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Abstract

Cr(CO)4/Al , O, samples were prepared in a fluidized bed reactor by vapour phase adsorption of chromium hexacarbony!
under nitrogen flow. The preparation of the samples were followed by diffuse reflectance IR spectroscopy and the chromium
content was determined by EDXRF. Deposition and pul se techniques were used to vaporize the hexacarbonyl on the alumina
surface. The pulse technique proved to be very effective when higher chromium contents were desired. The temperature of
the calcination (500°C /300°C) also had a significant effect on the amount of chromium adsorbed. © 1998 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Chromium based catalysts have found wide
application in industrial reactions, especially re-
actions in the petrochemicals industry. They are
active in dehydrocyclization reactions, oxidation
processes, the polymerization of olefins and de-
hydrogenation reactions of alkenes and akanes
[1-9]. Studies have mostly focused on chromium
oxide supported on silica, alumina and other
supports. CrO5;/SIO,, aso known as Philips
catalyst, has been particularly widely studied
because of its activity in polymerization reac-
tions [4,5,10—-22].

The chemistry of transition metal carbonyl
complexes, M(CO)4 (M = Cr, Mo or W), sup-
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ported on metal oxide surfaces has also attracted
attention in recent years, in part because cata-
lysts of high activity at low temperature can be
generated [23]. Among the transition metal car-
bonyls, chromium hexacarbonyl has only rarely
been used as catalytic precursor on aumina
support [24—31], and only occasionally on silica
[32—-34] and zeolite [35,36]. Since meta car-
bonyls posses high symmetry, they are excellent
models for complex systems [27,28]. They also
provide a convenient route to highly dispersed
low-valent metals without the need for strong
reducing conditions. The use of supported tran-
sition metal carbonyls as heterogeneous cata
lysts or catalyst precursors has excited interest
because such a system under the right condi-
tions combines the advantages of heterogeneous
and homogeneous catalysis while avoiding their
disadvantages, especialy those related to sepa
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ration of the catalysts from its products
[28,31,37].

Catalysts have usually been prepared by solu-
tion phase methods, e.g., precipitation, adsorp-
tion, ion exchange and impregnation [38]. If gas
phase methods such as dry mixing or PVD or
CVD technique are used instead, interference
from the solvent and other disadvantages are
eliminated. In the work described here, we used
a fluidized bed reactor system in which the
catalytic precursor can be evenly vaporized and
deposited on aumina under controlled condi-
tions. The advantage of the fluidized bed system
was investigated for the deposition of Cr(CO),
by normal deposition and pulse techniques on
alumina calcined at different temperatures. The
progress of the sample preparation was followed
by IR spectroscopy and the chromium content
was determined by EDXRF.

2. Experimental

2.1. Reagents

Chromium hexacarbonyl supplied by Aldrich
Chemical was used as catalytic precursor and
was used without further purification. Nitrogen
(99.999%) was the carrier gas. Alumina (Al-
drich Bockman 1) of surface area 155 m? /g and
granular size 150 mesh supplied the support.
Alumina was calcined under vacuum for 10 h at
300°C and 500°C (designated alu300 and alu500,
respectively). The calcined supports were stored
in a glove box.

2.2. Equipment

Samples were prepared in a fluidized bed
reactor system [39] consisting of two parts: the
reactor vessel, which is placed in an oven, and
the vaporization system, which is surrounded by
a water bath. The reactor vessel can be loaded
with the support in a glove box and then con-
nected to the reactor system. If the catalytic

precursor is an air-sensitive reagent it, too, can
be loaded in the glove box. The fluidized bed
reactor system is evacuated and flushed with N,
three times before the reaction is started. If
necessary, the reaction can be interrupted and
the reactor vessel stored in the glove box. The
reactor setup is suitable for the preparation of
heterogeneous catalysts if the catalytic precursor
can be vaporized at temperatures < 100°C. A
particular advantage of the system is that the
temperature can be controlled separately for the
vaporization and the reactor units.

Samples were analysed with a Nicolet Impact
400 D Fourier Transform infrared spectrometer
equipped with an MCT (mercury—cadmium-—tel-
lurium) detector. The resolution of the spec-
trometer is 2 cm~ 1. Spectra reported here are
difference spectra, from which the pure alumina
spectrum has been subtracted. IR spectra were
measured under N, atmosphere by diffuse re-
flectance (DR) technique with the DR apparatus
in an IR-glove box with NaCl windows [40].

