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Abstract

The catalytic behavior of a chromium-doped alumina pillared clay (ACrPA) and a series of chromia-piilared clay
materials (X SCr) for the deep oxidation of methylene chloride has been studied. Both types of catalysts showed a high
activity (conversion > 80%) at T > 350°C. The ACrPA sample showed a virtually constant catalytic activity (conversion >
99%) in the 300-400°C temperature range while the activity of the X SCr samples markedly increased with the temperature
reaching an almost total conversion at 400°C. XPS (X-ray photoelectron spectroscopy) and temperature programmed
reduction (TPR) studies demonstrated that ACTPA is a Cr(VD)/Cr(IlI) mixed valence catalyst, whereas X SCr samples
contain only chromium(IIT) ion. The high activity shown by ACrPA at low temperatures was attributed to the presence of
highly dispersed Cr{VI) species, which exhibited an unusually high stability. The metal oxidation state of the two chromium
based systems seemed to be important in determining the catalytic activity. The increase of the activity with the Cr content
in X SCr samples suggested that the acid sites in these catalysts were located on the chromia pillars.
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1. Introduction introduced to reduce their emissions. According

) ) to the US Environmental Protection Agency
Chlorinated volatile compounds CVOCs (EPA) guidelines, the reduction of chlorinated

(methylene chloride, trichloroethylene and car- pollutants can be accomplished through material
bon tetrachloride) constitute a major portion of substitution, product reformulation, process
the hazardous solvent wastes produced by in- modification and recycling [2]. Many efforts are
dustry and the major source of air pollution [1],  made to find effective substitutes for the chlori-
so in many cases, legislation has already been nated solvents but the use of these compounds

will continue for years and their disposal /de-
mponding author. Tel.: +39-41-5298562; fax: +39-41- struction will remain an important ecological
5298517. problem. The current technology for the total
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oxidation of the chlorinated organic waste is
incineration at extremely high temperatures (>
1000°C), these high temperatures and the con-
struction materials required for the incinerator
make this process very expensive. Moreover in
this process highly toxic byproducts such as
phosgene, formaldehyde, dioxins or dibenzofu-
rans can be produced by incomplete combustion
[3]. Catalytic combustion is effective in decom-
posing chlorinated organics and can be carried
out at lower temperatures. This reaction results
in water, carbon dioxide and hydrochloric acid.
It has been reported that the reaction involves
both acid and redox catalysis, so oxides with
acidic properties or zeolites were studied as
catalysts. Patents claiming complete catalytic
oxidation of chlorinated hydrocarbons have ap-
peared in recent years [4]. The reported catalysts
can be divided into supported noble metal cata-
lysts and transition metal oxide catalysts (either
unsupported or adsorbed onto an inorganic ox-
ide support). The noble metal catalysts (Pd, Pt,
Rh, Ru) are not the right choices for deep
oxidation because of their high expense and the
poisoning of the catalysts by the Cl, and HCl
produced in the reaction [5-8). The patents
issued for destroying halogenated hydrocarbons
with metal oxide catalysts describe systems us-
ing a halogenated hydrocarbon concentration
typically limited to less than 10000 ppm. Sup-
ported transition metal oxides, such as oxides of
chromium, manganese, copper, nickel and cobalt
and other acidic oxide materials such as zeolites
and TiO,/SiO, have also been studied for the
total oxidation of chlorinated hydrocarbons
[9,7.8,10] but generally they show activity for
catalytic combustion. Recently Drago and
coworkers reported that CrO; supported on a
porous carbon is very active for deep oxidation
at low temperatures [11]. In a previous paper
some of us demonstrated that a natural bentonite
pillared with aluminum, aluminum-iron, alu-
minum-ruthenium and aluminum-chromium
polyoxocations resulted active catalyst, to a
varying extent, of the deep oxidation of volatile
chlorinated hydrocarbons (CVOCs) in the 300-

400°C temperature range [12]. Among the alu-
minum and aluminum doped pillared clays the
chromium-doped aluminum pillared clay re-
sulted by far the most active and stable catalyst,
with more than 99% hydrocarbon conversion at
300°C. On the other hand, chromia pillared
clays have been found to be active in oxidation
processes, such as the oxidative dehydrogena-
tion of ethane [13]. The aim of this paper was to
study the influence of some of the character-
istics of the chromium-based catalysts, such as
the acidity, content and oxidation state of
chromium, in the deep oxidation of chlorinated
hydrocarbons. Two sets of pillared clays were
tested, a chromium-doped alumina-pillared clay
and three different chromia-pillared clays.

