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422 Low temperaturs / 1 bara total pressure

Some experimems were done at lower temperamre and pressure with the intent to achieve
Iinetically controlled rates. The total pressure was 1 bara and the temperamre was 473 K.
Figure 4-28 compares the experimental run plows for CO hydrogenation over Co/Al.O;B,
Co1.0PYALO;B and Col.0Re/ALO;B. Figure 4-29 shows how the ratio between the rate over
the promoted catalysts and the rate over the unpromoted caralyst changes with increasing rate.
All the measurements of sctivity in Figure 4-29 are done after 300 minutes reaction time. In
Table 4-14 the rates over different unpromoted and promoted cobalt catalysts are compared
after 300 and 1400 minotes reaction time. Table 4-15 shows the comresponding Turnover
frequencies (TOF) over some of these catalysts based on H,,:Co,, and CO,,:Coy, from the
volumerric chemisorption.
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Figure 4-28. CO hydrogenation activity as function of reaction time over Co/ALO;B,
Col.0PU/ALO;B and Col.0Re/ALO;B at T=473 K, P=1 bar, Hy/CO=2.
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Figure 4-29. The ratio between the activity over Re or Pt promoted catalysts and over

unpromoted catalysts, 2s a function of reaction rate (at varying
temperature and pressurel.

Table 4-14. Activity at 473 K and 1 bara after 360 and 1400 minutes reaction time,

H,:CO = 2, GHSV = 5000 h*, CO conversion = 4-10 %.

Rate {ymol CO/z Cos) Relative rates Relative rates
Catalyst {catalysts)* (time)®
300 min. 1400 min. | 300 min. | 1400 min.
Co/ALOzA° 11 1
Co/AlO;B° 11 9 1 1 0.82
Col OPYALO;AC 18 L6
Col.0PYALO;B* 19 16 17 1.8 034
Col.0Re/ALO;B" 28 20 25 22 0.7
2 [rate over acmal camalyst)/rate over the comresponding unpromoted camlyst].
b [raee 2t 1400 minutes]/rate at 300 minures)
¢ (alcipation wmperamre 673 K.
d Calcination emperamre 573 K.
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Table 4-15. Turnover frequency (TOF) of cobalt catalysts after 5 h reaction time. T =
473 K, P = 1 bara, H;:CO = 2, GHSV = 5000 b™, conversion = 4 - 10 %.

[
Catalyst K, Co,, | CO,:Co,, | Reduction | Raw® Neo
(&P H, co
Co/ALO,A" 0.046 0.023 52 11 | 0014 | 0028
Co/ALO;B® 0.054 - - 11 0.012 -
Col.0P/ALO;A? 0.086 0.065 79 18 | 0012 | 0.016
Col.0PYALO;B" 0.082 - - 19 | 0014 -
Col.ORefALOLB® | 0.067 0.061¢ 78f 28 | 0025 | 0.027

* Reduction extent from O, titrarion. The amount of oxygen to formation of P10, or Re.Oy
is subtracted from the 10zl O, consumption before calculatng the extent of reduction.

® Rate as (umol CO/g Co- s)

© Tumover frequency (s} based on H,,:Coy,, 0r CO,,2Coy, from velumeric chemisorption
data.

4 Calcination wemperamre 673 K

€ Calcination wempetamre 573 K.

f Measurements are not done for this caralyst, but values from measurements on
Col.0Re/ALC,A is used.

AR the figures and tables above show a difference in activity (per gram of cobal) between
the promoted and the unpromoied caalysts. This is different from what was reported at high
temperauwre and pressure in the previous chapter, and the results are more as expected in view
of the characterization resuits.

‘When comparing the activity curves for CO hydrogenation over Co/AL,O3B. Col OPVAL OB
and Col.0Re/AL QLB a1 475 K and 1 bara in Figure 4-28, with those in Figure 4-27 the same
shape of the curves is observed. But in this case there is a difference in activity berween the
canalysts, which does not disappear during the initial deactivation period.

The difference which appear between the catalysts at conditions giving low rates, support that
the lack of difference at high rates was due o reactant (more precisely CO) diffusion control
At 473 K and 1 barz the reaction is from the same reason assnmed to be kinstically
controlled. Then the shape of the activity curves in this case can not be caused by increasing

|
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extent of diffasion limimrions with increasing amount of wax in the pores. as suggesied as
a possitle explanation in the last chapier. In the seme discussion both reoxidizing and
sintering of the reduced cobalt, as well as formation of carbidic and or/graphitic catbon were
meationed as other plausible explasarions of the observed decrease in CO conversion rate
with increasing time. The coincidence in the shape of the three activity curves support that
the cobalr phases present on the surfaces of all three catalysts undergo the same changes
leading to the observed decrease in ectivity. But aithough the same deacdvating processes
takes place on the catalyst surfaces. they may take place 10 differemt rates.

