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Abstract

The formation of carbon-containing species was studied during propane dehydrogenation on a chromia/alumina catalyst with
chromium. The deposition was monitored by in situ DRIFT spectroscopy combined with mass spectrometry, and by in situ Ram
troscopy combined with gas chromatography. The reduction of chromates by propane resulted in the formation of adsorbed
formates, and acetates. Acetates/carboxylates and hydrocarbon species—aliphatic, unsaturated/aromatic, and graphite-like sp
present under dehydrogenation conditions. The deposition of the hydrocarbon species was gradual, consistent with the continu
vation of the catalyst observed during the measurements. Hydrogen prereduction of the chromia/alumina catalyst slowed the fo
acetates/carboxylates, but it had no detectable effect on the deposition of the hydrocarbon species.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Chromia supported on alumina is widely used as a c
lyst in the dehydrogenation of light alkanes to alkenes[1].
Oxidised chromia/alumina contains chromium mainly
Cr3+ and Cr6+, and in trace amounts as Cr5+ [1,2]. Under
dehydrogenation conditions the higher oxidation states
duce to Cr3+, which is generally considered to be the act
species in the reaction[1,3].

One problem related to the supported chromia catal
is their rapid deactivation during dehydrogenation, which
most likely due to coke formation. Consequently, the c
alyst must be regenerated at frequent intervals. In a s
by ex situ infrared spectroscopy of coked chromia/alum
catalysts used in the dehydrogenation of butene to bu
ene, Ibarra et al.[4] concluded that the carbon-containi
deposits consisted of both aliphatic and aromatic hydro

* Corresponding author. Fax: +358 9 451 2622.
E-mail address: sanna.airaksinen@hut.fi(S.M.K. Airaksinen).
0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.01.005
bons. Recently, operando and in situ Raman spectrosc
studies have provided further information on the hydroc
bon species formed during alkane dehydrogenation. Nij
et al.[5] investigated propane dehydrogenation on a cata
with 13 wt% chromium by operando UV–vis/Raman sp
troscopy and concluded that formation of (poly)aromatic
drocarbon deposits took place at 550◦C. Sullivan et al.[6],
on the other hand, using in situ UV-Raman spectroscop
study chromia/alumina with 0.7 wt% chromium, observ
the formation of polyolefinic, or both polyolefinic and po
yaromatic species, depending on the reaction tempera
and on whether the catalyst had been oxidised or hydro
prereduced before the dehydrogenation.

The purpose of our study was to investigate the natur
the carbon-containing deposits formed during propane
hydrogenation on a chromia/alumina catalyst with 13.5 w
chromium. Neither Nijhuis et al.[5] nor Sullivan et al.[6]
reported the formation of carbonate or carboxylate depo
during propane dehydrogenation. In the present study, in
infrared spectroscopy was used to explore this matter
ther. Hakuli et al.[7] observed, moreover, that hydroge

http://www.elsevier.com/locate/jcat
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prereduced chromia/alumina catalyst is less active in d
drogenation than an alkane-reduced chromia/alumina
lyst. Another aim was to determine whether, on a cata
with high chromium loading, hydrogen prereduction
fects the nature of the carbon-containing species. Sull
et al. [6] observed such an effect for a low-loaded ch
mia/alumina catalyst.

Propane dehydrogenation was investigated by in
spectroscopic methods. The reduction of Cr6+, present as
chromates, and the formation of hydroxyl and carb
containing species were studied by in situ diffuse reflecta
infrared Fourier transform spectroscopy (DRIFTS). In s
Raman spectroscopy was used to study further the re
tion of chromates and the formation of carbon-contain
deposits. The effects of both temperature and time on str
on the carbon-containing deposits were evaluated.