2. Experimental
2.1. Pillared clays syntheses

2.1.1. Materials

The clays used as starting materials were a
natural calcium bentonite (Detercal P1) from
Nador (Morocco) with unit cell formula
(Si; 56 Alg 44 (Al 33Feq Mg 54)0,,(OH), sup-
plied by C. Laviosa SpA (Leghorn, Italy) with a
CEC of 85 mequiv/100 g and a Na*-exchanged
montmorillonite from Tidinit (Morocco) with
unit cell formula (Si;q;Alyqe)-
(Al, goFe,0Mg.05)0,0(OH), with a CEC of
125 mequiv/100 g. Chlorhydrol™, a commer-
cial 5/6 basic aluminum chloride salt produced
by the Reheis was obtained as a kind gift from
Eigenmann and Veronelli (Milan).

The aluminum pillared bentonite APA was
obtained by a method described in a previous
paper [14]. The chromium doped alumina pil-
lared clay ACrPA was prepared as previously
described [12] by adding a solution of Chlorhy-
drol and Cr(NO,)-9H,O (Al/Cr=20) to a
concentrated suspension (50% w/w) of Deter-
cal P1 in acetone, washing with distilled water
and heating in air at 400°C.
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The chromium pillared samples X SCr (X =
50, 20, 15 times the CEC of chromium added)
were prepared as described [15] by refluxing an
aqueous suspension of Na montmorillonite with
different amounts of chromium(IIl) acetate and
calcining at 400°C for 4 h in ammonia atmo-
sphere, to avoid Cr** oxidation.

3. Characterization methods
3.1. Surface area measurement

Adsorption /desorption experiments using N,
were carried out at 77 K on a C. Erba Sorp-
tomatic 1900. Prior to each measurement the
samples were outgassed at 1.33 X 10* Pa and
at 150°C for six hours. The N, isotherms were
used to determine the specific surface areas
(SA). Surface areas were obtained using the
BET equation.

3.2, X-ray diffraction

X-ray diffraction spectra were measured with
a Philips PW 1310 diffractometer using the Cu
K, radiation. The samples were disc shaped

pressed powders or cast films.
3.3. Analytical determinations

Determination of the chromium content (wt%)
was accomplished either by atomic absorption
spectroscopy or colorimetrically using the chro-
mate method (A = 372 nm) after treatment with
NaOH-H,0,.

3.4. XPS analysis

XPS spectra were run on a Vacuum Genera-
tor ESCALAB spectrometer, equipped with a
hemispherical analyzer operated in the fixed
analyzer transmission (FAT) mode, with a pass
energy of 20 eV. A1 K_  and Mg K, = photons
(hv=1486.6, 1253.6 eV respectlvely) were
used to excite the photoemission. All the sam-

ples were measured as powders pressed on a
metal tip or spread on a double-side scotch tape.
The binding energy (BE) scale was calibrated
by taking the Au 4f7/2 peak at 84.0 eV. Cor-
rection of the energy shifts due to static charg-
ing of the samples was accomplished by refer-
encing to the Al 2p peak from the support taken
at 74.7 eV. The accuracy of the reported BEs is
+0.2 eV. The spectra were collected by a DEC
PDP 11 /83 data system and processed by means
of a VGS 5200 data handling software.

3.5. Temperature programmed reduction

Temperature programmed reduction (TPR)
was performed in a conventional U-shaped
quartz microreactor (bore = 6 mm, length = 200
mm) using a 5% H,/Ar mixture flowing at 35
ml min~' (STP). The temperature range was
25-700°C and the heating rate 10°C min~"'. The
reduction of CuO to metallic copper was used to
calibrate the TPR apparatus for H, consump-
tion.

