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Abstract

The formation of carbon-containing species was studied during propane dehydrogenation on a chromia/alumina catalyst with 13.5 wt%
chromium. The deposition was monitored by in situ DRIFT spectroscopy combined with mass spectrometry, and by in situ Raman spec-
troscopy combined with gas chromatography. The reduction of chromates by propane resulted in the formation of adsorbed acetone,
formates, and acetates. Acetates/carboxylates and hydrocarbon species—aliphatic, unsaturated/aromatic, and graphite-like species—we
present under dehydrogenation conditions. The deposition of the hydrocarbon species was gradual, consistent with the continuous deacti
vation of the catalyst observed during the measurements. Hydrogen prereduction of the chromia/alumina catalyst slowed the formation of
acetates/carboxylates, but it had no detectable effect on the deposition of the hydrocarbon species.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction bons. Recently, operando and in situ Raman spectroscopic
studies have provided further information on the hydrocar-

Chromia supported on alumina is widely used as a cata- Pon species formed during alkane dehydrogenation. Nijhuis
lyst in the dehydrogenation of light alkanes to alkeftds et. al.[5] mvestlgateq propane dehydrogena.tlon on a catalyst
Oxidised chromia/alumina contains chromium mainly as With 13 wt% chromium by operando UV-vis/Raman spec-
Ccr3t and CP*, and in trace amounts asgd‘r[l,Z]. Under troscopy and concluded that formation of (poly)aromatic hy-
dehydrogenation conditions the higher oxidation states re-drecarbon deposits took place at 3% Sullivan et al{6],

duce to C#, which is generally considered to be the active ©N the other hand, using in situ UV-Raman spectroscopy to
species in the reactid, 3]. study chromia/alumina with 0.7 wt% chromium, observed

One problem related to the supported chromia catalyststhe form'ation of polyolefinic', or both polyolefinic and pol-
is their rapid deactivation during dehydrogenation, which is yaromatic species, depending on the reaction temperature

most likely due to coke formation. Consequently, the cat- and on whether the catalyst had been oxidised or hydrogen-

alyst must be regenerated at frequent intervals. In a Studyprereduced before the dehydrogengtlon. .

by ex situ infrared spectroscopy of coked chromia/alumina The purpose OT our study was o mvesnggte the nature of
catalysts used in the dehydrogenation of butene to butadi—the carbon-_contammg dep_osﬂs fqrmed durmg_propane c(j)e-
ene, Ibarra et alj4] concluded that the carbon-containing hydrogenation on a chromia/alumina catalyst with 13.5 wt%

. . . ) . chromium. Neither Nijhuis et a[5] nor Sullivan et al]6]
deposits consisted of both aliphatic and aromatic hydrocar- ) .
reported the formation of carbonate or carboxylate deposits

