products are just CO2 and C3H6. The
fact of not having detected CO, CH4 and C2H4 is reasonable because
they are generated by reactions which occur at temperatures above
500 �C not used in this study.

With respect to C3H6 selectivity for Al–Cr–C and Cr–C catalysts a
slight increase with temperature is observed, a trend that has been
reported for others Cr-containing catalysts [6,52]. For Al–C catalyst
an increase in C3H6 selectivity was observed when temperature in-
creases from 350 �C to 400 �C, decreasing then abruptly when cat-
alytic test was performed at 450 �C, temperature at which CO2

formation is kinetically and thermodynamically favored and thus
increasing CO2 selectivity. This performance is typical for most of
the catalytic systems used in ODP [1].

Propylene yield for the catalysts is shown as function of the
temperature at which the catalytic test was performed (Table 3).
At all temperatures the highest C3H6 yield is attained with the cat-
alysts containing chromium, Al–Cr–C and Cr–C, being slightly high-
er for the one containing both metals. It should be noted that
except at 350 �C, C3H6 yield obtained with Al–C catalyst is higher
than that attained with M-450 catalyst. The highest C3H6 yields,
10.3% and 9.5%, were achieved at 450 �C with Al–Cr–C and Cr–C
respectively. These values are nearly double than the ones ob-
tained with the Al–C catalyst, and are specially outstanding since
at temperatures as low as the ones’ used in the present study, most



Table 3
C3H8 conversion, selectivity to CO2 and C3H6 and C3H6 yield as function of the temperature.

Solid T C3H8 conversion Selectivity (%) C3H6 yield

(�C) (%) CO2 C3H6 (%)

M-450 350 2.4 0 100 2.4
400 3.9 33 67 2.6
450 4.8 35 65 3.1

Al–C 350 3.1 34 66 2.1
400 3.8 28 72 2.7
450 9.4 49 51 4.8

Al–Cr–C 350 25.5 63 37 9.3
400 26.2 64 36 9.5
450 26.7 62 38 10.3

Cr–C 350 19.9 68 32 6.3
400 25.1 66 34 8.4
450 26.3 64 36 9.5
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catalysts are inactive in ODP [1]. Besides, yields over 7% have not
been reported for Al-PILCs even at temperatures as high as
600 �C [36].

It is highly remarkable that even at 350 �C a propylene yield of
9.3% was obtained with the Al–Cr–C catalyst, since most of the cat-
alytic systems for ODP require higher temperatures to attain such
high values [1]. Indeed there is no propylene yield above 10% re-
ported for temperatures in the range of 350–450 �C. On the other
hand, although propene yields above 20% were reported for a
few catalysts in all cases the working temperatures were higher
than 500 �C [1]. It is also worth noting that for this catalyst propyl-
ene yield results practically constant within the temperature range
here studied. It is also interesting to remark that these values re-
sults of constant values for both propane conversion and propylene
selectivity.

The highest propylene yield obtained with Al–Cr–C is possible
to be related to differences in the textural properties and/or the
composition of the catalyst. The higher propylene yield for
Al–Cr–C catalyst compared to that obtained with the Cr–C one
can be related not only to the higher specific surface area (65%)
but also to the higher specific pore volume (48%). The higher pro-
pylene yield for Al–Cr–C compared to that obtained with the Al–C
one is related to the presence of chromium as catalytic species.
Considering catalysts composition, the present results agree with
those reported for other Cr2O3 supported catalysts in ODP. For a
series of chromium oxide-based catalysts Jibril [53] has reported
a correlation between the nature of the support and product distri-
bution in ODP, concluding that catalyst involving Cr–Al–O interac-
tions were slightly more selective to propylene than those
containing Cr–Si–O interactions, which appears as responsible for
the higher CO2 selectivity. The present results on CO2 and propyl-
ene selectivity for Cr–C and Al–Cr–C are in accordance with the
data reported by Jibril [53]. Indeed the Cr–C catalyst is slightly
more selective to CO2 while the Al–Cr–C one is to propylene, a fact
that can be explained by the presence of chromium and aluminum
in the interlayer giving the Cr–Al–O interactions reported by Jibril
[53] as responsible for higher propylene selectivity.

The catalytic activity evidenced here for chromium has been as-
signed for diverse chromium containing catalysts to the presence
of Cr (VI): pillared saponites [28] and chromium oxide supported
on alumina [7,8,54], on silica [9], or modified silicalite [12]. In this
study we have verified by XRD the presence of chromium in the
fresh catalyst, which was calcined at 450 �C, but only as Cr2O3.
Other author using similar systems and varied techniques for the
characterization of the solids have confirmed the presence of
Cr(III), Cr(V) and Cr(VI) species [27]. Labajos and Rives [55] re-
ported Cr(VI) as the only metal species in solids containing chro-
mium that were calcined in a oxidant atmosphere at 400 �C and
verified that its amount decreased strongly when the calcination
temperature increased to 500 �C. In turn the increase of chromium
load almost exclusively lead to the formation of Cr2O3 [10,28]. In
our case both premises are fulfilled, i.e. high load of chromium
and calcination at 450 �C. Besides considering the oxidant charac-
ter of the reaction mixture is not to exclude that in the conditions
of the catalytic assay the oxidation of Cr2O3 on the catalyst surface
gives rise to the Cr(VI) species to which the catalytic activity is
assigned.

Long-term reactivity for the catalysts that allowed the highest
propene yield, Al–Cr–C and Cr–C, was checked at 450 �C during
10 h after being activated as previously described. The outlet gas
mixture was sampled and chromatographically analyzed every
45 min. For both catalysts and considering the experimental error,
a constant propene yield was verified.

It is interesting to note that even when propene yield attained
was about 10%, propane conversion was about 25%, i.e. the outlet
gas mixture contains a propane/propene molar ratio between 5
and 7. Propane-propene separation, allowing to re-inject the
unconverted propane in the reaction mixture, has been considered
one the most challenging aspects of propene production in the pet-
rochemical industry due the similar physico-chemical properties of
both molecules. Recent advances in this topic have been reported
based either on adsorption processes on modified zeolites [56]
and metal–organic frameworks [57,58] or on reactive absorption
on Ag+-ionic liquid media [59].

4. Conclusions

The solids obtained by pillaring the montmorillonitic clay with
aluminum and/or chromium, Al–C, Al–Cr–C and Cr–C, showed
significantly differences of their textural parameters, specific sur-
face area and micropore volume as well as interlamellar spacing,
evaluated after nitrogen adsorption and X-ray diffraction data,
respectively.

All the tested catalysts were active in ODP. The highest yield to
propylene was obtained with the catalyst Al–Cr–C, being very
noticeable the difference with other catalysts’ yield especially at
low temperature. The presence of both chromium and aluminum
in the interlayer space of the PILC would generate the Cr–Al–O
interactions that Jibril [46] reports as to be responsible for high
propylene selectivity. In addition, the high propane conversion ob-
tained with this catalyst results in the highest propylene yield ver-
ified in this study.

The highest propylene yield (10.3%) was obtained with the
Al–Cr–C catalyst at 450 �C, but it is remarkable that even at
temperatures as low as 350 �C a propylene yield of 9.3% is highly
promissory.
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