2. Experimental

2.1. Sample preparation

The chromia/alumina catalyst used in the study was
pared by the atomic layer deposition (ALD) technique
which the precursor of the metal oxide is deposited on
support from the gas phase through saturating gas–
reactions, as described in detail elsewhere[3,8]. The γ -
alumina support, AKZO 000–1.5E, was crushed and sie
to a particle size of 0.25–0.50 mm and calcined with ai
600◦C for 16 h. Chromium(III) acetylacetonate, Cr(aca3
(Riedel–de Haën, 99%), was used as the chromium pre
sor. After the ALD preparation, the catalyst was calcin
with air at 600◦C for 4 h. According to earlier analyses[8],
the catalyst contained 13.5 wt% chromium and 3.0 w
Cr6+ and had a surface area of 166 m2 g−1. No crystalline
Cr2O3 was detected by X-ray diffraction or Raman sp
troscopy, indicating that the surface chromia species w
well dispersed. X-ray photoelectron spectroscopic meas
ments indicated that the catalyst contained Cr3+ and Cr6+
after oxidation, and mainly Cr3+ after reduction with hy-
drogen or alkane (butane); the treatments were done
reactor connected directly to the spectrometer system,
mitting sample transfer in vacuum.

For comparison, the alumina support and a bulk chro
sample (Cr2O3, Aldrich, 98+) were also investigated. Th
chromia sample was calcined with air at 600◦C for 4 h be-
fore use.

2.2. In situ spectroscopic measurements

The reduction of chromates and the formation of
droxyl and carbon-containing species were studied by in
DRIFTS combined with mass spectrometry (MS) and
in situ Raman spectroscopy combined with gas chroma
raphy (GC). Two types of experiments were made with
-

-

-

-

-

two methods: (i) temperature-programmed (TP) meas
ments from 25 to 580◦C and (ii) time-dependent measur
ments at a constant temperature of 580◦C.

2.2.1. In situ DRIFTS–MS measurements
The DRIFTS measurements were performed with

Nicolet Nexus FTIR spectrometer and a Spectra-Tech h
temperature/high-pressure chamber. The gaseous pro
were monitored on-line with a Pfeiffer Vacuum OmniS
mass spectrometer. A fresh catalyst sample was use
each experiment and was pretreated by in situ oxidisa
with 10% O2/N2 at 580◦C for 2 h before study. The tota
gas flow rate was kept at 50 cm3 min−1 during the entire
experiment.

The TP-DRIFTS measurement was done for the c
mia/alumina catalyst and for the pure chromia and alum
samples. A flow of 5% C3H8/N2 was directed to the samp
cell at 25◦C, after which the temperature was increased s
wise to 100◦C. Spectra were recorded every 25◦C (4 cm−1,
100 scans), with the spectrum of an aluminum mirror m
sured under nitrogen flow as the background. The pro
gas was analysed continuously by MS. At 100◦C, the sam-
ple cell was flushed with nitrogen, and the spectrum of
sample without the contribution of gas-phase propane
recorded. Thereafter, the propane flow was resumed an
temperature was increased. Spectra were collected eve
up to 550◦C, and then at 580◦C. The nitrogen flush o
the reaction chamber was repeated at 200, 300, 400,
and 580◦C.

The time-dependent measurement at 580◦C was made
for the chromia/alumina catalyst after oxidation of the c
alyst, and after a 15-min hydrogen prereduction with
H2/N2. Spectra were collected once every minute (4 cm−1,
30 scans), and the product gas was analysed continu
by MS. After 3 min on propane stream (5% C3H8/N2), the
sample cell was flushed with nitrogen to obtain a spect
without the contribution by gas-phase propane. Therea
the propane flow was continued for another 3 min, mak
the total time on propane stream 6 min; the sample cell
flushed with nitrogen; and the spectrum was recorded u
inert flow. This was repeated after a total of 10, 15, 20,
and 40 min on propane stream.

2.2.2. In situ Raman–GC measurements
The Raman spectra were measured with a Renis

Micro-Raman System-1000 equipped with a cooled C
detector and a holographic super-Notch filter for remov
the elastic scattering. An Ar+ laser (514 nm) was used as t
exciting source. The experiments were performed in a ho
made quartz reaction cell. The catalyst (0.2 g) was loa
between two layers of silicon carbide and was kept in p
with quartz wool plugs at both ends of the reactor. In t
way, there was no void volume in the reactor. The reac
products were analysed with a Varian 3800 gas chrom
graph equipped with a thermal conductivity detector. A fr
catalyst sample was used in each experiment and was
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treated by in situ oxidisation with 20% O2/He at 580◦C
for 1 h. The total gas flow rate was 20 cm3 min−1 during
the whole experiment.

