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Cr0,/SiO; catalysts were characterized and their activity in the
dehydrogenation of i-butane was measured. Cr loading of the cata-
lysts was between 1.1 and 11 wt% and preparation was by im-
pregnation. The consumption of isolated OH groups of SiO; upon
deposition of CrO, was followed by DRIFT-IR. The presence of
unreacted OH groups in the calcined catalyst at high loadings of
Cr and the formation of «-Cr,03; (XRD) showed, however, the ten-
dency of CrOy to form clusters rather than a well-dispersed phase
on SiO,. After calcination, 0.8—1.0 wt% Cr was stabilized in 6+ ox-
idation state (UV-VIS). On the basis of H,-TPR measurements it
was suggested that these Cr®" were stabilized by anchoring on SiO,
or on the ¢-Cr,03/SiO; formed with increasing Cr loading. The ac-
tivities of the CrO,/SiO; catalysts were studied in the dehydrogena-
tion of i-butane at 540°C by monitoring the product distributions
with a rapid FT-IR gas analyzer. The dehydrogenation activity is
attributed to redox Cr in 34 and 2+ oxidation states and tenta-
tively to part of the nonredox Cr3*. The relatively low selectivity of
CrO,/SiO; at low loadings of Cr was evidently due to the presence
of Cr** directly anchored to SiO;.  © 1999 Academic Press

Key Words: CrOy; SiO,; dehydrogenation of alkanes; FT-IR gas
analyzer.

INTRODUCTION

The activity of CrO,/Al,O3; in the dehydrogena-
tion of alkanes has been studied for decades without
complete understanding of the system even now (1). Be-
cause of thermodynamic requirements, dehydrogenation is
typically performed at relatively high temperatures. The
high temperature, together with the presence of hydrocar-
bons and hydrogen in the gas phase, generates conditions
where calcined CrO,/Al,Os is reduced (2-11). Cr®* or Cr*
in the calcined catalysts is therefore proposed to be inactive
in dehydrogenation and the dehydrogenation activity to be
due to redox Cr** formed from Cr%* or Cr™* (2, 4-9, 11).
More precisely, DeRossi ef al. (4) propose that the active
sites are mononuclear Cr’* with two coordinative vacan-
cies. Study of CrO,/Al,O3 with a wide range of Cr loadings
has indicated, nevertheless, that the dehydrogenation ac-
tivity cannot be explained by the redox Cr** species alone
(8,9, 11) because the activity increases continuously with

Cr loading, whereas the concentration of redox Cr** levels
off. The amount of nonredox Cr** sites increases drastically
with Cr loading, however, and their role as additional ac-
tive sites was proposed (9, 11). The negligible activity of
nonredox Cr’* at low Cr loadings was attributed to their
stabilization in or on Al,O3 lattice rendering them cata-
lytically inactive (11). The strong interaction between Cr’*
and AlLO3 can be understood in terms of the closeness of the
ionic radii and charge of Cr’* and AI**. Cr** can thus rel-
atively easily diffuse into vacant octahedral AI** sites (12).

In addition to the evident dehydrogenation activity of
redox and nonredox Cr’*, some earlier papers (13-16) and
the recent paper by Slovetskaya et al. (17) suggest that Cr>*
on AlLOj; or SiO; is active as well. Ashwamy et al. (14)
have suggested that the activity of Cr** is even higher than
that of Cr’*. With these findings in view, the aim of the
present work was to study the dehydrogenation activity of
Cr?* by characterizing and measuring the activity of a series
of CrO,/SiO, catalysts with a wide range of Cr loadings.
The SiO; support was selected because, when supported on
SiO,, Crisrelatively easily reduced to 2+ oxidation state (1,
18-20). Formation of Cr** on Al,O3 is more difficult owing
to the stabilizing effect exerted by the structure of Al,O3
on Cr** (1, 21).

