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5.2.4. Hydrogenation of CO over alumina supported Co catalysts with
different metal loading

52.4.1. CO spectral region for 1% Co/v-AlLO,

The behaviour of alumina supported catalysts with cobalt loadings of 1% and 4.6% was also
investigatad during CO hydrogenation at different reaction conditions.

Fig. 5.2.4.1-1 shows the difference specira racorded during CO hydrogenation at 473 and
523K over 1% Co/y-AlLO,. At both temperatures, only a flat (or noisy) baseline is observed.
Conrary to the abservations on the SiQ, supported catalysts, no infrared bands due to linearly
adsorbed CO could be detected on 1% Co/Al.O, under reaction conditions.

The lack of detectable bands ascribed to molecularly adsorbed carsbon monoxide can in
principle have several explanations.

First, weakly adsorbed CO would be expected to give absorption band(s) in the 2200-2100
cm range. These bands would have been masked by the gas phase CO bands in the saraple
absorbance spectra, but should easily have been recognised when contributions from the gas
phase are subtractzd in a manner previous described in section 5.2.1. However, no bands were
observed in the actual frequency range which could be artributed 10 CO on Co™. Secondly,
one could possibly expect a rapid desorption of adsorbed CO, for example in the linear form,
in flowing helium and/or hydrogen. This implies however, that linearly adsorbed CO is
present during CO hydrogenation. Based on the experience with both the low and high metal
loading silica supported cobalt catalysts, significant band(s) should be observable as a
shoulder on the low frequency side of the CO gas phase P branch, and as a distinct, resolved
band in the difference spectra. This was not confirmed by the experimental observations or
post run processing of the spectra. No shoulders on the gascous CO bands were detected
which possibly can be ascribed to linearly adsorbed CO.

A third possibility exists, namely that of dissociative adsorption of carbon monoxide, and the
coverage of CO would therefore be too low to be detected by infrared spectroscopy. However,
the livtcrature report that low loading alumina supported Co catalysts prepared and treated in
a manner similar to the one in the present study do not dissociate CO /6,77/. This is supported
by the absence of atomic carbon (x-carbon) on the catalyst surface as deduced from CO-TPD
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Fig. 52.4.1-1:
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CO spectral region of 1% Cofy-Al,0, during CO hydrogenation.

A:  After 90 min, in synthesis gas at 473K
B: After 90 min. in He at 473K (following CO hydrogenation;
C: After 180 min. in synthesis gas at 523K

CO hydrogenation conditions:
Py, = 6 bar, H/CO = 2, 100 NmUmin.
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measurements /77/,
Fourthly, several reports /50,52,53,57.58,126/ have cmphasized the signification of the
interaction between the cobalt in catalysts with low metal loading and the alumina support

resulting in the formation of cobalt a.luminatcs‘ (surface or bulk spinels). It has been stated
' 153,164/ that alumina supported catalysts containing less than 2 wt-% Co experience complete
diffusion of the metal ions into the alumina lartice, where they are located cither in tewrahedral
or octahedral sites 753,55/, Catalysts with low cobalt loadings (1-2%) have been found to have
XPS spectra closely resembling those of CoAlO, /537
The absence of infrared bands attributable to adsorbed CO most probably indicate that the
cobalt atoms associated with the alumina are not exposed to the surface, but located in the
subsurface region. This is in accordance with the TPR studics of the 1% Co/y-ALQ, catalyst,
showing no peaks attributable to the reduction of cobalt species, except at temperawres higher
than 1100K, where reduction of cobalt aluminate is expected to take place.
A qualitative picture of the behaviour of cobalt and its interaction with the alumina carrier
depending on the cobalt metal concentration is presented in Fig. 5.2.4.1-2. In the literatre,
a general agresment exists concerning the incorporation of caobalt into the alumina lattice;
diffusion of cobalt ions into the support where they may occupy octahedml or tetrahedral
lattice sites /50,53,55/. Low metal loading catalysts {(ca. < 2 % Co by weight) experience
completz migration of the cobalt jons into the alumina lattice, forming cobalt aleminates,
CoAlLO,. This is usually believed to take place as a result of for example the calcination step.
It has been shown, however, in Chapter 5.1, that the interaction between cobalt and alumina
is of such a charactar that it may occur in the impregnation or during the rcduéﬁon stage
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Fig. 524.1-2: Schematic representation of Co/Al,0, catalysts, In schieme 1 Co
enters the alumina wvntil saturation is attained; excess cobalt is
incorporated into Co,0, phase. In scheme 2 the formation of Co,0,
is accompanied by a decrease in the amount of Co associated with
the alumina /141/.
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165,126/ If this is the case, bands due to cobalt jons in tetrahedral and/or octahedral positions
in the alumina lattice should easily be recognized in UV-VIS spectra of the dried and
uncalcined cobalt catalyst with low metal loading (1% Co/y-ALO,).

Fig. 5.2.4.1-3 shows the diffuse reflectance spectra of the 1% and 4.6% Cofy-Al,O, catalysts
recorded at room temperature in the 'UV-VIS region, 200-900 nm. The dominating feature in
the spectra of the 1% Cafy-Al,0;, Fig. 5.2.4.1-3 spectra A-C, is a broad absorption band in
the 350-700 nm range. The two bands located below 300 nm (231 and 270 nm) are probably
not 2 consequence of the interaction between cobalt and the alumina support, but rather
believed to be caused by specular reflectance (mirror type reflectance) from the sample
surface.

The alumina suppor itself has been reported to exhibit absorption bands at' 1350 nm and in
the range around 2200 and 2700 nm, and is consequsntly outside the region of interest in this
section /183/.

Spectrum A in Fig. 5.2.4.1-3 is recorded after impregnation and over night drying of the
catalyst in air at 398K. The peaks located around 495 and 523 nm are probably due to a
' cobalt-water complex, possibly Co(H,0),** (cobalt hexa-aqua complex) /71/. In this frequency
region, one would also expect to find bands due to the metal precursor, cobalt' nitrate.

The absorption triplet at 543, 587 and 627 nm is in excellent agreement with bands in the
Literature ascribed to Co™ located at tetrahedral interstices surrounded by oxygen jons in the
spinel structure of Co-Al oxide /54,57,71,85,183,184/. The lack of any absorption bands due
10 octahedric coordinated Co™ in the cobalt aluminate is probably due to the high extinction
coefficient of the tetrahedric coordinated Co®™ species. Chung et al. /54/ suggested that
octahedric Co™ should result in an absorption band around 500 nm, but since the intsnsity
of this band is an order of magnitude lower than that of tetrahedric Co®* /183/, this band will
probably be masked by the strong abscrption of the tetrahedral positioned Co™.

Absorption bands due to octahedrally coordinated Co™ and Co,0, have been reported near
700-750 nm and 250-350 nm, 1espectively. Cobalt oxide (Co,0,) would be expected to give
strong absorption bands around 675-750 nm-and 370-400 nm /60,183,184/. Although a broad
peak is observed in the 300-350 nm range, the high frequency band is absent or at least
poorly resolved. Thus, it s believed that the amount of cobalt oxide after impregnation and
drying is low or non-existing. The UV-VIS spectrum (A in Fig. 5.2.4.1-3) suggests that the
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cobait ions (Co®) are stabilized in tetrahedral/octahedral positions in the alumina matrix.
After heating the catalyst in air 10 approximately 573K, the triplet structure remains intact,
although slightly shifted in frequency, see Fig. 5.2.4.1-3, spectrum B. The calcination
treatment causes the absorption bands ascribed to the cobalt-water complex or residual cobalt
nitrate to decrease in intensity, while no features appear which can be ascribed to cobalt
oxide. _

Spectrum C ;u;d D are recorded at room temperature in flowing CO after the catalyst had
been exposed to a normal TPR-run, as described in further details in Chapter 5.1. Their
corresponding TPR profiles are previously given in Fig. 5.1.2-1. Even though these samples
had been stored in sample bottles for some time before the UV-VIS measurements, it is not
believed that this has had any serious influence on the state of cobalt in the case of the low
ractal loading catalyst, 1% Cofy-Al,0,. Neubauer /185/ stated that cobalt/alumina catalysts
strongly resisted oxidation during exposure 1o air after reduction. It must bé expected, though,
that exposure of the reduced 4.6% Co/y-Al,0, catalyst to air will result in oxidation, at least
of the surface layer.

Except from the absorption due to cobalt hexa-aqua complex/cobalt nitrate, there is a striking
similarity between the UV-VIS diffuse reflectance spectra of the "raw" 1% Cofy-AlD,
catalyst (spectrum A) and the same catalyst investigated according to the TPR pmcédum
(spectrum C) in terms of dominating absorption bands in the 500-700 nm range, due to Co™
in tetrahedric configurations. Also the colour of the catalyst samples after the different
treatments was similar, the "TPR" sample being slightly more bluish than the "raw" catalyst,
The bluish colour has in the literature been regarded as an strong indication of the cobalt’
aluminate formation /54/. This points towards a formation of the cobalt aluminate already
during the impregnation or drying step, although it is also possible that additional migration
of Co* into the alumina lanice may occur during the reduction stage as well, thus explaining
the slightly deeper blue colour of the sample run in the TPR apparatus.

Spectrum D in Fig. 5.2.4.1-3, that of 4.6% Cofy-Al,0,, differed from the diffuse reflectance
spectra of the low metal loading catalyst. The DRS signal from the absorption triplet assigned
to Co™ in tetrahedral positions has vanished or is possibly hidden under the broad absorption
band extending over almost the entire frequency range. The lack of any distinct features due
to tetrahedric divalent cobalt jons could indicate that (additional) structure(s) are deposited
over the spinel structure, creating an overlayer phase. It would seem that the excess cobalt,
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not participating in the cobalt aluminate formation is deposited over the spinel structure. It
is tempting to assign this structure-less absorption to cobalt oxide, either of the type Co,0,
or CoO. Absorption bands attributable to Co,0, have been reported to appear at 350-450 and
around 700 nm /60/. The DRS-spectra of 2 Co,0, sample, as given by Tung et al. /57/ do not
bear any significant resemblance to spectrum D in Fig. 5.2.4.1-3. This is understood, since
the formation of cobalt oxide occuring during storage of the catalyst sample at room
temperature between the TPR and the DRS measurements is of a lesser extent than it would
have been upon exposure of the catalyst to oxygen (at higher temperatures). Still, it is
possible that the absorption bands appearing in the low frequency regions represents cobalt
oxide formed due to oxidation of the surface layer. Neither can the possibility of a metallic
cobalt phase bsing the reason for the rather strong, structurless absorption characteristic for
this sample be totally excluded. Also, it might be that the continous absorption band in the
region 400-700 nm represents cobalt interacted with the alvmipa support, forming an
amorphous surface oxide overlayer, consisting of cobalt ions. This mixed oxide phase would
be deposited over the cobalt aluminate, thereby precluding the observations of any bands due
to tetrahedric Co™ in the Co-Al spinel structure. It is expected that this overlayer phase is
easier to reduce than the cobalt aluminate phase. Tung et al. /57/ reported a distoried
overlayer structure of Co,0, with peaks at 400 and 700 nm, deposited over the Co-Al spinet.

Fig. 5.2.4.14 shows the UV-VIS spectrum of 0.82% Co/SiO, and 4.7% Co/SiO, in air at
room temperature after impregnation and drying. Two broad peaks at 428 and 710 nm
dominate the spectrum. In accordance with Okamoto et al. /60/, these peaks are assigned to
Co,0, as a result of nitrate decomposition during drying of the catalyst. The broad features
of the two bands could imply the presence of additional structures, for example coordinated
water. Other possible compounds could include Co,Si0, (cobalt silicate) and the metal
precursor, Co(NO,),-6H,0, due to incomplete or partial decoiaposition. Peaks due to Ce,Si0,
is expected near 730, 645, 565, 520, 515, 487 and 465 nm /60/, while Co(NO,), supported
on silica have been reported to give abserption bands in the vicinity of 505, 490 and 465 nm.
As can be seen, the small frequency separation and the overlap of bands between the cobalt
silicate and the supported metal precursor makes it difficult to clearly distinguish between the
two species. All of the bands above may in principle be accounted for by just considering the

relatively broad bands. To conclusively confirm or exclude the presence of either of the two
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compounds based on the limited amount of available experimental data is not possible. The
spectra in Fig. 5.2.4.1-4 does however confirm the assumption that the peaks observed below
300 nm can be ascribed to specular reflectance, The 4.7% Co/SiO, sample was diluted in
BaSO, (14%) before collecting the spectrum, while the 0.82% Co/Si0, catalyst was analysed
without dilution of the catalyst sample. ' ‘

The UV-VIS DRS measurements carried out at room temperawre illustrate the difference in
the surface composition of the silica and alumina supported cobalt catalyst afier impregnation
and drying. While the cobalt aluminate spinel phase dominates on the alumina supported low
metal loading catalyst, Co,0O, is the major phase on 0.82% Co/Si0,. For the catalysts with
higher metal loading, the picture is not alered for the 4.7% Co/SiQ, catalyst, while additional
contributions from cobalt oxide and possibly the non-stoichiometric cobalt oxide overlayer
phase are registred for 4.6% Cofy-ALO,. The essential picture obtaineq from the UV-VIS
DRS measurements is in qualitative agreement with the conclusions from the 'I'PR.

investigations.

In the infrared portion of the electromagnetic spectrum, the skeletal vibrations of CoAlQ, is
belicved to result in an absorpion band around 670 cm™, ascribed to octahedrally coordinated
A*. Adsorption of CO on cobalt aluminate have been reported to give infrared bands in the
2250-2100 cm™ range, due to CO adsorbed on octahedric and tetrahedric AI** (2170 and 2210
cm’, respectively) in addition to CO on Co® (~2140 cm™) /95/.

It is believed that the absence of infrared absorption bands in the CO spectral region for 1%
Col-Al,0, may be due to the lack of cobalt available for CO adsorption. TPR studies of this
catalyst showed no cobalt oxide reduction peaks, while hydrogen consumption was detectad
above 1100K, where reduction of the surface cobalt aluminate spinel phase is expected to
occur. UV-VIS diffuse reflectance spectra of dried and impregnated 1% Cofv-Al,0,, before
and after a TPR run, showed distinct absorption bands due to Co™ in tetrahedric interstices
in the alumina matrix. Since CO hydrogenation occurs readily on metal atoms having the
ability to adsorb and dissociale CO, the assumption of inaccessible cobalt is consistent with
later results showing negligible CO hydrogenation activity for the 1% Cofy-AlLQ, catalyst.
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5.24.2. CO spectral region for 4.6% Coly-ALQ,:
H,/CO =2, Py, =6 bar, T = 473-523K

During CO hy‘drogenalion over the 4.6% Coly-AL,O; catalyst at 473 and 523K, bands
appeared at 2062 and 2050 cm™, respectively, which can be attributed to linearly adsorbed
carbon monoxide, see Fig. 5.2.4.2-1. As seen from this figure, an increase in the reaction
temperature from 473 to 523K led to a decline in the band intensity and a shift to lower
frequéncies. In addition, the spectrum of 4.6% Co/y-AlO, during CO hydrogenation showed
a doublet structure with peak maxima at 1996 and 1952 cm™.

A curious feature of these bands is their behaviour during exposure to synthesis gas, during
flushing with inert gas (He) and as a function of temperature.

The two bands appeared after short times in synthesis gas. Their intensities increased with
time in H/CQO, passed throngh a maximum and then declined, as illustrated in Fig. 5.2.4.2-2.
During this period, the intensity of the linear CO band at 2062 cm™ increased with time in
synthesis gas vntil reaching an approximately constant value. .
Flushing with inert gas (He) following CO hydrogenation at reaction tcmpcrature'(475K)
weakened and shifted the 2062 cm™ linear CO band to lower frequencies, as seen in Fig,
5.2.4.2-3. Similarly, the pair of bands at 1996 and 1952 cm™ also decreased in intensity with
time in He, but without any apparent frequency shift.

The effect of increasing reaction temperature on the peaks in the CO spectral region is
illustrated in Fig 5.2.4.2-4. An increase in the temperature from 473K to 573K during CO
hydrogenation resulted in a gradual disappearance of the 1996/1952 cm™ bands. Subsequent
cooling to 473K did neither restore the 1996/1952 cm™ doublet nor the intensity or the
frequency of the 2062 cm band.

Repearing the experiment at a fixed CO hydrogenation temperature of 473K with a fresh
catalyst yielded spectra identical to those in Fig. 5.2.4.2-2

Adsorption of CO (He:CO=9:1) at low temperature (303K) and low pressure (2 bar) on 4.6%
Coly-ALQ; revealed the presence of linearly adsorbed CO, but the low frequency doublet -

structure could not be detected in the same resolved manner as earlier described.

Absorption bands in the 2000-1800 cm™ range have generally been ascribed to bridgebonded
C0/50,73,74,78,85-87!. Several of these studies report two bands for the bridgebonded form
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Fig. 5.2.4.2-1:
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VAVENUMBER CM-1

Infrared spectra of adsorbed CO during CO hydrogenation over
4.6% Co/y-AlO, and subsequent elution of synthesis gas with He.

A: After 70 min. in syathesis gas at 473K
B: After 70 min. in He at 473K (following CO hydrogenation)
C:  After 70 min. in synthesis gas at 523K
D: Afier 60 min. in He at 523K ‘(following CO hydrogenation)

CO hydrogenation conditic+i:
P;.= 6 bar, H/CO = 2, 1060 NmV/min.
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2188 2850 2880 1958 1388 1850 1888
VAVENUMBER CM-1

Fig. 5.24.2-2: Development of infrared bands with time during CO hydrogenation
over 4.6% Colv-Al,0;. .
The times given in the figure represent those at which the IR scan
was initiated.

€O hydropenation conditions:
P;,= 6 bar, H/CO =2, T=473K
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. Syngas (H,/CO=2)

I = 0.05

2100 2858 2080 1958 1988 1858 1880
WAVENUMBER CM~1

Fig, 5.24.2-3: Infrared spectra of 4.6% Co/fy-Al,0, after various times in He
following CO hydrogenation.

CO hydrogenation conditions:
Pr,= 6 bar, H/CO =2, T = 473K
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Fig. 5.2.4.2-:
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YAVENUMBER CM~1

Infrared spectra of 4.6% Coly-ALO, at various temperatures while
increasing the reaction temperature in H/CO from 473K to 573K
followed hy coaling to 473K in H,/CO.

Heating and cooling rate: 2K/min.

CO hydrogenation conditions:
P;,.= 6 bar, H/CO = 2, 160 NmV/min.
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150,74,85,87/, while others assigned only a single band to this species /78,86/. The parallel
behaviour of the two bards during prolonged exposure 10 H./CO, in incrt gas and upon
heating, may also suggest that they arise from the same adspecies. The 1996 and 1952 cm
bands can therefore possibly be assigned to bridgebonded carbon monoxide, but it raust be
emphasized that this assignment is not conclusively established. This is because of the
unexpected high frequencies and the behaviour of the bands with time in synthesis gas. He
and vpon heating. Also, in general, one would expect only one absorption band for
bridgebonded CO.
Both the reactivity and the frequency are atypical for bands ascribed to bridgebonded carbon
monoxide in the literature /50,73,78,80/. Usually, bridgebonded CO is found at lower
frequencies, and is more resistent to evacuation (or flushing with inert gas) than observed in
the present study /50,73/. In these investigations, the multicoordinated CO species were
believed to be adsorbed on fully reduced Co particles.
The cobalt catalyst usad in this study exhibited a low degree of reduction, 42%, as deduced
from the TPR measurements. This indicates a relatively Jarge fraction of unreduced cobalt in
the form of Co™ species, camying excess positive charge, present on the surface or
coordinated with the support in amorphous surface or subsurface oxidic phases. The relatively
high frequency of the bands (1996 and 1952 cm™) can possibly be due to CO adsorbed in a
bridgebonded form stongly influenced of or in the proximity of cobalt ions in a state
resembling that described abové. The anﬁcipatc.d effect of CO in such a coordination would
be withdrawal of electrons from the bonding site of CO to the electron deficient Co® site,
thus decreasing the backbonding and increasing the C-O bond strength, hence a shift to higher
frequency would be expected. It is not believed that CO is adsorbed on cationic cobalt,
Co™/Co™, becavse a greater frequency separation than that observed would most probably be
the case. The rather high frequency of the two bands tentatively assigned to bridgebonded CO
could therefore possibly be related to the surface coordination of the CO in terms of
adsorption on reduced cobalt particles deposited over or interactive with cobalt ions or oxygen
atoms of the surface oxide or spinel. Thus, one could speculate if the somewhat higher
frequencies than those usually found for bridgebonded carbon monoxide (1950-1800 cm™)
could indicate a link with the oxidic cobalt phases found on Co/Al,Q,.
Two bands for the multicoordinated CO can then be explained by the difference in the
electronic environment or density experienced by the adsorbed CO, inducing different degrees
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of back-bonding and hence different CO stretching frequencies. An electron deficient
environment would then be expected to result in a higher frequency compared to an

adsorption site exhibiting higher electron density.

Ancther possible explanation relates to the presence of oxygen atoms on the surface. Cobalt
atoms surrounded by oxygen atoms, either from dissociation of carbon monﬁxidc or due to
incomplete reduction of the catalyst, may influence the electron density on the cobalt atoms.
Oxygen attracting clectrons from Co would result in decreasing occupation of the 21 orbital
of CO, giving a higher CO frequency. But it could be speculated if oxygen alse would
influence the 5o bonding, As to compensate for the low electron density, cobalt could attract
electrons from the 56 orbital, resulting in increasing 56 donation, and hence a strengthening
of the C-O bond. ' '

The possibility of a dicarbonyl species giving rise to the pair qf bands at 1996 and 1952 cm™
can not be excluded. It can be assumed that the asymmetric and symmetric oscillations of two
CO molecules coordinated to a single Co atom would result in a high and low frequency
band. One should anticipate that an increasing popuiation of Co with CO would lead 10 an
increased competition for the metal d-electrons available for back-donating, hence a higher
frequency than < 2000 cm™ is to be expected when considering multiple CO adsorption.
Ferreira et al. /74/ ascribed a band at 2070 cm™ to structures in which two, three or four CO
ligands were chemisorbed on single sites. In the swdy of Li et al. /186/ two bands were
observed at 2027 and 2002 cm, which were atributed to a M-(CO), structure. Thus, the
observed frequencies of 1996 and 1952 cm™ are probably too low to justify an assignment
to dicarbonyl species. Of further interest is the frequency separation between the two bands,
which is 44 cm™. According to Li et al. /186/, the frequency separation between wo butterfly
CO molecules is approximately 23-27 cm™, which is lower than the one found in the present
study. It should also be noted thar with the expected orientation of such a structure, the metal
surface selection rule implics that only one vibration would be infrared active. Furthermore,
by cross plotting the intensity of the 1996 and 1952 em™ bands, ihcy would be expected to
lie on a straight line if they were attributable to a dicarbonyl structure. Fig. 5.2.4.2-5 shows
the intensity of the 1996 cm™ band plotted versus the 1952 cm™! band intensity. Hence, based
on the above argumentation, it is doubtful whether the pair of bands at 1996 and 1952 cm™
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Crossplot of the intensities (as peak heights) of the 1996 and 1952
cm’ bands recorded at different times during CO hydrogenation
over 4.6% Coly-AlLQ,.

CO hydrogenation conditions:
Pp,= 6 bar, H/CO =2, T = 473K
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belong to a butterfly structure. It has been found for supported Rh catalysts that the linear CO
band frequency was in an intermediate position between the bands arising from the
asymmetric and symmetric stretching vibrations of the butterfly molecules /187/, while twin
CO adsorption on Ru catalysts gave bands whose frequencies were locaied above that of the
linear CO absorption band. ' ,

The band frequencies in the present study compare well with those of a previous report:
Zaitsev et al. /85/ reported bands at 1990 cm? and 1950 cm™ on 1.5% Co/ALO,. The
behaviovr of these bands during evacuation at 300K resembled that observed here during He-
flushing, i.e. the disappearance of the bands upon removal of CO from the feed. However,
no specific assignments were given other than that they were due to CO adsorbed on Co® /85/.

The above suggestions concerning the pair of bands at 1996 and 1952 cm™' are put forward
more as a scenario and/or examples than finite, specific assignments for the origin of the

bands and their adsorption sites.

As mentioned earlier, the intensity of the pair of bands increased with time in H,/CO, passed
through a2 maximum and then declined. If the decrease in the intensity of the 1996 and 1952
cm™ bands was due to a displacement of bridgebonded CO by CO adsorbed in a linear form,
due to reconstructions, f.ex. the breaking up of islands, one would possibly expect to observe
an increase in the intensity of the terminal CO band, which, however, remained rather

constant with time i~ synthesis gas.

The time dcpcndc;m behaviour of the pair of bands in synthesis ga;é at 473K could possibly
be explained by the formation of infrared inactive species or the effect of surface hydroxyl
groups. )

The disappearance of the two bands with time in H,/CO may indicate that the adsorption sites
are covercd w.th carbon or carbonaceous deposits. This would be expected to reduce the
probability of bridgebonding, requiring two adjacent sites. The disappearance of the bands at
a constant frequency may suggest the lack of interaction between the CO adsorption site and
the carbonaceous deposits. CO would be adsorbed on the remaining sites, with decreasing
intensity of the bands reflecting the progress of the deposition process. This could possibly
imply that the deposition of carbon proceeds via island formatior, suppressing CO adsorption.
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Hydroxyl groups on the surface may act as potential oxidizing agents. Water can also be
formed by hydrocondensation of hydroxyl groups from the alumina support. Diminishing
intensity of the absorption bands at 1996 and 1952 cm™ may be ascribed to oxidation of
cobalt, thereby decreasing the surface coverage of adsorbed CO. .

Even though a quantitative estirnation of the amount of surface hydroxyl groups present
during treatment with synthesis gas has not been performed, the spectra indicate an increase
in the intensity of the absbrption bands in the 3800-3400 cm™ region. During the initial period
of reaction (< 10 min.), the hydroxyl band intensity was relatively low, whereafter a gradual
increase in the band intensities could be observed, paralleling the decrease in the intensity of
the 1996/1952 cm bands. If hydroxyl groups or water, formed in the Fischer-Tropsch
reaction, have an oxidizing effect on the cobalt, one would anticipate that aiso the linear CO
band would be influenced. A band could be observed at 2135/2165 cm™ in the difference
spectra, but it is not believed that this band represents CO adsorbed on Co*, but rather is 2
result of the subtraction procedure.

