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The molecular structures, oxidation states, and reactivity of 3 and 6% CrOs/ZrO; catalysts prepared by
incipient wetness impregnation were examined under different conditions. The in situ Raman spectroscopic
studies under dehydrated conditions reveal that the 3 and 6% CrOs/ZrO- catalysts possess equal amounts
of monochromate and polychromate species. Consequently, monolayer coverage on this ZrO, support is
about 3% CrOs. The 6% CrOs/ZrO; possesses an additional Raman band due to Cr,O3 crystals corresponding
to the remaining 3% CrOs. Furthermore, during reaction conditions the polychromate species is preferentially
reduced, the monochromate species are slightly affected, and the Cr,03 crystals are not affected. The in
situ UV—vis—NIR diffuse reflectance spectroscopy results reveal that under steady-state reaction conditions
the extent of reduction and edge energy position of surface Cré* cations increase with an increase in
reduction environment for the 3 and 6% CrOs/ZrO; samples. Propane oxidative dehydrogenation (ODH)
studies reveal that the catalytic activity expressed in moles of propane converted per gram catalyst per
second is similar for the two catalysts, which is consistent with equal amounts of molecularly dispersed
chromia present. The turnover frequency for the 6% CrOs/ZrO, catalyst is, however, smaller than that for
the 3% CrO3/ZrO, sample due to the presence of Cr,O3 crystals, which are relatively inactive for propane
ODH. For this catalytic system and for the experimental conditions used, propene, CO, and CO; are
primary products. Furthermore, the 33—39% propene selectivity is not affected by the C3Hg/O> ratio for
both catalysts. Structure—reactivity studies suggest that the molecularly dispersed species are present
in equal amounts in the 3 and 6% CrOs/ZrO, samples as Cré" monochromate and polychromate species

7159

are the most effective catalytic active sites taking part in the propane ODH reaction.

1. Introduction

Oxidative dehydrogenation (ODH) of alkanes provides
an attractive alternative for the production of alkenes.?
Supported transition metal oxides have been extensively
used for alkane ODH reactions. For example, vanadia-
and molybdena-based catalysts supported on Al,O3, TiO,,
ZrO,, SiO,, and so forth have been widely studied for
alkane ODH reactions.®~7 Zirconia (ZrO,) has been recently
considered as a promising support because of its high
thermal and chemical stability.®® Specifically, the struc-
ture—reactivity properties of zirconia-supported vanadia
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catalysts for the ODH of propane have been studied.>10.11
Chen et al.® studied the influence of loading and catalyst
treatment temperature on the structure—reactivity prop-
erties of MoO,/ZrO, catalysts for the ODH of propane.
Recently, Gao et al.*? studied the influence of the propane/
oxygen ratio on the reduction extent of surface VV cations
and the possible effect of reduction extent on the reactivity
and selectivity of V,0s/ZrO, catalysts during propane
ODH.

Recent studies also reveal that supported chromia
systems are also promising catalysts for the propane ODH
reaction.'®~15 De Rossi et al.'5718 studied the CrO,/ZrO,
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catalysts for dehydrogenation (DH) of isobutane and
propane, reporting that up to monolayer loading the rate
of dehydrogenation increases and that the rate of the
reaction was also a function of temperature. Furthermore,
amononuclear Cr3* with two coordination vacancies was
proposed as the active species. A comparative study of
CrOy on Al,O3, SiO,, and ZrO, shows that the turnover
frequency (TOF) of the chromia species is high for the
zirconia-supported catalyst compared to alumina- and
silica-supported catalysts for the range of temperatures
studied. Grabowski et al.*® carried out the ODH of
isobutane over chromia supported on different oxide
supports and observed that the intrinsic activity is high
for chromia supported on TiO, and ZrO, catalysts. This
study is, however, limited to a single loading of chromium
oxide.