during propane dehydrogenation. In the present study, in situ
* Corresponding author. Fax: +358 9 451 2622. infrared spectroscopy was used to explore this matter fur-
E-mail address: sanna.airaksinen@hut(B.M.K. Airaksinen). ther. Hakuli et al.[7] observed, moreover, that hydrogen-
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prereduced chromia/alumina catalyst is less active in dehy-two methods: (i) temperature-programmed (TP) measure-
drogenation than an alkane-reduced chromia/alumina cata-ments from 25 to 580C and (ii) time-dependent measure-
lyst. Another aim was to determine whether, on a catalyst ments at a constant temperature of 580
with high chromium loading, hydrogen prereduction af-
fects the nature of the carbon-containing species. Sullivan2.2.1. In situ DRIFTS-MS measurements
et al. [6] observed such an effect for a low-loaded chro- The DRIFTS measurements were performed with a
mia/alumina catalyst. Nicolet Nexus FTIR spectrometer and a Spectra-Tech high-
Propane dehydrogenation was investigated by in situ temperature/high-pressure chamber. The gaseous products
spectroscopic methods. The reduction of Grpresent as  were monitored on-line with a Pfeiffer Vacuum OmniStar
chromates, and the formation of hydroxyl and carbon- mass spectrometer. A fresh catalyst sample was used in
containing species were studied by in situ diffuse reflectanceeach experiment and was pretreated by in situ oxidisation
infrared Fourier transform spectroscopy (DRIFTS). In situ with 10% Q)/N2 at 580°C for 2 h before study. The total
Raman spectroscopy was used to study further the reducgas flow rate was kept at 50 émin—! during the entire
tion of chromates and the formation of carbon-containing experiment.
deposits. The effects of both temperature and time on stream The TP-DRIFTS measurement was done for the chro-
on the carbon-containing deposits were evaluated. mia/alumina catalyst and for the pure chromia and alumina
samples. A flow of 5% gHg/N2 was directed to the sample
cell at 25°C, after which the temperature was increased step-
2. Experimental wise to 100°C. Spectra were recorded everyZ5(4 cnt 2,
100 scans), with the spectrum of an aluminum mirror mea-
sured under nitrogen flow as the background. The product
gas was analysed continuously by MS. At 2@) the sam-
ple cell was flushed with nitrogen, and the spectrum of the
sample without the contribution of gas-phase propane was
recorded. Thereafter, the propane flow was resumed and the
temperature was increased. Spectra were collected every 25
up to 550°C, and then at 580C. The nitrogen flush of
the reaction chamber was repeated at 200, 300, 400, 500,
and 580°C.
The time-dependent measurement at 880vas made
for the chromia/alumina catalyst after oxidation of the cat-
“alyst, and after a 15-min hydrogen prereduction with 5%
H2/N,. Spectra were collected once every minute (4 &m
30 scans), and the product gas was analysed continuously
by MS. After 3 min on propane stream (5%lds/N>), the

2.1. Sample preparation

The chromia/alumina catalyst used in the study was pre-
pared by the atomic layer deposition (ALD) technique, in
which the precursor of the metal oxide is deposited on the
support from the gas phase through saturating gas—solid
reactions, as described in detail elsewhiB&]. The y-
alumina support, AKZO 000-1.5E, was crushed and sieved
to a particle size of 0.25-0.50 mm and calcined with air at
600°C for 16 h. Chromium(lll) acetylacetonate, Cr(acac)
(Riedel-de Haén, 99%), was used as the chromium precur
sor. After the ALD preparation, the catalyst was calcined
with air at 600°C for 4 h. According to earlier analys§®,
the catalyst contained 13.5 wt% chromium and 3.0 wt%

+ 1 ;
Cr°* and had a surface area of %f%m - No crystalline sample cell was flushed with nitrogen to obtain a spectrum
Cr203 was detected by X-ray diffraction or Raman spec- without the contribution by gas-phase propane. Thereafter,

troscqpy, indicating that the surface chromia species werey propane flow was continued for another 3 min, making
well dispersed. X-ray photoelectron spectroscopic measure-ya total time on propane stream 6 min; the sample cell was

. . - +
ments indicated that the catalyst contained*Cand CP flushed with nitrogen; and the spectrum was recorded under

after oxidation, and mainly Ct after reduction with hy- ot fiow, This was repeated after a total of 10, 15, 20, 30,
drogen or alkane (butane); the treatments were done in &, 40 min on propane stream.

reactor connected directly to the spectrometer system, per-
mitting sample transfer in vacuum.

For comparison, the alumina support and a bulk chromia
sample (CsOs, Aldrich, 98+) were also investigated. The
chromia sample was calcined with air at 6@for 4 h be-
fore use.

2.2.2. In situ Raman—-GC measurements

The Raman spectra were measured with a Renishaw
Micro-Raman System-1000 equipped with a cooled CCD
detector and a holographic super-Notch filter for removing
the elastic scattering. An Arlaser (514 nm) was used as the
exciting source. The experiments were performed in a home-
2.2. In situ spectroscopic measurements made quartz reaction cell. The catalyst (0.2 g) was loaded

between two layers of silicon carbide and was kept in place

The reduction of chromates and the formation of hy- with quartz wool plugs at both ends of the reactor. In this
droxyl and carbon-containing species were studied by in situ way, there was no void volume in the reactor. The reaction
DRIFTS combined with mass spectrometry (MS) and by products were analysed with a Varian 3800 gas chromato-
in situ Raman spectroscopy combined with gas chromatog-graph equipped with a thermal conductivity detector. A fresh
raphy (GC). Two types of experiments were made with the catalyst sample was used in each experiment and was pre-
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treated by in situ oxidisation with 20% fHe at 580°C
for 1 h. The total gas flow rate was 20 €émin—! during
the whole experiment.

