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Preparation and characterization of chromium
oxide supported on zirconia
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Chromium oxide/zirconia was prepared by dry impregnation of powdered Zr(OH), with an
aqueous solution of (NH,),CrO,. The characterization of prepared samples was performed
using Fourier-transform infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), and differential thermal analysis (DTA), and by measurement
of the surface area. The addition of chromium oxide to zirconia shifted the transitions of ZrO,
from the amorphous to the tetragonal phase and from the tetragonal to the monoclinic phase
to higher temperatures due to the strong interaction between chromium oxide and zirconia;
and the specific surface area of the samples increased in proportion to the chromium-oxide
content. Since the ZrO, stabilizes supported chromium oxide, chromium oxide was well dis-
persed on the surface of zirconia, and «-Cr,05 was only observed at calcination temperatures
above 1173 K. Upon the addition of only small amounts of chromium oxide (1 wt % Cr) to
ZrO,, both the acidity and acid strength of the samples increased remarkably, showing the
presence of two kinds of acid sites on the surface of CrOx/ZrO, (Bronsted and Lewis acid

sites).

1. Introduction

Supported chromium oxides are being used as cata-
lysts for polymerization, hydrogenation, dehydrogen-
ation, and oxidation—reduction reactions between en-
vironmentally important molecules such as CO and
NO [1-5]. Recently, many efforts have involved the
characterization of these samples in an attempt to find
appropriate reaction mechanisms. Titrations to deter-
mine the oxidation state of the chromium when used
in conjunction with infrared (i. r.) and electron-para-
magnetic-resonance spectroscopy have provided
much information on these matters. So far, however,
they have been studied mainly in silica and alumina
[6-8], and only a little work has studied the ZrO,
support [9, 10].

Zirconia is an important material due to its inter-
esting thermal and mechanical properties and so it has
been investigated as a support and as a catalyst in
recent years. Different papers have been devoted to
the study of ZrO, catalytic activity in important
reactions such as methanol and hydrocarbon syn-
thesis from CO and H,, or CO, and H, [11, 12], or
alcohol dehydration [13, 14]. Zirconia has been exten-
sively used as a support for metals or incorporated in
supports to stabilize them or make them more re-
sistant to sintering [15-17]. ZrO, activity and selec-
tivity highly depend on the methods of preparation

*To whom all correspondence should be addressed.

0022-2461 © 1993 Chapman & Hall

and the treatment used. In particular, in previous
papers rom this laboratory, it has been shown that
NiO-ZrO; and ZrO, modified with sulphate ions are
very active for acid-catalysed reactions, even at room
temperature [18-20]. The high catalytic activities in
the above reactions were attributed to the enhanced
acidic properties of the modified catalysts, which ori-
ginate from the inductive effect of S=0O bonds of the
complex formed by the interaction of oxides with the
sulpha sulphate ion.

It is well known that the dispersion, the oxidation
state, and the structural features of supported species
may strongly depend on the support. The structure
and physico-chemical properties of supported metal
oxides are considered to be in different states to bulk
metal oxides because of their interaction with the
supports. This paper describes the preparation and
characterization of chromium oxide supported on
zirconia. The characterization of the samples was
performed by means of FTIR, XRD, XPS and DTA,
and by the measurement of the surface area.

2. Experimental procedure

2.1. CrOx/ZrO, preparation

The precipitate of Zr(OH), was obtained by adding
aqueous ammonia slowly into an aqueous solution of
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zirconjum oxychloride at room temperature with
stirring until the pH of the mother liquor reached
about 8. The precipitate thus obtained was washed
thoroughly with distilled water until chloride ions
were not detected, and then it was dried at room
temperature for 12 h. The dried precipitate was pow-
dered below 100 mesh.

The CrOx/ZrO, samples containing various
chromium content were prepared by dry impregna-
tion of powdered Zr(OH), with an aqueous solution
of (NH,),CrO, followed by calcining at high temper-
atures for 1.5h in air. This series of samples are
denoted by their weight percentage of chromium. For
example, 1-CrOx/ZrQ, indicates the sample contains
1 wt % chromium.

2.2. Physico-chemical characterization

FTIR spectra were obtained in a heatable gas cell at
room temperature using a Mattson Model GL 6030E
spectrophotometer. The self-supporting CrOx/ZrO,
wafers contained about 9 mg cm ~ 2. Prior to obtaining
the spectra the samples were heated under vacuum at
673~773K for 1.5h.

