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Introduction

Although cobalt and iron-containing catalysts for the Fischer-
Tropscn synthesis were develored several decades ago, their selectivity,
activity, ard stability properties leave much to be desiied. Previous
investigations were genmerally conducted cu: Boorly characterized catalysts
overating in;heat/hass transfer-influenced regimes, and the effects of
catzlyst proéerties, Promoters, suprarts, and additives were not well-
defined. '

Cur work is a systematic investigation of catalyst metal-additive
and metal-support interactions and their effects om activity, selectivity,
and resistance to sulfur poisoning in Fischer-Trovsch synthesis. 'mhis

investigation of catalysts for selective synthesis of hydrocarbon liquids
- began about 5 years age. The major abjectivés of the .project are three-
‘fold: ' ‘ A

First, to iavestigate tte effects of supports amd of sulfur,
nitrogen, and boron additives on the activity and selectivity of cobalt
2=d iren catalysts and their sulfur tolerarnce ia CO/E2 synthesis,

Second, to correlate these activity/selectivity ard sulfur tolerance
proverties with measureable properties of the active phases such as
oxidation state, dispersion, and adsarption capacities.

Third, with this basic uﬁderstanding, to seek more active, sulfuor
tolerant iron and cobalt catalysts for selective synthesis of premimm
hydrocarbon feedstocks, ’ N

The work is divided ints three tasks, Task 1 is tke treparation
ané characterization of promoted and unpromoted, suppvorted azé unsupoorted
cobalt and iron synthesis catalysts. The second is the measuremert of
sy=thesis activity/selectivity proverties of these cataliysts under
reaction conditions. The third is measuremeat of f2activation rates
gu:ingjsynthesis in a reaction mixture containirg dilute HZS,

Catalyst Prevaration

Figure 1 sacws the 28 catalysts to be prepared ani ‘characterized.
This experimental grid was ‘desigred tc systematiczlly investigate effacts
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of alkalsi sromoters ané dorsa, ai t-ogen,va;nd ‘sulfur additives-and the.
effects o five support materials, including the-novel zeol:.tes ZSM-35
and Silicaiitel B ’ )

The preparation of beride promoted catalysts has been ‘refined in -
our laboratory, and-utilizes the reactions shown in Figure 2. *Since
muchk of the borshydride is lost .to-hydrolysis (top reactiom), a fourfold
excess of sod:.un  corchydride is used to reduce’ the ne‘tal salts to the )
dimetal boride (bcttom reactfon), 4 -subsequent wash:.ng of the catalyst : g

to free it of sodium ...m:m::.t:.es follows.

Catalyst Characterdization

/
Catalyst characterization plans involve a comprehensive, multitool ’
- approach to the measurement of basic physical, chemical, and surface ,
sroderties, ‘and irclude ‘adsorption measurements, temperature prograrcmed
desorztion, 2md analysis by Moessbauer svectroscody. .

As outlined in Figure 3, E’2 and CO chemisorption will be performed - -
oz all catalysts to determine active metzl surface areas. C:t.')2 adsorption
is used to measure the concentration c¢f alkali promoters on the catalyst —
surface. C, titration gives oxidation states of -the metals, and
Moessbaneyr spectroscopy aids in identification ¢f the phases ‘present in
the catalyst, Terperature srogrammed deso-ptior of adsorbed reactants:
Yields valuable information on the effects of promoters, additives, and
surrorts on catalyst adsorpt:!.on Troperties. ’ )

Qur chemisorption experiments are carrled out .Ln ‘a’ standax=d
volumetric apraratus. <The system is capable of 10”° torr and is ‘equipped’
with a mercury .driven ‘gas buret and —anometer, -Adsorption isctkermzs )
are Xeasured using 1l g sla:i:pl‘es.‘of- catalyst powders. - T

The samples are loadeé into a Fyrex reactor cell shown in Tigure &4,
Cnce loaded, the catalyst may be reduced "in Ha, ~undergo chemisorgtion .
neastremzents, and be tested for activity without being reexrosed to air.

