AT AR
DE82003670 C 0 PY

Information is our business.

DESIGN AND PREPARATION OF NEW, HIGHLY
ACTIVE FISCHER-TROPSCH CATALYSTS

BROOKHAVEN NATIONAL LAB.
UPTON, NY

1981

U.S. DEPARTMENT OF COMMERCE
National Technical Information Service




- , “

,"mted at the Summer of '81 AIChE Meetipg.
" Detroit, Michigan, August 17-19, 1981

BNL 30289

MASTE“ CORE - g oIt

THE DESIGN AND PREPARATION OF NEW, HIGHLY
ACTIVE FISCHER-TROPSCH CATALYSTS

DSCLANMER

R. Sapienza
W. Slegeir
T. O'Bare

Catalysis Group
Department of Energy and Enviroment
Brookhaven Natiomal Laboratory
Upton, NY 11973

"

BIsy - -
STRIBUTIOY [ T SECument 5 -'-::"3-'::/55

Prepared under comtract no. DE-AC02-76CH00016 with the U.S. Department of Energy



INTRODUCTION

Great efforts have been made in the development of Fischer-Tropsch (F-T)
chemistry, but the mechanisn of the reacdtion and the behavorial patteras
of Fischer-Tropsch catalysts have yet to be unequivocally defined. Numerous
empirical attempts have been made to refine the synthesis in terms of izoroved
qffe;:iveness of the catalvst, but little improvemen: over the original German
technolegy has been realized. ' Scudies probing the metal surface and other
sophisticated scientific investiga:ions have not vielded satisfactory resulcs
and controversy over the key steps of the reaction mechanism continues as it
did 30 years ago.

Although many of the reaction phenomena may be explained by previously
proposad schemes for the F-T reaction, these have not or could not
be used as diagnostic tools for the prediction of activity patrerns or as
guldes tro exmerinentarica. We provose that the oxide mechanisa, which
encompasses the observations of these earlier theories, can explain and
predict catalvst behavior in the reaction. The application of this simple
avproach to F-T chemisrry has led us to the design of catalyst svstems of
enhanced activity. The successful results of such catalvst designs lend

credeace to the validitr of the princicles of this theory.

THE OXIDE MECHANISM

The oxide mechanism is a simple yet novel explanartior of the expetiment;l
observations assoclated with svnthesis gas reactions. Fundamental to this
understanding is that chemisorbed carbon monoxide reacts with hydrogen over
metal surfaces yielding an oxygen rather thin a carbon coordinated svecies.
The formed mecal—oxygeq bond thus will detecrmine the reaction characteristics.
The reaction scheme is outlined below.
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The possiﬁili:y of oxygen and carbon bonding in the chemisorption of
carbon ronoxide has been ignored, butr this structural assigoment may
account for various spectroscopic observa:icns.1 The carbon monoxide may
be first adsorbed as a carbonyl, but the oxrgen interaction is necessary
to form the active reacting svecies. This type of chemisorntion of CO

el

would explain the oxidaticn of iron~ ard cobalt3 catalysts under what would

be considered reducing svnthesis conditions.

The energetics of carbon mornoxide reduction via bonding ro the metal
surface through oxvgen are more favorable than bond formacion through carbon.
If carbide formation is alternativelr described as proceeding thrcugh CO
disprovortionation, the energetics still favor the surface metai oxide due to

the extremelr low carbide stability (see Table 1).

TABLE 1

Thermodynamics of Carbon Monoxide Reductiom Paths

(12 kcal/oole)

Ee Co i
-2, 42 36 37
-3, s 28 , 24 22
-3, 37 33 31



with the respective reactious being,
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The hypothesis of CO reacting on a metal surface with oxygen and as well as
carbon’ coordination suggests cthe existence of the following species
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The highly reactive species 1 is rapidly converted to an oxymethvlene %
(oxygen-coordinated formaldehyde). This species ccrresponds in stoichiometry
(ICO:IHZ) to the intermediate indicated by the Cz adsorption of carbon
monoxide and hydrogen on a F-T catalvst surface. Saall amounts of formalde-
hyde have been detected under conditioms favorable for the recovery of inter-
mediates,s and it has been found that small yields of methane may be obtained
from formaldehyde adsorbed om metal surfaces under conditicns which preclude
carbon moroxide and hydrogen reacting.6 These observations indicate that

formaldehyde or some species derived from formaldebyde may well be an
intermediate.



