To study the kinetics of a flowing system in
-Which measurements are desired st moderate
to high conversions, it is usually preferable to
vary the flow of feed gas at constant tem-
Perature and pressure to obtain a wide range
of conversions of H, -+ CO, z. The differ-
ential reaction rate, r=dz{d(1/S), where § is
the space velocity, can then be related to the
eXt-gas composition at the space velocity at
Which r is determined. Rate equations, either
Undsmental or empirical, may be tested by
Eraphical differentiation of rate data or by
Wtegrating the rate equeation. Integration is
Wually difficult for resctions as complex ag

e Fischer-Tropsch synthesis. Simple, reli-
able tests of the overal dependence of rate on

Sperature or pressure may be made by main-
‘beining the conversion of H; + CO constant
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and varying flow, as required, when tempera-
ture or pressure is changed. The space-time
yield, @8, is then a relisble measure of rate
that can be used to determine the effects of
temperature or pressure.

IRON CATALYSTS

Hall 28 and workers of the Federal Bureau of
Mines * have shown that the overall rate of
synthesis increases linearly with pressure up o
at least 45 atmospheres for experiments at
approximately constant convearsions, as figure 5

% Hail, C. C,, Gall, D., and Smith, 8. L., A Comparisen of the Fixed-
Bed, Liquid-Phase (Siurry), and Fluidized-Bed Technigues in the
Fiscﬁ:er-Tropsuh Synthesis: Jour. Inst, Petrol., vol. 38, 1952, pp. 845-376.

* Anderson, R. B., Seligman, B., Shuliz, J. F., Belly, R., and Elliott,
M. A, Studies of the Fischer-Tropsch Bynthesis, X. Some Important
Variables in the Synthesis of Iron Catalysts: Ind. Eng. Chem., vol. 44,
1952, pp. 391-397.
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shows. Data of Kolbel ** indicate that this
relationship is also wvalid for synthesis with
H,0+CO gas. In other experiments with
1H,+1CO gas in which temperature was
varied, overall apparent activation energies of
1& to 21 keal. per mole have been obtained.

On iron catalysts the differential reaction
rate decreases rapidly with increasing conver-
sion (z), as figure 6 shows. The empirical
equation,

—log (1—z)=(AP/8) exp (—E/RT), n

where P is the operating pressure and £ overall
activation energy, usually fits the rate data to
within the experrmental error between ahout
0- and 50-percent conversion. This equation
has been useful in correlating activities of
catalysts used in the Bureau of Mines testing
# Kalbel, H., and Engelhardt, F., [Reaction Mechanist of the Fischer-
Tropsch Synthesis, VI, The Funetion of Water Vapar in the Carbon
Monoxide Hydrogenation): Erdol u. Kohle, vol. 3, 1950, pp. 5§29-533.

3t Titles in brackets are jrapslations froim the language in which the
itern was originally published.
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program. For example, it was employed in
computing activities reported in figure 2 (p. 7).
On fused iron catalysts at constant tempera-
ture, the rate of synthesis expressed as conver-
sion of H,4-CO increased slowly with increasing
H,: CO ratio in the feed gas, passed through a
relatively flat maximum for & volume ratio of
H,:COnear 1.5, and then decreased. The usage
ratio, H;:CO, increased with increasing H,:CO
ratio of the feed gas. For a given feed gas, the
ueage ratio veried widely with conversion but
wes ustally independent of temperature, when
compared at constant conversion. .
Integral and differential usage ratios (ex-
pressed as H, converted: (I, CO) converted)
are shown as functions of conversion in figure 7.
The integral curve decreases rapidly with -
creasing conversion, passing through a minimum
and increasing. The differential curve has a
similar shepe,® but the minimum occurs at

@ Tramm, H. [Technology of Carbon Monoxide Hydrogenation];
Brennstofi-Chem,, vol. 33, 1952, pp. 21-30,
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lower conversions. At low conversions the  the relative rates of the primary synthesis
usage Tatio is high, approaching 2H,:1C0. reaction and the secondary water-gas Teaction

