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At 673 K oxygen tiration of some of the catalysts was tried a5 an alremative method to TPR
for determanation of the extent of reduction. The temperzame was chosen because this is the
"standard” teamperatare for oxygen timation of reduced cobalt catalysts using the volomeric
mecthod 25 described by Banbolomew /737, This method is also reported by several other
Wmmsmw.mmxmcoﬁdaﬁmofmmm!ph&isasmdmbc
complete. and the prodoct is assumed 1o be Cog0, /35/. The resulrs from palse O, titration
and from TPR are shown in Table 4-8 below. The TPR spectra in Figure 4-12 are from a
Platinuen pramoted cobalt catalyst, comparing reduction for 16 bours 21 623 K with pednction
in a standard TPR rud up 1o 1173 K. Table 4-9 contains lixramre data /7.35,38/ showing the
degree of reduction of alumina supportsd cobalt catalysts found by different methods. They
are compared with the results from the present wark '

Table 4-8. Degree of reduction® (%) of catalysts found by pulse O, titration at 673 K
aﬂer_edudionfor“honrsatﬁbl(,andby!?kduringamespuuﬁng

redoction,
Pulse O, tiration® TPR
Cazalys: Co Cox® Co CoX®
Co/ALO;A 52 52 40 40
Col.OPYALC,A 34 79 88t 83°
Col.0Pt*/ALO,A® 82 73
Col.0Re/ALO,A 89 78

: The reoxidation of redoced cobalt is assamed to be complete after oxygen pulsing at 673
K. Then the degree of reoxidation of the catalyst is considered equal 1o the degree of
reduction. The degree of reoxidation is calculated from the oxypen corsumaption compared
10 the toral amonnr of cobulr on the catalyst, assuming Co,0, being formed dusing
reoxidadon. :

i The amount of oxygen needed to complers oxidation of Px and Re, to PtO, and Re,0, is
subtracted from the w2l oxypen consumption before calenlation of degree of reduction
of cobalt,

¢ The amount of bydrogen needed to complers redoction of Pt and Re. from PO, and
Re,0, is subtracted from the total hydrogen consmmption before calcalation of degree of
reduction of cobalt,

4 % denores that 2 chioride containing platinam precorsor is wsed.

© The camlyst used is Col.0PYALOLB, calcived at 573 K.
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Table 4-8 shows that the extnt of reduoction calcolared from pulse O, tiation is in rather
gﬂagm%&MmMMammZKlﬁnupwm
K. However, a difference (52 % versas 40%) is observed for CofALOsA. where O, titration
givsmcla:gmmducﬁonml'hisdiffumccmbemggcmdwbedwwtbe
measurement method in TPR. becanse the hydrogen consumption during a possible, very slow
reduction under isothermal conditions (623 K. 16 bours) can be difficult ro mezsare, But on
the other hand, the hydrogen consamption rneasured during a forther heating to 1173 K with
10 K/min after the “standard redoction™, corresponds o 2 total degres of reduction of 95%.
This indicate that most of the hydrogen cousumed during the isothermal period is recognized.

Fmﬂwphﬁnmpmedaﬂlys:thcdiﬁmhmeﬂredmﬁmmmdu
rwo methods is only 4 %. In this case the O, tirration shows the lowest redoction extent. But
it must be noted that the promoted catalyst investigated in TPR is calkcined ar a lower
mpumc(mK)mmcozhas(mx).mmcfmcﬁmofmlcmaﬁm
umpam(ﬂ:apm&l.l.l}hassbownamgmofmdmﬁmwid:h\aaﬁng
calcination tempeTatare. It could therefore be guessed thet with the same calcination
mpmmmcraducﬁonmﬁomﬁkwm!dhmhmammmmw

0, tiration.

Ozﬁcaﬁmatﬁﬁxshmvsmmanthepmmowdmﬂyssmmdmedwmcsmmm
Srmall differences observed in oxygen consumption between the promoted catalysts disappear
when sobtracting the amotmt of oxygen needed to reoxidation of the aoble meml. The
coincidence in extent of reduction for all the promoted catzlysts is also i agreement with
tends found by TPR (Chapter 4.).1.3 - 4.1.1.5).

Altogether the comparisons made zbove show that there is just small differences berween the
two methods in calenlaton of redoction extent Results obmined with one method in the
mhwmmmmmmpmzﬁcﬁﬂarcﬂﬂsob@edwimtbcomm

When comparing the TPR spectrum of a platinom promoted catalyst calcined at 573 K and
reduced for 16 hours at 623 K with the TPR spectrum of the same catalyst reduced in 2
programmed man up 10 1173 K as in Figure 412, the same peaks are seen in both spectra. The



)
m«mmmtmaxm%qsmmm&ammm
lOKImin.uptoIlﬁKsmtts%mmymd&hgcmm}.A

reduction temperatare program of 2 K/min up 10 623 K and then constant temperatare for 16
hours gives a degroe of redoction on 88 %.

Tabk&QMMrﬁnaionemhhmmgemfoﬂbywlmorm
13538/, Rerel and Bartholomew /35/ found an extent of reduction of 34% for an uncalcined
10%Co/ALO; catalyst reduced a&&%mfm@ﬂmmm
Hﬁculsﬂfalsoshowedmducﬁonminthemgezs-ﬁ% for Co/ALO; catalysts.
mmmmmmmmdmmmmeﬁmﬁm
temperame.
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Figure 4-12. TPR spectra of CoLOPt/ALO,B at different temperatnre programrning.
a) 10 K/min, 293 to 1173 K, b) 2 K/min from 293 to 623 K, and then at
constant temperatnre 623 K for 16 b

400
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Table 4-9. Comparison of different ways of calculating the degree of reduction of cobait
mﬂmmedbyhmrymﬁmdahﬁ:nwﬁhmm

Degree of
rm&.os 673K.5h | 673K->4h XPS 35 Chin and
. Hereules 71/
8% CofALLO, 87T3K.5b | 673 K.>41h Xrs 25 Chin aod
. Bercules 77/
16%CofALC, 673 K.5h | 6T3K.>4h XPS 43 Chin and
Hercules /7/
10%Co/ALO, 73K 2sh | 623K.4h | Volumeric 17 Lee.Les and
O titration Ihm /38/
10%Co/ALL; None 648 K.20h | Volomemic 34 Revel and
_ Q.-ritration Barthotomew
35/
15%Co/ALO, None 643 K.20h | Volumettic 44 Reuel and
O titrats
st
$7%Co/ALO,A | 613K, Zh | 623K 160 TPR 40 This work,
Table 4-8
87RCHALO,B | ST3K.2h | 623K I6h TPR 36 This work,
Fig. 4-8
Table 4-2
BIRCO/ALD,A | 673K 2h | 623K 14D | Pulse Or 52 This wotk.
ttration Table 4-8
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413 Volumetric chemisorption of Hy and CO

The resuits presemed below are obtained after the same preteatment of all the cazzalysts:
Heating from room temperatire ©0 623 K in 150 ml pure bydropen per minute and gram of
catalyst, at a heating rate of 2 K/min, and then reduction at 623 K for 14 «16 bours
Variztions in reduction time between 14 and 16 bours are not cousidered to be critical for the
comparison of the resalts. XPS studies /7/ znd TPR spectra (the present smdy) show that most
of the reducrion occurs during the first 4 - 5 hours. An exarmple of an adsorption isotherm and
the calexlation of the corresponding dispersion are given in Appendix 3. In addition to the
figares shown below the results from all the adsorption measurements are tabulated in
Appendix 4.

In the figures below the diffexrence in gas uprake between the first and the second isoiherm
is, doe to common practice, called "imeversible™ adsorption, while the gas uptake measured
by the second isotherm is called "reversible” adsorption. However, measmrements have shown
that the amount of "reversible™ adsorption Is increasing with the evacuation tirne between the
aptake of the two isotherms. Therefore it must be reatized thar all adsorption in principle is
reversible. With use of the satne evacuation time in all experimemts, differences in
“irrevexsible”™ adsorption can indiczte changes in the strength of the adsorption. Doe 1o this,
the erm "sopg” and "weak™ adsorption will be used in the forther discussion.

