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Abstract .

One of the advantages claimed for the Fischer-Tropsch slurry-
tyve reacitor cvexr the more conventional vapor-phase r;acto:s is its
ability to process satisfactorily synthesis gas of low az/co ratios,
without excessive formation of elemental carbon. We argue that
+his may ke caused largely by the weli~stirred mixing typical
of slurry reactors combined with the use of catalysts, such as
those containing iron, with which the water-gas-shift reaction

proceeds rapidly.

Indirect liguefaction of coal to form transportation fuels
involves gasification to carbon monoxide and hydrogen (synthesis

cas), folleweé by catalytic conversion to hydrocarbon products.

As coal gasification is the most costly step; it must be efficiently.

(1)

coupled to the synthesis stage. Shinnar , using thermal

efficiency as a guideline to estimate process economics, concluces
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that the lowest cost synthesis gas can be producad from certain
seconé generation gasifiers that use minimum amounts of oxygen and
steam. The gas thus procduced wculd have a HZ/CO ratio less than 1.0
and possibly as low as 0.5.

Conventicnal Fischer-Tropsch or methanol synthesis processes
cannot, however, accert such low H2/CO ratios. Conversion to
methanol reguires a HZ/CO ratio of 2.0 and the SASOL Fischer-Tropsch
process uses a Hz/CO feed ratio of 1.8 or 6.0 for fixed- or entrained-
bed reactors, respectively(z). In general, HZ/CO ratios less than
about one are considered to be incompatikle with long-term, vapor-
phase Fischer-Tropsch operation because of excessively rapid carton
deposition(3). On the other hand, Kdlbel et al.(4) reported
apparently satisfactory operation of a large slurry reactor using
ean iron catalyst with a HZ/CO ratic of 0.67. Detailed information
on catalyst lifetime was not given but it appears to have been
substantial. ..

We prorose here that the capability of a slurry reactor to
process low Ez/CO gases is probably caused by the mixing pattern
charactexistic of such systems, together with the use of catalysts

that can cause the water-gas-shift reaction to occur siﬁultaneously

with the synthesis reaction.

Chemistry of the Process

Although the procducts of carbon monoxide hvdrogenation may be
a complicated mixture of paraffins, olefins, other hvdérocarbons and
oxygenated species, the Fischer-Tropsch synthesis is approximately

represented stoichiometrically by the overall equation:

. 1 .
CcCo + 2 H2 >3 (CHZ)n + HZO (%)
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Two important side reactions may occur concurrently with the synthesis.

Water, formed as a primary produvct, can react with carbon

monoxide by the water-gas-shift reactiocn to generate hydrogen:

CO + H,0 7 CO, + H, (2)

2 2
The extent to which this reaction proceeds markedly alters the
ratio of hydrogen to carbon monoxide entering that is consumed
by the reaction, termed the usage ratio.

Carkon monoxide can disproporticnate by the Boudouard reacticn

to produce elemental carbon on the catalyst surface:

2 CO + C + CO, (3)
This results in rapid catalyst aging caused by fouling, and possibly
mechanical disintegration. For the corditions of interest here,
carbon deposition is thermodynamically favored. EHowever, the amount
of carbecn formed is dictated by kinetic réther than equilibrium
consideraticns. Tke main factors that influence carbon formation

are catalyst ccmpecsition, gas composition and temperature.

Carbon Forration

Of the two traditional Fischer-Tropsch catalysts, iron
exhibits a greater activity for carbon deposition than cobalt
under representative processing conditions. This is largely an
inherent difference in catalytic properties, but a contributing
factor may be the difference in operating temperatures. Processes
using cokalt typically operate ;t only 175 or 200°q compared to
250 to 275°C for an iron catalyst.