The samples were checked in order to determine the
structure of the support as well as that of chromium
oxide by means of a Jeol Model JDX-8030 diffrac-
tometer, employing CuK, (Ni filtered) radiation.

X-ray photoelectron spectra were obtained with a
VG Scientific Model Escalab MK-II spectrometer.
AIK, and MgK, were used as the excitation source,
usually at 12kV and 20 mA. The analysis chamber
was at 1077 Pa or better and the spectra of the
samples, as fine powder, were analysed. However, to
examine the redox behaviour of CrOx/ZrO,, some
samples were pressed onto a plate, treated with H,
and O, in a separate gas cell, and transferred into a
analysis chamber without exposure to air. Binding
energies were referenced to the C,, level at 285.0 eV.

DTA measurements were performed by a Dupon
2100 apparatus in flowing Ar (30 mlmin~!), and the
heating rate was 5-10 K min~!. For each experiment
30~ 50 mg of sample was used.

The specific surface area was determined by apply-
ing the Brunauer-Emmett-Teller (BET) method to the
adsorption of N, at 77 K. Chemisorption of ammonia
was also employed as a measure of the acidity of
samples. The amount of chemisorption was obtained
as the irreversible adsorption of ammonia [21].

3. Results and discussion
3.1. X-ray diffraction
The crystalline structure of CrOx/ZrO, calcined in air
at different temperatures for 1.5h was examined.
Fig. 1 represents XRD patterns of ZrO, calcined in air
at different temperatures. ZrO, was amorphous to
XRD up to 573 K, with a two-phase mixture of the
tetragonai and monoclinic forms at 623-873 K, and a
monoclinic phase at 973 K. Three crystal structures of
Z1rQO, (tetragonal, monoclinic and cubic phases) have
been reported [22, 23].

On the other hand, in the case of supported chrom-
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Figure ] XRD patterns of ZrO, calcined at different temperatures
for 1.5 h.

ium-oxide catalysts the crystalline structures of the
samples were different from that of the support, ZrO,.
For 5-CrOx/ZrO,, as shown in Fig. 2, ZrO, was
amorphous up to 723 K. In other words, the transition
temperature from the amorphous to tetragonal phase
was 100 K higher than for pure ZrO,. XRD data
indicated a tetragonal phase of ZrQ, at 773 K, a two-
phase mixture of the tetragonal and monoclinic ZrO,
forms at 873~1073 K, and a three-phase mixture of
the tetragonal and monochnic ZrO, forms and
a-Cr, 0, at 1173 K. It is assumed that the strong
interaction between chromium oxide and ZrQO, hin-
ders the transition of ZrO, from the amorphous to the
tetragonal phase. The presence of chromium strongly
mfluences the development of textural properties with
temperature in comparison with pure ZrO,. More-
over, for the sample of 10-CrOx/ZrQ,, the transition
temperature from the amorphous to the tetragonal
phase was higher by 200 K than that of pure ZrQ, as
shown in Fig. 3. That is, the higher the content of
chromium, the higher is the transition temperature.
These results are in agreement with those of DTA
which will be described lates. 10-CrOx/ZrO, was
amorphous to XRD up to 773 K, with a tetragonal
phase of ZrO, at 873-973 K, a two-phase mixture of
the tetragonal and monoclinic forms at 1073 K, a
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Figure 2 XRD patterns of 5-CrOx/ZrO, calcined at different tem-
peratures for 1.5 h.

three-phase mixture of the tetragonal and monoclinic
ZrO, forms and a-Cr,O; at 1173~1273 K, and a
two-phase mixture of the monoclinic ZrO, form and
a-Cr,05 at 1373 K. No phases of chromium oxide
were observed up to a calcination temperature of
1073 K, indicating a good dispersion of chromium
oxide on the surface of the ZrO, support due to the
strong interaction between them. As shown 1n Figs 2
and 3, the a-Cr,0O, phase was observed only in the
samples calcined above 1173 K, indicating that the
ZrO, support stabilizes supported chromium oxide,
and chromium oxide is well dispersed on the surface of
ZrQ, for calcination temperatures below 1173 K.