Various characterization techniques have been applied
to gain an insight about the nature of the chromium oxide
species on zirconia, such as X-ray diffraction (XRD),
in situ Raman, Fourier transform infrared (FTIR),
X-ray photoelectron spectroscopy (XPS), temperature-
programmed reduction (TPR), electron spin resonance
(ESR), and UV-vis—diffuse reflectance spectroscopy
(DRS) studies.?~33 Two different types of chromia species
were identified under dehydrated conditions by Vuurman
et al.?? Based on their Raman and IR spectra, it was sug-
gested that dehydrated alumina-, titania-, and zirconia-
supported chromia catalysts possess polymerized chromia
species as the major species and distorted tetrahedral
monomeric species as a secondary species. The relative
ratio of these two different species is essentially inde-
pendent of chromium oxide loading as the relative
intensities and band positions in the Raman and IR spectra
are observed to be similar for various loadings. 180 isotopic
exchange studies using Raman and IR spectroscopy
revealed that under dehydrogenated conditions and at
higher loadings, surface chromia on zirconia and titania
supports are present as isolated or polymeric species.?426
Studies using ESR spectroscopy revealed the presence of
Cr5* (y-signal) in CrOy on different supports.?”3! These
studies reveal that the oxide support—surface chromia
interaction stabilizes the Cr species in different oxidation
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states (Cr2*, Cr3*, Cr5F, and Cr®"). The relative stability
of the different chromia oxidation states depends on the
extent of support surface chromia interaction, the acid—
base properties of the support, and the interaction energy
between the surface chromia and support phases.3*

In the present study, the ODH of propane over CrOs/
ZrO, catalysts is carried out to better comprehend this
system. For a better understanding of the CrO3/ZrO,
catalysts, the influence of the propane/oxygen ratio on
the reduction of surface Cr cations and the possible effect
of reduction extent on the reactivity and selectivity of CrO3/
ZrO, catalysts during propane ODH is studied. Initially
two CrO4/ZrO, catalysts are synthesized by the incipient
wetness impregnation technique. These catalysts are
characterized by in situ UV—vis—NIR diffuse reflectance
and Raman spectroscopy. Finally, the propane ODH
reaction was carried out over the two catalysts. Based on
the characterization and reaction studies, the structure—
reactivity relationships are determined.

2. Experimental Section

2.1. Catalyst Preparation. Supported chromia—zirconia
catalysts were prepared by the incipient wetness impregnation
technique. The precursor used was chromium nitrate nona-
hydrate (Cr(NOs)3-9H,0), and zirconia (Degussa, 39 m?/g) was
the support. The pretreated support and incipient volumes of
aqueous solutions containing predetermined amounts of the
chromium nitrate precursor were intimately mixed in order to
prepare catalysts with different loadings of chromium oxide. After
the impregnation step, the samples were dried at room tem-
peratureand at 110 °C overnight. Finally, the CrOs/ZrO, samples
were calcined at 450 °C for 3 h. The surface coverages were
expressed as wt % loading in terms of Cr0O3.22

2.2. Surface Area. The surface areas of the samples were
obtained by a multipoint Brunauer—Emmett—Teller (BET)
method using N, adsorption at 77 K. A Micromeritics Pulse
Chemisorb 2700 apparatus was used for this purpose.

2.3. In Situ Raman Spectroscopy. Raman spectra of
zirconia-supported chromium oxide catalysts were obtained with
a laser Raman apparatus equipped with an argon ion laser
(Spectra-Physics, model 165) as the excitation source. The in
situ Raman spectrometer system also consisted of a quartz cell
with a sample holder, a triple-grating monochromator (Spex
triplemate, model 1877), and a CCD detector (Jobin Yvon-Spex,
ISA Inc., model Spectrum-1). The sample holder was made from
a metal alloy (Hastalloy C), and the cap of the sample holder
held a100—200 mg sample disk. The sample holder was mounted
onto a ceramic shaft, which was rotated by a 115 V dc motor at
aspeed of 1000—2000 rpm. A cylindrical heating coil surrounding
the quartz cell was used to heat the cell. The quartz cell was
capable of operating up to 600 °C, and flowing gas was introduced
into the cell ata rate of 50—100 cm3/min at atmospheric pressure.