The oxymethylene further reacts with hydrogen to form the nethoxy ocoiety
3. Methanol is adsorbed on first-row transition metals in this manner.7’8
and the participation of this type of intermediate in the Fischer-Tropsch re-
action 1s supporred by tracer experiments which indicate that methanol in-
corporation in the synthesis does nort pProceed via decommosizion
to CO and H2.9 This species may then react further with hvdrogen to yield
eirher methane or methancl.
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The heat of reaction for paths 1 and 2 are given by
-_‘.Hl = iR (M-0) + iR (CRH,) - ;gf(x-o-ca3),

LEZ - AHf(M) + :Bf(CHJOH) - Aﬂf(H-O-CK3).

Subtracting the above two equations and substituting the heats of formation
of methane (AHf = 17.78), methanol (ABf = 57.02), and metal (Aﬂf = 0) leads
to the following expression:

H = 3B) - M, = AH_(%-0) + 39.13 .

If 23>0, then the energetics favor the formation of methanol. On the
other hand, methane formation is favored by AH< O. Thus, metal oxides whose
heats of formation are more negative than 39 kcal/g-atom exygen should form
mettane, while :hose}vhose heats are less negative will five methanol. The
former group would igclude oxides or iron,lo cobal:.lo nickel,lo zinc,11
citanium,lz etc., while the latter group would Zaclude copper,l3 palladium,

iridium,l4 rhodium,ls etc. Indeed, corroborating experimental results are

13

given in the refersnces listed with each metal.
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The consequences of this theory are many. The bond strengths of metal
oxides should direcrly correspond to the specific activicy of mechanaction,
but should inversely correspond to methane seléé:ivity because of the longer
surface lifetime of the oxymethylene species. Using the data of Vannlce,ls

this correspondence can be verified (see Table 2).

TABLE 2
Predicted vs. Observed Methanation Behavior

-

Specific Methanation Activity Ru > Fe > X1 > Co > Rk > Pd
Selectivicy Pd > Ni > Rh > Co > Fe > Ru
Oxide Stremngths Ru > Fe > NL > Co > Rh > Pd

Oxidation of the catalyst surface should decrease catalytic activity and
seleccivity. Although nickel is considered a selective methanation catalyst,
the degree of surface reduction was found to correlate directlv with izs

selectivity.17 Also, low tungsten methanation activities found previously were

due to inadequate surface reduc:ion.18 It should de noted that iz Iadustrsial
operations 100Z reduction of the catalyst gives too great an infrial activicy

to be feasible.

Metals which form nonreducible oxides should react with carbon monoxide

and hydrogen giving methane and leaving a surface oxide coating. Indeed, the

methanation of syngas over titanium vields surface titanium oxide.lz

 Attempted homogenecusly catalyzed reductions of carbon monoxide have

indicated that the formation of metal-oxygen bonds mayv be necessary for

19-21

syvathesis to occur. The strong bond strengths of the oxides of the metals

igvestizated may explain why these reactions could not be made catalyetic.
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The trivalent oxymethvlene intermediate caa undergo chain growth by
reaction with similar species, thus generating straight chain products in an
analogous manner to other proposed theories, but would accoumt for the pre-
sence of oxygenated products. The inirial dimerization would be similar to
the formation of pinacols by the bimolecular reduction of carbonyl compounds.
Further chain growth would occur via steps analogous to those proposed for
Detal oxide catalyzed olefin metathesis reacrioms. This polymerizacion with
the oxymethylene intermediate as the monomer is consistent with the fact that
the molecular weight distribution of the primary F-T oroducts can be described
oy the Schulz-Flory equacion.22 Chain termination is a hydrogenolvsis of the
alcohol-like surface complex (Q). The hydrocarbon chain length will be
determined by competetion between oolymerization of the oxymethylene and
hvdrogenation and desorption of the surface Dolrmer in the termination step.
The ability of the metal to hold the corplex (metal-oxrgen bond strengrh) is
the determining factor.
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The strengths of the metal oxide bond will also determine probable oroduct
characteristics. The'aimerization of the oxymerhvlene over a weak oxide-forzing
zetal such as rhodiup sheuld produce ethylene glycol,ls while this same reaction
over a strong oxide éuch 3as an iron-manganese bimetallic system would vield
ethylene.zz A mi-ed‘system such as rhodium-iron would give gocd vields of

e:hanol.'J

The effect of pro&uct distribution caused by che use of a transition

metal promoter om a specific catzlyst can also be determined. Therefore, the



addition of a weak oxide former should cause a decrease in methame and olefin

production, whereas strong cxide producers should increase methane, CO., and

2’
olefin formation. Experimental findings match these predictions very well

(e-g., 23).
THE DESIGNY

In gemeral, catalysc design is a trial and error pProcess and not amenable to
scientific analysls but the oxide mechanism, derived from empirical observa-
tions and thermodynamics calculationms, suggests several possibilicies for the
basis of a new Fischer-Tropsch catalyst. Translating the mechanism in terms
of adsorbed intermediates and surface reactions defines certain catalyst re-
quirements. The metal svstem selected should have a high oxygen bond strength
for a longer surface lifetime of the oxvmethylene intermediate, but oxidation
of the catalyst surface will decrease activity so the formed metal-oxvgen

bonds should be easily reduced under reaction conditioms.