The TP measurement was performed for the chrom
alumina catalyst by stepwise heating from 25 to 580◦C un-
der 5% C3H8/He. The weight hourly space velocity (WHSV
of propane was 0.8 h−1. GC samples and Raman spec
were taken at 25, 100, 200, 300, 400, 500, and 580◦C.
At each temperature, after the GC sample was taken
propane flow was stopped temporarily and the Raman s
trum was recorded under helium flow. Thereafter the alk
flow and heating were continued. This was done to enab
better comparison with the DRIFTS results. Each spect
was measured for approximately 40 min.

The time-dependent measurement at 580◦C was made
with an oxidised sample and with a sample that had b
prereduced for 15 min with 1% H2/Ar. After 10 min on a
propane stream (5% C3H8/He), a GC sample was taken, t
reactor was flushed with helium, and the spectrum of
catalyst sample was measured under helium flow. There
the propane flow was continued for another 10 min, m
ing the total time on propane stream 20 min; a GC sam
was taken, and the spectrum was again recorded unde
lium flow. This was repeated after 30 and 40 min on prop
stream.

3. Results and discussion

3.1. Effect of temperature on the carbon-containing species

3.1.1. In situ DRIFTS–MS measurement
The TP-DRIFTS experiment was performed for the ch

mia/alumina catalyst between 25 and 580◦C to investigate
the reduction of the chromia phase by propane. Sele
spectra obtained are shown inFig. 1. Although spectra were
measured after every 25◦C rise in temperature, only th
spectra obtained after the sample cell was flushed with
trogen are shown. Thus the strong C–H stretching b
of gas-phase propane does not dominate the C–H are
lowing the changes between 3100 and 2800 cm−1 to be
observed. Since the nitrogen flush could result in desorp
of deposited species, we made some reference mea
ments without stopping the alkane feed. The results were
noticeably different from those reported below.

The room-temperature spectrum of the oxidised cata
showed absorption bands at 3730, 3620, and 1600 cm−1 due
to Al–OH [9], Cr–OH[3], and adsorbed water[10], respec-
tively. The sharp peak at 2340 cm−1 is characteristic for the
γ -alumina used as the support and belongs to carbon dio
species trapped inside the material, possibly during its pr
ration [11]. The broad band near 2000 cm−1 is assigned
to the chromate overtone vibrations[8] and was observabl
even at 580◦C during heating under air or nitrogen.

After the start of the propane feed, the spectrum m
sured at 100◦C exhibited two bands at 1670 and 1250 cm−1
-

r

-

l-

-

Fig. 1. DRIFT spectra measured for the chromia/alumina catalyst (
room temperature after oxidation, and during the TP measureme
(b) 100, (c) 200, (d) 300, (e) 400, (f) 500, and (g) 580◦C. Spectra mea
sured under nitrogen flow.

attributed to theν(C=O) and νas(C–C–C) vibrations of
adsorbed acetone, respectively[12]. These had appeare
already at room temperature and were observable u
175◦C. Other bands were present at 3620, 3480–3450, 2
2880, 1555–1535, 1440–1430, 1380, and 1355–1350 c−1

between about 100 and 450◦C. The first two bands are du
to Cr–OH species and hydrogen-bonded hydroxyls[10], re-
spectively, whereas the bands at 2970, 2880, 1555, 1
and 1355 cm−1 can be assigned to formates (νs(COO)+
νas(COO),ν(CH), νas(COO),δ(CH), andνs(COO), respec-
tively) [12,13]. The bands at 1535 and 1440–1430 cm−1

are due to acetates[12] or carboxylate species in ge
eral [14] (νas(COO), νs(COO), respectively). However, th
weak δs(CH3) band at 1350 cm−1 present at 500–580◦C
seems to belong to the same species and supports th
etate assignment[12]. The absence of the acetate/carb
xylate peaks at 1535 and 1350 cm−1 below 400◦C is ex-
plained by the overlapping of the acetate and formate ba
Carbonate groups may also be contributing to the ace
peaks since they have been observed on chromia at si
wavenumbers[14]. Chromate overtones were not seen ab
about 300◦C, and above 450◦C the amounts of hydro
gen and propene detected by MS increased. Therefore
catalyst was reduced before dehydrogenation started.
formates were not stable above this temperature, whe
the acetate/carboxylate bands were clearly observed u
580◦C, indicating that they were thermally more stab
At 500◦C, aliphatic C–H bands[10] were present at 298
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Fig. 2. Evolution of the oxygen and carbon-containing species formed
propane.