The observed differences in the lincar CO band intcnsity and position during CO
hydrogenation over the silica and alumina supported cobalt catalysts are evident by looking
at Fig. 5.2.4.2-6. Characteristicly, both the frequency and intensity of the linear CO band on
the alumina supported catalyst is lower than on the SiO, supporied cobait catalyst. At 473K,
for example, the band ascribed to "on-top" adsorbed CO shifted 10 cm™ to lower
wavenumber. One can argue, that in view of the applied resolution (4 cm™) the downscale
shift is of minor importance, but it does suggest that stronger metal-carbon bonds exist for
the alumina supported sample. This could perhaps imply that the cobalt metal d-zlectrons
participate to a greater extent in bonding of carbon monoxide when alumina is the support.
Thus, one may suggest that alumina assist the metal in donation of electrons for bond
formation. Eischens et al. /80/ reported similar characteristic features in the spectra upon CO
adsorption on silica (Cabosil) and alumina (Alon C) supported platinum catalysts. Two bands
(at 2040 and 1810 cm™) were observed over the alumina supported catalyst, while only a
single band (at 2070 cm™') was observed on the silica supported catalyst. The differences were
explained by the different electron donor properties of the supporting materials. The increased
donation of clectrons witl: the alumina support will result in an increase in the carbon-metal

bonding strength due to electons entering the n-antibonding orbital. The carbon-oxygen bond
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Fig. 5.24.2-6: Infrared spectra obtained during CO hydrogenation over 4.6%
Co/y-AL,0, and 4.7% Co/Si0,.

CO hydrogenation conditions:
Py 6 bar, H/CO =2, T = 473K

Spectrum of 4.7% Co/SiO, was recorded after 120 min. in H,/CO,
that of 4.6% Co/y-ALO, after 90 min. of reaction.
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is weakened, and a shift to lower wavenumbers would be expected. On the other hand, -
AL O, is ampheteric by nature, containing both acidic and basic sites. It is possible that acid
sites (Lewis sites), which are electron deficient, may tend to coordinate the metal d-electrons,
thus preventing the formation of m-bonding between the metal and carbon monoxide. For
silica, Lewis acid/base sites are absent unless it has been activated at very high temperatures
(>1000 K), and Bronsted acidity is low or non-existent. Stoop et al, /188/ stated that the
difference in the spectra (between PUSiO, and PYALQ;) could be due to the influence of the
support on the crystal surface structure. Rao et al. /72/ reported that the vibrations’ frequency
of CO on Co/MgO was 10 cra™ lower than CO on Co/SiO,. It was suggested that this could
be due to metal-suppon interactions (donation of electrons from MgO) or different exposed
metal faces. .

It is understood, that a definitive explanation can not yet be given for the observed differances
in the frequency of the linear CO band on the silica and alumina supported cobalt catalyst.
The spectral data are conclusive only in the sense that a downscale shift in the frequency of
linearly adsorbed CO does occur when shifting from silica to alumina as the applied support.

The effect of temperature, total reaction pressure and Hy/CO ratio upon the intensity and
frequency of the band corresponding to linearly adsorbed CO on alumina and silica supported
catalysts with high metal loading can be summarized by the following points:

L. The CO pressure affected the intensity, but not the frequency at each temperature and
H,/CO ratio. )

2. At a fixed CO pressure, the coverage of CO is strongly dependent upon the CO
hydrogenation temperature. . :

3. The influence of the H/CO ratic was more ambiguoous; at 473K a higher intensity but
similar frequencies were observed, while at 573K the intensities were comparable but

the frequency appeared to be slightly reduced (by 6 cm™).

A common feature of the spectra in Fig. 5.2.3.2-1 to 5.2.4.2-4 was a downscale shift in
frequency and a decrease in the linear CO band intensity with increasing CO hydrogenation
temperature. Several infrared studies of CO hydrogenation reports shifts to lower CO

frequencics and decreased intensity with increasing reaction temperature /189-192/,
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This effect can in principle be due to hydrogen influencing the C-O bond strength or to a
temperature dependency of the CO coverage. Table 5.2.3.6-1 indicate a decrease in the
amount of CO with higher temperature at otherwise constant reaction conditions. The reduced
coverage of CO at higher temperatures could be explained by the temperature dependence of
the equilibrium constant for CO adsorption. K, has been determined to 1.57, 0.35 and 0.29
at 473, 523 and 573K, respectively (4.7% Co/Si0,, H/CO=2, Py,=2.5-11 bar). That is, Ko
decrcases with increasing CO hydrogenation temperature. .

Since H, adsorption on cobalt catalysts is an activated process /193/, increasing amounts of
hydragen could be expected with increasing temperature. One may suspect an interaction, i.e.
clectronically, between coadsorbed hydrogen and CO, resulting in a weakening and/or
strengthening of the CO bond. The possibility of hydrogen and CO attached to the same
adsorption site, for example in the configuration H-Co-CO should be considered. Assuming
elzctron donor properties of hydrogen, electron transfer through the metal increase the extent
of m-backboniding, hence weakening the CO bond. This could be thought of as hydrogen
assisted disproportionation of adsorbed CO. On the other hand, if hydrogen acts as an
electron acceptor, competition for d-electrons would be expected to shift the CO frequency
to higher wavenurbers, which was not observed experimentally.

The changes in the characteristica of the linear CO band can also be explained in view of the
previous mentioned dipole-dipole imeractiong. The CO frequency will probably be affected
by the distance between the neighbouring CO rﬁoiecules and thus the coverage. The frequency
shift can possibly be ascribed to a reduction in the vibrational coupling as the surface
covcragé decreases due to, for example, thermal desorption or hydrogen decoupling the
vibrational éoupling. This would then be a geometrical effect not influencing the CO bond
strength, ' :

In an attempt to further investigate the reason for the dependence of the CO band
intensity/frequency on the temperawre, an experiment was performed in which a freshly
reduced disk of 4.6% Co/y-Al,0; was exposed 10 H,/CO at 473K for 30 min. The temperature
was then raised (2K/min.) to 573K before subsequent cooliig to 473K in synthesis gas. The
experimental procedure included dwell periods of 30 min. at 523K and S73K.

~ With increasing temperature, a downscale shift in the position of the linear CO band and a
reduction of the intensity could be observed. Neither the intez:sity nor the band frequency was
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restored upon cooling to 473K, see Fig. 5.2.4.2-4. This was also the case for the pair of bands
at 1996 and 1952 cm™. The disappearance of the doublet upon heating to 573K can not be
due to thermal desorption alone, since the bands did not reappear after lowering the
temperature in the syngas mixture.

The imeversitle changes in the CO band intensity and position with temperature are most
likely due to a decrease in the coverage of CO, which may have been caused by deposition
of carbon or carbonaceous deposits. This is supported byl the imreversible changes in the CO
band frequency and intensity upon heating form 473K to 573K followed by recooling to
473K. The presence of such species may be expected to influence the CO adsorption by the
donation of electrons, increasing the back-donation from the metal d-orbital o CO's 7'-
antibonding orbital, hence a shift to lower frequencies would be expected. The accumulation
of carbon on stepped Co(1012) faces /39,47/ as well as on supported Co-catalysts
149,70,77,105,194/ are well established. However, there is a significant diffsrence between the
results obtained in this study and of those referred to above. The previous studies revealed
a frequency shift in the oppesite direction, that is, the linear CO band was located athigher
frequencies after a disk of 10% Co/Si0, had been heated 0 518K in He/CO and then coaled
to room temperature followed by readmittance of CO /77/. Highar frequencies and lower
intensity were obssrved when 7.5% Co/SiO, was exposed to CO (Pgy=0.3 torr), evacuated at
573K and re-exposed to CO /70/. Choi et al. /49/ argued that the greater electronegativity of
carbon (2.5) compared to 1.8 for cobalt would result in a withdrawal of electrons from Co
towards carbon, weakening the binding strength of CO (weaker carbon-metal bonding),
resulting in a shift to higher frequencies. It should be noted that these experiments were
conducted in the absence of hydrogen. Contrary to these obscrvaﬁons, Dalla Betta et al. /189/
reported decreasing coverage of CO at increasing temperature (downscale shift in frequency
and reduced intensity) which was irreversible with respect 0 a lowering of the reaction
temperature.

It is also noticed that the half height width of the linear CO band is larger at higher reaction
temperatures, see Fig. 5.2.3.2-1, 5.2.3.3-1 and 5.2.3.4-1. Tlus could indicate a certain disorder
in the sense that CO islands of different sizes experience or are influenced by different
environment. One can envisage a situation where the spectra obtained at higher reaction
temperatures do not represent a “uniform" coverage of CO, but that some panicles/clusters
are covered with CO and some are partly covered with CO and partly with carbon. Then, the
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degree of interaction between the CO molecules will depend on the size of the island and the
density of the carbon patches, either ncighbouring or in close proximity of the CO island. CO
molecules in islands far apart, separated by carbon patches, will interact more weakly, and
thus be expected to give absorption bands of lower frequency. Islands consisting of a number
of CO molecules separated by i. e. the van der Waals diameter (3.5 A for CO) would overlap
orbitally and be less influenced. The broadening of the linear CO peak with increasing CO
hydrogenation temperature is therefore interpreted in terms of CO island molecules positioned
in and cxpcricncing- different surroundings with respect to the carbon entities. The lower
absorbance at higher reaction temperamre can possibly be explained with suppression of CO
- adsorption due to carbon poisoning of the cobalt sites.

Some reflecticiis can be done about the process of carbon deposition. One may speculate that
the formation of carbon species take place from the edges of the island, since CO molecules
in thess positions have a lower coordination number and higher heats of adsorption. Thus,
dissociation of CO is facilitated on defect sites, kinks and steps. This would then mean that
the linear CO band should loose intensity from the low frequency side. Based on the spectra
in Fig. 5.2.4.2-4, it is difficult to judge whether this is'the case or not, since the tailing of the
lincar CO peak becomes more pronounced with increasing temperature, possibly as a
consequence of the diminishing of the 1996 and 1952 cm™ doublet. As the carbon deposition
proceeds, smaller and smaller islands of CO would be expected, surrounded by increasing
carbon patching, both in size and number. Evenwally, one may reach a point where the
carbon entities no't only has a geometrical dilution effect, but can be transformed into a less
active (reactive) form, given sufficient time. This would seem plausible if the coverage of
hydrogen is low and the reruoval of the carbon species is slow with respect to the rate of CO
dissociation.

In principle, the decline in the intensity and downscale shift in frequency of the major CO
band with increasing temperature could also possibly be considered to be due to oxidation of
the cobalt metal, for example by water formed in the Fischer-Tropsch reaction. In the majority
of the experiments, the GHSV was higher than 333000 Nml (H, + CO)/g catalyst-h, which
would imply that the corversion in the infrared reactors is relatively low. This would mean
that the partial pressure of water is low, and hence oxidation is believed to be of minor
importa:nce. No bands were observed in the 2200-2100 cm® region during reaction which

could be assigned to CO on Co-ions.
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5.2.5. Bands observed in the 3050-2800 cm™ spectral range over silica alone

and silica supported Co catalysts (0.82 and 4.7% Co/Si0,) at different

reaction conditions

Infrared spectra obtained in the 3050-2800 cm™ (C-H) range during CO hydrogenation over
0.82% Co/SiO, are shown in Fig. 5.2.5-1. It should be noted that the noise level in most cases
was equal or slightly smaller than the absorbance associated with adsorbed species. This
imposes severe difficulties in distinguishing between baseline noise and "true” peaks.
However, absorption bands are apparently present at 3017, 2961, 2949 and 2860 cm'’, all of

which show some evidence of increasing intensity with time in B,/CO.

A sequence of spectra recorded during the course of the H/CO reaction over 4.7% Co/SiO,
are presented in Fig. 5.2.5-2. After 2 minutes of reaction only 2 noisy baseline is observed
due to the relatively poor transmission in this frequency region. After 20 minutes, weak
absorption bands located near 2934 cm™ and 2960 cm™ are detectable. Further exposure to
synthesis gas results in the additional appearance of a band near 2860 cm, The intensity of
the peaks increase steadily with ime during CO hydrogenation and after 130 minutes the
major features in the spectra consists of the three bands located at 2965, 2934 and 2860 cm™.
During this time period, both the intensity and the frequency of the linear CO band remained
invariable, )

The preferred assignment for the observed bands in the C-H stretching region during CO
hydrogenation over the silica supported catalysts with different metal loading is as follows:
The band at 2965 cm™ is assigned to the asymmetric steetch of a terminal CH;-group, while
the 2934 ¢ band is attibuted to the asymmetric stretching vibration of saturated CH,-
groups. The symmetric stretches of CH,- and CH,-groups have been reported to 2850 and
2870 cm™, respectively /91/. Thus, the intermediate position of the 2860 cm™ band makes it
difficult to exclude one assignment at the expense of the other. Usually, however, bands
observed in the vicinity of 2860 cm™ are reported to be due to the symmetric stretch of CH,-
groups /78,91,108/. The corresponding weak CH,/CH, deformation bands are expected around
1450 cm™!. Bands in the 1800-1200 cm” range will be discussed in section 5.2.8.
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Infrared spectra of adsorbed species on 0.82% Co/SiO, obtained during
CO hydrogenation and subsequent Aushing with inert gas.

Spectrum A was recorded after 26 min. in H/CO.
Spectra B-E were recorded at various times in He following Cco
hydrsgenation:

B: 3 min,

C: 22 min.
D: 38 min.
E: 55 min.

CO hydrogenation conditions:
Py.. = 6 bar, H/CO =2, T = 473K
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Fig. 5.2.5-2: Infrared spectra of adsorbed species on 4.7% Co/Si0; as a function of

time in synthesis gas.
Spectra were obtained after:
A: 2 min.

B: 20 min.

C: 60 min.

D: 90 min.

E: 110 min.

F: 130 min.

The indicated times represent initiation of the IR-scans.

CO hydragenation conditions:
Py, = 6 bar, H,/CO=2,T = 473K
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Fig. 5.2.5-3: Effect of reaction temperature on the intensities of bands in the 3050-2800
cm’® region during CO hydrogenation over 4.7% Co/Si0O,.

A: after 130 min. in synthesis gas at 473K
B: after 120 min. in synthesis gas at 523K
C: after 130 min. in synthesis gas at 573K

CO hydrogenation conditicns:
Py, = 6 bar, H/CO = 2, 100 Nm/min. unless otherwise stated
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Fig. 5.2.5-4: Infrared bands in the 3050-2800 cm range during CO hydrogenation over
4.7% CofSi0, at different reaction temperatures.

_A:  after 130 min. in H/CO at 473K
B: after 120 min. in H/CO at 523K (50 Nml/min.)
C: after 120 min. in HYCO at 573K (30 NmVmin.)

CO hydrogenation condifions:
. Py, =11 bar, H/CO = 2, 100 Nml/min. unless otherwise stated




|
[

ABSORBANCE

|

3858 380D 2050 2908 2858 2808
WAVENUMBER CM-1

Fig. 5.2.5-5: Infrared spectra of adsorbed species in the 3050-2800 cm™ region during
CO hydrogenation gver 4.7% Co/SiO, at various temperatures.

A:  after 120 min. in HYCO at 473K (100 Nml/min.)
B:  after 90 min. in H/CO at 523K (50 Nm¥/min.)
€C:  after 120 min. in Hy/CO at 573K (200 Nml/min.)

CO hydrogenation conditions:
Py, =6 bar, H,/CO =3
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The behaviour of the species in the frequency range 3050-2800 cm™ was investigated at
different temperatures, pressures and H/CO ratios. In addition, the effect of varying flow rate
was also briefly examined.
The spectra shown in Fig. 5.2.5-3, 5.2.5-4 and 5.2.5-5 at different CO hydrogenation
conditions exhibited basically the same groups of absorption bands, although the intensities
and frequencies varied slightly from one experiment to another, but within the limits of
experimental accuracy.
Three characteristic features can be noted when studying Fig. 5.2.5-3 10 5.2.5-5, all being
dependent on the CO hydrogenation tefnpcmnne.
The intensity of the C-H stretching bands increased with increasing reaction temperature, see
Fig. 5.2.5-3. Kellner /195/ stated that such behaviour counld be explained by a raore rapid rate
of accumulation of species at higher temperatures.
Next, the band previously assigned to asymmetric CH, stretches becomes more prominent
with higher CO hydrogenation temperawres. This indicate a higher fraction of shorter chained
hydrocarbons with increasing temperature. This is in agreement with what is known about the.
temperature dependency of & (the chain growth probability), i.e. decreasing value of o with
increasing temperature /6/. Dry /26/ stated that increasing operating temperature shifted the
product selectivity to lighter molecular mass compounds.
In the spectra given in Fig. 5.2.5-3, 5.2.5-4 and 5.2.5-5, a distinct band appear near 3017 cm™
at elevaied temperatures (> 523K), regardless of the Hy/CO ratio and partial pressure of
carbon monoxide. The existence of bands in this range is generally expected for olefinic CH-
steetching. However, the 3017 cm™ band in the present study is assigned to gas phass CH,,
an imerprctatioh which was confirmed by varying the flowrate (of H,/CO) and/or flushing
with He. Especially at 573K, see Fig. 5.2.5-3 and 5.2.5-4, the gas phase methane band was
accompanied by the R and P branches, having fine rotational bands. The presence of the P
branch precludes to a certain extent the observation of bands in the 3000-2800 cm™ range.
The enhanced selectivity to methane with increasing CO hydrogenation teraperature is in
agreement with the higher activation energy for methane formation compared to that of
hydrocarbon formation /196/.

An anticipated effect of increasing H,/CC rtio (2—3) would be a decline in the production

of higher molecular weight species and increased methane formation, corresponding 10 a
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decline in o with increasing H,y/CO ratic. By comparison of the C-H band intensities, the
spectra indicate a jower fraction of CH, groups with a Hy/CO ratio of 3. Also, it seems that
the intensity of the C-H stretching bands at 473K is higher with H/CO=3 than with a ratio
of two.

The effect of varying the total reaction pressure while keeping the temperature fixed (at
473K) can clcarly‘bc seen in Fig. 5.2.5-6. The intensity of all the C-H stretching bands
increased with increasing pressure. Note also that the dominating bands are those ascribed to
CH,-groups, with the C-H -tretch in CH,-groups appearing as a shoulder on the 2930-2934
cm™ band. Increasing total reaction pressure leads to an increase in the CH, and CH, bands,
but the CH, peak becomes less resolved at higher total pressure. One may therefore conclude
that higher hydrocarbons are being formed with higher total reaction pressure. Longer
hydrocarbon chains would mean that the surface is covered witk more carbon containing
entities relative to adsorbed hydrogen. Thus, the probability of chain growth will most likely
be: higher, and it can be speculated whether the CO island formation favour the production
of long chained hydrocarbon species.

The ratio between the intensity of the asymmetric CH, and CH, peak has Seen used as an
estimate of the average chain length of the adsorbed hyd_scarbon structvres, provided no
branching occurs in the hydrocarbon molecule. )

If long chained hydrocarbons are resporisible for the observed C-H swetching bands, the
CH,/CH, ratio would be expected to be higher than unity. That this indeed is the case can be
seen from Table 5.2.5-1. Also the temperature dependence of the CH,/CH, ratio is further
noticed, suggesting that the concentration of methyl groups hecomes increasingly higher with
increasing reaction temperature.

The lower CH/CH; ratio with H/CO=3 and generally at higher reaction temperature indicate
shoner chain lengths of the hydrocarbon structures at these conditions. |

The reactivity of the adsorbed hydrocarbon species towards hydrogen is consistent with the
observed CH,/CH, ratios.
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Fig. 5.2.5-6: Effect of the total pressure on the intensity of the infrared bands cbserved

2908

2858

in the 3050-2800 cm region ever 4.7% Co/Si0,.

A Pr=2.5 bar
B: P1“=6 bar .
C: Pr=11 bar

CO hydrogenation conditions:

H,/CO =2, T=473K

2888
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Table 5,2.5-1: Intensity ratio of the asymmetric CH/CH; bands over 4.7%
Co/Si0, at different CO hydrogenation conditions.

Temperaiure | Pressure | H/CO- | CH/CHy | Asymmetric C-H
(K) {bar) ratio ratio stretching bands
. (em”)
473 >l 2934/2965
523 6 2 >1 T 2938/2959
573 A e
473 >1 293072961
523 6 3 >1 2032/2961
573 <l 2918/2939
413 >1 2028/2068
523 11 2 >1 2938/2959
573 : <l 2928/2959
473 2.5 2 S-S | 2932/2963
A Estimation of the CH./CH, ratio at these reaction condmons was not possible due to

the poorly resolved asymmetric CH, peak.

The CH,/CH,'ratios in Table 5.2.5-1 is based upon the use of peak heights as a measure for
the absorbance of the C-H strewching bands. It is of interest to get a more specific
quantification of the amount of adsorbed hydrocarbon structures, in order to validate the
CH,/CH, ratios in Table 5.2.5-1, but also with respect to the gravimetric studies in Chapter
5.4. One can ronghly estimate the respective amounts of adsorbed CH, and CH, by using the
data from Wexler /197/. Wexler reports the structural unit intensities for methyl and
methylene stretching bands to 4460 and 3740 cm.dm®-mol”, respectively. Since

1) '

By = f e,dy _ 5.9
%
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the experimental integrated intensity is given by:

7.
S

Seu, = | log,(2dY = Bgy “Cay L 5.11
b

Scux = area under C-H stretching bands belonging to CH,- and CH,- structures (cm™)
Cgy = concentration (mol-dm™) '
L = pathlength (cm)

By, = strucrural unit intensity for methyl or methylene (cmdm*mol?)

Replacing Cey, L with (neym,,)/A¢ in the same manner as previously described on page 132-
133, gives the following expression for the amount of methyl and/or methylene residing on
the catalyst surface at reaction conditions:

_ Scy,Ac"10°
i BCHI ' mat

n 5.12

Deutls of the calculations and a.ssumptions cmployed are shown in Appendix A8. The above
equation 5.12 and equation 5.7 on page 133 are both based on the integrated intensity of the
actual absorption bands.

Applying the equation abova (5.12) makes it possible to obtain a quantitative estimate of the
respective amounts of >CH, (a) and -CH,(a).

Table 5.2.5-2 gives a summary of selected results obtained for the 4.7% Co/SiO, catalyst at
the reaction conditions: H,/CO=2, P,,=6 bar and 100 Nm¥min. of H,/CO. The experiment
carried out at 573K over 4.7% Co/SiO, is not included in Table 5.2.5-2 due to the poorly
resolved CH,-stretching band. Neither are the calculations done for the 4.6% Co/y-ALO,

catalyst. This was because of the suspected influence of contributions from vibrations related
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to the adsorbed surface structures like for example formaies. Also, the intensity of the
asymmetric CH-strewh in CH,-groups is hardly discernable from baseline noise. Table 5.2.5-2
nevertheless confirm the previous observation that higher fractions of hydrocarbons with

shorter chain length appears at higher temperatures,

Table 5.2.5-2: Estimated amounts of CH, and CH, species residing on the surface
of 4.7% Co/Si0, during CO hydragenation.

Temperature (K) >CH,y(a) (cm’) ~CHya) (cm’) Chain.length
(CH,/CH,)
473 0.00109 000014 - |-8

523 0.00066 0.00042 ~2
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5.2.6. Bands observed in the 3050-2800 cm™ spectral region over 4.6% Cofy-
Al,O, and pure alumina during CO hydrogenation

The hydrogenation of CO over 1% Cofy-Al,0; was also studied by infrared spectroscopy, but
spectra in the C-H region of this catalyst are not shown here due to serious problems with
back-diffusion of oil from the vacuum pump at the time these experiments were performed.
Oil accumulated on the mirrors located before and after the sample chambers, thus obscuring
observations of C-H stretching bands formed due to the Fischer-Tropsch reaction. Procedures
carried out in order to check and ensure that the bands presented in this section really were
due to reaction species adsorbed on the catalyst disks, have already been given in section
4.3.5 on page 77.

Fig. 5.2.6-1 shows infrared spectra obtained during CO hydrogenation over 4.6% Co/y-ALO,
at 473 and 523K with a H/CO ratio of 2. In contrast to the observations in Fig. 5.2.5-3 to
5.2.5-5, only a2 broad band with peak maxima ncar 2926-2914 cm™ and a low frequency
shoulder arcund 2857 cm™ can be seen when CO hydrogenation is carried out at 473K.

A steady increase in the intensity of the bands with time in synthesis gas was observed.
Decreasing the flowrate of synthesis gas (at 473K) resulted in an increasing band intensity,
in accordance with the behaviour of the C-H-stretching bands on the silica supported cobalt
catalyst.

CO hydrogenation at 523K resulted in a band praking at 2924 em™ accompanied by a low
frequency shoulder located at approximately 2860 cm. Due to the severe shift in the baseline
of the experiment carried out at 523K, it is not possible to draw any definitive conclusions
regarding the effect of the temperature upon the development of the bands observed over the
alumina supported cobalt catalysts in the investigated temperature range, 473-523K.

Neverthsless, by comparing the bands appearing in Fig. 5.2.6-1 with the C-H stretching bands
observed in Fig. 5.2.5-3 to0 5.2.5-6, three observations are evident:

L. The downscale shift in position of the main absorption band (2926-2914 em™)
2. The lack of resolved bands due to asymmetric CH, (generally near 2960 cm™)
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Fig. 5.2.6-1: Infrared absorption bands in the C-H stretching region during CO
hydrogenation over 4.6% Cofy-ALLO; at different reaction coaditions.

A:  after 50 min. in HYCO at 473K
B:  after 90 min. in H/CO at 473K (33 Nml/min.)
C:  after 70 min. in H/CO at 523K

CO hydrogenation conditions:
Pr = 6 bar, H/CO = 2, 100 Nml/min. unless otherwise stated
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3. The inherent weak absorbance of the ~2860 cm! peak relative to the major
absorption band (2926-2914 cm™), which may be a baseline problem

These observations point towards the fact that the C-H stretching region on the y-AlO,
supported cobalt catalysts possibly contains C-H stretching vibrations in other structures than
just adsorbed hydrocarbons.

Spectra in the 1800-1200 cm™ range of alumina alone and the 4.6% Co/y-ALO, catalyst are
dominated by intense absorption bands attributable to formate and carbonate species, see
section 5.2.8.