The in situ Raman spectra for propane ODH were obtained
according to the following procedures. The samples were placed
in the cell and heated to 450 °C for 1 h under flowing gas (~20%
O,/He mixture; Scott Specialty Gases, Inc.), and the Raman
spectra were recorded. The dehydrated Raman spectra were
collected after cooling the samples to 300 °C in a flow of O,/He
gas for 30 min. After the above treatment, a CsHg/He (Scott
Specialty Gases, Inc.) and Oz/He gaseous mixture with varying
C3Hg/O, ratios was introduced into the cell, and the Raman
spectra were collected in situ under reaction temperatures at
300 and 400 °C after reaching steady state. Finally, after the
propane ODH reaction the samples were reoxidized from 300 to
500 °C under flowing O,/He gas and Raman spectra of the samples
were recorded.

2.4. In Situ UV—Vis—NIR DRS. The DRS studies of the
chromia supported on zirconia catalysts were performed on a
Varian Cary 5E UV—vis—NIR spectrophotometer. In situ DRS
spectra were taken in the range of 200—800 nm using a Harrick
DRS cell (HVC-DR2) with the Praying Mantis diffuse reflectance
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attachment (DRA) to perform the measurements under reaction
conditions at elevated temperatures.1235 The Harrick cell was
modified to accurately measure the temperature around the
surface of the catalyst sample powder.36

The samples for the in situ measurements were first calcined
in the oven at 450° C for 1 h before immediate transfer to the
insitu cell. The sample in the cell was then pretreated at a sample
surface temperature of 400 °C in Oz/He for 1 h before any further
treatment. The dehydrated ZrO, support at the corresponding
reaction temperature was used as the baseline reference for the
supported CrOs/ZrO; catalysts. Propane ODH with varying CsHg/
Oy ratios (1:5 = 1.6C3Hg/80,/40.4He and 3:1 = 9C3H3g/30,/38He)
and propane reduction (9C3Hg/41He) experiments were per-
formed at different temperatures with a total flow rate of 50
cm3/min. The DRS spectra were processed with the Bio-RadWin-
IR software, by which the Kubelka—Munk function (F(R.)) is
calculated from the absorbance. The edge energy (Eg) for allowed
transitions was determined by finding the intercept of the straight
line in the low-energy rise of a plot of (F(R«) hv)? against hv,
where hv is the incident photon energy.%’

2.5. ODH of Propane. The samples were tested for the ODH
of propane in a vertical down-flow quartz reactor at atmospheric
pressure. The reactor was a single quartz piece with an inlet of
10 mm internal diameter and 15 cm long and an outlet of 5 mm
internal diameter and 15 cm long. The two sections were tapered,
and the catalyst bed was placed just above the tapered region
on quartz wool. The reactor tube was mounted vertically in a
tubular furnace. The temperature of the reactor and the catalyst
bed was measured by a thermocouple located outside the reactor
tube just above the catalyst bed and was controlled by a PID
temperature controller (FUJI Micro-controller X model PXZ 4).
The product gases were sent for online analysis to a gas chro-
matograph (AIMIL-NUCON 5765) equipped with a methanizer.
The carbon oxides and hydrocarbons were analyzed in FID mode
using an activated alumina column. The propane and air flow
rates were adjusted through separate thermal mass flow
controllers (Bronkhost Hi-Tec, model F-201D FAC-22-V) to
maintain a specified propane-to-oxygen ratio and a total flow
rate of 75 cm3/min. The effect of contact time on propane
conversion was studied by changing the reactant flow rate
between 50 and 120 cm3/min. A physical mixture of 0.1 g of the
catalyst and the required amount of quartz glass powder to form
a bed height of 1 cm was loaded into the reactor. Runs were
performed at different temperatures, and the conversions were
maintained below 5% to ensure differential conditions.

Based on the inlet and outlet concentrations and assuming
differential reactor conditions, the conversion, activity, selectivity,
yield, and TOF were calculated as follows:

conversion (%) = (n/n;) x 100
activity (moles of propane converted/g-s) = F,oX,
selectivity (%) = (np/N)(Np/Ny) x 100
yield (%) = (np/n)(Np/N,) x 100
TOF (s71) = FagXa/ng,

where n; and n¢ are the number of moles of propane consumed
and propane fed, respectively; ny. is the number of moles of
products (e.g., propene, ethene, carbon oxides, etc.) formed; Ny
and N, are the number of carbon atoms present in the products
formed and propane, respectively; Fao is the moles of propane
fed per second; Xa is the conversion of propane per gram of the
catalyst; and nc, is the moles of Cr per gram of the catalyst.
Blank reactor runs were conducted, and no significant conver-
sions were observed under the present experimental conditions.