Table 4-14 shows that after 300 minutes reaction tme the platinum promoted camlyst.
Col.OPVALO;B, is 1.7 times more actve then the unpromoted catalyst. The rhenium
promoted camiyst Col.0Re/ALO;B. is 2.5 simes more active. After 1400 minutes the rates
are Iower. but the ratio berween the rates over unpromoted and platinum promoted catalysts
renmins almost constant. The Tatio between the rate over unpromoted and rhenium promored
catalysts decreases slighdy. When the rate ar 300 minutes is compared to the rate at 1400
minmes for each catalyst, it is seen that the rhenium promoted catalyst looses activity fastest,
while the piatingm promoted caralyst is the most stable.

Before discussing these trends in detail it must be mentoned that some uncertinty is bound
10 the drawing of the curves in Figure 4-28. However, it could nevertheless be speculated
in explanations of the apparent differences obscrved.

Rhenium could be sugeested o promote reoxidation of cobalt, giving the observed decrease
i eacrion rate. But since rhenium is more difficul to reduce than platdnum, and is reduced
at higher emperatures than the reaction temperaoare. it is assumed 1o be relarively fast
reoxidized irsslf. Then 2 specific rhenium promoting effect seems less probable, Platinum
promoted catalysts showed the largest Ha uptzke in the chemisorpion experiments, and some
of the hydrogen 'was assumned to be adsorbed on platinum. A higher H, concenmwation on these
surfaces could therefore be suggested to slow down the reoxidation rare. This is In agreemeat
with the lowest deactivation rate for the platinum promoied caralyst
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On the other hand, the main reason 10 the decrease in rate could be deposition of insoluble
carbonaceous materials. If a well dispersed cobalt phase was preseat after the reduction of the
promoted catalysts, they could be assumed to be faster deactivared by carbonacesus deposition
tha.nt.hclzrgermba.ltparﬁclesﬁmnCc;Q..presm:onallamlysrs.mscanexplain why the
thenium promoted catalyst deactivate faster than the unpromoted catalyst A higher H,
concentration on the platinum promoted catalyst could be suggested 10 give a higher exten:
of hydrogenation of the coke precursors, giving a slower decrease in the reaction rate 49/,

Figure 4-28 could be used o jllustrate the increasing degree of diffusion limimdons with
increasing reacton rate. The ratio berween the promoted and the unpromoted catalysts
decTeases and stabilizes near I when the rates increases above a certzin Jevel The limitztions
is assumed 10 be cansed by the reactant diffusion throush the Lignid product present in the
pores. The reaction ratio measured at 513 K and 1 barz deviates to some extent from the other
results, showing higher reaction ratio than could be cxpected from the general wend. The low
rare points in Figure 4-29 are measured ar 473 K. and theoretical the diffizsion zates (if no
cther reason) becomes more impormnt with increasing wmperatare, and that is in
disagreement with the result observed. However, ar higher temperanwre the chain growth
probability is lower, this means that the CO diffusion rate could be zssumed 1o increase due
10 a increased viscosity of the lighter liquid. In addition. the solubility of the reactants counld
abobetﬁghe:-atahighermpcramandinaliquidwimomcrpropcrds.mappm
effective diSusion can be related to both molecular diffusion and to the gas solubility in the

The calcylated rnover frequencies (TOF) shown in Table 4-15 is not the same when the
calcalations are based on hydrogen and on carbon monexide chemisorption datz. When the
toral hydrogen uptake is used. the TOF of the rhenium promoted catalyst is 2lmost twice the
valve of the other two. When the total CO uprake is used in the TOF calculztions. the TOF
of the unpromoted caralyst equals TOF of the thenium promotsd catalyst, while TOF of the
platinum promoted camalyst is lower.

The differences in TOF connected to the choice of adsarbate are due 10 the differences in
chemiscrpton of the two gases (Figurs 4-16 and 4-17) discussed in Chapter 4.1.3.2. It was
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suggested that the hydroges nptake on the platinam promoted catalyst partly was on platizom,
which is known 731/ 10 show low activity in CO hydrogenation. The hydragen uptake on the
rhenium promoted catalyst was suggested 10 bea better meastre of the increass in the number
of cobalt sarface sites. doe to Teported /126.127/ results concluding with very litde hydrogen
adsorption on thenium. If the hydrogen upmzke on Col.0Re/ALO3A is used in czlculation of
TOF of Col.0PUALO;A. it will be 0.017 5% Thea, if the hydrogen uptake is the most correct
basis for the calculations of mmover frequencies {25 suggested In the literanre /35/), these
sesults indicate an increased TOF for both the promoted catalysts, which means increased
inminsic activity of the active cobalt sites on the promoted caralysts. This could be suggested
10 be due to the large part of cobalt oxide on the unpromoted catalyst. If this phase is active
in the reaction. the rates could be expecied o be low compared 1o the rates on redoced cobalr.