The C-H suetching band of formic acid adsorbed on alumina has been repored to appear at
2915 cm™ /198/. This may explain why the main C-H stretching band on the aiumina
supported cobalt catalysts is centered around 2926-2914 cm™. Consequently, it can be
assumed that the C-H strewching in formate groups as well as’in hydrocarbon species
contributes to the observed bands in the 3050-2800 cra™ region over 4.6% Co/y-ALQ, at 473
and 523K. '

The absorption band caused by terminal CH; groups is weak or at least poorly resolved on
4.6% Cofy-Al,0,. This could mean that the fraction of CH; groups is low, implying the
formation of longer chained hydrocarbons on the alumina supported catalyst compared to on
4.7% Co/SiQ,. In this respect, the infrared resclts tend to support the conclusions drawn from
the microreactor experiments (Chapter 5.3). However, the shift in the baseline (at 523K) put
some restrictions in drawing such a conclusion. '

5.2.7. Discussion of the behaviour and nature of the absorption bands
observed in the frequency range 3050-2800 cm™

Experiments were performed in order to try to establish if the observed hydrocarbon structures
are attached to cobalt or at least associated with reactions on Co.

The reaction of H, and CO over a disk of silica void of Co at 523K did not result in any
resolved bands attributable to CH./CH,-groups in the frequency range 3050-2800 cm™.
Weak bands were observed, however, in the temperature interval 473K to 573K when a silica
disk was placed downstream of the cell containing pressed disks of the silica supported cobalt
catulysts. The positions of the bands were similar to those observed in Fig, 5.2.5-3 to 5.2.5-5,
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indicating that these absorption bands most likely are duc to hydrocarbon species adsorbed
on the silica support.

A slightly different situation arose when similar experiments were carried out using alumina.
Passing a mixture of H, and CO over a blank v-ALO, at 473K (“single cell" experiment)
resulted in the formation of absorption bands resembling those in Fig. 5.2.6-1, but with the
main absorption band shifted to a lower frequency of 2907 ¢cm™, in addition to a weak band
near 2957 cm™. The behaviour and intensity of these two bands were comparable to those
observed on 4.6% Cofy-Al, O, in synthesis gas, althouph the half-height width of the major
peak at 2907 cm is less compared to the dominant band on 4.6% Co/y-AlLQ,. Furthermore,
the two bands also appeared to be quite unaffected by flushing with He and subsequent
treatment with hydrogen.

Placing an alumina disk ¢drwnstream of the cell containing a cobalt catalyst disk produced
bands similar to those described above for 4.6% Cofy-AlLO,, in addition to a band appearing
near 2849 cm. o

The band positions of the hydrocarbon structures on the alumina supported Co-catalysts are:
located at slightly higher frequencies tha.n the comesponding bands on v-AlLQ,.

Thus, one could tentatively propose that the dominating absorption band on y-ALOQ, is due
to the C-H stretch in adsorbed formate species, possibly formed in a reaction between CO and
the surface hydroxyl groups of the alumina support. This wonld also be valid for alumina
alone placed downstream of the alumina supported cobalt catalyst and for 4.6% Coly-ALO,.
In the latter cases, however, the broadening of the major peak and appearance of additional

absorption bands is believed to reflect the presence of hydrocarbon species.

Since the bands are present on pure alumina, one can thus probably associate these peaks with
the support rather than the cobalt metal. .
Adsorption on the support is indicated by the presence of hydrocarbon structures (C-H
species) on disks of either silica or alumina alone placed downstream of the catalyst sample.
The lack of a reasonable reaction capability with H, at CO hydrogenation conditions and the
absence of any influence on the position and intensity of the principle CO band, suggest that

“these species are unlikely to be on the cobalt surface.

Some cfforts were also made in an attempt to evaluate the significance of the observed
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hydrocarbons, that is, whether they are to be regarded as reaction products or reaction
intermediates in the Fischer-Tropsch synthesis.
The stability of the adsorbed species in the 3050-2800 cm™ range were investigated by
replacing synthesis gas with He and then H,, or directly with H,, at reaction conditions.
Switching from H;+CO to He resulted in a relatively rapid decline in the intensity of the
bands on the silica supported cobalt catalysts, while subsequent treatment with hydrogen led
to practically no alteration in the band absorbances, as shown by way of illustration in Fig.
5.2.7-1. The ncgligible influence of He and/or H, treatment on the absorption bands over
alomina and the alumina supported cobalt cawalyst can most probably be related to the
stability of the formate species, further discussed in Chapter 5.2.8.

0.08
o7 H2/C0 He H2
(100) | (50) | (100) (100)

0.06
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Fig. §.2.7-1: Variation in the intensity of the CH-stretching bands during CO
hydrogenation (P3,=6 bar, H,/CO=3, T=523K), He- and H, treatment on
4.7% ColSi0,.

The 2ppiied flowrate is given in brackets.

The intensity of the bands were slowly attenuated in flowing hydrogen following cessation
of synthesis gas. While the intensity of the linear CO band decreased in H, and shifted to
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Fig. 52.7-2: Infrared spectra of adsorbed species in the 3200-2700 cm™ region obtained
during CO hydrogenation over 4.7% Co/SiO. and subsequent treatment
with hydrogen.

A: Adter 130 min. in synthesis gas.

Spectra B-F were recorded afier various times in hydrogen following CO

hydrogenation: !
B: 40 min.

C: 90 min

D: 180 min.

E: 360 min.

F:  225hr.

CO hydrogenation conditions:
P, = § bar, H/CO =2, T = 473K, 100 NmV/min.
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lower frequencies (possibly because of a decrease in the dipole-dipole interactions as a result
of dilution by adsorbed hydrogen), the inteusities of the hydrocarbon bands were little
influenced by flowing hydrogen, as shown in Fig. 5.2.7-2. After several hours of hydrogen
treatment absorption bands in the CH region could still be observed.

The development of the intensity for selected bands is shown in Fig. 5.2.7-1 and 5.2.7-3
during CO hy.drogcnation, purging with He and hydrogen treatment. The variation of the band
intensity as a function of time suggests that these species do not represent active reaction
intermediates in the Fischer-Tropsch synthesis, but rather reaction products, This is supporied
by the fact that the imtensity of the infrared bands continue to grow beyond the point at which
the rate of CO hydrogenation is expected to have reached a “pseudo” sicady state /189/. The
continuing growth of the hydrocarbon bands does not influence the position or the intensity
of the principal CO absorption band. Furthermore, the rate of decay of band intensities in Fl;
is less than expected from reaction intermediates. On iron, it has been shown 7138/ that the
time constant associated with the decay of the infrared band intensities is two orders of
magnitude too low to agree with the observed turnover frequencies, Finally, the assumption
of adsorbed spectator products is consistent with the behaviour of the bands in He. ie.
relatively rapid decline in intensity.

Inert surface hydrocarbons have also been reported during CO hydrogenation on allumina
supported Ru catalysts /189,199/. Formation of the hycrocarbon species on the Ru metal

followed by migration onto the alumina support was suggested asa possible reaction pathway.

Fig. 5.2.7-3 shows the effect upon the intensity (as peak heights) of C-H stretching bands
when the flow of HJ/CO was varied during the course of a run. Increasing the fiowrate
sesulted generally in decreasing intensity, and vica versa. Fig. 5.2.7-4 shows the corresponding
spectra recorded in the three flow regimes of Fig. 5.2.7-3, 100, 200 and 50 NmV/min. The
most intense absorption bauds in Fig. 5.2.7-4 (due 1o CHyy) are accompanied by P and R
branches exhibiting rotational fine structures. The spectra in Fig. 5.2.7-4 and the intensity
versus time curves in Fig. 5.2.7-3 serves to illustrate nvo main points.

One being that the variation in the intensity of the C-H stretching bands upon an increase or
decrease in the flowrate of syathesis gas confims the proposed explaﬁzition of the bands
being caused by reaction products interacting with the catalyst surface.

Secondly, the rates of adsorption and desorption of reaction products will depend on the
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Fig. 52.7-3: Variations in the C-H stretching band intensities as a result of changing
the llowrate (Nml/min.) during CO hydrogenation (P; =6 bar, H/CO=3,
T=573K) on 4.7% Co/Si0..

temperature and concémration of the preducts in the gas phase. Increasing tsmperature will
favour the formation of reaction products, thus increasing their concentration, but desorption
will also be favoured at higher temperatures. The variation in the band intensity with the
flowrate may suggest that the amoﬁnt of adsorbed species is dependent on the concentratdon
of the gas phase compounds. The observed increase in the C-H stretching band intensities
upon a decrease i the flowrate of synthesis gas to 50 Nm)/min. can be explained by a higher
gas phase concentration of reaction products due to the increased vonversion of carbon
monoxide. The gas phase methane absorption band at 3017 cm! is a typical example, its
intensity is clearly a function of the applied flowrate,

The lack of detsctable infrared bands belonging to CyHy reaction intermediates has been
suggested /130,138/ 10 be due to a too low steady state concentration, masking of these bands

by similar bands fro.n adsorbed hydrocarbon products or to a low value of the chain growth
probability (o).
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Fig. 52.7-4: Infraved spectra in the frequency range 3200.2700 em”! obtained during
€O hydrogenation over 4.7% Co/Si0, with varying flowrates of synthesis

gas.
Key as for Fig. 52.7-3.
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5.2.8. Bands observed in the 1800-1200 cm’ spectral ranpe during CO

hydrogenation over silica and alumina supported Co catalysts
5.2.8.1 Introduction

Spectra in this frequency region, 1800-1200 cm™, showed the presence of several absorption
bands, which nature and behaviour depended on the type of catalyst and the applied reaction
conditions. The intensites of the bands on tue silica supported cobalt catalyst were generally
less intense than the band intensities in the priceding frequency range, 3050-2800 cm, while
by far the strongest bands were observed in :his range (1800-1200 cm™) over the alumina
supported catalysts and alumina alone. It must also be remembered that silica itself gives rise
to absorption bands in the 1800-1200 cm™, as briefly discussed in section 5.2.2.

Spectra of the supported cobalt catalysts with low metal loading (< 1%) are not zeported in
this section. Infrared spectra of 0.82% Co/SiQ, in the present range of intercst showed only
a noisy baseline without any resolved peaks atributable to adsorbed species during CO
hydrogenation. Elution of syathesis gas with He revealed bands resembling those presented
in Fig. 5.2.2-1.

Absorption bands in the range 1800-1200 cm® were observed during CO hydrogenation over
1% Cofy-AL,Q,. The positions of the bands and their development with tirne in synthesis gas,
He and hydrogen were similar to the bands observed over 4.6% Cofy-Al,0;. Since the species
cavpsing these bands are of particular interest in connection with the microbalance experiments,
and since onty the 4.6% Co/fy-Al,O, catalyst was studied in this apparatus, it was chosen not
1o include the spectra of the 1% Coly-ALO, catalyst in this frequency range.

52.8.2. 4.7% ColSi0,

Infrared spectra of silica alons during CO hydrogenation at 523K and 6 bar total pressure
(H,/CO=2) ("single cell” experiment) featured no absorption bands in the 1800-1200 cm™
range. During flushing with He following CO hydrogenation, bands characteristic of silica
overtone vibrations could be observed.

Fig. 5.2.8.2-1 shows spectra in the 1700-1350 cm™ range obtained with the 4.7% Co/SiO,
catalyst at different CO hydrogenation iemperatures.




ak.

ABSORBANCE

i 1
T 3

~. 1558
— 1358
— 1437

1 = 0.01

— 13564

J—

1780

Fig. 5.2.8.2-1:

1650 1686 1558 1588 1458 1488 1358
WAVENUMBER CM-1

Infrared spectra in the 1800-1350 c¢m® range during CO
hydrogenation over 4.7% Co/SiO,.

A: After 120 min. in synthesis gas at 473K
B: After 120 min. in synthesis gas at 523K
C: After 120 min. in synthesis gas at 573K

CO hydrogenation conditions:
Py = 6 bar, H/CO = 2, 100 NmV/min.
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At the Jowest temperature investigated, 473K, tv-c 1bsorpticn bands are present in the 1600-
1500 cm™ and 1500-1400 cm” range, with distinguishable peak maxima appearing at 1584
and 1458 cm™, respectively.
Two broad bands are also evident in the spectra obtained at higher reaction temperatures, 523
and 573K, but the frequency of the principél absorption band in the 1600-1500 cm™ range has
apparently shifted to lower wavenumbers, while no pronounced changes in the positions of
the bands in the 1500-1400 cm™ range can be observed.
It appears that this downscale frequency shift is a common feature when the reaction
temperature is raised from 473K to 523K, regardless of the total pressure or the hydrogen to
carbon monoxide ratio. This is illustated in Fig. 5.2.8.2-2 and 5.2.8.2-3,

At least two possible explanations can be rationalized which may account for the difference
in the infrared spectra. Either the downscale shift is due 1o the same adspecies absorbing at
different wavenumbers at different temperatures, or the increase in temperature implies thg
formation of new surface compounds, f.ex. by a decomposition mechanism. The freqt;cncy
shift scems to be solely due to a temperature effect, occuring when the CO hydrogenation
temperature is raised to 523/573K. The band frequencies are guite similar at 523 and 573K,
In anticipation of the assignment of these bands, discussed later in this section, it is clear thar
both carbonates and formates are possible surface species which in principle can be
responsible for the absorption bands observed in this frequency range.

On a catalyst surface, two main reaction pathways can be envisaged for the formate species,
that is, dehydration or dehydrogenation:

co,, + H0,

g * HCOO® + H* ~ €O, +H 5.13

2‘-

According to Grenoble et al. /200/, the dehydration reaction is catalyzed by acid oxides, and
the dehydrogenation by metals and basic metal oxides.

One could possibly interprete the spectra at 523K and 573K as being a result of formate
decomposition, yielding for example carbonate species, such as coordinated CO,. An
cxplanation like that above is favourcd by the observed frequency shift and the additional
appearance of (sub)bands in the 1600-1500 cm™ range at 523K compared to the lower
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Fig. 5.2.8.2-2: Infrared bands in the 1700-1350 cm’ range during CO
hydrogenation over 4.7% Co/SiO,.

A After 130 min, in synthesis gas at 473K
B: After 120 min. in synthesis gas at 523K (50 Nm}/min.)
C:  After 120 min. in synthesis gas at 573K (30 Nml/min.)

CO hydrogenation conditions:
Py, = 11 bar, H/CO = 2, 100 NmV/min. unless otherwise stated
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Infcared bands observed in the 1700-1359 em™ range during CO
hydrogenation over 4.7% Co/SiO,.

A:  After 120 min. in synthesis gas at 473K
B:  After 90 min. in synthesis gas at 523K
C After 120 min. in synthesis gas at 573K

CO hydrogenation conditions:
Py, = 6 bar, H/CO = 3, 100 NmVmin. unless otherwise stated
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temperature (473K), bui may be contradicted by the apparently low deconiposition
temperature of 473K-523K. Surface formate species have been reported to be stable up to at
least 523K /111/ or even 673K /201/. It can be guestioned whether the temperatare used is
sufficiently high enough for decomposition reactions. A vhird possibility also exists, namely
the existence of not only formate species, but also acetate and propionate species. A common
feature of these three compounds is the presence of O-C-G asymmetric and symmetric
stretching vibrations occuring in close vicinity of each other, sce Table 5.2.8.2-1. The sodium
salts of the corresponding acids have asymmetric O-C-O stretches at 1583, 1565 and 1551

cra’ /202/. As Blyholder et al. /203/ pointed out, this indicates a downscale shift in the O-C-O
frequency with an increasing number of carbon atoms. Thus, due tc the different thermal
stability of the formate, acetate and propionate species, the red shift in frequency wheh going
from 473K to 523K can possibly be explained by 2 highar fraction of adspecies containing
at Jeast 2, or possibly more than two carbon atoms. The difficulties in distinguishing the three
adspecies from each other at 473K could arise from the overlap of the band positions (Table
5.2.8.2-1) and the inaccessible frequency region below 1350 cm™, where one would expect

Table 5.2.8.2-1: Assignment of infrared stretching frequencies of adsorbed
formic, acetic and propioric acid on 9% Co/SiO, /203/.

COMPOUND 0-C-0 asymmietric siv. | ©-C.0 symmoiric str.

Formic acid 1580 cm? 1350 ¢m*
Acetic acid 1580 cm™ 1450 cm*
Propionic acid 1570 ¢ 1425 em™

0-C-0 and CH, deformation bands, CH, rock and the G-C-O bending frequencies to oceur.
The presence of bidentate and unidentate aceiate species has been observed on the SiO;
support at 473K /204/,

As long as it presently is not possible to give an reasonable explanation for the observed
frequency shift upon an increase in the reaction tempesatre (473K—523K), it is chosen - in
the following treatment and discussion of the origin and nature of these adspecies - to regard
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these bands as arising from the same adsorbed surface species. This is dene in order to at
least provide a qualitative picture of the surface composition in this frequency range (1700 -

1350 cm™) during CO hydrogenation at the different reaction conditions.

As already mentioned, the most pronounced differences are observed by an increase in the
reaction temperature from 473 to 523X, At 523 and 573K, the band frequencies are similar,
although variations in the intensity of the bands are observed depending on the reaction
conditions. The intensities of the 1456 cm™ and 1558 cm™ bands increased with incrsasing
teraperature while keeping the total reaction pressure at 6 or 11 bar, see Fig. 5.2.8.2-1 2nd
5.2.8.2-2. On the other hand, increasing the H/CO ratio from 2 to 3 (Fig. 5.2.8.2-3) resulted
in decreasing intensity of the 1560 cm™ band and increasing intensity of the 1458 cm™ with
increasing temperature.

Before any forther discussion of the origin of the species giving rise to the observed infrared
bands, it is necessary to ensure that these bands are not related to changes in the txansmission
of the silica deformation bands. It has been shown in Chapter 5.2.2 that at least three
absorption bands can be associated with and explained to be due to silica Iattice vibrations.
In this respect, the 1580 cm™ band is of considerable intesest, since its frequency closely
corresponds to the wavenumbers of surface compounds appcari:;g in the spectra obtained at
CO hydrogenation conditions. The behaviour of the 1584 cm™ and 1578 cr™ bands during
CO hydrogenation are contrary to what would be expected if they were due to the SiO,
support itself. The intensity of the two bands increased steadily with time in syngas. Similarly,
their behaviour during He and H, treament and upon changes in the syngas flowrate
paralleled the observed behaviour of the CH, (x=2 v 3) bands in the 3050-2800 cm™ range.
Furthermore, when the reaction ternperature is kept constant (at 473K) and tie H,/CO ratio
(of 2) is fixed, Fig. 5.2.8.2-4 shows that increasing total reaction pressure resulted in an
increasing intensity of the bands. It is hard 10 believe that the overtone vibrations depend to
such an extent on the pressure. As evident from the spectra in Fig. 5.2.8.2-5, no distinct
changes in the intensity of the silica cvertone bands are observed with increasing total
reaction pressure. More likely, they are rather sensitive to changes in the temperature, as
shown previonsly in Fig. 5.2.2-1, 5.2.2-2 and 5.2.3.4-3. Thus, it seeyns reasonabie to assume
that the major bands appearing in the frequency range 1700-1350 cm™ during CO
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g, 5.2.8.2-4: Infrared bands in the 1700-1350 cm® range during CO
hydregenation over 4.7% Co/Si0,.

A:  After 120 min. in synthesis gas at 2,5 bar total pressure
B: After 120 min. in synthesis gas at 6 bar total pressurz
C:  After 130 min. in synthesis gas at 11 bar total pressure

CO hydrogenation conditions:
T = 473K, H,/CO = 2, 100 Nml/min.
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Infrared bands in the 1700-1350 em! range during CO
hydrogenation over the silica support,

A:  After 120 min. in synthesis gas at 2.5 bar total pressure
B: After 130 min. in synthesis gas at 6 bar total pressure
C:  After 130 min. in synthesis gas at 11 bar total pressure

€O hydrogenation conditions:
T = 473K, HJ/CO = 2, 100 NmVmin.
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hydrogenation over the silica supported cataiysts belong to species formed during CO

hydrogenation, and can not be related to the effect of support latiice vibrations.

When it comes to the assignment of these bands, it is important not only to consider the

1700-1350 cm’! . spectral region, Lut also relate the suggeste¢ structurés and their

corresponding absorption bands to other appropriate frequency regions. During CO

hydrogenation at different recaction conditions, the develépment of bands in'the C-H stretching

region (3050-2800 c¢m') have been demonstrated, see section 5.2.5 and 5.2.6.

The corresponding bending modes of the asymmetric and symmetric stretching of CH,- and

CH, groups would be expected to appear in the range 1375-1465 cm™ /91/. Species

responsible for the observed 1458 cm™ band can therefore possibly be assigned- to CH,-

deformation (1465 cm™) and/or io the asymmetric or symmetric CH,-deformation at 1450 and

1375 cm!, respectively. The frequency of the 1458 cm™ band is in an intermediate position

between the CH, and CH, deformation bands, thus making it difficult to discriminate between

the two species based on the wavenumber alone. One could, however, consider the behaviour

of the band at the different reaction conditions, thereby éetting an indication of the most

probable structure (CH,- or CH;-deformaiion) giving rise to this band. As already mentioned,

the intensity of the 1458 cm band increased with increasing temperature. When the intensity
of this band at 473, 523 and 573K is compared at different H/CO ratigs, 2 or 3, it follows

that the intensity of the band is higher at 2 H,/CO ratio of 3 than of 2 at each temperature,

Furthermore, when the total reaction pressure was increased to i1 bar, the intensities of the

band were by far higher at this reaction pressure compared to those at lower total pressure

{6 bar). These observations can then be related to what is known about the probability of

chain growth in the Fischer-Tropsch chemistry as a function of reaction conditions. Generally,

the chain growth probability decreases with increasing temperature and partial pressure of

hydrogen, and increases with increasing CO partial pressure. As the ratio of H/CO increases, '
thereby increasing the surface hydrogen covcfagc and thus favouring termination
(hydrogenation) reactions, the production of high molecular weight species would be expected
to decrease and the formation of lighter products to be favourgd. This manifests itself in the
spectra as an increase in the intensity of the bands in the 3050-2800 cm frequency range
ascribed tc; asymmetric (and symmetric) stretching of CH, groups and the appearance of gas
phase methane at 3017 cm™. One may therefore suggest, that the observed behaviour of the
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1458 cm band upon changes in the temperature and H,/CO ratio indicate that the band is
caused by asymmetric deformation of a CH, group. The assignment of the band to such an
adspecies would imply the exisience of the cosresponding symmetric CH, deformation band,
expected to occur near 1375 cm™. Indeed, a band located at 1381 cm™ can be observed in the
spectra. It is, however, rather difficnlt to follow exactiy the behaviour of this band because
cf its inherent weakness and the shift occuring in the baseline dus io the progressive
absorption by the silica support. The broadness of the band indicates that it ceuld sncompass
several absorption processes. Nevertheless, the presence of the band at 1381 cm™® and the
general development of the 1458 cm™ band at the different reaction conditions, which
parallels the behaviour of the CH, bands in section 5.2.5, suggest an assignment of the 1458
cm™ band to the deformation mode of CH,-groups. If the 1458 cra™ band was due to CH,-
deformation in long chained hydrocarbons, it should be expected that the intensity of this

band varied in a manner similar

to the chain growth probabilivy

0.1 with for example temperature,
0091 W2/c0 - He H2 namely, decreasing intensity
0.08 .

007 100 { 200 | s0 100 100 /el with increasing  teraperatuce.
2 0.06 rifrin | mifme | mifm | /e Instead, the intensity behaviour
‘.': 0.054 of the band is believed to reflect
<0041 reaction conditions favouring
0.03
002, the production of hydrocarbons
0.014 with shorter chain lengths. That
* 11560 em—| 1
0 : : T these bands can be related to
0 50 100 150 200 250 - 300 350 400
. Time (min.) adsorbed hydrocarbons is further
supported by the variation in
Fig. 5.2.8.2-6: Development of the intensity of .. S e .
infrared bands observed during CO hydrogenation, ~ heif intensity with time during
Ié(e)-f}llus;ﬁng and Hy-treatment of 4.7% Co/Si0,, prolonged exposure to syngas
rogenation conditions: P;,=6 bar, H =3, .
T=572¥K. 8 Tot /CO followed by either He and the

H, treatment or by direct

. replacement of synthesis gas

with hydrogen, as shown in Fig. 5.2.8.2-6. In addition, the reactivity of the adspecies towards
hydrogen was similar to that found for the CHy structures giving absorption bands in the
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3050-2800 cm™ region, that is, a slow declirie in intensity with time in H,.

A number of studies have reported infrared bands in the C-H stretching region ascribed to
asymmetric/symmetric stretching  vibrations of CH,- and/or CH,-groups during CO
hydrogenation over silica supported Co catalysts 778,108/ and supported Ru catalysts
1189,190,195,196,205,206/. Arakawa et al. /78/ ascribed a band at 1459 cm™ to CH, groups,
while a band near 1378 cm'! was not accounted for. Similarly, Yamasaki et al. /205/ observed
weak C-H deformation bands at 1470-1440 cm™ (methylene 2nd methyl) and 1380 cm™
{methyl). Pien et al. /206/ ascribed bands in the range 2970-2860 ¢cm™? and at 1461 cm™ to
hydrocarbon species. Apart from these studics, no bands due to the bending modes of CH,
and CH, groups have been reported. The absence of any resolved absorption band attributable
to the CH, or CH, deformation mode was by Ansorge et al. /108/ assumed to be due to the
masking of the band(s) by their strong bidentate carbonate band at 1590 cm™. King /207/
explained the lack of the C-H berding mode with the weakness of the band.

Even though an assignment of the 1458 crn”! band to asymmetric CH, deformation mode (and
the 1381 cm™ band to symmetric CH; deformation) seems plausible, this does not exclude the
possibility of ascribing these and other bands at higher frequencies in this region to alternative
adspecies.