The results of chemisorption measurements on several iron catalysts
ars shown iz Figu—e 5. .is expected, the 3% catalyst is less reducible

2=2 43 Ehan the higher lesdizm~ 18% catalyst.
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.27 diszerzior i’ ’ -
is meart the Dercernt of metal atoms exposed to the czfzlyst surface.
Dispersions are very small, in the Tange of 1 to & ¥. . The effect of:. '=:. :
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)  Potassiuxm rromotion may be seen by comparing the 1575 ..=‘e/":7.o2 catzlyst
to the .15:.’.L_E‘e:'Z/Sioa;¢_:atalyst results. A&s can Ye seer iIn the table,
CO2 adsorption inereased sabstartially, at the exczense of C5 2nd :'-.2
adsorptién. .From this data, an aprareat surface errichment of X0 :is
nearly 25-times its-bulk concentration of 3%. CO/E adsorpticn ra:tios
of 'Fe'/Sioz are.near Q.4, whije potassim promotian- lowers this »atio to
0.3. . Fe/ZSM-5 and Fe/Silicalite evidence particularly lew CO/E ratios,
Borided iron, -while less disderse than the undorided catalysts, are
sufficiently disperse to evidence similar activity, as will be seexr later.
Studies of silica-suprorted cobalt catalysts have also teen
conducted. Figure 6 shows that cobalt catalysts are generally moze
disperse than the corresponding iron catalysts. CO/I ratios ave very
nearly 1 in the unpromoted -catalysts. The percent reduction %o metal
ranges from 30 to 50% for the cobalt catalysts studied. CO/E ratiom
for bsrided catalysts are much lower than the pure -codalt catalysts..
Moe:ssbauer srectroscopy shows additional evidence for ‘metal-sapzest
" in the 3% Fe/sio,
catalyst, with metal-supoort interaction indicated by the low recoil-free

interaction. Figure .7 indicates tae presence of Fe

fraction. In contrast, as shown in Figure 3, the 15% Fe/SiC-é catalyst
spectrum shows the presence of Fe203~, mainly in small particles, As
expected, unsupported Fe consists of large particles of FEZOB' as shown
in Figure 2, S . L . .

- 32 reduction for 36 hours at 723 K reduces ‘the 3% -I.‘e/S:i.(D2 catalyst
only abou: 30%, in excellent agreemerz: with 0, titration data (Figure 10).

“

The 15% Fe/SiOz <catalyst is reduced nearly 100%, witk the cisazvearance
of the oxide Dpezks in' the center of the spectrun, (Figure 11). - Thke
testing of the cé,talysts ‘in a mixture of -32- and CO in the reactor yields
_ "thev-ct_:manly 'o’bs‘erve’gi‘h_.e_xa'gdnaﬂ. <arbide spectrum -of -Figure 12.

Acfi'vi—ty/Selectivity Measurements - . - e - o

Cnce the catalysts have been characterized, they are tested i=
a la‘.;:ora‘.:o:_r reactor to cdetermtire acti i‘.:_,-/selec‘.:i':ity Iroperties, The
-ex;e:i:xe‘n;jts"cn'ti:‘.:ied <. Figure 15 kave teean cesisned- to -isolate. zs mmch
as Tossisle, the effects on selectivitiy and zeiiviiy of metaly metal

lo2dinzy, metal-sudport interactions, promoters and aédditives, irncludirg -
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sulfuar, and the effects of increasing sressure froa 1 atzoschere td
zear industrial conditiors at 25 atzossheres. - ’ )

’ & ladoratory microrzactor system has been made fully overatiomal.
.The schematic .in Figure 1% outlines its major features, which include
gas zurification by molecular sieve and deoxo units, a tubular furzace,
2 pair of diquid and war traps,. and a gas chromatograpnic analysis.