3.6. Temperature programmed desorption

TPD of ammonia was used to determine the
total acidity of the samples. Before the adsorp-
tion of ammonia at 100°C, the samples were
heated at 400°C in He flow.

The ammonia TPD were determined between
100 and 400°C, at 10°C min~', and analyzed by
on line gas chromatography (Shimadzu GC-
14A) provided with a thermal conductivity de-
tector.

3.7. Catalytic 1-butene isomerization test

Catalytic 1-butene isomerization tests were
performed in a tubular glass flow microreactor.
Catalyst samples (250 mg) were pretreated for 2
h in N, flow at 400°C. Experiments were per-
formed at 7=2.48_,. - 8 1 puene ' #- The 1-butene
was at 5% in nitrogen and the time on stream
was 120 min. All the catalysts were tested for a
total of 240 min of time on stream.
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The amount of coke has been deduced from
the weight loss of the spent catalyst during
burning in air in the range 90-800°C, measured
by thermogravimetry (TG).

3.8. Catalytic deep oxidation measurements

The deep oxidation reactions were carried out
in a tubular stainless-steel flow reactor inter-
faced to a gas chromatograph (HP 5890)
equipped with FI and TC detectors. Methylene
chloride was vaporized into the carrier gas
stream (He) using a thermostated saturator. Typ-
ical experiment conditions: 500 mg of clay,
total flow of reactants (air and chlorinated hy-
drocarbon in helium) = 90.0 ml/min, chlori-
nated hydrocarbon concentration 10000 ppm,
and total pressure = 101.3 kPa, (space velocity
= 12000 h™"'). The reaction was monitored de-
termining the remaining chlorinated hydrocar-
bon by GC with a 25 m wide bore column 50%
PhenylMethyl Silicone working at 120°C with a
carrier gas flow of 10 ml/min. The formation
of CO and CO, was periodically determined by
GC. Hydrochloric acid was determined by titra-
tion. Partial oxidation products (phosgene and
formaldehyde) and chlorine (formed by the
Deacon reaction) were never found by usual
detection methods.

4. Results
4.1. Characterization of pillared clays

Metal content, basal spacing values, and sur-
face area of the PILCs are summarized in Table

Table 1

Metal content, X-ray, and surface areas of the pillared clays
Cr% (w/w) dgo; (nm) S.A. (m?/g)

APA — 1.82 388.5

ACrPA 1.3 1.82 350.2

50S8Cr 21.1 1.44 349.0

20SCr 19.2 1.52 353.0

158Cr 18.2 1.53 333.0

ACrPA
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Fig. 1. Deep oxidation of CH,Cl, on the pillared clays.

1. The basal reflection d(001) of the samples
prepared by two methods were in the range
1.44-1.82 nm, and the surface area are all
within 333.0 and 388.5 m?/g. The significant
differences in the preparation conditions be-
tween chromia pillared montmorillonites ‘ X SCr’
(where X is 50, 20 or 15) and chromium doped
alumina pillared clay (ACrPA) are reflected by
the difference in chromium content. APA is an
alumina pillared bentonite [14].

4.2. Catalytic deep oxidation measurements

The behavior of the pillared clay catalysts in
the dichloromethane deep oxidation in the 300~
400°C temperature range is shown in Fig. 1.

Methylene chloride was chosen as substrate
for the oxidation because it is one of the more
refractory halocarbons. It is known, in fact, that
halocarbons with carbon—carbon linkages or
higher numbers of halogen atoms can be de-
stroyed at lower temperatures.

All the catalytic reactivity data were obtained
after reaching the steady state conditions (typi-
cally 1 h).

Both ACrPA and almost all XSCr clays
showed a good activity (conversion > 80%) at
temperature > 350°C. However only the
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Al /Cr-pillared clay (ACrPA) was still active
with more than 99% hydrocarbon conversion at
300°C. The APA reference clay, a highly porous
and acidic aluminum pillared clay, was almost
inactive (conversion < 30%) in the 300-400°C
temperature range.

4.3. XPS measurements

XPS analysis of the clay surface before and
after the title reaction showed that the chromium
atoms of APCrA and X SCr (Table 2) were in
different oxidation states.