Strong absorption bands in the OH stretching region (3800-3400 cm™), assigned to srrface
bound hydroxyl groups and chemisorbed water, was observed during the CO hydrogen.ion
reaction. Since the presence of carbon ronoxide is evident, one can possibly en'i-1ze a
reaction between CO and water resulting in the formation of formate species. In “act, the
presence of a surface formate species has recently been suggested by Li etal. /111/ as a result
of interaction between water vapour and adsorbed carbon monoxide over a 4.6% Co/SiO,
catalyst. The adsorption of formate species on silica alone was characterized by three bands
appearing at 2950, 1725 and 1390 cm™. Formic acid adsorbed on cobalr sites was reported
to give absorption bands at 2945, 1580 anc 1380 cm™. The latter species was reported to be
stable at least up to 523K, while formate species adsorbed on the silica support was
completely desorbed at 473K /111/. Duchinskii et al. /208/ found that cobalt (and Ni)
formaies decomposed at 673K. Thus, the dominating bands in the 1600-1500 and 1500-1400
cm™ ranges can possibly be ascribed to a surface formate species.

When comparing the band intensities of the major bands in each of the above mentioned
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frequency regions, several different trends could be observed. The intensity of the 1460 cm™
band was lower than thosc of the 1582/1560 cm™ bands at 473K, At 523K, both groups of
bands exhibited similar intensities, while at the highest temperature investigated, 573K, the
intensity of the 1460 em™ band exceeded that of the 1560 crm™ band. This situation was the
case when CO hydrogenation was carried out at a total pressure of 6 bar with a H/CO ratio
of 3. With a H/CO ratio equal to 2, but applying otherwise the same reaction conditions, the
intensities of the 1584/1558 cm™ bands were higher at all temperatures compared to the 1456
cm” band, and the relative difference in intensity increased with increasing temperature.
Increasing the reaction pressure from 6 to 11 bar, but keeping the same H,/CO ratio (of 2),
resulizd in a diversifying correlation, as seen from the spectra shown in Fig. 5.2.8.2-1 and
5.2.8.2-2. These ambigious relationships is somewhat contrary to what would be expected if
the bands in the two frequency regions should be ascribed to a formate saecies, and can not
be regarded as effects of the different reaction conditions. Nor is it believed that they are
related to the formation of new or additional surface structures as a result of for example
decomposition reactions, since the major features of the spectra are generally retained showing
no pronounced signs of disappearance or appearance of absorption bands. Rather, the
inconsistent behaviour must be considered as an indication of the existence of two different
adspecies, cach absorbing infrared light in their own characteristic frequency region. The
asymmetric and symmetric C-O streeching vibration of a adsorbed surface formate species is
expected to appear between 1600 and 1500 cm™ and 14G0-1300 cm™, respectively. One may
tierefore suggest that the dominating band in the 1600-1500 cm range can be ascribed to
the asymmetric C-O stretch, while the weak. broad band centered around 1381 cm™ - rather
than the principle absorption band in the 1480-1400 cm™ domain - can be duc to the
corresponding symmetric C-O stretching vibration. Also, applying the criteria of frequency
senaration (discussed in detail later in this section) on the asymmetri¢/symmetric C-O bands
indicate that the corresponding band positions preferentially is to be located in the region
1600-1500 cm™ and below 1400 cm™. Such an assignment is, however, complicated by the
low iatensity of the 1381 cm™ band and the disturbance in the baseline due to increasing
absorption of the fundamental transverse and longitudinal vibrations of the silica latice in
addition to the S50, overtone bands.

Plausible explanations have been given for the principle bands appearing in the spectral range
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1600-1500 and 1500-1400 cm, but also other types of surface species giving rise to the main
absorption band located near 1560 cm™ can be proposed in addition to the formate species.
Several studies have reported the presence of different kinds of surface carbonate structures,

i.e. bidentate and unidentats carbonate, on the

catalyst surface during reaction. Two types of
. carbonate complexes are shown in Fig. 5.2.8.2-7.

o o O
I \C’ " | I Such compounds may arise as a result of strong
Ol 77\ interactions of CO and CO, with metals and metal
] Io\ /0l oxides. The unidentate carbonate complex with
*
*

cobalt is reported to give two C-Oj stretching bands
Fia 52837 Motecadar riodeis of in the 1470-1450 cra™ and 1380-1350 cm™ ranges in
the 1:1 unidentate and bidentate addition to a C-O stretching band in the 1070-1050
carbonate complexes /209/. cm? range /210/. Bidentate carbonate complexes
have a swetching vibration between 1640-1590.cma™ (C-Op) and asymmetric and symmetric
C-O; stretching vibrations in the spectral range 1290-1260 cr” and 1040-1020 cm”. Ansorge
ct al. /108/ reported a band at 1590 cm™ to the stretching vibration of bid;:ntate surface

carbonate. The bands observed in the present study do not exactly coincides with the above
cited band frequencies. Nevertheless, it would seem that the frequency of the principle
absorption band in the 1600-1500 cm™ region (1582/1560 cm™) is somewhat high to allow
an assignment to unidentate carbonate species. Therefore, by just considering the band
positions, the 1582/1560 cm™ bands could indicate the presence of bidentate carbonate
structures. The expected low frequency bands are of reasons earlier mentioned not accessible.
This further implies that any conclusive assignment of the bands in this region (1700-1350
cm™) can not be made unless frequencies below 1350 cm™ are examined. In this frequency
domain, the symmetric, carbon-out-of-plane and torsional vibrations of carbonate and

carboxylate species are predicted to ocour.

Another likely candidate responsible for the 1582/1560 cm™ band could be .carboxylate
species. The asymmetric and symmetric stretching vibrations of C-O in surface carboxylate
compounds have been reportad at 1570 and 1377 cm™ 211/, 1560 and 1410 cm™ /212/ and
at 1560 and 1330 cm™ /213/, respectively. In the study of Blyholder et al. /203/ two bands
at 1557 and 1435 cm™ were reported to be indicative of carboxylate formation on a 9.1%
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CofSi0, catalyst upon interaction of C,H, and CO at 373K. Hence, the absorption bands at
1582/1560 em™ and the broad band between 1400 and 1350 cm™ are in such a position that
they can be caused by adsorbed carboxylate species. If this is the case, then the behaviour of
these bands could possibly be expected to be related to that of adsorbed carbon monoxide,
since this species probably would act as a source for the CO, involved in the carboxylaie
compounds. Carbon dioxide can be formed either from the Boudouard reaction; 2C0 — C +
CO,, or by the water gas shift reaction; CO + H,0 — CO, + H,, By using a H,/CO ratio of
2 and varying the total reaction pressure between 6 and 11 bar, the intensity of the 1582/1560
cm! band increased with increasing temperatore, while the opposite trend was found to occur
with a H,/CO ratio of 3 (at a total pressure of 6 bar). Also, the intensity of the band was
higher at the highest total reaction pressure (11 bar) compared to that obtained with a total
pressure of 6 bar. It is not presently clear if the observed behaviour of the band intensities
reflects the influence of the reaction conditions on the formation of CO,, for example from
the water-gas shift reaction, and consequently, if the bands can be assigned to coordinated
Co,.




-196-
52.8.3. 4.6% Coly-Al,0, and v-AlQ,

Considerable more complex spectra featuring strongly absorbing species were obtained in the
1800-1200 em™ range during CO hydrogenation over 4.6% Co/y-Al,O, and the alumina

suppor alone.

Fig. 5.2.8.3-1 illustrates the development of infrared bands in the 1750-1250 cm™ region with
time in synthesis gas over 4.6% Co/y-AlLO, at 473K. ,

A number of bands appear after short times of reaction and continue to growy in intensity
during prolonged exposure to H,/CO. After 80 minutes of reaction, distinct absorption bands
are cvident at 1620, 1595, 1460, 1393 and 1377 e,

Increasing the reaction temperature to 523K (but keeping a total pressure of 6 bar and H/CO
ratio of 2) resulted in major bands appearing at identical positions (as at 473K), as shown in
Fig. 5.2.8.3-2. The behaviour of the bands is analogous to that observed in Fig. 5.2.8.3-1; the
band intensities increased steadily with time in synthesis gas. -

The main difference is that the intensity of the absorption bands is highest at the highest of
the two CO hydrogenation tempemmires investigated, 523K.

'Specu'a obtained during CO hydrogenation over an alumina disk void ‘of cobalt placed
downstream of the cell containing the supported catalyst sample are shown in Fig. 5.'2.8.3-.3
and 5.2.8.3-4. Furthermore, Fig. 52.83-5 presents the spectral features of ‘y-Ale,‘ alone
during CO hydrogenation at 473K (H/CO=2, Pr,= 6 bar, "single cell" experiment).

By comparison of the spectra in Fig; 5.2.8.3-1 to 5.2.8.3-4, several effects are noticed, below

summarized by points:

1 The presence of a distinct absorption band near 1327 cm™ on ¥-Al,0,, which
is poorly resolved on 4.6% Co/y-ALO;.

2. The reduced intensity of the 1377 cm™ band relative to the 1393 cm™ peak on
¥-AlL,0,, while the intensity of the 1393 cm™ band is higher than that of the
1377 cm™ peak on 4.6% Coy-Al;O, at both temperavires, 473 and 523K.

3. The difference in the intensity of the band located at 1458 cm™. On Y-ALQ,,
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ABSORBANCE

1788 1680 1500 1400 1380
YAYENUMBER CM-1
Fig. 5.2.8.3-1: Infrared spectra in the spectral range 1750-1258 cm® during

prolonged exposure of 4.6% Co/v-Al,0, 10 synthesis gas at 473K.

The times indicated represent those at which collection of
interferograms was initiated.

CO hydrogenation conditions:
Pr, = 6 bar, H,/CO =2, T = 473K, 100 Nml/min.




Fig. 5.2.8.3-2:
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Infrared spectra of 4.6% Cofy-Al,Q, with time in synthesis gas at
523K.

A: 2 min.

B: $ min.

C: 10 min,
D: 20 min.
E: 30 min.
F: 40 min.
G: 50 min.

The times indicated represent those at which the IR scans were
started.

CO hydrogenation conditions:
Pry = 6 bar, HJ/CO = 2, T = 523K, 100 Nm/min,
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Fig. 5.2.8.3-3:

1600 1508 1408 1308
WAVENUMBER CM-1

Infrared spectra of v-A1,0, (placed downstream of the sample cell)
during CO hydrogenation.

The times indicated represent those at which collection of
interferograms was initiated, '

CO hydrogenation conditions:
Py, = 6 bar, H/CO =2, T = 473K
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Fig. 5.2.83-4:

1760 1808 1588 1400 1388
WAVENUNBER CH-1 :

Infrared spectra of 1-A%L0; in the regicn 1750-1250 cm” during
CO hydrogenation.

(The cell containing the alumina disk is placed downstream of the
cell containing the alumina supported cobalt catalyst).

The times indicated represent these at which collection of
interferograms was initiated.

€O hydrogenation conditions:
Py, = 6 bar, H/CO =2, T = 523K
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: VAVENUMBER CM-1 ‘
Fig. §2.83.5: Infrared spectra of adsorbed species on v-ALO, during CO

hydrogenation.
("'single cell"' experiinent)

The times indicated represent those at which collection of
interferograms was started.

CO hydrogenation conditions:
Py, = 6 bar, BJCO=2, T = 473K
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a weakly resolved band is seen in this part of the spectrum. in contrast to the
rather strong, distinct absorption band on 4.6% Co/y-AlLQ,.
4, A higher intensity of the bands at 1595, 1393 and 1377 cm™ over ¥-AlLO, than
over the alumina supported cobalt catalyst at 473 and 523K.
5 The location of a band near 1620 cm™ on 4.6% Coly-AL0,, exhibhing a
considerably higher intensity than the 1665 cm™ band on 7-AlO;.

As can be seen, there exists a certain general similarity between the spectra in Fig. 5.2.8.3-1
to 5.2.8.3-4 and Fig. 5.2.8.3-5 concerning the position. intensity and behaviour of the observed
infrared absorption bands.

It would seem though, as two shoulders develop on the high frequency side of the 1593 cm™
band over the y-ALO, blank (Fig. 5.2.8.3-5) during exposure to synthesis gas at 473K,

For a more exact and reliable determination of the frequencies ‘of these shoulder peaks,
deconvolution by fitting Gaussian and Lorentzian curves to the main absorption band in the
1700-1500 cm™ region of Fig. 5.2.8.3-5 was carried out, resulting in the situatdon shown in
Fig. 5.2.8.3-6 (basic curve fitting procedure input: 6-9 lines, 6000 iterations).

The principle peak can be regarded as being composed of at least six overlapping bands, the
most interesting of these with frequencies at 1651, 1616 and 1591 cmi. Thus, the spectra of
the pure 7-A1,0, obtained above 1600 cm? during CO hydrogenation (Fig. 5.2.8.3-5) envelop
both the bands, 1665 and 1620 cin™, found on 4.6% Cofy-AlL,O, and ¥-ALO,. respectively,
althongh the band intensities are different. In addition, a weak band is visible at 1231 cio™.

The stability of the infrared bands was investigated by replacing synthesis gas with He and
then H, at reaction temperatures after 1-2 hours of exposure to H/CO. The typical behaviour
of the adspecies giving rise to the bands is shown in Fig. 5.2.8.3-7 for 4.6% Cofy-ALO, at
473K. All the bands except the one at 1622 e were rather unaffected by He and subsequent
treamment with H,. The intensity of the 1622 c¢m™ band remained fairly constant in helium,
while a minor decrease in the intensity of the band was observed in hydrogen, Fig. 5.2.8.3-7.
Similar behaviour, that is, the negligible effect of He and H, upon the spectra of adsorbed
species was also observed over 1-AlLQ, alone, either placed downstream of the alumina
supported cobalt catalysts or investigated by a "single cell” experiment. Thus, the bands in

this region appear to be strongly adsorbed due to their increase in intensity with temperature




1780 1650 1660 1550 1500
WAVENUMBER CM-1
Fig. 5.2.8.3-6: Deconvolution of the major peak appearing in the frequency region

1700-1500 c¢m™ in Fig. 5.2.8.3-5.
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and their general lack of

1 . .
0s{ H2/CO He Hz Feactvity.
**1 oo 331 40 i 100 mi/mi
0.7 mi/min {emi/min| 100 mi/min 0 mi/in The identification of the bands,
g”-“ several of which were not
(-] e
§°‘5 l ety 1585 observed with silica or the
204 -
03 1522 silica supported cobalt catalysts,
02] e yieouesst s 1327 is complicated by difficulties in
0.1 comparing the surface species
e 2 1458
00 30 B0 80 130 120 180 210 240 jo soo  With the pure inorganic and
THE () ]
organic compounds, for
Fig. 5.2.8.3-7: Development of the intensities of cxample cobalt carbonate

selected bands in the 1700-1200

cm range during complexes. A thorough review

CO hydrogenation, He-and H,-treatment over 4.6%

Cof-AlL O,
CO hydrogenation conditions:
Pr.=6 bar, H/CO=2, T=473K.

of the literaturc revealed that
few investigations resembling
the present work were available,

although carbon monoxide

containing species have been reported during catalytic oxidation of CO over cobalt oxide
{Co,0,) /97/. A somewhat larger number of publications have appeared for Ru, and the

assignment of the observed bands
these reports /189,207/.

are thus aided and carried ont in accordance with some of

The most prominent features in the spectra of 4.6% Cofy-ALO, ard the ¥-ALO, blank during
CO hydrogenation are the bands at 1595, 1393 and 1377 cm™.

The 1393 and especially the 1377

H H H
1 ! ,
~ o’c‘o oo
o
I ~OOT

Fig. 52.8.3-8: Different types
of formate structures /214/,

cm™ band showed relative variations in the peak intensity
depending on the different reaction conditions, suggesting
that different specics contributes to the band observed at
1377 cm™.

In agreement with previous studies /189,207/, it is believed
that the bands at 1595 and 1377 cm™ can be ascribed to
the asymmetric and symmetric 0-C-O stretching vibrations

of adsorbed formate species. Possible structures are
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depicted in Fig. 5.2.8.3-8, being of the type unidentate, bidentate or bﬁdged formate. The C-H
deformation mode of the surface formate species is suggested to be responsible for the 1393
cm™ band. Sapport for these assignments is found upon the adsorption of formic acid on
Rw/ALO, /189/, resulting in bands at 1585, 1392 and 1378 cm™. The appearance of these
formate structures during a “single cell” experiment, in which H, and CO was reacted over
¥-AlL,0; 2lone, indicate that cobalt metal does not have 1o be a necessary prerequisite for the
formation of these adspecies. Fuithermore, the intensity of these bands was higher over blank
alumina than on 4.6% Cofy-A1,0;, suggesting that cobalt may block adsorption sites required
by the formate species. The positions of the bands are the same on both 4.6% Co/y-Al,0, and
¥-AlL,O, alone, and due to the inertess of the bands when exposed to either helivm and
hydrogen, this may suggest that they are located on the support. Thus, it would seem that the
formate bands are formed directly on the alumina support by interactions t;etween H, and CO,
or between carbon moroxide and surface hydroxyl groups of alumina.

Which type of formute compounds giving rise to the observed infrared bands can be
determined using the frequency separation between the 1595 and 1377 cm? peaks.
Differentiation berween the different formate types is done by considering the separation in
wavenumbers between the asymmetric and symmetric O-C-O stretching frequencies. In the
case of bidentate, monodentate and the free formate ion, it has been suggested that the
frequency separation between ¥ (0-C-0),,, and 7 (G-C-0),, should decrease in the order
monodentate formate > free formate > bidentate formats /214/. Applying the empirical
approach on the asymmetric and symmetric 0-C-Q frequencies at 1595 and 1377 cr'n'l gives
a separaon of 218 cm™, suggesﬁng a bidentate rather than a unidepta!e attachment to the

surface.

The band located at 1458 cm™ on 4.6% Coly-ALO; at 473K and 523K, but which is poorly
resolved on blank y-Al,0,, is in the position normally expected for unidentate carbonate
complexes /210/. Thus, it may seem reasonable to assign the 1458 cm™ band to the
asymmetric O-C-Oy swretching vibration of such a carbonate. The comesponding symmetric
stretching frequency is expected around 1380-1350 cm™, and is probably hidden under the
strong 1377 cm™ formate band, or it may aiso contribute to the observed band. The decrease
in intensity of the 1377 cm™ peak observed on ¥-ALO, alone can therefore be explained by
the assignment of the bands (at 1458 and 1377 em™) to the asymmetric and symmetric O-C-
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Oy stretching vibrations of the unidentate complex. respectively. The 1458 cm™ band on ¥-
ALQ; is relatively weak, contrary to on 4.6% Co/y-Al,Q,, and consequently, the intensity of
the 1377 cm™ band is reduced relative to the 1393 cm™ peak /207/.

In keeping with the preceding assignments of bands found in similar positions on 4.7%
Co/SiO;, one should also be aware of the possibility of CH deformation (in CH, and CH,
groups) being the reason for or contributing to the 1458 cm'! band.

The 1458 cm™ band is also in such a position which, in principle, allows it to be attributed
10 at least two alternate (additional) adspecies, a simple carbonate ion, CO,* or a carboxylate
species.

The carboxylate species can be envisioned as being formed on the
- surface by adsorption of carbon dioxide, possibly on a metal ion by

\_ 7 the wansfer of an elecron from the adsorbent to the adsorbate /210/,
see Fig. 5.2.8.3-9. The asymmetric and symrmaetric C-O streiching
vibrations are typically located in the 1580-1560 cm™ and 1400-
1350 cm™ range, while the (C-C-O) torsional vibration is -usually

Fig, 52.83-9: b 1 /. 4 4 .
Structure of observed at about 650 cm™ /142,210/. The observed 1458 cm™ band

carboxylate species could thercfore be proposed to arise from the symmetric C-O
142,

vibration, while the high frequency band (asymmetric C-O
stretching vibration) could probably be included in or hidden by the strong, broad 1595 cm™
formats band. Applying deconvolution procedures on the 1595 cm™ peak rc.';nltcd in an
absorption band lecated near 1570 cm™.

An alternative assignment for the 1458 crm™ band could be a simple carbonate ion, CO,%,
which has been reported to have infrared absorption bands in the spectral range 1450-1420
cm™ /97,1427, Thus, the 1458 cm™ band may also arise from this carbonate like structure,
believed to be a result of matrix (MgO) stabilization of CO, /194/:

0% + €O, -Cof" 5.14

Absorption bands in the region 1700-1600 cm™ were observed at 1620 cm™ (on 4.6% Cofy-
Al,0,) and 1665 cm™ (on Y-ALO, alone). Also, the intensity of the 1665 cm™ band was
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noticeably lower than that of the 1620 cm™ band. The presence of the 1665 cm band was
always accompanied by the appearance of the 1321 cm™ band, Due to the parallel behaviour
of the 1665 and 1321 em™ bands with time in synthesis gas, as illustrated in Fig. 5.2.’8.3-3,
it is suggested that they belong to the same adspecies, and that the 1620 cm™ band can be
associated with another species. ' _

The band frequencies at 1665 and 1321.cm" could indicate the presence of a bidentate
carbonate, even though the band position (for the low ﬁequcricy band) lie slightly outside the
range predicted for this kind of carbonats complexes /210/. Two possible types of the
carbonate complex structures are shown in Fig. 5.2.8.3-10 /142/; bridged and bidentate.

The separation of the feawres arising from the

on ‘ o difference in the C-O, and C-Oy stretching vibrations is
1 .

é é ' used as a criterion to distinguish between these two
QI/ \Ol O( \ol modes of coordination and in addition, between the free
l -I. xd carbonate ion (CO;?) and unidentate carbonate. There

would he no separation for a simple carbonate ion, ca.

:?se:itiilx-‘:)ogz s?u.ﬁtmﬁs 100 cm™ for the unidentate carbonate species and over

nay., 200-300 cm? for the bidentate structures and the

‘bridged carbonate .complcx /210,215/. Based 'on the
frequency separation, it seems reasonable to assign the 1665 cm™ band to the C-Oy stretching
and the 1321 cm™ band to the asymmetric C-O, stretching frequencies either in bidemate
carbonate or bridged carbonate complexes. Since the two active centres is believed to induce
a higher degree of frequaiicy separation compared to a single point of attachment, the 1665
and 1321 cm™ absorption bands are tentatively assigned to the bridged carbonate complex.
The comesponding symmetric C-O, stretching and out-of-plane bending of the bidentate
carbonate is expected near 1040-1020 cm and 840-820 cm™, respectively. The observation
of both of these bands is unfortunately precluded by the progressive absorption of the alumina
support in this region.

Another species which may require some consideration is that derived by comparison with
the bicarbonate-ion, as shown in Fig. 5.2.8.3-11, S;udics 216,217/ have on the basis of bands
" observed in the 1650-1630 cm™ and 1390-1330 cr? region suggested this carbon monoxide
containing complex. Compared to the frequencies observed in the present study, 2 structure
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similar to that in Fig. 5.2.8.3-11 could suggestedly give rise to the 1665 cm™
O\C /O | band (asymmetric O-C-O stretching vibration) and to one of the bands in the
|
O
1
Fig.

5.28.3-11: form 1-0-CO,. The corresponding low frequency band should be expected
Bicarbo- '

1390-1330 cm™ spectral range (symmetric O-C-O stretching vibration).

The 1620 cm™ band could also be attributed to 2 bicarbonate species of the

nate around 1390 cm™, and could possibly be included in the 1377/1395 cm’
species formate peak. Little et al. /217/ assigned these two bands to interaction of CO
1210/.

or CO, with surface hydroxyl groups resulting in a H-O-CO, structure.

A complexity of bands develop during CO hydrogenation in the range 3900-3400 cm™. Bands
in this region are generally attributed to surface bound hydroxyl groups and chemisorbed
water. The bending mode of adsorbed water is normally expected to be located in the region
1640-1600 cm™. Hence, the peak at 1620 cm™ can possibly be due to the deformation mode
of water. Such an assignment would be in agreement with previous studies, reporting the
bending mode of adsorbed water at 1630 cro™ /108/ and 1640 cm™ /218/.

The 1620 cm™ band is in an intermediate position between the frequencies given for bridged
carbonate and bidentate carbonate /219/; 1620-1530 cm™ (C=0), 1270-1250 cm™ (0-C-0)
and 1670-1620 cm™ (C=0), 1270-1220 (0-C-0), respectively. The required low frequency
band could not be observed in the spectra after prolonged exposure to synthesis gas, except
in Fig. 5.2.8.3-5, where a weak band is visible at 1231 cm™. Thus, a definitive assignment for
the 1620 em™ band can not be given.

In summary, the infrared spectra in Fig. 5.2.8.3-1 to 5.2.8.3-4 indicate the formation of
monodentate carbonate species on 4.6% Co/y-Al,0,, but not on 1-Al,O, alone. On the other
hand, bridger. carbonate complexes are formed to a higher extent on the alumina support than
on the alumina supported cobalt catalyst. King /207/, reporting a similar situation for alumina
and alumina suppornted Ru, suggested that the bidentate carbonate conld be converted to the
monodentate form in the presence of water (from the Fischer-Tropsch reaction):




-210-

o .
i HoD 0P OH 5.15

That there is a difference between the type of carbonate forrued on y-AlLO, and 4.6% Cofy-
AL, is contradicted by the spectra presented in Fig. 5.2.8.3-5.and 5.2.8.3-6, showing the
presence of both the 1665 and 1620 em™ bands. The specira in Fig. 5.2.8.3-5 does indicate,
however, that the formate and carbonate compounds are adsorbed on the alumina support.
Once formed, they appear to be quite stable and lintle influenced by treatment with He and
hydrogen.

The formation of bidentate formate can be envisaged to occur according to equation 5.16:

H
¢
N .

5.16

while interaction between CO, and the surface hydroxy! groups of alumina, or decomposi}ion
of formate, could result in carbonate formation.

An experiment was conducted, in which the reaction temperature was raised from 473K to
573K (2K/min) during CO hydrogenation (H/CO=2, P; = 6 bar), followed by subsequent
cooling (2K/min) to 473K in H,/CO. The experimental procedure included a 30 min. dwell ‘
period at 473, 523 and 573K.

The effect of increasing temperature upon the bands in the 1750-1250 em™ region is
illustrated in Fig. 5.2.8.3-12 10 5.2.8.3-14, By considering Fig. 5.2.8.3-12 and 5.2.8.3-14, a
number of temperature dependent features can be observed.

The band imensities increase with time in synthesis gas at 473 and 523K, resembling the
development shown in Fig. 5.2.8.3-1. An increase in the CO hydrogcnatioﬁ temperature
resulted generally in increasing intensity of the absorption bands. Also, a distinct although
weak absorption band at 1306 cm™ develop with increasing reaction temperawre (from 473

to 573K). The shoulder (at 1620 cm™) on the intense formate peak seems to get less resolved
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Fig. 5.2.8.3-12:

YAVENUMBER Cm-!