The TP measurement was performed for the chromia/
alumina catalyst by stepwise heating from 25 to 58n-
der 5% GHg/He. The weight hourly space velocity (WHSV)
of propane was 0.8 1. GC samples and Raman spectra
were taken at 25, 100, 200, 300, 400, 500, and &30
At each temperature, after the GC sample was taken, the
propane flow was stopped temporarily and the Raman spec-
trum was recorded under helium flow. Thereafter the alkane
flow and heating were continued. This was done to enable a
better comparison with the DRIFTS results. Each spectrum
was measured for approximately 40 min.

The time-dependent measurement at 880vas made
with an oxidised sample and with a sample that had been
prereduced for 15 min with 1% 4#Ar. After 10 min on a
propane stream (5%gzElg/He), a GC sample was taken, the
reactor was flushed with helium, and the spectrum of the
catalyst sample was measured under helium flow. Thereafter
the propane flow was continued for another 10 min, mak- 4000 3000 2000 1600 1300
ing the total time on propane stream 20 min; a GC sample
was taken, and the spectrum was again recorded under he-

lium flow. This was repeated after 30 and 40 min on propane Fig. 1. DRIFT spectra measured for the chromia/alumina catalyst (a) at

stream. room temperature after oxidation, and during the TP measurement at
(b) 100, (c) 200, (d) 300, (e) 400, (f) 500, and (g) 580 Spectra mea-
sured under nitrogen flow.

Kubelka-Munk/a.u.

Wavenumber/cm™

3. Resultsand discussion
attributed to thev(C=0) and vagC—C—-C) vibrations of

3.1. Effect of temperature on the carbon-containing species adsorbed acetone, respectivgh?]. These had appeared
already at room temperature and were observable up to
3.1.1. In Situ DRIFTS-MS measurement 175°C. Other bands were present at 3620, 3480-3450, 2970,

The TP-DRIFTS experiment was performed for the chro- 2880, 1555-1535, 14401430, 1380, and 1355-1350cm
mia/alumina catalyst between 25 and 58Dto investigate ~ between about 100 and 430. The first two bands are due
the reduction of the chromia phase by propane. Selectedto Cr—OH species and hydrogen-bonded hydrofi/4, re-
spectra obtained are shownfiig. 1 Although spectra were  spectively, whereas the bands at 2970, 2880, 1555, 1380,
measured after every 28 rise in temperature, only the and 1355 cm?' can be assigned to formatess(COO) -+
spectra obtained after the sample cell was flushed with ni- va(COO), v(CH), vag(COO0), §(CH), andvs(COO), respec-
trogen are shown. Thus the strong C—H stretching bandtively) [12,13] The bands at 1535 and 1440-1430¢m
of gas-phase propane does not dominate the C—H area, alare due to acetated?] or carboxylate species in gen-
lowing the changes between 3100 and 2800 trto be eral [14] (vag(COO0), v5(COO0), respectively). However, the
observed. Since the nitrogen flush could result in desorptionweak 8s(CHz) band at 1350 cm' present at 500-58@C
of deposited species, we made some reference measureseems to belong to the same species and supports the ac-
ments without stopping the alkane feed. The results were notetate assignmeritl2]. The absence of the acetate/carbo-
noticeably different from those reported below. xylate peaks at 1535 and 1350 thbelow 400°C is ex-

