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The properties of CrO3-ZrO, and Pt/CrO;-ZrO, were studied by IR and ESR spectroscopy to elucidate the
active sites in n-heptane isomerization and cumene cracking. Surface analyses showed the presence of
cubic, monoclinic and tetragonal phases of ZrO, with a BET specific surface area of about 150 m?/g for
both catalysts. 2,6-Lutidine adsorbed IR confirmed the presence of treble doublet bands at 1675 + 1660,
1650+ 1625 and 1640+ 1630cm~! corresponding to Brensted acid sites and quartet doublet bands at
1604 + 1580, 1595 + 1580, 1590 + 1580 and 1570+ 1560 cm~ corresponding to Lewis acid sites. The pres-
ence of Pt enhanced the activity of CrO3-ZrO; in cumene hydrocracking, in which Pt facilitated the
formation of protonic acid sites at 1675+ 1660 and 1650+ 1625cm~! through a hydrogen spillover
mechanism. The IR study verified that the Lewis acidic center at 1570+ 1560 cm~! was involved in the
formation of protons by trapping electrons. Meanwhile, neither CrO3-ZrO, nor Pt/CrO;-ZrO, was active
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in n-heptane hydroisomerization.
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1. Introduction

The acidic nature of ZrO, solid oxides has been found to have an
excellent effect on acid catalytic reactions. The acidic properties of
ZrO; can be improved by admixtures of oxoanions of p and d ele-
ments. They do not form bulk solutions with ZrO,, but they modify
the surface properties of ZrO, in terms of the thermal stability, crys-
tallinity, surface area, pore distribution and acidity of ZrO, [1-4].
In recent years, various oxospecies like sulfate, chromate, carbon-
ate, tungstate and molybdate supported on ZrO, have been widely
explored in acid catalytic reactions such as alkane isomerization
and cracking [5-7].

Chromium oxide-based catalysts have been studied for var-
ious petrochemical applications. These materials are also used
for polymerization, hydrogenation and oxidation-reduction reac-
tions between environmentally important molecules such as CO
and NO. The structure and reactivity are altered when chromium
oxide is supported on other metal oxides such as ZrO,, Al,O3,
SiO, and TiO, [8]. De Rossi et al. reported that Cr-ZrO, cata-
lysts exhibit higher activity in isobutene dehydrogenation than
those of similarly prepared Cr-Al,03 and Cr-SiO, materials due
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to the stabilization of the high surface area of ZrO, at the work-
ing temperature [9]. Sohn et al. studied the combination of ZrO,
and CrOy, which probably generates stronger acid sites and more
acidity as compared with the separate components [10]. They
reported on pyridine adsorption on solid surfaces where it was
possible to distinguish between Brensted and Lewis acid sites.
Bands at 1554 and 1497 cm~! were found to be the characteristic
peaks of pyridinium ions bonded to Brensted acid sites, while the
other set of absorption peaks at 1443, 1483, 1580 and 1605 cm™!
were contributed by pyridine coordinatively bonded to Lewis acid
sites.

Although previous studies have investigated the CrO3-ZrO, cat-
alyst, there is currently a lack of published reports related to the
acidity of CrO3-ZrO, and Pt/CrO3-ZrO,. In the present study, we
report the acidic center-catalytic activity relationship of CrO3-ZrO,
type catalysts in n-heptane hydroisomerization and cumene hydro-
cracking. 2,6-Lutidine was used as a basic probe molecule to
evaluate the acidic properties of the catalysts. 2,6-Lutidine is used
widely to evaluate the acidity of catalysts, particularly in the obser-
vation of the relatively weak Brgnsted acid sites and the acidic
centers of Lewis acid site types due to stronger basic property
than pyridine [11-13]. Hydrogen adsorbed IR and ESR spectroscopy
were used to observe the participation of acidic centers in the
formation of protons and electrons from molecular hydrogen at ele-
vated temperature. Similarities and differences in the acidity and
activity of WO3-Zr0,, MoO3-Zr0, and CrO3-ZrO, catalysts are also
discussed.
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2. Experimental
2.1. Catalysts preparation

Zirconium hydroxide (Zr(OH)4) was prepared from an aque-
ous solution of ZrOCl,-8H,0 (Wako Pure Chemical) by hydrolysis
with 2.5wt% NH40H (Merck) aqueous solution [7]. The final pH
value of the supernatant was 9.0. The precipitate was filtered
and washed with double deionized water. The gel obtained was
dried at 383 K to form Zr(OH)4. Chromium(VI) oxide supported on
zirconia (CrO3-Zr0,) catalyst was prepared by incipient wetness
impregnation technique of Zr(OH)4 with chromium nitrate non-
ahydrate (Cr(NOs3)3-9H,0, Merck), followed by drying overnight
and calcination at 873 K for 3 h in air. The BET specific surface area
of CrO3-ZrO, was 150 m?/g and the content of CrO3z was 8 wt%.
The Pt/CrO3-ZrO, catalyst was prepared by impregnation of the
Cr0O3-ZrO, with aqueous solution of hydrogen hexachloroplatinate
hydrate (H,PtClg-6H,0, Aldrich) followed by drying overnight and
calcination at 873K for 3 h in air. The BET specific surface area of
Pt/CrO3-ZrO, was 147 m?/g and content of Pt was 0.5 wt%.