METHODS

Preparation of CrO,/SiO;

The catalyst support was GRACE Davison SiO, (S 432)
with a particle size of 0.25-0.50 mm and surface area of
317 m?/g determined after calcination at 580°C for 18 h.
The number of OH groups on the corresponding SiO, was
1.9 OH/nm? of which 1.5 and 0.4 OH/nm? were determined
by NMR to be isolated and H bonded, respectively (22).
Prior to impregnation, the SiO; support was dried at 200°C
for 2 h under vacuum. CrO,/SiO; catalysts were prepared
by incipient wetness impregnation technique from aque-
ous solution of Cr(NO3); * 9H,0 (>97%, Fluka). The sam-
ples were stored overnight at room temperature, dried at
60°C for 16 h under vacuum, and calcined in synthetic air
at 570°C for 13 h. Notations such as CrS(1.1) are employed
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for the catalysts with the value in parenthesis indicating the
Cr loading. The reference sample of bulk «-Cr,O3 (99%,
Riedel-deHaén) was used after calcination at 570°C for 5 h
(=5 m?/g).

Characterization of CrO,/SiO;

Cr concentration of the catalyst samples was measured by
instrumental neutron activation analysis (INAA) (23). Cr®*
in the samples was determined by UV-VIS spectrophoto-
metry (23). After the sample was heated in a muffle furnace
for 1 h at 560°C, Cr®* was dissolved as CrO3~ from the
samples with deionized water or NaOH. The amount of ex-
tracted CrOj~ did not differ with the dissolving agent (wa-
ter or NaOH). In this method, Cr’*, if present in the sam-
ple, may be dissolved together with Cr®* (6). The amount
of Cr’* in the supported catalysts was assumed to be very
small, however (1, 6, 21, 24), not exceeding a few percent
of the total amount of Cr (6, 21). Furthermore, Cr®* was
assumed to be the main species formed in the calcination
of bulk «¢-Cr,0O3 (25-28).

Surface areas of the catalysts were determined with a
Coulter Omnisorp 100CX (static volumetric method). The
distribution of Cr in the support was studied by scan-
ning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDS). The measurements were carried
out with a JEOL JSM-840A scanning electron microscope
equipped with a PGT Omega Light Element SiLi detec-
tor and fitted with IMIX version 6.860 software. Before
the measurement the catalyst particles were embedded in
epoxy resin, and cross-sections of particles were cut with
a glass-knife microtome. The samples were coated with
carbon to prevent charging under the electron beam. The
crystalline structure of the catalysts was studied by X-ray
diffraction analysis (XRD) with a Phillips PW diffractome-
ter MDP 1880 using CuKe radiation. A Nicolet Impact
400D FT-IR spectrometer was used for the diffuse re-
flectance spectroscopy measurements. The measurements
were performed in an accessory kept in a glove-box un-
der nitrogen atmosphere. The spectra were measured from
grounded samples at 2 cm ™! resolution with a signal averag-
ing 50 scans. The spectra were compared after background
subtraction and normalizing according to SiO; lattice vibra-
tion at 1865 cm ™.

Temperature programmed reduction (H;-TPR) mea-
surements were performed with an Altamira Instruments
AMI-100 catalyst characterization system. The catalyst
samples (50 mg) were flushed with helium at 150°C for
30 min and cooled down to 30°C. After that the samples
were heated from 30 to 560°C at a rate of 10°C/min under
a flow of 5 vol% O,/He mixture. The sample was kept at
560°C for 30 min and then cooled down to 30°C under flow-
ing Oy/He (29). The sample was flushed with argon where
after the TPR was performed at a heating rate of 5°C/min to
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560°C under a flow of 10 vol% Hy/Ar mixture (30 cm®/min).
The consumption of hydrogen was monitored by a ther-
mal conductivity detector (TCD). The relative amounts of
H; consumed at different temperature intervals were esti-
mated by fitting Gaussian peaks to the TPR profiles. Suc-
cessful modeling of the profiles sometimes required more
than one Gaussian peak.