(35) Weckhuysen, B. M.; Schoonheydt, R. A. Catal. Today 1999, 49,
41

(é6) Venter, J. J.; Vennice, M. A. Appl. Spectrosc. 1988, 42, 1096.

(37) Delgass, W. N.; Haller, G. L.; Kellerman, R.; Lunsford, J. H.
Spectroscopy in Heterogeneous Catalysis; Academic Press: New York,
1979.

Langmuir, Vol. 20, No. 17, 2004 7161

3% Cr0,/ZrO,
Propane ODH

Relative Intensity (Arbitrary Units)
1

T T T T T T T T
400 600 800 1000 1200
Raman Shift (cm”)

Figure 1. In situ Raman spectra of 3% CrOs/ZrO; at 300 °C
in (b) 20% Oy/He; (c) 1:5 = 1.6 C3Hg/80,/40.4He; (d) 3:1 = 9CsHs/
30./38HEe; (e) 9C3Hg/41He; (f) 9C3Hg/41He (cm?3/min) at 400 °C;
(a) 20% O/He at 500 °C.

Table 1. Surface Areas and Surface Concentrations of
CrO3/ZrO, Samples

surface area

surface concentration

samples (m?/g catalyst) (umol Cr/im?)
ZrO; 39 0
3% CrO3/ZrO; 36 8.3
6% CrO3/ZrO, 35 16.9

For each catalyst, several runs were taken at a particular
temperature and the average value is reported. The standard
deviation of the data was less than 2%. The effects of interphase,
interparticle, and intraparticle diffusion limitations were con-
sidered by applying criteria mentioned by Fogler,3® and none
were observed.

3. Results and Discussion

3.1. Surface Area and Surface Concentration. The
BET surface areas of the pure zirconia support and CrO3/
ZrO, samples were determined and are given in Table 1.
The surface area values for the CrO3/ZrO, samples were
relatively constant (35—36 m?/g) and are slightly less than
that of the pure support, 39 m?/g. Based on the surface
areas and chromium oxide loadings of the samples, the Cr
surface concentrations (Cr umol/m?) were also determined
and aregivenin Table 1. Itis observed that the Cr surface
concentration increases with the increase in chromium
oxide loading from 8.3 umol/m? for the 3% CrOs/ZrO,
sample to 16.9 umol/m? for the 6% CrO3/ZrO, sample. For
comparison, Cherian et al.'® determined the monolayer
coverage of chromium oxide on oxide supports to be ~9
wmol/m?2,

3.2. In Situ Raman Spectroscopy. The Raman
spectraof the 3% CrO3/ZrO, catalyst during propane ODH
at 300 °C are shown in Figure 1. The 530, 550, 608, and
625 cm~! bands in the Raman spectra are due to the
monoclinic ZrO, support.®® The dehydrated Raman spec-
trum (spectrum b in Figure 1) is dominated by three
Raman bands at 1026, 1000, and 845 cm™%, which were

(38) Fogler, H. S. Elements of Chemical Reaction Engineering, 3rd
ed.; Prentice Hall: Upper Saddle River, NJ, 2002.
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Figure 2. In situ Raman spectra of 6% CrO3s/ZrO; at 300 °C
in (b) 20% O/He; (c) 1:5=1.6 C3Hg/80,/40.4He; (d) 3:1 =9CzHs/
30,/38He; (e) 9C3Hg/41He; (f) 9C3Hg/41He (cm3/min) at 400 °C;
(a) 20% O/He at 500 °C.

T T
400 600

previously assigned to terminal Cr=O vibrations of
monochromate (1026 cm™!) and terminal Cr=0 and
bridging Cr—O—Cr vibrations of polychromate (1000 and
845 cm1) species.??3 Detection of surface chromium oxide
bands below ~700 cm™1 is difficult in the Raman spectra
due to strong zirconia bands.

