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Introducticn

itheugn cecbalt ane iron-containing /cataiysts for <he Fischer-Tropsch
syntnesis were cevelcgea several cecades agb, their activity, selectivity, and
stability properties leave much to te cesired. Previcus investigations were
venerally mede on poorly characterizea catalysts operating in heat/mass-
transport-inTiuencad regimes, and the effects of- catalyst properties,
pronicters, supporss, and acditives were not well-cefinec.

Qur work 1is 2 systematic investigation cf catalyst meral-additive end
wmetel-support interactions enu their erfects on activity, selectivity, anc
resistance t0 sulfur gecisoning in Fischer-Tropsch synthesis. Cur
investigetion of catalysts for selective synthesis of hycrocarten licuics
began about 11/2 years ago and is scheduled to continue 2ncther 115 years. The
me or objectives of tThe prosect are taree fold:

First, to investigaée the effects of supports and of sulfur, nitregen,
ana boron &aacitives on the activity, ana selectivity, of cobalt ana iron
catalysts &nd their sulfur tolerance in CC/H, synthesis.

Second, tc ccrrelaete these activity/selectivity and sulfur tcierance
sroperties witn measurable properties of the active phases such 2s oxidation
state, Gispersion, ana zdscrgtion uptakes.

Third, with <this basic understanding, tc sesk mora active, sulfur
tclerant ircn ana cobalt catalysts for selective synthesis ¢f oremium
nycrocarbon feedstocks.

T

The work 1is divicded into three tasks. ask 1 is the preparation end

characterizaticn of promoted and unpromoted, Ssupportea and unsusperiea iron

eand cobalt catalystse. The second 1is the weasurement of synthesis

aczivity/seiectivity procerties cf these catalystis uncer reaction ccncitions.

The third is measurement OT deactivation rates curing synthesis in 2 reacticn
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wixture containing dilute HZS. This paper will Tocus cn recent grogress in
cennecticn witn Tasks 1 ana 2, i.e. the greperation and characcterization cof
iron and cobalt catalysts.

Figure 1 shows the 28 catalysts we plan to prepare and characterize in
Total. Tnis experimental grid was designed to systematically investigate
eTfects of pctassium promoticn and boron, nitrogen, arnd sulfur additives and
tne effects of the four suppert materials, including the rnovel zeolite
supperts, ZSM-3> and Silicalite. Appreoximesely half of these .cetalysts have
Ceen prepared to cate.

Catalyst Characterizaticn

Catalyst characterization plazns invelve a comprehensive multi-tool
épproech to the measurement of basic physical, cnemiczl anec surface properties
and incluce H, eand CO chemisorption measurements, thermal gravimetric
&nalysis, temperature prograsnec reduction, anc anaiysis Gty Mcesstauer
spectroscopy.

As outlined in Figure 2, Ho and CC chemisorption will be pervormed on all
catalysts to cetermine metal surface areas. We have used COZ chemisorption to
measure <he concentration of alkaii promoters cn the catalys: surtace. Both
thermal gravimeiric analysis and Moessbauer spectroscopy wiil aid in
cetermining boride, nitricde, and carbide formation during preparation anc
reaction, ana reveal oxication states of reduced metals. Temperature
froegrammed cesorpticn of adsorbed reactants will vield valuable informetion on
the effects of promoters, accitives, and supperts on catalyst acscrotien
sroperties.

Our chemisorption experiments are carried cut on a standard volumetric

-

&ppérzTus. The system s capable of 1070 zorr end is equippea with & mercury-

Criven cas buret and manometer. Aascrption isotherms are measured using I ¢
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potassiusi. The potassium-promoted catalyst was &lso more cifficult tc reduce
- the percent reducticn dropped from 30 to 42%. A

An estimate of the surface enrichment c¢f potassium may be made as shown
by the grapn in Fiqure 5 from Jacobs of Princeton. He noted that C02
adsorption \;as a linear function of K/Fe atomic ratic. If one subtracts the
quantity of aasorted C02 on the unpromoted catalyst from the COZ uptake cf the
promoted catalyst, one obtains an estimate of the COZ adsorption of the KZO.
By this method, we cal_cu1ate & surface enrichment of KZO nearly 25 times its
bulk concentraticn.