The Al-Cr-pillared clay (ACrPA) showed a
broad Cr 2p peak at 579.2 + 0.2 eV. This BE
value can be attributed to Cr®* ions [16] while
the chromium pillared clays ‘XSCr’ showed a
Cr 2p peak at 576.7 + 0.2 eV that can be at-
tributed to the Cr’" ion [16]. No changes in the
binding energy values of all the pillared clays
were observed after 72 h of reaction.

The chromium content of the ACrPA sample
was found unchanged after the catalytic experi-
ments while a significant decrease of the Cr/Si
ratio was detected for the Cr-pillared clays after
the reaction.

4.4. TPR analysis

TPR analysis has been largely used to study
supported mono and bimetallic catalysts [17,18].
Metal oxides supported on inert carriers such as
v-Al,O; or Si0, and unsupported oxides may

Table 2
Binding energies (eV) and XPS atomic ratios for the reported

compounds. All binding energies are referenced to the Al 2p peak
taken at 74.7 eV

BE Cr 2p; , Cr /Si (atomic ratio) Si 2p
before after before after
ACrPA 579.2 579.2 0.04 0.04 102.5
50SCr 576.6 576.9 1.41 0.32 102.5
20SCr 576.7 576.7 0.78 0.29 102.5
158Cr 576.6 576.7 0.60 0.24 102.5

BE Cr 2p,,, reference value: CrO; 580.1; CrCl; 577.8; Cr,0,
576.6: Cr,., 574.3. The accuracy of the reported BEs is +£0.2 ¢V.

¥ T T N T

H, uptake (arbitrary units)

A
C
‘—M
ra— | " 1l | D

200 400 600 800
Temperature (°C)

Fig. 2. H,-TPR profile in the range 20+ 700°C for the reported
clays.

exhibit different reduction behaviors. Metal ox-
ides dispersed on pillared clays may be homo-
geneously distributed on the surface of the sup-
port or exist as islands of oxide within the pore
structure, or may be incorporated into the struc-
ture of the pillar.

Temperature programmed reduction of pil-
lared clays can be an useful method to prove the
isomorphic substitution in the pillars {19-21].

The TPR experiments on ACrPA are de-
scribed in Fig. 2. As shown in Fig. 2 (curve D),
no H, consumption peak was observed for the
aluminum-reference pillared clay APA, in the
same temperature range. Curve A is the TPR
profile of the ACrPA clay as prepared, treated
with H, (5% in Ar) up to 700°C. The curve
showed an intense TPR peak centered at 391°C,
a shoulder at 546°C and a peak centered at
575°C. The reduced clay from the first experi-
ment was oxidized in air flow at 400°C before
the second experiment described by curve B.
The curve had two peaks respectively centered
at 391°C and 546°C.
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Table 3
TPD of ammonia in the range 100 +400°C over the pillared clays

Ac. tot. 100-200°C 200-300°C 300-400°C
(pumol NH; /g)
APA 697.0 111.8 262.5 3223
ACrPA 1056.3 143.7 414.8 497.8
50SCr  862.0 90.8 402.0 369.0
20SCr  653.0 141.0 288.0 224.0
158Cr 7169 87.5 312.0 317.4

The spent ACrPA catalyst showed a behavior
identical to that shown by the fresh one. Curve
C is the TPR profile of an ACrPA sample
measured after washing with distilled water to
remove the only adsorbed chromium(VI). An
intense hydrogen uptake peak at 575°C was
observed along with another very small peak at
lower temperature (400°C).

4.5. Acidity evaluation

Temperature-programmed desorption of am-
monia is probably, with the possible exception
of FT-IR measurements of adsorbed pyridine,
the most widely used method to study zeolites
and PILCs acidity. The amount of ammonia
desorbed at some characteristic temperatures is
taken as a measure of the acid sites concentra-
tion while the temperature range in which most
of ammonia was desorbed indicates the strength
of the acid sites. The total acidity and the acid
strength distribution of all the samples, deter-
mined as described in the experimental section
by TPD of ammonia, are presented in Table 3.

Table 4

The total acidity values are comparable to
those found for analogous compounds [21]. It
clearly appears from the obtained data that the
total acidity of the ACrPA sample was higher
than that of all the other samples. Moreover
NH; resulted to desorb from the ACrPA sample
at higher temperature indicating that its acid
sites were stronger than those of the XSCr
clays.