‘The hydrogen uptake is expressed as {mol H / mol Co,,]. and the CO uptake is expressed as
{mol CO / mol Coy,J.

4.13.1 Effect of calcination temperature

Stong and weak hydrogen adsorption were measared for cobalt catalysts cakcined ar three
different temperatures; 573, 648 and 673 K. The results are shown in Figure 4-13.

In Figure 4-13 it is shown that the tota! hydrogen uptake decreases sliphtly with increasing
calcination temperatre. The same tend is not elear for the strongly adsorbed part of the H,
uptake. For the two caalysts calcined at 573 and 673 K, 70 - 75 % of the wotal hydrogen
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Fipure 413, H, optake at 298 K on Co/ALO; catalysts calcined at different
mm"mmmmamxhﬂmﬂszlémw
A and B.
mkchﬂmnedmbembedsuongly.FmﬁeczmlyncakMdumeemm
is 95 %.

In Figure 4-13 results for catalysts made from two differemt ¥ALQ, supports are shown-
Howwa.d:cspeciﬁaﬁonsﬁomtbcmznufamasmvayﬁnﬂarforﬁems:ppm&h
addition, the pore size distribution 2nd surface area for the caltined cobalr camlysts were
mezsured by niropen adsorption/mercury peoetration and BET, respectively. The resuits are
naﬂy&mfwammwmmmdﬁumwmwsykis
therefore Dot probable thar support effects will affect the adserption resulrs

The TPR pezks representing redoction of Coy0, (Figure 4-1) showed 2 shift 1o kigher
mmwwmmmmmmmam;m
temmperatare of the catalysts. This was suggested (Chapter 4.1.1.1.) to be cansed by a higher
degree of sintering of CozO, -t higher calcination temperatares f137/. The decrease in
hydrogmajsmpﬁmwi:hinamchddnzﬁmmnpazmﬁm4-13)mmmu
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suggested 1o be cxased by larger cobalr particles, leading to lower dispersion. Data in Table
4—9showtha:¢emm1yn:zkhnda:6?3&ismdm=dmasﬁglﬂyhighﬂmmw
to the camalyst reduced at 573 K. A decrezse in reduction extent can therefore not explain the
observed decrease in hydrogen adsorprion.

The ol hydrogen uptake on 8.7%CofALO, shown i the present work is about 1.5 times
higher than reported by Bamtholornew and Renel /81/ for similar catalysts. This differences
o be duc 1o different catalyst pretreatment procedures. The frac  of weakly adsotbed
hydrogen is in good agreernent in the two works,

4.132 Effect of platinnm and rheninm promotion

Hydrogen adsorption on camalysts with different platinum leadings is sbown in Figme 4-14,
and CO adsarption on the same catalysts is shown in Figure 4-15. A comparisor of the effect
dmﬁmvﬂhphﬁnmmmuﬁmonﬁrmcomrpdmisﬂsodomﬂydmgm
adsorption oo catalysts with 1 wt% rhesiom and platinum addition is shown in Figure 4-16,
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Figure 4-14. H; adsorption on catalysts with various platinum loading. Chloride free
platinum preeursor and calcination temperature 673 K.
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and CO adsorptios on thess caralysts is shown in Figure 4-17. Figure 4-18 shows the ratio
between the amount of CO and H adsorbed on different catzlysts.

The hydrogen adsorprion is increasing with increasing platinum amount (Figure 4-14). Tee
bydrogen uvptake on Co0SPVALLD;A is neardy one and 2 half time the hydropen uprake on
CofAl, O34, while the adsorption on Col.0PVALQ;A is nearly twice the adsorption on
ColAlLO;A. A slightly larger pare of the hydrogen is weakly adsorbed on the promoted
camatlysts.

The CO adsorption, shown in Figure 4-15, is also increasing with increasing platinum amount.
But the increase in the CO adsorption is larger compared 1o the increase in hydrogen
adsorption. The CO uptake on Col.OPVYALO;A is 0.065 mol CO/mel Co, which is nearty
three rimes the uptake on Co/AlCsA. On CobSPYALLO3A the CO adsorption is 0.042 mol
COfmol Co.

010
=) [ “Reversible* adsarption
‘-_; 0.08 F | ES559 "irreversible” adsorption
g 2.085
< 0.06
=]
£ 0.042
Q L .
j‘?, D.C4+ \\:
g 0.023
8 oozt
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Al N
Co/Al03A Co0.SPt/AI0zA  Col.OPt/AloOzA
Cctalysts

Figure 4-15. CO adsorption on catalysts with various platinum loading. Chloride free
pletinum precursor and caicination temperature 673 K.
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Figure 4-16. H, adsorption on cobalt catlysts promoted with 1 wt% chloride free Pt
and Re. Calcination temperature 673 K.
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Figure 4-17. CO adsorption on cobalt catalysts promoted with 1 wt % chloride free Pt
and Re. Calcination temperature 673 K.
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When comparing hydrogen adsorption oo a pure cobalt camalyst with cazalysts promoted with
approximately 1 wt % of rheninm or platinum (Figare 4-16) an increase in adsorprion is
observed for both the promoted catalysts. But the increase in hydrogen adsorption on the
rheniumprmmdamlyaislcssthmhalfofthcinmhhydmgmadsorpﬁmonﬁxe
platinnm promoted cawlyst The hydrogen nprake on Col.0Re/ALO;A is 0.060 mol H/mol
Co and cqual to the hydrogen uprake on Co0.5PVALO:A-

In Figare 4-17 the CO adsorption on rhenizm and platinum promoted catalysts are compared.
Ir is shown that there is no proncunced difference bevween the CO optake on the two
prmnowdcamlyss.BomshowahrgeinaeaseinCOadsmpﬁmcompHaiwthcpmcobﬂ:
caralyst. The amount of swrongly adsorbed CO is also nearly the same for the two promoted
catalyst.

Figure 4-18 shows that the ratio between CO and H generally is higher for weakly adscrbed
gases than for swongly adsorbed. The CO:H ratic increases for the camlysts in the order

=== “Irreversible” adsorption
1ol | === Totel gdsorption

K
b4

H ratio

co

S
Co0.5Pt/Al:Ozh  Col.0Pt/AOya  Coi.ORe/AlpOsA
Catalysts

Figure 4-18. The ratio between CO and H uptake on different catalysts calcined at 673
K and reduced in situ at 623 K for 16 hours.




o4
Col.ORe > ColOPt > Co0.5P1 > Co.

For Col.0Re/ALO3A the torzl amount of CO adsorbed is the same as the to! amount of H
atoms adsorbed. For Co/AlyOA the amount of CO adsorbed is half the amount of H atoms
adsorbed.

The ncrease in H, and €O adsorphion with increased platinum loading has several possible
explanations.

D) Increased degree of cobalt rednction due to platinum promotion as seen from the TPR-
results in Figure 4-8 will give higher degres of available memilic cobalt surface, and thus
higher H, and CO adsorprion.

ID Platnom is known /86.107.110,124/ to adsorb both hydrogen and CO at room
wmpuamlfhisasumedﬂmplaﬁnumcﬁssasascpmmphascorinmaﬂoy
behaving much like platinom. then the gradnal increase in H, and CO adsorprion with
increasing platinum loading could also be due to adsorption on the plarinum.

) Xk is well known /111/ that hydrogen is able 1o spill over from well dispersed platinum
to the support, and this will increase the measured amount of hydrogen.

IV} Spillover fiom reduced platinum to cobalt oxide could also be assumed as a possible
reason for increased adsorption on promoved catalysis /47/.

V) Bartholomew ex al. /43 have reporied results indicating that CO and H, are able w spill
over from cobalt metal crystllites 1o the support. The higher degree of reduction of the
oxidic cobalt layer on surface on the promoted catalyst gives an increased inrerface
berween reduced cobalt and support {or unreduced CoALQ,) surface. This increased
nterface makes the spillover mechanism more possitle.

VI) X pladnum does not exist as a separate phase, but rather as an alloy with the surface
phase of cobalt, there will be interactions between platinum and cobalt, which may
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increase the gas adsorprion capacity of cobalt compared to cobalt in 2 separate phase.