Chromium content was determined from
measurements with an energy dispersive X-ray
fluorescence spectrometer (ACAX 300 EDX-
RF), and for a few reference samples by AAS
(lithium tetraborate frit). Note that the results
should be considered as only approximate since
the samples were powders. The AAS results,
together with the EDXRF results for the same
samples, were used in calculating the chromium
contents of samples measured only by EDXRF.

3. Resaults

Suitable vaporization and reactor tempera-
tures were determined before the experiments
were begun. A suitable vaporization tempera
ture for the Cr(CO),/Al, O, system was be-
tween 50°C and 55°C, and a suitable difference
between the temperatures of the reactor vessel
and the vaporization cell was 10°C. Under these
conditions the amount of chromium hexacar-
bonyl was sufficient for 5 h reaction, and the
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amount of chromium hexacarbonyl in a cold
finger (not attached to the surface of the alu-
mina) was insignificant.

3.1. Chromium content

If it is assumed that one chromium atoms
binds to one OH-group, and if the surface area
of alumina and the temperature of the calcina
tion are known, it can be calculated how much
chromium will theoretically adsorb. The values
will only be approximate, however, since the
surface of the aumina is in redlity relatively
complex. Various OH-groups, with differing ad-
sorption capacity, are present on the alumina
surface [41-47]. Once the adsorbed chromium
concentration reaches a certain point, hindrance
of the adsorbed species begins to limit further
adsorption. Fig. 1 shows, for both au500 and
alu300, how the chromium content increases
with the deposition time until a saturation level
is achieved. In the idea situation, a monomolec-
ular chromium hexacarbony! layer is formed on
the surface. In our case it can be assumed that a
monomolecular layer was formed since the
chromium content became constant. If the
chromium content were to continue increasing,
formation of more than one layer could be
assumed. About 0.9 wt.% chromium content
was achieved with the alu500 support and a
deposition temperature of 55°C. With lower de-
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Fig. 2. Deposition of Cr(CO)s on alumina with the five cycles.
V =5 h deposition (55°C); D = 2 h decarbonylation (150°C).

position temperature (50°C) the chromium con-
tent was a little lower because of the lower
vapour pressure of the chromium hexacarbonyl.
Considerably lower chromium content was ob-
tained with alu300: at the higher vaporization
temperature the total chromium content was
only about 0.3 wt.%. Although there are more
OH-groups on the surface of alu300, the alu500
support adsorbs more chromium hexacarbonyl,
presumably because greater numbers of active
adsorption sites, octahedral or tetrahedral Al3™,
are formed at the higher calcination temperature
[24].

If higher chromium content is desired, a pulse
technique can be applied and samples can be
decarbonylated after each deposition cycle. For
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Fig. 1. Deposition of Cr(CO); on alumina temperature of deposition 50°C (— W —), temperature of deposition 55°C (— 4 -). (&
alu500 = alumina calcined in vacuum 10 h at 500°C; (b) alu300 = alumina calcined in vacuum 10 h at 300°C.
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the decarbonylation of Cr(CO)4/Al,O;, the
sample was heated in the fluidized bed reactor
at 100-200°C. The vaporization—decarbonyla
tion can be repeated several times. Fig. 2 shows
the trend in the chromium content when the
Cr(CO)4/Al,O; sample was prepared by the
pulse technique. The chromium content in-
creased after each pulse, and was about 1.3
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wt.% after the fifth pulse. Since, reportedly, the
maximum chromium loading that can be
achieved by the vaporization technique is only
0.03-0.05 wt.% [24], the chromium content can
be increased dramatically with the pulse tech-
nique. Evidently, only monomeric subcarbonyls
are present in the Cr(CO), /Al ,0, system. Since
there are no bridging carbonyl bands, it is diffi-
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Fig. 3. IR spectra of Cr(CO)4/Al,05 where the support is (A) au500 and (B) alu300, after (2) 3 h deposition, (b) 5 h deposition, (c) 10 h

deposition, (d) 15 h deposition, (e) 20 h deposition, (f) 25 h deposition.
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cult to obtain high loadings of chromium on the
alumina support [24] even with decarbonylation.

3.2. IR characterization

Diffuse reflectance Fourier transform infrared
(DRIFT) spectra provide useful information on
the nature and concentrations of the carbonyl,
hydroxyl, carbonate and bicarbonate species
present on the surface of the alumina support
after vaporization and decarbonylation of the
Cr(CO)q/Al 05 samples.