It is also of interest to examine the influence of
chromium oxide on the transition temperature of
ZrO, from the tetragonal to the monoclinic phase.
Comparison of Figs 1-3 shows that the stabilization of
the tetragonal phase is observed for CrOx/ZrO, sam-
ples. In view of the XRD patterns, the calcination
temperatures at which the monoclinic phase is ob-
served initially are 623 K for pure ZrO,, 673 K for
1-CrOx/ZrO,, 873 K for 5-CrOx/ZrO,, and 973 K
for 10-CrOx/ZrO,. That is, the transition temper-
ature increases with increasing chromium-oxide con-
tent. This can be also explained in terms of the delay of
the transition from the tetragonal to the monoclinic
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Figure 3 XRD patterns of 10-CrOx/ZrO, calcined at different
temperatures for 1.5 h.

phase due to the strong interaction between
chromium oxide and zirconia, in analogy with the
delay of the transition from the amorphous to the
tetragonal phase described before.

3.2. Thermal analysis

In the XRD patterns, it was shown that the structure
of CrOx/ZrO,depended on the calcining temperature.
To examine the thermal properties of the precursors of
the samples more clearly, thermal analysis was carried
out as illustrated in Fig. 4. For pure ZrO,, the DTA
curves show an endothermic peak in the temperature
range 303~453 K due to water elimination, and a
sharp and exothermic peak at 703~743 K due to
710, crystallization. In the case of CrOx/ZrO,, an
additional endothermic peak appeared at about 473 K
due to the evolution of NH; decomposed from
(NH,),CrO,. However, it is of interest to see the
influence of chromium oxide on the phase transition of
ZrQ, from the amorphous to the tetragonal phase. As
Fig. 4 shows, the exothermic peak due to the phase
transition appears at about 723 K for pure ZrO,,
while for CrOx/ZrO, samples it is shifted to higher
temperatures. The shift increases and the shape of
peak becomes broad as the chromium content in-
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Figure 4 DTA curves of the precursors of the catalysts Zr{OH), and
{NH,),CrO,/Zr(OH),.

creases. Consequently, for 10-CrOx/ZrO, the exo-
thermic peak appears at 923 ~973 K. These results are
in agreement with those of the XRD described above.
It is relevant that the strong interaction between
chromium oxide and zirconia delays the transition of
ZrO, from the amorphous to the tetragonal phase. A
similar observation has been made by Sohn and co-
workers et al. [20, 24] for silica and sulphate ion
additions.

3.3. X-ray photoelectron spectra

The difficulty in the study of supported chromium
oxide comes from the simultaneous presence of oxida-
tion states. Fig. 5 shows the Cr 2p spectra of
3-CrOx/Zr0O, treated under various conditions. The
shape of the peaks and the binding energies of the 2p
electrons depend on the treatment conditions, indicat-
ing that the oxidation state of chromium varies with
the treatment process.

To obtain further information on the oxidation
state, the spectrum in the Cr 2p,/, region was ana-
lysed by appropriate curve fitting and the presence of
two or three components was confirmed, as shown in
Fig. 6. For the non-calcined and calcined samples, Cr
2p;,, binding energies were obtained of 579.3 eV due
to Cr(VI) and of 576.7 eV due to Cr(III). Cimino et al.
[25] have measured Cr 2p binding energies for a
variety of different chromium compounds. The corres-
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Figure 5 Cr 2p XPS of 3-CrOx/ZrQ, treated under various condi-
tions: (a) uncalcined sample, (b) sample calcined at 873 K, (c) after
reduction of sample (b} with H, at 823 K, (d) after reoxidation of
sample (c) with O, at 823 K, and (e) after reaction of sample (b) with
n-hexane at 823 K.

ponding Cr 2p,;, binding energies for CrO; and
Cr,05 are 579.9 and 576.8 eV, respectively. Quantitat-
ive analysis for the chromium oxidation state was
made and the results are listed in Table 1. It is noted
that the percentage of Cr(III) increases to some degree
by the calcination at 873 K. However, the Cr(VI)
concentration of the sample calcined at 873 K is quite
large, of the order of 54% of the total Cr concentra-
tion, indicating that the ZrO, support stabilizes sup-
ported chromium oxide as follows:

Zr—O ~ 40
7r-0~ N0

However, when sample (b) Fig. 6b was treated with H,
at 823 K for 6 min, the Cr(VI) species was easily
reduced to the Cr(II1) species, as illustrated in Fig. 6¢
and Table 1. Sample {c) was reoxidized with O, at
823 K for 6 min and its XPS result is shown in Fig. 6d.
The Cr(VI)/Cr(IIl) ratio increased, which indicates
that the reduction—oxidation process is reversible.
One microlitre of n-hexane was reacted successively
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Figure 6 Cr 2p;,, fitted XPS of 3-CrOx/ZrO, treated under various
conditions: (a) uncalcined sample, (b} sample calcined at 823 K, (c)
after reduction of sample (b) with H, at 823 K, (d) after reoxidation
of sample (c) with O, at 823 K, and (e) after reaction of sample (b)
with n-hexane at 823 K.

TABLE [ Percentage of chromium species from the area of the
fitted bands in the Cr 2p;,, XPS region

Treatment condition C™ species (%)

Ccrer oot or°

Uncalcined sample 65 35
Calcined in air at 873 K. 54 46
After reduction with H, at 823 K 19 81
After oxidation with G, at 823 K 59 41
After reaction with n-hexane at 823 K 3 8% 7

ten times over the sampie calcined at 873 K, where the
reaction temperature was 823 K. XPS of the sample
after this reaction is illustrated in Fig. 6¢. The reaction
results in the increase of the Cr(IIT) concentration. In
this case a Cr 2p;,, binding energy was aiso obtained

(e}
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Figure 7 Oy, XPS of 3-CrOx/ZrQ, treated under various condi-
tions: (a) uncalcined sample, (b} sample calcined at 873 K, (c) after
reduction of sample (b) with H, at 823 K, (d) after reoxidation of
sample (c) with O, at 823 K, (e} after reaction of sample (b) with n-
hexane at 823 K.

of 574.7eV and assigned to chromium metal [26].
This again suggests reduction from Cr(VI) to Cr(I1I})
or Cr(0) by n-hexane.

Fig. 7 shows the O, spectra of 3-CrOx/ZrO,
treated under various conditions. In all the spectra the
O, peak at a lower binding energy, 529.2 eV corres-
ponds to lattice oxide ions [27]. However, for the
sample reacted with n-hexane the O peak at a higher
binding energy, 531 ¢V, appeared. This peak can be
attributed to a carbonate species formed during the
catalytic reaction of n-hexane. Recently Gonzalez-
Elipe et al. [27] have dealt with the characterization
by XPS of the surface state of some metal oxides. In
their work a second O, peak, appearing at the high
binding-energy side of the main peak, corresponding
to the oxide anions, has been attributed to carbonate
species.

3.4. . r. spectra

Fig. 8 shows the 1. r. spectra of [-CrOx/ZrO, treated
under various conditions. After evacuation at 773 K
for 1 h, three bands at 1032, 1018 and 920 cm ™! were
observed. The doublet at 1032 and 1018 cm ™! is
assigned to the asymmetric and symmetric stretching
modes, respectively, of surface chromates [9]. The
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Figure 8 1. 1. spectra of 1-CrOx/ZrO, treated under various condi-
tions: {a) after evacuation at 773 K for 1 h, (b) after evacuation at
773 K for 2 h, (c) after oxidation of sample (b) with O, (6.6 kPa) at
773 K for 1 h, (d) after reduction of sample (c} with CO (6.6 kPa) at
773K for 0.5h and (e) after reoxidation of sample (d) with O,
(6.6 kPa) at 773 K for 0.5 h.

broad band around 900cm~' is typical of
chromium-oxygen groups of a lower double-bond
character. However, upon evacuation at 773 K for 2 h
the intensities of the doublet bands decreased remark-
ably due to the removal of surface oxygen. Reoxid-
ation of sample (b) in Fig. 8 was performed by the
addition of O, (6.6 kPa) at 773 K for 0.5 h and then
the i. r. spectrum was taken at room temperature (Fig.
8c). Heating in oxygen at 773 K nearly restored the
situation observed in Fig. 8a and an additional band
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at 1004 cm ™ 'assigned to Cr=0 species was observed.
The weak and sharp band at 920 cm ™! can be inter-
preted as due to the blue shift of the Zr-O—Cr mode
caused by Cr oxidation. Upon reduction of the oxi-
dized sample (c) in Fig. 8 with CO at 773 K, the
intensities of all the bands in the range 1100-900 cm ~!
decreased as shown in Fig. 8d. Upon introduction of
O, (6.6 kPa) to the sample reduced with CO and on
heating at 773 K for 0.5 h, the bands at 1032, 1018,
1004 and 920cm™"' were also recovered. Complete
reversibility was observed after reduction—oxidation
processes and these results are in good agreement with
those of XPS described above.