Although these fundamental proverties only address chemical composition,
this is certainly the beginning of scientific catalyst development. Further
improvements may be achieved by delving deeper into the mechanism and consid-
ering desired chemisorped complexes, but transcribing the reaction sequence
to the catalyst surface would be difficult. Conceivably, catalvsts surfaze
properties may be very differemt from the bulk, but a simpliscic aporoach
based on correlating activity with bulk properties is easv to apply.

By example, the high activity of ruthemium catalyst can be explained by
its unigue vhysical oroverties. Ruthenium has a hieh oxvgen bond strength,
but the formed oxide is readily reduced. Therefore, ruthenium has the proter
interacting requirements of an active Fischer-Tropsch catalyst. Our goal was
to use this combination of properties to design a new, highlv active system;

a material which could be thought of as a ruthenium mimic. We constructed
this new system around cobalt, since the most active non-noble metal catalysts
known to this point were cobalt bésed. A cobalt Fischer-Tropsch catalyst had
also been shown to give long chain aydrocarbons via a presumed formaldehvde

intermediate.

-7-
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Cobalt has areasonably high meral oxygen bond strengch, but unfortunatelv
the formed metal-oxygen bond is very strong.

TABLE 3
Thermodynamic Data Used for Catalyst Selectiom

D(M=~0) AEfCH-O)
Ru-0 115 + 15 28
Co—0 88 + 5 57

Therefore, cobalt oust be promoted with a material which will assist cobalt
oxide reduction. fhe selection of this material to fine tune and improve the
performance of cobalt is the critical feature of the new catalrst sTstem. We
chose palladium and platinum because these metals are well known hydrogenation
catalysts and had been shown to promote variocus meral oxide reductions. But,
pPlatinum and palladium can form solid solutions with cobalr and the alloving
of two active metals with each other does aot impart the catalytic behavior
expected from averaging the properties of the pure metals. So we knew which

catalyst system should be prepared but how to prepare it became importanct.

We have found that cobalt carbonrl reacts under the vroper conditionms
with certain materials used as heterogeneous catalvst supoorts, in particular
alumina, resulting im a deposition of cobalt metal. The resulting Co/Alzo3
catalyst displays quite good activity for the Fischer-Tropsch reaction. This
result is particularly intriguing cousidering earlier reports that suggested

that alumina is a poor support for cobalt'ca:alysts.z4

The application,gf this catalyst preparaticn technique led to the develop-
ment of a highlv active series of Fischer-Tropsch catalysts. These catalysts
offer the promise of being suverior to ordinarv catalvsts for hydrocarbon
synthesis with regard to rate, operating conditions, and, quite possiblv, pro-
duct selectivity and iongevity. The products of these catalysts appear to be
ideally suited for use as diesel and jet fuels. Once formed, the catalysts
display remarkable stability toward air. Furthermore, this method of cacalvst
formulation appears to be unique in Fischer-Tropsch chemistry, ver is siople
and reproducible. These catalysts are referred to by the gemeric term SOSS.



The Activity of the SOSS Caralysts

Table 4 allows comparison of the rates of a number of conventional
Fischer-Tropsch (F-T) catalysts reported in the literature with che rates of
several SOSS catalysts. The data show that the activities of cthe SOSS
catalysts, expressed in terms of conversioms per catalyst volume per umit
cimé or in terms of conversions per mole metal atoms per umit time, are con-

siderably higher than the activities of conventional svstenms.

Like the data for the SOSS systems, the Kc:bel and Pichler data are for
slurry systems, but the remainder of the entries im Table 1 are for fixed
bed systems. To provide an equitable comparison, several standard F-T svstems
kave been compared with the SOSS systems under our reaction conditions
(Table 5). These data again show the remarkable activity of the SOSS catalysts.
Also notable is the observation that decreasing the cobalt loading (en:rieé
1l and 2, Table 3) ieads to a lower overall activity for the SOSS catalyst,
but normalization to metal loading gives a somewhat better activicy, with
reasonably comparable selectivity. Neither Co/A1203 or Pd/A1203 approaches
the high acrivity observed with the SOSS system. Furthermore, neither the
Co:ThOZ:kieselguhr nor the Fe:Cu catalysts approach either the high activicy
or the selectivity for limear aliphatic hydrocarbons found with the SOSS

catalyses.