Dehydrogenation Activity

The activities of the catalysts were measured in the dehy-
drogenation of i-butane at 540°C under atmospheric pres-
sure. The reactor consisted of an automated laboratory-
scale flow reactor and an on-line FT-IR gas analyzer with
program for the analysis of IR spectra (Gasmet, Temet
Instruments Ltd.) (7, 8, 30). The catalyst (200 mg) was
heated to the reaction temperature under 5% O,/N, flow
(02 99.5%, N» 99.999%, AGA) and was flushed there for
3 h. The activity of the calcined catalyst was tested in three
consecutive dehydrogenation cycles, in between which the
catalyst was regenerated with diluted air. The dehydrogena-
tion feed consisted of 10 vol% i-butane (99.95% AGA) in
nitrogen (99.999%, AGA) with a gas flow of 66 cm*/min
(STP). The nitrogen used was further purified with an Ox-
isorb (Messer Griesheim). The dehydrogenation and oxi-
dation periods were 10 and 30-50 min, respectively. In be-
tween, the catalyst was purged with nitrogen for 30 min. Two
of the catalysts (i.e., CrS(1.1) and CrS(11)) were also tested
by reducing the catalyst at 540°C for 30 min with 5 vol%
Hy/N, mixture (99.999%, AGA) before the start of the
i-butane feed. At 540°C and the partial pressure of 10.1 kPa
i-butane in the feed, the thermodynamic equilibrium con-
version for the dehydrogenation of i-butane to i-butene is
80%.

The product mixture was monitored with a FI-IR gas
analyzer (850-4000 cm~! with a resolution of 8 cm™!
at a scanning rate of 10 scans/s) (7, 8, 30) The cuvette
(9 cm®) was maintained at constant temperature (175°C)
and pressure (103 kPa). The sample spectra were inter-
preted with reference to a set of calibration spectra of pure
compounds diluted in nitrogen (methane, ethane, ethene,
propane, propene, i-butane, i-butene, n-butane, 1-butene,
cis-2-butene, trans-2-butene, 1,3-butadiene, CO, CO,, ben-
zene, toluene, and water). The residuals in the fitting of the
sample spectra with the set of calibration spectra were less
than 3% of the sample spectra . The conversions and selec-
tivities were calculated from the reaction products, either
by neglecting the amount of coke deposited in the catalyst
or by including the coke in the calculations. The amount
of coke deposited was obtained from the amounts of CO
and CO; evolved during the regeneration of the catalysts in
situ at 540°C. In the calculation of the selectivity to butenes
all four isomers were included (i-, 1-, cis-2-, and trans-2-
butene). The mass balance for C was better than 99%.



TABLE 1

Cr Contents, BET Surface Areas, Cr®" Concentrations, and
Formation of «-Cr,;03 in CrO,/SiO, Catalysts Calcined at 570°C

Cr Cr BET Crot a-Cr,03
Sample wt% at/nm? m%/g wt% (XRD)
CrS(1.1) 1.1 0.41 309 0.79 —
CrS(3.4) 34 1.3 308 0.99 +
CrS(8.7) 8.7 33 308 1.03 +
crs(i1) 11 45 283 0.79 +
RESULTS

Characterization of CrO,/SiO;

Physico-chemical properties. CrO,/SiO; catalysts were
prepared by incipient wetness impregnation technique with
1.1,3.4,8.7,and 11 wt% Cr (Table 1). SEM-EDS measure-
ments indicated that Cr was evenly distributed through the
SiO; particles. The specific surface area of the catalysts was
unchanged relative to that of the support except for an
11% smaller area for CrS(11). The XRD measurements
indicated the presence of crystalline o-Cr,03 in CrS(3.4),
CrS(8.7), and CrS(11).

Binding of CrO, on SiO,. The binding of CrO, to SiO,
was studied by comparing the DRIFT-IR spectra of the
calcined catalysts with the spectrum of the support. Upon
deposition of CrO,, the band of isolated OH groups of SiO,
at 3745 cm™~! (31-32) decreased in intensity. However, not
all the isolated OH groups (1.5 OH/nm?) were reacted even
in CrS(11) (4.5 Cr/nm?). In addition to the 3745 cm™~! band
the spectra of the calcined catalysts exhibited small and
broad bands in the region of H-bonded OH groups.

