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I. ABSTRACT

OBJECTIVE: To determine the feasibility of using a mechanical
mixture of a cobalt Fischer-Tropsch catalyst and a water-gas-
shift catalyst in a slurry reactor.

TECHNICAL APPRUACH: The proposed mixture should make possible a

combination of the product advantages of a cobalt catalyst
(ﬁinimum oxygenate and carbon formation) with the operating
advantages of a slurry reactor while feeding syngas of low Hy/CO
ratio as can be produced by modern coal gasification plants.
Previous scouting experiments in fixed beds at two U.S.
laboratories showed no effect of the water-gas-shift éatalyst,
but recent patents to Shell claim successful operation in a fixed
bed. 1In preliminary work with a slurry reactor we also found
synergism.

SIGNIFICANT ACCOMPLISHMENTS: Several water-gas-shift catalysts

we studied by themselves showed unacceptable loss. in activity
with time, even though the reduction procedures recommended by
the manufacturer were carefully followed. These were United

Catalysts C~18HC, Cu/Zn/Al203; Harshaw 1803~P, Cu/2n/Cry03;
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Harshaw Cu 1920 F, Cu/Mao/Crad;. Howewvear, we have now nad good

curcesa with Kataleco 52-2, which has a nominal compesition of 33
wtl Cu0, 33 wty Znd and 33 wti Alp0j, using a modified reduction
syatem that we have developed. In a l000-hour-on-stream Iun,
this catalyst showed excellent resistance Lo changas in pressure,
temperature, {Hp/CD} ratio and presence of l-butene. A first
long run with a cobalt catalyst mixed with tne Kataleoo 52-2

catalyst showed excellent prodoct distribution selectivities.

1. Introduction and Background

Lecording to patenss from Shell a mechaniczal mixturs of a
cobalt catalyst and a copper-based water—gas-shift catalyst has
hesn used in a fixed-bed reactor ta carry cut the Fischer-Tropsch
synthesis. However, in othar fixed-bed studies perEormed by

gonign Carbide [Fearuary, 1984; May, 1%34 and September, 19841 and

Tominaga at al. (1987}, wat’r-gas shift catalysts have besl
oberved to deactivate rapiély when combiped with a cobalt
Fischer-Tropsch catalyst in a fized-bed. In our slurry ESactnE,
wa also epncountered substantial deactivation with an sarly
Cu/Zn0/Alz0y catalyst combined with 2 cobalt ratalyst, although

synergistic effects clearly cocurcrad.

2. Beouting Experiments

A representative result was cbtained as fallows: A cobalt

catalyst {(Onited Catalysts G-61, 7B.7 wth Cof, 17.2 wti 5i0p and
¢ wt$ graphite) was ground ko 50 tno gnr_m {17¢ to 270 ASTM mesh)
and reduced in s EFluidized bad reduction bed using pure hydrogen.

The reduction temperature was increase2 from 25 to 4008C pvaer a
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period of 8 hours and then held at 400°C for 7 hours. 25 g of
the catalyst (unreduced basis) was then loaded under helium into
the slurry reactor which was charged with 410 g of purified n-
octacosane {(Humphrey Chemical). A simplified diagram of the
system is shown on Fig. 1. 1Its operation has been described
previously (Huff and Satterfield, 1982; Huff, Satterfield, and
Wolf, 1983). Water was added, when desired, by a HPLC pump.

The reactor was brought on-stream at 240°C, 1.48 Mpa, and
inlet gas feed wﬁth a Hy to CO ratio of 0.74 at a space velocity
of 0.02 Nl/min/gcat (0.5 Nl/min). For 24 hours, only the cobalt
catalyst was present in the reactor. The conversion of synthesis
gas, Hz + CO, was constant at about 55%. A small amount of
water-gas shift activity was observed (defined as 100‘PC02/(PC02
* Py,0)). Under equilibrium conditions at 2409C, the extent of
water-gas shift should be essentially 100%.

After 24 hours on-stream, a finely-divided pre-reduced
water-gas shift catalyst was charged to the reactor (United
Catalysts C18HC, 42 wt% CuO, 47 wt% Zn0, 10 wt% Al;03 and 1 wtg
graphite).