No single explanation among I) - VI) is necessarily the correct ones combirarions of two or
several effects are possible. It should be noted thar :

I It is not necesszrily 2 linear correlation between the degree of reduction and the amount
adsorbed. At least two possibiliies can be suggested to cause changes in the cobalt
dispersion for the promoted catalysts compared 1o the unpromoted: a) Cobalt-platmum
interactions can modify the cobalt particle size. b) Two or several "particie size regimes”
can exist as a resclt of reduction of different cobalr oxide phases. In addition to the
different surface area for particles of different sizes, the adsarption behavior can vary due
to different degree of interacions between the alumina support and the reduced cobalt

I Platinum can be assurned to be 100 % dispersed. and a PrH ratio can be assumed w0 be
1:1 as indicated in literaure datz /106,107.108/. The hydrogen consumption
cotresponding to platinum adsorption is subtracted from the total hydrogen conswmpton,
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Figure 4.19. H, adsorption on cobalt catalysts with various platinum loading. 200 %
dispersion of Pt, and a Pt:H rativ of 1:1 assumed. :
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and the remaining fraction of hydrogen is then assumed to be adsorbed on cobalt The
wesult from these calcnlations is shown in Figure 4-19 above. It is seen that with these
assumpdons the hydrogen adsorption on cobalt remains almost constant with increasme
platinem loading. However, recently pablished works /113,105/ indicazs that the pladnom
reduction on alumina supported monometallic Pt /105/, or bimewllic PCo /113, catalysts
is incomplete after one hour calcination and reduction at 770 K, due to strong Pr-ALO,
inreractions for some part of the platinam. The catalysts used in this stody are reduced
at 623 K In addition. platinom dispersion on PyZnAl,0, camlysts is dependent of
platinum Ioading /114/, 2nd when the Pt loading is above 0.5 wis particle foermarion is
soggested to take place. A similar situztion could be imagined for platinum on ALO,
100 % dispersion of platinum is therefore not probable, and accounting for kydrogen
‘adsorption on platimum in CoPY/ALO; will be less important then indicated in Figare
19.

As seen from the TPR mans of preveduced catalysts in Figure 4-8, both the rhenium and the
platinum promoted catalyst are almost completely reduced after 16 hours 2t 623 K. The
difference in hydrogen adsorption!?awem these two catalysts is therefore not assumed 10 be
due 10 a different degree of reduction. One reasonzble explanation of this phenomena is that
thenium do not /126/ adsorb, or adsorb very small amounts 127/ of hydrogen 21 room
temperature. The excess of hydrogen adsorbed on the platinum promoted catalyst compared
10 the thenium promoted catalyst, could then be doe to hydrogen adsorption on platinum as
indicated in point IT) and I above.

The CO adsorption data in Figure 4-17 shows that the difference between platinum and
rheninm promoted cawmlysts seen for hydrogen adsorption disappears for the CO adsorption.
~ It could therefore be suggested that rhenjum is abie to adsorb CO. but not hydropen. These
diﬁmcscouldindim:ﬂmﬂaﬂumandplaﬁnma&sna]mpaﬂy.aspmmcal
particles that are responsible for some of the increased CO adsorption relagve 1 the pare
cobalt caralvst

Bartholomew /58/ has studied cobalt catalysts extensively and concludes with increased
reversibility of hydrogen ad.vpton with decreasing exieat of reducton. The wend seen in
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Figure 4-14 is not iz agreement with this conclusion. The promoted cawlysts e redoced to
higher exten: and simulzneously show higher degrees of reversibility. When Bartholomew
vagied the degree of reduction. the meral loading was not constant. In this study the cobalt
loading is constant. From the TPR data it is kmown that the oxidic cobalr layer on surface is
rednced on the promoted cazlysts. When reduced, this phase may have adsorption behavior
different from the larger Cos0, particles, giving a weaker adsorption of hydrogen The
disagreement could also be due to the platinum pressat If hydrogen adsorbs on platinum as
well as on cobalt (point II}, the adsorption on platinom might be weaker than on cobalt The
totzl effect of this could be increased degree of weak adsorpion Increased hydrogen
adsorption on the support on the promoted catalysts could also cause the increased "weskly
adsorbed” fraction (point IIT). Platinum may 2iso change the physical propertes of cobait
resulting in more weak adsorption at fow temperawre (point vI).

“The lower CO-H ratio for swongly adsorbed gases seen in Figure 4-18 compared 1o the same
rato for total amount of adsorbed gases is a result of the large amounts of weakly adsorbed
CO (40 - 60 %). A weak CO adsorprion is found to take place on AlyO5 /45/, and some part
of the weakly adsorbed CO mzy be on the supporr. Lapidus et al. /79,80/ found three different
adsorpiion ssates (1 - HI) for CO adsorption on 10 % CofALOy. and only one of these was
assigned 1o reduced cobalr metal. Adsorption state I and III were also found for the unreduced
catalyst. The most weakly boand form of adsorbed CO, form [, is suggested w correspond
to adsarption on cobalt-aluminum compounds or on the support itself. Form I is suggeste<l
1o represent CO adsorprion on CozO, It could also from these resplts be suggested that
weakly adsorbed CO is not only on cobait metal. but also on unreduced cobal phases or on
the alumina supporr.

The low (COH)srreversiver F20 01t Co/ALO,A i not consistent with literanmre data /35.38.81/
far 10 % CofAl,O;. This ratio is typically reported 1o be in the range 1.1 - 1.4 in contast to
0.25 in the present study. The difference is due to both higher (50 %) hydrogen adsorption
2nd muck lower (1/3) irreversible CO adsorption in this investgation. The difference berween
the Brerature daw and the results presented here could be due to differences in the
measrement methods. The evacnarion time between the first and the second isotherm is
irmportant for detemining the amount of weakly adsorbed gas. In addition, the Literatre data
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were measured by the desorprion (decreasing pressome) method, It should also be mentioned
wwmmmwmﬁmmummm,m
the differences observed in the adsorption behavior.

It could only be speculated in reasons for the low CO:H adsorption ratio: One possibility is
hydrogen spillover, another is the existence of bridge bound CO molecules ar the
mezsurement conditions, which would change the adsorption stoichiomery from I:1 to 122

BothHnwﬂyudbﬁdgemmdmmfmdhyﬁwa&mmwmmﬂw
on 10 % Co/ALO; using IR even thowgh other authors /83,84.85/ report predominamtly
Linearly bomnd CO on silica and alusmina supported cobalt. Johnson e al. /87/ formd that CO
adsorbs both molecalarly and dissociatively on Co overlayers on tomgsten. Dissociation takes
Place on two types of sites: A Cof/W interfacial site at submonalayer coverage of Co/W(100)
and Co/W{110), and on the pseudomorfic monolayer of Co/W(100). Namskov /116/ reported
that CO adsorbs non-dissociatively on cobalt metal. But it was also stated that open surfaces
are: usually more reactive in dissociating simple gas molecules than the close packed ones.
Then there might be some chance for dissociative CO adsorption on the reduced suzface phase
on the promoted catalysts.

The small difference in CO and H, adsorption for the cobalt rhenium caralyst compared to
the platinum promoted catalysts, is panly explained by the absence of hydrogen adsorption
on theniom. A reason for the increased CO:H ratio for the promoted catalysts (both Pt and
Re) compared 10 the unpromoted could be the nature of the cobalt surface phase that is
mduoedmahighctdegmeiuﬂ:emlysswiﬂ:apmmom(asseminﬁgmem. Itis
reported that decoration with the alumina support leads to diminished H, adsorption, while
the CO adsorpdon is unaffected by this /40/. Then &t can be suggested that for the sarface
phasc on the promoted catalysts tie intimate contact w0 the suppost gives a decoration of the
reduced cobalt. Another possibility is hydropen spillover from redoced cobalt 1o the mreduced
oxidic layer on the unpromoted camlysts.