Dry(s) reports that the rate of the Boudouard reaction over

an iron catalyst is given approximately by e = cho/PH 2
2
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and that it is largeiy unaffecteé by the carbon dioxide concentration.
The Fischer-Tropsch synthesis rate over a substantial ccncentration
range and at temperatures below about 300°C is given approximately
= k'P

by ~x There are secondary effects suchk as those

HZ+CO HZ

causeé by water vapor but in a gross sense it appears that decreasing
the HZ/CO ratio causes an increased deposition rate of carbon but
a decreased rate of hydrocarbon synthesis.
Activation energies for carbon deposition have been reported
by several authers. The carbon deposition rate is increased by

alkali promoters(s)

and the activation enerqgy may vary moderately
with the niture and amount of the alkali promoter, but a typical
value is about 100 kJ/mol(7). The activation energy for the synthesis
reaction is about the same, so an increase in temperature to increase

the synthesis rate can be expected to ke accompanied by an approx-

imately equal increase in carbon deposition rate.

Water-Gas=-Shift Reaction

While carbon monoxide disproportionation is a deleterious
side reaction, the water-gas-shift reaction is very beneficial
for carbon monoxide-rich feeds, since hydrogen is produced £from
water by Ecuations (1) and (2). Karn et al.(B) report that the
rate of the shift reaction on a nitrided iron catalyst is much
greater than the synthesis reacticn at 230 to 240°C. If this
reaction, then, proceeds to eguilibrium the product composition
should correspond to that predicted by Eguation (4):

PeoPr

2 "2

R = ' (4)
Pcoinzo
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The eguilibrium constant K as a function of femperature T (in °XK)
is(9>:

K = 0.0102 exp [4730/T] (5)
For example, at 250°C the equilibrium constant is 86 and, therefore,
the reaction proceeds nearly to completion. Overall, Eguations
(1) and (2) then become:
+ & (cmy), + CO, (6)

2 CC + H2

The Ez/co usage ratio for this reaction is 0.5 compared to

2.0 when water is the final product of the Fischer-Tropsci synthesis,

as in Equation (1), in both cases taking the product composi-

tion to average (CHz)n. The in-situ occuxrrence of this secondary
reaction is particularly helpful in using a hydrogen-deficient
feed gas. Whenever the EZ/CO usage ratio is less than that of

the feed, the H2/CO ratio present in the reactor will increase
with extent of conversion. This is illustrated in Figure 1 which
shows the resﬁlts of calculations utilizing the synthesis stoichio-
metxy given by Equation (6), i.e. with K = «, The BZ/CO ratio

in the exit gas is presented as a function of the percent conver-
sion of a, plus CO in the feed, for various feed composition
ratios. When the feed ratio exceeds 0.5, the exit ratio increases
greafly at high percent conversions, as the consumption of CO

approaches completior.

Liquid-Phase Backmixing in a Slurry Reactor

While the effluent gas of a conventional, fixed-bed Fischer-
Tropsch reactor operated with a low EZ/QQ feed may be enriched
with hydrogen by the shift reaction, as shown above, the entrance
of the catalyst bed is still exposed to a hydrogen-lean gas, and
carbon deposition would be most likely there. Similarly, in an
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entrained-bed reactor, the gas and solids travel in approximately
plug flow and the catalyst at the inlet is exposed to the lowest
HZ/CO ratic composition. The use of a HZ/CO ratio of 6.0 in the
SASOL entrained bed reactor is probably this high tc minimize
carbon monoxide disproportionation and catalyst disintegration.

The slurry reactor coniiguration for the Fischer-Tropsch
syntheéis that has been generally considered appliéable to commercial
operatiocn is a bubkle~column in which synthesis gas is passed upward
thrcugh a2 slurry of finely divided catalyst suspended in non-volatile
1iauid + most of the product being removed overhead. Deckwer
et al.(lo) have reported axial dispersion coefficients for bubble
columns for Fischer-Tropsch synthesis which show that a high degree
of liquid mixing occuxrs. This results from an upward entrairment
of liguid and solid in the vortex tail of the spargea gas bubbles.
Since the catalyst is gquite fine, it moves essentially with the
liguid. A high degree of back-mixing was alsoc shown in the bubble~-
cdlumn study of Schlesinger et al.(ll) who repﬁrted that the suspen-
sion was uniform over the bed height, by taking catalyst samples at
different locations. At high gas velocities and column diameters
of 0.6 to 2m, KOlbel and Ralek(lz) state that with viscous liguids,
mixing in the gas rhase’'is of the same order of magnitude as that
in the liguid phase.