Oxidation state distribution after calcination. After cal-
cination, the amount of Cr’* in CrS(1.1) oxidized to Cr®*
was 0.8 wt% Cr (0.3 at/nm?), this being 72% of the total
amount of Cr (Table 1). The amounts of Cr®* in CrS(3.4)
and CrS(8.7) were slightly higher, being 1.0 wt%, but the
amount in CrS(11) was lower again. It is noteworthy that in
CrS(11) only 7% of Cr** was oxidized. On bulk a-Cr,0s3,
the amount of Cr®" was 0.08 wt% (1.6 at/nm?). If it is as-
sumed that the number of surface Cr atoms in bulk o-Cr,O3
is 11 Cr/nm? (16), then 15% of the surface Cr were oxidized
to Cr®*.

Reduction of CrO,/SiO; (H>-TPR). The H, consump-
tions of the calcined catalysts and of bulk ¢-Cr,O3 as a
function of temperature are shown in Fig. 1. The H; con-
sumption of CrS(1.1) exhibited a single maximum at 430°C.
With increasing Cr content, a second maximum appeared
at 270°C, with a shoulder at 305°C. The relative intensity
of the low temperature maximum at 255-270°C and that of
the shoulder at 300-305°C increased with Cr loading, while
the maximum at 420-430°C decreased. The low tempera-

DEHYDROGENATION OF i-BUTANE ON CrO,/SiO, CATALYSTS 351

H, consumption, a.u.

temperature, °C

FIG.1. H; consumption of (a) CrS(1.1), (b) CrS(3.4), (c) CrS(8.7),
(d) CrS(11), and (e) bulk «-Cr,03.

ture maxima observed for the supported catalysts coincided
well with the maximum observed for bulk a-Cr,O3 at 260°C
with a shoulder at 295°C.

The extent of the reduction of Cr" in the catalysts was
calculated from the H, consumption by assuming that (i) H,
was consumed only in the reduction of Cr®* species, (ii) re-
duction yielded Cr** and Cr?* species, and (iii) hydrogen
consumption was 2 and 1.5 mol Hy/mol Cr®" for the forma-
tion of Cr** and Cr’**, respectively. The H, consumption of
CrS(1.1) corresponded to reduction of Cr®* to 2+ oxidation
state (Table 2). With increasing Cr loading, H, consumption
relative to the amount of Cr®* decreased, indicating forma-
tion of Cr** together with Cr?*.

TABLE 2

H; Consumption of the Calcined Catalysts, and the Concentrations
of Cr** and Cr** Formed in the Reduction of Cré*

H, consumption Cr2t crrt
Sample mol Hy/mol Cr* wt% wt%
CrS(1.1) 2.03 0.79 0
CrS(3.4) 1.86 071 0.28
CrS(8.7) 1.79 0.60 0.43
CrS(11) 1.59 0.13 0.66
a-Cr,03 2.14 0.08 0
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FIG. 2. Reduction of calcined CrS(11) under dehydrogenation con-
ditions (10 vol% i-butane) at 540°C.

Dehydrogenation Activity

Calcined CrO,/SiO,. The activities of CrO,/SiO, dur-
ing 10 min on stream were studied in the dehydrogenation
of i-butane at 540°C. During the first minute on stream, Cr®*
was reduced by i-butane detected as an instant release of
CO,, CO, and H,O (Fig. 2). CO and H,0O were evolved in
low concentrations until the reaction was halted. It is note-
worthy that the amount of released H,O was less than that
calculated from the amounts of released CO; and CO, and
by assuming a reduction of Cr%* by i-butane. At 1 min on
stream, the ratios of oxygen abstracted from Cr®' in re-
duction (as calculated from the amount of evolved CO,,
CO, and stoichiometric amount of water) to the original
amount of Cr®* were 1.52-1.85 mol/mol, depending on the
Crloading. With longer time on stream, the ratios increased
to 1.55-2.00 mol/mol, approaching the values obtained for
the reduction by H»-TPR (see Table 2).

The average activity of the catalysts between 1 and 10 min
on stream increased with the Cr loading, but the detailed
behavior varied with the loading (Fig. 3): The activity of
CrS(1.1) decreased over the 10 min, whereas the activities
of CrS(8.7) and CrS(11) increased between 1 and 3 min
and then declined. On CrS(3.7) the activity remained con-
stant between 1 and 2 min and declined with longer time on
stream. The behavior of the catalysts in three consecutive
10-min reaction cycles, with regeneration with diluted oxy-
gen in between, was repeatable except for a slight decrease
in activity with the number of cycles.