and 2940 cm−1. At 500–580◦C a broad band at 3060 an
a shoulder at 1585 cm−1 increased, which have genera
been attributed to unsaturated or aromatic species, or
strongly bonded to the catalyst surface[4,10,15].

Similar TP-DRIFTS experiments were also carried
for bulk chromia and the alumina support. Bulk chrom
which contained a small amount of Cr6+ after oxida-
tion [8], exhibited bands due to acetone, formates,
acetates/carboxylates at wavenumbers and tempera
similar to those of the chromia/alumina catalyst, whereas
alumina only weak bands due to acetates/carboxylates
observed at high temperatures. This suggests that the
dised carbon species, especially acetone and formates,
formed in the reaction of propane with the chromia ph
of the catalyst. The interaction of propane with Cr6+-con-
taining MgCr2O4 at different temperatures has been stud
by Finocchio et al.[12,16] and Busca et al.[17]. They
suggested the activation of propane to take place thro
reaction with the chromate groups present on the oxid
MgCr2O4, resulting in reduction of chromium and form
tion of isopropoxide and hydroxyl species. With increas
temperature the isopropoxide species would react fur
to adsorbed acetone, formates, and acetates. Accordi
our TP-DRIFTS measurements, the pathway presente
Fig. 2 may therefore be operational on chromia surfa
too, with reduction of the chromates taking place sim
taneously with the formation of the isopropoxide spec
Since acetates/carboxylates were observed on alumina,
species formed also in other reactions in addition to the
duction of the chromia phase. Oxidised species may h
formed, for example, via reaction of propane with the s
face OH groups, as was proposed by Ermini et al.[18]
for alumina under propane atmosphere. The reduced c
mia/alumina catalyst was active in dehydrogenation,
sulting in formation of aliphatic and unsaturated/arom
hydrocarbon deposits, in accordance with studies perfor
with other methods[4–6]. The formation of the hydroca
bon deposits only when propene was present in the pro
supports the earlier proposal[19] that the coke species o
chromia/alumina are mainly formed from the alkene rat
than the alkane.
,

s

-
e

o

e

-

t

3.1.2. In situ Raman–GC measurement
The reduction of the catalyst by propane was further

vestigated by TP-Raman.Fig. 3 presents spectra measur
during this experiment. The sample was flushed with in
gas before the Raman spectra were acquired, to enable
comparison with the DRIFTS results. The oxidised sam
showed Raman bands centered at about 1020 and 830 c−1,
corresponding to the stretching modes of terminal Cr=O
and bridging Cr–O–Cr units of surface chromate spec
respectively[2,20]. Upon introduction of propane, the
bands decreased in intensity with increasing temperature
were no longer observed above 300◦C, in agreement with
the TP-DRIFTS results, indicating that the surface ch
mate species had been reduced. The amount of pro
detected by GC in the product stream started to incr
at 500◦C. At 500–580◦C two bands were present at abo
1600 and 1390 cm−1. These were assigned to graphite-l
carbon species[21,22] in accordance with the results
Mul et al. [23] and Espinat et al.[24], who investigated
propane oxidative dehydrogenation on vanadia/alumina
coked platinum-based reforming catalysts, respectively.
assignment was based on the similarities between the R
spectra of coked catalysts and of disordered graphitic m
rials. Disordered graphitic materials show Raman band
about 1580 and 1360 cm−1 that are referred to as the G a
D bands, respectively[21,22]. Single-crystal graphite ex
hibits only the G (graphite) band, whereas the D (distor
band appears with increasing disorder of the material[21].
At 580◦C, in addition to the bands of the graphite-like d
posits, a broad band was observed at 2890 cm−1, where
C–H species typically appear[25]. The band at 800 cm−1

is caused by the quartz reactor. The C–H band indic
the presence of hydrocarbon-type species, possibly the
saturated and/or aromatic species that were observe
DRIFTS. The presence of aromatic deposits causes
rescence and may explain the increasing background i
spectra. The graphite-like species were most likely form

