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Ethene hydroformylation on Co/SiO, catalysts
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The results from ethene hydroformylation at 173°C showed that a Co(acac)3/SiO, catalyst prepared from Co(acac); precursor by
gas-phase deposition was three times as active as a catalyst prepared by impregnation from cobalt nitrate, but oxo-selectivities were
similar. The high propanal selectivities on the Co(acac)3/SiO, seem to be related to the presence of highly dispersed active sites favouring
CO insertion. As dispersion is decreased from 23 to 8% due to increasing metal content (from 5 to 16 wt%), oxo-selectivity decreased
from 39 to 25%. The activity of Co(acac)3/SiO, remained unchanged during 68 h on stream. The gas-phase deposition technique
described here is a promising method for the preparation of active, selective and stable heterogeneous hydroformylation catalysts.
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1. Introduction

Hydroformylation processes for the production of alde-
hydes from olefins, carbon monoxide and hydrogen are im-
portant steps in the manufacture of many oxygen-containing
intermediates [1]. The majority of these oxo-products are
manufactured employing unmodified cobalt catalysts, but
phosphine-modified Rh catalysts find application particu-
larly in the hydroformylation of propene [1]. The draw-
back of these homogeneous rhodium-based processesis the
need for the recovery of rhodium at ppm level to ensure
economical operation, due to the high cost of rhodium [2].

The problem of rhodium recovery has been approached
by process madifications such as the two-phase process by
Ruhrchemie/Rhdne-Poulenc with a water-soluble Rh cat-
ayst [3]. In another approach, heterogenised catalysts
such as anchored metal complex catalysts [4—7], supported
liquid-phase catalysts (SLPCs) [8,9] or, more recently, sup-
ported aqueous-phase catalysts (SAPCs) have been devel-
oped [10-13]. However, the commercia application of
these catalysts in liquid-phase hydroformylation has been
prohibited by leaching of the active component from the
support or insufficient long-term stability [1,4,5,14-16] or
by the need for operation within narrow water content limits
(SAPCs) [1].

In gas-phase hydroformylation, the use of supported
metal catalysts is more feasible, since the operating condi-
tions are mild: the reaction can be carried out at low pres-
sures below 423 K, where the competing Fischer—Tropsch
reaction ceases. In mild environment, no volatile metal
carbonyls are generated; and, thus, the active centres re-
main on the support surface. Accordingly, both rhodium-
and caobalt-containing supported catalysts have gained at-
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tention in the hydroformylation of ethene [17-19]. The
studies have revealed that gas-phase hydroformylation re-
quires good dispersion, i.e.,, CO insertion is favoured on
isolated metal sites [20,21].

With regard to highly dispersed catalysts, the car-
bonyl clusters have been a subject of extreme interest
[22-25]. We have also obtained promising results with the
C0,(CO)g/SIO, catalysts [26,27], but the results were diffi-
cult to reproduce; possibly, one reason was the air-sensitive
nature of the precursor [28]. However, deposition of the
metal compounds on the support viagas phase has a so been
shown to produce catalysts with very high dispersion [29]:
cobalt catalysts prepared from cobalt(ll1) acetylacetonate
possessed a remarkably high hydrogen uptake and, hence,
a high dispersion and a small particle size of cobalt after
high-temperature hydrogen pretreatment.

In this work, the highly dispersed Co(acac)s/SIO, cata-
lysts [29] were studied in the gas-phase hydroformylation
of ethenein flow conditions. The catalyst, prepared by im-
pregnation from cobalt nitrate, was used as a reference cat-
alyst, and the stability of the catalysts with time on stream
was evaluated.

2. Experimental
2.1. Catalyst preparation

Two different methods were used in the preparation of
the Co/SIO, catalysts: gas-phase deposition and impregna-
tion. Grace 432 silica with a particle size of 0.5-1.0 mm,
surface area of 320 m?/g and a pore volume of 1.2 cm®/g
was used as the support for all catalysts.