In addition to i-butene, products attributed to molecular
cracking such as propane, propene, and methane were de-
tected in the product flow. Isomers of i-butene (1-, cis-2-,
and trans-2-butene) and 1,3-butadiene were observed in
very small concentrations. The selectivities to butenes were
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constant during the 10-min reaction cycle (not shown in
Fig. 3) and they increased slightly with the Cr loading from
78 to 84%. The improvement in the selectivities of the cata-
lysts with Cr loading was confirmed by a formation of less
methane (—33%) and propene (—43%) on CrS(8.7) than
on CrS(3.6) when the selectivities of the catalysts were com-
pared at the same conversion level (by changing WHSV).

The conversions, selectivities, and yields that include the
coke formation were calculated from the amounts of carbon
oxides evolved during the in situ regeneration of the cata-
lyst and by averaging the concentrations of each gaseous
reaction product formed during the 10 min on stream
(Table 3). With increasing Cr loading, the cracking and coke
formation decreased, whereas selectivity to butenes and the
overall conversion increased.

The activity and selectivity of bulk «-Cr,O3 was mea-
sured for comparison. Similar to the supported samples the
reduction of Cro* by i-butane was seen as a release of CO»,
CO, and H,O immediately after exposure of the catalyst
to the feed. The activity of bulk o-Cr,O3 resembled that of
CrS(11) and CrS(8.7): the conversion first increased with
time on stream and then declined (Fig. 4). Except for the
formation of a small amount of n-butane the products were
the same as observed for the supported samples. The selec-
tivity of bulk «-Cr,Os3 to butenes was 93% being thus con-
siderably higher than the selectivities of 61-72% measured
for the supported catalysts at only slightly higher conver-
sion levels.

Hj-prereduced CrO,/SiO,. To understand better the
behavior of the catalysts during the first minutes on stream,
the activities of Cr(1.1) and Cr(11) were measured after H,
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FIG. 3. Activity of calcined CrS(1.1) (W), CrS(3.4) (O), CrS(8.7) (@),
and CrS(11) (O) in the dehydrogenation of i-butane at 540°C



DEHYDROGENATION OF i-BUTANE ON CrO,/SiO, CATALYSTS

353

TABLE 3

Conversions, Selectivities, and Yields” Including the Amounts of Coke® Formed on Calcined
and H,-Prereduced Catalysts in i-Butane Dehydrogenation at 540°C

Selectivity, %

Conversion of i-Cy4 Yield of C;

Sample % (O T n—-Cy C-C5 coke %
CrS(1.1) 16 61 0 0 16 23 10
CrS(3.4) 19 67 1 0 17 15 13
CrS(8.7) 22 67 0 0 13 20 15
CrS(11) 25 72 0 0 13 15 18
a-Cr03 10 93 0 3 3 1 9
CrS(1.1)-H,-prereduced 18 54 0 0 8 38 10
CrS(11)-Hy-prereduced 36 68 0 0 8 24 24
a-Cr,03-Hj-prereduced 10 88 0 4 2 6 9

@ Average of the measured values between 1 and 10 min on stream.
b Obtained from the amounts of CO, and CO evolved during the regeneration of the samples in situ at 540°C.

reduction. The purpose of the prereduction was to separate
the reduction of the calcined catalysts from the dehydro-
genation. Accordingly, no CO, or H,O was detected, but
CO was observed in very small concentration, correspond-
ing to the concentration of CO formed with the calcined
catalyst between 1 and 10 min on stream. Since no H,O was
detected in the product flow of the H, prereduced catalyst,
the formation of a small concentration of CO was not associ-
ated with a further reduction of the H,-prereduced catalyst
under dehydrogenation conditions. Instead, CO was prob-
ably formed in steam reforming of the hydrocarbons. The
source of H,O for the reforming could have been the H,O
entrapped in the catalyst during the reduction.