Reactor Configuration and Operating Conditions -

Most experiments with the SOSS series catalvsts have been conducted in
a batch slurry reactor (schematically illustrated in Figure 1}. The reactor
system consists of a 300 mL Autoclave Engineerﬁ Magne-Drive reactor equipped
with liquid and gas sampling valves. The heater is controlled by a Love
Controls proportioning temperature comtroller emploving an iron-censtantan
thermocouple. Fine control of the temperature is achieved by means of alczer-
nating heating and cooling cycles in the vicinity of the set point.

Cooling is controlled by the flow of compressed air through a solencid-
actuated, internal, spiral cooling coil. Temperature can be readily controlled
to within 2°C. Ordinarily, 100 aL of slurry solvent is used, allowing 200 oL
of 3as space. The system is normally purged with synthesis gas before firal
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Table 4 »
Comparison of Hydrocarboa Production Rates of Several Catalysts
Catalysts Temp. Activity
‘c ‘g prod/(kg metal-hr)
S0SS-7A~-2C-1-873 225° 3000
(120Co: 5Pt : 100A1504)
S0SS-2A~2B-1'-61P 225° 1080
(40Co:5Pd:100A1,03)
SOSS—-7A-2B~-1"'-94¢€ 125° 40
(120Co:5Pd: 100A1504)
Lurgi catalyst (100Fe:10Cu:
2RC03:9A103:30510,)d - 225° 24
Brabag cacalyst (100Fe:20Cu:
202n:1K,C03)4 225° 10
Bureau of Mines 2A catalyvst
(100Co:18Th04:100 kieselguhr’® 195° S0
Pichler. acid-promoted Ru/Al,03 »
catalyst for polymethvlenef 120° 120
KBlbel slurry catalyst ,
(lOOFe:O.lCu:0.0SKzO)g 268° 450
Vannice (5% Fe on glassy carbon)? 235° 4

32.2 g catalyst, containing 1.2 g metal on high surface area Al,03. 100 =L
cyclohexane, 1200 psi 2:1 svagas, 300 mL AE reactor, catalyst prepared
in situ. .

b1 .4 g catalystc, containing 0.4 g metal on low surface area (80-100 mesh)
Alp03, 100 mL cyclohexane, 1200 psi charge 2:1 syngas, 300 mlL AE reactor,
catalyst prepared in situ.

€2.2 g catalyst, containing 1.2 g metal on low surface area (80-100 mesh)
Al203, 100 mL cyclohexane, 1200 psi charge 2:1 syngas, 300 mL AE reactor,
catalyst prepared in situ.

dg .4, Storch, N. Golumbic, and R.B. Anderson, The Fischer-Tropsch and Related
Svatheses, p. 308 (Table 86), Wiley, New York, 1951.

€Ibid., p. 132 (Table 5).

fi. Pichler and F. Bellstedr, Erdol u. Kohle 26, 560 (1973).

F H. RBlbel, P. Ackermann, and F. Engelhardt, Erdol u. Kohle 9, 153, 225, 303
(1956).

by A, Vannice, paper presented at 18lst Am. Chem. Soc. Meet., Atlanta, GA,
March 29-April 3, 1981.
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Table 5

COMPARISON OF SEVEXAL CATALYST SYSTINMS 1IN CYCLOUEXAMY SLUKKY®

'. Rate of Syngas

contaiaiag 0.11g =etal)

