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Pillared laponite clays-supported palladium catalysts for
the complete oxidation of benzene
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Abstract

Zr-, Ce-, and Al-pillared laponite clays (Al-Lap, Ce-Lap, Zr-Lap) were prepared and used as supports of palladium catalysts for the complete
oxidation of benzene. The pillared clays and the supported Pd catalysts were characterized by N2 adsorption/desorption, differential scanning
calorimetry (DSC), hydrogen chemisorption and temperature-programmed reduction (TPR) techniques. The specific surface areas of the
pillared clays exceed 430 m2/g, and the pore diameters are greater than 4 nm. DSC analysis revealed that the pillared clays have higher thermal
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tability in comparison with the parent clay. Palladium catalysts supported on the pillared clays are much more active than those
n conventional alumina. Pd/Zr-Lap, in particular, could catalyze the complete oxidation of benzene at a temperature as low as 2◦C. The
ffect of calcination temperature on the catalytic activity was investigated. The optimal calcination temperature was found to be◦C for
d/Al-Lap catalysts, and 600◦C for Pd/Zr-Lap and Pd/Ce-Lap catalysts. At optimal calcination temperatures, palladium crystallites o
ize could be formed in pillared clays and showed a higher activity than those calcined at other temperatures.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Volatile organic compounds (VOCs) cause environmen-
al concerns about their toxicity and malodor, as well as on
heir role in photochemical formation of ozone and smog in
he boundary layer[1]. Although some VOCs have their ori-
in from vegetation, but abatement of anthropogenic sources
emains to be a major concern. Many techniques have been
eveloped for the mitigation of industrial VOCs emissions

n the last few decades. Among them, incineration is a con-
enient way to convert VOCs into nontoxic carbon dioxide
nd water. However, conventional thermal incineration re-
uires an operating temperature as high as 1000◦C, and con-
umes significant amounts of energy. Furthermore, toxic by-
roducts, such as dioxin, dibenzofuran and nitrogen oxides,
ould be formed in such processes if the conditions are not
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E-mail address:zpinghao@mail.rcees.ac.cn (H. Zhengping).

carefully controlled. On the other hand, catalytic oxida
can be conducted at much lower temperatures (usually
than 500◦C), and the selectivity of the catalytic reaction co
be effectively controlled. Thus, catalytic complete oxida
has been recognized as one of the most promising techn
for VOCs abatement, and has been extensively studied[2,3].
Much attention has been paid to the improvement of cat
activity that could prompt the complete oxidation of VO
at rather low temperatures. The support materials may
important roles in the catalytic reactions either by pro
ing large surface areas to disperse the active metals,
participating in the reactions as a catalyst promoter. Pill
interlayered clays (PILCs) are interesting porous mate
that can be used as catalysts or catalyst supports due t
peculiar properties and structures[4,5]. In recent years, in
tensive studies on the catalytic applications of pillared c
have been reported[6]. Synthetic laponite clays are know
of their superior porosity and excellently high surface a
[7–9]. Hao et al.[9] found Zr-pillared laponite clay is a goo
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support of nickel catalysts for methane reforming with car-
bon dioxide. However, it has not been employed for VOCs
abatement.

In the present work, Al-, Ce- and Zr-pillared laponite clays
(Al-Lap, Ce-Lap, Zr-Lap) were prepared and used as sup-
ports of palladium catalysts for the complete oxidation of
benzene. Both the supports themselves and the supported cat-
alysts were characterized by N2 adsorption/desorption, TPR
and DSC techniques. The promoting effect of the pillars on
the activity of the palladium catalysts was examined, and the
influence of calcination temperature on the catalyst activity
was investigated in detail.

2. Experimental

2.1. Catalyst preparation

Laponite clay was supplied by Fernz Specialty Chemicals,
Australia. The nonionic PEO surfactant Tergitol type 15-S-9
was procured from the Sigma Chemical Co. Zr-, Ce- and Al-
pillared laponite clays were prepared by a procedure similar
to that was reported in the literature[7,8].

For the preparation of Zr-pillared laponite clay, 19.34 g
of ZrOCl2·8H2O was dissolved in 120 mL of water, and the
s on.
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the calcination and reduction temperatures, respectively. The
acronyms were shortened to PML(A–B) in some tables and
figures of this paper. For comparison, we also prepared pal-
ladium catalysts loaded on the parent laponite clay and on
�-Al2O3. These catalysts were calcined and reduced both
at 500◦C, and designated as Pd/Al2O3 and Pd/Lap, respec-
tively.