If the CO uptzake is chosen as the basis for the TOF calculations, the conclusion can be the
opposite, There is some uncertainty about CO adsorption tzking place on the support or on
the promoter, bot the main part-of the CO adsorpﬁoncanbeass:nﬁed o zke place on te
metallic cobalt In this case the results indicare that the activiry of each cobalt site is
unchanged after Theniurm addition, and thar the increase in rate is due 10 an increase in the
aumber of active sites. The main effect of this promoter is then the facllitetion of the cobalt
reduction. giving more available memilic cobalt surface. Further, when using the CO
adsorption dama, the resulrs indicare a reduction in the activity of the cobalt sites after
platinum addition. However. it can also be assumed that e.g 35 % of the €O adsorption takes
place on the support, spilled over from the promoter, or on the promoter, both net active in
the Fischer-Tropsch reaction. Then the number of active sites is overestimated, while the
turnover frequency becomes vnderestimated. In this case the result is in agrecinent with the
TOF from hydrogen adsorption datz: the same TOF for the plainmm promoted catalyst
compared o the unprometed, and increased TOF for the rhenium promoted catalyst. As
another complicating factor the degree of H, and/or CO spillover from platinum and rheatum
can be different

“The discussion above demonstrates the difficnlfies in interpretazion of the chemisorption data
for bimetllic cobalt camlysts. As a mauer of fact, TOF valoes for this kind of carlydc
systems is to the best of the knowledge of the author not available in the Lteratme.
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The increzse in activity could also be discussed in view of the increased extent of reduction,
found from TPR and O, tiration. Forﬂ;eplaﬁnmpmmomdca:alys:Tab!c4-14showsvuy
£00d zgreement between the increase in extent of reduction and the increase in CO conversion
rate. For the thenfum promoted calysy the increass in CO conversion rate is larger than the
Increase in reduction exmnr Even though it can not be concluded anything about the metal
dispersion from the reduction extent, this result is in agreement with the tabulawed TOE values
based on H, adsorption.

Lapidus et al. /118/ observed about 50 % increase in conversion in CO bydrogenation aver
IO%CoIAlzosaﬁeraddingo.l-ijGEPdoarmthecamlysL‘!hisrcsukisﬁilarw
the increase due to plarinum promotion in the present study. The increase in CO conversion
was amributed t0 /118/ an cbserved promoting effect of paladinm and rutheniom on the
reduction of cobale

Bo:hmlculaﬁonofTOFandeompaﬁsonsof:heinminmducﬁoucxrm:wizh:hcincmse
in conversion rate, indicate that the reactivity of the active cobalt sites increases with rhenium
promotion. Several explanations to the increase in reactivity for the thenmiom promoted
catalysts could be discussed:

¥ the promoted caralyst after reduction consist of two different cobalk metal phases, the well
dispusedsmﬁeecobﬂtmﬂdbcshwredmmﬂSDaysmlﬁnepuﬁdesorbepmmas
smaller cobalt “closters™. The degree of sintering to crystalline particles could be suggeswed
mbcpromoudepmdmCOisd'modawdhefommcdonudmhydmgm.mdmisis
suggested /45/ 10 demand special density of the cobalz sites. If theninm increases the exent
ofﬁnwringofsnfammhahmmmdmphﬁnmﬂﬁswmgivemscdacﬁﬁmduew
ahighanmnberofacﬁvesites.Asimﬂzrecphnaﬁonwzsusedmocphﬁathefam
deactivation of the theniwm promoted camlyst in Chaprer 4.2.1. However. this is not in
agreement with the increased TOF, indicating an increased inwinsic activity. Forther, when
Johnson ez al. /87/ found CO dissociation on 2 layer of cobalt on magsten (W (100)) it was
ammwdmbeawnsequmofelmdcmmcﬁonbawmcobﬂ:andmngmmhx
than geomerric smain of cobalt
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Iglmiacta].!ld-ljsmdiedcobaltondi.&’m:nts:ppons.‘mcyfomdthaxrhcmof
hydrocarbonsynﬂrcsis&om!—l:andCOiSpmporﬁonaIto:henmbuofaposednmlm
Cobalt-time yields (CO conversion 50 - 60 %) increased linearly with increasing dispersion
of Co crystallites supparted on Si0. AlO;. TiQ,, and Zr0./S5i0,. while the site-time yields
{TOF) did not dcpend szongly on support or metzl dispersion.

It could therefore be suggested that pladnum and rhenium promote the CO hydrogenation on
the surface cobalt. bur 1o different extene. The difference could be due to different dispersion
ofmmimandplaﬁnumorwdﬁm:pmpaﬁesofthcmhn&eﬁmwmappw
independent of the cobalr particie size.

If the reduced surface cobalt immediately after the start of the reaction sinters 1o “large™
particles. the difference in activity berween the platdnom and rheniom promored catalysts
could be caused by 2 fast plarinum promoted deactivation of some of the active sites. Buz this
is not in agreemanvﬁzhmemchangedTOFforrhcpmmnprmmedcamlystcompmad
10 unpromoted casalysts, ualess the same deactivation step is preseat on the unpromaoted
mmlys.aswdlhdxchs:ascrhmiummahhibitmcda:ﬁwﬁmmmccamhﬁ.hm
be taken into mind that TOF is based on chemisorption on reduced catalysts, not used in CO

hydrogenadon.