The room-temperature spectrum of the oxidised catalyst plained by the overlapping of the acetate and formate bands.
showed absorption bands at 3730, 3620, and 1600 clue Carbonate groups may also be contributing to the acetate
to AI-OH [9], Cr—OH[3], and adsorbed watét0], respec- peaks since they have been observed on chromia at similar
tively. The sharp peak at 2340 crhis characteristic for the ~ wavenumberfl4]. Chromate overtones were not seen above
y-alumina used as the support and belongs to carbon dioxideabout 300C, and above 45%C the amounts of hydro-
species trapped inside the material, possibly during its prepa-gen and propene detected by MS increased. Therefore, the
ration [11]. The broad band near 2000 ctis assigned catalyst was reduced before dehydrogenation started. The
to the chromate overtone vibratiof8 and was observable formates were not stable above this temperature, whereas
even at 580C during heating under air or nitrogen. the acetate/carboxylate bands were clearly observed up to

After the start of the propane feed, the spectrum mea- 580°C, indicating that they were thermally more stable.
sured at 100C exhibited two bands at 1670 and 1250¢m At 500°C, aliphatic C—H bandgl0] were present at 2985
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HSC\FI| _CH, HC~ o —CHs 3.1.2. In situ Raman-GC measurement
CiHy — > C|’ —_— I The reduction of the catalyst by propane was further in-
o  OH o OH vestigated by TP-Ramaf¥ig. 3 presents spectra measured
during this experiment. The sample was flushed with inert
/ gas before the Raman spectra were acquired, to enable better
comparison with the DRIFTS results. The oxidised sample
T ?H3 showed Raman bands centered at about 1020 and 838 cm
o N corresponding to the stretching modes of terminak:Or
6 6 o o oH and bridging Cr—O-Cr units of surface chromate species,

respectively[2,20]. Upon introduction of propane, these
Fig. 2. Evolution of the oxygen and carbon-containing species formed from bands decreased in intensity with increasing temperature and
propane. were no longer observed above 3@ in agreement with

the TP-DRIFTS results, indicating that the surface chro-

mate species had been reduced. The amount of propene
and 2940 cml. At 500-58C°C a broad band at 3060 and detected by GC in the product stream started to increase
a shoulder at 1585 cnt increased, which have generally at 500°C. At 500-580°C two bands were present at about
been attributed to unsaturated or aromatic species, or both 1600 and 1390 cm'. These were assigned to graphite-like
strongly bonded to the catalyst surfddel0,15] carbon specie$21,22] in accordance with the results of

Similar TP-DRIFTS experiments were also carried out Mul et al. [23] and Espinat et al[24], who investigated

for bulk chromia and the alumina support. Bulk chromia, Propane oxidative dehydrogenation on vanadia/alumina and
which contained a small amount of ©r after oxida- coked platinum-based reforming catalysts, respectively. The
tion [8], exhibited bands due to acetone, formates, and @ssignmentwas based on the similarities between the Raman
acetates/carboxylates at wavenumbers and temperature§Pectra of coked catalysts and of disordered graphitic mate-
similar to those of the chromia/alumina catalyst, whereas for fials. Disordered graphitic materials show Raman bands at
alumina only weak bands due to acetates/carboxylates wereAbout 1580 and 1360 cm that are referred to as the G and
observed at high temperatures. This suggests that the oxi> bands, respectively21,22] Single-crystal graphite ex-
dised carbon species, especially acetone and formates, wergibits only the G_(gr.aphlte).band., whereas the D (d|s_,torted)
formed in the reaction of propane with the chromia phase 2and appears with increasing disorder of the mat¢2i].
of the catalyst. The interaction of propane withlfGicon- At 580°C, in addition to the bands of the graphite-like de-

taining MgCrOj at different temperatures has been studied POSits, @ broad band was observed at 28903cnwh(;|:}e
by Finocchio et al[12,16] and Busca et al[17]. They ~ C—H species typically appeg25]. The band at 800 c

suggested the activation of propane to take place throughS caused by the quartz reactor. The C-H band indicates
reaction with the chromate groups present on the oxidised "€ Présence of hydrocarbon-type species, possibly the un-
MgCr,04, resulting in reduction of chromium and forma- saturated and/or aromatic species that were observed by

