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I. SUMMARY

During this guarter Prof, Satterfield presented a talk at.a
D.0O.E. Contractors' Conference on Indirect Ligquefaction at
P.E.T.C. and Harvey Stenger presented a talk at a University Coal
Research and AR & TD Licuefaction Contrators' Conference, also
at P.E.T.C. We were also host, for discussions on Fischer-Tropsch
synthesis, to Prof., Eans Schulz of the Engler-Bunte-Institut,
University of Karlsruhe, Federal Republic of Germany; Dr. Mark Dry.,
of Sascl, South Africa and Prof. Komiyama, University of Tokyec, Japan.

In the Quarterly Report for November 1, 1982 to January 31, 1983
we presented a new and improved kinetic expression for the Fischer-—
Tropsch synthesis on an iron catalyst and suggested its use for
kinetic modeling where information on a specifie iron catalyst
of interest was unavailable or inadeguate. In the past it has
ustally been assumed that the reaction is first corder in hydrogen
ané zero order in carbon monoxide, although it is known that this
is inadegquate at high corversicns. We have now prepared a brief
report, copy attached, which shows the extent +o which the simple
first-order expression will be in error as a function of degree of
conversion and cther variables, The effect of conversion ©n 32/C0
usage ratic is alsoc presented.

In 1SB0 we analyzed several studies of Fischer-Tropsch synthesis
in slurrcy bubble celumn reactors to estimate the degree of mass
transfer resistance that may have been present (Satterfield and

Huff, Chem. Eng. Sci., 35, 195 (1980}). Our analysis was subseguently

discussed by Deckwer et al. (Chem. Eng. Sci., 36, 765, 791 {1981))

with a rejoinder from us (Chem. Eng. Sci., 36, 790 {1981)). The




subject continues to excite interest and further correspondence from
Bukur and Gaupte of Mcbil and van Vuuren of CSIR, South Africa,

was recently published (Chem. Eng. Sci. 38, 1363, 1365 (1l983). A

copy of our reply (Chem. Eng. Sci. 38, 1367 {1283)) is attached
to this report. ;a”ﬂb*:; Sl g

Our extensive series of studies comparing the Fischexr-Tropsch
reaction in the presence of octacosane and in phenanthrene i;
still being analvzed. Some of the early work was affected by
small amounts of a sulfur compound in the phenanthrene used. These
studies were subseguently repeated with a highly-purified
pheaanthrene. The nature of the liguid clearly has an effect
on the reaction that mav be related at least in part to the

increased sclubility of E, and CO in phenanthrene.



COMMUNICATIONS

SOME RINETIC DESIGN CONSIDERATIONST™IN TEE FISCHER-TROPSCH

SYNTHESIS ON A REDUCED FUSED-MAGNETITE CATALYST

Abstract

The results of calculations, based on a newly-developed
kinetic model, show here the extent to which the simple first-
order kinetic expression commonly used will be in error, as a
function of degree of conversion and other variables. The

effect of conversion on HZ/CO tsage ratic 1s alsc presented.

Introducticn

In recent proposed models for the Fischer-Tropsch synthesis
im slurry reactors or bubble columns (Satterfield and Euff, 1980;
Deckwer et al., 1981, 1982), the rate of synthesls gas consump-
+ion has generally been taken to be dependent only on the hydrogen
concentration te the first power, based on Anderson's repoTt
(1956) that this was valid for synthesis-gas conversions below
about 60%. Although it has been known that at higher conversions
the rate is inhibited by CO and H,O, the pancity of quantitative
information has ‘militated against trying to incorporate a more
accurate, kinetic expression into Such_models.

We (Euff and Satterfield, 1983) recently conducted a systematic
kinetic study on a reduced fused—;nagnetite catalyst in a well-
stirred slurry reactor over a wide range of reaction conditions.
Based on those results we have calculated and present here graphs
showing sets of conditions for which_the simple first-order

expression is adeguate and the extent to which thils assumption



is in error as higher degrees of conversion are encountered. In
.previous modeling it has also been generally assumed that the
(HZ/CO) usage ratioc was independent of conversion. The adequacy

of this assumptieon is also analyzed.