It conld on the other hand also be suggested that if the CO:H ratio on plarinum and rheaiom
is rmuch larger compared to cobalt, this could cause the observed increase in the CO:H ratio,
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Varmice /386,124/ found a (COH) ., rato = 0.6 on 12 % - 1.75 % Pi/ALO; ar room
mpammishmcmmgcasobuhedmmm—pmaa@mhﬁc
prmndy(ﬁgm#l&.mdcwﬁ&udmcpuﬂymlzinmcmcoﬂm

4.13.3 Effect of chloride

Egme#@shm!kadsmp&mmcmlysswitbdiﬁmphﬁnmlmdhgsmdcﬁoma
dloﬂdcmhhgp!aﬁummw.kkmﬂﬁﬁacmlmaﬂmbmﬂmlss
hyﬁogmthmthemmmﬂicmbakmmlmmhydmgmadsmpﬁonmmwccmlm
ismdinglyumdependcmofphﬁnmloadhghd:emwayshwsmcumideﬁu
platinem promoted catalyses.

mumiymmwmgmadmﬁmwMMgphﬁmhﬁngmmg
chioride containing platinem precarsor was umexpected from the TPR results. TFR
Mmofpmmmmmmmmmmgpm
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Figure 4.20. Hzadsorpﬁononatalmvﬁtbvarionsphﬁnmloading.dﬂoﬁde
containing platingm precursor and calcination temperature 673 K.
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on cobalt reduction. However, the heavy reducible cobalt surface phase was reduced at lower
temperanie when promoted with chioride containing platirum precursor compared to chloride
ﬁmplﬂmm.mmdiﬁmphﬁmmnnhhgwmkmymw
therefore be expected w be reduced to nearly the same. high extess afeer 14 hows ar 623 K.

Oxychhrhaﬁonofﬁnuedphﬁunmm!yssismmmmhm:hedispesimofphﬁm
71/ This is sopported from the temperamure shifts observed in the TPR experiments in this
mdy(discmﬁthham:&I.l.ﬁ}.A]sohvicwofthisminumedhy&ogmupm
shonld be expected on the chloride containing platiturn promoted catalysts. As this not is the
case there conld be other chloride effects on the catalys: smface. Sorme of these effects could
be:

D) The jon exchanpe of chloride ions with hydroxyl groups on the support giving lower
degress of hydrogen spillover from the platinum /65/ is mentioned earlier. Since & also
is soggested that parts of the measured hydrogen adsorption on the chloride free platinom
promoted catalysts are adsorbed oo the suppont swface, it scems reasonable that some
pasts of the decreased ydirogen uptzke could be due to chioride poisoning of the support.

ID Matzusaki et 2l /50/ did sugpest that chloride species cause 2gpiomeration of the cobalt
particles during reduction. This will give Jess cobalt surface available for hydrogen
adsorption and reaction. Zsoldos and Guzci /113/ report XPS measurements indicating
lower dispersion of Coy0; on bimetallic 30 % CoPYALO; (%, =0.85) compared to the
dispersion of Co;0, on monomezallic cobalt samples. They suggest that platinam or
chloride increases the particle size of Co;0,. The results presented in this study, showing
different results for chloride containing and chloride free CoPt catalysts, support that
chlaride is responsible for the influence on the paricle size

o kooﬂdbespemhwdinmeﬁmofchlmidconcobdtmdphﬁmgivhglm
hyd:ogmadsmpﬁomﬁcﬂzadsorpﬁoniswka—onthccmoﬁdcconuhﬁngﬁnwsn
This coulé be due to 2 Co® caused by chloride.
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Mmmumammm.mnmofmmhm
wmmm&mmmwmmm
mmlyummhshaagomjcobakmwhﬂctheplz&nmandrhaﬁmnm
cam]ysswimmnchloﬁdcconmincubiccobakmnisdﬁﬂumcc,mmlﬁngin
decreased number of surface sites. conld also be a part of an explanation for the
decreased hydrogen adsorption on the chloride conmining camalyst

4.13.4 Dispersion and crystallite size

hamlystsmdi&shisformypmposshnuesﬁngmkmwmcdiwﬁmwdﬁc
mmdmmemmmmmmufmwmm
methods. and should ideally be independent of the messarement method. When disagreements
appmﬂﬁsofmr:ﬂmmechzaaabﬁcmﬁmforapuﬁmmm
muphofnchasannpﬁmsiszhcadsomﬁmsoidﬁmny.ﬂydrogmishtbcmlmlmim
below assumed to be dissociativly adsorbed 107,108,109/, while CO is assumed 10 be
associatively (linearly) adsorbed /1164

With the elements of uncertainty linked with the adsorption on bimemllic camlysts. it is
diﬁcukﬁomtheadsnrpﬁondamoﬂymﬂndth:mmdiwaﬁmuf&credmedcobah
phsethatmddbeusedfwalcnhﬁmofﬁemmaﬁeqmcyinacﬁﬁtymﬂm,
two models that do not teke into accomnt spiflover to the support conld be suggested:

D Anthemcasmudgzsmulecdesoramareadsubedoncobakoramﬁedeowdnobk
meral phase. actve for the Fischer-Tropsch reaciion.

13 The reduced. noble meml is 100 % dispersed and the amount of hydrogen or CO
oonespondingwadsmpﬁmonmbhnnmlismbmwdﬂommeadsorbedgasm
before calculating the dispersion on cobalt (Rhenium is not assumed to adsord
bydrogen.)
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Cobalt crysuallite size can be calculated from adsorption data and from XRD mezsarements
cnakhedmiyss.WbeanetaaLBSIcalaﬂmdmepuddcsiu&mnadscrpﬁondan
they assumed spherical particles of uniform size, and corrected for the unreduced amount of
mkwhmmmknmsmmwmdmmm&(@:

_659s

d=_—— 4-
%D, @-n

where s - Site density in atoms/Nm?®
D, - Dispersion, taking into 2ccount reduction extent

Swizce siie demsities are a function of the crysmal stucmre and the distibution of
arystllographic planes /35/. Generally surface site densities are calcnlated from an equally
weighted avezage of the planar densities for the most dense planes. For the face centered
a:biccobalt(fcc)eqnaﬂyweighwdavengeofthcsizedensiﬁssforﬂz(lﬂm.(lm)md(lll)
planes wes used in the calcalation of s, and this gave 14.6 atoms/Nm?. A weighted average
oftbcﬁmdmsiﬁcsfm:hcmdmplamofﬂachexagomldosemmbak(hcp)
stractare, pamely 2x(001), 6x(100), 6x(110), gave a site density of 11.2 atoms/Nm? /35/.

Whether to use total or "irreversibly™ amount of adsorbed gz2s for calculating the dispersion
is not obvious. The presence of “weakly" adsorbed gas could indicate more than a monolayer
of hydrogen or QO adsorbed, bt also adsorption on sevesal types of sites with different
adsorption swength. In the first case use of only the “strongly™ adsorbed gas will give the best
eﬂimofdispuﬁomHm.ﬁmthcmofﬂnuuﬂyaﬂsongggasismgwﬂh
the tine of evacnation berween the measurements of the two adsorption isotherms., this size
is pot clear (Appendix 4). If the wealdy adsorbed gas indicanes different types of cobalt sies,
the total g2< amoanr is assamed 1o give the best estimate of nomber of adsorption sites on the
smrface.

Amlysisofﬂwlinebrmdenﬁ:gbasudonﬂ:chalf-mxi:mnwid&lcf:he(lll)pukinﬂ:e
XHD spectra gives the particle diameter from the Scherrer formmula /70/:

K%
d= (42)
Bcos@
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where K - Scherrer constanz. 0.9

A - wavelength, 15418 A
B - troadening of the diffraction kine, B - 0.20

B - experimental line width
© - Bragg angle, 18.433

Table 4-10 shows calculations (oot taking inte account reduction exyem) of cobalt dispersion
(Monadsorpﬁondamrcpormdmazapm&lSJ}onpmmﬁandmpmmmdcobak
aﬁyﬂsmmadsorpdmmdclsmggmedmmadintbeakuhﬁonsofﬂxdispuﬁm
Figure 4-21 shows the XRD bands appeating from the same catalysts after calcinadon ar 673
K. reduction at 523 K and passivation iz O, 21 298 K. Unfortunately., these XRD bands were
o diffase for calcglating the particle size Instead, XRD measorements of calcined, not
reduced, camlysts were used o this purpose. Particle size (d) calculations from the Hy
chemisorption and XRD are compared in Table 4-12. The degree of reduction formd from

Signal intensily (a.u.)