“Transient kineric CO hydrogenarion experiments on the same catalysis have been done at
NTH /119/. They were performed at 493 K and 1 bara with a CO/Ha/inert ratio 0.75/5.5/5,
giving mainly methane as the product Promotion with platinem and rhecinm resuired both
in 2 raie 1.9 times the i over the inpromoted camlyst. The residence time (T) of Cly
species on surface was the same on all three caralysts. These results indicating an increase
in the number of active sites and constant inwinsic actvity on the sies.




L

130
4.2.3 Summary of the activity measyrements

- The kinetical experiments show that 1 wi% platinern or rhenium addition o Swt%Co/AlO;
increases the reaction rate.

~ Rhenimm increases the reaction rate fmol CO/g Co-s] more than platisiem.

= Calcularions of mmover frequencies indiczre that in the case of platinem promotion, the
increase is due 1o increased degree of reduction giving 2 largtr amount of coalt metal sites
available for reaction. This is supported from a comparison with the increase in redoction
exrent, and from transient kinetic experiments, However, if taking account for hydrogen
adsorpdmonphdanOmeinms:compammeOFoflheuupmwdnmlyst.

- Calculations of TOF of the rheniom promoted caralyst indicate that the increase in rate is
due to increased number of active sites and to an increased inminsic activity.

- An increase in TOF for the promoted catalysts compared 1o the unpromoted catalyst, conld
beuplainedbyaslowrmdontal:ingplaceon:heoxidiccobahphaseonth:unpmmed
aulys:ormCOadsorpﬁononcobalto:&deonthempmmwdcmlyst(in&e
chunisorpﬁmmms),giﬁngamolmgcnmnbuofacﬁvcﬁtsmmempmmmd
catalyst.

- At conditions giving high CO conversion rates ¢ 50 - 100 umol CO/g Co<s) the reaction
kdi&uﬁonmnmﬂad.dmwm(@}diﬁuﬁmdnougbﬁqﬁdmhﬁeaﬂl}&
pores.
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4.3 Selectivity measurements

4.31 High temperatare / 7 bara total pressure

During the CO hydrogenation experiments at 7 bara presented in the previoos chapeer, tvo
tofom-analyscsofrhcproductcomposiﬁonwerctakmdm'ingmhmmmﬂsm
below are measured after 200 - 300 minmes on swearn

An example of 2 Schulz Flory plot is shown in Figore 4-30. The chain growth probabiliry,
& can be found from the slope of the swaight line part of a Schulz Flory piot of the products.
The variation in & over Co/ALO;A with reaction time at 513 K and 7 barz is sesn in Figme
431, The product disiburion from CO hydrogenation over CofAl:OyA with increasing
temperanyre are in Figure 4-32 shown 2s ¢, and in Figurs 4-33 expressed as perceatages. The
influence of H:CO ratio is shown in Figure 4-34, while Figure 4-35 sbows the percentage
distribution of hydrocarbon products over Co/ALO3A, Co0.1PVALOzA and Col.0PVALO;A-
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Figure 4-30. Schulz-Ftory plot of the hydrocarbons produced over Co/AlLO3A at 527 K
and 7 bara. Hy:CO ratio = 2 and CO conversion = 45 %.
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Figure 4-31. Chain growth probability, o, over Co/ALOHA as a function of reaction
time. T = 507 K. P = 7 bara, H::CO ratio = 2. The CO conversion
decreases from 6 10 3.5 % during the period
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Figure 4-32. Chain growth probability, o, over Co/ALOGA asa function of temperature.
P = 7 bara, HpCO = 2 and CO conversion = 45 - 7 %.
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Figure 4-33. Product distribation over CoiAi;O,A as a function of temperature. P
Figure 4-34. Product distribution over Co/Aly03A as a function of El,oCO ratio. T=5E1
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Figare 4-35. Product distribution over Co/AL,0,A, Co0.1Pt/Al,O;A and ColOPYALOzA
at 506 K. P = 7 bara, H;>CO ratio = 2 and CO conversion = 4.5 - 5 %.

The catbon dioxide selectivity was found to be below 1 wt% in all the caralyst tests. This low
CO, conrent 1eads 1o difficuliies in determining CO, selectivity accurately, and tends in the
production of CO, are therefore not available. Because of the low CO, production and the
assurmned abseace of significant carbonaceous material formation. the hydrocarbon selectivitias
are almost egual w the overall selectivities.