2.2. Characterization of catalyst

X-ray diffraction (XRD) analysis was used to measure the crys-
tallinity of the sample with a Bruker Advance D8 X-ray powder
diffractometer with Cu Ko (A =1.5418 A) radiation as the diffracted
monochromatic beam at 40 kV and 40 mA. The data were collected
over the range of 26 = 2-40° with a scan rate of 0.025° continuously.
The volume fraction of tetragonal or cubic and monoclinic phases
of ZrO, was determined based on Toraya equation [14]:

1.31Xm

T 1+0.31Xn (1)

Vie=1

In(111) +Im(111)

m = = (2)
In(11 1)+ Im(111) +1(111)

where Xp, is the intensity ratio of monoclinic ZrO,. It(111),In(111)
and I;y(11 1) are the integrated intensity of the (11 1) reflection of
the tetragonal phase at 26=30.2°, (11 1) reflection of the mono-
clinic phase at 26=31.8° and (11 1) reflection of the monoclinic
phase of ZrO, at 26 =28.2°, respectively. For determination of the
cubic phase of ZrO,, the integrated intensity of (2 00) reflection of
the cubic phase at 260 =35.2° was used to replace the It(111) in Eq.
(2). While 1.31 is the Toraya’s theoretical deviation from linearity
value [14].

The BET specific surface area of the catalysts was determined
with a Quantachrome Autosorb-1 at 77 K. Prior to the analysis, the
catalyst was outgassed at 573 K for 3 h.

For measurement of IR spectra, a self-supported wafer placed in
an in situ IR cell was activated with a hydrogen stream at 598 K for
3 h, followed by outgassing at 598 K for 2 h [7,15]. 2,6-Lutidine was
used as a basic probe molecule for evaluating of the acidity of sam-
ple. The activated sample was exposed to 0.53 kPa of 2,6-lutidine
at room temperature, followed by outgassing at room temperature
and 373 K. In the observation of the acidic strength, sample was
activated at 473, 523 and 573 K before adsorption of 2,6-lutidine.
In the hydrogen-exposure process, the 2,6-lutidine pre-adsorbed
sample was exposed to 13.3 kPa of hydrogen at room temperature.
The sample was then heated stepwise to 398 K in 25 K increments
[16,17]. All spectra were recorded on an Agilent Carry 640 FTIR
Spectrometer in a transmission mode at room temperature.

A JEOL JES-FA100 ESR spectrometer was used to observe the
formation of unpaired electrons during the in vacuo heating and
to observe the interaction of the unpaired electrons with electrons
formed from molecular hydrogen at room temperature to 473 K.

The catalyst was outgassed at 598 K for 3 h followed by the intro-
duction of 6.7 kPa of gaseous hydrogen at room temperature [18].
Then the catalyst was heated to 323,373,423 and 473 Kin the pres-
ence of hydrogen. All signals were recorded at room temperature.

2.3. Catalytic testing

Cumene cracking and n-heptane isomerization were carried out
in a microcatalytic pulse reactor at temperature range of 373-573 K
under hydrogen or helium stream. Prior to the reaction, 0.4g
portion of catalyst was charged into an ID10 mm tubular quartz
glass reactor, and then was subjected to O, treatment at 673 K for
1h, followed by H, reduction at 673K for 3h (H, =100 mL/min).
Then, the reactor was cooling down to areaction temperature in the
presence of H, stream. A dose of reactant was passed over the acti-
vated catalyst and the products were trapped at 77 K before being
flash-evaporated into an online 6090 N Agilent Gas Chromatograph
equipped with FID and TCD detectors. The intervals between doses
were kept constant at 30 min.

The selectivity to particular product (S;) and conversion of
reactant (Xreactant) Were calculated according to Egs. (3) and (4),
respectively.

5 (%)= =

= %100 (3)
> Ci — Creactant

Z Ci — Creactant
>G
where C; and Creactane are mole number of particular compound
and for residual reactant which was calculated based on the Scott
hydrocarbon calibration standard gas (Air Liquide America Spe-
cialty Gases LLC). While, the specific rate conversion data was
obtained by multiplication of the differential conversion data and
rate constant (k). The rate constant was determined by the molar
concentration of the reactant divided by mass of the catalyst per
unit time with the assumption that the retention time for reactant

in the catalyst bed was negligibly small.

(4)

Xreactant =

3. Results and discussion
3.1. Physical properties of the catalysts

Fig. 1 shows the XRD patterns of ZrO,, CrO3-ZrO, and
Pt/CrO3-ZrO, catalysts that exhibited three well-established poly-
morphs which are the monoclinic, tetragonal and cubic phases of
ZrO,. The sharp diffraction lines observed at 26 = 24.2°,28.1°,31.4°,
33.9° and 38.4° correspond to the monoclinic phase of ZrO,, while
the peaks at 26 =30.2° and 35.5° correspond to the tetragonal phase
of ZrO, [19,20]. The peak at 260 =35.2° corresponds to cubic phase
of ZrO, [21]. The introduction of Cr(VI) partially eliminated and
broadened the peaks assigned to the monoclinic and cubic phases
of ZrO, and intensified the peaks corresponding to the tetragonal
phase. In addition to the tetragonal phase of ZrO,, new weak and
broad peaks appeared at 20 =24-25°, assigned to bulk crystalline
CrOs, indicating the existence of free chromium(VI) oxide on the
surface of ZrO, which formed bulk crystalline CrO3 during calci-
nation [22,23]. Similar to the findings of other studies, oxoanions
such as SO42~, WO3 and MoOs and the presence of CrO3 inhibited
the sintering of ZrO, crystallites, which stabilized the tetragonal
phase of ZrO, [17,24-26]. The fraction of tetragonal phase of ZrO,
increased by about 34% with the introduction of CrO; whereas the
fraction of cubic phase of ZrO, increased by about 10%. The addi-
tion of Pt on CrO3-ZrO, did not have a considerable affect on the
XRD pattern of CrO3-ZrO, due to the stabilization of ZrO, already
achieved by the incorporation of chromium(VI) oxide followed by
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Table 1

Properties of ZrO,, CrO3-ZrO, and Pt/CrO;-ZrO,. The samples were activated at 573 K and outgassing of 2,6-lutidine at 373 K.