0.13 Cqig
C.ls Caily, 1.0 <o

Activicy Caseous Products, |Consumpzion
Catalyst § prod/(xg metal*ir}| Consumption mo | ] Racie Products
S0S3~7A-2C-1-87 3ooa 55Z/20 min 8.3 Oty 2.2 principally linear
2rcpared from g 52 Pr/ala0q 0.09 Cyitg, 1.6 C3lig 2.0b paraffine
and 3.4g CoqlCO)g, in situ 0.1 CHig 3.1 €0y ’
(1.2g of catalyst containing
1.2z =etal)
S0S5~7A-2B~-1°~59 B60 S0Z/70 ain 17 Oy, 2.0 Zadg, 2.0 zrigcipally liaear
. ¢repared from lg 53 Pd on 1.0 coq 1.9° vparafiine
30-100 =esh Al;04 and
3.ig Cog(CO)g. in situ
(1.%2g catalyst corcaiaiag
1.23 =2etal)
S0S5-2A~28~1"~61 1080 2J2/80 =in 13 QM,, 1.5 Cyag 3.2 ,7rincijally hvdro=
erepared from g 55 Pd on 0.5 co,y jears ok s=mall
33-i2C sesh alz03 and 1.:i3g &mounts of alcsnols
Caa{CI)g, ir sicu (1.4g
Tatalyst ceataining S.4g metal)
Co oo Al;03, prepared from g 270 333/120 ain f:& Cde. 0.9 Cadg, 3.2 avdraocartaoas ané
20-100 =esh Aly0q and J.ig 12.3 €0, alschols
Caa(C0)g (2.2z cazalyse ‘
centainiag 1.35 cezal)
52774 oa 30-1CO mesh Al304 [} rone - | -
(.2 of catalyst ccmzaizing
3.35¢g zeral)
103C0:18™07:100 Kieselzuhr 71 3€5/330 2ia 13,5 CH, 0.2 Cakg, 2.3 Sy
(7.5g 9f K3C33 precipitazed 0.5 Coy !
cazaiyss, reduced at 400° with !
Hs, coaraining 1.2z Co) '
SFe:iCu (Ig of zrecipitated .80 i %02/120 =in ]2.'- CE,, 26 €T~ 1.8 'hrdracartoas rich in
cazalrst, reduced az 400°C Y1.2 ciy, C.8 Co¥g '9lefins
with My, zoncaining 1.3g Fe) I
5% Ru/Al0q (2.22 catalyse, <1000 48%2/25 nin 27 ¢y, 0.C2 CyHy, 2.1 i ilnear
i

£ ia igh
uDleColal werigat waxes

3Ceneral Conditions:

100 al cyclohexane, 300 aL AE reactor chacged with 800

psi Hy and 200 psi €O with reacction carried out ar 225°C (18 min to

temperature).

bCrms-.:mp:ion ratio, exclusive of methane ‘oration.

-11~
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charging. Although the SOSS catalyst, once formed, is air stable, the
soluble and insoluble components have been found to undergo reaction in air
leading to ignition; a very slow interacrion occurs between these components

in the solid state under an inert atmosvhere.

Although very simple, this reactor system allows for convenient screen-
ing of catalyst fermulatioms, with activiry being correlated with the observed
pressure drop under isothermal and isochoric condirionms. Normally the
catalyst -is preparéd in situ, under syngas pressure, from the COZ(CO)S and-

eirher supvorted platigum or ralladium components, in an appropriate solvent.

S
ry
0.3 L AEN
reactor
2H2:1C0
<+ syngas 182:1C0
2H.2:1CC):3!I2
Temp 500 - 1500 psi
o
125 - 250°C
Solvents Te g Catalyst Slurry
Cyclohexane oL PN typically 3 g
Xy lene S [55_3 .ol SOSS catalyst/100 =l
Tetrahydrofuran—— — -

Figure 1. Schematic of Slurrv Reactor

Alternatively, h?érogen pressure 2lome can be used to preparzs the catAlyst.
This leads to the formation of a new heterogeneous catalvst (the SOSS
catalyst) conveniently in the slurried state. all types of evidence, in-
cluding infrared spectrophctometric data. colorimetric data, chemical de~

gradation, and magnetic susceptibility of the sampled liquid phase, indicate

.
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that virtually all of the soluble cobalt is lost from solution. The inrer-
action of the soluble and insoluble components occurs in the temperature
range 80° to 200°C.

The type of solvent plays only a minor role in catalyst formatiom,
activity, and selectivity: cyclohexane, tetrahydrofuran, decalin, and xylene
have been found to lead to almost identical results. Once formed, the
catélyst has good integrity, showing little if any tendency for dissociation
to carbonyl species under our reaction conditioms. This should be compared
to our results with Ru/A1203, in which a very significant portion of the

metal was converted to homogenecus species.

A wide variety of reaction conditions may be used. The catalysts have
been used in the temperature range 150° to 250°C, alcho?gh one formularion
SO0SS-7A~2C-I, containing Pt, displays good activities at temperatures as low
as 70°C. The wide range of usable temperatures and the ability to achieve .
r2asonable activity at such low temperatures are notable fearures of the S0SS
catalysts. Of course increasing temperature leads to significant improvement
in catalyst activity. Slurry loadings hzve been examined in a relativelyv
limited range (1 to 7g of SOSS catalyst in 100 mL of solvent) with approximate

correspondence in the rate of syngas consumption.