In Figpre 4-30 a distarbance in the staight Line pant of the Schulz Flory plot is observed at
carbon pumber 16. This brezk is due 1o experimental problems caused by condensation/
vaporization of heavy products in the heated sample lines. In the flame jonization detector
hydrocarbons up w0 21 carbon atoms was ere-2d. but after carbon number 14 - 15 the
analysis data becomes nnrelizble. This condensation problem was mare pronounced after some
Gme with caralyst testing. and is sought to be comected for in the selectivity calculations by
extrepelating the straight line part of the Schulz Flory plot 1o higher carbon nombess.
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Figure 4-31 shows that during a sun there was a slight decrease in the chain growth
probability, & Simultaneously the methane selectiviry increased. Over a period of 27 howrs
the drop in & was from 0.80 10 0.75. Iglesiz et al /81/ predict a decvease in & as CO anival
becomes diffusion-limited because CO manspert limitations lead to high effective hydrogen
10 carbon monoxide ratos at camlytic sites. which increases the chain termination probability.
The observed increase in degree of methane formation during a run could also indicate more
hydrogen available on the surface as 2 result of the higher effective Ha-CO ratio. Dry /35/ has
reported a tendency to decreased chain growth with increased H,:CO rado. The same is
observed in the present smudy (Figure 4-34). When changing the H4-CO rado from 110 4 at
513 K and 7 bara. methane selectvity increased from 13 to 30 wr%, while the C;, fraction
decreased frorm 72 to 44 wit%. Even though no further effects of diffusion limitations on co
comversion ale was expected after the inital period in the discussion in Chaprer 4.2.1, a
higher extent of waxfilling in the pores might influence on the chain growih probability.

Liu /32/ reported a linear increase in @ with an increasc in the cobalt pardicle size. If this is
the case for the catalysts in the present stdy as well, @ could be expected w increase if
siniering of the cobalt particles mkes place during the run. Sintering was suggested in Chapter

2.1 as an explanation of the dectease in rate with reaction tme. Figure 4-31 shows
decreased o with time, and this is therefore not in agreement with sintering. However, the
assumed diffusion lismitatons could disguise this effect

Figare 4-52 shows that over a temperature interval of 40 K (from 489 K 1o 529 K) o
decrezses from 0.88 10 0,70. ‘The methane selectivity is nearly doubled, from 13 wr% of the
towzl hydrocarbon selectivity to 25 wi%. The G, - C, fraction show the same increasing
1=ndency, while the liguid fraction decreases correspondingly. At 529 K the fraction heavier
than gasoline (C,,.) represenus only 12 wi%, while it was approximately 40 wi% at 485 K.
The gasoline fraction (C; - Cy) 1s nearly unchanged with the temperature increasc in this
range, and represeats around 35 wi% of the hydrocarbon products.

Dry /55/ has also reporntad these wends for different cobalt and iron caralysts tested at Sasol
¢with increased reaction temperatmre the methane production increased while the hydrocarbons
became lighter due 1o higher terminating rates compared 10 the chain growth rates). ¢-values
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veported by Liu /32/ over 10 % Co/Al,Q; at 1 bar and the same emperature range is
somewhat lower (0.75 - 0.57) than found in the present study. But Liu reported selectivides
afier 30 hows on stream. and this explains the lower level on the g-valoes, Higher pressure
in the preseat study can also explain the hig_hei « values obtained. Cobalt ¢aralysts have
shown 3455/ increased average carbon number with increasing pressure. Higher total
pressure will give higher CO concentations on the camilyst surface which favours chain
growth.

When comparing the product diswibuton over CofAl,O3A with the dismibution over
Co0.1Pt*/AL O34 and Col.OPt*/AL,04A at 506 K and 7 bara (Figure 4-35), it is seen that
neither 0.1 nor 1.0 wt % platinum addition change the hydrocarbon selectivity. This coald
indicate that platinum is not involved in the chain growt: reactions. However, at these
conditions the rates are assumed 1o be limited by the reactant (CO) diffusion throogh the wax
products present in the pores. The limitation will alter the cffective H,:CO matio at the
catalytic sites /817 and could thereby disgnise a possible effect of platinum on selectivity, The
diffosivity of hydrocarbons is lower than the diffuasivity of CO. This means that also the
product desorption from the camlyst surface is limited, and this will also influence on the
product disribution /81/.

Variations in the olefi.. selectivity are shown in Figure 4-36 to 4-39. Figure 4-36 shows how
the -olefin/n-paraffin ratic changes with carbon number in the hydrocarbon prodocts. Figure
4-37 shows the a-olefinfn-paraffin ratio of the C, and the C, fraction obuained over
Co/Al O34 as a function of wemperawre. The variaions in olefin selectivity with variations
in the H,:CO rario is shown in Figore 4-38. Figure 4-39 shows the -olefin/n-paraffin mto
of the C, and the C, fraction 6bmined over cobalt catalysts with increasing platinum addition.