Sample BET surface  M/T? phase M/C* phase  Peak area of Brensted acid sites® Peak area of Lewis acid sites®
area (m?/g)  of ZrO, of ZrO,
1675+1660 1650+1625 1640+1630 1604+1580 1595+1580 1590+1580 1570+1560
Zr0, 42 83/17 90/10 0.0066 0.0043 0.0023 0.7059 0.0266 0.0453 0.0279
CrO3-ZrO, 150 49/51 80/20 0.4078 0.6600 0.4700 1.0000 3.0091 0.0073 0.8300
Pt/CrOs-Zr0, 147 48/52 80/20 0.4596 0.9200 0.9900 1.4900 2.6179 0.1076 0.7825

2 Monoclinic/tetragonal.
b Monoclinic/cubic.
¢ Gaussian deconvolution area.

calcination. Table 1 shows the detailed properties of CrO3-ZrO,
type catalysts. The fraction of the tetragonal phase of ZrO, increased
by about 35% with the introduction of CrOs; and Pt. The fraction
of the tetragonal phase was slightly higher for Pt/CrO3-ZrO, than
that for CrO3-ZrO,. Whereas the introduction of Pt on CrO3-ZrO,
did not change the fraction of cubic phase of ZrO,. Iglesia and co-
workers reported that tetragonal-to-monoclinic transformation of
ZrO, occurs readily even at 298 K upon exposure to ambient air.
Since the tetragonal-to-monoclinic transformation is a martensitic,
diffusionless process, there is no activation barrier for the process
[27]. The introduction of SO42~ converts most of the ZrO, into the
tetragonal phase and the retained sulfate ions are mostly located
on the ZrO, surface [28]. In the case of a W- or Mo-doped catalyst,
the tungsten or molybdenum oxide exists as crystallites of W03
or MoOj3 and in the dispersed state along with the tetragonal form
of ZrO,. A study on a CrO3-ZrO, catalyst was reported by Trun-
schke et al. in which the monoclinic and tetragonal phases of ZrO,
existed together at low chromium loadings (0.5-2 wt%) [29,30].
The tetragonal phase of ZrO, predominated for 4 wt% chromium
loading and above. Moreover, Sohn et al. revealed the influence
of chromium oxide on the transition temperature of ZrO, from the
tetragonal to the monoclinic phase [26]. The transition temperature
increased in the range of 723-1173 K with an increasing chromium
oxide content from 1 to 10 wt%; this could be explained in terms of a
delay in the transition from the tetragonal to the monoclinic phase
due to an increase in the number of chromium oxide molecules
interacting with ZrO,. While, the transition temperature of pure
ZrO, into cubic phase is at above 2573 K.

Pt/Cr0;-2r0,

Intensity

20[°]

Fig. 1. X-ray diffraction patterns of ZrO,, CrO3;-ZrO; and Pt/CrO3;-ZrO,. (®) Mono-
clinic phase of ZrO,; (a) tetragonal phase of ZrO;; (*) cubic phase of ZrO,; and (W)
bulk crystalline CrOs.

The N, physisorption results show that the BET specific sur-
face areas of ZrO,, CrO3-ZrO, and Pt/CrO3-ZrO, were 42, 150 and
147 m?/g, respectively (Table 1). This indicates that the introduc-
tion of CrO3 and platinum increased the surface area of ZrO, due to
an increase in the fraction of the tetragonal phase of ZrO, [31,32].

3.2. Intrinsic acidity of the catalysts

The 2,6-lutidine probe was used to study the acidity of
CrO3-ZrO, type catalysts due to the ability of 2,6-lutidine to distin-
guish between Brensted and Lewis acid sites and to discriminate the
variable strength of acidic centers [33,34]. Figs. 2 and 3 show the IR
spectra of 2,6-lutidine adsorbed on activated ZrO,, CrO3-ZrO, and
Pt/CrO3-ZrO; and their Gaussian curve-fitting. The 2,6-lutidine was
adsorbed on the catalysts at room temperature, followed by out-
gassing at 373 K. Curve-fitting was performed with six Gaussian
peaks located at 1604, 1595, 1590, 1580, 1570 and 1560 cm~! corre-
sponding to the Lewis acidic center. For the Brgnsted acidic center,
six main Gaussian peaks were located at 1675, 1660, 1650, 1640,
1630 and 1625 cm~!. It should be noted that the peak areas of the
Lewis and Brgnsted acidic centers for the parent ZrO, were lower
than those of CrO3-ZrO, and Pt/CrO3-ZrO,, indicating that the
introduction of Cr(VI) and Pt modified the nature and concentra-
tion of the acidic centers. The parent ZrO, catalyst possessed a weak
doublet band at 1650+ 1625 cm~! ascribed to 2,6-lutidinium ions
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Fig. 2. IR spectra of 2,6-lutidine adsorbed on (a) ZrO,, (b) CrOs-ZrO, and (c)
Pt/CrO3-ZrO;. Catalysts were activated at 573K, followed by adsorption of 2,6-
lutidine at RT and outgassing at 373 K.
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Fig. 3. Gaussian curve-fitting peaks of Lewis and Bregnsted acid sites for ZrO,, CrO3-ZrO, and Pt/CrO3-ZrO; in Fig. 2.

adsorbed on the Brgnsted acidic center and a relatively weak dou-
blet band at 1604+ 1580 cm~"! assigned to a physisorbed species
or a species H-bonded to some surface OH groups. The latter
doublet band is characteristic of the vibrations of 2,6-lutidine coor-
dinated to a Lewis acidic center. The introduction of CrO3 and Pt
on ZrO, intensified the absorbance bands at 1650, 1625, 1604 and
1580cm! and led to the development of new absorbance bands
corresponding to the Lewis acidic center at 1595, 1590, 1570 and
1560 cm~! and the Brgnsted acidic center at 1675, 1660, 1640, 1630
and 1625cm~1.