Cobalt(l11) acetylacetonate, Co(acac); (Merck, >98%)
was used as the precursor in the gas-phase deposition
described in more detail elsewhere [29]. It consisted
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Table 1
Characteristics of the Co/SIO, catalysts after hydrogen reduction.

Catalyst Temp. of Hy uptake? Ext. of Dispersion® Particle
reduction (cm3/g(cat)) reduction? (%) size®
(°0) (%) (nm)
4-Co(N)/SIO2 400 0.55 84 85 11.3
5-Co(A)/SiO; 550 12 52 23 43
11-Co(A)/SIO, 550 19 54 17 5.6
16-Co(A)/SiO, 550 15 63 7.6 12.6

aTotal hydrogen uptake.
b Determined by oxygen titration.
¢ Corrected by the extent of reduction.

d Estimated from the extent of reduction of Co(A)/SiO, catalyst containing 15 wt% cobalt.

of the following steps: (@) pretreatment of the support,
(b) chemisorption of the gaseous precursor up to surface
saturation, and (c) removal of the remaining ligands by
calcination in synthetic air, except after the last deposition.
Steps (b) and (c) were repeated to obtain higher cobalt con-
tents. The catalyst after one, three or five preparation cy-
cles yielded catalysts with cobalt contents of 5.2, 10.7 and
16.3 wt%, and the catalysts are denoted as 5-Co(A)/SIO,
11-Co(A)/SIO, and 16-Co(A)/SIO;,, respectively.

For the preparation of the reference catalyst, the silica
support was pretreated with a water—ethanol solution, dried
in air a 120°C for 16 h, and further at 200°C and 0.1-
0.4 kPafor 2 h. Cobalt nitrate was impregnated on the pre-
treated support from aqueous solution of Co(NO3)2-6H,0
(Merck, p.a) and calcined under air flow at 300°C for
12 h [30]. Theresulting catalyst contained 4 wt% of cobalt,
and it was thus denoted as 4-Co(N)/SiO5.

2.2. Catalyst characterisation

The cobalt contents of the catalysts were determined by
instrumental neutron activation analysis (INAA, 250 kV
Triga MK Il research reactor at VTT Chemical Technology)
or atomic absorption spectrometry (AAS, Varian SpectrAA-
600 at Analysis Centre) according to the procedures de-
scribed in more detail elsewhere [29]. The accuracy of the
analyses was +7%. The carbon contents of the catalysts
were determined by a LECO CR 12 carbon anayser.

The hydrogen uptake of the reduced catalysts was mea-
sured at 30°C with static volumetric chemisorption equip-
ment, Coulter OMNISORP 100CX, as discussed in de-
tail earlier [29] and here only in brief. Before the mea-
surements, the catalysts were reduced in situ in flowing
hydrogen for 7 h at 500°C (Co(A)/SIOy) or 400°C (4-
Co(N)/SiO;). The estimate for the average particle size
was calculated assuming spherical geometry of the cobalt
particles. The values obtained for dispersion and particle
size were corrected by the extent of reduction measured by
oxygen titration. The properties of the catalysts are pre-
sented in table 1.

2.3. Reaction experiments

The ethene hydroformylation studies were carried out
in an automated fixed-bed tubular reactor (i.d. = 12 mm;

pocket for the thermocouples in the catalyst bed: o.d. =
6 mm) in gas phase at 0.5 MPaand 173°Cusing 1:2:2:2
molar ratio of Ar:CO:H,:C,Hs and GHSV of ~950 h—1
(0.5 MPa). The catalyst amount of 1 g (~2.4 cm®) was
diluted with glass beads in 1:1 volume ratio. In gen-
eral, the isothermal conditions were maintained, i.e., the
three control-point temperatures remained typically within
+0.5°C with respect to the setpoint value. In addition, the
vertical temperature gradient of the catalyst bed was within
+1°C with respect to the setpoint value.