Infrared spectra of 4.6% Co/y-Al,O, at different times in synthesis
gas at 473K and during heating to 523K (in H/CO).
Heating rate: 2K/min.

The times and temperatures indicated represent those at which

.collection of interferograms was initiated.

CO hydrogenation conditions:
P;,, = 6 bar, H/CO = 2, 100 Nml/min.




Fig. 5.2.8.3-13:
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Infrared séectra of 3.6% Co/y-AL,0, at various times in synthesis
gas at 523K and during heating to 573K (in H,/CO).

1 min. (at 523K)
: 10 min. (at 523K)
c: 20 min. (at 523K)
a: 30 min. (at 523K)

e 533K
f= 543K
g 553K
h: 563K
i 57K
Heating rate: 2K/min.

CO hydrogenation conditions:
Pr., = 6 bar, HJCO = 2, 100 NmV/min.
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Fig, 5.2.8.3-14:
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Spectia of £.5% Cofy-ALO; at varions times in H/CO 21« 573K.

a:

b

1 min.

10 min.
16 min.
24 min.

30 min.

The times indicated represent those at which IR scanning was
started. '

CO hydrogenation conditions:
Py, = 6 bar, H/CO = 2, 100 Nml/min.
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as the reaction ternperature is increased. Except for the 1306 cm™ band, no new bﬁnds appear
or none of the existing bands really disappear during the heating procedure. ,

The major increase in the intensity of the 1458 cm™ band did not, however, occur during the
temperature increase, but with time in H./CO at 573K, as shown by way of illustration in Fig.
5.2.8.3-14. At this temperature, the 1393 and 1377 cm™ band intensities decrease. The

intensity of the 1377 cm™ band decrease at a faster rate compared to the band at 1393 cm™.

The 1595, 1393 and 1377 cm™ peaks have previously been assigned to bidentate formate. 1
the decrease in the 1393 and 1377 cm bands indicate decreasing amounts of the formate
species, a similar behaviour would be expected fof the high frequency band (at 1595 cm™).
The intensity of this band remained relatively unaltered with time in synthesis gas at 573K.
Thus, it does not seem likely that the decrease in the 1393 and 1377 cm peaks reflects a
decicase in the amount of bidentate formate at higher temperatures, due for example to
decormposition or desorption.

Neither is it believed that the behaviour of these two bands represents formaie
interconversion, i.c. bidentate to monodentate formate. Since the frequency separation between
the asymmetric O-C-O and symmetric O-C-O vibmations is more pronounced for the
unidentate than bidentate type of formate, one would expect the appearance of bands in
differcnt positions cormesponding to a larger frequency splitting. In this respect, it is difficult
to reconcile a surface rearrangment from bidentate 10 monodenwte formate as being
responsible for the observed decrease in the intensides of the 1393 and 137;1 cm’ bands.

The band near 1620 cm™ has previously been suggested to be caused by bicarbonate species.
The corresponding O-C-O symmetric vibration would be expected near 1390 cm. The
decrease in the intensity of the 1393/1377 cm™ band parallels the disappearance of the high
frequency shoulder (at 1620 cm) on the 1595 cm formate peak. The simulianeous
attenuation of these bands may point wowards decomposition or desorption of the bicarbonate
species dus 10 the high temperature. Heating of the catalyst would cause a progressive
climination of the surface hydroxyl groups and adsorbed water. ¥ the bicarbonate species can
be said to have the structure HO-CO,, as proposed by Litte et al. /217/, increasing
dehydroxylaton of the 4.6% Cofy-AlL O, catalyst may possibly explain the behaviour of the
1620 and 1393/1377 em™ bands.



-217-

Unidentate carbonate has been snggested to be present on the surface of the 4.8% Co/y-ALC,
catalyst based on the 1458 cm™ band and the decrease in the 1377 cmi? peak intensity on
alumina alone. An increase in the 1458 crm™* band intensity would be expected t be
accompanjed by an increase in the 1377 cm™ band, since the 1458 cm™ band has been
ascribed to the asymmetric C-O stretching vibration and a band, probably included in the
1377 cm™, to the symmetric vibration. This seems not to be the case, and it is therefore not
likely that the changes in the 1458 cm™ can be asscciated with the unidentate carbonate
species.

One could speculate whether the high temperature induce surface searrangements of existing
carbonztes, As previously discussed, there is an uncerzainty in whether to assign the 1620 em™

band to bridged or bidentate carbonate, or 10 carbonate at all. A rearrangement of the type

o 0
¢ d 5,47
N, ~, 0
0 — 0 0
Al Al Al

could tentatively be proposed. An increasing fraction of bidentate casbonate would be
expected to result in increasing absorption in the range 1620-1530 and 1270-1250 e, Even
though very weak shouldess can be observed in the 1570-1500 em™ region (Fig. 5.2.8.3-13
and 5.2.8.3-14), such a surface rearrangement does not seem very likely in the present case.
This is due to the fact that there appears no absorption bands in the range 1270-1256 ¢m?,
and the lack of the low frequency band (belonging to bridged carbonate).

Sirce the 1377 cm® psak has been proposed to envelope the symmetric O-C-O streiching
vibrations of bidentate formate and that of the unidentats complex, the increase in the 1458
cm’ band intensity with time in synthesis gas would not be expected to be accompanied by
a decrease in the 1377 cm™ band. This raises the question whether the increased inteasity of
the 1458 cm™ band can be related to the direct or indirect effect of deposition of carbon or
carbonaczous materials. As shown in Chapter 5.2.5, bands near 1458 cm™ have beea assigned

to the CH; deformation of adsorbed hydrocarbons, Thus, one couid possibly attribute this peak




- -218-
10 a partially hydrogenated carbonaceous deposit. Anderson et al. /220/ reported a band in a
similar position to C-H deformation in CH, or CH; groups, but their spectra indicate a
considerable lower peak absorptivity than observed in Fig. 5.2.8.3-14. Deposition of carbon
(by exposure to acetylene) on aiumina at 525K was by Eischens /221/ found to result in
absorption bands near 1580 and 1470 cm™. It was suggested that carbon in the deposit

corabined with oxygen from the aluraina to form the carboxylate like species.

Previously in this sccéio'n, the 1458 cm™ band was assigned to carboxylate species or a simple
carhonate ion, CO,*. An increase in the band intensity may imply higher concentration of
CO,, Carbon dioxide can be formed from Boudouards reaction, by the water-gas shift
reaction, by reaction of excess carbon monoxide with surface oxygen or by decémposition of
the formate compounds. Thia CO, formed can either desorb, adsorb directly in the form of
carboxylate species or it can be stabilized by reaction with the partly basic alumina support,
fesulting in a simple carbcnate ivn. The spectra indicate 2 higher intensity of the gas phase
CO, (at 2369 and 2324 cm’') with increasing temperature. Whether this is due to enhanced
CO disproportionation or contributions from the water-gas-shift reaction is not clear. The
water-gas-shift reaction will probably not be in eguilibrium with the applied reaction
conditions and catalysts. The amount of CO, will depend on the partial pressure of water, .
which again will be related to the conversion of CO. Since the conversion is believed to be
rather low due to the high space velocity [255320 Nml (CO + H,)/g catalyst-h], it is doubtful
whether the increas'ed intensity of the 1458 cm™ band can be ascribed to CO, formed in the
water-gas-shift reaction.

Even though reasons for the increased intensity of the 1458 cm™ band have been proposed
and discossed, it is felt that a conclusive explanation for its behaviour has not been offered.

One final aspect of the observed behaviour of the bands in Fig. 5.2.8.3-12 o 5.2.8.3-14
deserves some attention. As previously mentioned, a band located at 1305 cm™ appears at
543K. The intensity of this band increased with increasing temperature up to 573K, after
which it remained relatively unaffected by prolonged exposure to syngas. This band also
appears at the same temperature in the spectra recorded of alumina alone (placed downstream
of the catalyst disk). It would be a minor problem to fit this band to the previous discussed

formates/carbonates complexes, since its appearance and behaviour in a convenient way can
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be related to those strucrures, However., the behaviour of the 1306 cm™ band coincides with
the band obscrved at 3017 cm™, earlier attributed to gas phase methane. Gascous methane is
expected to have Q branches at approximately 3017 and 1306 cm™ accompanied by vibration-
rotation P and R lines, Hence, it is felt that the new absorption band at 1306 cm™ best can

be explained by the vibrational-rotational structure of CHyy,

The spectra obtained during heating of the alomina reference disk (placed downstream of the
alumina supported catalyst disk) to 573K in synthesis gas is presented in Fig. 5.2.8.3-15.
The intensity of the bands generally increased with increasing temperatuze, parallel to the
situation in Fig. 5.2.8.3-12 10 5.2.8.3-14. AnalGgous to the separate experiments carried out
2 473 and 523K discussed earlier in this section, the intensity of the 1595, 1393 and 1377
cm™ was more intense over ¥-ALO, compared to on 4.6% Cofy-AlO, at all three
temperatures.

Upon an increase in the reaction temperature frem 473K to 523K, the intensity of the 1663
and 1323 cm™ bands developed synchronously. This indicates that they belong to the same
adspecies, thus confirming the carlier assignment of these bands to a bridged bidentat
carbonate complex.

Also, the intensity of the 1458 cm™ band on ¥-ALO, lack the temperature and time dependent
behaviour as was observed for the band over 4.6% Cofy-ALO,. The bands at 1458, 1393 and
1377 cm™ were quite stable with time in synthesis gas at 573X. differing from the observed
behaviour of these bands on 4.6% Cofy-Al,0,.




Fig. 52.83-15:

Infrared spectra of ¥-AlLO, (placed downstream of the sample ell)
during headng to 573K.

A) Spectra recorded at varions times in H/CO at 473K and
while incieasing the reactior temperature (2K/min.} to
523K.

B) Y-ALO, at various times in HJ/CO at 523K and durirz
heating (ZK/min.) to 573K.

C)  Spctra recorded as a function of time in synthesis gas at
573K.

CO hydrogenation corditions;
P, = 6 kar, H/CO = 2, 100 NmV/n:in,
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5.3. -CATALYTIC ACTIVITY AND SELECTIVITY

5;3.1. Introduction

The determination of catalytic activity and selectivity was performed in both the combined
microbalance/microreactor apparatus (described in Chapter 4.5) and in the microreactor
apparatus described in Chapter 4.4.

The results reported below were obtained in the microreactor. The investigated catalysts were
1% and 4.6% Cof-Al,0; and 4.7% CofSi0,. Data for the low metal loading silica supported
cataiyst, 0.82% Co/Si0,, is not available. Since the dispersion is only known for the 4.6%
Coly-ALQ; catalyst, the activity is expressed as mole CO converted/g Co-s. Even though such
Aapresentation provides little information about the active site itself, it does provide a common

foundation for comparison of the activity of the different catalysts.

5.3.2. CO hydrogenation activity and selectivity of silica and alumina
supported cobalt catalysts

Fig. 53.2-1 ard 5.3.2-2 shows the activity of 4.7% Co/SiC, and 4.6% Co/y-ALQ,,
respectively, with time during CO hydrogenation at 523K. As can be seen from the figures,
the activity of the investigated catalysts is of the same order of magnitude. However, there
is a different time dependent behaviour for the silica and the alumina supported cobalt
catalysts. At an early stage of reaction, the activity of the 4.7% Co/SiO, catalyst is higher
than that of the alumina supported 4.6% Co-catalyst. With increasing time on stream, the
silica supported catalyst experienced a continuing decrease in activity, while the opposite
behaviour could be observed for 4.6% Cofy-AlLQ,. .

In addition to 4.7% Co/SiO, and 4.6% Co/y-ALQ,, the CO hydrogenation activity-of the 1%
Cofy-ALQ, catalyst was also investigated as a function of \time. After prolonged exposure to
synthesis gas at 523K, the activity of tas 1% Coly-AL,O, catalyst is lower than the CO
hydrogenation actiﬁties reported in Fig. 5.3.2-1 and 5.3.2-2. The experiment with the 1%
Cofy-Al,0, catalyst was conducted with a space velocity being one-third of that applied for
4.6% Coly-Al,Oy and 4.7% Co/SiO,.
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Fig. 53.2-1: Variation in CO hydrogenation activity with time for 4.7%
Co/Si0,. Reaction conditions: P~ 6 bar, H/CO0=2, T=523K.

Activily, mols CO/g Co* s
(Times 10E-5)
[3,]

0 T T T T T r
0 50 100 150 200 250 300 350
Time, min.

Fig. 5.3.2-2: Variation in CO hydrogenation activity with time for 4.6% Coly-
ALD;. Reaction conditions: P, = 6 bar, H/CO0=2, T=523K.
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Fig. 5.3.2-3 shows the activity of the

investigated catalysts after

approximately 4.5 hours of reaction.
The reaction rates of the high metal
74 ~ loading Co—caialysts; 4.6% Coly-
ALO, and 47% CofSi0, ae
compared at approximately the same
conversion of CO (2%), while the CO
conversion over the 1% Cofy-Al,0,

Aclivily, mola CO/gCo ® s
(Times 10E£-5)
o

catalyst at the given time of reaction

1% Co/AOS | 4.6% Co/A203  4.7% Co/S02 ‘ was 0.17%. The activity of the low

Fig. 53.2-3: Activity of the catalysts after 4.5 metal - loading alumina supported

hours on stream. . .

Reaction conditions: 523K, 6 bar, H/CO=2 catalyst is an order of magnitude
lower compared to the other catalysis.

The activities of the supported Co catalysts are likely to be associated with the reduction
peaks appearing in the TPR spectra previously shown and discussed in Chapter 5.1.

The low and almost negligible activity of 1% Co/y-Al,O, can be discussed in terms of the
extent of metal-support interactions. From TPR analysis of the 1% and 4.6% Cofy-ALO,
catalysts, it was suggested that the absence of any resolved peak (on the 1% Cofy-Al0,
catalyst) due to the reduction of cobalt oxide could indicate complete diffusion of cobalt into
the ¥-Al,O, lattice, or this peak. could possibly be included in the nitrate decomposition peak.
Also, the decrease in the extent of reduction with decreasing cobalt loading can be explained
in light of the formation of stable surface cobalt aluminate species. UV-VIS spectra featured
an absorption triplet ascribed to tetrahedrally coordinated Co™ in cobalt aluminate. Of further
note is that the infrared spectra of this catalyst showed the absence of absorption bands
attributable to molecularly adsorbed CO during CO hydrogenation.

These observations supports the theory of inaccessible cobalt stabitized in the alumina fattice,
which may explain why 1% Co/y-ALO, is cssentially inactive in the Fischer-Tropsch
synthesis. When expressed in mole CO converted per gram catalyst and per second, the
activity of the 1% Co/y-Al,0, catalyst is ¢lose to that obtained during CO hydrogenation over
v-ALO, alone 222/. Even though the low loading alumina supported catalyst can he
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considered fairly inactive, trace amounts of methane. sthane, ethene and propanc was still
detected in the FID product analysis. Likewise, CH, was detected on the TCD during reaction,
albeit in small amounts. This may be related to impurities, for example iron in the y-AlLO,
or effects of the reactor wall.

As mentioned previously, the activity of the 4.6% Co/y-Al,O, increased with time during
prolonged exposuse to synthesis gas, The total extent of reduction of this catlyst was from
the TPR measurements estimated to 42.1%. The continuing increase in activity during CO
hydrogenation (Fig. 5.3.2-2) could, in principle, be explained by an increase in the number
of adsorption sites due to additional reduction of cobait species-probably by carbon monoxide-
during the reaction. Kuznetsov et al, /86/ stated that there was a greater thermodynamic
probability of reducing cobalt oxides in CO than in H,. A similar conclusion was reached by
Rosynek et al. /51/ to account for the observed increase in Co® after 4 haurs exposure of an
uncalcined, silica supported cobalt catalyst 10 B/CO at 523K.

A further reduction of cobalt species ought to result in an increase in the intensity of the
principal CO band at 2050 cm™, ascribed to linearly adsorbed CO. Even though the quality
of the infrared spectra after subtraction of the gas phasec CO to some extent precluded an
exact determination of the behaviour of the linear CO band, the intensity of the 2050 cm™*
band remains approximately unchanged during reaction. Thus, it is not possible, from the
infrared data alene, to unambigously verify the assumption of increasing reducibility of cobalt
species as an explanation of the increasing activity with time in H/CO.

A decrease in catalyric activity with time, as observed for the 4.7% Co/SiO, catalyst in Fig.
5.3.2-1, is generally associated with deacr.ivaﬁon of the catalyst. In this context, two effects
are frequenily discussed, namely (pore) diffusion limitations and the formation of carbon or
carbonaceous deposits.

By considering Fig. 5.3.2-1, one can assume that a reasonable explanation for the decrease
in activity with time can be the formation of carboa, for instance during carbon monoxide
disproportation or di;sociativc adsorption of carbon mecnoxide. Catalyst deactivation would
result as a consequence of the formation of inactive carbon or for example metal carbides.
The blockage of active sites by graphite and/or polymeric curbon was by Lee et al. /25/ found
to result in a decrease in activity. Machocki /417 stated that cobalt cartide was formed after
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an induction period of about 20 hours, during which the formation of stable carbide nucleus
was assumed. Niemantsverdriet et al. /223/ suggested that the time dependent behaviour of
cobalt catalysts could be explained by considering the activation energies for diffusion of
carbon into the metal and the CO hydrogenation reaction. The lower activation energy for the
Fischer-Tropsch reaction (27+4.4 kcal/mole) compared to that of carbon diffusion (34.7
kcal/mole) could mean a higher Fischer-Tropsch reaction rate, resulting in a progressive loss
of cartalytically active sites with time in synthesis gas.

The observed decline in the activity of 4.7% Co/SiO, during prolonged exposure to synthesis
gas could be explained by the accumulation of liquid hydrocarbons in the catalyst pores. The
liquid hydrocarbons may retard the rate of reaction by slowing down the mass transport of
hydrogen and carbon monoxide within the pores. The accumulation of liguid hydrocarbons
in a catalyst pore was treated mathematically by Huff et al. /224/. The effects of reaction
variables such as temperature, pressure, chain growth probability, etc. were seported. Using
these results and the estimated chain growth probability in the present study, typically of the
order of 0.6-0.7, it can be shown that the predicted time 1o fill the first pors is considerably
longer (> 25 h) than the duration of the experiment reported in Fig. 5.3.2-1. One may suggest
that intrapariicle pore-diffusion limitations due to accumulation of liquid products do not
prevail at an early stage of reaction, but may become more significant in terms of retardation

of the reaction rate with extended time on stream.

The effect of water should also be noted when reasons for decreasing acilvity‘with time is -
being discussed. One may envisage two effects of water: .

Firstly, water vapour may influence the state of the metal during prolonged exposure to
synthesis gas. Since the hydroxyl groups may act as oxidizing agents, water formed during
the CO hydrogenation reaction could inﬂucncé the cobalt species present on the surface, for
cxample by partial re-oxidation of reduced cobalt, thus decreasing the Co%Co* ratio. Such
an explanation was proposed by Rosynek et al. /51/ in order to explain differences in surface
composition of the catalyst (CoCl,/Si0,) before and after exposure to synthesis gas at 523K.
Secondly, it is possible that sintering (crystalline growth) leading to a reduction of the metal
surface area may occur in the presence of water. This'could mean an increased ability of the
metal atoms to participate in surface rﬂigrau'on due to the presence of hydroxyl groups. Dry

126/ stated that water vapour enhanced the rate of sintering, causing loss of active surface area
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and thus decreasing dispersion.
The extent of deactivation due to the effect of water will mainly depend on the ratio of
PudPu.o It scems reasonable to assume, in the present study, that the overall atmosphere is
reducing, since a low CO conversion is obtained, This implies a partial pressure ratio >1, and
it can thus be questioned whether the effect of product water will be of considerable influence
in terms of induced sintering of the cobalt particles. If w‘au:r vapour has any noticeable effect,

its presence is rather believed to result in the formation of metal oxides /225/.

At elevated temperatures, coalescence of metal (or metal oxide) particles can occur. Since the
reaction temperature (523K) was lower than the reduction temperamre (673K), it is not

believed that the decreasing activity with time can be related to temperature induced sintering
of the metal particles.

It can be understood that several factors can influence the deactivation process resulting in
decreasing activity with time during prolonged exposure to synthesis gas. The interplay of
these factors and the major contributing factor can not be determined unambigously on the
basis of the presently available data

The distribution of the hydrocarbon product selectivities could reasorably well be described
by polymerization kinetics predicted by the Anderson-Schulz-Flory-model. Selecied examples
of ASF plots of carbon number distributions are shown in Fig. 5.3.24 and 53.2-5. The
reported selactivities are normalized within the hydrocarbon fraction. This cax be done since
the selactivity to CO, in all cases was low (<1%). Hence, wrends in the development of CO,
as a functon of reaction time have not been considered.

The hydrocarbon product distributions in both figures are characterized by deviations from
the Anderson-Schulz-Flory distribution at low and high carbon numbers, that is at carbon cut
1,2 and greater than 9 for 4.6% Coly-AL,0, and 4.7% Co/Si0,. In addition, higher fractions
of C,-C, hydrocarbons are evident for the 4.7% Co/SiO, compared to the alumina support:d
catalyst, while the C,, fraction is higher for 4.6% Co/y-Al,0,, as seen more clearly in Fig.

5.3.2-5. The IR investigations showed stronger and more distinct absorption bands at for
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Carben number

Ancerson-Schulz-Flory plot for 4.7% Co/Si0, at 523K, 6 bar
after 435 min. of reaction.

Carbon number

Anderson-Schulz-Flery plot for £6% Co/y-AlL0, at %23K, 6 bar
after 379 min. of reaction.
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WO 4.7% Co/Si0p
7 46% Co/y~Al0a
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Hydreearbon product (wt.%)

Carbon number

Fig. 53.2-6: Hydrocarbor product selectivity (wt. %) for 4.6% Cofy-Al,0, and
4.7% Col8i0, at 523K, 6 bar after 379 and 435 min. of reaction.

cxample 3017 cm™ (ascribed to methane) over the silica supported catalyst than on the
alumina supported cobalt catalyst. On the other hand, Vannice /120/ stated that the higher
production of methane over alumina supporied Fe-catalysts compared to the silica supported

was due to the less acidic character of silica.

As previously mentioned, the product distributions observed in this study are selatively
consistent with ASF kinetics within a certain carbon number. It was found that the deviations
for the C,, carbon cuts could be explained by experimental artifacts. This could mean that
condensation of higher boiling praducts eccured in the heated lines or in the GC FID injector
of the analysis system. Accordingly. the carbon balances were not very accurate.

Irrespective of the type of catalyst, a characteristic low C,-selectivity can be observed, see
Fig. 5.3.2-4 and 53.2-5. The C,-value is typically lower than both the selectivity to CH, and
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C,. This apparent misfit in product distribution is commonly observed with Fischer-Tropsch
catalysts, and several explanations have been proposed to account for it 126,121/

© partial hydrogenolysis of C,H, to CH,

* more readily incorporation of ethylene in growing chains than the longer chained olefines
* higher probability of chain growth

* a higher oligomerization rate to higher hydrocarbons

Anderson et al. /226/ stated that C,H, thermodynamically should have higher tendency to
incorporate than higher carbon number olefines. Ready incorporation of CH, into Fischer-
Tmp;ch products was indicated from the results of Smith et al. /227/, but also propene and
butene was found 1o be incorporated in the products on a cobalt catalyst /228/.

The reason for the difference in the hydrocarbon product distribution of the two catalyst at
higher carbon number (> C) is not known. The higher Ce. fraction of 4.6% Coly-Al,0, may
be a characteristic feature for a poorly reduced low dispersed catalyst. Bartholomew et al. /9/
correlated the hydrocarbon selectivity with the dispersion, stating that highly dispersed cobalt
catalysts produced large amounts of lighter hydrocarbons. Whatever the reason for the
difference in the carbon number distribution between the rwo caralysts, it car not be given
within the confines of the limited available data.
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54.  GRAVIMETRIC INVESTIGATIONS OF 4.7% Co/5i0, AND 4.6% Coky-
ALO, DURING CO HYDROGENATION

5.4.1. Introduction

The catalystis which were investigated in the combined -microreactor and microbalance
apparatus were 4.6% Col}'-Ai;b, and 4.7% Co/SiO,. The high pressure microbalance/micro-
reactor allowed in situ detection of the weight changes of the catalyst sample during reaction
conditions as well as the possibility of taking GC anaiysis of the reactor effluent. In this
chapter, emphasis is put on the observed changes in the catalyst mass during CO
hydrogenation over the silica and alumina supported catalysts. The intention behind the
presentation of daa relared to catalyst activity and sclectivity is merely to illustrate and
substantiate trends in the experimental data and conclusions drawn from these.

As described earlier (Chapter 4.5.1), the catalyst was contained in a finely perforated-stainless
steel basket connected to one arm of the microbalance. Ja this context, several aspects are of
interest. Bypass of the feed gas can not be avoided, since it is necessary with free space
between tne basket and the reactor wall. This is in order to achicve a freely suspended basket,
avoiding contact between the reactor wall ang the basket, which wonld ressit in erroneous
measurements. To check and ansure that the basker was hanging frecly without touching the
reactor walls, two methods were applied. Firstly, by visual inspection of the quartz fiber to
which the basket was connected (see Fig. 4.5.1-2 in microbalance experimental section).
Secondly, whesn the reactor was assembled and pressure tested, tapping gendy on the outside
of the reactor wall while at the same time monitoring the development of the weight curve,
No attsmpt was carried out in order to quantify the fraction of the reactant gas channelling
the basket containing the catalyst.

The effect of buoyancy has to b= considered, especially upon switching between differant
gases or during unsteady conditions {increase or decrease in the fred gas flowrate). The flow
of the gas past the catalyst basket will exert a drag force, which may lead to changes in the
weight curve upon changes in the reaction conditions, ie. GHSV. Separate control
experiments (blank runs) were conducted, in which the basket was filled with glass-spheres

and subjected to idertical experimental procedures as the catalyst samples themselves in order
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to gain information about the effect of buoyancy on the weight curves upon introduction of
the applied gases and weight changes which possibly can be associated with the basket itself.
In the presented weight curves, small downwards "peaks” are abserved at regular intervals
regardless of the temperature and type of gas in the reactor. This is clearly seen in Fig. 5.4.2-
1 for the experiment conducied at 723K. These "dips" in the weighi curves are due to
diswurbances of the flow through the reactor induced by the sampling of the GC-analysis.