2.2. Catalyst characterization

The textural properties of the samples were determined
by nitrogen adsorption/desorption at liquid nitrogen temper-
ature, using a gas sorption analyzer NOVA 1200. The samples
were outgassed at 330◦C for 4 h before the measurements.
The total pore volume was obtained at a relative pressure of
P/P0 = 0.99.

DSC analysis was conducted on Setaram Labsys-16. In
each experiment, about 10 mg of sample was used, and the
temperature was raised from 20◦C to 1000◦C with a heating
rate of 10◦C/min under a nitrogen flow of 20 mL/min.

The dispersion of the supported palladium was determined
by chemisorption of hydrogen at room temperature, assuming
that the hydrogen atoms were adsorbed on all exposed palla-
dium atoms with a H:Pd stoichiometric ratio of 1. The molar
ratio of chemisorbed hydrogen atoms to the total palladium
a sion.
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olution was refluxed for 1 h to form the pillaring soluti
eanwhile, 5 g of laponite clay was dispersed in 240 m
ater under stirring to get a transparent colloidal solu

hen 10 g of surfactant Tergitol type 15-S-9 was added
tirred for 2 h. Subsequently, the refluxed pillaring solu
as added, and the mixture was maintained at 90◦C for 48 h.
hen it was centrifuged and the precipitate was washed b

onized water until it was free of chloride ions. The wet c
as dried and finally calcined at 550◦C for 20 h. The resultan
ample was designated hereafter as Zr-Lap. The Ce-pi
aponite clay was prepared in a similar way as Zr-Lap

pillaring solution containing 26.06 g of Ce(NO3)3·6H2O.
he resultant sample was designated as Ce-Lap.

Regarding the preparation of Al-pillared laponite clay,
illaring solution was prepared as described in the litera

10]. 265 ml of 0.5 M NaOH solution was dropped slow
nto 415 mL of 0.2 M Al(NO3)3 solution under continuou
tirring, and the stirring was maintained for 2 h. Then
ixture was aged at room temperature for 24 h, thus form

he pillaring solution. Then the clay was pillared just as in
ase of Zr-Lap preparation. The final sample was design
s Al-Lap.

Pillared laponite clays supported palladium catalysts
loading of 0.3 wt.% were prepared by the incipient wet

mpregnation method with an aqueous solution of PdC2 as
he metal precursor. The impregnated solids were drie
20◦C overnight, calcined in muffle furnace at various te
eratures from 300◦C to 700◦C for 5 h, then reduced in pu
ydrogen at various temperatures from 300◦C to 600◦C for
h. The final catalysts were designated as Pd/M-Lap(A–B),
hereM stands for the pillar elements, andA andB are
toms H/Pd was used for the evaluation of the Pd disper
he mean crystallite sizes were estimated from the equad
nm) = 112/(percentage of metal exposed)[11,12], assuming
hat the palladium crystallites were spherical in shape w
urface atom density of 1.27× 109 atoms/m2.

Temperature-programmed reduction (TPR) tests were
ied out in a continuous flow quartz reactor, which was c
ected with a TCD detector. In each test, 0.2 g of catalys
sed, and the heating rate was 10◦C/min. Before each tes

he catalyst was oxidized in air at 400◦C for 5 h.

.3. Activity evaluation

Catalytic activity tests were performed in a continuo
ow fixed-bed reactor of i.d. 6 mm, which was placed
tubular electric furnace equipped with a temperature

rammer. In each test run, 0.4 g of catalyst (40–60 mes
uted with an appropriate amount of quartz beads was p
t the center of the reactor, above which a thermocouple

ocated to monitor reaction temperatures. Benzene was
en as the representative of VOCs. A small air stream flo
hrough a boat-shaped saturator in ice-bath so that th
ontained concentrated benzene vapor, then it was furth
uted with another airflow before reaching the catalyst
nd, the total flow rate was set at 320 mL/min with a b
ene concentration of about 1050 ppm. The gas hourly s
elocity (GHSV) was kept at about 20,000 h−1. An on-line
as chromatograph equipped with a FID detector was us
nalyze benzene concentrations in the feed and effluen
efore each test, the temperature of the catalytic bed

aised to 130◦C under the feed stream and stabilized at
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Table 1
Textural properties of the clays and�-Al2O3