The activity of Hy-prereduced CrS(1.1) was constant be-
tween 1 and 10 min on stream, and at the same level as the
activity of the corresponding catalyst without prereduction
after S min on stream (Fig. 5). On the other hand, no activa-
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FIG. 4. Activity of calcined (M) and H, prereduced (O0) bulk a-Cr,O3
in the dehydrogenation of i-butane at 540°C.

tion period was observed for Hy-prereduced CrS(11), but
the activity was as high as 35% at 1 min on stream and then
declined. The effect of H; prereduction on the initial activ-
ity of bulk «-Cr,O3 was similar to the effect on CrS(11): the
activity was at maximum at 1 min on stream (Fig. 4). The
amount of coke deposited was higher on the H,-prereduced
catalyst than on calcined catalyst, and the selectivities were
thus lower (Table 3).

DISCUSSION

Characterization of CrO,/SiO; Catalyst

Binding of CrOy on SiO,. With deposition of CrO,,
the band of isolated OH groups of SiO; in the spectra of
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FIG.5. Activity of H, prereduced (open symbols) and calcined (solid

symbols) CrS(1.1) (M, 0) and CrS(11) (@, O) in the dehydrogenation of
i-butane at 540°C.
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calcined catalysts decreased in intensity, indicating the con-
sumption of OH groups in the binding of CrO,. The pres-
ence of a-Cr,Os3 in the calcined catalysts even in CrS(3.4)
(1.3 Cr/nm?), together with unreacted OH groups, illus-
trates the well-known tendency of CrO, to form clusters
rather than a well-dispersed phase on SiO; (6, 12, 19, 28,
33-35).

Cr% and Cr3* on calcined catalyst. Because bulk CrOs
is unstable at the calcination temperatures we employed
(28, 36, 37), the presence of Cr®" in the supported sam-
ples and in bulk «-Cr,O3 was attributed to surface oxida-
tion. The Cr®* concentration of the catalysts passed through
a maximum with increasing Cr loading: the highest con-
centration of Cr®* (1.0 wt% or 0.4 Cr/nm?) was observed
in CrS(3.6) and CrS(8.7) (see Table 2). We note that, in
our catalysts calcined at 570°C, the Cr’* species existed to-
gether with Cr%* even at the loading of 0.4 Cr/nm? (1.1 wt%
Cr), and their concentration increased dramatically with Cr
loading. McDaniel et al. (38), on the other hand, have shown
that all chromium is oxidized to Cr®" in 650°C samples con-
taining up to 1.1 Cr/nm?. An explanation for the presence
of Cr** in CrS(1.1) could be that, under our experimental
conditions, not all CrO, was anchored to SiO, even at a
loading of 0.4 Cr/nm?, but formed either isolated or clus-
tered structures (12, 35, 39-41).

Environment of Cr%*. Direct interaction between Cr®*
and SiO, presumably dominates in CrS(1.1) because of
the small amount of nonredox Cr** and the absence of a-
Cr,03, (XRD). Comparison of the H, consumptions of
CrS(1.1) and bulk @-Cr,0O3, with maxima at 430 and 260°C,
respectively, indicated that Cr®/SiO, was more difficult
to reduce than Cr%"/a-Cr,O; (see Figs. 1a and le) (42).
Accordingly, the maxima at 430-420°C and 270-250°C in
the H; consumptions of CrS(3.4), CrS(8.7), and CrS(11)
were interpreted as the presence of both Cr®/SiO, and
Cr%*/Cr,03/Si0; in the catalysts.

Cr3* and Cr?* on reduced surface. The H, consump-
tion of bulk a-Cr,O3 between 25 and 350°C corresponded
to a reduction of Cr®* to 2+ oxidation state. The formation
of Cr** on bulk a-Cr,05 has also been proposed elsewhere
(38,43-45), although Cr’ is considered to be the preferred
species. We attributed the presence of two maxima in the
H, consumption to a stepwise reduction of Cr®* to Cr** via
3+ oxidation state (see Fig. 1le). The size of the shoulder
at 295°C was estimated to be 11% of the size of the main
peak, a considerably lower value than the 33% calculated
from the stoichiometry of the stepwise reduction. The dis-
crepancy might be due to the uncertainty in the fitting of a
main peak and shoulder of nonideal shapes. In CrS(8.7) and
CrS(11), the estimated sizes of the shoulders at 300-305°C
were 16 and 33% of the main peaks at 255-270°C, respec-
tively. Quantitative calculation of the peaks for CrS(3.4)
was not reasonable owing to the weakness of the peaks.
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FIG. 6. Dechydrogenation activity (O) and the amounts of redox
Cr?*/Si0, (#), Cr’*/SiO, (M), and Cr**/Cr,03/SiO; (A) in CrO,/SiO; at
different Cr loadings (H>-TPR).