Figure 1Q. shows the effect of adding the shift catalyst to
the ccobalt catalyst, at time 0. The water~gas shift activity
jumped to 74%. With the increased hydrogen produced from the
shift reaction, the conversion of synthesis gas also rose
substantiallgjfrom 54 to 68%.

During the subsequent 24 hours, the activity of the water-
gas shift catalyst dropped dramatically, and the rate of

synthesis gas consumption fell back to its previcus mark of 55%,
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a decrmase in the synthesis rate in respoage to 2 decrCeases in

hydrogen parkial pressure. ) '
Tn an effort to understand the underlying causes cf this
daactivation, we have performed a numbar of runs ip which &
water-gas ahift catalyst was the only rcatalyst present in the
slurry reactor. To avoid problens of catalyst instability due to
incorrect preparation, we limited thess studies =o commercially
manufactured copper-basad catalysts. Greal cars was taken to
remove any potential peiscns from our system.
Low-Eemperature, copper-baged shift catalysts are typically
operated in fixed-bed units. AS & result, littla jnformatiomn is
available on the sparatien of these catalysis in any &other type
of reactor. Therefore, a challange For us was &0 adﬁpt
estzblished fixed-bed cperating procedures, patiicularly the
reduc=ion procedure, to a SLULTY reactor System. We have studied ‘
three commercial catalysts with compositions shown on Fig. 2.
Effe~t of time-on-stream oh conversion is shown on Fig. 2. 1n
all cases about 25 g. of ground and sileved catalyst (50=-3C um)
wera added to the reactor previously charged with 400 g of
cctacosana. Reaction procedures were those supplied by the
" manufactuzer.

i. Cu/Crs0y_(Harshaw Cu 1803-P)

Four runs with differsnt feed compositiomns, all at 2206¢ and
0,79 Mpa, all showed a steady degactlvation of the catalyst with
time=gn-stream., Sintering and/or peisconing appeared td c¢ause the

deactivation.
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4. Cu/Mn0/Cr203 (Harshaw 1920-P):

According to Harshaw, the Cu/Mn0/Cr)03 catalyst possesses
greater temperature stability than the Cu/Cr,03 catalyst teéted
above. The catalyst was prereduced according to the
manufacturer's instructions and tested at 200°C and Q.79 Mpa.
Despite its alleged stability, the Cu/Mn0/Cr503 catalyst
deactivated at approximately the same rate as the previocusly
tested Cu/Cr;03 catalyst, even though a slightly lower
temperature was used.

5. Cu/Zn0/Al,03 (Katalco 52-2):

The reduction proceduré recommended by the manufacturer was
carefully followed. Helium was first.passed thorugh the reactor
and then a temperature-composition profile shown on Fig. 4 was
applied. Temperature and pressure Qere held constant at 200°C
and 0.79 MPa as the reactor was brought on stream using a flow of
45 mol% CO, 21.4 mol% Hp, and 35.6 mol% H0 at 0.0l9 Ni/min/gcat.
These settings are defined as "base case" conditions and are
those used to monitor the leng-term activity of the catalyst.

The rate at which water was fed is approximately three to five
times that which would be typiéally synthesized in our reactor
with a cobalt Fischer-Tropsch catalyst. To give an accurate
measure of catalyst activity at these conditions, no process
changes were made during the first 300 hours-on-stream.

After 300 hours-on-stream, various process changes in either
the pressure, temperature or feed composition‘were made,
including 200-220°C, 0.79 MPa to 1.48 MPa and H,/CO ratios of 0.7

and higher. Following a process change conversions were
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monitored for between 48 apd 106 houatrs. The raaztor was then
returned T2 "base caze” conditions which would in turn be
monitored for between 45 and 100 hours. Thus, we wers ahle to
meniter both the mffact of the praceass onanges oOn activity (via
conversions during the process change) gnd =tability fqia
convaersion=s ;fter the return tc the "base case" following the
process chang) .

Figure 3 presents thase "base case" datsa graphically. It
cam be sean =hat the catalyss deactivtad onlLy very slowly for the
cver 1000 aours during which it waa op-stream. We regard this as
a very satisfactory QUICORS-

6. Effect of l-Butene:

irn discussing the pat;ntial czuses of the deactivation of
water-gas shift catalysts in gombination wlith a cakalt--based
Fischar-Tropech catalyst, it has been speculated that alkenss may
adsorb ont the su-face of a shift catalyst, inhibiting 1its
reactivity., GSipce it-.is well known that alkenas ad=marh stronaly
nn reduced metal surfaces, it is= reasonazle %0 poatulate that
altenes could inhibit the rvatae of water-gas shiflt ceaction.