Sample SBET
a (m2/g) Vp

b (cm3/g) Dp
c (nm)

Laponite 315 0.23 2.9
Al-Lap 549 0.76 5.6
Ce-Lap 435 0.8 7.4
Zr-Lap 561 0.57 4.1
�-Al2O3 247 0.24 4.0

a BET specific surface areas.
b Total pore volumes are obtained atP/P0 = 0.99.
c Average pore diameters.

temperature. Generally speaking, no benzene oxidation was
observed at this temperature, and then the temperature of the
catalyst bed was raised with a heating rate of 5◦C/min. The
temperature was then kept constant for 3 min at each datum
point prior to recording the benzene concentration in the ef-
fluent gas. A blank test conducted with only quartz beads in
the reactor showed that the homogeneous reaction at a tem-
perature less than 350◦C was negligible.

Long-term stability tests over several samples were car-
ried out under conditions similar to the activity evaluation
except that the concentration of benzene in the feed gas was
increased to 2000 ppm. In each run, the catalytic bed was
firstly heated to a temperature at which a conversion value
of more than 95% was achieved, then decreased to a certain
temperature and maintained constant at that temperature for
about 70 h.

3. Results and discussion

3.1. Characterization of the pillared clays

The textural properties of the clays and�-Al2O3 are pre-
sented inTable 1. The pillared clays have larger specific sur-
face areas, total pore volume and average pore diameters in
c mal
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Fig. 1. DSC curves of various pillared clays and the parent clay.

groups[14]. An exothermal effect followed immediately the
second endothermic effect in the higher temperature region.
These two opposite effects took place at very similar tem-
peratures, thus overlapping with each other. This exother-
mal effect could be attributed to the phase changes in the
clays, which destroyed the clay structure completely, produc-
ing simple silicate[14]. The exothermic peak was centered
at 744◦C, 826◦C, 810◦C and 896◦C for the parent clay,
Al-Lap, Ce-Lap and Zr-Lap, respectively. Obviously, the in-
troduced pillars have promoted the thermal stability of the
clay. Zr-Lap, in particular, takes a phase transformation at a
temperature about 150◦C higher than the parent clay.

3.2. Dispersion of palladium on various supports

The H/Pd ratio and the calculated mean palladium particle
size of various catalysts are listed inTable 2. The H/Pd ratio
of both Zr- and Ce-based palladium catalysts appeared to be
higher than that of Al-based catalyst when they were all cal-
cined at 500◦C. Generally speaking, increasing the calcina-
tion temperature would decrease the dispersion of palladium
except the Al-pillared palladium catalyst calcined at 300◦C,
which showed a remarkably lower dispersion than those cal-
cined at 400◦C and 500◦C. This might be explained by the
retention of chlorine on the Pd/Al-Lap(300–300) catalyst due
t res.
I of
h a
c

3 f
t

e-
r d
t for
a tem-
p ture.
F
a le
omparison with the parent clay. During the hydrother
reatment, the polyoxycations in the solution could have
ntercalated into the clay layers, and they were converted

etal oxide pillars after calcination with the silicate lay
ropped apart, leading to the alternation of the porosity o
lay[13,14]. Among the three pillared clays, Zr-Lap show
he highest specific surface area of 561 m2/g, but its total por
olume and average pore diameter were relatively lower
he other two pillared clays. Probably the properties of
olyoxycations in the pillaring solution affect profoundly
tructure of the final pillared clays.

The DSC profiles of the pillared clays as well as the pa
lay are shown inFig. 1. In all the samples, two endoth
ic effects were observed. The first one occurred at
eratures below 200◦C could be assigned to the desorpt
f the adsorbed and hydration water molecules on the

ace of the clay layers or on the pillars, while the sec
ne at higher temperatures could be assigned to the re
f water formed by the condensation of structural hydro
l

o the relatively low calcination and reduction temperatu
t is well known that chlorine inhibits the chemisorption
ydrogen atoms on noble metals[15,16], and that alumin
ould take up chlorine more readily[17,18].