On the other hand, only one maximum was resolved in
the reduction of Cr®/SiO,. The extent of the reduction of
Cr%*/SiO, in CrS(1.1), CrS(3.4), CrS(8.7), and CrS(11) was
calculated by subtracting the amount of H, consumed in re-
duction of Cr6+/Cr203/Si02 from the total H, consumption
(Fig. 1). Even though this procedure was not strictly valid
since Cr2t/Cr,05/Si0, may have been formed together with
Cr?*/Cr,05/Si0,, the error in the calculation would not
change the observed trend (Fig. 6). Namely, with increased
Cr loading, the degree of the reduction of Cr®*/SiO, de-
creased, i.e., Cr’7/SiO, was formed in addition to Cr?*/SiO,.
It has been proposed by Zecchina et al. (46) that the Cr®*
monomers present at low loadings of Cr are predominantly
reduced to Cr**, whereas the Cr®" dimers and polymers
present at higher Cr loadings are mostly reduced to Cr**.

Dehydrogenation Activity of CrO,/SiO;

Potential active sites. Cr®" was unstable under the reac-
tion conditions for dehydrogenation because it was reduced
by the feed or the reaction products. Its activity in dehy-
drogenation was therefore ruled out, and instead the sites
formed in the reduction were of interest, i.e., Cr’t/SiO,,
Cr’*/Si0,, and Cr**/Cr,05/Si0; (or Cr**/Cr,05/Si0;). In
addition, the reduced catalysts contained nonredox Crit,
the amount of which increased dramatically with Cr load-
ing (XRD and UV-VIS) (see Table 1). On the whole, the
extent of the reduction of Cr®* measured by a FT-IR gas
analyzer under dehydrogenation conditions was fairly close
to the values obtained by H,-TPR. From this we concluded
that the H,-TPR could suitably be applied to characterize
the reduced sites formed under the dehydrogenation con-
ditions.

In the discussion of the active site(s) below, we treat first
the observed increase or decrease in the activity of the
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calcined catalysts between 1 and 3 min on stream. One
possible explanation for the transient behavior could be
a progressive desorption or rearrangement of the H,O (or
-OH/-H) entrapped in the catalyst during the reduction.
The release of CO, and CO in the reduction of the calcined
catalyst was not, namely, accompanied by the desorption
of a stoichiometric amount of H,O (see Fig. 2). Entrapped
H,O (or -OH/-H) could have diverse effects on reduced
CrO,/SiO; sites, such as blocking of empty ligand sites (47)
or prevention of the reduction of Cr** to Cr** (14, 41), and
it is clear that the effects cannot easily be assigned.

The observation that H, prereduction affected the initial
activity led us to believe, however, that the transient behav-
ior of the calcined catalysts was related to the reduction of
Cr* with increasing time on stream. In addition to the pos-
sible effects that desorption or rearrangement of entrapped
H,O (or -OH/-H) might have on the initial activity, a careful
study of the product distributions, including the release of
CO,, suggested that reduction of the catalyst was not com-
plete after 1 min on stream but continued with longer time
on stream. Consideration of the rapid initial decay in the
activity of CrS(1.1) from this perspective suggested that it
could be due to a reduction of Cr’*, present after 1 min on
stream, to 2+ oxidation state. The constant and lower initial
activity of Hp-prereduced CrS(1.1) during the first minutes
on stream could then be due to a formation of Cr**/SiO,
already during the prereduction stage, which would further
imply that the reactivity of Cr’*/SiO, was lower than that
of redox Cr3*/Si0,.