5.4.2. Gravimetric studies of 4.7% Co/SiO.

Fig. 5.4.2-1 shows the effect of the reaction temperature on the weight curves obtained during
CO hydrogenation over 4.7% €o/SiO,.

At the lowest temperature investigated, 473K, a continuous weight increase with time in
synthesis gas is observed. The weight curves obrained at 523 and 573K are qualitatively
similar showing a relatively flat weight curve fearuring negligible weight changes during the
course of the run. Fig. 5.4.2-1 indicates a slightly higher amount of deposited material at
523K compared to 573K. Also, at 523K, increasing the flow of synthesis gas to 200 NmU/min.
results in an weight decrease of approximately 22 mg/g Co, see Fig. 5.4.2-1.

CO hydrogenation carried out at 723K, the temperature at which the Jiterature often report the
formation of inactive carbon (graphitic carbon) shows a different progress with time compared
to the other temperafures investigated. After a period of about 100 minutes without extensive
buildup of deposited material, the weight curve increases steadily with time in synthesis gas,
reaching approximately 470 mg/g Co immediately before introduction of helium. Reproducing
the experiment at 723K resulted in a similar experimental progress of the weight curve with
time in synthesis gas. The estimated rates of weight increase at the reaction temperatures
473K and 723K are given in Table 5.4.2-1.

Following exposure to synthesis gas for various lengths of time, the catalysts were flushed
with either helium and then hydrogen or ditectly by hydrogen, in order to study the stability
and reactivity of the deposited species. The effect of helium and hydrogen flushing was most
pronounced at 473K, while no significant weight changes were observed at the other
lemperatures in either helivm and/or hydrogen. '
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Table 5.4.2-1: Rates of weight increase for 4.7% Co/SiO, during CO
hydrogenation.
Reaction conditions : Pr,=6 bar, H/CO=2.

TEMPERATURE RATE OF WEIGHT INCREASE
(K)! (mg/g Co'min.)
473 ’ 2.86*
723 : 2.07°

'; CO hydrogenation reaction temperature
% TOS = 100 min.
% TOS = 250 min.

When the reaction tcm.pcrature was Jower than 723K, the silica supported cobalt catalyst
samples were heated 1o 673K (heating rate of SK/min.) while still keeping a flow of hydrogen
through the reactor. The experiments carded out at 723K were not subjected to this
lemperatece treamnent.

As can be seen from Fig. 54.2-1, the reaction wmperature influenced the amount of the
deposited material which could be removed by hydrogen treatment. Virually all the deposited
material at 473K was removed by increasing the temperature to 673K in hydrogen, while
highet CO hydmgcnaﬁon temperature resulted in decreasing amounts of removable species.
Hydrogen treatment at 723K following CO hydrogenation at the same temperature showed
no pronounced decrease in the weight curve, as was found to be the case at the lower reaction
femperatures.

GC-analysis of the reactor effluent stream obtain[zd at different temperatures during the
he iting process and while keeping the temperature at 673K for some time, showed mainly
methane in addition to small amounts of higher hydrocarbons (C,,). The fraction of higher
hydrocarbons generally decreased with increasing CO hydrogenation and H, treatment
teraperature (during the linear temperature increase in hydrogen).
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5.4.3. Gravimetric studies of 4.6% Co/y-ALO,

The increase in the catalyst s:xmplc. mass of 4.6% Co/y-Ai,0, during CO hydrogenation at
473, 523 and 573K is shown in Fig, 5.4.3-1.

Generally, increasing reaction temperature resulted in increasing amounts of deposited
material, as indicated by the weight curves in Fig. 5.4.3-1. The weight curves obtained in
synthesis gas can generally be divided into two regimes. A rapid weight increase occured
during the first 15-20 minutes of reaction. Following this regime, a secend slower regime in
the deposition process tock place with a diffen:nt progress as z function of time.

At 473 and 523K, the weight of the cawlyst sample increased steadily with time although at
a Jower rate and without showing any tendency of stabilization.

With a reaction temperature of 573K, however, the initial rapid weight increase is followed
by a short period of time characterized by the absence of any weight increase, rather a
temporary weight decrease can be observed. In the next stags, the caxal‘yst shows an almost
expaneniial weight increase before entering a regime similar to the second slower regime at
473 and 523K,

The applied reaction temperature influences the time locatior of the regimes, Increasing CO
hydrogenation temperature xesults in a displacement of the first regime, sppearing after shorter
times of reaction with increasing temperamure. The increasing temperature 2lso makes the
transition between the two regimes more pronounced.

. Flushing with He foliowed by hydrogen or direct introduction of hydrogen following CO
hydrogenation resuited in a weight decrease of the catalyst, with the highes.t_ weight loss
occuring at the highest applied reaction tempcrawré. Regardless of the deposition temperature,
substantial parts of the adsorbed compounds could be removed by increasing the temperature
to 673 or 723K (directly or stepwise) in flowir:g hydrogen. It is clear that increasing reaction
temperature dizing CO hydrogenation resulted in the formation of deposits showing
decreasing reactivity towards hydrogen.

Fig. 5.4.3-2 shows changes in the mass of 2 4.6% Cufy-ALO, catalyst {diluted with o-ALOQ,,
weight dilution ratio 1:2) during CO hydrogenation at. 723K. As can be seen, the weight curve
lacks the two regimes appearing at the lower remperatures. Instead, an almost linear
relationship between the weight increase and time of reaction is observed (after approximately
150 min. of reaction).
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The rate of the weight increase in synthesis gas was calculated to 12.8 mg/g Co-min. The
weight increase immediately before introduction of hydrogen is approximately an Grder of
magnitude higher compared to the weight of the alumina supported catalysts in the
temperature range 473-573K. Comparison with the weight curve for 4.7% CofSiO, obtuined
at 723K (see Fig. 5.4.2-1 and Fig. 5.4.3-2) reveals at least two commoﬁ fcatu}es. During CO
hydrogenation, the deposition process can in both cases be regarded as qualitatively similar,
in the sense that the weight increase curve can be said to be of the lincar form. Quantitatively,
there is a pronounced difference, as deduced above. Furthermore, the reactivity of the
accumulated species towards hydrogen is similar. No decrease in the catalyst masses is
observed upon introduction of hydrogen and in flowing hydrogen, regardless of the time of
exposure. This may imply that the materials deposited at the high temperature arc "inactive"

and resistant towards hydrogenation.

Fig. 5.4.3-3 shows the reaction rate (expressed as mole CO/g ‘Co-s) at the_ different
investigated CO hydrogenation temperatures for 4.6% Co/y-ALO,. The activity increases with
increasing temperature, while it generally decreases as a function of time during the course
of a run at a given reaction temperature.

A comparison of the reaction rate obtained in the microbalance at 523K to that presented in
Chapter 5.3 indicates a lower activity when the experiment was conducted in the combined
microbalance/microreactor mode, These discrepancies can be accounted for if the difference
in the design of these two systems are taken into consideration. In the microbalance apparatus,
bypass of the synthesis gas may explzin the reduced conversion. In addition, a constant flow
of He was maintained through the taring counter weight part of the microbalance, which also
passed further down through the reactor. The amount of inert gas corresponded t¢ 14.3 and
25% of the total feed gas, d=pending on the applied space velocity of the reactant flow. The
flow of He will reduce the possibility of funaway upon introduction of H,/CO and prevent
condensation of reaction products, but it will also influence the partial pressvres of carbon
monnxide and hydrogsn in the reactor. Both these aspects are expected to lead to a lower

activity.
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Fig. 54.3-3: CO hydrogenation activity for 4.6% Co/y-AlLQ, at different temperatures at 6
bar, H/CO=2.

The iollowing main conclusions can be drawn by ceuparisor of the weight curves obtained
during CO hydrogenation over the silica (Fig. 5.4.2-1) and aiumina (Fig. 54.3-1 and 5.4.3-2)
supported cobalt catalysts:

The weight increase of the silica supported Co-caralyst progressively declined upon
an increase in the reaction temperature from 473K to 573K, while the opposite
behaviour was registered for the alumina supported catalyst
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* Increasing reaction temperature during the deposition process results in decreasing
amounts of removable species by an increase in the temperature to 673/723K in
hydroge'n. With a CO hydrogenation temperature of 723K, virtually no changes in the
weight curve are observed in hydrogen following exposure to synthesis gas.

* The deposition process for the atumina supported Co-catalysts can be divided into two
regimes. A similar behaviour can not be associated with the silica supported high
metal loading Cd-catalysts.

In order to clarify whether the observed weight changes of the catalyst samples obtained
during reaction conditions are due to for example reactions occuring on the support or to
buoyancy effects, several experiments were conducted in which the pure supports: (silica and
alumnina) as well as inert glass-spheres were investigated at different temperatures.

Fig. 5.4.3-4 summarizes the resulting weight changes of the different supports at the specified
reaction conditions. It should be noted that these samples- were subjected to the same
pretreatment and reduction procedures as the supported cobalt catalysts.,

A caatrol experiment with inert glass-spheres at 523K resnlted in neglighble weight changes
upon introduction of H,/CO, while switching to hydrogen following exposure to synthesiz gas
resulted in a negligible weight increase. From this, it can be concluded that the increase in
the sample weight of the supperted cobalt catalysts occuring during the first minutes after
onset of the reaction (introduction of H/CO) are not due to buoyancy effecis. )
The pure silica support was investigated at the temperatures 473 and 723K, wiich in the
cxperiments with the silica supporied Co-cataiysts resulted in the most pror{ounccd weight
gains. No significant weight increase was observad for silica alone during CO hydrogenation
at 473K, while at 723K, the weight of the caralyst contnuously increased with time in
synthesis gas. However, the weight curve lacks the initial time period widiout extensive build-
up of large amounts of deposited species, as was observed for the silica supportzd Co-catalyst
at the same tcmpcraturé {723K). Of further notice is that a fraction of the deposited material
could be removed by hydrogen, in contrast to the findings showa by way of illustration in
Fig. 54.2-1. o



-241-

U= 00fH ‘8q9 ="
isuonpuod uonsuadoapily 0

*s)sA[ejed Jreqod papreddns ai se Jwsunesstaad awes i 0] paya[qns iam sasayds-ssejd pue sjioddns ayy,
(METS 18) sarayds-ssoy3 pue

(MIEZL Pue €75 18) "GFIV-A (METL PuB £Lp 18) TQIS :31oM PAIBERSIAUL S[BLIEI L],
. -wadoxphy Aq Apoaxp

Jo ‘uddoapAy uay pue o JoyI YNa Julysty Lq pame]jo) uoneuzdoapAy QO Suuinp paaasqn SABuBP BPAM  p-Cb'S 31

NETL<--HELS

(4£28) EOZIY

T LIt I T _
OIEZL) 201 A T

ZH 2=00/eH

“upus *ewy
0oL . 0 005 0ov 00t oz oot 0
_ _ ; . _ sl _— - )
I Prbfr
(5L 2018 S
. OIEZS) SRIHAS-SSYTD .&\
5
L 9
/ f GIEZL) 021V T\.M

1SA10105 B/81.u ‘esperou) Biem




-242-

Experiments were conducted in which pure alumina was employed as "catalyst”. The
temperatures investigated were 523 and 723K. As seen from Fig. 5.4.3-4, the weight curve
of pure alumina obtained during CO hydrogenation at 523K is characterized by the absence
of the first regime and the rate of the weight increase show signs of stabilization at a certain
level, which could not be observed in the case of the alumina supported catalyst. The
characteristic features are shown more clearly in Fig.: 54.3-5. Similar to previous
observations, most of the species accumulated during CO hydrogenation could be removed
by heating to 673 or 723K in ﬂowing hydrogen.
CO hydrogenation over pure alumina at the reaction temperature 723K resulted in a smaller
amount of deposited material compared to at 523K. The deposited species showed a moderate
reactivity towards treatment with hydrogen. Both the shape of the weight curve and the
reactivity of the adsorbed species are in contrast to what was observed in the case of the
almﬂina supported Co-catalysts at comparable iemperature.

5.4.4. Discussion of the weight curves obtained during CO hydrogenation

over silica, alumina, 4.6% Co/y-Al,0, and 4.7% ColSiO,

In the preceeding section, the observed weight changes of the different samples subjected to
CO hydrogenation at different temperatures were described. The nature and origin of the
species being responsible for the, detected weight increases in H/CO are the topics of the
following section.

The weight changes can possibly be explained by:

The formation of carbides and/or carbonaceous materials
Deposition of polymerization products on the catalyst surface
The presence of stable formate and/or carbonate compounds

AW N~

Oxidation/reduction of the different Co-phases, especially related to the alumina
supported cobalt catalysts

bl

The adsorption/absorption of water from the Fischer-Tropsch reaction
6. Additional effects; contributions from the background, i.e. the basket and reactor walls
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In principle, all of the above explanations may be regarded as more or less Likely in an
attempt to explain the observed weight curves. The problem related w0 the way the weight
curves were obtained is that only the net weight change is recorded. This may imply that
reactions associated with a weight decrease, for example reduction of the cobalt phas;e may
be balanced and even exceeded by reactions associated with an increase in the mass of the
catalyst sample, exemplified by deposition of carbon or carbonaceous materials and the
accumulation of high-boiling hydrocarbon products. Thus, pafallcl reactions and/or complex
cornbinations of point 1. to 6. introduce limitations in the inu:rprénations of the weight curves
and on the determination of the actual major effect causing the increase (or the absence) in
the catalyst mass. Keeping this in mind, an attempt is nevertheless carried out in order to
discuss the possible influence of the different aspects listed on page' 242 in connection with
the observed weight curves, presented in Fig. 5.4.2-1 to 5.4.3-5. The route chosen to approach
the problem was to determine, on a theoretical basis, the maximum likely effect of the
different possible reasons and consider these options in light of the observed weight chahges

at the different reaction conditions.

The observed weight increass in the catalyst sample macs can possibly be related to the
formation of cobalt carbides and/or carbonaceous deposits. Cn a weight basis, the amount of
carbon in cobalt carbides like Co,C and Co,C is 9.24% and 6.36%, respectively. The weight
increase expected to be observed if all available cobalt metal participate in.the formation of
carbides can be estimawd using the following stoichiometric equations:

2Co + 2CO — Co,C + CO, 5.18

3Co + 2C0O — Co,C + CO, 5.19

The weight ratio between cobalt and carbon in the cobalt carbides Co,C and Co,C is 0.102
and 0.068, respectively. The theoreiical weight change due to carbon associated with the
metai carbide formation is given in Table 5.4.4-1. Examples of how to estimate the amount

of cobalt carbide are shown it more detail in Appendix AS.
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Table 54.4-1: ‘Theoretical weight increase for 4.6% Co/y-Al.0, and 4.7% Co/SiQ,
provided formation of cobal¢ carbide.

Co,C Co,C
(mglg Co) (mglg Co)
~100 -68

Comparing the theoretical values with the observed weight changes in Fig. 5.4.2-1 to Fig.
5.4.3-2 indicates that the weight of the catalysts already after short times of reaction exceeds
those predicted in Table 5.4.4-1. These values represent the extreme casz, and it may well be
that the formation of cobalt.carbidc proceed simultancously with other reactions. The rate of
metal carbide formmation must be considered in view of the rate of hydrogenation of surface
carbon formed by the dissociation of carbon monoxide. If the rate of the hydrogenation of
surface carbon is higher than that of the cobalt carbide formation, a relatively slow migration
of carbon into the cobalt lattice would be expected. The preferential route for surface carbon
between the two competing reactions depends on the surface concentration of hydrogen and
on the temperature of the reaction. Cobalt is known to exhibit a relatively high hydrogenadon
activity, thus providing decreasing amounts of carbon available for metal carbide formation.
Thus, one should expect that if cobalt carbides actually are formed during CO hydrogenartion,
the reaction would probably proceed over a longer time scale than the one in the present

experiments.
Machocki /41/ stated that bulk cobalt carbice (Co,C) was formed after an induction period
of 20 hours. Niemansverdriet et al. /223/ compared the activation energies for the Fischer-
Tropsch reaction and carbon diffusion, and concluded that for cobalt, the Fischer-Tropsch
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reaction rate would be higher than the carbidation rate, Whether cobalt carbides are formed
or not during CO hydrogenation is an intriguing question. Weller et al. /229/ stated that Co,C
was not formed in any appreciable amounts during steady-state Fischer-Tropsch synthesis at
498K over a cobalt:thoria:kieselguhr (100:18:100) cawalyst. However, exposure of a
cobalt:thoriazmagnesia:kieselguhr (100:6:12;200) catalyst to CO for 20 hours resulted in an
conversion of 70% of available cobalt 10 cobalt ca;rbide. Co,C. Dry /26/ was of the opinion
that stable carbides were produced upon exposure of cobalt to CO alone at normal Fischer-
Tropsch temperatures, but that this phase was not present when used F-T catalysts were
examined. In view of the above argumentation and the present data, it scemns unlikely that the
increase in the mass of the catalysts solely can be explained by bulk carbide formation.
Also, the effect of a possible deposition of carbidic and/or graphitic carbon spzcies should be
taken into consideration. Differentiation between the two species is commonly achieved by
considering the deposition temperature. Generally, in the literature, it is believed that carbon
deposited below 500-510K results in carbidic carbon, while above this wemperature, the
formation of graphitic carbon normally tends to occur. Deposition by Boudouard’s reaction
below 500-510K followed by heating to 703K was usually found to result in a conversion of
the carbidic carbon to graphitic carbon /42/. Employing these arguments on the weight curves
presented in Fig. 5.4.2-1 and 5.4.3-2 makes it reasonable to suggest that a major part of the
weight increase observed over the 4.6% Cofy-Al,0; and 4.7% Co/SiO, catalysts Juring CO
hydrogenation at 723K can be ascribed to the formation of inactive (graphitic) carbon.

A strong confirmation of this is found in the almost negligble reactivity of the deposited
species towards hydrogen, which by several authors has been mentioned as the most
characteristic feature of this type of deposited carbon species. Also, the course of the
deposition process is relatively similar for the two catalysts at 723K and then again quite
different compared to that occuring at lower temperatures for each of the alumina and silica
supported cobalt catalysts. Furthermore, when the reactor was disassembled and the basket
containirg the catalyst was checked. a black deposit was observed on the catalyst particles
and the basket jtself which not was observed when CO hydrogenation was carried out in the
temperature interval 473-573K.

One can also possibly anticipate that the background effects constitute a certain contribution
to the observed weight curves, both at lower temperatures as well as at 723K. In this context,
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contributisns from the alamina support itself and possibly also from the stainless steel basket
may be of importance. Considering the latter option first, iron in the stainless steel basket can
be regarded as a possible source for carbide formation. However, blank runs with glass
spheres in the haskei showed negligble weight changes, indicating that contributions {rom the
basket itself is of little or no imporance, see Fig. 5.4.3-4, This assumption is believed to be
valid for all of the experiments regardless of the catalyst or applied reaction conditions.
Another iron containing corapound is the alurnina support. Iron impurities in the alumina may
be envisioned to serve as a "reactant” for the formation of iron carbides such as Fe,C, Fe,C,
and Fe,C,. The iron content in the applied y-Al,0, was 0.02 wi-%, according 0 the
specifications given by the supplier (Akz0), Assuming the content of iron in the diluent o-
AL, to b2 of the same magnitude as in v-Al,0;, the total amount of iron in the sample used
in the CO hydrogenation experiment at 723K (see Fig. 5.4.3-2) is 0.15 mg. This would be
expscted to result in a2 small, 2ad totally ignorable weight increase of 0.332 mg, assuming
complete conversion of the present iron into Fe,C, the most carbon rich iron carbide. The
effect of such a background contribution will to a certain extent be of even less importance,
since the majority of the experiments were carried out without dilution of the supported cobalt
catalysts with a-Al,O,. Nevertheless, it is believed that contributions from the aluraina support
itself still contribute to the observed weight changes, as will be discussed in connection with
the weight gains and losses over ¥-Al,0, alone and the alumina supported Co catalyst

The magnimde of the weight increase indicates that the catalysts may retain other species
deposited on the sample surface. As previously suggested, possible species may include
carbon monoxide, water and hydrocarbons. ‘

The in situ infrared measurements during CO hydrogenation at reaction conditions over silica
and alumina supponied cobalt catalysts showed distinct absorption baids for lincarly adsorbed
CO and bands tentztively ascribed to bridgebonded CO. It is not likely that the associative
adsorption of carbon monoxide can explain the observed weight increase, since the weight of
adsorbed CO molecules probably is too small for this to be the case. This is supported by a
simple calculation based on the dispersion and the amount of available cobalt metal. Using
the 4.6% Cofy-Al,O, as an example, Table 5.4.4-2 shows the expected weight increase of this
catalyst at different emperatures if molecuiarly adsorbed CO is retained by metallic cobalt

in a monolayer coverage. The infrared investigations revealed no indications of adsorbed CO
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in the Jinear or bridgebonded mode on either of the pure supports, silica or alumina, Details

of the calculations leading to the values reported in Table 5.4.4-2 are given in Appendix A10.

Table 5.4.4-2: Weight fncrease associated with a monolayer coverage of CO on
4.6% Coly-Al,0,. Dispersion 1%. Adsorption stoichiometry: linear
form (Co:CO)1:1, bridgebonded form 1:2.

Temperature (X)* | Catelyst mass (g) Stoichiometrie Stoichiometric
ratio 1.1 (mg) ratio 1:2 (mg)

473 0.7064 0.1540 0.0772

523 0.7215 0.1578 £.0789

573 0.7229 0.1580 0.0790

723 0.2506 0.0550 0.0274

!“Temperature at which CCl.hydrogcn'ation was carried ont

The numbers in Table 5.4.4-2 actuaily represen. the extreme case since factrrs like for
example the temperaturs depengence of the equilibrium constant and the extent of reduction
are not considered in this context. The expected loss of a quantitative amount of cobalt
strongly associated with the y-ALQ,; lattice is sot included in the calculations. If the above
aspects were taken into consideration. the expected weight increase would then be even less
than the predicted values in Table 5.4.4-2. '

Applying the previously assumed dispersion of 7% for 4.7% Co/Si0,, calculations similar to
those above can be carried out for this catalyst. The ohuained va.l{xcs are shown in Table 5.4.4-
3. The calculations show that the weight of molecularly adsorbed carbon monoxide on the
silica and alumina supported cobalt catalysis is too small to explain the observed weight
increase.
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Tabls 5.4.4-3: Theoretical ectimate of the weight of adsorbed CO on 4.7%
Co/Si0, based on an assumed dispersion of 7.0 % for 4.7%
Co/Si0,. Adsorplion stoichiometry; 1:1.

Temperature (K) ! Mass of catalyst (g) Weight of CO (mg)
473 0.7092 1.1090
523 ) 0.7140 1.1165
573 0.7209 1.1273
723 0.7215 1.1283

:Tempcratures at which the CO hydrogenation reaction was performed

To elucidate the significance of polymerized species being a possible reason for the weight
increase, a simple approach to the problem is achieved by considering the pore volume of the
catalyst. The cumulative pore volume was found to be 2.19 cm¥g for 4.7% Co/SiO, 7230/.
This means that the total volume which can be filled with liguid hydrocarbons is known, since
the catalyst sample rmass is known. GC analysis showed that C, was the highest hydrocarbon
detected. Thus, octane is used as a representative of the hydrocarbons present on the surface.
The density of octane is 0.698 g/cm’, and the weight increase associated with a complete
filling of the catalyst pores with this hydrocarbon can then be estimated. The results are
presented in Table 5.4.4-4. _

Such an approach is belicved to be valid at least for the reactions taking place at lower
temperatures, since the infrared spectra in the C-H stretching region revealed dominating
absorption bands ascribed to asymmetric and symmeuic C-H stretching in CH, groups. Also,
the estimated average chain length ar these temperatures was found to be higher than unity,

indicating longer chained hydrocarbons present during reaction conditions.

It is of interest to compare the values calculated by the pore volume approach to those
estimated from the TR-measurements. As shown in Chapter 5.2.5, the estimated volure of
adserbed CH, and CH, species was found to be 0.00109 and 0.00014 cm?, respectively, during
CO hydrogenation at 473K.
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Table 5.4.4-4: Theoretical estimates of the weight increase associated with filling
| of the catalyst pores of 4.7% Co/SiO, with hydrocarbones.
Temperature (K) ' | Mass of catalyst (g) Weight of
hydrocarbon (mg)
473 0.7092 1084 -
523 0.7140 1091
573 0.7209 1102

!: Temperature at which CO hydrogenation was carried out

The weight of the accumulated hydrocarbons can be estimated according to the equation:

S... "A -
"B = € .09 5.20
By * me, ‘

al
where Sg, = integrated area under the absorption band (cm™)
Ac = crass-sectional arca of the catalyst wafer (cm?)
By, = integeated infrared intensity {(cm/mol)
m,, = weight of the pressed catalyst disk (g)

The equation indicates the amount of adsorbed CH, and CH, species in mol/g catalyst. By the
use of equation 5.20, the weight of long chained hydrocarbons on 4.7% Co/SiO, at 473K is
estimated to 0.161 mg/g catalyst assuming the dominant surface species to be >CH,. In
comparison, the weight gains observed in the microbalance was 35-40 mg/g catalyst. Thus,
the amount of accumulated hydrocarbons as indicated by infrared spectroscopy is
approximately onc and a half order of magnitude lower than the observed weight increase
when the comparison is made at similar reaction conditions (H/CO=2, Py = 6 bar, 100
Nml/min., ~2 hours of reaction). The development with time of the infrared bands attributable
to hydrocarbon species is in fair agreement with the changes in the catalyst sample weight
with reaction time. The intensity (measured as peak heights) of the absorption bands increased
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steadily with time in synthesis gas, comparable with the observed continuous increase in the
catalyst sample weight. Of further interest is it to note that the development of the infrared
band intensities upon introduction of He and hydrogen showed the same trend 2s registered
for the weight curves under similar reaction conditions. Furthermore, the chain length was
estimated to approximately 8 at 473K from the IR measurements. Also, it is generally known
that the chain growth probability decreases with increasing temperature. For these reasons,
it is believed that the formation and presence of higher hydzocarbons can accourt for a
significant part of the weight inc ease during CO hydrogenation at 473K over 4.7% Co/SiO,.