Stucies of silica-supported cobalt catalysts have also been conducted.
The data in Figure 6 suggest that once again & 36-hour reduction in Hy s
adequate, since the 02 titration indicated 71% reduction of the 2% cobalt
catalyst to the metal state, anc a disgersicn of 8%. A CO/H ratio of_ nearly 1
was observed for the 3% catalyst, while the 15% catalyst had a CO/H ratio of
only 0.5. This suggests that due to its lower dispersion, bridged CO species
were present on +the surface of the higher loading catalyst. A similar
behavior was also observed for unsupported cobalt boride catalysts.
Currently, Hsp, €0, and COZ adsorption on potassium promoted cobalt are
underway to compare the eftects of potassium on cobalt to thase on iron.

Figure 7 lists some deta on cobalt boride catalysts. OCnce again, CO/H
ratios varied from 0.5 to 0.6 & behavior typical of moderately or pooriy
dispersed cobalt cétalysts. Nevertheless, in all cases, the cobalt catalysts
are better cispersed than the iron, although dispersions are only 2 tc 10%.
Act';vjtv/SeTect-fvitz “easurements

Once the catalysts have been characterized, they are tested in a
laboratory reactor to determine activity/selectivity properties (Task 2;)- The

experiments cutlined in Figure 8, have been designed to isolate, as much as
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pessitle, the effects on selectivity and zactivity of metaj, metal loading,
metal-support interacticns, precmcter and adaitives, including sulfur, and the

effects of increasing pressure from 1 atmosphers %o near industrial condi<ions

at 25 atmospheres.

A laboratery microreactor system for testing Fischer-Tropsch catalysts
hes been mace operational and is currently in use. The schematic in Figure 9
cutlires its major features which incluce gas purification by molecular sieve
ana cecxo units, a tubular furnace, a pair of liquid end wax traps, zna e gas
chrometogrzphic analysis. The system s capatle of pressures o 30
atmospheres, and is eguippec with automatic Tlow controllers. Analysis 1is
performed by a Hewlett-Packard 5834A cas chromatograph which is fully time
programmable. in addition, cryogenic operation to -50 C is available by
utilizing a Tiquid nitrogen feed to tﬁe Gven space. This greatly enhances
analysis of low boiling hydrccarbon species while allcwing fast analysis of
high moiecular weight species.

The analysis of FiScher-Tropsch hydrocarbon products s a difficult
problem. Our analytical scheme is diagrammed in Figure 10. Two columns are
used in parallel to obtain a complete analysis of hydrocarbon and Fixed gas
components. Hydrocarbon analysis is performed cn a 30 foot SP 2100 column,
Temperature programmed from 20 C to 200 C. When large amounts of cxygenates
are produced, as when testing iron catalysts, an adcditional section of SP 2100
with 0.1% Carbewax additive improves the separation of the more difficult
polar alcohcls. The fixed gas analysis, including Hz, Nz, co, COZ, HZO, and
Gy, is performed cn a single column of Carbosieve B, programmed From 50 C to
2C0 C. Separztion of these gases on cne column is somewhat unigue. The total
2nalysis requires approximately two hours.

A typical hydrocarbon analvsis for a Tow molecular weight product is
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pictured in Ficure 11. As can be seen, identiTication of a1l peaks wculc be &
Tormicable task, but the beciling pecint crcer cf eluticn of the ncrmal elkanes

makes & good "fingerprint™ of the product. An orcer hes been placed for a
cecillary column system which will areatly improve the preak analysis,
especially for higher hydrocartons, by removing the low upper temperzture
1imit present Tor packed column baseline noise interference.

Before anzlyzing activity/selectivity dizte the catalysts are pretreated
in the reactant mixture &t or above reacticn temperature for 12 tc 20 hours,
until steady state is reachedf As shown by Figure 12 for 15% cobalt on
silica, activity initially increases with time, then cecreases tao & nearly
steacdy value. Simultaneously, selectivity to the various hydrocarbons fis
changing. Tnis is due to the carbiding of surfaces, the filling of catalyst
pores witn liquid, and establishing steady state. The products are analyzed
every 2 hours. WYhen steady state is reached, rates and product distributicns
are measured and considered reliable for compariscns. Conversions are limited
to 1C% or less anc finely crushed powders are used to avoid mass and neat
transport limiting reaction regimes.