The catalysts are also effective with a range of syngas ratios and
pressures. The systems display good and reasonably wniform activity with
imitial chargings of 500 to 1500 psi, although they are effective under much
lower pressures; normally,reactions only slowly decrease in activity until
the partial pressure of either the Hz or CO component drops below about 70
psi. The consumption ratio is always near 2:1 HZ:CO, closely obeying the
equation CO + ZHZ - (-CHZ--)n + HZO, and most reactions have been carried out
with syngas of this ratio. The use of 1:1 syngas leads to comparable results
(with only a slight increase in lower olefins) but retardation in activity
occurs sooner due to depletion of the HZ component. Even dilute feedstreams
of syngas (232:1C0:3N2) are effective. Such versatility in svngas supplies
is apnother attribute of the SOSS system. This system has not yet been found
effective for the Kolbel-Engelhardt reaction, 3CO + ZHZO - (-CHz-)n + ZCOZ,
and this is reasonable considering that the normal consumption ratio is 2:1,

lictle 002 is found in the final gas, and copious amounts of water are found

=13~



in the slurty phase when xylene and cyvclohexane are used as solvents (the
water being partially soluble in the THF plus product hydrocarbon slurry
solvent). The buildup of water does not appear to promote catalyst de-

activation. BHowever, more recent modification of the SOSS catalysts have

allowed for a significant decrease in the consumption ratio.

The catalyst may be pre-formed, stored in air, and later added to solvent
and used directly iq hydrocarbon synthesis without the need for a discrete
activacion step. This is in marked contrast to conventiomal Fischer-Tronsch
catalysts, which normally require a tedious, time-consuming activation
(reduction) step, the exactness of which has a prounounced bearing on the
catalytic properties. Im a particular case, a sample of the damp catalyst was
exposed to air for 2 hours, after which solvent was added and the reactor was
charged with synthesis gas; at 200°C the catalyst had the same activity as
before atmospheric exposure. Ir other cases, the catalyst dried at 120°%
in air and stored in stoppered vials for weeks exhibited virtually identical
activicy for hydrocarbon synthesis. The stability of the SOSS catalysts in
air is a distinctly favorable attribute.

Tne SOSS catalysts are normally used in a dilute slurry. No problem with
heat transfer has arisen; this could be anticipated because of the large mass
of hear-dissipating solvent present. Kolbel has done extensive work with
slurry Fischer-Tropsch catalysts, normally under much more concentrated con-
ditions, and has attributed a number of advantages to them, including (1) the
activity observed in the reactor is determined by the inherent catalyst
activity, i.e., no mass transfer limitationms; (2) good temperature control,
easily within IOF; (3) because of better heat control, less methanation; (4)
lower syngas consumption ratios; and (5) the ability to effect variatioms in
product nature and Qistribution by wvariations in hydrogen pressure and Bpera—
ting temperature, with lesser effects due to other operating parameters and
virtually no depeﬁdence ot reactor configuration. However, some of these
observations do not appear to hold in the SOSS system. As mentioned above,
the SOSS systems display nearly constant consumption ratios and aopear to
afford only minor variations in product narure and distributionm with hydrogen
partial pressure. iﬁwer temperature seems to disfavor methanation to some

exteht -
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The yields of methane appear to depend on whether or mot the catalysts
are prevared in situ, that is, a significant portion of the methane annears
to be produced during the catalyst formation period. Temperature control in
the system has been good. Alcthough the catalyst system leads to quite rapid
coaversion rates (40 psi synthesis gas comsumption/min at temperature), mass
transfer dpes not appear to be limiting, perhaps because of the large solvent/
catalyst razi. and the rapidity of stirring due to the low apparent viscosity
of the slurry system. UTp to temperatures of 250°C, aeither oxiding or car-
biding is significant, nor is catalyst sintering due to localized heating.

Nature of the Catalyst

The SOSS series catalysts are unique in Fischer-Tropsch chemistry with
regard to the method of preparation and the compositon of matter. Although
a number of compositions have been tested, only cobalct with platinum and
cobalt with palladium may be made by this method of preparation and have bheen
found to be effective for hydrocarbon synthesis. These catalysts are sup-
ported, and alumina, silica, and kieselguhr lead to comparable results. The
surface area of the support plays a relatively minor role in the activicy of
these systems, and this seems reasomable in light of their high loadings. In
fact, preliminary results suggest that the number of active sites and the
surface area of the metal are remarkably low (about 45 mz/g) for active
catalysts; optimization of activity with respect to surface area is expecied
to lead to significant improvements in catalyst activity.

The SOSS catalysts are heterogeneous, and all results indfcate that they
remain so during the course of the reactiom. The rature of the homogeneous
and heterogeneous components is thought to affect the formation of the
composite heterogeneous SOSS catalysts. The SOSS catalysts are magnetic: and
this property has been used in cleaning our reactors after runs, and zav be
commercially useful im catalyst entrainmment and recovery.