To further investigate the acidity of the clay
samples, the catalytic 1-butene isomerization
was chosen as test reaction [22-24].

The product distribution of 1-butene conver-
sion over all the catalysts are summarized in
Table 4.

The reaction products can be divided into the
following groups: (a) double bond isomerization
products (cis-2-butene and trans-2-butene); (b)
skeletal isomerization products (isobutene); (c)
hydrogenated products ( n-butane and isobutane);
(d) cracking products (methane, ethane, ethy-
lene, propane and propene (C4 — ); (e) surface
carbon residues; (f) butadiene and higher molec-
ular weight compounds (C4 + ).

It was reported that the formation of isobutene
(skeletal isomerization) needs stronger Brgnsted
acid sites (Hy < —6.63) than those required by
the geometric isomerization and the double bond
migration (0.82 > Hy > —4.04) [22-24]. The
reaction is thought to occur on Brgnsted acid
sites via carbenium ion intermediates by a
three-step mechanism: protonation of the reac-
tant, rearrangement of the carbenium ion formed,
desorption of the products, with the rearrange-

Product distribution in 1-butene conversion at 400°C on the pillared clays

iso-bu (%) n-bu(%) trans-2bu= (%) 1-bu=(%) iso-bu= (%) cis-2bu=(%) C4— (%) iso-tot (%)
APA 3.7 1.5 28.9 21.7 16.7 22.6 4.3 20.4
ACrPA 0.7 1.8 349 25.1 8.0 26.6 2.0 8.7
50SCr 0.1 0.1 38.1 24.8 6.2 29.5 1.0 6.3
20SCr 0.0 0.2 38.8 24.7 58 29.7 0.8 5.8
15SCr 0.1 0.2 38.7 24.6 6.1 29.6 0.7 6.2

iso-bu (isobutane); n-bu (n-butane); trans-2bu= (trans-2-butene); 1-bu= (1-butene); iso-bu= (isobutene); cis-2bu= (cis-2-butene); C4 —
(methane, ethane, ethylene, propane and propene); iso-tot (isobutane + isobutene). T = 400°C; 7 = 248" g]__l',mne - h; time on stream = 120

min.
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ment being the reaction rate limiting step. The
isobutene yield is limited by several parallel or
consecutive reactions. The hydrogenated C,-
compounds r-butane and isobutane were found
among the other products. These compounds are
usually generated by butene cracking and their
presence can be explained by a cracking reac-
tion of butene oligomeric carbenium ions or
alternatively, by a direct hydrogenation of the
butene isomers through hydride transfer on the
corresponding monomeric carbenium ions.

In order to have an idea of the skeletal
isomerization activity of the clays the amount of
isobutene produced should be added to isobu-
tane, assuming that isobutane originates from
isobutene.

As shown in Table 4 the ACrPA pillared clay
was much more active in the skeletal isomeriza-
tion, that needs stronger Brgnsted acid sites
(isobutene and isobutane formation), than the
X SCr-pillared clays. Moreover the ACrPA pil-
lared clay produced more n-butane and isobu-
tane, C4 — compounds, and surface carbon
residues. Coke formation was investigated after
4 h on stream. The ACrPA sample was found to
produce 1.3 wt% of coke, whereas all the other
chromium pillared clays contained after 4 h of
reaction a negligible quantity of carbonaceous
compounds.

5. Discussion

It is known that chromium based catalytic
systems are very active in the CVOCs deep
oxidation reaction in the 300-400°C tempera-
ture range [8,10,11] and the effectiveness of
Cr-doped Al PILCs was demonstrated in a pre-
vious work [12].

The catalytic activity of ACtPA and XSCr
resulted quite different. The active metal oxida-
tion state must be at least in part responsible of
this behavior.