Before the experiments, the Co(N)/SiO, catalyst was re-
duced in situ under Hy : Ar flow (1:2 molar ratio, 9.9 I/h)
for 7 h at 400°C. The Co(A)/SIO, catalysts were, however,
reduced under H, flow (5 I/h) for 7 h at 550°C in a sep-
arate reactor without dilution with glass beads, which can-
not withstand such high temperatures. After reduction, the
Co(A)/SIO, were also diluted with glass beads and packed
into the tubular reactor in a glove box.

The product analysis was carried out on-line by two
HP 5890 gas chromatographs; one was equipped with a
DB-1 of the J&W Scientific and PoraplotQ of Hewlett
Packard, and the other one with a packed column, filled
with activated carbon coated with 2% squalane. The re-
sponse factors published by Dietz [31] were used in quan-
titative determinations.

The reaction time was usually 24 h, but in some cases
longer times were used: 48 h for 11-Co(A)/SIO, and 68 h
for 5-Co(A)/SIO; to see the long-term performance of the
catalysts. The steady-state activity and selectivity were cal-
culated at TOS = 20-24 h as an average of three subse-
guent analyses. In the calculations, conversion (X), selec-
tivity (S) and yield (Y') were based on the amount of ethene
consumed. The condensation products of propanal are de-
noted by Cs-O, and the oxo-selectivity (Sexo) is defined as
the sum of selectivities for propanal, propanol and Cg-O.

3. Results and discussion
3.1. Activity of the Co/S O, catalysts
The activity of the Co(A)/SIO, and 4-Co(N)/SIO, cat-

alysts in the hydroformylation of ethene was measured at
173°C and 0.5 MPa, and the main products formed were
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Figure 1. Ethene conversion (X) and product yields for Co/SiO, catalysts
in ethene hydroformylation at 173°C and 5 bar.

ethane and propanal. In addition, propanol, C3—C;1 hydro-
carbons, methane and condensation products of propanal
(Cs-0), i.e., 2-methyl-2-pentenal, 2-methyl-1-pentanal and
2-methyl-1-pentanol, were detected. Moreover, propanoic
acid was formed on Co(A)/SiO, cataysts.

The ethene conversion and the yields of the main prod-
uctsin the steady state after 20 h on stream are presented in
figure 1. The activity of the 5-Co(A)/SIO; (X = 9%) was
considerably higher than that of 4-Co(N)/SIO, (X = 3%),
even though the cobalt content was nearly the same. Ac-
cordingly, the total hydrogen uptake, i.e., the amount of
metallic sites, was significantly higher for Co(A)/SIO; (see
table 1). In regard to the activity, it is noteworthy that
Takeuchi et a. [25] have observed higher conversion of
ethene on cobalt-carbonyl-based catalyst than on respec-
tive nitrate-based catalyst. Thus, the results suggest that
Co(acac); and cobalt carbonyls as precursors might facil-
itate the formation of similar active sites effective in hy-
droformylation, whereas the nitrate precursor yields a less
favourable composition.

The oxo-selectivity describing the CO insertion activity
of the catalysts was fairly similar for 5-Co(A)/SiO2 (Soxo =
39%) and for 4-Co(N)/SiO2 (Soxo = 35%), but the selec-
tivity for propanol and Cg-O was higher for 5-Co(A)/SiO,
(6 and 5%, respectively) compared to those of 4-Co(N)/
SiO; (2 and 1.4%). Thus, the 5-Co(A)/SIO, catalyst had
greater ability to hydrogenate aldehydes to alcohols. How-
ever, the higher ability for the condensation and hydrogena
tion reaction might also be a consequence of the higher
conversion level.

According to the characterisations, the two catalysts
were very different: the extent of reduction was 84% for
4-Co(N)/SIO; and 52% for 5-Co(A)/SiO,, and the average
particle size of cobalt on the support was 11 and 4 nm,
respectively. Thus, the 5-Co(A)/SIO, catalyst was clearly
better dispersed than 4-Co(N)/SiO,, but, nevertheless, the
difference in oxo-selectivity was small.