If there are no mass or heat transfer limitations in a
Fischer-Tropsch slurry reactor and the gas and liguid phases
are well mixed, then the liquid concentration corresponds to
saturation at the effluent hydrogen and carbon monoxide partial
pressures. In’other words, even though the HZ/CO feed ratio

may be low, the concentration in the liquid and conseguently
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that to which the catalyst is expesed will be higher whenever the
usage ratio is lower than the feed ratio. Even if the gas phase is
not well mixed, but the liguid phase is, the same behaviour will
be observed.

In slurrv-phase experimental studies reported to date with an
iron catalyst, the usage ratio has been less than the feed. ratio.
Even in the early work of Kélbel and co-workers, reviewed by

KS1lbel and Ralek(lz)

. in which a HZ/CO feed ratio of 0.67 was
used in a commercial reactor of 10,000 L, we estimate that the
usage ratio was about 0.63 for their repoxrted 8%% ccnversion
of E, plus CO. Figure 1 suggests that the H2/CO ratio in their
exit gas would have been considerably higher than in the feed

gas and therefore it is not surprising that they apparently

obtained suwstantial catalyst lifetimes.

Experimental

Experimental verification of the above model was obtained in
our laboratory from studies of the Fischer-Trobsch synthasis carried

out in a l-liter, mechanically-stirred autoclave cperated in

a semi~batch fashion. The autoclave diameter was 7.6 cm and was
agitated by a six flat-blaced disk turbine impeller 5.1 cm in diameter.

© Synthesis gas was introduced into the wide~conical bottom of the
reactor through a Q.32-ci. i.d.blow tube and volatile products were
removed overhead. Further details of the apparatus and analytical
jprocedures will be published elsewhere. The catalyst (crushed to particle
sizes between 170 to 270 mesh) and liquid carrier (normal-octaccsane of
+99% purity) remainec in the reactor for the duration of a run (about 20

days). The catalyst (from United Cataiysts, Inc. and designated C-73)

was fused-iron and normally employed for ammonia synthesis. On
an unreduced basis it contained 2.0-~3.0% A1203, 0.5-0.8% Kzo,

0.7-1.2% Ca0 and < 0.4% Sioz. It was pre-reduced in a separate
12-8




vessel using hydrogen at 400°C for 72 hours at a space velocity of

5000 cz°

gas/cm3 catalyst~-hr and atmospheric pressure. It was
then slurried with ahout 0.5 I, of n-octacosane to produce a 15-weight

percent suspension.

Cenversion was varied by changing the space velocity from 50

3 gas (at S.T.P.)/cm3 liguid-hr. No heat or mass transfer

to 430 cm
limitations were present, as evidenced by'a negligible change in
conversion at faste: stirring speeds. After an initial pericd
steady-state operaﬁion was obtained over the entire run. The entire

organic product spectrum from gases through waxes was collected.

Gas chromatographic analyses showed the average nut atomic E/C ratio (expressing

oxygenated species as hydrocarbon plus water) in the entire orgenic product was about

In contrast to the value.of 2.0 taken for comstruction of Figure 1.

Representative exit ratios of EZICO observed experimentally are
showvn by the data points in Figures 2 anéd 3 for runs with HZ/CO
feed ratios of 1.3 and 0.71, respectively. The solid curves
are those predicted theoretically for each of three temperatures
assuming that the water—-gas-shift reaction proceeds to equilibrium
as calculated by Equations (4) and (5), instead of taking a value of
K = @« as in Figure 1; ana the product composition is taken to have
a H/C atomic ratio of 2.3.