Four paraliel experiments is shown in Figure 4-36. and the differences berween the parallels
reflects the variation with increasing extent of CO conversion. The values are measured aaCo
conversion between 5 and 7 %. The olefin selectivity detreases with increasing CO
conversion.
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The o-olefin/n-paraiffin ratio of the hydrocarbons as a function of carbon
number. Co/ALO;A. T =503 K, P=7 bara and H:CO =2
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a-olefin/n-paraffin ratio of the C, and C, fraction as a function of
temperatare. Co/ALQ;A, P = 7 bara, H;:CO = 2 and €O conversion = 4.5
- 7%.
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Figure 4-38. The a-olefin/n-paraffin ratio in the C, and C, fraction as a fanction of
Hy:CO ratio. Co/ALOA, T=510 2 3 K, P = 7 - 9 bara and CO
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Figure 4-39. The c-olefin/n-paraffin ratio in the C, and C, fraction over catalysts with
increasing platinum addition. T =510+ 3K, P=7 bara, H,:CO = 2 and
CO conversion 45 - 7 %.
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Due to separating Lmitations of the product zoalyses, the clefio/pareffin rato for the G
fraction was pnot measured Among the measured olefin fractions in the product over
Co/ALOyA, the highest value is found for the C, fraction. At 510 K. 7 bara and with the
H,:CO ratio = 2, the olefin/paraffin ratio is 4 - 5. The a-olefin/n-paraffia rafio decreases
down 1w the C,, fraction. and the C,;_ fraction contains 2lmost only paraffins.

The wends in olefin selectivity as a fonetion of carbon number are in agreement with results
reported by Sasol works /55/. ¥t was found that as the carbon number increased from 6 1o 17
the olefin selectivity decrezsed. However, the olefinicety for cobalt caalysts measured at 463
K and 1 bara /76/ at Sasol seems 10 be somewhat lower than the results in this study show.
With a higher degree of CO conversion as there js in the process plant. 2 higher extent of
secondary hydrogenation is expected. At Sasol /76/ it was also found that the cobalt catalyst
products are more paraffinic than those of the iron catalysts, due 1o the higher aciivity w©
hydrogenation for the cobalt camalysts. Pannel et al. /34/ sugpested that the decreasing olefin
content with increasing carbon number indicate rapid hydrogenation. and it may be balanced
by slower product desorption as carbon pumber increases. Bur Iglesia et 21. /81/ conclude that
secondary (-olefin hydrogenation is inhibited by the water formed during the CO
hydrogenation. They supgest that olefin pore residence time and fugacity increases with
carbon number. due to decreasing diffusion rates throogh the liquid in the pores with
inereasing carbon number. This leads to enhanced readsorption of olefin. which idate
sorface chains, and thus gives higher paraffin content in the higher molecular weight fractions.

CO bydrogenation over Co/Al,OzA gives only small changes in the olefin selectivity in the
temperziure range from 489 w 529 K. The observed variations in Fipore 4-37 of the C; and
the C, fraction could indicate a2 weak incxease in C, olefin selectivity and consmnt C, olefin
selectivity. The measurements are done with CO conversion berween 4.5 and 7 %. buot the
trend is not due 1o changes In the CO conversion. It is earlier reported /55.77/ ther the
percentage of olefins in the various carbon nurmber cuts ezther remained constant or decreased
over cobalt caralysts as the ternperamre was increased.

When changing the H,:CO 12tio from 1 10 4 2t 511 K and 7 - 9 bera over CofALOsA 2
significant decrease in olefin production appezrs for the C; fracion. while the decrease is
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more moderzte for the C, fraction. Thess mends shown in Figme 4-38 are in agreement with
studies of cobalt catalysts at Rhurchemie /77/ and iron catalysts at US Bureau of Mines /78/.

Figure 4-39 shows that the C, olefin fraction Is decreasing when increasing amonnts of
platinum are added to the cobalr catalyst. The C, olefin fraction is unaffectad of the platinum
addition.

The lower olefin contear in the products from the platinam conwzining catalyst is oot
unexpected, due to the known hydrogenarion activity of platinum /65/. The platinem is
zpparently active In rapid secondary hydrogenation reactions only, while the primary chain
growth reactions takes place on cobalz
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4.32 Low temperature / 1 bara tota! pressure

The hydrocarbon product selectvity from CofALO;A was measured a1 473 K and 1 bar, with
a F,:CO rado of 2 and 3. The results from these expeariments are shown in Figare 440, The
product distribution from Co/Al,O3A and Co1.0PrALO;A ata H,:CO ratio of 3 are compared
in Figore 4-41.

Figure 4-40 shows that when the H,:CO ratic was increased from 2 10 3 it resulted in more
light gaseous hydrocarbons produced. while the amouer of liquid hydrocarbons decreased.
This is due 1o higher terminating rates with increased hydrogen concentrations /35/.

From Figure 4-41 it is seen thar there are no significant differences in selectivity from the
promoted and the unpromoted catalyst When comparing these selectivities with the wends
in selectivities observed with increasing temperarure (485 - 529) a1 7 bara (Figure 4-33 to 4-
35), there is good agreement berween the results. The methane sclectivity is somewhat

‘3‘;;% 7
: 5l /

o

2.0

Hg : CO rotfio

3.1

Figure 4-36. Hydrocarbon product selectivity over CofAL,03A with Hy:CO =2 and 31
at 473 K and 1 bara. GHSV = 5000 and 7000, CO conversion = 3.4 and
5.5, respectively.
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lower and the selectivity to longchained hydrocarbens is somewhat higher at £73 X and 1
bara. This result shows that the change in reaction emperature. and not the pressure, is most
Important for the selectivity. The general wend for increasing pressure is increasing chain
length /34.55/.