0 65 60 55 SO 45 40 35 30 25
20

Figure 4-21. mawyu@dmﬁmamk,redncﬁmmml{formhmd
passivation in O, at 298 K. a) Coffec): 44.19 b) Colbepy: 4742, 4148,
4159 c) CoQ: 61.69, 4299, 3685 d) ¥-ALO;: 67.03, 45.86, 3949, 37.60.
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both TPR analysis and from O, pulse tization zre used and the resultnp particle sizes using
Eq.4-1 and 4-2 are listed in the table. s = 14.6 atoms/Nm” is used for the Co, CoRe ard the
chloride free CoPt catalysts, while s = 11.2 zroms/Nm” is used for the chloride contairing
catalyst, based on the major cobalt crystaline phases found from XRD measurements of the
rednced and passivared canalysss in Figure 4-2). Table 4-11 shows the O, consmmption,
cxpressed as "degres of redoction” (similar 10 Table 4-8), when paising O, on prerednced
catalysts at 298 K.

Dispersion valoes from weakly adsorbed CO in Model 1 (Table 4-10) seem unreasenable
becanse o adsorption is found to ke place on reduced cobait in two of the catalysts The
useofmﬂyadmrbedH:hModdﬂgiveslawudispasionon&epronmeﬂcaﬂlmM
on the unpromoted catatyst, This does not agree with the higher extent of reduction for these
catalysts, anless the redeced cobalt consists of larger crystallites compared o the cobalt an
mnprometed Catalysts. These caleulations using the strongly adsorbed gas only, indicate taar
some pare of the wezakly adsorbed pas is on reduced cobalt sites and thar the second meral is
not 100 % dispersed. Due to this the total amoum of adsorbed gas is chosen as the basis for
the calcularions of particle size. :

Table 4-10.  Cobalt metal dispersion from volnmetric chemisorption data®.

Dispersion from total adeerpuion (%) Dispersion from “breversible” ads. (%)

ModI® ModlDl® | Modi Modlf | Modl ModX | Moal ModX
Co/ALO,A Y 45 23 25 33 33 | 10 10
CoUSPUALD,A 60 43 a2 25 38 21 is ]
CoLOPVALO,A 86 55 65 34 59 28 3 . o8
ColORe/ALOA 60 61 17 41 34 0

3 It is not mken into account the reduction extent.

Model I): All the gas molecules or atoms ars adsorbed on cobalt

€ Moadel I): The noble mel is 104 % dispersed and the amount of hydrogen or CO
comresponding to adsorption on noble metal is submacted from the adsorbed gas amount
before calculating the dispersion on cobalt

L4
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As discussed in connecdon with the adsorption data the assumption of only linearly adsorbed
CO molecules could be uncertain. Table 4-10 shows thar 1:1 CO adsorption stoichiomey
gives consistenly lower dispersion than hydrogen adsorption data. If only bridge bound CO
is assumed. the dispersion will become higher thar calculared from hydrogen adsorption.
Bartholomew 142/ recommend H., adsarption for the calculaton of dispersion because of the
unknown CO adsorption stoichiometry. Reuel et al /35/ found very good agreements of
average crystallite diameters estimated from towl bydrogen sdsorption {assuming H/Co~1).
XRD and TEM.

The datz in Table 4-11 show that the catalysts are only pardy reoxidized at 298 K, and a
passivation of the outermost layers of the cobalt particles has most probably occurred. The
oxygen consumption of the chloride free platinum and rhenium catlyss at 293 K is more
than & times the oxygen consumpton of the unpromoted caralyst For the chloride coctaining
platinum promoted catalyst the oxygen consumption is about 2.5 times the consumption of
the unpromoted catalyst. At 673 K the oxygen consumption is higher in all cases and the
reoxidation of the reduced cobalt was assumed to be complete

Table 4-11. Degree of reduction® (%) of catalysts found by pulse 0, titration at 298
K (passivation) after reduction for 14 hours at 623 K.

0, consumption
Cawlyst 298 K, Co 298 K, CoX® 673 K. Co
Co/ALOA 5 5 52
Col.0PYALO;A o 27 84
Col.0Pr/ALO,AS 13 10 2
Col.CRe/ALO3A 31 20 89

i The oxygen consumpdon is expressed as the degree of reoxidation (reduction). calculated
from the oxXygen consuraption compared o the total amoun! of cobalt on the catalyst,
assuming Co;0, being formed during reoxidation.

The 2zmomunt of oxvaen needed to complere oxiderion of Pt and Re. to Pi0; and Re.0Oy
is subtracted from the toral oxygen consumption before caleutztion of degree of reduction
of cobait.

* denotes thet a chloride contzining platinum precursor is used.
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Table 4-12. Comparison of cobalt dispersion (D) and particle size (d) found when
using Esq. (4-1) and (4-2),

Canlyst Dvma »Ob dma dob deDc dTEMd

(%) (% | om) | @m) | (m) | m
CofAl054 1.5 8.8 6.4 8.4 19
ColOPtALO,A | 46 49 210 | 197 20
Col.0PYALOA 10.3 109 7.1 6.8 14
Col.0Re/ALO.A 73 7.8 10.1 9.5 19

10%Co/AlLO; /35/ 9.7 /15

Based on toral adsorpdon of H,. model I and reduction degrees found from TPR.

® Based on total adsorption of H, model I and reduction degrees found from pulse o,
titration.

©  Measurements on calcined, not reduced, catalysts (the Co;0, phase).

9 d/d,. d= Surface mean diameter. d,= Volum= mean diameter.

© Based on twtal adsorption of H, and reduction degrees found from volumeric Q,
doation.

The XRD measurements reported in Table 2-12 are done on Co;0, particles on not reduced
camlysss. They show that the Coy0, particle size is about the same (20 nm) for the four
mvestipated catalysts, except for the chloride free CoPr caralyst, which has sornewhat smaller
{14 nm) pamicles than the other. The particle size of the reduced cobalt fraction calculared
from the rowl H, adsorption is in the same range (6 ~10 am) for three caralysts. In this case
the chloride containing CoPr catalysr has more than twice the size of the other. The size
calculated for the Co/AlO; catalyst is in good agresment with the size found by Reuel et al.
35/ for a similar 10 % cobalt catalyst.

From TPR it is clear thar for the promoied catalysts the oxidic cobalt surface layer is reduced
after 16 hours at 623 K. This phase is assumed to be well dispersed. However, the particle

size calenlation shows constnt, or larger, particle size of the reduced cobalt on the promoted
catalysts. The points If) and IV) in the discussion of the adscrption behavior with and
without platinum addition (spillover from platizum to the support or to axidic cobalt, Chapter

4.1.3.2), shows thar the possibility for overestitmtion of dispersion is larpest for the promotesd
caulysts. If this is effect is present. then the real particle size of the promoted particles is
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even Larger than shown in Table 4-12. Two different possible explanations for the surprising
calculated particle sizes could be snggested: '

D) Surface Co*" and Co*" jons agglomerate during the reduction and forms Co? particles
with nearly the same size as the Co” particles formed from Co;0;.

ID Co® particles with two different size regimes exists on the surface:
a) Relarively large particles generared from CoyOy
b) Well dispersed, small particles with high surface area, bur with apparendy low
dispersion due to srrong inweractions with the support, generated from the oxidic surface
layer.

When discussing these two paossibilities, the result from XRD mezsurements of the reduced
and passivated catalyst must be mentioned:

The cobalt in the different caralysts exists in differcnt phases after reduction and passivation
in oxygen In the unpromoted cobalt camlyst CoO is found, while in the chioride free
plasinum and rheninm promoted catalysts cobelr meral is present in cubic {fecorientation. The
chioride containing platinum promoted catalyst contains a hexagonal (hep) cobalt soucture.

Cobalt is known /35.115/ to exist as hcp sructure ar empetatures below 723 K and as fec
strucmere at temperatares above 723 K. But when the parricle size is small. the smble soucwre
is foc, even at temperarxes below 723 K. This support that the chloride containing catalysts
really has larger particles than the other. In this case the first explanation seems plausible, and
the larger particies conid be due 1o chloride caused agglomeration of cobalt as suggese=d by
Matzusald et al. /50/.