The theoretical curves in FPigs. 2 and 3 were calculated by
the following procedure:

Take as a basis 1 mole of CO and F moles of 32 entering. F is
then the inlet feed ratio of HZ/CO. Assume that the water-gas-shift
reaction proceeds to -equilibrium. For the observed prodyct
composition, the stoichiocmetry for the Fischer—Tropgch reaction is:

. 3 CO + 13/2 H, = Cg8, + 3 H,O (7)
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Let z be the number of C3H7

of co, moles formed by Equation (2). Material balances result in the follow-

moles formed by Equatiorn (7) and y be the number

ing:
U = (~-y + 13z/2)/(2z + ¥y) {8)
xco+nz = (18/2)z/(F + 1) (9)
and M = (F+v - 132/2)/(1 - 3z - y) (10)

where U is the Hz/CO usage ratio, XH2+CO is the fractional conversion
of hydrogen plus carbon monoxide, and M is the Hz/CO ratioc cut of
the reactor. The equilibrium relationship given bv Eguation (4)
becomes:
K = y(F+y-132/2)/[(1L - 3z - ¥)(3z - y)] (11)

Given the fractional conversion of carbon monoxide plus hydregen
and the feed ratio, z can be calculated from Equation (9).
Substitution of 2z into Equation (11) allcws y to be calculated.
Equation (10) is then solved for M.

Unlike Fig. 1 where a constant usage ratio of 0.5 was assumed
as given by Egquation (6), the usage ratio varies slightly with
conversion in Figs. 2 and 3 since it is affected by the eguilibrium
of the water-gas-shifit reaction. At 269°C, for the conditions in
Fig. 2 the usage ratio increzses from 0.60 to 0.71 as conversion
of H, plus CO is increased from 10 to 70 percent. With lower feed
ratios, the change in usage ratio with conversion is less mz .ed.
At 251°C, for the conditions in Fig. 3, in which the feed ratio
was C.71, the usage ratio ranges from 0.39 at 10 percent conversion
of B, + CO to only 0.60 at 80 percent conversion.

The effect of temperature is shown by the curves for 200 and 300°C.:
The marked difference in predicted behavior in the presence and

the absence of the shift reaction is also shown. The close agreement

12-10




of theory and experiment, over a wide range of conversion and exit
Hz/CO ratics, shows that eguilibrium with respsct to the water gas

shift was clesely attained.

Conclusions and Summary

We conclude that the ability cf a slurry-type Fischer-Tropsch
reactor to process satisfactorily a feed synthesis gas of low Hz/CO
ratio is intimately associated with 2 high degree of mixing in the
rgactor and the use of a catalyst active for the water-gas shift
reaction. It is noteworthy that when the feced ratio exceeds the
usage ratio in such a reactor, the highest degree of conversion
results in the highest ratio of dissolved H2 to CO in the ligquid.
This should minimize the extent of carbon formation ané catalyst
disintegration czused by disproportionation of CO. Thus high
conversion is desired not cnly far econcmic performance but

also to help maintain catalytic activity.
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Figure 1.

Figure 2.

FPigure 3.

Figure Cantions

Calculated Effect of Percent Conversion on Exit HZ/CO
Ratio for Selected Values of H2/C0 Feed Ratio. Product
composition taken as having an E/C atomic ratio of 2.0, and
water gas shift assumed to go to completion (X = =),

Usage ratio is thus 0.5.

Comparison of Calculated and Experimental Results.

26%9°C, 0.79 MPa, §00 RPM stirrer speed, H2/CO

feed ratio = 1.3. HKet H/C ratio in organic

product = 2.3.

Comparison of Calculated and Experimental Pesults.
251°C, 0.78 Mra, 500 RPM stirrer speced, HZ/CO feed
ratico = 0.71. Net H/C ratio in organic product =

2.3.
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