Fig. 3. Raman spectra measured for the chromia/alumina catalyst
room temperature after oxidation, and during the TP measureme
(b) 100, (c) 200, (d) 300, (e) 400, (f) 500, and (g) 580◦C. Spectra mea
sured under helium flow.
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3.2. Effect of time on stream on the carbon-containing
species

3.2.1. In situ DRIFTS–MS measurements
The effect of time on propane stream on the carb

containing species was investigated at 580◦C for oxi-
dised and hydrogen-prereduced chromia/alumina.Fig. 4A
presents DRIFT spectra obtained for the oxidised cata
Spectra (b) and (c) were measured under propane
during the first 2 min on stream, and spectra (d)–(j) w
measured up to 40 min on stream after the sample cell
flushed with nitrogen.Fig. 4B shows the change in the M
signal intensity form/e 42 characteristic for propene. Th
regularly occurring drop in the signal is due to the nitrog
flushes.

The oxidised catalyst showed at 580◦C weak Al–OH
and Cr–OH bands at 3720 and 3610 cm−1, respectively,
and the chromate overtone band at 1985 cm−1. The chro-
mates were reduced at the start of the propane feed
sulting in formation of gaseous carbon dioxide (increas
-

the 2340 cm−1 band, MS). The band of gaseous propa
(2970 cm−1) exhibited a shoulder at 2880 cm−1 due to for-
mates. Acetates/carboxylates appeared at 1530, 1430
1340 cm−1 and hydroxyls at 3710, 3620, and 3490 cm−1.
The aliphatic C–H species at 2935 cm−1 were formed at
the beginning of the propane feed, whereas the band o
unsaturated/aromatic species at 3050 cm−1 appeared afte
6 min on stream and increased thereafter. A shoulde
1590 cm−1 attributed to the same species was seen as w
The amount of propene detected in the product stream
MS decreased during the measurement, indicating deac
tion of the catalyst.

Fig. 5presents DRIFT spectra measured for the hydro
prereduced catalyst during the first 2 min (spectra
and (d)) and up to 40 min on propane stream (spe
(e)–(k)). Hydrogen prereduction removed the chromates
resulted in the formation of hydroxyl species similar to tho
produced by reduction by propane. Formates were not s
whereas acetate/carboxylate species were formed (1
1430, and 1350 cm−1), although not as rapidly as after ox
dation. This result supports the conclusion that these spe
may also form in other reactions in addition to the red
tion, although it has been reported[26] that some Cr5+ ions
) 10 s,
ctra (d)–(j)
Fig. 4. (A) DRIFT spectra measured for the chromia/alumina catalyst at 580◦C (a) after oxidation, and during the time-dependent measurement after (b
(c) 1 min 10 s, (d) 3, (e) 6, (f) 10, (g) 15, (h) 20, (i) 30, and (j) 40 min on propane stream. Spectra (b) and (c) measured under propane flow, spe
after nitrogen flush. (B) MS signal intensity form/e 42 characteristic for propene.
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Fig. 5. DRIFT spectra measured for the chromia/alumina catalys
580◦C (a) after oxidation, (b) after hydrogen prereduction, and during
time-dependent measurement after (c) 10 s, (d) 1 min 10 s, (e) 3,
(g) 10, (h) 15, (i) 20, (j) 30, and (k) 40 min on propane stream. Spectr
and (d) measured under propane flow, spectra (e)–(k) after nitrogen fl

on supported chromia catalysts can be stable under hydr
and are reduced by alkane. With increasing time on stre
hydrocarbon species appeared that were similar to t
that appeared with the oxidised catalyst: first the aliph
species (2930 cm−1) and then the unsaturated/aromatic
posits (3060 and 1590 cm−1). The dehydrogenation activit
of the sample also decreased in this experiment (MS).