Under reducing environments (spectra c—f in Figure
1), the decrease in the intensities of Raman bands at ~1000
and ~845 cm™! suggests that a reduction of surface
polychromate species occurs, whereas the Raman band at
1026 cm™! associated with the surface monochromate
species is least affected. It can be seen that the band at
1026 cm! shifts to 1008 cm~! and is still present at a
reduction temperature of 400 °C. A new Raman band at
932 cmtis also formed whose intensity appears to increase
with an increase in reduction environment. The presence
of anew Raman band at 932 cm~! suggests that this band
is due to a partially reduced chromium oxide species.
Reoxidation of the sample at 500 °C (spectrum ain Figure
1) results in the reappearance of the Raman bands due
to the monomeric and polymeric species and disappearance
of the band at 932 cm™1. Thus, the extent of reduction of
the surface chromium oxide species increases with an
increase in reducing environment and the reduced surface
chromia species can be restored to its original oxidized
form upon reoxidation.

A similar set of experiments was carried out over the
6% CrO3/ZrO, catalyst, and the spectra are shown in
Figure 2. In addition to the Raman bands of the surface
monochromate and polychromate species, the 6% CrOs/
ZrO, possesses a Raman band at ~543 cm~! due to Cr,03
crystals indicating that the monolayer coverage has been
exceeded. Analogous to the above observations for the 3%
CrOs3/ZrO, sample, the Raman spectra of the 6% CrOs/
ZrO, catalyst under different conditions reveal that the
extent of reduction of the surface chromium oxide species
increases with an increase in C3Hg/O, ratio and the reduced
surface chromia species can be restored to its original
oxidized form upon reoxidation. Similar to the 3% CrOs/
ZrO, sample, a Raman band at ~930cm™tis also observed
under reduction environments and disappears upon
reoxidation of the sample. Interestingly, a Raman band
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Figure 3. In situ UV—vis spectra of 3% CrO3/ZrO, at 300 °C
in (a) Oz/He; (b) 1:5 = 1.6C3Hs/80,/40.4He; (c) 3:1 = 9C3Hs/
30,/38He; (d) 9C3Hg/41He (cm3/min).

at ~910 cm™! is observed due to a partially reduced
vanadium oxide species on TiO; using H; as the reducing
agent.*® No significant change is observed in the Raman
band intensity at 543 cm™%, suggesting that the Cr,0;
crystals are not affected during reaction. Furthermore,
comparison of the fully oxidized spectra of the 3 and 6%
CrO3/ZrO, catalysts (spectrab in Figures 1 and 2) reveals
that the normalized Raman band intensities due to the
surface monochromate and polychromate species are
similar for the two catalysts. This suggests that the
amounts of molecularly dispersed surface monochromate
and polychromate species are similar for the two samples.
Consequently, the monolayer coverage of chromia on this
ZrO, support corresponds to 3% CrO3 and the amount of
Cr,03 crystals present in the 6% CrO3/ZrO, corresponds
to the additional 3% CrO;. This is consistent with the
monolayer surface concentration of chromia observed on
other oxide supports (~9 umol/ m?),22 which is similar to
the amount of chromia in the 3% CrO3/ZrO, sample.
3.3. In Situ UV—Vis—NIR DRS. The in situ UV—vis
DRS spectra of the CrO3/ZrO, catalysts were obtained at
300 °C under various gas compositions. The spectra in
terms of the Kubelka—Munk function versus incident
photon energy for the samples under different conditions
are shown in Figures 3 and 4 for 3 and 6% CrO3/ZrO,,
respectively. It can be observed from Figures 3 and 4 that
the oxygen ligand to metal charge transfer (LMCT) bands
of Cr¢*, located above 3 eV, decrease as the CsHg/O; ratio
increases and are maximum for the pure C3;Hg in He gas
stream, which indicates an increase in the reduction of
surface Cr®* cations with increasing reducing environ-
ments. By using the method developed previously by Gao
et al.,*! the relative extents of reduction of the 3 and 6%
CrO3/ZrO, catalysts at different gas compositions were
determined and are presented in Table 2. Under steady-
state reaction conditions at 300 °C, these results indicate

(40) Went, G. T.; Leu, L.-J.; Bell, A. T. J. Catal. 1992, 134, 479.
(41) Gao, X.; Banares, M. A.; Wachs, I. E. J. Catal. 1999, 188, 325.
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Figure 4. In situ UV—vis spectra of 6% CrO3/ZrO, at 300 °C
in (a) Oz/He; (b) 1:5 = 1.6C3Hg/80,/40.4He; (c) 3:1 = 9C3Hg/
30,/38He; (d) 9C3Hg/41He (cm3/min).