Chemistry of the Process

In general, the st+oichiometry for the rischer~-Tropsch reaction
may be expressed as:

" Tnco + (m+n)E, = € Hyy + niy0 (1)

In our kinetic study the average erganic product composition
was “C337', i,e. n=3 and m = 3,5 in Eq. (1) (satterfield and
Huff, 1982).

Euff and Satterfield (1983) measured the rate of carbon
monoxide plus hydrogen conversion (‘Rﬂz+co) in a semi-continucus
slurry reactor at 232 te 263°C, 445 to 1480 kPa, Ez/co feed ratios
of 0.55 to 1.8, hydrogen conversions of 17 to 68%, and carbon
monoxide conversions of 16 to 98%. They guantitatively determined
the inhibiting effects of carbon monoxide and water and proposed
the following rate expression:

R +co = ' PCOP522/(PEZO *+ b FooPy,) (2)
where a = 2,39 x 10B e (-lB?UO/RI)michleBS Bz+co converted/
g unreduced catalyst-min-kPa, b' = 8.50 x 10° e(—24000/Rm) kPa Y,
T ig temperafure (*K}, and R = 1,987 cal/®K. At low conversions
d.e. b'PCOPHz > PH,D)' Eg. (2) reduces to the simplified first-

order form proposed by Anderson (1956):

-RE2+CO =8 Pzz (3



water, formed as a primary product of the Fischer-Tropsch
reactiorn (Eg. 1), reacts with carbon monoxide by the water—-gas-
shift reaction: ‘
€O + H,C = CO, + Hy (4)
This reacticn proceeds essentially to eguilibrium on an alkadlized
iron catalyst in which case the product composition corresponds
+o that predicted by:
Pcozpﬁz
Réq = ;——;——w— (5)
cO H20
The egquilibrium constant, Keq' as a function of temperature T

fin °K) is given by (Rossini et al.):

- {(4730/T)
Keq = 0.0102 e

{6)
The equilibrium is far to the right at the temperatures of
interest in Fischer-Tropsch synthesis.

Based on the reaction stoichicmetry of Egs. (1) and (4}, the
partial pressures of hydrogen, carbon moroxide, and water and the
{HZ/CO) usage ratio , U,can be calculated by the following procedure:

make as a basis 1 mole of CO and F moles of E, entering. F 1is
then the inlet feed ratio of Ezfco. Assume that the water-gas-shift
reaction proceeds to equilibrium. Let z be the number ©f 'CnEZm"
moles formed by EqQ. (1) and y be the number of CO, meoles formed

by Eq. (4}. Material balances result in the following:

= (m+n)z - ¥

v nz + y

"N

_ (Zn+m) =z
xC0+H2 = TTERL) (8)



-

xco = nz + Yy (9)
Fa, ~ L ) (10)
Peo = TITiEarEI) (11)
PHZO = ?éﬁi::lmz—nz) (22)

where 7 is the total pressure, and XHZ+CD and xCO are the
fractional conversions of hydrogen plus carbon moncxide or
of carbon monoxide, respectively. The equilibrium relationship

given by Eg. (5) becomes:

- Y(F+y-mz-nz) )
Feq (nz=vy) (1-nz=y) (13)

For our specific product composition, n = 3 and m = 3.5, so
Zz can be calculated from Eg. {8}, given the fractional conversion
of carbon monoxide plus hydrogern and the feed ratio. Substitution
of z into Eg. (13) allows y tc be calculated for a specified

temperature.

Results and Discussion

The ratioc of rates predicted by Egs. (2) and (3) is calculated

as:
Detailed Rate (Eg. 2) _ 1 (14)
First- = .
First-order Rate [(Eq. 3) (3 + PEZO/b PCOPEZ)

Fig. 1 shows the ratio calculated from Eq. (14} as a funetion of
conversion of HZ+CO, for various combinations of pressure, tempera-
ture and inlet gas 82/CO ratio. A set of representative data
points at 263°C is also shown for three different inlet (Bz/co)
ratics and wvarious degrees of conversion. There is close agreement

between the kinetic model and experimental data over 2 wide range
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of conditions. Over this range of conditions, the gimplified first-
order rate expression (Eg. 3) is applicable at synthesis gas conver-
sions below 40 to 70%. The simplified first-order rate becames
increasingly less accurate as carbon monoxide is depleted. This

is illustrated in Fig. 2 where the ratio of rates (Eq. 14} is
plotted against carbon monoxide conversion ms such for the same
range of parameters shown in Fig. 1. Individual curves are nct
depicted irn Fig. 2 to aveid confusion since the range of extremes
is =mall when CO conversion is used as the variable. The lowest
line of the envelope cf curves corresponds to 445 kPa, 2€3°C and
HZ/CO feed ratio of 1.8. The highest line of the envelope occurs
at 780 kxPa, 263°C, and E2/00 feed ratio of 0.55.