3.2.2. In situ Raman–GC measurements
The Raman spectra obtained for the oxidised ch

mia/alumina catalyst during the time-dependent meas
ment at 580◦C are shown inFig. 6. The disappearance o
the chromate bands at 1025 and 850 cm−1 cannot be ob
served clearly from these spectra because of the overlap
by the quartz reactor band at 800 cm−1. However, a chang
in the colour of the sample from brown to green, char
teristic for Cr3+ oxide [27], indicated that the catalyst wa
reduced at the beginning of the experiment. After 20 m
peaks attributed to graphite-like species appeared at
and 1340 cm−1. These became more apparent with time
addition, the spectra measured after 30 and 40 min sho
n
,

Fig. 6. Raman spectra measured for the chromia/alumina catalyst at 5◦C
(a) after oxidation, and during the time-dependent measurement after (
(c) 20, (d) 30, and (e) 40 min on propane stream. Spectra measured
helium flow.

the Raman band at 2870 cm−1 due to C–H species ind
cating, along with the increased fluorescence backgro
the presence of hydrocarbon species, in accordance wit
DRIFTS results. The dehydrogenation activity of the sam
decreased during the experiment (GC).

The prereduction of the oxidised catalyst resulted
the disappearance of the chromate bands present afte
idation. The spectra measured during the dehydrogen
(not shown for brevity) were similar to those for the no
prereduced catalyst, showing between 20 and 40 min
formation of graphite-like species, indicated by the R
man bands at 1580 and 1340 cm−1, and C–H species a
2870 cm−1.

The steady deposition of the carbon-containing spe
on both the oxidised and hydrogen-prereduced chro
alumina catalysts with time on stream was consistent
the deactivation of the samples observed during the DRI
and Raman experiments. The results of the TP and t
dependent measurements suggest that the hydrocarbo
posits were formed sequentially from adsorbed propen
from intermediate species formed in the dehydrogena
of propane. The propene may first form adsorbed p
meric species on the surface, which react further to arom
species and then, by loss of hydrogen, to the graphite
deposits. The carbon deposits deactivate the catalyst
likely by blocking the active chromium sites.

Aside from the difference observed in the initial fo
mation of acetates/carboxylates, the deposition of car
containing species was similar on the oxidised and
the hydrogen-prereduced catalyst. Sullivan et al.[6], how-
ever, found a difference between the pretreatments. Du
propane dehydrogenation on chromia/alumina they obse
by in situ UV-Raman that, after oxidation, both polyolefi
and polyaromatics formed at 400◦C, and only polyolefins
formed at 500◦C. The hydrogen-prereduced catalyst p
duced only polyolefins at 400◦C, and both polyolefins an
polyaromatics at 500◦C. In fact, our DRIFT results ma
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not be in contradiction with their results, since the IR ba
at 3050 and 1590 cm−1 due to strongly bonded carbo
containing species may be assigned to either unsatu
or aromatic hydrocarbons. Since the chromium conten
the catalyst of Sullivan et al. (0.7 wt%) was lower th
the chromium content of our catalyst (13.5 wt%), so
qualitative difference may have existed between the car
containing species on their and our catalysts. For insta
more alumina support was exposed on their catalyst, ow
to the lower chromium content, and this could have c
tributed to the formation of the deposits.

4. Conclusions

The formation of carbon-containing species during p
pane dehydrogenation was studied for a chromia/alum
catalyst with 13.5 wt% chromium. The reduction of ch
mates by propane may proceed through the formatio
isopropoxide species, which react further first to adsor
acetone and then to formates and acetates. Acetates/c
xylates may also form in other reactions, for examp
through reaction of propane with surface OH groups.
hydrogenation of propane resulted in sequential forma
of aliphatic, unsaturated/aromatic, and graphite-like hyd
carbon deposits, which deactivated the catalyst. Hydro
prereduction slowed the formation of the oxidised spec
but it did not have a detectable effect on the hydrocar
species formed during dehydrogenation.
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