The system is capable-of 30. atmosTreres, and is equipped.with automatic: o 7

Analysis is performed by a Eewlett-Packard 5834

gas chromatograrzh which s fully time-programmable,

flow controllers.
In a2ddition, cryozenic
ocperation to =50 C is available by utilizing a liquid nitrogen feed to
the oven space. This greatly enhances analysis of low-boiling hydrocakbon
species. ' J
The analysis of Fischer-Tropsch kydrocarbon products is a diffieult
Problem, but simplified by our use of online gas sampling combized with
capillary column operaticn., Hydrocarbons are eluted in nearly boiling
Soint order, as typified by the chromatogram of Figure 15, Providing an
Fixed geses, including
4, CZ 526 C Hh' E 0, az=d. o+he*s, are aralyzed on a

excellent "fingerprint” of the reaction droducets.
ﬂé, Né, co, CO
6-foot Carbosleve B packed coluzn, The total analyszs reguires about
1 hour. . . ’
Before analyzing activity/selectivity data, the catalysts axe
Pretreated in the reactart mixture at reaction temperature. for 12 to 20_
hours until steady state is reached. Changes in selectivity are cdue %o
carbiding of surfaces and tae filling of catalyst pores wiih 23 iznventory
of lizuids.
are considered reliable for comzarisons.

When steady staze is rz2aciec, rates and sreduct d;st‘lout*ons
Conversioxns. are llml“ed to.
less taan 10% and finely crushed powders are used to aveid m=ass and heat
transfer limiting reactior regimes.

. Tarnover numbers for several iromn a=d cobalt
in Figure 16. As can be seen, the turrover nuxders for 3 and 15% Fe/S‘O
are the same within a factor of 2, while the CO turmover numzer-for :
15% Co/SlO2 is a factor of 20 times larger than that of 3% Co/S;O
susgestinge the effects of azetal-sunzort interaction... T

catalysts are showz

~e-:or;dec catalysts
are 21so gener=lTy less aciive thaz thei= umboriied counterzarts. -Fotassiunm

adiition had 1s4+le effect or activity, wihile the zeolite catalys:is. were.




a factor of 10 less active thanm silica-supcorted iror, Iz all cases,
cobalt catalysts are an order of =agnitude more active than their iron

catalyst counterca-ts.

. -.Product selectivities for iron catalysts -are summarized in Figmre 17.
It is evident that decreasing EZ/CO ratio from 2 to 1 increased tke

average molecular weight of the vroduct by'decreasing methane »roductiocn.
Also, COZ,selectirity increased signiflicantly, The 3% Fe/SiO2 catalyst

sroduced more methane and a lower molecular weight product than the

|15% F’e/S:'.O2 catalyst. The addition of potassium to tae 15% iron catalyst

shiifted carbon numbers of the product from methane and ethare to the
C5+ range. 002 production also increased. Iron boride catalysts '/
produced hydrocarbon distributions similar to unborided catalysts, with
a tendency toward high C., yields and low CO, make. Fe/Silicalite
rroduced high olefin yields, esvecially in the low carbon numbders,
Similar-data for three cobalt cztalysts are shown in Figure 18,
Covalt/silica catalysts produce higher aolecular weight prodﬁcts than
iron catalysts at 1 atm pressure. The high yield of élcohols from
several unsurported cobalt boride ca.a_ysts is especla*ly interesting,
aisong with the unusunal high selectivity to CO2 over tie same catalysts.
F;gure 19 shows a product selectivity plot for cobalt/silica.
The very low C2 yield is tygical of cobalt catalysts. TFigure 20 shows
the same d=ta for iron/silica., Eighexr C, yields are evident over iron,
and. the effects of the addition of potassium are shown graphically by

the decrease of Cl and C2 fractions arnd ircreased C3+ fractions.,

Suifu=-Poisonire Tests

\_'

Task 5 is the measurement of the effects of Qilute H S or catalyst

‘activity and selectivity during synthesis, During the tesus, 4t pom

cf Eza.das added. to the feed stream after an izitial pericd of 24 hours '
ir suliur-free reactaats.