tion of isopropoxide and hydroxyl species. With increasing DRIFTS. Ths presencle .Of Erqmatlc o_Iep%snsk causeds.flur(?-
temperature the isopropoxide species would react further "€SCeNCe and may explain the increasing background in the

to adsorbed acetone, formates, and acetates. According tépectra. The graphite-like species were most likely formed
our TP-DRIFTS measurements, the pathway presented in
Fig. 2 may therefore be operational on chromia surfaces
too, with reduction of the chromates taking place simul-
taneously with the formation of the isopropoxide species.
Since acetates/carboxylates were observed on alumina, these .
species formed also in other reactions in addition to the re-
duction of the chromia phase. Oxidised species may have
formed, for example, via reaction of propane with the sur-

*]
f
e
d
face OH groups, as was proposed by Ermini et[&8] c

for alumina under propane atmosphere. The reduced chro-  prewrunn, b
a

Intensity/a.u

mia/alumina catalyst was active in dehydrogenation, re- ”“:/M\”"N
sulting in formation of aliphatic and unsaturated/aromatic , . . .
hydrocarbon deposits, in accordance with studies performed 3150 2650 2150 1650 1150 650

with other method44—6]. The formation of the hydrocar- Ramanshifticm’”

bon deposits only when propene was present in the product _ _

supports the earlier pro OSEJQ] that the coke species on Fig. 3. Raman spectra measured for the chromia/alumina catalyst (a) at
Pp . ) p p p room temperature after oxidation, and during the TP measurement at

chromia/alumina are mainly formed from the alkene rather () 100, (c) 200, (d) 300, (e) 400, (f) 500, and (g) 5€0 Spectra mea-

than the alkane. sured under helium flow.
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by dehydrogenation of the unsaturated/aromatic hydrocar-the 2340 cm! band, MS). The band of gaseous propane

bon deposits. (2970 cnt1) exhibited a shoulder at 2880 cthdue to for-

mates. Acetates/carboxylates appeared at 1530, 1430, and
3.2. Effect of time on stream on the carbon-containing 1340 cnt! and hydroxyls at 3710, 3620, and 3490 ¢m
species The aliphatic C—H species at 2935 thwere formed at

the beginning of the propane feed, whereas the band of the
3.2.1. Insitu DRIFTS-MS measurements unsaturated/aromatic species at 3050  trappeared after

The effect of time on propane stream on the carbon- 6 min on stream and increased thereafter. A shoulder at

containing species was investigated at 580for oxi- 1590 cnt?! attributed to the same species was seen as well.
dised and hydrogen-prereduced chromia/alumitig. 4A The amount of propene detected in the product stream by

presents DRIFT spectra obtained for the oxidised catalyst. MS decreased during the measurement, indicating deactiva-
Spectra (b) and (c) were measured under propane flowtion of the catalyst.
during the first 2 min on stream, and spectra (d)—(j) were  Fig. 5presents DRIFT spectra measured for the hydrogen-
measured up to 40 min on stream after the sample cell wasprereduced catalyst during the first 2 min (spectra (c)
flushed with nitrogenFig. 4B shows the change in the MS and (d)) and up to 40 min on propane stream (spectra
signal intensity form /e 42 characteristic for propene. The (e)—(k)). Hydrogen prereduction removed the chromates and
regularly occurring drop in the signal is due to the nitrogen resulted in the formation of hydroxyl species similar to those
flushes. produced by reduction by propane. Formates were not seen,
The oxidised catalyst showed at 580 weak Al-OH whereas acetate/carboxylate species were formed (1530,
and Cr—OH bands at 3720 and 3610 dmrespectively, 1430, and 1350 cm'), although not as rapidly as after oxi-
and the chromate overtone band at 1985 &nThe chro- dation. This result supports the conclusion that these species
mates were reduced at the start of the propane feed, remay also form in other reactions in addition to the reduc-
sulting in formation of gaseous carbon dioxide (increase in tion, although it has been reportf#b] that some Ctt ions
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Fig. 4. (A) DRIFT spectra measured for the chromia/alumina catalyst &2G&8) after oxidation, and during the time-dependent measurement after (b) 10 s,
(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, spectra (d)—(j)
after nitrogen flush. (B) MS signal intensity far/e 42 characteristic for propene.
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Intensity/a.u.