Tn eXaMing the effects of alkenés, 1-butene wa= added to the
feed at 924 hours-on-stIrsam. Tha l-butens was in an analyzed
mizturs of 2 mol% l-butene in 9§ mol% prepurified hydrogen
suppliad by Matheson Gases, Inc.

The wataregas shift convarsion remained essentially
unchenged by the addition of the l-butene EG the feed. oOver 35%
ctf the l-butene wWas reacted, eithar beaing hydregenated to butans

or isomezized to cis-2-butene and traps-2-butena. Esszentially
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all of the consumed l-butene formed C4 hydrocarbons., No
significant amount was cracked to smaller hydrocarbons.

7. Reduction of Cobalt-Based Fischer-Tropsch Catalyst.

In order to develop a reducrion Procedure that will provide
repeatable activity and selectivity, a review of the available
literature on cobalt catalysts has begn performed. This includes
reduction procedures used in large plants as well as in research
facilities. Generally, the catalysts are reduced in hydrogen and
temperafure'is increased from ambient to between 350°C ang 4060
over 4 to 6 hours., The catalyst.is then held at this max imum
temperature for between 2 and 16 hours,

On the basis of their own work at the Bureau of Mines and
review of work done in Germany, Storch, et al. {1851, 1959) make
four important conclusions about the reduction of
Co/ThO3/kieselguhr and Co/Th03/Mg0/kieselguhr catalysts.

l. Sintering must be avoidad during reduction. Hence,
reduction should be performed in a short bed, with a high space
velocity of hydrogen, at the lowest temperature pessible, and in
the shortest time possible.

2. The most active catalysts were obtained by ending the
reduction before all the cobalt was reduced to metal. The most
active catalysts had between 55 and 70 percent of available Co
reduced. It was speculated that unreduced Co0 prevented
sintering of the catalyst.

3. When cobalt-based catalysts were reduced and then
subsequently carbided with carbon monoxide, the activity of the

catalyst was markedly less. A completely carbided sample,
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resuned te have 100 parcent of the cobmlt as JoyC, was shown &0
be inagtive far the Fischer-Tropash synthmais, .
4. It was [ound that when MgQ waz presant the catalyst was
barder to reduze, and thus a maximwt reduckion temperatdre cof
409 is racommended for Co/ThOz/MyC/kaiselguhr as comparad to
16092 for Co/ThOs kieselguhr,
On the baszis of the literatuore cited abave, we have uasd the

Exllawing tamperature profile feor cur Eicst runm.

2. 10092 far 1/2 to 1 hour.
B, Zod¥z for 1/2 £c t hour,
C. 300%C for 1/2 ko 1 howr.
C. #Heating ip 10°C incraaents from 300%C to 365%C. The

temosrature shogld be allowad %o level off at each ingrement Ior
at least LS4 hoer. | -

E. Holding at 365°PC for 14 hours. ‘
This is performed in an external reduction cnit,

The results of & long preliminary run in which the watsr-gas
ahliy cakalwst aud a reduced gobalt catalyst were studieé
togethar are shown on Figures 5-9. The cobalt catalyst was cf a
typical German commarcial compoeition, consisting of cobalt oxide
and magp2sia on silica.

Fig, S shows that the Co catalyst had little effect on the
activity.oi the watsr-gas.=hift catalyst wheo the latcer was
proparly reducad.

Tig. GIShaws 8 SchulzaFlory diagram for the cembination. Of
great sigrificance iz the fact that o) is absut 0.2-0.83, much

higher than is cbserved en iron catalysts, U©: is about .96, as
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is further confirmed by analysis of pot wax (Fig. 7).

With time on stream, @2 increases slightly [Fig. 8).

Fig. 9 shows a breakdown of products into components. The
ratio of alkanes to alkenes is much higher than with iron
catalysts, reflecting the greater hydrogenation functionality of
cobalt over iron. Considerable isomerization of l-alkane to 2-
alkenes occurs. The only oxygenates that could be’detected were
alcohols, and of these, only ethanol and propanol.