The effect of sulfur or selectivity over Co/SiO2 is i1lustrated
in Tigure 21. The product éistritutior of fhe‘pa:tially-;oisonedu -
catalyst shows a markes shi<t towarcs hizgker molecular weight"products{

Tris effect is maximized at about 50% 2ctiviiy ard 50% sulfur covers
- K gey
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but ther apzears to diminish as sulius coverage aba;oécﬂes saturation.
C"‘2 selectivity decreases contlnuously with CO convers;on activity. Ie
the case of ’e/SiOa these effects are not obsgrved

Figure 22 shows the normal;zed act*v:ty ‘of the cztalysts tested
to date with increasirg sulfur exposure. Ir the case of Co/SzO v ie/S~

27
and :EK/SLOZ, deactivatiorn is ran;d ard extenmsive. Apparently, Fe/SlO

' 2

is more sulfur tolerznt than Co/S;OZ, and the add;tion of KZO does lengthen
the lifetime of FeVSiO catalysts. Particularly important is tk

extezded stability of borided .ron in sul-ur—conualnznb reac.ants. Little

deactivation was observed, even after 5 days exposure to 6 zpm EZS'

~

Summary and Comclusions - e 1

Taskk 1
l. TUsing technigues developed-in our laboratory, it is pvossidle to
Prepare adeguately dis;é:sed iron a2nd cobalt boride catalysts.
2. Silica suppértedciron:and cobalt ecatalysts evidence rélatively
poor metal dispersions in the range of 1 to 10%. Cobait]silica
is more dispersed tham iron/silica. . é

Se 02 titration stows 36-hour rednction of Fe/SiC_ ard Co/SiO= catalysts !

in flowing Ha is adequzate. 2
L. Because of metal-support interaction, lower loading catalysis are- .
less reducible than kighe: loading catalysts. :
5. CO/E adsorption ratios observed for Fe/SiO2 are near O.4. DPotassium }
rromotion lowers this ratio to C.53. CC/H adsorpiion raties for
covalt are near 1l. .
€. CO2 chemisorpytion has shown that KZO is concent?ated on the su;face
of promoted iron catalysts to as much as 30 times its dulk
conceatration.
7. Moessbauer spectroscony of iron catalysts gives evidence for metal-

support interactions,

Task 2

l. & microreactor systex and amalysis scheme for C, to CSO hydirocarbons

2nd fixed gases has been mtade fully operational.
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Covalt ecatalysts produce a higher molecular weight troduct and are

'ﬁuré active than corressondizg Ircn catalysis at 1 at=,

Decfeasing EZ/CO ratio from 2 to 1 cansés the average molecular
welght of the hydrocarbern product to increase by reducing
methane yield.

Potassium sromotiocn of Fe/SiC2 shifted carbon numders to higher :

molecular weights at the expease of Cl-c2 production.

Iron catalysts produce larger amounts ol CZ' 2lcobols, and olefins
relative to cobalt cztalysts.

3orided catalysts procuce product distrituiiorns sizilar to unpromoted

catalysts, though Co3 shows rromise as an alcohol 3roducer.

Task 3

523 voisoning of Co/SiC2 causes a shbift to higher molecular weights

in the product. This does not occur with Fe/SiOZ.
Potassiuxz exteads tke life of ?e/SiG2 in the presezce of EZS'
Fe3 is extremely resistant to doisoring dy 325.

lj'e/SiC2 is more EZS Doison resistart than Co/SiGZ.
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CATALIST TREPARATION PLANS

¥etal-Suppert Unoromoted DPromoted  Additive Pretrea:tments No.
Combization E0 20 3B ¥ S  Catalysts
Fe (Unsupported) x x x x ()¢ § ¢
Co (Unsupported) D4 X b d 3
Fe/st0, x2)* © ¥ x x° z(3)°¢ /g
Co/Si0, 22 x ‘ 4
Fe/A1203 X 1
Pe/2SM-5 p < 1
Fe/Silicaldite X z b 5
Fe/C x 1

i Total 28

% 3 and 15 wt. % Ioadings
® 15 wt. % Loading Omly
c TUnrromotad and Promoted

d Promoted Only

l.]
(1]

pREI A

14
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BH4 * 2H20 -'-802 + 4H2

28H4 + N1'C'l2 + 4.5 HZO -+ 0.5 NiZB + 1.51'!3303 + 6.25H2 + 2C1

FIGU=E 2
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TASE 1 EXDERIMENTAL PLaN

' PURPOSE OF STUDY -

=

CATALYSTS

DESCRIPTIOR

A. 32 and CO
Chemisorption
Measurements

3. CO2 Chemisorption

Measurements

Ce. 02 Titration
Measurements

D. Moessbauer

Spectroscopy

t

« Temperature

Programmed
jf‘ Desorption
(s
!