As shown in previous chapters. the promoted catalysts showed a much higher degree of
reduction compared 10 the unpromoted catalyst Then the lack of differences in hydrocarbon
selectivity from the promoted and the unpromoted catalyst conld be discussed in terms of the
degree of reduction of the catalysts. The effect of redyerion extent on hydrocarbon selectivity
is discussed in the Ltcramre, and there seoms w be some disapreements. Lec et al. 738/ did
not find any differences in product disribution with varying degree of reduction over 10 %
Co/ALLO; at 523 K and 1 agn., with H.:CO = 3 and CO copversion = L8 % when the
caicination wmperatare was kept constant. This is in agresment with the resulis found in this
investigation,

100
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Figure 441. Hydrocarbon product selectivity Co/ALO;A and CoLOPVALO,A with
H,:CO =3 at 473 K and 1 bara. GHSV = 7000, CO conversion = 5.5 and
7.7 %, respectively.
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Lapidus et al. /46/ found a higher towml yicld and more Cs, hydrocarbons with mcreasing
degrees of redncrion, Bt in these investigations the degree of reduction was changing as 2
result of increased calcmation temperanme, and thus more dramartical changes in the
dismibution of the cobal: phases could be expected. The changes in selectivity wers explained
bychangcsinrhccobahsnppoﬂhmcﬁonsanddiﬁmindwnamoﬂhcoﬁdcphm
IR ‘stadies 746/ showed an increasing amount of kinearly bommd CO when the catalyst was
ca.‘lcincdinair.ThcinamsednmnbcrofwthOadsorpﬁoncmmonmccobahatalys:
sm&mmwggmedmbcmcamofmeobmedinmhﬁqﬁdhymm}id&
Moona.ndYmnBﬁffomdoﬂyasnaninamscinﬂmhmcwecﬁvityﬁthinmgm
of reduction.. while there was 2 significant decrease in the olcfin sclectivity at high.‘u- extent
ofmducﬁon.l‘hiswasmmsmedatconvcrsiondc_gcsisstban1%withaH;_.:COmﬁo=
5 a1 513 K and 1 bara Since the extent of paraffin formation depends on availability of
reactive hydrogen, the lower olefin selectivity on well reduced catalysts was explained with
suppressed H, adsorption ou poorly reduced cazalysts. '

Lapidus et 21 /118/ report that bimerallic CoRu and CoPd systerns resulr in a higher yield of
Cs. hydrocarbons in comparison with the mmpromored colrlt catalyst Rutheniom gives the
most pronounced increase in the selectivity to liquid hydrocarbons.

In the promoted camalysis two different phases of cobak are redoced and active in CO
hydrogenation in conmast 10 unpromoted catalysts where only Co;0; particles are assumed
10 be reduced. As this does not give significant changes in selectivity it could be used as an
evidence for CO hydrogenation as 2 sTucture insensitive reaction. Johnson et al. /34/ found
:hauhcaaivﬁywasindepmdmtofdﬁpaﬁomandcnmmdedtha:mcmhydmgwaﬁmis
suumehsusiﬁvnmthcoﬂuhan¢itcomasobcmedmsnggmdmthcmduced
oobalt&omrhemfacehyerfomsparﬁdﬁnmchmcetbcpaddsfomwdﬁum%or

Unfortunztely. compiete C,, selectivity measurements were not performed when testing
Co/AL0;B. Col.OPVALLQ;B and Col.0R=/ALO;B atlow temperanare, 1 bara and with H./CO
ratio = 2. Ouly the CH, sclectivities are available. An increase from 11 wt & o 13 W%
methane can be cbserved when adding 1 wi% Pt ar Re 10 Co/ALO,B. This could indicare that
the second metal takes part in the methane forming reactions. When z difference berween the



i34
mpmmomdandﬂwprmmmdmlvstssobsavedatthmcondmons.mssuppmmc
sugpested diffusion limited product disoibution at more severe conditions.
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5 CONCLUSIONS

5.1 Reduction behavior

TPR smdies show that monomenallic 9%CofAl,O; afier calcination in the range 573 - 698 K
contains two mair cobalt phases: Cryswline Cos0, particles which is reduced ar temperatares
berween 600 and 650 K. and a cobalt oxide layer containing cobalt ioas imeracting with the
almuhampponsmfaeaThcsu:facccobal:phaseisredwedbctwm?ﬂOand 1050 K. Some
amounts of very heavily reducible CoAl O, are also present in the caralyst

Addition of Pr, Ir. Pd. Ru or Re Jowers the reduction temperature of the cobalt phases. The
mmpe:znn'eshiftsaredependemofthcsecondmenlloading. but also of the type of second
metal and its precursor. Addition of 0.1 2nd 1.0 wi% Pr from a chloride contzining precursor
lowess the Coy0; reduction temperaturs with about 80 K. The reduction temperature of the
surface cobelt jons are Jowered with 100 - 200 K compared to the monometallic cobalr
catalyst increasing platinum loading gives increasing temperanure shift