Contrary to CrS(1.1), the activities of CrS(11) and bulk
a-Cr,0Oj3 increased between 1 and 3 min on stream, and
both catalysts were more active after H, prereduction than
after calcination (see Figs. 4 and 5). According to H,-TPR,
the reduction of Cr®" on CrS(11) led to the formation of
Cr**/Cr,05/Si0; and Cr**/Si0,, and to Cr**/Cr,03 in bulk
a-Cry03. From this we conclude that the activation of the
catalysts could have been due to a relatively slow reduction
of Cr**/Cr,04/Si0; to Cr**/Cr,05/SiO, with increasing
time on stream. This being the case, the reactivity of
Cr?*/Cr,05/Si0, must be considerably higher than that
of Cr’**/Cr,03/Si0; (14). The rapid decay of the activities
of CrS(11) and bulk «-Cr,Os; would suggest instability
of Cr’**/Cr,05/SiO, under dehydrogenation conditions,
however.

In summary, we suggest that on fully reduced CrS(1.1)
and CrS(11) (the reduction of which occurred either during
H, prereduction or with time on i-butane stream at 540°C),
Cr**/SiO, and Cr?t/Cr,05/Si0Os, respectively, serve as ac-
tive sites in dehydrogenation. In addition, exposed nonre-
dox Cr’* sites, present on both CrS(1.1) and CrS(11), may
be active. The uncertainty about the fraction of surface
atoms and the presence of coordinatively unsaturated sites
complicated the study of the dehydrogenation activity in
the nonredox Cr** phase (1, 35, 37, 46, 48), however. It is

355

worth noting that exposed nonredox Cr>* has been pro-
posed to be active in CrO,/Al,O3 (9, 11), and therefore its
activity in CrO,/SiO; could not be ruled out.

So far, the activity of redox Cr**, present in addition to
Cr?*/SiO, and Cr**/Cr,03/Si0, on fully reduced CrS(3.4),
CrS(8.7), and CrS(11), has not been considered in our dis-
cussion (see Fig. 6). On the basis of the average dehydro-
genation activity (1-10 min on stream), and the concentra-
tion of the redox sites on CrO,/SiO; at different Cr loadings,
it is proposed that also redox Cr**/SiO, is active in dehy-
drogenation. This is because the average dehydrogenation
activity and the concentration of redox Cr**/SiO; sites in-
creased together with the Cr loading. The proposal that re-
dox Cr’*/SiO; sites are active is also in accordance with the
findings for CrO,/AL,Os. In the absence of Cr?t sites at low
loadings of Cr, the dehydrogenation activity of CrO,/Al,O3
was attributed solely to redox Cr* (9, 11).

In view of our discussion of the active sites on CrO,/SiO,
it would seem that dehydrogenation occurs at diverse sites
on the reduced surface, including Cr**. Accordingly, no spe-
cific dehydrogenation site could be distinguished. The way
the selectivity of the catalysts varied with Cr loading de-
serves further comment, however. Namely, both the con-
version of i-butane and the selectivity to butenes increased
with Cr loading (see Table 3). In the presence of equally
selective sites at all loadings, the opposite would have been
expected, i.e., the selectivity would have been expected to
decrease with increasing Cr loading and activity because
of the increasing rate of cracking and coke formation with
increasing partial pressure of butenes. The increase in the
selectivity to butenes with increasing Cr loading led us to
conclude that Cr’*/SiO, sites were less selective in dehy-
drogenation than other active sites.

CONCLUSIONS

The structure of CrO,/SiO; catalysts and their activity in
the dehydrogenation of i-butane were studied. After calci-
nation, 0.8-1.0 wt% Cr was oxidized to 6+ oxidation state,
but even at low loadings of Cr, a considerable amount
of nonredox Cr** and a-CryO3 were formed. According
to Ho-TPR measurements, Cr®t existed anchored both to
Si0; and to a-Cr,03/Si0,. The dehydrogenation activity of
Cr0O,/SiO; was attributed to redox Cr in 3+ or 2+ oxida-
tion state formed in the reduction of Cr®*. Probably, part
of the nonredox Cr** was also active in dehydrogenation.
The relatively low selectivity, i.e., pronounced cracking and
coke formation at low loadings of Cr, was attributed to Cr’**
directly anchored to SiO,.
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