If the reduced cobalt surface phase consists of small particles. then the observed foc sructme
will be expected. The higher oxygen consumption of the promoted catalyst compared 1o the
unpromoted containing catalyst at 298 K counld be explained by the higher degrees of
reduction of the promoted catalysts. If the reduced surface cobalt phase is assumed 1o be well
dispersed, they will have 2 high fraction of oxidizable surface atoms. This phase is prereduced
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on the promoted catalysts only. and therefore these catalysts show a relatively high oxygen
consumption compared to the unpromoted catalvst. The lower oxygen consumption for the
chioride containing catalyst compared to the chloride free promoted camalysts, also support that
this catalyst has larger panicles with a lower fraction of oxidizable surface atoms.

For the chioride free catalysts the results discussed above could indicate that redncdon of the
oxidic cobalt surface layer results in small particles. Then they have to be in soong interaction
with the support, causing low adsorption of hydrogen and CO. This will result in a relatively
large calculated mean particle size. However, the results are concerned with uncertainty, 2nd
the first explanation could also be possible for these carlysts. '

4.1.3.5 Summary of the Ha and CO adsorprion measurements

- The wtal H, upike on 9%Co/Al.O; shows 2 slight decrease with increasing calcination
wmperature. This is most probably due w increased sintering of the reduced cobal
pariicles with increasing remperamure.

- The Hy and CO upwke on Co/Al,O3A increases with increasing Pr addition. This is
assumed 10 be doe 10 increased reduction extent of cobalt. but could also pardy be due
0 adsorprion on Pt and increased degree of spillover of H, and CO from Pt to support.

- The CO uprake on Re promoted Co/ALO;A increases 1o the same amounnt 2s on Pr
promored catalysr (aboot three times the amount on Co/AlO54).

- The H, uprake increases also on Re promoted Co/AlO;A, but not 1o the same amount
2s on Pt promored Co/Al;03A. Because thenfum is known /126/ for not adsorbing H,,
most of the increase in this case is assumed 10 be on reduced cobalt

- The CO:H adsorption ratio on the investigatad catalysts increases in the order
Col.0ORe > Col0P: > CoD5Pt » Co
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- The CO:H adsorpdon rato increases for the tofal amount of gas adsorbed compared to
the amount of saenply adsorbed gas. This could be due to weakly adsorbed CO on
unreduced oxidic cobalt, on CoAlQ, or on the support.

- The chloride contining Pt promored catalysts did not show increased H, adsorption
cormpared 10 the unpromoted camlysts. )

- The Coy04 particics on the calcined, oot reduced. catalysts showed from XRD
meastrements only small differences in size. The calcvlated mean particle size for the
reduced cobalt phase is from the adsorpdon data and measurements of reduction extent
found to be nearly the same for the unpromored and the chloride free promoted camalysts.
The czlculated particle size for the chloride containing catalyst was larper compared to
the others. The reduced cobalt on the promoted catalyst could possibly exist as both large
particles generated from Co30,, and as well dispersed. small particles geneyated from the
oxidic cobalt surface layer, with high surface but also with strong inieractions with the
support.
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4.2 Activity measarements

42.1 High temperature / 7 bara total pressure

Kineric measurements were performed for unpromoted Co/Al,O3A and Co/Al,O5 A promoted
with platinum, rthenium and other “noble” metals, all calcined at 673 K. The experimental
conditions were varied for the purpose of finding a simple power rate expression of the type

= A-eBRT . pX pd @3

Tnc

where Tge - Reaction rate
A - Preexponential factor
E - Apparent activation energy
P - Partial pressure of H,
Pop - Partial pressure of CO

Thcmc&onmpuammwasvaﬁedinmemgeﬁgK-mK,thcpmﬁalpmeof
hydrogeninﬂ:cmgeZ.S-S.sbamandthepm’ﬁalpmeofCOinthemge 12-45
bara. Only one parameter was varied at 2 time, with the others kept at the "standard” valves:
T =513 K. Py, = 4.7 bara and P = 2.3 bara. P, was usually kept at 7 bara, but in the
cases with Py, = 6.8 bara, and Ppg, = 4.5 bara, Pro was kept at © bara. When Ppa + Peg <
7 bara, helinm was added, keeping the towml pressure at 7 bara. The space velocity, (GHSV)
wasvaﬁaiwiththeinmmkeepthcmcow&sianbetwc:u4-10%-Thcra.teisuma11y
given as [mol CO converted to hydrocarbons) / [gram of cobalt in ¢atalyst - second] rather
than wunover frequency. This is due to the problems in determining the dispersion of
bimesallic catalysts relisbly, s discussed in the previoos chapter.

Figure 4-22 shows a typical reaction run plot for the cobalt catalysts. The wmperatne
dependence of CO hydrogenaton over Co/AlOsA are shown in Figure 4-23. The H, and CO
partal pressure dependencies are shown in Figure 4-24 and 4-25, respectively. In Figure 4-26
the wemperamre dependence of CO hydrogenation over Co/ALO,A and Col.1P/AL,O4A are
compared. Figure 4-27 shows 2 comparison of the CO conversion over the same two
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Figure 4-22. A typical reaction run plot for the cobalt catatysts. Catzlyst: Co/AL, 0,4
calcined at 673 K, T = 508 K, P,,, = 7 bara and H;:CO = 2.
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Figure 4-23. Arrhenius plot showing the temperature dependence of the CO hydro.
genation rate over Co/ALO;A calcined at 673K. P, = 7 bar, H,;:CO=2



112

~8.25
=
o
L]
L
=
=
&}
3
£
<
£
i
‘9.50 k] I R L o — L 1 L
| 07 08 1. 1.3 15 17 1.9

in(pH2) (p: bara)

Figure 4.24. Hydrogen partial pressure dependence of the CO hydrogenation rate over
Co/AL,O3A calcined at 673 K. P=23 bar, T =513 K, Py,=7 bar.
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Figure 4-25. CO partial pressure dependence of the CO hydrogenation rate over
Co/AL O34 calcined 673 K. Py, = 4.7 bar, T= 513 K, Pro= 7 bar.
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Figure 4-27. CO conversion rate over Co/Al,O3A and Cod.1Pt/ALO,A, both calcined at
673 K. T=506 K, P=7 baraand H,/CO=2.
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Tabie 4-13. Rate® as a function of promoter added to Co/ALQ,A calcined at 673 K.
' mmmmr:mx,rmﬂmryco:zﬁnsv

= 56000 Nenr’/(g cat-h).
Promoter Re Pr+® Ir Ro Pd | Unpromoted
(w1 %) ;
0.1% 0.1% 1% 01 % 01l% 01%
Rate* 190 170 165 160 150 130 180

* CO conversion rate, (mol/g Cos)
® « denotes a chloride conmining platinom precursor.

camalysts in experiments lasting for more than 1400 minutes. Table 4-13 shows the CO
conversion at 513 K and 7 bara as a function of type of promoter. Formualas for calculation
of rte and selectivity are shown in Appendix 6.

mmpuimmmwuenormanycarﬁedomforsm-momimmandamh&vdysha:p
decyease in the rate appeared during the first 100 minutes. Then the rate decreased more
slowly. After 300 minutes the rate had dropped to approximately 75 % of the rate measured
after 25 minutes. Figure 4-27 shows run plots for “long time™ runs, lasting for more than 1400
nﬁnumﬂwnmisdeuuﬁngmmﬁowlyaﬁaldmmmmpmmsm
minuts.lheexacdymmsedmingtbeﬁmlﬂﬂnﬁnmmdﬁﬁcﬂtmmpmdm,aad
When the rate is measured 2t the same time for all the compared caalysts, the difference in
slopebetwemSOOandMOOminmcsismnsiduedwbemhnporamindetﬂmining
differences in activity between the catalysts.