4s mentioned above, cobalt carbonyl has been found to interact with
alumina under reaction conditions, but some intriguing results have been
obtained in this area. In the earliest experiments, the reactor had beec
"dirty" that is, a small deposit of palladium with cobalt had been l.ft plated



on the walls of the slurry reactor from previous reactions. In this case,
cobalt carbonyl decomposed to cobalt metal platelets in these areas of
earlier deposition (see Figure 2). In this Trun, some activity was observed
(about 1/7 that of S0SS~7A-2B-I). Perhaps the best explanation is that
palladium or platinum serves as a aucleation site for a specifically structured
form of cobalt; once formed this crystal structure may be recained, except
perhaps at very high temperatures at which this particular structure is des-~

troyed and catalyst activity is lost.
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Figure 2. Iaicial Interacziom of SoNalt: Cardory. wizh Aluziza

After the first deposition experiment, the reactor was extensively cleaned,
by both physical and chemical techniques. Cobalt was now deposited on the
support. Once formed, this catalyst displayed good activities (about half that
of SOSS-7A~2B~I) for syngas consumntiom although both hydrocarbons and oxy-

genates were formed.

Elucidation of th; unusual features of SOSS has been undertaken by the
BNL Metallurgy Department. Electron microscopy has not demomstrated anything
unusual about SOSS—?A—ZB—I, compared with the heterogeneous component from
which SOSS is made, although the SOSS particles appear to be larger than those
of 52 Pd/A1203 and lesf friable. X-ray mapping (EDS) data indicate that .
both metals are present in the catalyst particles. These results are con-

sistent with our opinion that the heterogenmeous component inreracss with the
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homogeneous componert, essentially converting it to the corresponding metal.
Further work, involving polishing a catalyst particle and scanming the re-
sulting surface with an electron beam, indicates that the catalyst surface
consists of a reasonably uniform mixture of the two metals, apparently a
solid solution. However, these results are not conclusive, because of depth
penetration effects of the electrons and the rough surface of the catalvst
particles. Efforts are under way to prepare a SOSS—-type catalyst with a
moTe geometrically ideal Shafe and a smoother surface, and/or with a

greater degree of metal deposition and perhaps on larger particles of alumina
which will allow more conclusive analysis of the metallic layer. 0f course,
the effect of these variables om catalyst activity needs to be determined.

Our opinion, based on the method of preparation, is that a layer of
cobalt was deposited on the thim layer of palladium. However, if the above
X-Tay scattering results are correct, a very significant interaction of the

two metals must take place on the surface of the catalyst during its formation.

Powder x-ray diffraction analysis has been done on one formulation of
SOSS, an alumina-supported catalyst prepared in situ as described above from
CoZ(CO)8 and 52 Pd/A1203 and used successfully for hydrocarbon svnthesis.

The results were as follows:

1) The alumina used in the catalysts prepared for these studies (Fischer
absorﬁtion alumina, for chromatographic 2nalysis, A-540, umactivated, sieved
to 80/100 mesh = 150 to 180 u) appears to be AlO(OH). This seems to us to
indicate that the surface may have adsorbed water, and to have lirtle bearing
on the nature of SOSS, since other samples of alumina as well as silica gel
and kieselguhr lead to equally effective catalysts.

2) The SOSS catalysts are prepared from an originallvy homogeneous or
soluble component (cobalt) and a heterogeneous or insoluble commonent
(palladium or platinum); the usual formulation consists of about 2% palladium
or platinum and about 50% ccbalt the remainder being support. The diffraction
results now seem to suggest a preference for the layered structure, i.e.,
support, with a layver of palladium followed by a layer of cobalt. Although
the depth of pemnetration of the x-rays in these samples has not been
established definitively, the following results seem to corroborate this.
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The support alone gives lines for A10(0H). With 52 Pd/Alzo3 lines due to
both species are present. BHowever, when SOSS-TA-2B-I is examined, a line
(see below) for cobalt is the principal feature observed; ifmes for Al0(OH)
and palladium are very weak. Another catalyst S0SS-2A-2B-1 (similar to
S0S5-7A-2B-1 except that the loading of cobalt is lower by a factor of 2),
gives more intense lines for A10(OH) and palladium. These results seem to
indicate that in S0SS~7A-2B~I the x-rays are being diffracted principally

by cobalt at and near the surface and that little if any palladium is present
here. These x-ray diffraction results appear to provide much more meaningful
iniormation about the surface and near-s—rface character of SOSS than the
aformentioned electron microscopy work zud seem to favor the layered structure

shecwa in Figure 3.

solid solution
cobalt and palladium

AN

ALLOY STRUCTURE

Figure 3. Possible SO0SS Structures.