Based on the literature data for 2,6-lutidine adsorption, the
absorption bands on ZrO,, CrO3-ZrO, and Pt/CrO3-ZrO, in this
experiment can be summarized as follows [33-36]:

(i) For the ZrO, catalyst, the band ascribed to 8a and 8b ring vibra-
tional modes of protonated 2,6-lutidine species was observed
at 1650 and 1625 cm~! for Brensted acid sites. The doublet
bands at 1604 cm~! (8a mode) and 1580 cm~! (8b mode) were
assigned to physisorbed or H-bonded 2,6-lutidine on Lewis
acid sites where the bands were attributed to the presence of
the monoclinic phase of ZrO,.

(ii) For the Brgnsted acid region on the CrO3-ZrO, and
Pt/CrO3-ZrO, catalysts, strong doublet bands appeared at

1640cm~! (8a mode) and 1630cm~! (8b mode) represent-
ing the protonated 2,6-lutidine species adsorbed on Brgnsted
acid sites. Shoulder bands at 1675 and 1660 cm~! were due
to the 8a and 8b ring vibrational modes, whereas the bands at
1650 cm~! (8amode) and 1625 cm~! (8b mode) were assigned
to the 2,6-lutidinium ions of Brensted acid sites.

(iii) For the Lewis acid region on the CrO3-ZrO, and Pt/CrO3-ZrO,
catalysts, dual doublets were observed, indicating H-bonded
2,6-lutidine corresponding to the monoclinic phase of ZrO,.
The first of these bands was seen at 1604 cm~! (8a mode) and
1580cm~! (8b mode); the other was seen at 1590cm~! (8a
mode) and 1580cm~! (8b mode). Furthermore, there were
strong doublet bands corresponding to the tetragonal phase
of ZrO, at 1595 cm~! (8a mode) and 1580 cm~! (8b mode). In
addition, weak shoulder bands at 1570 cm~! (8a mode) and
1560cm~! (8b mode) corresponding to the tetragonal phase
of ZrO, were also observed.

The details of the doublet bands and the peak intensities for
the ZrO,, CrO3-ZrO, and Pt/CrO3-ZrO, catalysts are listed in
Table 1. It is clearly shown that the presence of CrO3 and Pt sig-
nificantly increased the concentration of both Brensted and Lewis
acid sites, whereas the introduction of Pt on CrO3-ZrO, increased
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Fig. 4. IR spectra of 2,6-lutidine adsorbed CrO;-ZrO, activated at different temperatures (473K, 523 K and 573 K). 2,6-Lutidine was adsorbed at room temperature, followed
by outgassing at room temperature (dotted lines) and 373 K (solid lines). The right figures show the changes in peak area of the Brensted and Lewis acid sites according to

the activation temperature of the sample.

the Brgnsted acid sites but only slightly changed the Lewis acid
sites.

Fig. 4 shows the IR spectra of 2,6-lutidine adsorbed on
CrO3-ZrO, activated at different temperatures of 473 K, 523 K and
573 K. 2,6-Lutidine was adsorbed on the activated sample at room
temperature, followed by outgassing at room temperature and
373 K. The intensities of the bands decreased with an increase in
the outgassing temperature of adsorbed 2,6-lutidine. These results
indicate that CrO3-ZrO, possesses strong Lewis and Bregnsted acid
sites which retain the 2,6-lutidine against outgassing at 373K,
while a considerable number of weak Lewis and Bregnsted acid sites
existed on which 2,6-lutidine was desorbed by outgassing at 373 K
and below. It should be noted that the desorption of 2,6-lutidine
bonded to Lewis acid sites occurred extensively for the sample acti-
vated at high temperature, indicating an increase in weak Lewis
acid sites with increased activation temperature. However, the
doublet bands at 1675+ 1660, 1650+ 1625 and 1640+ 1630 cm™!,
corresponding to Brgnsted acid sites, were slightly decreased with
increased activation temperature. These changes may have been
caused by the removal of OH groups by a dehydration and/or
dehydroxylation process which occurs easily at higher tempera-
tures without modifying the Lewis acidic sites at 1595+ 1580 cm™!,
which correspond to the tetragonal phase of ZrO,. In fact, there
was no significant change in Lewis acid sites attributed to the
monoclinic phase ZrO, at 1604+ 1580 and 1590+ 1580 cm~! with
a higher activation temperature.

The acidic properties were essentially the same for
Pt/CrO3-Zr0O, as for CrO3-ZrO,. Fig. 5 shows the changes in
the absorbance bands of the IR spectra as a function of the acti-
vation temperature and outgassing temperature of 2,6-lutidine
for Pt/CrO3-ZrO,. Both Lewis and Brensted acid sites decreased
with increase in the outgassing temperature of 2,6-lutidine. For
Lewis acid sites, the decrease was observed extensively for the
samples activated at a low temperature, indicating the presence of
abundant weak Lewis acid sites. The intensity of Brensted acid sites
decreased and, simultaneously, the intensity of Lewis acid sites
increased as the activation temperature was raised. These gradual
changes were observed at 1640+1630 and 1595+1580cm™!,
attributed to acidic sites corresponding to the presence of the
tetragonal phase of ZrO,.