The oxo-selectivity of 35% for our 4-Co(N)/SIO; is, in
fact, quite exceptional, since Matsuzaki et a. [32] obtained
an oxo-selectivity of 17% for a 5 wt% nitrate-based cat-
ayst (X = 14%) and 36% for a 5 wt% carbonyl-based
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Figure 2. Selectivity for ethane and oxo products, and dispersion for
Co/SIO; catalysts.

catalyst (X = 49%) at 463 K and 11 bar, i.e., a a higher
pressure, which has been found to enhance the selectiv-
ity: the increase of pressure from 5 to 10 bar has in-
creased the oxo-selectivity from 45 to 60% [33]. Thus,
the oxo-selectivity of 39% for the 5-Co(A)/SO, (X =
9%) was very good considering the low reaction pressure
used.

3.2. The effect of the varying metal content on the
performance of Co(A)/SO,

The metal content of the Co(A)/SIO, catalysts was var-
ied to study the effect of dispersion on the activity and
selectivity of the catalysts. The highest ethene conversion
was reached with the 11-Co(A)/SiO, catalyst (X = 20%),
which also exhibited the highest uptake of hydrogen (seeta-
ble1). Thus, it wasthis catalyst that had the highest amount
of metallic sites available for the reaction. When the cobalt
content was increased further to 16 wt%, the total activity
diminished dightly (see 16-Co(A)/SIO; in figure 1). The
total hydrogen uptake also decreased, suggesting that some
larger aggregates were formed (see also table 1).

The interrelation between the product selectivity and the
dispersion has been illustrated in figure 2, in which the
ethane and oxo selectivities are plotted together with dis-
persion. For the Co(A)/SiO, catalysts, the oxo-selectivity
correlated well with the dispersion: the higher the dis-
persion, the better the oxo-selectivity — a result in accor-
dance with the suggestion that CO insertion proceeds on
isolated metal sites [25]. On the other hand, the activ-
ity of the Co(A)/SIO, catalysts for ethene hydrogenation
(figure 2) and also for propanol formation (changes from
6 to 10%) increases at higher metal loading. However,
for the 4-Co(N)/SIO, catalyst the oxo-selectivity was high
(35%), although the dispersion of the catalyst waslow. The
results may not, however, be directly comparable, since
the conversion level of the catalysts in question varied; it
was 9-20% for 5-16 wt% Co(A)/SIO, and only 3% for
4-Co(N)/SiO..

Therefore, the effect of conversion on the selectivity was
elucidated on 4-Co(N)/SiO, by changing the reaction con-
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Figure 3. Ethene conversion (X)) and product yields for the 5-Co(A)/SIO, catalyst as a function of reaction time.

Table 2
The metal and carbon contents of the Co/SiO, catalysts before and after the ethene hydroformylation reaction.
Catalyst Reaction Co (wt%) Co (wt%) C (wt%) C (wt%)
time (h) after reaction after reaction
4-Co(N)/SIO2 72 4.0 4.0 0 7.9
5-Co(A)/SIO; 24 52 52 75 25
5-Co(A)/SIO; 72 4.7 48 42 3.2
11-Co(A)/SIO, 48 10.6 10.3 52 4.6
16-Co(A)/SiO2 24 16.3 15.7 35 5.9

ditions: 173°C and GHSV of 950 h—! gave Sy, of 35%
(X = 3%), 173°C and GHSV of 480 h~! gave Soyo Of
35% (X = 5%), 193°C and GHSV of 950 h~! yielded
Soxo Of 34% (X = 6%), and 193°C and GHSV of 500 h—*
resulted in Soxo Of 28% (X = 12%). Thus, the results show
that the selectivities of the catalysts at different conversion
levels cannot be directly compared. Takeuchi et a. [25],
on the contrary, have suggested that the oxo-selectivity is
unchanged at different conversion levels (X = 6-63%) for
the 5 wt% cobalt-carbonyl-based Co/SIO, catalyst in the
temperature range of 150-210°C.

In conclusion, a clear correlation between the disper-
sion and the CO insertion selectivity for the Co(A)/SiO,
is found: the higher the dispersion, the better the oxo-
selectivity. However, due to the different conversion lev-
els, the interrelation between the dispersion and the oxo-
selectivity is not unambiguous.