Turnover numters for supported ircn and cobalt catalysts tested to date
are shown in Figure 13. As can be seen, turnover numbers for catalyst Fe-3-
102 with 15% meral loading, and catalyst Fe-$-103 with 3% metal loading are
close, i.e. within a factor of 2, but activation energies giffer

substantially. It is possible that the low activation energies Tor the icw

loaainy catalyst may be due to metal-support interactions. The acddition on

potassium to the iron had little effect on turnover number, while the toride
catalysts showed relativeiy low activity. Since this figure was prepared an
iron beride catalyst of higher activity has been prepared and tested with

greater success. Our work establishes that cobalt/silica catalysts have
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greater activity <than i{ron/silica catalysts in the Fischer-Tropsch
synihesis. For example, CC turnover number for Co-S-~101 of 5.8 x 10-3 at 463
K may be compared to the turnover number of (.84 x 10'3 aﬁ 460 X for the iron
catalyst Fe-S-102 uncer the same conditions. This 1is nearly an orcer cof
magnitude difference in activity.

Figure 14 contains product selectivity data for samples of the same
catalysts testec under 7twc different HZ/CC ratios. It is evident thas
cecreasing Hy/CO ratio from 2 to 1 increased the average molecular weigch: of
the prccuct in the case of beth ircn/silica catzlysts. This was accemplished
by reducing methane yield. Also, COZ selectivity increased significantly.
The 3% iron/silica catalyst Fe-S-103 precduced more methane and a signiTicantly
lower molecular weight product than the 15% iron/silica cataiys:. Its
selectivity to C0, was much lower also. This illustrates heow metal-support
interactions and differences in the state of reduction of the catalyst can
significantly influence selectivity for Fischer-Tropsch synthesis on iron.
The addition cf potassium to the 15% iron/silica shified carben numbers of the
product from aethane and ethane to the C5+ range. COZ production also
increased. This promoter effect will be shown more graphically later. The
iron boride cataiyst was relatively inactive and produced large amounts of
methane and ethane. No products beyond €4 ﬂuere detected. Cobait/silica
producad hicher molecular weight products than any of the iron catalysts at 1
atmosphere pressure. Tne selectivity of 34% to Cg+ is especially interesting
consicering no other promcters besices silica were present; the Ilow
selectivity to €0, is typical of cobalt in the Fischer-Tropsch synthesis.
Recently we have completea ztesting & cobalt boride catalyst whien had

unusually gocd selectivity (non Schuitz-Flory)} to the Ca to CIU rance. Tnis

interesting behavior is uncoubtadly due to the Loride acditive.
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Preliminary tests have bean periormed 2lso with ircn supported on the
ceolizes ZISM-5 anc Silicelite. The results are summarizec in Figure 15. The
performance of these catalysts is very diTTerent Trom the silice-supporsed
metzl. At 1 atmesphere, iron on ZSM-5 produces precdominantly methane, and
very little CZ+° However, the silicalite catalyst preduced more r?-c,., than
the silica catalyst of similar metal loacding.- A more thorough investigation
¢T these catalysts is pianned for the near Tuture, but it is clear that in
these catalysts 2 ccabination of metal-suppcr:s interactions and shape
selectivity affect activity anc selectivity in Fischer-Tropsch synthesis.

The hydrocarbon cistributicn for 3% cobalt on silica shown in Fig. 16
2ppears to Tollow the Schultz-Flory distribution, albeit with some data
scatter at (4. The very low f‘q yielc typical c¢f cobalt catalysts is quite
evident from these cata. The cobalt boride catalyst, however, evidenced non-
Schulitz-Flory behavior, yielding nearly equal amcunts of Cs to Cyg products.

Olefin/paraffin separation is achieved with some difficulty on packed
columns, but the cata in Figure 17 demonstrate the results that have Leen
ottained so Tar. The cobalt catalysts appear to produce predominantly
seturatea hydrocartens, while each of the iron cataiysts shcow olefin
nroduction. The high yield of olefins from the irecn/silicalite catalysts,
especially in the low carten number ranges, is sig¢nificant.