The only negative observation is that the cobalt catalyst
substantially deactivated over 200 hours-on-stream (Fig. 10).
However, this is only our first run and we have as yet not had
the opportunity to optimize cobalt reduction procedures.

Product selectivity is compared to that of two base-line
iron catalysts in Figure ll; Rélative to Ruhrchemie, the cobalt
catalyst yielded slightly more CHg, much less Cy-Cy4 and more Cs+.
Again, we note that this is only the first run we have made with
the cobalt catalyst. We have as Yet not studied it in isolation,

but these studies will be needed for further evaluation.

439



Befaraaoces

vuff, G.A., Jr., and Gatterfield, C.N., Ipd. E00. Chetl.

Fand., 21. 479 {(1982).
Huff, G A.s Iy gatterfield, C.HN.. and Wolf, M.H., lod.

Eng. Chem., Fund., 22, 259 {1583).

storch, H.H., Golumbic, M¥., and Anderson, RE.B., The Fischer-

Tropsch and R=lated 3yntheses, Wiley, New ¥York, 19%1.

Tomipaga, H.. Mirachihartd, M. apd Fudimoto, XK., Bull. cher.
Soc. Jon., B0, 2318 (1387).
Union Carbide Carporation (Tarrytown reonnical Centaly

TarEytown, kew ¥ark) , Liguld HydrncoarogD Fuels from Syngas,

mechnical Progress Report DE-3C2281PC40077, Third Annual Report,

March, 1393-February, 19B4.

Union Carbide Corporation {Tarrytown Technical CantaT,

Tarrytown, New ¥York). Ligquid Hydrocarbon Fuels from Svngase J
mactnical Pragress Report DE-A222=-81PC40077, Fifteanth Qearterly

Repork, AUZUET, 1984-September , 1984,

440

———aum
e ——



E2iHy CQIHp He

Fiocure 1:

¥am

Hedalag

=]

z

k-

Az

[= =2 1

gros |

LIS £

------ . Auioglaew] Rpet e

Byppiy

Emergency
Halwm

B ___-__.71”\.1

ERLLT

The M.I.?T. Apparatus, Simplified Diagram

3



PERCENT

A5

10

TIME AFTER W3S ARDITION

] tHZ+C0 CONYERSIUN
» EXTENT OF WGS

Pigqure la: Effect of addition of Cu~ZnC/21. 0.
the water=gas shift end Fischer<Trops

shif+ gcatalyst on
ch activity.

44z




o

Freure 2

Copper—Based Catalysts

Active for Low Temperature Water—Gas Shift

Hanufacturer/ Nominal Cemposition (Wt. ¥}
Catalyst cun ing .-"u.'!zlill':3 Cr,o, M
Fatalco 43 13 33 — e
g2-2

Harshaw 52 — e 48 —
S 1803-P

Harshaw 48 __ — 48 &
Cu 18320-P
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WGS Conversion

FiGure 3

SHIFT CATALYST STABILITY

Time—cn—siream Dependence of Activity ‘
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Figupe 5

rffect of Reductmn on Water—Gas—Shift Activily o
Cobalt and Cu/Zn/Al,0; Calalysts Combined
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FIGURE 7

Wax Analysis Run
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Fieure 8

Schulz—-Flory Diagram

Cobalt and Cu/Zn0/Al,0, Combined
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Fleupe 10 .

Deactivation of Cobalt Catalyst
Cobalt and Cu/Zn0/Al,0, Combined |
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Fiaure 11

SELECTIVITY COMPARISON g

Cobalt whth Rubirchenls C-74
EXPERIMENTAL CoREDITTONS Cu/In07Al, 0y (preclp. Fe) {[used Fu}
Catalrat
Conrersion : 40.0 54,0 Ie.o
Feed IL,/0 1.0 0.7 0.9

NYDRICAREON SELECTIVITY {¥WT. X]

2

: 9.8
£ c,-u 8.5 6.2 )
7l 5
14.6 24.6 8.
I €,-Cy, :
s2.6 ai.z 43,4
L, ~C
137519 [ 18.9 7.7
I €30 a0 5.9 5.4 0.6

ADDITIONAL SELCTIYITY

Oxygenatas (%t. X) 0.3 - 9.1

l:.‘41 1-alkene/alkons 0.37 2.51 A_0OB
{mzlor catio}
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