.3. Temperature-programmed reduction (TPR) study o
he catalysts

Fig. 2 displays the H2-TPR profiles of the Pd/Zr-Lap s
ies of catalysts. The sole peak below 300◦C can be ascribe
o the reduction of palladium oxide to metallic palladium
ll samples. The reduction peak shifted toward a lower
erature with an increment of the calcination tempera
or the sample calcined at 500◦C, reduction started at 67◦C
nd reached a maximum at 106◦C. However, for the samp
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Table 2
Properties of the catalysts

Catalyst Calcination temperature (◦C) Reduction temperatures (◦C) SBET (m2/g) H/Pda db (nm) T50
c (◦C) T90 (◦C)

Pd/Ce-Lap

400 400 –e 0.833 1.34 265 300
500 500 368 0.54 2.07 230 250
600 600 332 0.455 2.46 205 230
600 –d – – – 320 360
700 600 308 0.335 3.34 205 225

Pd/Zr-Lap
500 500 504 0.625 1.79 195 210
600 600 474 0.506 2.21 180 195
700 600 434 0.455 2.46 180 195

Pd/Al-Lap
300 300 – 0.297 3.77 285 310
400 400 – 0.561 2.00 230 270
500 500 479 0.453 2.47 245 270

a Molar ratio of adsorbed hydrogen atoms to the total palladium atoms.
b Calculated diameters of palladium crystallites based on the dispersion of Pd.
c T50 andT90 were the temperatures at which 50% and 90% of benzene were converted.
d The catalyst was calcined at 600◦C in air, but not reduced.
e Not measured.

Fig. 2. TPR profiles of Pd/Zr-Lap catalysts calcined at various temperatures.

calcined at 700◦C, both the start-up temperature and the max-
imum of reduction peak shifted down to 50◦C and 88◦C, re-
spectively. In addition, the reduction peak became higher but
narrower with increasing the calcination temperature, indi-
cating that the samples calcined at higher temperatures were
reduced more quickly.

Fig. 3displays the H2-TPR profiles of the Pd/Ce-Lap se-
ries of catalysts. The large peaks of the samples calcined at
400◦C and 500◦C could be attributed to the reduction of ce-
ria, as these samples consumed much more hydrogen than

Fig. 3. TPR profiles of Pd/Ce-Lap catalysts calcined at various temperatures.

palladium oxide alone could consume. For the samples cal-
cined at 600◦C and 700◦C, the reduction peaks were much
lower in height but prolonged to much higher temperatures,
and the reduction was not finished even at 600◦C. Appar-
ently, there is a retardation of the ceria reduction with in-
creasing calcination temperature. Typically, oxygen in the
surface layer of ceria was reduced at a relatively lower tem-
perature of about 500◦C, while the removal of the bulk oxy-
gen occurred at a temperature higher than 800◦C [19,20].
It should be noticed that the reduction temperature of ceria
in these catalysts was much lower than that of pure ceria.
The promoted reduction of ceria in these samples could be
attributed to the promoting effect of noble metal[21–24].
It has been reported that supported noble metals could acti-
vate hydrogen molecules and then spill the hydrogen atoms
over onto the surface of ceria[25–27]. We suggest that the
palladium species were in intimate contact with ceria when
the catalysts were calcined at relatively lower temperatures,
favoring the spillover of the hydrogen atoms. Thus ceria in
samples calcined at lower temperatures could more easily be
reduced.

3.4. Influence of calcination and reduction temperatures
on the catalyst activity

tent,
o
T and
9
p at
a tic
a ata-
l am-
p n
t gher
t ature
w thus
The activity of the catalysts depends, to a great ex
n the temperature of calcination, as indicated inFig. 4. The
50 andT90 temperatures, namely, temperatures for 50%
0% of benzene conversion, are listed inTable 2. For the Al-
illared clay-based catalysts (Fig. 4a), the sample calcined
moderate temperature of 400◦C showed the best cataly
ctivity, whereas for the other two pillared clay-based c

ysts (Fig. 4b and c), the best activity was showed by the s
les calcined at 600◦C and 700◦C. Lowering the calcinatio

emperature would shift the conversion curves toward hi
emperatures. As a rule, calcination at too high a temper
ould often induce agglomeration of the noble metals,
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Fig. 4. Conversion curves for benzene oxidation over catalysts calcined at
various temperatures. (a) Pd/Al-Lap; (b) Pd/Ce-Lap; (c) Pd/Zr-Lap.

resulting in a diminution of the catalyst activity. Remarkably,
Ce- and Zr-pillared catalysts did not follow such a rule.