Summary

Some majcr cbservations and conclusions based on the 15 cataiysts
preparec tc date are summarizea here. From adscrption studies, it is evicent
that iron and cobalt on silica have relatively poor dispersicns in the rance
of 2 to 10%, though cobalt cataiysts are generally more hichly dispersed. A
36-hour reduction in Hy of these catalysts was found To be adeguate to achieve

rnear aaximum recduction to the metallic stete. We have ogbserved that CO/H
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Tnis is 2

110

¢scroticn retics ¢a ircn/silica are near 1, ranging from 0.7 <o 1.
comzlectely new cibservation, we Selieve. Jotassium premoticn of the irgn

icwers this ratio 20 C.2. Cn the other hand, CJ/H ratics Tor cchelt ere near

(e ]

.3. Zxgeriments with CCZ chemiscrrzicn have shown thet KZO is concertrzated
cn the cazelyst suriface to as much as 25 to 30 times its bulk conceatraticon.

From  atsespheric reector tests c¢f eight supperted catalysts in cur
aicrcreacter system, the Tcliowing conclusions may te Crzwn:

-&t eatacspheric gressure, ccbalt procuces 2 higner mclecuier weignt
Jrccuct thaen ircn.

-decreasing HZICO ratia causes the averace molecular weight of the
hydrecartens to increase by recducing the methane vield.

-iron catalysts procduce 2alecohels, olefins, and large amgunts oF ethane
relative to cobalt catalysts.

-potassium” zromotion of iron/silica shifts czrton numters to higher
mclecular weights at the expense of Cy-C; production.

-end signiTicant differences in selectivity ere observed in iron-silica
catelysts due to aifferences in state of recduction, znd are evicence of metai-

sugport interacticns affecting seiectivity.
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Cataiyst Preparation Plans

Metal-Support No.
Combination Unoromoted Promoted Additive Pretreatments (Catalysts
K0 Zn0 s N B
Fe (unsupported) x X x(Z)b x x 6
Co (unsupported) X x X 3
Co/Si0, x(2)¢ X X 4
Fe/Si0, x(2)¢ X x x(3)b X X 9
Fe/AT,04 x ' 1
Fe/ZSM-5 x x x¢ 3
Fe/Silicalite x x -2
- Total 28
Figure 1
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Figure 3. Laboratory Pyrex Reactor.
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CHEMISORPTION DATA
Cobalt Boride Catalysts

Catalysts 'i_i_z_ Uptake CO Uptake CO/H

Co-B/A1.,0 59 74 0.63
23 g 662  0.49
Co-8/510, 56 60 0.54

2After 24 hour reactor test. (1moles/q)

) Figure 7
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Catalyst
Code

Fe-5-102

Fe-5-103

FeK=5=1GJ

feSe5-101

CoB=—h=101
Co=S-101

CC TURNDVER NUMBERS FOR SUFBQRTEZID CATALYSTS

Ho/C0 Tempersture Turnever Number Activetion
ratio (x) (Ngg x 103) fnergy
SRJZQ molez

-2 460 D.64 §7.1
2 483 2.5

2 498 3.9

1 ‘449 0.189 80.9
1 483 1.4

1 458 2.5

2 A48 0.72 49,4
2 483 362

2 498 7.0

1 442 8.79 54,0
1 a73 2.3

1 498 7.0

2 498 6.5 -—
2 458 0.33 -—
2 500 1.4 -

2 483 5.9 -—

Figure 13
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PRODUCT DISTRIBUTIONS

Fe Catalysts
% Yield?
Ctalyst Gy Gl g,
153 Fe/si0, 55 38 4
14.7% Fe/ZSM-5 94 3 3
8.3% Fe/Silicalite 27 81 4

8525°C, 90 kPa, Hy/CO = 2

Figure 15
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Olefin/Paraffin Ratios

Catalyst
15% Co/S'iO2

15% Fe/S'iO2
14.7% Fe/ZSM-S
8.3% Fe/Silicalite

Figure 17
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