3.3. Sability of the catalysts

The stability of the catalytic performance was evalu-
ated for 68 h on the 5-Co(A)/SIO, catalyst (see the ethane
conversion and the product yields in figure 3). The con-
version increased from 10 to 13% during 10 h on stream
and remained amost constant thereafter. The increase in
conversion was also observed with the 11-Co(A)/SiO, cat-
alyst (during 10 h on stream) but not with 16-Co(A)/SiO,

or 4-Co(N)/SiO,, which both maintained the same activ-
ity throughout the experiment. No time-dependent change
in the activity on any of the Co(A)/SIO, catalysts was de-
tected during 1 h on stream in toluene hydrogenation [29].
Thus, it seems appropriate to assume that hydrogen did not
induce the change.

Although the activity of the 5-Co(A)/SIO, and 11-
Co(A)/SIO, catalysts increased during reaction, the oxo/
ethane ratio remained constant (see also figure 3). There-
fore, it is rather unlikely that significant changes occurred
in dispersion. Perhaps, some of the cobalt sites on the cat-
alysts were reduced under the action of CO [34], and it
was the extent of reduction that increased and induced the
increase in activity.

The steady or increasing activity of the catalyst with
time on stream aready indicates that the active meta is
not leached or sublimed from the support, and the stability
of the catalysts was also confirmed by the metal analyses
(seetable 2). The results clearly indicate that no metal was
lost from the support, since the values before and after re-
action were the same within the accuracy of the analyses,
considering also the presence of carbonaceous residues in
the catalysts before (from acac precursors) and after reac-
tion. Thus, in terms of stability, the present results dif-
fer clearly from those obtained for the liquid-phase hydro-
formylation of 1-hexene, where soluble cobalt species were
formed [26].
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4. Conclusions

The activity of the 5-16 wt% Co(A)/SiO, catalysts, pre-
pared by gas-phase deposition, was compared with the ac-
tivity of the impregnated 4 wt% Co(N)/SIO, catalyst in
ethene hydroformylation at 173°C and 5 bar.

Active catalysts were obtained after hydrogen treatment:
550°C was necessary for the reduction of cobalt species
on the Co(A)/SIO, catalysts, whereas for 4-Co(N)/SiO,
400°C was adequate. After the reductive treatment, the
5-Co(A)/SIO, catalyst was three times more active than
4-Co(N)/SIO,, and it yielded a conversion of 9%. Out
of the Co(A)/SIO; catalysts, the most active one was 11-
Co(A)/SiO, with a conversion of 21%, i.e., further increase
of metal content from 11 to 16 wt% did not cause increase
in activity.

With regard to the selectivity, the more active 5-Co(A)/
SO, catalyst was similar to the less active 4-Co(N)/SiO,
catalyst: the oxo-selectivities were as good as 39 and 35%,
respectively. It is also noteworthy that with increasing
metal content (5 — 16 wt%), the oxo-selectivity of the
Co(A)/SIO, catalysts decreased from 39 to 25%, and this
decrease appeared to be related to the decreasing dispersion
(23 — 8%). Even so, thisinterrelation is not unambiguous,
because the conversion of the Co(A)/SIO, catalysts varied
in the range of 9-20%.

The stability of the catalysts was also evaluated. The
activity of the 5-Co(A)/SIO, and 11-Co(A)/SiO, increased
during the first hours of time on stream and remained
amost constant thereafter, whereas the activity of the
16-Co(A)/SIO, and 4-Co(N)/SIO, catalysts was the same
throughout. Since the selectivities were essentially constant
for all the catalysts during the reaction, it was probably the
changesin the extent of reduction that induced the increase
in activity. It is also very important to note that the good
performance of the catalysts with time on stream also in-
dicates that no metal was leached or sublimed from the
support — a finding confirmed by the metal analyses of the
catalysts.

In summary, highly dispersed catalysts were obtained by
gas-phase deposition from Co(acac)s precursor, and the cat-
alysts were promising in ethene hydroformylation in terms
of product selectivity and catalyst stability.
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