Several research groups have intensively studied the proper-
ties of acidic sites on ZrO, based catalysts. Onfroy et al. reported
that the adsorption of 2,6-lutidine on ZrO, increased the bands
at 1610 and 1580 cm~! characteristic of Lewis acid sites while no
Brensted acid sites were detected [33]. The introduction of WOy
on ZrO, resulted in bands at 1644 and 1629 cm™!, attributed to
Brensted acid sites. An increase in WOy loading intensified the over-
all peaks in which all the peaks were retained against outgassing
at 423 K; however, all peaks disappeared upon outgassing at 573 K
[33]. In the case of the MoO3-ZrO, catalyst, when the activation
temperature increased, the absorbance bands assigned to Brensted
acid sites at 1640 and 1630cm~! decreased with a simultaneous
increase in the absorbance bands assigned to Lewis acid sites at
1595 and 1580cm~! due to a dehydration and/or dehydroxyla-
tion process. This shows that when the catalysts were activated
at high temperature, OH groups were eliminated, simultaneously
leaving Lewis acid sites [16]. Study the acidity and acid strength of
CrOyx/ZrO, was reported by Sohn et al. in which pyridine adsorp-
tion IR and Hammet indicator testing showed that the introduction
of chromium oxide developed strong acidic sites on ZrO, [10].
The acidity of CrOx/ZrO, increased gradually in the introduction of
chromium oxide up to 1.0 wt%, further introduction has increased
the acidity to lesser extent.

Fig. 6 shows variations in the IR spectra in the Cr=0 stretch-
ing region of the CrO3-Zr0O, and Pt/CrO3-ZrO, catalysts activated
at different temperatures (dotted lines), followed by 2,6-lutidine
treatment (solid lines). Although the IR spectrum for Pt/CrO3-ZrO,
was slightly higher than that of CrO3-ZrO,, the band positions
and structures resemble each other. Activation of both CrO3-Zr0O,
and Pt/CrO3-ZrO, catalysts at 473K resulted in two absorbance
bands at 1030 and 1010 cm~"! attributed to two independent Cr=0
species. The absorbance bands corresponding to the symmetric
and antisymmetric stretching modes of the O=Cr=0 bond were
not observed due to the absence of two absorbance bands with
a wavenumber difference of 30-35cm~! [37]. Those two bands
shifted to slightly higher frequencies by increasing the activation
temperature; they appeared at 1035 and 1013 cm~! with activa-
tion at 573 K. However, 2,6-lutidine treatment shifted these bands
to lower frequencies (1018 and 985cm~1!) due to the inductive
effect by 2,6-lutidine coordinated to cus Zr** sites in the vicinity
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the activation temperature of the sample.

of CrOs. In addition, the absorbance band at 1013 cm~! was more
extensively affected than the other band at 1035 cm™!. This result
may indicate that the absorbance band at 1013 cm~! should be
assigned to Cr=0 which is not directly connected to the cus Zr#*
Lewis acidic center but is rather connected to the other Cr through
the O atom due to the properties of 2,6-lutidine, which is more sen-
sitive toward Brensted acidic sites. Thus, the band at 1035 cm™!
is assignable to the stretching of Cr=0 which is connected to the
cus Zr** Lewis acidic center through the O atom. The shift in
the peaks of ZrO, based catalysts caused by the inductive effect
of basic probe molecules such as pyridine and CO has also been
reported for WO3-ZrO, in which the interaction with the probe
molecule shifted the peaks in the region of 1025-1014cm™! to
1015-980cm~1[31,37,38]. We concluded in our previous report on
WO5-ZrO, that the absorbance bands at higher frequencies should
be attributed to the W=0 stretching band which is connected to
cus Zr**, whereas the stretching of W=0 at a lower frequency can
be attributed to a W=0 stretching band which is connected to the

PtICr0;-2r0,

Absorbance
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Fig. 6. IR spectra of 2,6-lutidine adsorbed CrO;-ZrO, and Pt/CrO3;-ZrO; activated
at different temperatures (473 K, 523 K and 573 K) (dotted lines). 2,6-Lutidine was
adsorbed at room temperature, followed by outgassing at 373 K (solid lines).

other W through the O atom [37]. In addition, Scheithauer et al. also
assessed the configuration of WO3-ZrO, based on the results of IR
and Raman spectra [31]. Two absorbance bands were observed in
the W=0 stretching region for the sample containing 8.6 wt% W03
at 1024 and 1015 cm~! which were attributed to two independent
W=O0 species.

3.3. Interaction of hydrogen and acidic surface of catalysts

Figs. 7 and 8 show the baseline correction of the IR spectra when
2,6-lutidine pre-adsorbed CrO3;-ZrO, and Pt/CrO3;-ZrO, catalysts
were heated in the presence of 13.3 kPa hydrogen in a temperature
range of 298-398 K. 2,6-Lutidine was adsorbed on the activated
catalysts at room temperature followed by outgassing at 423 K.
For CrO3-ZrO, (Fig. 7), increasing the temperature in the presence
of hydrogen gas did not significantly alter the absorbance bands.
Based on the Gaussian curve-fitting, small changes were observed
for the absorbance bands at 1675+1660 and 1650+ 1625cm™!
attributed to the Brgnsted acidic center, while a gradual increase
was observed for the band at 1580 cm~! attributed to physisorbed
or H-bonded 2,6-lutidine on Lewis acid sites or the bulk species of
ZrO; or CrOs. In contrast, heating Pt/CrO3-ZrO, in the presence of
hydrogen gas markedly changed both Lewis and Brgnsted acidic
centers (Fig. 8).

Lewis acidic centers were markedly decreased and a simul-
taneous increase in Brgnsted acidic centers was observed. In
particular, a significant increase was observed in the bands at
1675+1660 and 1650+ 1625cm~! with a simultaneous decrease
in the bands at 1570+1560cm~! [39]. Similar to the case of
CrO3-Zr0,, the band at 1580 cm~! increased with temperature for
Pt/CrO3-Zr0, as this band is related to physisorbed or H-bonded
2,6-lutidine on Lewis acid sites or bulk species of ZrO, or CrOs.