3) The most remagkable feature of the diffraction pattern is the
presence of only one line for cobalt in the S0SS formulations examined. As
shown in Figure 4, face—centered cubic (fce) cobalt is easily distinguished from
hexagonal close packed (hcp). Unlike the precipitated cobalt catalyst which
shows 2 broad assortment of peaks, the S03S catalyst displays one sharp peak
very similar in angle to that reported for fcc cobalz.25 This anomaly may be
due to any of three ef%ects: (a) the thin £ilm effect, if there are not
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enough metal atoms to offer a "structure™, (b) a strain effect, if the normal
lattice is deformed, and (c) an orientation effect, if cobalt has some ugusual j
structure. We lean toward the last pcssiblity, in view of the observation :
that cobalt deposited on alumina under SOSS reaction conditions has the strong
1line found in SOSS as well as weaker lines normally associated with cobalt.

" The predominant structure appears to be that of face—centered cubic (£ec)
cobalt. An A1263—supported SOSS catalyst affords a similar diffracrion
pattern. Furthermore, a sample of SOSS vreviously heated to high temperatures
has the diffraction nattern normally assoeiated with cobalt, suggesting that
the unique structural feature of S50SS has been lost. This sample has much
lower activity for hvdrocarbor synthesis, roughly comparable to that of a

coaventional Fischer-Tropsch catalysc.

FCC Co

(i)

SOSS Catalyst

Precipitated Co/il,0

273

AL0, AL

27,dcg

Figure 4. X-ray Diffraction Patterns of HCP and

FCC, SOSS, and Precipated CO/A1203 Catalvsts
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'4) The platelets of cobalt (described above) were also examined by
x-ray diffraction. The results suggest that the platelets are indeed highly
structwred (high in f£cc cobalt) and afford a pattern simllar to that of SOSS-
7A-2B~1, confirming the hypothesis that palladium (or platimum) serves as a
"seed”™ for a highly struccinred form of cobalt.

These x-ray diffraction data support the contention that the SOSS catalysts
are highly oriented and therefore have relatively little metallic surface area.
We have found chat the étruc:ured state (approximately fcc, as defined by x-ray
diffraction) cf cobalt by itself on a support is not a sufficiemnt conditiomn
alone c¢o impart the high activity observed with the SOSS catalysts; the
presence of palladium alvnme is also not a sufficient condition. The results
above suggest that palladium promotes the fcc structure and also imparts some
intriguing chemical properties to the S0SS catalysts. We hope to define this
synergism better through continued cooperation with the Metallurgy Division
and with some interested BNL physicists.

In understanding the activity of SO0SS, its structure may be more important
than its composition. Catalytic and surface chemists have long felt that
certain crystal structures and faces may offer better activitv than others but
have been unable to incorporate, In a predictive fashion, these features in
"real" catalysts. Possibly, clarification of SOSS activity will drastically
alter the status of catalyst preparation and the understanding of those "black
art" techniques used to improve catalyst effectiveness. A wide range of
possibilities in this area have been considered and it is hoped that these will

be tested in the near future.

S0SS Products

At the end of a run, the reactor is cooled and the gas phase is analyzed
by thermal canductivitngas chromotography for H,, €O, CO,, CH,, C,H,, C,H,,
C336, C3HS’ C4HIO’ and CSH12' By noting the pressure drop during the reaction,
the above results allow calculation of consumption ratio, fraction of liquid
phase products, etc. Ordinarily, the comsumption ratio appreoaches 2:1. The
vield of methane depends on whether the catalyst is prepared in the reactor;
ceused catalysts give reia:ively Jow CHA concentrations. Usually oniy small
concentrations of other gases and hydrocarbons are detected, and they include

only traces of umsaturates and little coz. The nature of the liquid products
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is determined by temperature-programmed gas chromatographic analysis. The
principal products obtained with the SOSS catalysts are Cl to >C4° paraffins;
only small gmounts of lower alcohols have been detected. A typical reaction
employing 3 g of catalyst in 100.mL xylene, carried out under three syathesis
gas charges, yielded a pale yellow solution plus water. The xylene was.
distilled off under a vacuum, and a yellow oil remained. Infrared analysis

of the reaction solution and the oil indicated little in the way of oxygenates
or olefins and uo metal carbomyls. Integrated nuclear magnetic resonance
spectra of the vellow oil indicated highly linear paraffinic products with an
average chain length of 18, with little or no aromatics, umsaturates, oxygenates,
or branched products.

STMMARY

In conclusion, the application of the fundamental vrinciples of the oxide
mechanism, which emphasizes the relation between metal-oxygen bond strengths
and catalyst activity, has resulted in a new series of highiv active Fischer-
Tropsch catalysts. These systems may point the way to future syngas catalyst
development. The unique structural features of these catalyst have demonstraced
the importamce of surface structure and its relationship to catalvst composition
and activity.
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