The chromium doped aluminum montmoril-
lonite clay (ACrPA) was prepared by adding a
Cr’" salt to the solution of aluminum Al,,

oligomer. Some of the chromium(IIl) is pre-
sumed to be incorporated into the structure of
the Keggin ion Al,;, [AI™(Al,,_ Cr)V'O,-
(OH),,I'* (x =1, 2, 3), by isomorphic substitu-
tion of the octahedral aluminum and some can
be only adsorbed on the surface. Cr{III) must be
subsequently oxidized to Cr(VI) during the PILC
calcination in air. It is known that C{(VI) com-
pounds are unstable at high temperatures in
deep oxidation conditions and easily reduced to
C(I11), nevertheless Cr{(VI) centers of ACrPA
appeared not to be reduced during the catalytic
reaction between 300 and 400°C, as demon-
strated by XPS data. In contrast X SCr chromia
pillared samples were prepared by calcination
under a reducing NH, atmosphere, to avoid
Cr3* oxidation. In this case, the observed val-
ues of the binding energies are typical of Cr,0,
both before and after the reaction. Nevertheless
as the Cr 2p; ,, peak of the ACrPA clay is very
broad, in order to more precisely identify the
nature and the oxidation state of the chromium
centers, the sample was studied by H,-TPR
(Fig. 2). Curve B shows the H,-TPR behavior
of the ACrPA sample after reduction at 700°C
and subsequent reoxidation in air flow at 400°C.
The thermal treatment at 700°C is known to
lead to the collapse by of the PILC tridimen-
sional structure with segregation of the
chromium eventually present in the pillars. All
the metal was reoxidized to Cr(VI) by treatment
in air at 400°C. Therefore the two peaks cen-
tered at 391°C and 546°C (curve B) must corre-
spond to the C(VI) to Cr{lll) and Cr(III) to
Cr(ID) reduction steps of CH{(VI) dispersed on an
silica~alumina surface. On the other hand, the
TPR profile of ACrPA pillared clay (Fig. 2,
curve A), both before and after the title reaction,
showed a Cr(VD /Cr{Ill) reduction peak cen-
tered at 391°C, and a Cr(IIT) /Cr(II) reduction
peak centered at 575°C with a shoulder at 546°C.
The TPR behavior of a series of Cr /Al pillared
montmorillonite samples with Cr/Al ratios
ranging from o to 0.2 was reported by Zhao et
al. [21]. It was observed that the position of the
Cr(IlI) /Cr(I1) peak moved from 484 to 572°C
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as the Cr/Al ratio decreased. The authors sug-
gested that at low Cr/Al ratios (< 0.1) the Cr
was highly dispersed in the ‘chromalumina’ [25]
pillars and more difficult to reduce in analogy
with what is found for other bimetallic systems
[19,20].

The fact that the high temperature peak was
more intense than that at low temperatures sug-
gests that the initial sample contains Cr(II) and
Cr(VI), the former probably as a vicarious ion
of the octahedral AI(IIT) of the pillars, and the
latter as an extra-framework species. It was
reported that a low Cr/Al ratio (0.05) of the
pillaring solution lead to the synthesis of sam-
ples where the chromium atoms were present
only as components of the mixed metal pillars
[20,21], but the Al-Cr substitution appears to
have occurred only in part with the synthetic
procedure used. To confirm this hypothesis a
sample of ACrPA was washed with water to
elute the adsorbed Cr(VI) species, filtered, air
dried and reduced in TPR conditions. The TPR
profile of the treated as above described sample
is shown by curve C. The presence of a main
reduction peak at 575°C confirmed the presence
of Cr** in the initial samples. Thus, some Cr>*
may be incorporated in the alumina pillars which
is not oxidized at high temperatures.

Both ACrPA and XSCr chromium pillared
clays showed a good activity at temperatures >
350°C, but only the Al/Cr-pillared clay
(ACrPA) was still active with more than 99%
hydrocarbon conversion at 300°C.

No loss of chromium was detected during the
catalytic experiments with ACrPA while a sig-
nificant decrease of the Cr/Si ratio of the XSCr
clays after the reaction was found. Nevertheless
the stability of all the catalysts was checked
after 72 h of reaction at 400°C and no apparent
loss of activity was observed. Therefore the
chromium loss observed for X SCr catalysts must
have occurred, as reported for commercial
chromium based deep oxidation catalysts [26],
probably by the formation of the volatile
CrO,Cl, during the initial reaction stage. This
finding suggests that in the X SCr samples some

chromium(III) was present as easily removable
oxide deposited on the clay surface and some as
highly polymerized constituent of the pillars
that prop open the clay layers.