These changes were more clearly seen when the absorbance
bands were plotted against the heating temperature of the cata-
lysts. These plots are shown in Fig. 9. For CrO3-Zr0,, double doublet
bands corresponding to Brgnsted acidic centers at 1675 + 1660 and
1650+1625cm~! increased to some extent at 373K and above,
which may have been due to the formation of protonic acid
sites from molecular hydrogen. In contrast, there was almost no
change in the absorbance bands corresponding to Lewis acidic cen-
ters. Although the band at 1580 cm~! was considerably increased,
this may have been related to the presence of physisorbed or
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H-bonded 2,6-lutidine. The increase in this band at 1580 cm™!
was more extensively observed with Pt/CrOs-ZrO, than with
CrO3-ZrO,. The presence of Pt on CrO3-ZrO, drastically improved
the behavior of hydrogen interactions with the CrO3-ZrO, cata-
lyst. Heating Pt/CrO3-ZrO, in the presence of hydrogen intensified
the double doublet bands at 1675+1660 and 1650+ 1625 cm™!
attributed to Brensted acidic centers at 298 K and above. Concur-
rently, the doublet absorbance band at 1570 + 1560 cm~! attributed
to Lewis acidic centers began to decrease at 298 K. The other
absorbance bands at 1604, 1595, 1590cm~"! started to decrease
slightly at higher heating temperatures with a simultaneous impre-
cise increase in the doublet band at 1640+ 1630cm~!. These
results obviously indicated that the presence of Pt is essential for
Cr0O3-ZrO, to facilitate the formation of protonic acid sites from
molecular hydrogen. In fact, almost no protonic acid sites were
formed with Pt-free CrO3-ZrO, at relatively low temperatures.
In addition to the Pt site, the presence of Lewis acidic centers at
1570+1560cm~! is required for the stabilization of protons by
trapping electrons released from hydrogen atoms on the oxygen
atom near the acidic center at 1570+ 1560 cm~! [40].
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Fig. 8. Baseline correction of the IR spectra 2,6-lutidine adsorbed on activated
Pt/CrO3-ZrO, and Gaussian curve-fitting. Spectral changes occurred when 2,6-
lutidine-pre-adsorbed Pt/CrOs-ZrO, was heated in the presence of hydrogen at
room temperature, 323 K, 348 K, 373 K and 398 K.

Another difference between CrO3-ZrO, and Pt/CrO3-ZrO, was
observed in the hydrogen adsorbed IR spectra in the Cr=0 stretch-
ing region at 1050-950cm~! and the hydrogen adsorbed ESR
spectra. Fig. 10 shows that heating CrO3-ZrO, from room temper-
ature to 398 K in the presence of hydrogen did not alter the bands
at 1018 and 985 cm~1, while the intensity of those peaks decreased
and shifted toward lower frequencies for the Pt/CrO3-ZrO,, cata-
lyst indicating that both Cr=0 bands were affected by the presence
of protonic acid sites formed from molecular hydrogen.

A different phenomenon was observed in the formation of elec-
trons from molecular hydrogen over CrO3-ZrO, and Pt/CrO3-ZrO,,
as shown in the ESR spectra (Figs. 11 and 12). Heating both
the CrO3-ZrO, and Pt/CrO3-ZrO, catalysts in a vacuum formed
unpaired electrons at g=1.96 and g=1.93 associated with the
desorption of hydroxyl groups from the surface of the catalyst,
which subsequently left electron-deficient metal cations and/or
oxygen radicals [18]. The signal appearing at g=1.96 signifies that
the O,~ radical is connected to the tetrahedral Crf* species to
form a Cr -0, complex [41]. The low signal at g=1.93 may
be due to electron-deficient metal cations which corresponds to
unpaired electrons that have localized on metal cations [42]. Fig. 11
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shows the ESR signal after heating the catalysts in the presence
of hydrogen. When CrO3-ZrO; and Pt/CrO3;-ZrO, catalysts were
heated in the presence of hydrogen, the signal at g=1.96 decreased
slightly due to the formation of electrons which then interacted
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Fig. 10. IR spectra of 2,6-lutidine adsorbed on activated CrOs;-ZrO, and
Pt/CrOs-ZrO,. Spectral changes occurred when 2,6-lutidine-pre-adsorbed
CrO3-Zr0O; and Pt/CrO3;-ZrO, were heated in hydrogen at (b) room temperature,
(c) 323K, (d) 348K, (e) 373 K and (f) 398 K (dotted lines). (a) Before adsorption with
hydrogen (solid line).

with the Cr6*-0,~ complex. For the signal at g=1.93, there was
almost no change for the CrO3-ZrO, catalyst while a significant
decrease was observed for Pt/CrO3-ZrO, due to the interaction of
electron-deficient metal cations and electrons upon heating in the
presence of hydrogen. The variations of the intensity of ESR sig-
nals for both CrO3-ZrO, and Pt/CrO3-ZrO, catalysts are shown in
Fig. 12. A similar trend was observed in the ESR signal at g=1.96 for
both the CrO3-ZrO, and Pt/CrO3-ZrO, catalysts upon heating in the

Pt/Cr0;-2r0,

Cro;-2ro,

Field [mT] Field [mT]

Fig. 11. ESR spectra of CrO3-ZrO; and Pt/CrO3-ZrO; activated at (a) 673K for 1 h.
6.7 kPa of hydrogen was adsorbed at (b) 323K, (¢) 373K, (d) 423K and (e) 473 K.
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Fig. 12. Variations in the intensity of the ESR signal at g=1.96 and g=1.93 as a
function of heating temperature. The dotted line represents the intensity of signals
before the samples were heated in the presence of hydrogen.