Zecchina and Arean [26] and Zecchina et al.
[48] have described how group VI meta car-
bonyls [M(CO),, where M =Cr, Mo or W]
adsorb onto y-alumina. In gas phase, the octahe-
dral Cr(CO)4 molecule shows a single IR-active
band at about 2000 cm~*. The A, and E,
modes, being only Raman active, are not ob-
served. In solution these modes become dlightly
active, so that in the ideal sSituation the IR
spectrum shows three IR-active bands, at 2112—
2118, 2018-2010 and 1984-1976 cm™’. The
same spectrum is also expected for physically
adsorbed Cr(CO)4, where dlight interaction with
the support causes only a week perturbation of
the CO stretching modes. Hydrogen bonding to
Bronsted acid sites, with consequent formation
of (CO),Cr—CO - - - H* adducts, decreases the
bridged CO frequency by about 50 cm™?, while
the vibrations of the —Cr(CO),; moiety are only
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Fig. 4. (8) Vaporization of Cr(CO)4 on alu500 (5 h deposition at
55°C). (b) Sample (a) decarbonylated 2 h at 150°C.
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Fig. 5. IR spectra of Cr(CO)g /Al, O3 (alus00) after (a) 15 h
deposition at 55°C and sample (a) after (b) 3 h decarbonylation at
100°C, (c) 3 h decarbonylation at 150°C, (d) 1 h decarbonylation
at 200°C.

dightly affected and fall at nearly the same
frequency as the physically adsorbed carbonyl.
O-bonding to coordinatively unsaturated cations
leads to the appearance of alow-frequency band
(1770-1780 cm™ 1) due to O-bonded CO-group,
and to a parallel increase of the remaining CO
stretching frequencies [26,48].

Fig. 3 shows how the IR spectra change with
time of deposition. The area of the CO frequen-
cies increases, while the area of the OH fre-
quencies decreases. Alu300 has more OH-groups
on the surface, but it adsorbs less chromium
hexacarbonyl than aluS00. In both case there are
free OH-groups after 25 h deposition, but there
IS so much steric hindrance on the surface of
alu300 that effectively there are no more sites
available for adsorption. Free adsorption sites,
OH-groups, become accessible during decar-
bonylation (Fig. 4). Fig. 5 shows how the IR
spectra change with the temperature of the de-
carbonylation.

A closer inspection of the area of the CO
frequencies reveals what kinds of groups exist
on the surface. The various vibrations that have
been observed in the Cr(CO),/Al, O, system
are listed in Table 1. According to Kazusaka
and Howe [24], the first interaction between
chromium hexacarbonyl and alumina is ph-
ysisorption and the amount of chemisorbed
speciesissmall. In our spectra, bandsat ~ 2114
and ~ 2000 cm~! dominate the IR-spectra, in-
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Table 1
IR frequencies of carbonyl species on the surface of a Cr(CO),/Al,05 sample
Adsorption site/support IR(cm™1) IR(cm™b) Literature, References
(this study, support alu500) (literature) various supports
(CO)sCr(CO)-AI3 2142 (w) 2142(w) y-alugoo [26,48]
(CO)sCr(CO)-AlE 2122 (w) 2130 (w) y-alug0o [26,48]
Cr(CO) (physisorption) 2000 (s) 2120, 2000 alu450 [45]
A4 Cr(CO)g (physisorption) 2117 () 2120 (w) y-au [26,49]
(CO)sCr(CO)-AIZ a 2090 (w) y-alugoo [26,48]
(CO)sCr(CO)-AIZL a 2040 (w) y-alu800 [26,48]
Cr(CO); (physisorption) a 2080 alu450 [24]
(Co)sCr(Co)-AIZ}, a 2075 (vw) y-alu800 [48]
(CO)5CrH(CO)-AI3} a 2075 (w) y-alusoo [26,48]
Eg; Cr(CO)g (physisorption) 2029 (sh) 2015 (sh) y-au [48,49]
(CO)5CrH(CO)-AI3H, a 2010 (sh) y-alusoo [48]
Cr(CO), (physisorption) 2000 2000 aluds0 [24]
(CO)5CrH(CO)-AI3} 2000 (s) 2000 (s) y-alusoo [26,48]
Tay; Cr(CO)g (physisorption) 1980 () 1980 () y-au [48,49]
(CO)5Cr(CO)-AI3}, a 1922 (w) y-alusoo [48]
(CO)sCr-Al 3t gite 1874 1880 [24]
(CO)5CrH(CO)-AI3} 1859 (m) 1850-1875(m)  y-alug0o [26,48]
(CO)sCr(CO)-AIZ, 1795 (w) 1770-1780 (w)  y-alu800 [26,48]
(CO),Cr-Al*"-site b 1760 [24]
(CO)Cr(CO)-strong b 1670 (w) y-alugoo [26]
Lewis acid plac
(Co)sCr(Co)-AIZ; b 1605 (w) y-alu800 [26]
Cr(CO)g_ b 1530 (w) y-alugoo [26]
VW = very weak.
w = weak.
sh = shoulders.
m = medium.
S = strong.
a= get covered.
b = not observed.