We also studied the influence of the reduction temperature
on the catalyst activity.Fig. 5 shows the conversion curves
of benzene oxidation over Pd/Ce-Lap catalysts calcined at
600◦C but reduced at various temperatures. The reduction
treatment did have a positive effect on the catalysts. But, it
is unlikely that the reduction temperature is the ruling factor
determining the catalyst activity, as all the reduced catalysts
gave almost the same conversion curves in spite of the dif-
ference in reduction temperature. Certain palladium oxide

Fig. 5. Conversion curves for benzene oxidation over Pd/Ce-Lap catalysts
calcined at 600◦C but reduced at various temperatures.* PCeL(600) was the
catalyst that was only calcined at 600◦C but not reduced.

species in a less oxidative state could be responsible for the
activity of palladium catalysts in oxidation reactions[28–31].
In those cases, a surface redox cycle known as Mars-van
Krevelen mechanism would be involved in catalytic oxida-
tion reactions of hydrocarbons. In other words, the hydro-
carbons were oxidized by depriving the oxygen atoms from
palladium oxide species, and the reduced palladium was sub-
sequently oxidized by oxygen again. If such a mechanism is
applicable to benzene oxidation in our work, the reducibility
of the palladium oxide species can be the main factor deter-
mining the catalyst activity. TPR tests of the Pd/Zr-Lap series
of catalysts showed that the samples calcined at elevated tem-
perature were more easily reduced, it is in good agreement
with the activity of these catalysts (Fig. 2).

On the other hand, the elevated calcination temperature
induced the growth of palladium crystallites, as indicated in
Table 2. Samples with larger crystallite sizes were more ac-
tive in the cases of Pd/Zr-Lap and Pd/Ce-Lap catalysts. This
is contrary to Epling’s findings[32] that Pd/ZrO2 catalysts
calcined at lower temperatures catalyzed the methane oxida-
tion more efficiently than those calcined at higher temper-
atures, for higher temperature had caused severe sintering
of palladium. As compared with our work, Epling’s catalyst
has a rather low specific area of 24.5 m2/g and a relatively
high-Pd loading of 5 wt.%. Thus, the supported palladium
a ore
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toms would possibly tend to form large crystallites m
eadily, and the surface areas of the active phases as
s the catalytic activity become reduced. Nevertheless

remely small crystallite sizes could also bring about n
ives effects. According to Kundakovic[33], copper exists i
he forms of either highly dispersed clusters or isolated
er ions on ceria or zirconia-supported copper catalysts

ow loading (<5 at.%). Higher temperatures are require
educe the copper with low loading than with moderate lo
ng (less than 15 at.%). Other authors[34–36] reported tha
he ease of reduction of supported cobalt oxide diminis
rom larger to smaller particles. The ease and extent of th
uction depend upon the interaction between the metal o
nd the support, and weakening such interactions facil

he reduction process. Meanwhile, the metal-support int
ion becomes intensified with a decrement of the suppo
article size. As a consequence, too strong an interactio
lternatively, too small a metal oxide crystallite size, m
ring about negative influence on the catalytic activitie
xidative catalysts. Pradier[37] studied the oxidation rea

ion of organic compounds on supported chromia catal
nd found that the crystalline Cr2O3 displayed a much high
atalytic activity than amorphous grafted species, which
n strong interaction with the support. Ji et al.[38] also found
hat for CO oxidation on Co/Al2O3 catalysts, the activity in
reased with the decrease of metal-support interaction
roposed that the supported catalysts exhibited the bes

ormance when the sizes of the active crystallites fell in
ertain range.

In our work, the catalysts possessed rather large su
reas as well as low loading of palladium, so it was pos
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that the palladium species existed as either isolated atoms or
small clusters, interacting strongly with the supports. Such a
correlation was observed by other authors[36]: the interac-
tion between the cobalt oxide species and�-alumina support
with high-surface areas (>300 m2/g) were very strong. Fur-
thermore, the TPR profiles have indicated that the palladium
species on the Pd/Ce-Lap catalysts calcined at low tempera-
tures were in intimate contact with ceria, and this could also
be viewed as an indirect indication of strong metal-support
interaction. For Pd/Zr-Lap and Pd/Ce-Lap catalysts, the ele-
vated calcination temperature weaken the metal-support in-
teraction because the particle size becomes larger and reaches
a desirable value. Regarding Pd/Al-Lap catalysts, calcination
at 400◦C seemed to be the optimal condition for the forma-
tion of a catalyst with palladium crystallites of a desirable
size.