presence of hydrogen. The signal decreased slightly with increasing
of heating temperature, indicating an increase in the interaction of
unpaired electrons with electrons formed from molecular hydro-
gen. A different phenomenon was observed in the ESR signal at
£=1.93 in which the signal did not change much for CrO3-ZrO,,
although the signal decreased intensely for the Pt/CrO3-ZrO, cat-
alyst. These results reveal that the presence of Pt enhances the
formation of electrons from atomic hydrogen which then interact
with unpaired electrons at g=1.93 [43]. Pt was used as a promoter
for this kind of heterogeneous catalyst [44-46]. In general, these
results confirm that the interaction of molecular hydrogen with
Pt/CrO3-ZrO, formed protonic acid sites and electrons through a
hydrogen spillover mechanism. Molecular hydrogen is adsorbed on
Pt sites to form hydrogen atoms that spillover onto the surface of
CrO3-ZrO, and undergo surface diffusion. The spiltover hydrogen
reaches a Lewis acidic center and donates an electron to form H*.
H* is then stabilized on atomic O near the Lewis acidic center. The
Lewis acid site traps an electron which then reacts with a second
spiltover hydrogen to form an H~ bond with a Lewis acid site [42].
In fact, the electron did not form at g=1.93 for Pt-free CrO3-ZrO,,
indicating the indispensability of Pt on CrO3-ZrO, type catalysts.
We have also reported the interaction of molecular hydrogen
with modified ZrO, and HZSM5 catalysts at elevated temperatures.
The formation of protonic acid sites from molecular hydrogen over
Mo03-Zr0, was discussed based on the hydrogen adsorbed IR and
ESR results [16,42]. Heating MoO3-ZrO, in the presence of hydro-
gen gas intensified the IR absorbance bands at 1640+ 1630 cm™!
corresponding to protonic acid sites and decreased the bands at
1595 +1580 cm~! corresponding to Lewis acid sites. The ESR signals
confirmed the formation of electrons during heating of the catalyst
in the presence of hydrogen gas. Similarly, the interaction between
molecular hydrogen and the WO5-ZrO, catalyst to form protonic
acid sites was confirmed by pyridine pre-adsorbed IR [5,47]. The
phenomena observed for MoO3 and WO3 loaded on ZrO,, are essen-
tially the same as those observed for CrOs3 loaded on ZrO, in this
report, though there are some differences among the MoO3-ZrO-,
WO3-Zr0, and CrO3-ZrO, catalysts. While the presence of specific
active sites such as Pt is indispensable for the formation of pro-
tonic acid sites from molecular hydrogen for CrO3-ZrO,, Pt sites are
not necessary for MoO3-ZrO, and WO3-ZrO, in which molecular
hydrogen may be dissociated over the metallic Mo/W or acidic sites
[5,16,48]. The role of metal species in the formation of protonic acid
sites from molecular hydrogen was studied on the modified HZSM5

catalyst [17,46]. The presence of metal species such as Pt and Ir
formed more protonic acid sites than that of the parent HZSM5 due
to the stabilization effect of metal species on H* by neutralizing
electrons on nearby Lewis acid sites.

3.4. Catalytic testing

Fig. 13(A) and (B) shows the variations in cumene hydrocrack-
ing and n-heptane hydroisomerization as a function of reaction
temperatures for the different catalysts. For cumene hydrocrack-
ing, the products were composed of propylene, benzene and trace
amounts of toluene and ethylbenzene. Fig. 13(C) shows the rate
conversion and product distribution of cumene hydrocracking over
Zr05, Cr03-Zr0,, Pt/Zr0O, and Pt/CrO3-Zr0, at 523 K. Pt/CrO3-Zr0,
gave the highest rate conversion followed by Pt/ZrO,, CrO3-ZrO,
and ZrO,. For hydroisomerization of n-heptane, the outlet was
composed of isoheptane and residual n-heptane for CrO3-ZrO,,
Pt/ZrO, and Pt/CrO3-ZrO, at 523 and below. C;-C4 cracking prod-
ucts and higher hydrocarbons were formed at 573K for Pt/ZrO,
and Pt/CrO3-ZrO, catalysts due to the enhancement of thermal
cracking. The parent ZrO, performed with zero activity within the
entire reaction temperature range due to low acidity for initiat-
ing the reaction. Overall, Pt/CrO;-ZrO, showed the highest activity
for both cumene cracking and isomerization of n-heptane due to
the role of Pt in facilitating the formation of protonic acid sites
through a hydrogen spillover phenomenon. It should be noted that
the rate conversion of cumene hydrocracking was almost 40 times
greater than that of n-heptane hydroisomerization. The rate con-
version of cumene was 30.1 wmol/sg-cat at 523K, whereas the
conversion was less than 0.77 pumol/s g-cat for n-heptane hydroi-
somerization. Although it is not certain at present what causes
this difference in the activity of this catalyst in hydrocracking
and hydroisomerization, it is plausible that the participation of
acidic centers in the reaction determines the activity of the cat-
alyst [49]. For the selectivity of cumene hydrocracking at 523K,
propylene showed a main contribution after loaded with Pt on
CrO3-ZrO, catalyst with 42.28% whereas benzene gives only 1.76%
and 55.96% for trace amounts of toluene and ethylbenzene [50].
We have reported the role of acidic centers in the hydroisomeriza-
tion of n-heptane over MoO3 loaded on ZrO, in which Lewis acidic
centers corresponding to the presence of the tetragonal phase of
Zr0O, at 1595+1580cm~! were responsible for the high activity
in n-heptane isomerization [16]. Based on the 2,6-lutidine pre-
adsorbed IR study on CrO3-ZrO, catalysts, molecular hydrogen did
not interact with Lewis acidic centers at 1604 + 1580, 1595+ 1580
or 1590+ 1580cm™", but molecular hydrogen interacted with the
doublet shoulder band at 1570+1560cm™! attributed to Lewis
acidic centers corresponding to the presence of the tetragonal
phase of ZrO,. The acidic center at 1570+ 1560 cm™! stabilized a
proton on atomic oxygen by accepting an electron released from
atomic hydrogen during the formation of a proton. The proton
which formed through the interaction of molecular hydrogen with
the acidic center at 1570+ 1560 cm~! on CrO3-ZrO, type catalysts
was relatively inactive compared to that formed through the inter-
action with the acidic center at 1595+ 1580cm~! on MoO3-ZrO5.
In fact, the MoO3-ZrO, type catalyst was more active and stable
than the CrO3-ZrO, type in terms of n-heptane hydroisomeriza-
tion. Although the Pt/CrO3-ZrO, catalyst showed high activity
and stability in cumene hydrocracking, CrO3-ZrO, with or with-
out Pt showed low activity in n-heptane hydroisomerization. The
MO3-ZrO, has also been examined in the cumene catalytic cracking
in which increasing activation temperature and number of molyb-
denum oxide content improved the activity of catalyst due to the
gradual increase in the surface acidity of catalyst [51].