3150 2650 2150 1650 1150 650

Ramanshift/cm™”

Fig. 6. Raman spectra measured for the chromia/alumina catalyst €580

(a) after oxidation, and during the time-dependent measurement after (b) 10,
(c) 20, (d) 30, and (e) 40 min on propane stream. Spectra measured under
helium flow.

Kubelka-Munk/a.u.

the Raman band at 2870 crhdue to C-H species indi-
cating, along with the increased fluorescence background,
the presence of hydrocarbon species, in accordance with the
DRIFTS results. The dehydrogenation activity of the sample
decreased during the experiment (GC).

The prereduction of the oxidised catalyst resulted in
the disappearance of the chromate bands present after ox-
idation. The spectra measured during the dehydrogenation
(not shown for brevity) were similar to those for the non-
prereduced catalyst, showing between 20 and 40 min the
Fig. 5. DRIFT spectra measured for the chromia/alumina catalyst at formation of graphite-like species, indicated by the Ra-
580°C (a) after oxidation, (b) after hydrogen prereduction, and during the man bands at 1580 and 1340 t%n and C-H species at
time-dependent measurement after (c) 10 s, (d) 1 min 10 s, (e) 3, (f) 6, 2870 cnT?.

10, (h) 15, (i) 20, (j) 30, and (k) 40 min on propane stream. Spectra (c L L -
;gn)d (d)(m)easu(rzzd ung)er propan(e )ﬂow, spectr:f(e;)—(k) afternitrogin flus(h.) The Steady d_eposmon of the carbon-contamlng spemgs

on both the oxidised and hydrogen-prereduced chromia/

alumina catalysts with time on stream was consistent with
on supported chromia catalysts can be stable under hydrogenhe deactivation of the samples observed during the DRIFTS
and are reduced by alkane. With increasing time on stream,and Raman experiments. The results of the TP and time-
hydrocarbon species appeared that were similar to thosedependent measurements suggest that the hydrocarbon de-
that appeared with the oxidised catalyst: first the aliphatic posits were formed sequentially from adsorbed propene or
species (2930 crf) and then the unsaturated/aromatic de- from intermediate species formed in the dehydrogenation
posits (3060 and 1590 cm). The dehydrogenation activity  of propane. The propene may first form adsorbed poly-
of the sample also decreased in this experiment (MS). meric species on the surface, which react further to aromatic

species and then, by loss of hydrogen, to the graphite-like
3.2.2. In situ Raman—-GC measurements deposits. The carbon deposits deactivate the catalyst most

The Raman spectra obtained for the oxidised chro- likely by blocking the active chromium sites.

J T T T T
4000 3000 2000 1600 1300

Wavenumber/em™”

mia/alumina catalyst during the time-dependent measure-
ment at 580C are shown irFig. 6. The disappearance of
the chromate bands at 1025 and 850 énsannot be ob-

Aside from the difference observed in the initial for-
mation of acetates/carboxylates, the deposition of carbon-
containing species was similar on the oxidised and on

served clearly from these spectra because of the overlappinghe hydrogen-prereduced catalyst. Sullivan ef&l, how-

by the quartz reactor band at 800 thnHowever, a change
in the colour of the sample from brown to green, charac-
teristic for CP+ oxide [27], indicated that the catalyst was
reduced at the beginning of the experiment. After 20 min,

ever, found a difference between the pretreatments. During
propane dehydrogenation on chromia/alumina they observed
by in situ UV-Raman that, after oxidation, both polyolefins
and polyaromatics formed at 40Q, and only polyolefins

peaks attributed to graphite-like species appeared at 1580formed at 500C. The hydrogen-prereduced catalyst pro-

and 1340 cm!. These became more apparent with time. In

duced only polyolefins at 40@, and both polyolefins and

addition, the spectra measured after 30 and 40 min showedpolyaromatics at 500C. In fact, our DRIFT results may
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