3.5. Comparison of the catalytic activity of palladium
catalysts loaded on various supports

The ignition curves for benzene deep oxidation over vari-
ous types of catalysts were compared inFig. 6. The destruc-
tion efficiency of all the three types of pillared clays supported
catalysts, which were all capable of achieving total conver-
sion of benzene at less than 300◦C, were far more superior
t ts. In
p t ac-
t hich
t 0
a -
i -
v
a tem-
p d
c ing
d : Zr-
L ac-
t reas
o i-
t the
c ient
p t as
a ivity
f

F alysts
l

Fig. 7. Stability tests of benzene conversion with time-on-stream over var-
ious catalysts. (©): PZrL(600–500) at 200◦C; (�): PAlL(400–400) at
220◦C; (�): PCeL(600–500) at 235◦C.

Al2O3 or strongly acidic solids[13,39]. And the C H cleav-
age has been reported to be the initial step of hydrocarbon
oxidation[27,40]. Meanwhile, Zr induced weakening of the
Pd O bond due to its weak basic property, thus favoring the
C H activation step[41]. In addition, the oxygen mobility of
zirconia is rather high[28,42], thus promotes the interaction
with the hydrocarbon fragments[43,44].

3.6. Long-term stability tests

A series of long-term stability tests over the three types of
pillared clays supported catalysts were performed to evaluate
the stability of the catalytic activity. And the evolutions of
benzene conversion with time-on-stream are shown inFig. 7.
The conversion of benzene over Pd/Zr-Lap catalyst was well
sustained at about 86.7% (±0.7%) for 70 h, and no noticeable
deactivation was observed. In contrast, the activity of Pd/Ce-
Lap was sustained at about 83% (±0.8%) only for the first
50 h, then it began to decrease, and the conversion value fell
down to about 74.5% after 70 h. Regard to Pd/Al-Lap catalyst,
the conversion value increased to 97% in the first 20 h, then
gradually decreased to about 91% (±1%), further decrease
began after the test run had been operated for about 50 h, and
the conversion value after 70 h was about 86.5%.

4
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c lared
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4 ity of
t tion
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c eries
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t eries
o
r tion
t ld be
f ene
c tive
c cat-
a h.
o both alumina and the parent clay supported catalys
articular, Pd/Zr-Lap(600–500) appeared to be the mos

ive catalyst with a very steep conversion curve, on w
he oxidation of benzene became appreciable at 140–15◦C,
pproaching 50% of conversion at 180◦C and quickly reach

ng complete conversion at 210◦C. But, in the case of con
entional Pd/Al2O3 catalyst, the reaction started at 200◦C
nd complete combustion was not achieved until the
erature was raised to 410◦C. The activity of the pillare
lays supported palladium catalysts were in the follow
escending order with respect to the pillar composition
ap > Ce-Lap > Al-Lap. Apparently, the order of catalytic

ivity does not follow the order of the specific surface a
f the catalysts (Table 2). The nature of the pillar compos

ions might play a more important role in determining
atalytic activity. Zirconia appeared to be the most effic
romoter toward benzene oxidation. Zirconia could ac
n acid–base bifunctional catalyst exhibiting higher act

or C H bond cleavage than strong acidic SiO2–Al2O3 and

ig. 6. Conversion curves for benzene oxidation over palladium cat
oaded on various supports.
. Conclusions

The laponite clay was modified by pillaring with alumi
eria and zircnia. The specific surface areas of all the pil
lays exceed 430 m2/g, and the pore diameters are larger t
nm. The pillaring process enhanced the thermal stabil

he clay, especially for the Zr-pillared clay. The calcina
emperatures affected significantly the activity of the pilla
lays supported palladium catalysts. For the Pd/Al-Lap s
f catalysts, 400◦C appeared to be the optimal calcinat

emperature, while for the Pd/Ce-Lap and Pd/Zr-Lap s
f catalysts, calcination temperature higher than 600◦C were
equired to generate the best activity. At optimal calcina
emperatures, palladium crystallites of proper size cou
ormed in pillared clays. Pd/Zr-Lap, which converts benz
ompletely at less than 210◦C, appeared to be the most ac
atalyst. Pd/Zr-Lap showed an excellent stability of the
lytic performance during a long-term stability test of 70
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