dicating the presence on the surface at least of physisorption interaction. The band expected at
Cr(CO), and Cr(CO). species. The Cr(CO), 1760 cm~* due to chemisorption of Cr(CO), is
seen at ~ 2000 cm™! is adsorbed by weak covered with the carbonate signal. As Fig. 6

1 55°C
‘ . S T 05 deposition (h)
2200 2000 1800 1600 1400 1300
wavenumbers (cm-1)

Fig. 6. Chromium hexacarbony! supported on alumina (alu500): deposition—decarbonylation.
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Table 2

IR frequencies of carbonate species on the surface of a decarbonylated Cr(CO), /Al ,05 sample

Carbonate species IR (cm™1), in the literature [50] IR (cm™1), in this study
Unidentate 1530 () 1535

1370 (»,)
Bidentate 1730-1660 ()

1270-1230 (»,) 1229
Bridged 1900-1750 ()

1180 (w) not observed
Bicarbonate 3610-3605 (ygy)

1650—1639 () 1649

1490-1440 (v,) 1445

1236-1226 (8¢y;)

1229

shows, it is not clear exactly what happens in
the Cr(CO)4/Al ,0, system during vaporization
and decarbonylation, even though the reaction
was observed at 0.5 h intervals.

Various carbonate species appear on the sup-
port when the Cr(CO), /Al ,O, sample is decar-
bonylated, and the number of the vibrations is
increased with time and temperature of deposi-
tion or decarbonylation. Table 2 lists the vibra
tions observed. As the carbonate region is rela-
tively broad, it is not easy to decide to which
carbonate species the vibrations belong. At first
bicarbonate species were recognized at frequen-
cies ~ 1649, 1445 and 1226 cm™?, and uniden-
tate and bidentate carbonates at frequencies 1535
and 1229 cm~ . No bridged carbonate species
were observed. Following Brenner and Hucul
[51,52], the carbonate species are due to the
formation of CO, form in the reaction of two
CO molecules on the alumina surface via the
Boudouard mechanism. A somewhat different
proposal, by Brown [53], is that CO, formsin a
surface reaction between the support and the
carbonyl precursor, with decarbonylation occur-
ring as a competing reaction. A reaction be-
tween the decarbonylated CO-group and surface
oxo group has also been proposed [54]. In a
fluidized bed reactor system like owns, the car-
bonates are more likely to form as we describe,
because in the fluidized system N, gasis cycled
by the pump, and not al decarbonylated CO
groups are removed by the bubbler. We have
also observed that the alumina support affects

the amount of carbonates formed in the reac-
tion.

4. Conclusions

There are many advantages to preparing
Cr(CO)4/Al O, catalyst in a fluidized bed re-
actor. An even temperature can be achieved
because the alumina particles are in constant
motion in the reaction vessel and the large
common area of the gas and solid particles
ensures that the heat transfer rate is fast. The
reaction can be scrutinized visually all the time
since the reactor vessel and the vaporization
system are made of glass. Constant observation
is necessary to confirm that the fluidization is
occurring evenly. The amount of catalyst pre-
pared is relatively large (about 10 g), so severa
experimental tests can be carried out if neces
sary. Decarbonylation, which is used in the
pulse technique to achieve higher chromium
content, is easily done in the same reactor sys-
tem. The whole reaction, including DRIFT anal-
ysis, can be carried out under N, atmosphere, so
the system is suitable for air-sensitive reagents.

High chromium contents (about 1.3 wt.%)
were achieved when the pulse technique was
used with our fluidized bed reactor system.
What happened during the reaction was easily
followed with DRIFT spectra, and other analyti-
cal methods could have been applied for more
detailed study. DRIFT spectra showed the pres-
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ence on the surface of alumina at least of
Cr(CO); and Cr(CO), species and physisorbed
chromium hexacarbonyl. Alumina calcined for
10 h at 500°C adsorbed more chromium than
aumina calcined for 10 h at 300°C. It can be
assumed that favourable Al®* adsorption sites
are formed at the higher calcination tempera
ture, allowing the chromium content to increase.
Evidently, a monomolecular Cr(CO)4_, (x=
6-0) forms on the surface of the alumina be-
cause the chromium content reaches a maxi-
mum during deposition. However, further study
is required to confirm this.
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