Table 2. Relative Extents of Reduction of the CrO3/ZrO;
Catalysts for Different Gas Compositions at 300 °C2

relative extents of reduction (%) for

1.5 31 18%

catalyst C3Hg/O2 C3Hg/O> CsHg/He
3% CrO3/ZrO, 32.6 62 70.4
6% CrOs/ZrO, 28.9 41.5 57.8

a Total flow rate = 50 mL/min. The C3Hg/O5 ratios arel:5 = 1.6
C3Hg/80,/40.4He and 3:1 = 9C3Hg/302/38He. The relative decrease
of the LMCT band area = (1 — Arxn/A0)/(1 — Ared/Ay), Where Ag or
A} is the LMCT band area of the corresponding oxidized catalyst
before reduction or reaction, respectively; Aeq is the area of the
Ha-reduced reference catalyst; and Awxn is the area of the catalyst
during alkane oxidation/reduction.

that the reduction extent of surface Cré* increases with
the C3;Hg/O, ratio and is maximum for the pure C3Hg in
He gas stream. This is consistent with the in situ Raman
results discussed above that the amount of reduced surface
chromia species increases with increasing CsHg/O, ratio.
At the same C3Hg/O; ratio and temperature, the relative
extent of reduction is more for 3% CrOs/ZrO, compared
to 6% CrO3/ZrO,.

Several studies suggest that the edge energies (Eg) of
the LMCT transitions could be very informative in
elucidating the local structures of the transitional metal
cations, such as VV and MoV'.#27#4 Similar analysis is
performed for the present study. The edge energy shifts
of the 3 and 6% CrO3/ZrO, catalysts during propane
oxidation at different gas compositions were measured
and are presented in Table 3. It is observed that as the
C3Hg/O; ratio increases the edge energy value increases
for 3 and 6% CrO3/ZrO, and is the highest for the pure
C3Hgin He gas stream. Furthermore, the increase in edge

(42) Gao, X.; Bare, S. R.; Weckhuysen, B. M.; Wachs, I. E. J. Phys.
Chem. B 1998, 102, 10842.

(43) Weber, R. S. J. Catal. 1995, 151, 470.

(44) Gao, X.; Wachs, I. E. J. Phys. Chem. B 2000, 104, 1261.
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Table 3. Edge Energy Shifts, Eg (eV), of the CrOs/ZrO;
Catalysts for Different Gas Compositions at 300 °C

Eg (eV) for
20% 1:5 3:1 18%
catalyst O,/He C3Hg/O2 C3Hg/O2 CsHg/He
3% CrO3/ZrO, 3.03 3.44 3.68 3.73
6% CrO3/ZrO, 3.24 3.32 3.35 3.50

energy values for 3% CrO3/ZrO, is more than that for the
6% CrO3/ZrO, sample. The difference between the in-
creases in edge energy values for the two catalysts appears
to be related to the difference in extent of reduction of the
two samples. It would appear that a larger amount of
reducible surface chromia species is present in the 3%
CrO3/ZrO, sample compared to the 6% CrO3/ZrO, sample;
however, the presence of reduced chromia species as Cr,03
crystals in the 6% CrO3/ZrO, sample may affect the
analysis. Under fully oxidized conditions (20% O,/He), the
edge energy shift of 6% CrO3/ZrO; is greater than that of
3% CrO3/ZrO,, due to the presence of Cr,03 crystals.