Additionoflm%ﬁﬂomachluﬁdeﬁeephﬁnumprewmmmcabmemﬁomd
shifs for the reduction of Co;0, 1o 140 K, while reduction of the surface cobalt phase is
shifted 100 K comparsd 1o the monomeszailic caralyst

'I‘heabili:yof:bcdiffmtsecundmta]smstﬁ.f:tth%O‘reducﬁondminthcordu
Pr=Pd = r > Ru >> Re.
Tﬁssmsmbcinthcsamordaasmemofmdncﬁmof:hedifmsmdmaﬂs
The ability of the metzls 1o shifr the redocton of the cobalr surface phase decrease In the

order
Pt=Ru>Ir>Pd > Re.

Ar 623 K rednction remperature it is found that the bimetallic CoPr and CoRe camlysts are
redoced to a larper extene compared 0 the monomesallic cobale carlyst In the bimetallic
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catalysts the surface cobalt oxide are reduced, while this is not the case for the ronomerallic
catalyst

The degree of decomposition of the cobalt precursor. Co(NO,),. during the calcination is
depmdunof:hecaldnaﬁmwmpmmﬂcdecoﬂmosiﬁmofnmamimismmplm
afr:rtwohoutsinﬂowingaha:wmpcxmbdow?OOK.Theminaivcdemmposiﬁmof
the cobalt nitrate left afier calcination do not shift to a Jower temperamre after addition of 2
sccond metal. The degree of decomposition of nitraie during the calcination is also vnaffected
by addition of 2 metal promoter.

5.2 Chemisorption of H, and CO

When measured by volumetric chemisorption 2t 298 K, both the H, and the CO aptake on
the 9%Co/ALO; catalyst increase with increasing amounts of platinum added to the catalyst
The H, uptake on the catalyst with 1 wi Pt added is twice the H, uptake on the unpromoted
canlys. The CO upmke on the 9% Col RPr-canalyst is nearly three times the CO uptake on
the monometallic cobalt catalyst.

Addition of | wi% Re also increases the gas uptake on the catalyst, but the increasc in the
H, uptzke is lower compared to the increase with lwt%Ptaddiﬁon.ThcincrascinH;._
uptake is 50 % compared 10 the unpromoted catalyst. The increase in CO adsorption is about
the same for the rheninm promoted cztalyst as for the platintm promowd catalvst.

The CO:H adsorprion rato for the investigated catalysts increases in the order
9% Col%Re > 9%ColRPt > 9%C00.5%Pt > 9%Co.

Chemisorption of Ha on chloride containing, platinum: promoted camlysts shows that these
cawmlysts adsorb somewhat less hydrogen compared with the monomerallic cobalr catalyst.

Increased calcination temperamre of the 9%Co/AlQ; catalyst slightly decreises the H. uptake
on the camlyst,
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5.3 Catalyst activity and selectivity

Activity measurements done with differential conditions ar 473 K and 1 bar show that
promotion of the cobalt catalyst with platnum or rheninm approximately doubles the rate of
CO conversion 1o hydrocarbons. The increase in CO conversion due 10 Re addition is larger
compared 1o the incease due 1o Pt addidion. The increase in CO copvession over the plainom
promoted catalyst is in agreement with the observed increase in degree of rednction and the
increase in H, uptake. However. some of the hydrogen upzke is considered 16 bt on
platinum. Promotion with platinum as well as rheniom then gives increased mmover
frequency on the cobalt sites. The results therefore indicate ti:az the increass in rate for both
promoted catalysts is due 10 increased number of sites. 25 well as increased Inrinsic acrivity.

When the activity measurements were done at more severe condifions (513 K znd 7 bam)
giving increased rates, the promoting effect of Pr and Re could mot be observed. It is
suggested that the reaction rate most probably is controlled by the gas diffusion thromgh
liguid product present in the catalyst pores.

Sclectivity measurements did not show significant differences in hydrocarbon chadn kength
between the mono- and bimetallic cobalt camlysts. The ¢-olefin/n-paraffin ratis of e C,
fraction decreased with increasing platinum addition. On the other hand, the c-olefin/o-
paraffin ratio of the C, fraction was not dependent of platinum 2ddition.

Over 9%Co/ALQ; the methane selectivity increases from 13 10 25 Wi%% over the enrperamre
range 489 - 520 K a1 7 bara. while the C;,, fraction decreases from 72 10 50 wi%. The -
olefir/n-paraffin ratio does not change significamtly within this wemperane range.

When changing the Ho:CO retio from 1 to 4 a1 513 K and 7 bara, methane selectiviay
increased from 13 to 30 wt%. while the Cs_ fraction decreased from 72 to 44 wi%. The a-
olefin/n-pareffin ratic of the C, fraction at the H;:CO ratic = 4 was hadf the value a1 the
H,:CO ratio = 1. The a-olefin/n-paraffin ratio of the C, fraction was 2lso unaffetted by the
H,:CO rado.
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