Fig. 14(A) shows the changes in the activity of CrO3-ZrO, and
Pt/CrO3-ZrO, in cumene cracking at 523K as the carrier gas was
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sequentially switched from hydrogen to helium and vice versa. For
CrOs-ZrO,, the rate conversion was about 3.5 umol/s g-cat in the
presence of hydrogen, which decreased to 2.1 mol/s g-cat when
the carrier gas was switched to helium. The activity slowly recov-
ered to the original activity as the carrier gas was switched back
to hydrogen. For Pt/CrO3-ZrO,, the presence of hydrogen gas in
the first cycle enhanced and stabilized the catalytic activity of the
catalyst where rate conversion reached more than 30.1 wmol/s g-
cat. In the second cycle, the rate conversion decreased to about
2.2 pmol/s g-cat when the carrier gas was switched from hydro-
gen to helium. This decrease in the activity may have been due
to the gradual exhaustion of protonic acid sites on the surface of
Pt/CrO3-ZrO; [44]. As the carrier gas was switched back to hydro-
gen, the activity and stability of Pt/CrO3-ZrO, gradually recovered
to the original activity. This confirmed that the high activity of
Pt/CrO3-Zr0O, was due to the presence of protonic acid sites from
molecular hydrogen which acted as catalytically active sites in the
reaction. The promotion effects of molecular hydrogen in cumene

cracking were also observed in a physical mixture of Pt/SiO, and
HZSM5 as well as Pt/WO3-ZrO, where the catalytic activities of
these catalysts were higher in the presence of hydrogen [40,52].
In the presence of hydrogen carrier gas, the cumene conversion
over the physical mixture of Pt/SiO; and HZSM5 was kept close to
100% in the initial reaction. As the hydrogen gas was switched into
helium gas, the conversion rapidly decreased to some extent. This
result clearly demonstrated the promotion effect of hydrogen in the
cracking activity over the physical mixture of Pt/SiO, and HZSM5.
Similar phenomenon was also observed on the Pt/WO3-ZrO, in
which changing of the hydrogen carrier gas to helium gas decreased
the cracking activity of Pt/WO03-ZrO,.

Fig. 14(B) shows the IR spectra of fresh and used CrO3;-ZrO,
and Pt/CrOs3-ZrO, catalysts under hydrogen and helium carrier
gases. The IR spectra of fresh and used catalysts did not change
significantly for both catalysts. This manifested that CrO3-ZrO,
and Pt/CrO3-ZrO, do not form any coke and carbonaceous species
during the reaction under the presence of hydrogen or helium
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Fig. 14. (A) Activity and stability of CrO3;-ZrO; and Pt/CrOs;-ZrO; in cumene cracking in the presence of hydrogen or helium gas at 523 K. (B) IR spectra of CrO3-ZrO; and
Pt/CrOs-Zr0O,; (a) fresh catalyst, (b) after cumene cracking in the presence of hydrogen and (c) after cumene cracking in the presence of helium.
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carrier gas. This result strongly suggested that the low activity of
Pt/CrO3-Zr0O, in the presence of helium carrier gas was not caused
by the formation of coke deposits on the surface catalyst but it was
due to the absence of protonic acid sites during the reaction.

4. Conclusion

The 2,6-lutidine pre-adsorbed IR spectra revealed the presence
of doublet bands at 1675 + 1660, 1650 + 1625 and 1640+ 1630 cm ™!
for Brensted acid sites and doublet bands at 1604 +1580,
1595+1580, 1590 + 1580 and 1570+ 1560 cm~! for Lewis acid sites
on the CrO3-ZrO, and Pt/CrO3-ZrO, catalysts. Both the Brgnsted
and Lewis acid sites were strong; 2,6-lutidine remained after heat-
ing in a vacuum at 423 K. In addition, there existed a number of
weak acidic sites from which the 2,6-lutidine was desorbed at 423 K
and below.

The presence of Pt on CrO3-ZrO, enhanced the activity in terms
of cumene hydrocracking, but did not improve the activity in terms
of n-heptane hydroisomerization. CrO3-ZrO,, Pt/ZrO, and ZrO,
performed with low activity in both cumene hydrocracking and
n-heptane hydroisomerization. Pt facilitated the formation of pro-
tonic acid sites through a hydrogen spillover mechanism in which
the Lewis acidic centers at 1570+ 1560 cm~! were involved in the
stabilization of protonic acid sites. The other Lewis acidic centers
at 1604+ 1580, 1595+ 1580 and 1590 + 1580 cm~! did not interact
with molecular hydrogen to form protonic acid sites. In addition,
the presence of Brensted acidic centers at 1640+ 1630 cm~! did not
considerably influence the activity of the catalyst. The formation of
protonic acid sites from molecular hydrogen was also confirmed
by the formation of electrons, as shown by the hydrogen adsorbed
ESR study at elevated temperatures. These results suggest that the
presence of specific active sites like Pt and Lewis acidic centers at
1570+ 1560 cm~! and molecular hydrogen are indispensable in the
acid catalytic reaction with CrO3-ZrO, type catalysts.
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