It was reported [8,10,11] that both Cr(III) and
Cr(VI) can catalyze CVOCs deep oxidation at
high temperatures, but most likely only Cr(VI)
is the active metal oxidation for the low-temper-
ature reaction. Chromium(V1) species are known
to be unstable in the total oxidation reaction
conditions and the unusual high stability of
ACrPA pillared clay was probably due, as pro-
posed for other Cr-based active catalytic sys-
tems [8,10,11], to the high metal dispersion and
to the presence of stabilized mixed-valent
Cr(VD)-Cr(IIl) species. The ACrPA catalytic
system can tentatively be described as adsorbed
Cr(VI) species on Al** /Cr** mixed oxide pil-
lars while the active sites of XSCr are in the
Cr(IID) oxide pillars. Both the acidity and the
metal oxidation state of the two chromium based
systems appear to be important in determining
the catalytic activity.

It was proposed that catalysts based on Cr(VI)
on a carbonaceous support function via a non-
oxidative pathway, while the carbon itself func-
tions in a net oxidative manner [10]. Neverthe-
less we found that the Al pillared clay APA was
only a very poor catalyst. The generally pro-
posed deep oxidation mechanism model of
methylene chloride involves, in a probable
multi-step process, adsorption of the hydrocar-
bon on Brgnsted acid sites and of oxygen on
metal ion sites [7]. Both ammonia TPD mea-
surements and 1-butene isomerization data ob-
tained suggested that ACrPA has more and
stronger Brgnsted acid sites when compared to
X SCr chromium-pillared clays.

As shown in a previous paper [12] the activ-
ity of a bifunctional catalyst appears to depend
on a delicate balance of the two active func-
tions.

There is a general agreement to locate the
Lewis acidity sites of an Al pillared in the clay
pillars [27-30] while the location of Brgnsted
sites is more controversial. It was proposed that
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PILCs Brgnsted acid sites are dependent on the
parent clay and are situated part on the pillars
and part on the tetrahedral layer [27-30]. It is
also widely accepted that transition metal ions
added as dopants to the pillaring solution mod-
ify the pillar chemical composition and conse-
quently the strength and nature of the acid sites
[20,21,25,31,32]. Moreover precedence for
Cr(VD) functioning as a Lewis acid in a non-
oxidative process is seen in the reaction of CrO,
with HCl to form HOCrO,Cl and CrO,Cl, [33].
The ACrPA sample showed a high total acidity
and the acid sites were stronger than the
X SCr-pillared clays as most of the NH; des-
orbed at higher temperatures. This is consistent
with what is found when measuring the acidity
of some pillared clays prepared with solutions
containing various atomic ratios of Cr and Al
[21].

As shown in Table 4, ACrPA was much
more active than the X SCr in the butene skele-
tal isomerization, that require stronger Bronsted
acid sites. Furthermore ACrPA yield more C4-
compounds, n-butane and isobutane and surface
carbon residues indicating the presence of strong
Lewis acid sites [34]. The negligible quantity of
coke detected on the chromium pillared clays
after 4 h on stream suggests the presence mainly
of Brgnsted acid sites, as found by other authors
for a chromium pillared montmorillonite treated
at 400°C [32].

We can tentatively conclude that the ACrPA
catalytic activity, apparently independent from
the temperature, is attributable, analogously to
what found for similar systems [8,10,11], to the
presence of a Cr(VI)/Cr(III) stabilized species
in the clay cavities that influence both the acid-
ity and the redox properties. The catalytic
species was most probably the strictly interact-
ing system formed by Cr(VI) species adsorbed
on the mixed metal pillars. The Cr(Ill) signal
was not detected by the XPS or because of the
poor quality of the spectrum or because the
Cr(I1) atoms were below the explored sample
layer.

The catalytic activity of the XSCr samples

resulted in the increase of the Cr content, indi-
cating that the acid sites are located on the
chromia pillars. Nevertheless trivalent chromium
oxide is known to be less reactive and good
activity was observed only at high temperatures
as observed for other systems [12].
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