3.5. Surface properties of the CrOx/Zr0O,
catalyst

It is necessary to examine the effect of chromium oxide
on the surface properties of CrOx/ZrO,, that is, speci-
fic surface area, acidity, and acid strength. The specific
surface areas of samples calcined at 873 K for 1.5 h are
plotted as a function of chromium content in Fig. 9.
The presence of chromium oxide strongly influences
the surface area in comparison with the pure ZrO,.
The specific surface areas of the CrOx/ZrQO, samples
are much larger than those of pure ZrO, calcined at
the same temperature, showing that surface area in-
creases gradually with increasing chromium content.
It seems likely that the strong interaction between
chromium oxide and ZrO, protects catalysts from
sintering. The dependence of this anti-sintering effect
on chromium oxide content is clear from Fig. 9. These
results are correlated with the fact that the transition
temperature of ZrO, from the amorphous to the
tetragonal phase increases with increasing chromium-
oxide content in DTA experiments. These results are
also in agreement with those of the phase transition
of ZrO, observed in XRD patterns as illustrated in
Figs 1-3.
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Figure 9 Variation of surface area of CrOx/ZrO,, calcined at 873 K,
with chromium content.



In addition to chromium-oxide content, calcination
temperature influences the surface-area value. Pure
Zr0, and some CrOx/ZrO, samples were subjected
to calcining in air at a given temperature, and the
results obtained are plotted in Fig. 10 as a function of
calcination temperature. The anti-sintering effect of
chromium oxide is greater at lower calcination tem-
peratures than at higher temperatures. As illustrated
in Fig. 10, the difference in surface area between pure
ZrO, and CrOx/ZrO, calcined at 1173 K is very small
compared with the cases of samples calcined at lower
temperatures. For the CrOx/ZrO, samples, crystalline
o-Cr,0 was observed at the calcination temperature
above 1173 K as described in the XRD results. There-
fore, it seems likely that the small anti-sintering effect
of chromium oxide at the calcination temperature of
1173 K is related to the formation of a-Cr,0,
and consequently to the weak interaction between
a-Cr,0O, and zirconia.

The acid strength was examined by a colour-change
method, using a Hammett indicator [28], when a
powdered sample was added to an indicator dissolved
in dried benzene. Since it was very difficult to observe
the colour of indicators adsorbed on samples of high
chromium-oxide content, a low percentage of
chromium content (0.1 wt %) was used in this experi-
ment. The results are listed in Table II. In this table, a
plus sign indicates that the colour of the base form was
changed to that of the conjugated acid form. ZrO,
evacuated at 673 K for 1 h has an acid strength Ho <
— 5.6, while 0.1-CrOx/ZrO, was estimated to have a
Ho < — 14.5, indicating the formation of new acid
sites stronger than those of single-oxide components.
The acid strength of 0.1-CrOx/ZrO, oxidized with O,
at 773 K was also found to be Ho < — 14.5. Acids
stronger than Ho < — 11.93, which corresponds to

(a)
140 .\'
(b) \.
120F
100}
© (c)
E so}
[4+]
<]
5
3 60} (d)
g a
=
® \
a0}
o\e ®
o
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600 800 1000 1200
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Figure 10 Variations of surface area for ZrO, and some
CrOx/ZrQ, samples against calcination temperature: (a)
10-CrOx/Zr0O,, (b} 5-CrOx/Zr0,, (¢} 1-CrOx/ZrO,, (d} ZrO,.

TABLE I Acid strength of 0.1-CrOx/ZrO, and ZrO,

Hammett pKa value CrOx/ZrO,* CrOx/ZrO,° ZrO,
indicator of indicator

Dicinnamal-

acetone - 30 + + +
Benzalaceto-

phenone - 56 + + +
Anthraquinone  — 8.2 + + -
Nitrobenzene — 124 + + —
2,4-Dinitro-

fluorobenzene — 14,5 + + —

*Calcined in air at 873 K.
® Oxidized with O, at 773 K.