’
Pl
L
b
" IR
b

rm——

S T S

Determine Active Metal
-s_urface Areas

Determine Alkali Promoter
Surface Concentrations

Doter:ziné Degree of
Metal Reduction

Determine Oxide, Carbide,
Nitride Phame Formation
U-nder Preparation and
Reaction ’Conditions

Determine Effects of
" Promoters and Supports
on Reactant Adsorption

All Catalysts

Te, TeK, Te/Si0,,
FeK/Sip,, Fe/Silicalite
FeE/Silicalite,
FeZ/SiOé, Co/Si0
CeE/Si0,

2’

All Catalysts

Fe Catalysts

Te/S10,, Fe/n.203,
Fe/Silicalite,
Fe/Zs¥-5, Fe/C,
FeX/Si0,, FeZ/Sil,
FeN/S10,, Fes/$10,,
Co/S10,




10/30 temale joint

10/30 male joint

9 mm D-ring joi.nt

//

oz M -
| 4°Tt. preheater coil

2 mm Capillary tubing

_——Thermocouple guide
2 mm Capillary tubing

- ’

\_ Sritted disc

. Figure #. Laboratory Pyrex Reactor.
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TASK 2 =XPERIMENTAL PLAN

DESCRITTION SURPOSE OF STUDY CATALYSTS
Activity/Selectivity Effects of Metal Fe/S:LO2 and Cica/S:I'.O2
Heasufenenta

Reactor Buns at 25 atm

1>

Effects of Metal Loadiag

Zffects of Supvort

Effects of Alkali

Effects of Nitriding

and Soriding

Effects of Sulfiding.

ey

ects of Pressure

" Pe/Silicalite, Co/SiO

3 and 15% Fe/SiO,,
5 and 15% Co/Si0,

Te, Z"e/S:'.O2 s E‘e/A_‘LZO3 ’

Fe/Silicalite, Fe/ZSM-5,
Fe/C, Co, Co/Si0, ’

120 Promoted Fe, Fe/ 55,02 .

2
Zn0 Promoted E'e.-/S:I.O2

Fe, Fe/Si0, (aitrided
and borided), Co,Co/Si0
(borided)

2

_Fe, FeX, Fe/Si0,, -

FeX/Si0,, FeZ/Si0y,

FeX/Silicalite, Co (sulfided)

5 Tbest" ca‘.:éiysts based
on atrospheric tests
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—:_;;: T _”i.‘i‘._ R - J
B - Sl
CO TIRNOVER NWMEERS
c;talzst B /CO Temperature Turaover Number  Activation Znergy
(¢9) C(§._ x 10%) . (kJ/smole)
3% Te/Si0, o2 498 . 7.0 82.8
1 458 7.0 80.8 |
15% Pe/Si0, 2 | 498 3.9 92.5
. 1 598 2.5 99.3
15% FeK/si0, 2 498 | 6.6 —
14,7% Pe/2SM-5 2 500 0,45 —_
8.3% Te/silicalite 2 500 - 0.24 _
Fe3 - 2 483 ' 8.1 81.4
f‘ea/sioé 2 498 0.33 ——
37’; Co/Si0, 2 450 3.0 —_—
15% €o/540, 2 450 B — ’
CeB’ 2 485 - 1.55 140 :
co§/§;02 ' 2 504 17 ;.54 -

FICUZE 16
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‘Figure 19. Product distributian for Co-S<101.
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lv4 -
1.3
1~2 b
1.1

1.0L

1.9
0.8 L

Normalized Selectivity

0.7
g.6
0.5L
T ] 0.‘;
0.3L
0.2}k
c.1)

+xx POA

CS—C
8
CCZ
Total Conversion

- FIEGT= 21

1 1 - 1 1
19 20 30 20 = 5

-

' 5.29 -
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