Thus, structural characterization of the two CrO3/ZrO,
samples suggests that the amount of molecularly dispersed
monochromate and polychromate species is similar for
the two samples. The monolayer coverage of chromia on
this zirconia support corresponds to 3% CrOgz. Thus, the
6% CrO3/ZrO, sample possesses 3% CrOs as molecularly
dispersed chromia species and 3% CrOgz as Cr,O; crystals.
The surface chromia species is reduced under reduction
conditions. Of the two types of surface chromia species,
the polychromate species is preferentially reduced; how-
ever, the monochromate species also undergoes changes
under reduction environments considered in this study.
Complete reduction of the two species is possible, for
example, at 450 °C in butane.?* It appears that a partially
reduced surface chromiaspecies is created under reduced
environments, which can be reoxidized.

3.4. ODH of Propane. The effects of contact time on
conversion and selectivity were studied over the 3% and
6% CrOs/ZrO, catalysts for W/F values up to 14.7 gcat-
min/mol. Figure 5 shows the variation of propane conver-
sion and selectivity with W/F for 3% CrO3/ZrO, catalysts
during ODH of propane at 380 °C. Similar to other
heterogeneous catalytic systems, the propane conversion
increased with an increase in W/F.*® Interestingly, how-
ever, the selectivity to propene and carbon oxides is not
affected by changes in W/F, suggesting that propene, CO,
and CO, are formed essentially via primary oxidation of
propane. The selectivities of propene, CO, and CO, range
from 28 to 30%, 59 to 62%, and 10 to 11%, respectively.
Similar results were obtained over 6% CrOs/ZrO, catalyst,
and the results are not shown for brevity.

The propane ODH studies for the 3 and 6% CrOs/ZrO;,
catalysts were also performed at 360 and 380 °C and
propane/oxygen (C3Hg/O,) molar ratios of4:1, 3:1, and 2:1.
For comparative purposes, the activity, TOF, and selec-
tivity data for both catalysts are presented in Table 4. It
is observed that an increase in C3Hg/O, results in a
marginal increase in activity at 360 and 380 °C. Com-
parison of the activity data of the two catalysts suggests
that the activities are similar at each reaction condition.
Due to the presence of Cr,O3 crystals in the 6% CrOs/ZrO,
sample, the TOF is, however, smaller compared to that
of the 3% CrOs/ZrO, sample. Studies by Cherian et al.*®
reveal that the chromia speciesin crystalline Cr,O; is less
active than the two-dimensional surface chromia phase
that is present below monolayer surface coverages.

(45) Froment, G. F.; Bishoff, K. B. Chemical Reactor Analysis and
Design, 2nd ed.; Wiley: New York, 1990.
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Table 4. Catalytic Results of Propane ODH over the Supported CrO3s/ZrO, Catalysts

reaction C3Hg/O2 activity, A. selectivity (%)
catalyst (weight, g) temperature (°C) ratio (mol/g-s) x 108 TOF (s71) x 103 CsHg CO; CcO
3% Cr0O3/ZrO, (0.02) 360 2:1 0.53 1.76 34 50 16
31 0.54 1.80 33 52 15
4:1 0.46 1.54 34 52 14
380 2:1 0.92 3.1 34 54 12
3:1 0.99 3.3 33 55 12
4:1 1.15 3.8 34 54 12
6% CrO3/ZrO, (0.025) 360 21 0.51 0.85 39 48 13
31 0.53 0.88 39 48 13
4:1 0.56 0.93 39 49 12
380 2:1 0.96 1.60 36 53 11
31 0.99 1.64 35 55 10
4:1 1.02 1.70 34 55 11
70 0.25 reduction of the polyvanadate species occurs.*?> However,
the TOF is relatively insensitive to the coverage below
monolayer limits though the ratio of the monovanadate
g o O g and polyvanadate species is a function of vanadia coverage.
60 - O O The main factor involved is the presence of surface V°*
- 0.2 oxide species. Analogous to the above, it is suggested that
the surface monochromate and polychromate species are
50 both active toward propane ODH and the chromia are
> present as a Cr®" species.
T The product distribution during propane ODH shown
015 ) in Table 4 is 33—40% to propene, 48—55% to CO, and
=< 40 W8 10—16% to CO. The propene selectivities for both catalysts
5 g are relatively independent of different C3Hg/O, ratios.
s ) Additional analysis of the changes in selectivity as a
E s function of temperature, CsHg/O, ratio, and catalyst
3 30 4 CH, o o @, reveals that the changes are small and within experi-
@ <« O o -04 S mental error. It is tempting, for example, to observe that
IS the propene selectivities, which are slightly higher for the
=~ 6% CrO3/ZrO, sample, are due to a decrease in exposed
20 - supportsurface present. Exposed supportsurface is known
to degrade propene.’* Similar effects have also been
co L 0.05 observed for the V,0s/ZrO, system.'? Thus, the different
<— A A A A species present are surface_monochromate and polychro-
10 A A mate species and crystalline Cr,O3;. The surface poly-
chromate species are significantly reduced, whereas the
monochromate and crystalline Cr,O3; species are not
significantly affected during the ODH reaction. It appears
0 T T T T T T 0 that the surface monochromate and polychromate species
0 2 4 6 8 10 12 14