Regarding the weight curves obtained for 4.6% Co/y-AL0,, it would be tempting to draw the
conclusion that accumulated hydrocerbuns is responsible for the increase in catalyst weight
with increasing temperature. However, the experimental results indicate that this can not be
the only explanation for the increase in catalyst mass, Firstly, the probability of chain growth
is expected to decrease with increasing temperature, which would result in the formation of
lighter hydrocarbon products. The hydrocarbon product distribution for 4.6% Cofy-ALO; is
shown in Table 5.4.4-5.

Table 5.4.4-5: Hydrecarbon product distributioz for 4.6% Co/y-Al,0, during CO
hydrogenaiion,
Reaction conditions: Py,=6 bar, H/CO=2.

Temperature (X) Weight percentage
hydrocarbon selectivities

CH, C, G <, Cs.
473 74.52 0 25.48 0 0
523 73.66 0 26.34 0 0
573 46.93 10.26 14.65 14.985 132

723 92.23 0.276 . 0499 0 0
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If deposition of hydrocarbons was the sole reason for the observed weight increase, one would
probably not expect the catalyst to gain weight with increasing temperature. The infrared
results indicate a decrease in the total amount of >CH, and -CH, with increasing temperature.
Secondly, the intensity and position of the C-H stretching bands on 4.6% Co/y-Al,O, differed
significandy compared to those on 4.7% Co/SiO,. Typically, they were displaced to lower
frequencies (2916/2907 cm™) and of lower intensity. Also, the bands remained relatively
stable when flushing with He or during hydrogen treatment. Hence, it was suggested that the
presence of formate/carbonate species was the most likely explanation of the observed
behaviour. The development of the intensity of the formate/carbonate bands with time in
synthesis gas resembled the progress of the weight deposition process. By comparison of Fig.
5.4.3-1, Fig. 5.4.4-1 and Fig. 5.4.4-2, the presence of the two regimes is evident. Likewise
is the shift in the time locaticn of the first regime with increasing temperature easily
re-cognized. Moreover, the intersity of the formate/carbonate bands increased with increasing
temperature. Consequently, it is belicved that the observed weight increase over 4.6% Cofy-
AlLO, during CO hydrogenation predominantly is due to the presence of formate/carbonate
species and hydrocarbon structures.

It is evident that the formate/carbonate IR band intensities are rather stable in He, while
increasing temperature results in a small, gradual decline in: the band intessity during exposure
to hydrogen, as seen in Fig, 5.4.4-1 and Fig. 5.4.4-2. Fig. 5.4.3-1 indicates a decline in the
cawmlyst sample mass of the 4.6% Coly-AlLO, catalyst upon introduction of He and H,, while
the weight changes observed for pure alumina (Fig. 5.4.3-5) are rather small in comparison
during hydrogen treatment. This is in accordance with the infrared results obtained when Y-
Al,O, alone was exposed to He and then hydrogeu following CO hydrogenation at 473K, as
illustrated in Fig. 5.4.4-3. The difference in the observed behaviour can possibly be related
to the presence of formate/carbonate and hydrocarbon species. While the former is stable and
rather unaffected by flushing with He and H,, hydrocarbon end products or biproducts are
casier to remove, and are most probably the reason for the observed weight losses upon

introduction of helium, as discussed further in the next paragraph.
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A common feature observed for both of the catalysts was a characteristic weight loss upon
introduction of either He and then hydrogen, or directly by hydrogen. For the silica supported
catalysts, a similar variation in the intensity of the C-H stretching bands could be observed
at 473K when exposed to He followed by hydrogen. Table 5.4.4-6 and 5.4.4-7 shows the
composition of the effluent stream during He and hydrogen treatment after exposure of the

4.7% Co/Si0, catalyst to synthesis gas (H,/CO=2) at 473K.

Table 5.4.4-6: Composition of the effluent gas during He treatment as determined
froam GC-analysis.
Reactior: conditions : Py =6 bar, T=473K.

Time in He (min.) Efflucnt gas composition (wt.%)

CH, - C, C; C, Cs,
11 7.03 0 2.80 21.24 62.59
43 2.67 0 0 39.97 57.36
74 3.78 0 0 46,80 4942
103 1.12 0 0 18.12 79.39
Table 5.4.4-7: Composiﬁon of the effluent gas in H; as determined by GC
analysis.

Reaction conditions : P1,=6 bar, T=473K.

Time in H, (min.) Effluent gas composition (wt.%)
CH, C: G C Cs.
12 70.39 1.01 0 10.81 17.7¢
49 5420 0 0 0 4579
80 54.86 0 0 13.12 32.02
113 63.05 0 0 13.58 20.68 -
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At higher reaction temperatures, hydrogen treatment of the catalyst after exposure to synthesis
gas resnlted in increasing amounts of mcmaﬁe and less amounts of C,-C;,. The possibility
exists, that dic observed weight changes upon switching from synthesis gas to He and then
hydrogen or directly to hydrogen may be caused by buoyancy effects induced by changes in
the density of the gas phase. Using the same approach as outlined in Appendix All, the
influence of the gas phasc density upon the the weight changes can be estimaied. The
calculations showed that the weight changes associated with changes in the gas phase density
in all cases are too small to alone explain the weight decrease observed upon introduction of
the different gases, He and H,. Rather, based on the calculations of the gas phase density, a
weight increase and not decline should be expected, since switching to He and/or hydrogen
generzlly resulted-in a lower gas phase density compared to Hy/CO. Thus, based on the above
argumentation and the data in Table 5.4.4-6 and 5.4.4-7, it seems reasonabie to assume that
the weight decrease observed for 4.7% Co/SiO, during flushing with He at reaction
temperature (473K) most likely are due to desorption of accumulated hydrocarbons. The lack
of any significant weight changes for this catalyst at 523 and 573K are presumably due to the
low formation of long chained hydrocarbon structures, as indicated in Table 5.4.4-8.

The weight curves obtained during CO hydrogenation over 4.7% Co/SiO, at 523 and 573K
deserves a further discussion. As secn from Fig. 5.4.2-1, the weight increase observed at these
temperatures is rather small compared to thaz observed at 473K. There also seems to be small
differences in the weight gains between 523 and 573K. Another reason which may explain
the negligble weight changes at these temperatures is the possibility of the basket being in
comtact with or touching the reactor wall. However, this is not believed to be the case for the
following reasons: .

L Before starting an experiment, two things were done in order to ensure a freely
suspended basket.

a) When the basket containing the fresh catalyst was hooked onto the quartz
fiber, the position of the quartz fiber and the basket was checked. The quartz
fiber should be located in the center of the tube (see Fig. 4.5.1-2) and the
basket should hang in the plumb line.
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b) By gently touching the basket/quartz fiber while monitoring the deflections of
the baiance. A fre=lv hanging basket was achieved when' the deflection of the
balance returned fo its starting point,

2. The experiments were reproduced resulting in similar results as those presented in Fig.
5.4.2-].

Thus, it is not believed that the basket is in contact with the reactor walls during the
experiments at 523 and 573 over 4.7% Co/SiO,, and that this may explain the stable weight
curve obtained at these temperatures. .

Doubling of the flowrate of the reactant gases resulted in a weight decrease, as seen in Fig.
5.4.2-1. This could possibly be explained by a chemical andior a fluiddynamic effect.
Considering the last option first, the changes in the flowrate lead to a change in the gas phase
density, with the possibility of 2 buoyancy effect. If such an effect were pfesent. a decrease
in the the weight curve would be expected to be observed, Estimation of the density of the
gas phase before and after the increase in flowrate yields 1.243 and 1,342 kg/m®, respectively.
The mass of the gas displaced by the basket due to the differences in the gas phase density
is 0.155 mg., as the calculations in Appendix A1l show. The observed weight decrease was
approximately 1.1 mg/g catalyst, which indicates that the buoyancy effects associated with
changes in the gas phase density is of minor irportance and not the main reason. for the
decrease of the weight curve.

Counteracting the buoyancy effects is the drag forccs;_ which would be exp'ected to be higher
due 10 the increased flowrate, and result in a deflection in the opposite direction of that
observed. The microbalance would record the resultant (net) effect of these two opposing
forces. This indicates that chemical in addition to the above mentioned effects must be
considered when trying to elucidate the observed weight decrease.

Increasing the flowrate will generally result in decreasing conversion of CO, while the acti\'rity
should remain constant, assuming differential reactor conditions. The reaction rates at the
different CO hydrogenation temperatures are shown in Fig. 5.4.4-4. By an increase in the
flowrate of the reactants, the activity increases and then declines. This could possibly be

explained by concentration gradients in the catalyst bed due to non-differential conditions.
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Fig. 54.4-4: CO hydrogenation activity of 4.7% Co/Si0, at different
temperatures. Reaction conditions: Py =5 bar, H/CO=2,

Higher flowrate could mean higher concentrations of CO and H, in the catalyst bed, thereby
increasing the activity. Higher flowrate could also mean a higher probability of desorption of
adsorbed species, for example hydrocarbons, resulting in a weight decrease, As can be seen
from Fig. 5.4.4-4, the reaction rates at the higher temperamres (523, 573 and 723K) are
approximately an order of magnitude higher campared to that at 473K, and the weight curves
at these wemperatures is characterized by lower amounts of deposited species. At this point,
it may be appropriate to consider the results from the GC-FID analysis. Table 5.4.4-8 lists the
hydrocarbon group selectivitics (in weight-%) based on the total hydrocarbon products. As
can be seen there is a significant difference in the hydrocarbon product distribution between
473K and the higher temperatures. At temperatures 2 523K, methane is the abundant
hydrocarbon detected, with neglectable amounts of C,,. At 473K, the C;. consitutes the
dominant hydrocarbon fraction, 61.5% of the hydrocarbons are in the C,, fraction. Thus, CO
at 473K is converted to a range of hydrocarbons, but mainly to methane at 523, 573 and
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723K. The development of the weight curves of 4.7% Co/SiO, as a function of increasing
reaction temperature can reasonably well be explained in view of the results above, That is,
high conversions and high selectivity for methane formation arc observed at higher
temperatures. This can possibly be interpreted in terms of CO adsorption followed by
dissociation and removal of oxygen as CO, or H,0. Hydrogenation of surface carbon (carbidic
carbon) results mainly in CH, formation, but deposition of carbon may also occur.

Table 5.4.4-8: Hydrocarben prodixct distributions for 4.7% Co/SiO, during CO
hydrogenation.
Reaction conditions: Pr,= 6 bar, H/CO=2.

Temperature (K) Weight percentage
hydrocarbon selectivities

CH, C, G . C, Cs,
473 38.42 13 10.6 174 262
523 98.2 14 0.17 0.19 0.053
573 99.5 0.29 0.062 0.075 0.059
723 9824 094 058 0.147 0.088

Based on the decreased intensity and the concurrent downscale shift in the frcqucncy' of the
linear CO band, it has earlier been suggested that this behaviour could possibly be explained
by the deposition of carbon or carbonaceous deposits. Such a conclusion is not necessarily
in contrast to the results presented in Fig. 5.4.2-1. Table 5.2.3.6-1 on page 134 gives an
estimate of the amount of adsorbed CO on 4.7% Co/SiO, at selected reaction conditions.
Using these values as starting points, it can be calculated that if all available cobalt meal is
covered by carbon, this would correspond to a weight increase of 0.76, (.52 and 0.36 mp/g
at 473, 523, and 573K, respectively. The weight incrzase ‘associated with such a reaction
could then not be resolved under the present circumstances.
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Oxidation and reduction of the cobalt phase are reactions expected to be associated with
weight gains and losses. The presence of water formed during the Fischer-Tropsch reaction
and/or surface hydroxyl groups may act as potential oxidants. While it is difficult to predict
the surface oxidation of metal crystallites, thcxmodyngmic calculations can be vsed to evaluate
the possibility of hulk oxidation of cobalt in the presence of water /200/. The standard Gibbs
free energy of formation for bulk cobalt oxide (CeO) from Co and water vapour, according

to the reaction
Co + H,0 ~ CoO + H, AG, = +BkJ/mole 5.21

indicate that cobalt does not exhibit any tendency toward bulk oxidation at reaction
conditions. The formation of cobalt oxide will 10 a ceriain extent depend on the conversion
of carbon monoxide. At high conversions the atmosphere will be oxidizing, while reducing
at low conversions. GC-analysis taken during CO hydrogenation at 523 and 573K indicate a
CO conversion of about 30-40%, implying a relatively high production of waier and hence
higher probability of oxidation of the cobalt metal. Therefore, one should expect that
oxidation would give rise to a weight increase of greater magnitude than the experiments
indicate. One can arzue that a possible oxidation effect would be included in the significant
weight increase observed at 473K in synthesis gas, but since the rate of oxidation would be
favoured by increasing temperature, this would be expected to lead to a more pronounced
weight increase at 523 and 573K than the ones observed. Thus, it can be concluded that
oxidation of cobalt metal is probably not a iikely reason explaining the obtained weight
changes. In accordance with this. Dry et al. /26/ stated that Co was not oxidized under normal
Fischer-Tropsch conditions.

As can be seen from Fig. 5.4.3-1, increasing rcaction temperature resulted in increasing
amounts of deposited materials. Also, when blank alumina was exposed to synthesis gas at
523K and 723K, a significant weight increase conld be observed, although CO conversion was
negligible (less than 0.5% at 523K). Fig. 5.4.3-5 compares the weight curves of 4.6% Cofy-
ALD; and ¥-Al,™ alone during CO hydrogenation zi 523K. The noticeable weight increase
optained over pure alumina may be comelated with the observations from the IR
measurements in the 1800-1200 cm™ range. In section 5.2.8.3, strong infrared bands suggested




-262-
to be due to surface formate/carbonate species were observed. The inzensity of these bands
increased with time during the course of a run. The formate and carbonate bands were found
to be present both on the support alone and on the alumina supported Co.camlyst. It is of
interest 10 relate the preser.ce of these bands to the weight gains previously shown in Fig.
5.4.3-5. The area which a formate/carbonate molecule would be expected to occupy is roughly
estimated to 20 A2 The weight of a formate and carbonate ion can be calculated to 7.48-10°%
and 9.97-10% kg, respectively. With a surface area of alurina of 186 m*/g, the weight of
formate molecules in a monolayer coverage can be estimated to 47.98 mg. Likewise,
assuming that the complete surface is covered with carbonate species will result in a weight
increase of 63.96 mg. It must bz emphazied that these calculations do not include possible
events like decomposition or interconversion as a result of specific reaction conditions. The
calculations do however indicate that the weight of formate or carbonate species is of such
a magnitude that it may explain the observed weight gains. . ‘
A suiking similarity also exists between the development of the band intensities of the
formate/carbonate bands and the weight curves. From Fig. 5.2.8.3-2 and 5.2.8.3-5, a
continuous increase iii the intensity of the bands can be observed, resembling the development
in Fig. 5.4.3-5 Furthermore, introduction of He and/or hydrogen at reaction temperatures does
not seem to invoke significant chianges in the band intensity or in the catalyst sample mass.
Thus, it can be inferred that the presence of surface formate/carbonate species - as also
observed by FTIR spectroscopy - may explain the observed weight increase over alumina
alone and partly that of the alumina supported Co--atalvsts. The lower amount of adsorbed
formate/carbonate species at the reaction temperature 723K compared to at 523K czn possibly
be related to a Jower ‘stability of the adsorbed species. Decomposition to catbonate species
or CH,, or thermal desorption are reactions that may occur due to the relatively high
temperature.
‘The observed weight increase with increasing temperature nver alumina alone can therefore
most probably be explained by increased amounts of deposited formate/carbonate species.
Such a suggestion is in accordance with the findings from the infrared investigation.

By comparison of Fig. 5.4.2-1 and Fig. 5.4.3-1, it can be seen that increasing reaction
temperature results in decreasing amounts of depesited species for the 4.6% Co/Si0,, wiile
the opposite trend was observed for the alumina supported catalyst. Several explanations have
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been put forward to account for this observation. It is difficult to pinpoint a single cause, but
it is believed that the difference in the observed weight curves can be explained by the

formadon of hydrocarbons in the case of 4.7% Co/Si0), and in addition, the formation of
formate/carbonate species on 4.6% Co/y-AlLQ,. '

A common feature was observed for all the catalysts at reaction temperatures in the interval
473-573K upon an ficreass in the tcrmperature to either 673K or 723K in flowing hydrogen,
as seen in Fig. 5.4.2-1 to 5.4.3-5. The amount of species which couid be removed by this
temperature treatment decreased with increasing reaction temperature for both the silica and
alumina supported catalysts. Various possible explanations can be offered t¢ explain the
observed decrease in the catalyst sample mass:

* Remaval of water and/or surface hydroxyl groups

* Decomposition/interconversion of formate/carbonate species
* Further reduction of the catalyst .

* Rydrogenolysis of hydrocarbons

The removal of hydroxyl groups may possibly cccur by desorption or hydrocondensation in
the form of water. An impression of the weight changes associated with such a reaction
pathway can be achieved by considering the weight changes observed during the pretreatment
procedure of the catalysts. As carlier described in ssction 4.5.2. the catalysts were dried
ovemnight at 673K in Be until 2 non-flucwating weight curve was achieved. A subsequent
increase in the temperature to 723K resulted in a small decrease in the sample weight. At
these conditions, the msjor feature of the weight decrease must be due to dehydroxylation of
the catalyst surface. Table 5.4.4-9 and 5.4.4-10 summarizes the chserved weight decrease
obtained by applying the above mentionad procedure.

It must be empasized that this way of evaluating the influence of hydroxy: groups and/or
water on the weight curves does not consider the situation occuring between the reaction
temperature and 673/723K. One must believe, however, that the removal of either hydroxyl
groups or hydrogen bonded water also is facilitated in this temperature yange, Thus, the tables
5449 and 54.4-10 represent a simplified approach to the probiem, but the values
nevertheless express certain trends which relatz to the problem. No attempt has been carried
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‘Table 5.4.4-9: Weight loss of 4.7% Co/Si0, observed during overnight drying in
He at 673K followed by drying at 723K for different pericds of
time.

" Reaction conditions: Pr,=6 bar, 300 Nm] He/min.
Sample Sample Sampie Am Drying time Reaciion
weight weight at weight at {mgle . at 723K temperature
(mg) [ 673K (mg)’ | 723K (mg) * | catalyst) (h) (K)!
709.2 586.08 585.05 1.45 5 473
714.0 586.00 584.60 1.96 4 523
720.9 584.39 583.17 1.69 45 - 573

!: Temperature at which the CO hydrogenation experiments were carried out

Table 5.4.4-10: Weight loss of 4.6% Co/y-AlLO, observed during overnight drying
in He at 673K followed by drying at 723K for different periods of
time,

Reaction conditions: Pr,,=6 har, 300 Nml He/min.
Sample Sample Sample Am Drying time Reaction
weight | weight at weight at (mglg at 723K temperaiure
(mg) 673K (mg) " | 723K (mg)* | catalyst) (h) (K)“*
706.4 566.46 565.09 1.94 5 473
721.5 580.62 e L -3 523
7229 563.90 562.90 1.40 4 573

I: The weight of the catalyst sample after overnight drying in He
%: The weight of the catalyst sampie after drying at 723K for the specified time in He
*: Drying at 723K was not carried out
“: Temperature at which the CO hydrogenation was performed

out to quantify the amount of water and/or OH-gredps which is removed by the increase in
the temperature between the reaction temperature and 673/723K. The numbers in Table 5.4.4-
9 and 5.4.4-10 indicate that drying at 723X foliowing ovemnight drying at 673K results in a
small weight decrease in the catalyst sumple mass. The continuing loss of water or hydroxyl
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groups with increasing temperature is in accordance with reports in the literature, indicating
decreasing surface concentration of hydroxy! groups on silica and alumina with increasing

temperature. This is shown by way of illustration in Fig, 5.4.4-5.
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Fig. 5.4.4-5:" Changes in the concentration of hydrexy! groups on
SiQ, and v-AlL O, with temperature /88,142/.

The valees in Table 5.4.4-9 and 5.4.4-10 must be expected to represent a underestimate of
the expected weight 1055, since the water produced by the Fischer-Tropsch reaction is not
included. This is corrected for by a simple calcuiation based on the conversion of CO at each
temperatures, and selected results for the silica supported cobait catalyst are summarized in
Table 5.4.4-11, Thus, the values in Table 5.4.4-11 represent the weight loss associated with

the removal of surface hydroxy} groups and water formed in the Fischer-Tropsch reaction.




-266-

Table 5.4.4-11: Approximate estimates for the weight loss caused by temperature
. induced removal of hydroxyl groups and water from 4.7% Co/SiO,
at reaction conditions (P, = 6 bar, 200 Nml H,/min.)

Catalyst Temperature Theoretical weight loss
(K)’ (mg)
4.7% ColSiO, 473 ' 24.9
573 ° 60.7

I: Temperature at which CO hydrogenation was performed

The underlying assumption which has to be considered is that the above approach assumes
complete reconstitution of the hydroxyl groups on the dehydroxylated surface upon exposure
10 water. It is believed that neither the prewreatment temperature nor the reaction emperature
used in this study is of such a magnitude that it is of significant influence to the above stated
problem. Data in the literature confirm this view, reporting a complete reversible dehydration
of silica up to about 673K /142/. Also, in cases where reconstitution of some, but not all of
the surface hydroxyl groups occured upon readsorption of water, the temperature at which the
¥-ALO; had been dehydrated was between 1073 and 1273K, significantly higher than those
in the present study. Thus, the values in Table 5.4.4-11 can be regarded as the theoretical
amounts of water/hydroxyl group's susceptible to removal by the perfbrmed temperature
treatment. The calculations further indicated that the conwribution from the OH groups is of
minor importance compared to the amount of water which may condensate or desorb during

the temperature treatment in hydrogen at higher reaction temperatures..

An increase in the temperature during treatment of the catalyst with hydrogen may facititate
a further reduction of the supporied catalysts. In this respect, 4.6% Co/y-ALQ, has the lowest
total degree of reduction as estimated from the TPR measurerments and should in principle
be most influenced assuming the above effect to be of importance. It can be questioned.if the
total degree. of reduction (from the TPR-measurements) really is a valid measure of the actual
extent of reduction obtained by the isothermal procedure generally applied throughout this
study. The degree of reduction achieved by isothermal reduction at 673K will probably be

lower than thar from the TPR measurements, since the latter includes reduction of cobalt
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species which is reduced at temperatures higher than 673K, for example cobalt aluminate.
Since weight changes in the catalyst sample mass were recorded during the reduction
procedure, there exists a possible mean of determining the extent of reduction of the catalysts
applied in the microbalance experiments. The purpose of these calculations is to get a
confirmation of the previous hypothesis and, if possible, to determine the associated weight
changes. The results are summarized in Table 5.4.4-12, assumptions and calculations are
shown in further detail in Appendix Al12.
As anticipated, the degree of reduction of the alumina and silica supported cobalt catalysts
are lower than those calculated from the TPR measurements. Furthermore, the extent of
reduction of the 4.6% Co/y-AlLO, catalyst is lower than for the 4.7% Co/SiO, catalyst,
confirming one of the main conclusions from TPR, namely that cobalt supported on silica is
reduced to a higher extent than alumina supported cobalt. The values in Table 5.4.4-12
indicats that it is possible for cobalt to undergo further reduction upon the controlled
temperature increase in hydrogen. It is difficult to achieve a good estimate for the expected
decrease in the sample mass of the catalysts, since the historical effects complicates the
picture rather seriously. Thus, one may only conclude that the observed weight decrease
observed upon an increase in the temperature to 673/723K in hydrogen may be related to a
further reduction of the catalyst.
The deposition of carbon or carbonaceovs species has from the IR measurements been
suggested as a possible reason for the decreased intensity and dowuscale shift in frequency
of the linear CO band with increasing temp: rature, One could possibis expect that the carbon
containing materials wovid be hydrogenated to for example methanc or other light gases upon
‘introduction of hydrogen and the subsequent temperatuic increass. Howaver, the common
feature of the GC samples obtained during hydrogen treatment was a continuous decrease in
the CH, concentration, suggesting that the hydrogenation of surface carbon is a slow i:rcc:ss
at the reaction conditions employed.

In the presence of hydrogen, hydrogenolysis of the adsorbed hydrocarbons to fragments with
shorter chain length followed by desomtion may be a reason for the observed weight
decrease. Hydrogenolysis of alkanes, ie. cthane, is gencrally believed to result in the

formziien of adsoibed C, fragments (CH or CH,), which can: be further hydrogenated to
methane /231/.
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Table 54.4-12: Estimated degree of reduction for 4.6% Cofy-ALO, and 4.7%
Co/Si0, based on the cbserved weight changes during isothermal
reduction. -

Reduction conditions: Pr,=6 bar, 160 Nml H/min., T, = 673K.

Catalyst Temperature Theoretical Obseﬁed Exient of
(K)’! weight loss weight loss reduction

(mg) (mg) (%)

473 12.07 597 49.47

4.7% CofSiO, . 523 12.15 5.65 46.51

573 12.27 5.23 42.64

723 12.28 5.00 40.73

. 473 ‘1176 2.11 17.94

4.6% Cofy-Al,O, 523 1202 3.10 25.80

573 12.04 . 293 | 2434

723 4173 1.23 . 29.47

': Temperature at which CQ hydrogenation was carried out.

The cxistenﬁe of formate and/or carbonate species on the catalyst during CQO hydrogenation
has been established from he IR-measurements, Their stability, evident from the infrared
investigations. is in accordance with findings in the ﬁteraturc.1232/, where it was reported that
" formate species did not react with surface hydrogen at temperatures less than 573K. Two
principal decomposition pathways may be envisioned for the formate species, namely
dehydration and dehydrogenation. Dehydration is catalysed by acidic oxides such as ALO,,
giving CO and water. The dehydrogenation reaction is more readily catalysed by metals and
basic metal oxides /200/, resulting in the formation of CO, and hydrogen. Amenomiya
233,234/ stated thai the formate ion was an intermediate in the water-gas-shift (WGS)
reaction. The reactants as well as the products of the WG35 reaction is involved in bath of the
possible decomposition pathways. From the IR investigations, the alumina support was
regarded as the most likely adsorption sites for the formate structures. Since the inertness of
the formate/carbonate bands argue ‘against a surface metal association, a possible
decomposition of the formate species may take place via dehydration to carbon monoxide and

water.
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6. SUMMARY AND CONCLUSIONS

6.1. TEMPERATURE PROGRAMMED REDUCTION

TPR-profiles of the silica supported cobalt catalysts, 0.82% Co/SiO, and 4.7% Co/SIO,,
showed that reductive decomposition of the metal precursor (cobalt nitrate) took place at 510
and 517K, respectively. The reduction of the cabalt oxide thus formed, Co,0,, is represented
by peaks appearing at 535K (0.82% Co/8i0,) and §64K (4.7% CofSi0Q,). The occurence of
reduction peaks at higher temperatures has been ascribed to reduction of Co®/Co® interacting
with the silica, forming mixed oxides (Co-Si-O) or cobalt silicates.