A theoretical plot of E,/CO usage ratio (caleulated by Eg. 7)
zs & function of syngas conversion is shown in Fig. 3. Over the
conditions of interest [(232-263%C, 4§5-1480 kFa, and 0.55-1.8 EZ/CO
feed ratio), the curves vary significantly only with Hzfco feed
ratio because the water-gas-shift reaction, which alters the usage
ratio, is independent of total pressure [(Eq. 13) and is weakly
dependent on temperatnre (Eg. €). The usage ratio is essentially
constant and similar for the different Hzfco feed ratios at low
syngas conversions; however, the usage ratio increases greatly at
high percent conversions as the consumption of CO approaches comple—~
tion. This is emphasized by Fig. 4. No change in the usage ratic
ic seen in Pig. 3 and Fig. 4 for a nz/co feed ratio of 0.55 as
carbon moneoxide and hydrogen are being consumed at about the same
rate [(0.59 BZ/CO nsage ratio). The data plotted on Fig. 3 are
for the mame runs reported in Figs. 1 and 2 and agree well with

the curves theoretically predicted.



Effect of Product Compositlion

Depending upon operating conditioos, the product may vary in
net B/C ratio and in average melecular weight. For present
purposes the latter may be characterized by a single value of
a in the Flory molecular weight distribution. Figures 5 and €
show some representative effécts of these two variables cn the
ratic of detailed rate to first order rate and on the usage ratio.
The choice of 'C3H7' as a representative product corresponds to
g = 0.67. Figure 5, which may be compared to Fig. 1, and Fig. &,
which may be compared to Fig. 3, show the effect ©f changing the
net E/C ratioc for a value of o = 0.€7, expressed as "C,H_" and

378

'C3HS." The effect of a change in a is shown by 'Czﬂs' (¢ = 0.52)

and "C4 9' (e« = 0.75).

Conclusions and Summary

Fram our own dataz and analyses of previous kinetic studies
it appears that the form of Eg. 2 gives the best representation
presently available of +he rate of Fischer-Trospch synthesis
on iron-based catalysts. We dannot expect it to apply precisely
gquantitatively to other types of iron~based catalysts or even to
reduced fused magmetite catalysts of different composition or
reduced in a different manner. However, in the absence of specific
and precise data on an iron catalyst of interest, Eg. 2 provides
a basis for design estimates and interpretation of experimental
data. Figs. 1 and 2 show representative sets of conditions for
which Eg. (2) should be used instead of the simple kinetic expres-
sion, Eg. (3). The assumption of a simple first-order rate
equation and constant usage ratio is valid to high degrees of

conversion if the initial (EZ/CO) ratio is quite low (e.g. 0.55}.



.

When this ratio is high (e.g. 1l.8) the rate deviates increasingly

from first order at high comversions and the usage ratio likewise

changes significantly.
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Figure 1 bDeviation from First-Order Expression as a Function
of Syngas Conversion

Figure 2 Deviation from First-Order Expression as a Function
of Carbon Monoxide Conversion i

FPigure 3 Deviation of HZ/CO Usage Ratio from a;bonSEant
value as a Function of angas Conversion

Figure 4 Deviation of Hz/CO Usage Ratio as.n Function
of CO Conversion

rigure 5 Deviation from First~-Order Expression as a Function
of Syngas Conversion for Selected Product Compositions.
263°C, 730 kPa, [HE/COJin = 1.B.

Figure 6 Deviation from First-Order Expression as a Function

of CO Conversion for Selected Product Compositions.

263°C, 790 kPa, (H2/CO)in = 1l.8.
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