The solid line shown in Figure 4-23 gives an apparent activarion energy of 94 k/mol. Linear
regression of the dama points in Figure 4-24 and 4-25 gives a reaction onder in Hy: X = 0.43
and in CO: Y = 0.12. The preexponential factor becomes from these dam 1.8 + 0.3105. The
resulting rare expression will then be:

Ige = 18105 - ¢ S4I0RT . pﬂ;"‘ * Poo _ @4
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Table 4-13 shows ouly small differences in rate between caalysts with and without 0.1 wr%
addition of noble mezals at the "standard” conditions. The unpromoted Co/AL O A shows one
of the highest activities. Higher amommts (1 wt %) of platinum do not alter this result. The
parzlle} lincs in Figure 4-26 show that also the apparent activation enexgy for Co0.1PVALO;A
is the same as for unpromoted Co/ALG:A.

The value of the activation energy observed over Co/Al,O5A is somewhat lower than reported
by others on comparable catalysts (Table 2-1) /30.31.32.33/. The results referred 1o in Table
2.1 are measired 21 lower emperature and/or lower pressure, giving lower reaction rames.
These measurements will thersfore not be affecied by eventnal reactant diffusion Limitations
mmesmdeguasmcmmmmmmmﬁsmhlimimdmmwwm
be more fmportan: with increasing rates. and this will be seen on the Arrhenius plot as 2
deviation from the theoretical swaight line. If only values from the high temperature range is
used (doued line in Figure 4-23), the apparent activation energy wili be 73 XI/mol. If only
tbeexpahlcmaxthelowes:wnpmnnes(thcdashedliminﬁgm&ﬁ)arcnsedfor
determination of the activation energy. it is measured to be 115 kl/mol The low emperature
value is more in agreement with Iieranore valves /6.30,32,142/ than the value from the eatire
or the high temperature range.

The reaction order for CO is reported /6.3134,18% w be berween O and -1.0. The
norrspond.ingvalucsforH»_a:cpos’fwc.andbc:wmo.SandI.S.Inthisinvesmiptiontbe
reaction order with regard to botk CO and H, is positive, and between € and 0.5. In both
cases (Figare 4-24 and 4-25) the slope is decreasing with increasing pressure.

Promotion with noble meml as plarinum and rhenium bas. as seen from TPR analyses and
chemisorption measurements, resulted in higher degrees of reduction of the camalysts and
highuamomofadsarhedmhﬁcwofﬂﬁsi:wasmpﬂsingnotwﬁndsigﬁﬁm
differences in activity between the promoted and the unpromoted camalysts. As seen in Table
4-13 only small differences in caralyst activity are observed afier promotion with various
zoble metals. In addition, there is no correlation berween the activities shown in Table 4-13
and the previously shown ranking of the ability of the different promoters 1o facilitate the
cobalt redaction.
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Several different phenomena shouild be mentioned as possible explanations 1o the observed
deauscin:heCOmmﬁonm,mdmﬁehckofdiffamminac&v&ybamﬁc
mp:omowdznd&epromomimlymmcdiﬂmpbmwmbedismedasthough
no other effects occur simuitaneoosly:

I

Wax condensation in the camivst pores. Huff and Samerfield /74/ calonlated the me
ofcondmﬂonofﬁghmohuﬂzwﬁghxprodmhﬁcmmjystmm
simulated CO hydrogenation over iron camalysts. Their results show that the time
requimdmtbcﬁrs:porewmdmwi:hboﬁ;incrashgpmand
temperanwre, doe 1o the increase in intrinsic reaction rate, Increasing pressure will also
give increased condensation, which further reduces the tisne required to fill the first
pore. The preseace of wax products in the pores will 12ad to a decreased concentration
ofmemnsaﬁemlyusmfacebmmcofthelinﬂwdsnlnhiﬁtyofﬁcm
in the liquid products.

Reactant diffosion limimtions. If the reactant mass transfer (diffusion) 1o the catalyst
surface is slower than the reactant consamption in the reaction, the reaction rate will
be diffusion conmﬂed.Bozhbulkdiffusiun(diﬂ‘usicnmahmmdzxylayerof
smgnant gas pear the catalyst sarface) and Kandsen diffusion (into namow (< 1000 A)
pores) may be important. Bulk diffusion can be recognized by changing the caralyst
loadhg.whﬂehmphgm:spmvdmﬁymnmﬁbu&dﬂnﬁmismm
the activity/g catalyst will not be changed. Knudeen diffosion can be checked by
measuring the activation energy E, over a range of wmperatres. I diffusion is
important E, changes w E /2 with increasing temperanire /138/. Another result of
Knudsmeﬁ&nsionﬁuﬁmﬁmistha:thcmc&onwdafmmclhﬁwdmschangs
from m to (m+1)/2 with increasing degree of limitation.

CO hydrogenation experiments done over Co/ALO;A in 2 micro balance at NTH /128/ can
beusedinnlmhﬁmoftbcmmofporcﬁﬂhgmﬁstd:cwdgh:inmmdmhgm
ﬁrs;SOminmisBOmg(gamlynanddmingtbcﬁraSOOminmssmg!gcma.lyst.Asan
stinmelw%ofthewdghthmscisconﬁdaedmbeducwmfomnﬁmnmwim
2 pore volume of 0.4 am/g (Appendix 5) the weight increase after 300 minotes corresponds
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wmmofwaxﬁniﬁgofappmﬁmmdym%.msshoﬂdhsmughmfmaﬁqﬁd
mrnmmcmlwrcmlﬁnghdiﬁuﬁmlhﬁnﬁmmmmddbc'cwby
amﬂmatmepmomlﬂ.gﬁrhgaprommoaﬂcﬁmmmavaylwdegmeof
filling. The relatively slow deacrvation tate cbserved after 300 minutes could from the
almhwdm%pmcﬁllhgbcdmmafm:baﬁmngofthchrgcpc:esbymm.
some of the observed weight increase is most likely doe to carbide and hydroxyl formaton,
mdﬂﬁswﬂlgiwealowaexmofwaxﬁﬂhg.smﬂzeeﬁ'ea'sasumedwbcmchmgd

&sphﬁcdﬂfnﬁmbmhﬁsamﬁqﬁddﬁnﬁmﬁmkkobmm&ﬁuﬁm
Mnﬁonsismmprobabkaswaxpmdmmhsmmemcsniﬂy.ﬁcﬁstandyﬁs
is taken 10 to 20 minutes afier the temperatare has reached 513 K. and the reaction was
started @&MSKSOmhmmﬁu.MCOMMmmlm.bmmccm
gmﬂprobabﬂityishrgaubwmmmmﬁmmdxﬁmformﬁmmm
mightthcreforcbcapossibﬂityforwaxpmscminthepore&ﬁmﬂnrmﬁonmwathc
promoated catalysts (and eventoally the vnpromened catalyst) conid be diffosion limited, and
this will explain the lack of difference betwecn the promoted and the nnpromoted caRlysts.
Thcwaxproducﬁwﬂlgaduaﬂyﬁﬂwemmdmcmwmdmascm:spmdhgty
I?S.SII.thnthepomsmcomplewlyﬁnaibywax:hemwﬂlsabﬂizeatacuminlevd.

The domed and dashed lines in Figure 423 indicate that there is a possibility for Teactant
diffusion controlled reaction rates. The apparent activation energy is decreasing from 115 to
73 kJ/mo} with increasing teraperature. The reaction order for CO is higher than expected
from lLiwsatare valpes. This could indicate thar CO is the limited reactamt in these
investigations. o

Post et al. f4/ investigated the extent of diffusion limitations in the Fischer-Tropsch reaction
a:zznpuannesbuwwnﬂSandS’.b‘Kwacanlysparﬁdcshmcsizmgeoz-%m
and with pore diameters in the range 100 - 1000 A_ By vse of the Thicle model for diffusion
limitations. and H, diffusion data, they found evidence for retardation of the reaction ratcs
due 10 liquid-filled pores. In the present investigation both particle sizc and pore radins are
lower ( 0.075 - 0.3 mrn and 30 - 60 A, respectively). The Thicle modulus is dependent on
both these PrOPETties (R et /por)- and it is thercfore possibie from the results reported by
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Posad.lﬂ{mmggestmdﬁfusimwuﬁmdmmminmmcomdbcm
also in this study.