W/F (gcat. min/mol)

Figure5. Variation of propane conversion (solid symbols) and
selectivity (open symbols) with W/F for 3% CrOs/ZrO, during
ODH of propane at 380 °C, C3Hg/O, = 3:1.

Consequently, the activity is similar and the TOF is
smaller for the 6% CrO3/ZrO, sample compared to the 3%
CrO3/ZrO, sample. Furthermore, the presence of the Cr,03
crystals in the 6% CrOs/ZrO, sample appears to be in
addition to the molecularly dispersed chromia species since
the activities are relatively constant and the normalized
Raman intensities of the molecularly dispersed species
are similar for the two samples.

The relative activity of the surface monochromate and
polychromate species is difficult to ascertain based on the
present study since the ratio of the two molecularly
dispersed species is similar. It is known, however, that
the monochromate and polychromate species undergo the
oxidation—reduction cycle, a primary requirement for the
redox mechanism to occur. The present study reveals that
the polychromate species is preferentially reduced though
the preferential reduction of a particular species cannot
always be used as justification for the higher activity.
Previous studies on supported vanadium oxide catalysts
using the same ZrO, support reveal that preferential

are both active for the propane ODH reaction.

4. Conclusions

Two supported chromia catalysts were prepared by the
incipient wetness impregnation method on a ZrO, support.
The calcined samples were characterized by in situ UV—
vis—NIR diffuse reflectance and Raman spectroscopic
techniques. The dehydrated Raman spectra revealed that
the 3and 6% CrO3/ZrO, catalysts possess an equal amount
of molecularly dispersed monochromate and polychromate
species. Thus, the monolayer coverage for this CrOs/ZrO,
system corresponds to about 3% CrOs;. The 6% CrO3/ZrO,
catalyst possesses additional Cr,O3 crystals corresponding
to the remaining 3% CrOs. The in situ UV—Vvis—NIR DRS
and Raman spectroscopic studies of the CrO3/ZrO, cata-
lysts during propane ODH indicate that the surface Cré"
sites were reduced under steady-state reaction conditions
depending on the reduction environment (propane/O,
ratio) and surface chromia loading. Furthermore, it
appears that the surface polychromate species was
preferentially reduced compared to the surface mono-
chromate species. The in situ Raman spectra reveal that
a new reduced chromia species was formed during
reduction that can be readily oxidized. The reactivity
studies suggest that the activity was similar for the two
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samples since the same amounts of molecularly dispersed
chromiaspecies are present. Consequently, the TOF based
on the total surface chromium oxide species is greater for
the 3% CrO3/ZrO, compared to the 6% CrO3/ZrO; catalyst.
For both catalysts, it appears that propene, CO, and CO,
were primary products since the selectivities were invari-
antwith contact time. Furthermore, no significantchanges
in propene selectivities occur with changes in the C3Hg/O,
ratios used. Thus, the structure—reactivity relationship
of the CrO3/ZrO, system depends on the nature of the
chromium oxide species present: the polychromate species
that are preferentially reduced and the monochromate
species and Cr,03; crystals that are not significantly
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affected during propane ODH. The surface monochromate
and polychromate species, however, appear to be the
catalytic active sites for propane ODH.
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