0.15
[ ]
[ 4

~ 0.10p
o
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£
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]
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Figure 11 Acidity of CrOx/ZrO, plotted against chromium con-
tent.

an acid strength of 100% H,SO,, are superacidic [ 29].
Consequently, CrOx/ZrO, catalysts would be solid
superacids. The superacidic property is attributed to
the double-bond nature of the Cr=0 in the complex
formed by the interaction of ZrO, with chromate, in
analogy with the case of ZrO, modified with sulphate
ions [18-20].

The acidity of CrOx/ZrO,, as determined by the
amount of NH; irreversibly adsorbed at 503 K [21], is
plotted as a function of the chromium content in
Fig. 11. Although pure ZrO, showed an acidity of
0.05 meq g%, 1-CrOx/ZrO, resulted in a remarkable
increase in acidity (0.1 meq g~ ). As shown in Fig. 11,
the acidity increases abruptly upon the addition of
1 wt % chromium to ZrQ,, and then the acidity in-
creases very gently with increasing chromium-oxide
content. Many combinations of two oxides have been
reported to generate acid sites on the surface [30-32].
The combination of ZrO, and CrOx generates strong-
er acid sites and more acidity than the separate com-
ponents. A mechanism for the generation of acid sites
by mixing two oxides has been proposed by Itoh et al.
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[30]. They suggest that the acidity generation is
caused by an excess of a negative or positive charge in
a model structure of a binary oxide related to the co-
ordination number of a positive element and a nega-
tive element.

Infrared spectroscopic studies of pyridine adsorbed
on solid surfaces have made it possible to distinguish
between Bronsted and Lewis acid sites [33]. Fig. 12
shows the ir. spectra of pyridine adsorbed on
1-CrOx/ZrOx evacuated at 773 K for 1 h. There were
peaks at 1443, 1483, 1497, 1554, 1580, 1595 and
1605 cm ™! comprising the vibrational modes of pyri-
dine after evacuation at room temperature. Many
peaks were weakened after evacuation at 523 K. Con-
sequently, this set of disappeared absorption peaks
can be assigned to hydrogen-bonded pyridine [34].
The bands at 1554 and 1497 cm ™! are the character-
istic peaks of the pyridinium ion, which are formed on
the Bronsted acid sites [35]. The other set of absorp-
tion peaks at 1443, 1483, 1580 and 1605cm™' are
contributed by pyridine coordinatively bonded to
Lewis acid sites. It is clear that both Bronsted and
Lewis acid sites exist on the surface of CrOx/ZrO,
samples calcined at 873 K.

Transmittance

1443

1 | 1
1600 1500 1400

Wavenumber (cm’™)

1700

Figure 12 1. 1. spectra of pyridine adsorbed on 1-CrOx/ZrO;: (a)
background of 1-CrOx/ZrO, after evacuation at 773 K Jor 1 h, (b)
pyridine adsorbed on sample (a) followed by evacuation at room
temperature for 1 b, (c) pyridine adsorbed on sample (a) followed by
evacuation at 523 K for [ h.
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4. Conclusion

This paper has shown that a combination of FTIR,
XPS, XRD and DTA can be used to perform the
characterization of CrOx/ZrO, prepared by dry im-
pregnation. The strong interaction between chromium
oxide and zirconia influences the physico-chemical
properties of prepared samples with temperature. The
presence of chromium oxide delays the transitions of
zirconia from amorphous and to tetragonal phase,
and from tetragonal to monoclinic phase, and the
specific surface area of samples increases in proportion
to the chromium oxide content. The Cr(VI) concentra-
tion of 1-CrOx/ZrQ, caicined at 873 K is quite large,
of the order of 54% of the total Cr concentration, and
a-Cr,05 1s observed only at calcination temperatures
above 1173 K, indicating that the ZrO, support sta-
bilizes supported chromium oxide, and chromium
oxide is well dispersed on the surface of ZrO,. By
oxygen, hydrogen, carbon monoxide and n-hexane
treatments, the reduction—oxidation behaviours from
Cr(VI) to Cr(III) or vice versa are reversible, as evid-
enced by XPS and i.r. Upon the addition of only smali
amounts of chromium oxide (1 wt % Cr) to ZrO,,
both the acidity and acid strength of sample increases
remarkably, showing the presence of two kinds of acid
sites on the surface of CrOx/ZrO, — Bronsted and
Lewis acid sites.
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