Iglﬁiaﬂ&!&ﬂﬁﬂdzztbcmuddusedby?onu&l#fwﬂwchoigcofmasthc
dﬂusmnhmmdmﬂmsdmtyandmdaﬁ.asweuasmdepmdmmandﬂz
diﬁmivhyadmlubiﬁtymsummmisﬂndiﬁnﬁwﬁmhdmfu
feedswﬁhH::CO>1.6.Thcsmkhdicawdmmeprcsmxiwesﬁguﬁonasdiscmed
above.

I)  Reoxjdation of cobalr, Roynek and Polansicy /17/ found a decreased Co%/Co?* ratio o
uncalcined. chioride-derived Co/SiO, catalysts after forr hoars CO hydrogenation
compared to the ratic prior to H./CO exposure. Both nitrate- and acetate-based
canalysts displayed slight increases in Co” content after H./CO exposure. The chiloride-
based catalyst showed high degree of reducton (65 %) before reaction. while the
niTate- and acerate-based catalysts showed low degrees of reduction (9 % and 18 %,
respectively). The decrease in Co%Ca?" ratio was suggested 1o be due cither to parsial
reoxidation of reduced cobakt by water formed during Ho/CO reaction and for 1o
partial blockage of swface Co® sites by carbon deposited dwring CO
dispmpordanaﬁouﬁemmlysshmissmdymnm-duivmi.bmmcmpponm
alwminz, which interacts with cobalt in a different way than silica /797, The extent of
reduction of Co/ALO,A is much higher (about 35 %) compared to the uncalcined,
mmmmnmmumwm:pmmngm
mﬁdﬁemdnnadmhltammﬂwnhnmfomminmcobakpmmswﬂl
r:sul:hadgctmsch:hcobsenedrm

Rwﬁdaﬁmofﬁemduoedwhkmwprommdmdmmwdmmybem
hdﬁfmway;deperﬂcmof:becobaltpmﬁdeﬁzdisﬁbuﬁmmmthewppm
sxface.

Fﬁnitmbeasmd&aaﬂmbﬂtpaﬁdsmofﬁemﬁmasrﬂa&vﬂyh:gc
pzﬁdahmcﬁngmﬂyﬁ&ﬁcwkmxﬁaﬁmﬁﬂhdﬁsmukcplmmm
promoted 2nd wmpromoted caralysts 20 the same extent. This will be observed as a decrease
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in activity. but there will be a difference in activiry between the promoted and the unpromoted
caralysts. due 1o the larger amount of reduced cobalt on the promoved catalysts.

Second, it can be assumed large "bulky™ particles combined with small particles interacting
strongly with the support. Then the well dispersed cobalt from reduction of the oxidic cobalt
layer on the promated catalysts could be assumed to reoxidize faster than the cobalt from the
larger crystalline Co;0, particles. This will give an increase in the slope of 1he CO
conversion curve for the promoted catalysts compared to the unpromoted catalyst. contining
only latpe cobait particles. If the reaxidazion of the surface cobalt Iayer is very fast. this might
occur before the first analysis is taken. This can explain the lack of difference in activity
berween the promoted and the unpromoted catatysts, A further oxidation of the large particles
will then be as described above in the first case. but without a difference in the actviry. A
slow reoxidarion of the surface cobalt is not probable from the observed coincidence in the
slope of the CO conversion curve for the two caralysts.

TV)  Sintering of the metallic cobak induced by product waser, The water content in the
relucing gas is an bnporant factorfcr:hcdispcrsion of the reduced metal /120
Increasing water conten: gives sintering and decreased dispersion. It is also corrmmonly
chserved thar water vapor enhances the raie of sinrering of high area capalysts during

reaction /35/.

Siotering must also be discussed in view of the probabie meta] paricle size distibutdon on
the support The observed effects of simtering will be much like the effects of reoxidation:
Only laxge partcles present on the surface will give increased rare to both the mmpromoted
and the promoted catalysts, while 2 differenee in acdvity will be observed. If well dispersed
particles are present, they may sinter fast. Then itis impossible 10 separate this case from the
case where all the particles are large immediately after the reduction. The cbserved result in
nse of the camlysts will be the same: A difference in actvity will be present between the
caralysts, corresponding w0 the increased degree of reducton for the promoted caralysts.

If the sintesing of the well dispersed phase is slow. the observed effest will depend on the
activity rates on this phase. If strong imteractions with the suppor is present. as discussed in
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Chapter 3.1.2.4, the acdvity is probably low. Then sinzering of this phase would be less

important: The meta) phase looses surface area, bur as it becomes mors "bulky™ it may be
assumed 1o increase the activity due to weaker interaction with the support.

On the other hand, if the activity on 2 well dispersed cobalt phase is high, the sintering of this
Phase will give increased decrease in the activity compared 1o the decrease in activity over
the unpromoted catalyst.

From this simering could consequently be suggested 1o expiain the decrease in activity, but
not the lack of difference berwsen the promored and the unpromoted catalysts.

V) Deposition of carbon and carbonacesus materials. Carbon on the surface from

dissociated COQ can efther be hydrogenated and form the desirad products., or carbon
diffusion into the cobalt lamice and forrmation of inactive cobalt carbide may take
place. Carbon diffusion can be regarded as a competing reaction 1o hydrogenation and
chain growth. depending of the hydrogenation rate.

mmidicarbononsmfaccmayalsopolmuizetochainsofinsolubb
carbonaceous deposits (graphitic carbon). poisoning the metallic surface 7140/,

But peither formarion of graphitc carbon nor cobal cathide /55,140 is reported 1o be present
at sandard Fischer-Tropsch conditions during the initial period investigated in this study.
Nakzmura et al. /139/ deposited carbon on 6 %Co/Al.O; by the Boudouard reaction at 500
K. By reaction with hydrogen at 353 - 493 K. and the use of 1%C and D isotopes., they conld
observe predominandy reactive carbidic carbon. but also highly actve CH and CH, species.
Carbidic carbon was only decomposed 10 graphitic carbon when the deposition temperature
was raised 10 700 K. but even at this temperature a certain amount of carbidic carbon was
found o remain on the sarface.

Johnson ct al. /34/ have recentdy smdied the effect of surface swucmre on the CO
bydrogenation by comparing the steady state activity and selectvity of submonolayer cobalt
deposited on W(100) and W(110) with those of carboryl-derived Co/Al,Cs of varying
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dispersion and extent of reduction. Enhanced CO dissociation abiliry of low coordination sites
was expecied 0 cause poisoning by graphite or by a high smface carbide level Afir
reaction, Co/W surfaces showed high coverage of both carbon and oxygen with AES carbon
lineshapes characteristic of carbidic carbon. But no graphite was formed under low
temperanme (475-525 K) reacton condidons in the investigations done by Johnson ez al

Guczi et 2. /49/ snggestad that a decrease in activation energy as a result of iddivm addition
10 alumina supported cobalt caralysts, could be o result of decreasc in carbide formanon
Correspondingly, 2 constant activation energy for different rothenium/pladrum catalysts was
interpre: as a absence of carbon deposit, due to the presence of platinum with high coverage
of hydrogen. If these conclusions is used on the result presented in Figure 4-26, it could be
suggested that no deactvation takes place due to carbonaceons materials.

From the Lireramre referred to 2bove it is not likely thar the initial decrease in actvity, or the
lack of difference berween the camlysts is due to 2 decreased pumber of active caralytic sites
caused by graphitic carbon or cobalt carbide formation. However, the slow decrease in e
observed betwesn: 300 and 1400 minues could parly be due o formation of these species.

The differen discussions show thar the observed inital (0 - 300 minures) decrease in the CO
conversion rate can be explained by

- waxfilling of the pores and diffusion Umirations in the liguid prodoces.

- reoxidation of rednced cobalt meral and/or

- sintering of the reduced metal.

Insoluble carbonaceous deposition is only suggested to be a probable explanation for the more
slow decrease in tare with increasing reacdon time.

The lack of the expected difference in activity berween the promoted and the unpromored
catalyst is probably caused by

- reaciant diffusion Hmitetons or

- a rapid réoxidation of the reduced surface cobalt layer. caused by product water.

Of course. if several of these effects occur stmultaneously one effect may disguise another.