The TPR-spectrum of 4.6% Co/y-Al,0,. showed peaks assceiated with reduction of Co,0O,
(571K) and metal-support interactions (673-723, 984 and 1173K). The absence of any
reduction peak for cobalt oxide in the spectrum of 1% Coly-ALO, indicate a strong
coordination of cobalt with the alumina matrix, probably in the form of a cobalt aluminate
spinel structure.

The total extent of reduction increascd with increasing cobalt loading, irrespective of the
applied support. The silica supported cobalt catalysts were reduced to a higher extent than
their alumina supported counterparts.

6.2. INFRARED SPECTROSCOPY

In-simu infrared investigations of silica supported cobalt catalysts during CO hydrogenation
showed the presence of linearly adsorbed carbon monoxide. The frequency of this band was
constant, 2068 =+ 4 cm™ regardless of the H,/CO ratio (2 or 3) or total pressure (2.5, 6 or 11
bar). This has been interpreted in terms of high local coverage of CO, akin to CO island
formation.

With increasing CO hydrogenation temperature, deposition of carbon or carbonaceous
materials caused a decreased band intensity and a concurrent shift in band frequency towards
lower wavenumbers.

Flusﬁing with inest gas (He) following CO hydrogenation resulted in a decrease in the linear
CO band intensity accompanied by a downscale shift in frequency. Such behaviour was
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related to reductions in the dipole-dipole interactions as a consequence of decreasing coverage
of CO.
Absorption bands appearing in the frequency range 2000-1800 cm” during CO hydrogenation
are not to be associated with brigdebonded CO, but due to lattice vibrations of the silica
support.

The heat of adsorption of CO on 4.7% Co/SiO, was estimated to 40 = 30 k¥/mole (H./CO=2,
2.5-11 bar, 473-573K).

Infrared absorption bands observed in the spectral region 3050-2700 em™ have been attributed
to C-H stretching vibrations of adsorbed CH, and CH,-groups. With increasing reacfion
temperature increasing fractions of CH,-species was observed, while increasing pressure (at
473K) resulted in an increased intensity of the CH, absorption bands.

The absence of any effect of these structures on Iinearly adsorbed CO and the lack of any .
reasonable reaction capacity with H, indicate adsorption of the hydrecarbon species on the
support. The variation in intensity with time during CO hydrogenation followed by treatment
with He and/ar H,, suggest that the observed hydrocarbon structures do not represent reaction
intermediates, rather spectator species of less significance with respect 1o the Fischer-Tropsch
reaction mechanism., .

The ratio of the CH, band intensities to the CH, band intensities (an expression of the
hydrocarbon chain length) decreased with increasing CO hydrogenation temperature.

In the frequency range 1700-1300 cm™, two bands were observed on 4.7% Co/SiO, near
156071580 and 1450-1460 cm™. Various assignmem.s have been proposed to account for these
bands, such as asymmetric deformation of CH, groups, surface formate, carboxylate specics
in addition to carbonates. Based on the experimental data, no conclusive explanation can be
given for the two bands appearing in the spectra below 1800 cm™ during CO hydrogenation.

No absorptics: bands due 1o melecularly adsorbed CO was observed over 1% Cofy-ALLQ,,
This is believed to be a result of cobalt located in tetrahedric interstices of the alumina lattice,
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as indicated by the TPR and UV-VIS diffuse reflectance measwements. Calcination is nol a
necessary prerequisite for the formation of the cobalt aluminate phase.

The appearance of a pair of bands at 1996 and 1952 ¢’ during CO hydrogenation (473K,
H./CO=2, 6 bar) over 4.6% Co/y-ALO, have tentatively been assigned to bridgebonded CO,
which possibly can be associated with the oxidic cobalt phase. The intensities of the two
bands decressed with time during CO hydrogenation and upon an increase in the reaction
temperature,

The frequency region 3050-2700 cm™ of 4.6% Co/y-ALO, during CO hydrogenation was
dominated by rbsorption bands attributed to C-H stretching in adsorbed formae and
hydrocarbon structures. The C-H stretching bands are believed to represent reaction products
or by-products adsorbed on the aluraina support.

Infrared bands below 1800 cm” in the spectra of 1-ALO, and 4.6% Co/y-ALO, have been

atributed to bidentate formate (1595, 1393 and 1377 cro?), nnidentate carbonate (1458, 1377

cm™) and possibly bridged carbonate (bidentate, 1665 and 1321 cm!). The presence of these

bands on blank y-ALO, (at a higher intensity than on 4.6% Cofy-Al,0,) and their behaviour
as a function of the reaction temperature, indicate that these species are strongly adsorbed on
alumina. Neither the band intensities nor frequencies were significantly influenced by

treatment with He and hydrogen. Increasing CO hydrogenation iempzrature resulted generally

in increasing band intensities, while the 1458, 1393 and 1377 cm™ bands showed pronounced

intensity variations with time at 573K.

63. COHYDROGENATION ACTIVITY AND SELECTIVITY

The CO hydrogenation activity of 1% Cofy-AlLQ,, 4.6% Co/4-AL0, and 4.7% Co/Si0, was
smdied in a microreactor at 523K, H,/CO=2 and 6 bar total pressure.

At these conditions, 1% Cofy-ALO, was nearly inactive it :."n: Fischer-Tropsch synthesis,
having an activity (expressed as mole CO converted/g Co-s) which was an order of magnitude
lower than those of 4.6% Cofy-Al,0, and 4.7% Co/SiO,.

The activity of 4.7% Co/SiO, was found to decrease with tims of reaction, while the opposite
bekaviour was registered for 4.6% Coly-ALO,. The increass in activity for the alumina
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supported Co catalyst was snggested to be due to additional reduction of the catalyst. Various
reasons for the decline in activity of 4.7% Co/SiO, were discussed, such as carbon
deposition/carbide formation or reoxidation of cobalt due to the psesence of water.

The hydrocarbon distribution could reasonably well be described by Anderson-Schulz-Flory
polymerization kinetics, with deviations at carbon number 1 (positive) and 2 (negative).
The observed difference in the C,-Cs and C,, hydrocarbon fractions between 4.7% Co/SiO,
and 4.6% Co/y-ALO, could not be explained and further experiments are required before a

conclusive explanation can be offered.
6.4. GRAVIMEIRY

Weight curves obtained during CO hydrogenation (H/CO=2, 6 bar) over 4.7% Co/Si0, at
473, 523 and 573K showed decreasing amounts of deposited materials with increasjng
reaction temperature, This has been interpreted as a result of accumulation of hydrocarbon
products on the catalyst.

The preferred explanation of the observed weight increase during CO hy_drogcnation at 723K
was the formation of inactive carbon, probably graphite,

In contrast, an increase in the amount of deposited matezial was observed with increasing CO
hydrogenation temperature over 4.6% Co/y-Al,0,. In addition, the support (y-AlO,)
displayed a significant weight increase. A control experiment with glass-spheres resulted in
negligible weight changes. Most of the weight increase observed over alumina alone and the
alomina supported Co catalyst is” believed to arise from the formation of formate and
carbenate structures in addition to hydracarbons, as indicated by the infrared results.

The weight changes observed as a consequence of increasing the reaction temperature in
fiowing hydrogen following CO hydrogenation can in principle be attributed to
dehydroxylation of the catalysts, further reduction. decomposition of adsorbed formate and/or

carbonate species or to hydrogenolysis of hydrocarbons.
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Appendix Al: Analysis of catalysts.

Sample A: CofSiO, Sample B: Co/y-ALO,

Analyserapport
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Appendix A2: Methods appiied in pressing disks of silica, alumina and silica and
alumina supported cobalt catalysts. '

A number of ways were tested in order to press disks of acceptable quality for use in the
FTIR investigations. At least two criteria were to be fulfilled: .

L. The weight of the catalyst/support disk was to be as low a» practically possible (in
order to achieve optimum throughput). ‘
2, The disks should be of sufficient mechanical smrength.

One may argue that these criteria mutually exclude each other. It was found, that by proper
loading of the KBr die with the powdered catalysts or pure 'supports, disks with acceptablé
mechanical strength and transparency could be obtained. The method of loading the powder
into the die depended on the type of support, that is, whether it was silica or alumina which

was to be pressed.

The different methods of loading the powdered cazalyst.é or supports in the KBr die were as

follows:

A. The material was placed in the center of the optical pellet.
B. The material was randomly distributed over the complete optical pellet surface.
C. The material was placed near the die wall on the edge of the optical pellet

For silica alone, option (method) A gave the best result in combination with knocking of the
die against the table, short pressing times and low pressure,

The optimum result for the silica supported catalysts was achieved by using method B,
followed by banging the die towards the table two or three tmes. Occasionally, the die
plunger was used to smooth the powder over the optical pellet surface after the former
treatment. The optimal amount of catalyst powder was 13-18 mg.

The procedure used in pressing disks of alumina aione and the alumina supported Co-catalysts
was a modified version of method A. After the material had been transferred to the centre of
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the optical peilet, the die plunger was carefully placed on top of the catalyst/support powder
and rotated several times, distributing the material over the complete optical surface. If an

incomplete distribution took place, the disk would disintegrate in the centre where most of
the powder was located.

Method C was generally not nsed, since the catalyst disk tended to stick to the wall and thus
cracked from the edges when removed from the die.

Several variations and combinations of the amount of powder, loading methods and

distribution methods were tried, but the above procedures gave the best overall results.

Furthermore, it was experienced that cleaning of the surface of the optical pellets with acetone
- and cottonwool between each attempt when pressing disks of the silica supported Co-catalysts
resulted in a higher rate of successfuliy pressed disks. For the alumina supported catalysts,
cleaning of the pellets gave poor results, since the powder after pressing was “glued” to the
pellet surface, '

It wouid seem that the difference between method A and B is of litile importance from a

practical point of view. However, the apparently minor differences had major influence on
the final result.

The chosen pressing times and applied pressure were also factors which to a certain extent
affected the outcome of the pressing procc;iurc. As was expected, there was a relationship
between the amount of catalyst/support and the magnitade of the applied pressure. Generally,
high amounts of the material required high pressure. That, however, often tended to result i
cracked disks, especially if the powder was loaded into the KBr die according to method C.
Low pressure was usually applied in cases where relatively low amounts of the support or the
supported catalysts were used. Silica itself or the silica supported Co-catalysts were such a
case, Due to the dust like character of these compounds, it was easy to distribute them over
the optical surface of the pellet, and the pressure did not need to be very high. After a
screening of suitable pressures, the best results were obtained by using the body weight of the

operator. Since the match weight of the operator was around 80 kg, the optimum pressure for
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silica and the silica supported catalysts were approximately 60 kg/cm?, even though pressures
up to 100 kg/ern? were used, depending on the amount of the catalyst. The die was kept under
the above preséurc for relatively short periods of time, approximately 10 sec. Applying higher

pressure and longer pressing times resulted in cracked disks.

The picture was a little bit diffcmnt for alumina alone and the alumina supported cobalt
catalysts. Since a higher amount of catalys.t generally was used, the pressure also needed 1o
be considerably higher. 2000-3000 kg/cm® usually worked very well when the KBr die was
loaded with 15-25 mg. caralyst. The pressing times necessary to achieve aceptable disk was
long compared to that used when pressing the silica based catalysts, 5-12 min. It did secem
that jt was necessary for the alumina and the alumina supported catalysts to "settle down",
which was found to require the above mentioned time. When lower pressure and shorter
‘ pressing times where applied, the wafers disintegrated and had to be discarded.
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Appendix A3: Gases appiied in the different experimental apparatus.

1. TPR apparaws: H, 5.0 (99.999%)
Ar 6.0 (99.999%)
7% H, in Ar

2 FIIR apparatus H, 2.7 (99.7%)
He 6.0 (99.999%)
H/CO=2:1, 3:1
He/C0=9:1

3. dicroreactor apparatus

Gas Cromatograph He 84.5 (99.995%)
H, 2.7 (99.7%)
Air k1.2 pkt. A
CO, D3.0

CO hydrogenation H, 2.7 (99.7%)
He 4.5 (99.995%)
1.5% N, in CO

4. Gravimetric apparatus H, 2.7 (99.7%)
8% N, in CO
He 4.5 (99.995%)
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Appendix AS: Examples of TC and FID chromategrams obtained in the
microreactor experimerts during CO hydrogenation.
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Fig. A5-1: GC chromatogramme (TCD) obtained during CO
hydrogenation over 4.7% Co/SiO,.

CO hydrogenation conditions:
Py,= 6 bar, H/CO=2, T=523K
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Fig. A5-2: GC chromatogramme (FID) obtained during CO hydrogenation
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CO hydrogenation conditions:
P, = 6 bar, H/CO=2, T=523K
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Appendix A6: Estimation of the heat of adsorption of CO on 4.7% Co/SiO, at

reaction conditions.

By using the Langmuir-Hinschelwood expression relating the pressure of the gas to the
volume adsorbed, it is possible to determine the equilibrium constant (Koo) at different
reaction conditions.

The starting point is the Langmuir-Hinschelwood equation:

KeoPeo

- A6.1
© 1 KeoPeo

)

wheie O,= coverage of CO
K o= adsorption equilibrffum constant
"Peo= partial pressure of CO

O.o can be expressed as A/A_, where A, represents the actual absorbance at reaction
conditions, and A, the absorbance at infinite CO pressure corresponding to a complete
coverage of carbon monoxide.

Substituting A /A, for O¢ in the above equation A6.1 and rearranging gives:

0o+ 80 Ko Peg = Kep™ Pg A6.2

A A .
Kf + T:' Keo" Pep = Keo P A6.3

Multplying both sides of equation A6.3 with 1/(A,:Ko) results in the relationship:
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co =E§_0_ R Ab6.4

From the infrared investigatons of 4.7% Co/SiO, during CO hydrogenation at different
reaction conditions (Pr,2.5-11 bar, H/CO=2, T=473-573K), the following values were
obtained, see Table A6-1.

Table A6-1: Experimental values of P.o/A, determined from the IR-measureiiénis at
the given reacﬁ_on conditions (H./CO=2).

Poo/A,! at different temperatures

Peo (bar) 413K 523K 573K
0.833 1.833 e

2.0 2.691 4.888 8.178

3.666 4.987 6.552 : 10.715

!': A, is corrected for differences in the weight of the catalyst disks and the metal loading.
A, refers to the absorbance determined as peak height for the linear CO band (2068 + 4 cm™).

When the Pcof/A, values in Table A6-1 at each temperature is plotted versus the partial
pressure of CO, the slope of the line will, according to equation A6.4, correspond to 1/A_,
while the y-axis intercept reprasents 1/A_-Kqq. Fig. 5.2.3.5-1 illustrates the result when the
data are plotted in such a way. Linear regression was used to diaw the lines and determine
the values of 1/A_ at each of the selected reaction temperatures 473, 523 and 573K.
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The values obtained from the statstical analysis were:

Temperature /A, (A Keo) Koo
(K
473 11313 0.7192 1.573
523 0.9983" 28914 0.345
573 15192 5.139 0.296

At each temperature, the value of A was determined. This value was then inserted into the
expression 1/(A_-Kco). Ko could then be calculated since the intercept between the line
representing a given temperature and the y-axis was equal to 1/(A_-Kp).

Knowing the values of the equilibrivm constant at each temperature, van’t Hoffs equation
A6.5 could be solved either graphically A6.6, or numerically A6.7:

Ay AF A65
T RIZ
In Kco=-£H_ - L + const : A6.6
R T
In ﬁ:ﬁ-(ﬂ'_'rz) A6.7
K. R T,T, .

Plotting InK versus T*-1000 resulted in a line with slope -AH/R = 4.6358.
The heat of adsorption of CO was then calculated to 38.5 k]/mole.in the temperature range
473-573K.
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Appendix A7: Estimation of the amount of adsorbed CO on the catalyst at

reaction conditions.

The amount of adsorbed carbon monoxide on the silica and alumina supported Co-catalysts

can be calculated using the integrated Beer-Lambert relation./181/:
Seo = Aco'l-Ceo A7.1

where Sc, = area under the IR CO absorbance peak (cm™)
Agp = the integraied absorption intensity (cm/mole)
L = sample thickness or path length {(cm)

Cco = concentration of CO (mole/cm?)

Another way of expressing the Beer-Lambert equation in a more convenient form in view of

solid samples in the pressed disk form, is achieved by replacing the term L-C with:
L-Ceo = mengo/Ac A72

and m = mass of the wafer (g)
N = molar uptake of CO (mole/g)
A = cross sectional area of the wafer (cm?)

Substituting the expression for L-C¢, in equation A7.2 in A7.1 and rearranging leads to:

Neo = SeoAdAcym A73

Equation A7.3 gives the amount of adsorbed CO in mole/g.

In order to evaluate the area under the linear CO absorption band, the method given by

Rasband et al. /181/ was used to determine the upper and lower integration limits, The
procedure was as follows :
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The specttum bascline was drawn beneath the individual peak(s) of interest.

2. A point was marked half way between the baseline and the local minimum or
inflection point of the spectrum curve. The use of a local minimum or inflection point
depended on the extent of overlap between adjacent peaks.

3 Through each midpoint(s) one line was drawn tangential to the right hand side of the
peak of interest and one tangential to the left hand side of the adjacent peak.

4, The crossing points between the two tangent lines and ‘the baseline determined the
upper and lower integration limits,

5. The integrated band area was then computed based on the integration limits found by

vsing the tangent method.

Fig. A7-1 illustrates the graphical approach applied in the determination of the integrated

absorbance area.

The average value for the integrated absorption area under the 2072 cm™ peak anributed to
linearly adsorbed CO was (Seo=) 18.075 cm™ at the following reaction conditians:

4.7% Co/Si0,, 473K, H/CO=2 and 6 bar.

The following values were obtained from measurements on the catalyst wafer &iz=d in the

experiment at the reaction conditions specified above:
m=00147 g d,. = 1.3 cm (diameter of wafer)
The parameter Ag, was taken from data published by Duncan et al. /182 Ao = 26-10°

cm/mole.
The amount of adsorbed CO can then be calculated uvsing eqﬁaﬁon A73:

oo = ScoBc | 18.075-.33
© "ma, 0.0i472610°

= 6.3-10"° mole/g = 63 umole/g

or, on a volume basis:

6310522414-23.1 _ 041 em¥g
773 6
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2872

\\“"“‘“*“*-—-_~._A

2123 2028 1908 1808 17882

Fig. A7-1: Example on the use of the graphical method /181/ in determination of the
upper and lower integration limits.
See text for further explanations.
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Appendix AS8: Estimation of the amount of adsorbed >CH, and ~CH, species from
the integrated intensities of the corresponding IR absorption bands.

The amounts of adsorbed >CH, and -CH; species accumulated on the surface during reaction
can be calculated in a way similar to that shown in Appendix A7. The determination'of the
integrated absorbance area under the >CH, and -CH, bands were carried out using the
graphical procedure given by Rasband et al. /181/.

The structural unit intensities, Bqy,, for methyl and methylene stretching bands were reported
to 4460 and 3740 cnr>dm®mole™, respectively 7197/, Francis /235/ reported intensity values
of 3840 and 3320 cm*dm>mole™ for CH, and CH,-groups, respectively, in liqnid aliphatic
hydrocarbons. Although there seems to be a slight discrepancy in the reported structural group
intensities, the difference associated with the use of Wexlers in preferance to Francis’ values
is 12-16% lower values of vy, and mey,. The order of the "emror” estimates is not of such
a magnitude that it changes the conclusion drawn from these calculations. The values reported
by Wexler /197/ are applied in the following calculations.

The amounts of >CH, and -CH, groups can be estimated according to the equation given by
Yamasaki et al. /205/:

SyA. T ‘
= Tnd aosia (cm?) A8.]
B, 10° 273 P,

VCH,

Considering the CO hydrogenation experiment performed at 473K and 6 bar over 4.7%

Co/5i0,, the amount of >CH, and -CH,-groups on a volume basis is:

= 0475133 473 1 29414 = 0.00109 cm?

™ T3740-10° 273 6
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- 0.07229-1.33 473 1

o, & —————————"22414 = 0.00014 cm’®
4460-10° 273 6

An expression for the chain length is obrained by dividing the amount of >CH, on -CH,, thus
giving the values reported in Table 5.2.5-2 on page 170.

In relation to the microbalance discussion, it is of interest to estimate the weight of adsorbed
>CH, and -CH, present on the catalyst. This is done by using a similar expression as the one
derived in Appendix A7, that is:

W ow
&

Mgy = —r ° - 107 (mole/g catalyst) AB.2

Mg, = L-le (mg CH,/g catalyst) A83

The weight of accumulated >CH, and -CH, species during CO hydrogenation at 473K and
6 bar (H,/CO=2) over 4.7% Co/Si0, was then found to be:

0.475-1.33

=___. - " -14.01 = 0.161 CH./ talyst
= T40-0.0147 mgCH,/gcatalys

_ 0.07229-1.33

- 1501 = 0.022 mgCH. /g catalyst
<, = T360-0.0147 mgCH,/gcatalys
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Appendix A9: Theoretical estimates for the weight increase associated with cobalt

carbide formation.

The weight change expected upon the possible formation of the cobalt carbides Co,C and

Co,C can be calcvlated using the following expressions:

F.'m,, -wi-%Co-1000
Co,C: : F_ -2

A9.1

Fom ~wi-%Co-1000
Co,C: F.,3

The above formula express the additional weight increase expected due to carbon atoms

migrating into the cobalt latiice, forming interstitial carbides.

The weight of carbon participating in the carbide formation can be estimated for the
experiment performed at the reaction conditions: 4.7% Co/SiO,, 473K, H/CO=2 and 6 bar. -

Fc =12.01

Fe, = 58.93
m, = 07092 g
wt-% Co = 4.7

Co,C : (12.01-0.047-0.7092-1000)/(58.93-2) = 3.400 mg.

Co,C : (12.01-0.047-0.7092-1000)/(58.93-3) = 2.264 mg,



A-18

Appendix A10: Estimate of the weight of adsorbed carbon monoxide on 4.6%
Co/y-ALO;.

" The calculations arc based on the dispetsion of the catalyst, which was determined 10 1% by
volumetric chemisorption of hydrogen /236/.

The calculations are examplified by the CO hydrogenation experiment carried out at 473K,
6 bar and H,/CO=2.

Feo = 2801
Fe, = 58.93

m,, = 0.7064 g
wt-% Co = 4.6

number of moles of Co: W = 5.514-10%

assurping an adsorption stoichiometry of 1:1 (linear form) results in:
the weight of adsorbed CO : 5.514:10%0,01-28.01 = 0.154 mg
or, assuming the bridgebonded form of adsorbed CO (adsorption stoichiometry of 1:2) gives:

the weight of adsorbed CO : 0.5-5.514-10%.0.01-28.01 = 0.0772 mg.
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Appendix All: Calculation of the density of the gas phase during CO
hydrogenation over 4.7% Co/Si0, at GHSV=24538 and GHSV=
49706 Nml (CO+H,)/z catalyst-h.

The gas phase density at GHSV=24538 and GHSV=49706 Nm! (CO+H,)/g catalyst-h was
estimated in order to evaluate the possible effect of buoyancy as a cause for the observed
weight decline upon changes in the flowrate.

The buoyancy effect due to changes in the gas phase density is represented by the following

equation:
Apgs * Vigge = Am All.l
where Am = mass chenges (g)
APy = Poysveassis ~ Ponsvaonos (2fCM®)

Vet = volume of basket (cm®)

The compositon of the flow through the reactor at GHSV = 24538 and 49706 was:

GHSV = 24538 GHSV = 49706
92 Nmi CO 184 Nml CO

8 Nml N, 16 Nml N,

200 Nrul H, 400 Nral H,
100 Nral He 100 Nl He

Foo=28.01 Fy=2802 Fu=2016 Fy =4.003
GHSV = 24538 Nml (CO+H,)/g catalyst - h :

Fgs = 92/400-28.01 + 8/400-28.02 + 200/400-2.016 + 100/400-4.003 = 9.01145
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b = Fo'P _ 9.01145-0.6-10°
B R 8314-523

= 1.243gfcm?

GHSV = 49706 Nm) (CO+H,)/g catalyst - h :
Fo, = 9.7269
Py = 1.342 glem’

Vi = ®r°h = 1(0.5)*2 = 1.57 cm®

The difference in the gas phase density arises due 10 the flowrats of He. which was constz

(not doubled) when the flowrate of the reactant gases was increased twofold.
‘The buoyancy due to changes in the reactant flowrate is then:

Am = AP, Vi = (1.342-1.243)-1.57 = 0.155 mg.
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Appendix A12: Extent of reduction of 4.7% Co/Si0, and 4.6% Co/y-AlO,
estimated by the use of microbalance results.

The following assumptions were made in order to estimate the extent of reduction of the high

loading silica and alumina Co-caralysts.

1 Cobalt is assumed 1o exist as Co;0,, and the reduction of this oxide is assumed to
accur according to the stoichiomerric reaction:

Co,0; + 4H, — 3Co + 4H,0 Al2.l
2. The observed weight reduction is assumed to be due to loss of oxygen.

3 Adsorption of water on the catalyst is neglected,

With this in mind, the expression giving the degme of reduction of the catalyst is:

3/4W, F 0.1 A122
F,-%-Com_,
where W, = weight loss during reduction (mg)
m,, = mass of catalyst (g)
F. = 58.03 '
Fy =16

The degree of reduction of the 4.6% Cafy-AL O, catalyst applied in the CO hydrogenation
experiment at 573K and 6 bar (H/CO=2) is then:

3/4-2.93-58.93:0.1

e 100 % = 24.34%
16-4.6-0.7229
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The theoretical weight Joss during reduction can be estimated from:

0.01-
.@F_mm F, +4/31000 A123

Co

Using the experiment above as an example, the theoretical weight loss is calenlated to:

(4.6:10%0.7229)/58.93-16-4/3-1000 = 12.04 mg
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