With increasing conversion the partial pres- vary m the same manner 48 pressure and
sure of water increases, and the water-gas shift  temperature are varied
: sharply decreases the usage ratio.?2=% Ag con- Studies of reduced fused catalysts having
_ version increases, the H,:(0 ratio of the gas  different particle size indicate that the activity
Q remaining increases sharply. This factor tends increases with decreasing particle size to & high
] {0 increase the usage ratio and produces the imi

. limiting value for small particles.® A simple
minimum in the integral curve. Variations  approximate treatment of these datg suggests

that decrease the partial Pressure of water  that only a thin layer of catalyst (about 0.1
1 vapor in the gas stream, such as cold-gas  mm. in thickness from the external surface) is
] recvele, increase the usage ratio. Apparently effective in the syn't-hes.is. These and other
"= e footuote 29, . 11. data lead to the qualitative picture of the mass
& See fooinote 30, p. 13,
% Kéibel, H., Ackerm

transportin a catalvst pore as shown in feure S,
ann, 2., Ruschenburg, E,, Langhefm, R., and P ~ P ? Il sure
Engelbardt, F. [The Fischer-Tropsch Synthesis With Iran Catalysts. 1;]

Chem.-Ing.-Tech., vol. 23, 1851, pp. 1583-157,

* See footnote 29, p. 11,
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At synthesis temperatures less than 280° or
290° C. the pores of the catalyst are filled with
liquid hydrocarbons, and H, snd CO dissolve
in the liguid and diffuse into the pores. As
reaction at the catalyst surface produces the
concentration gradients for the diffusion, the
two processes are intimately connected., Figure
8 shows only one curve each for concentrations
of reactants (H,, CO) and products (H,0, CO,).
The concentration of reactants falls sharply
with distance from the pore mouth to a very
low value at a short distance (of the order of
0.1 mm.). The concentrations of products vary
in an inverse manner, increasing to a high con-
stant value at approximately the effective
depth. Thus, the interior of the particle affords
ideal conditions for oxidation of iron (large
H:0:H; and C0,:CO ratios) and the external
portions ideal cenditions for reduction of iron
oxide and carbon deposition.

The following changes in depth of the active
layer may be predicted: (1) As temperature is
mcreased, the depth will decrease because the
reaction rate at the surface increases more
rapidly than the rate of diffusion; (2} the depth
should be relatively independent of operating
pressure as the solubility and diffusion of
reactants and products in the oil-filled pores,
as well as the reaction rate at the surface, are
directly proportional to pressure. These hy-
potheses are consistent with virtually all
mformation available about synthesis on iron
catalysts. Diffusional difficulties of this magni-
tude complicate the kinetics, and no simple
fundamental rate equation has been found.

COBALT AND NICKEL CATALYSTS

In synthesis with cobalt catalysts supported
on kieselgubr, the rate is independent of pres-
swe in the range from 0.2 to 15 atmospheres
for tests in which the pressure is increased.®
When pressure is decreased during the experi-
ment, the rate decreases with decreasing pres-
sure.*®  Atmospheric- and medium-pressure
(5 to 256 atmospheres) syntheses appear to be
basically different. At pressures pear atmos-
pheric most of the hydrocarbon product is
vaporized, and hkigh-molecular-weight wax is
selectively adsorbed on the catalyst. The
activity 18 largely independent of particle size
and density, and the rafe remains constant
until the particle becomes filled with heavy wax.

In the medium-pressure synthesis most of
the hydrocarbons are condensed and fow as
liguid through the catalyst bed. Thus, the
particle is quickly filled with hydrocarbons,
and- the composition of this material is the
same as that of the synthesis product. As in
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the medium-pressure synthesis with iron, thg
actlvity remains essentially constant for lon
operating periods. In figure 9 the COmMpositioy
of wax on the catalyst is compared with the
composition of wax in the product from datg,
of Hall and Smith * for synthesis at 1 ang 11
atmospheres.

In atmospheric synthesis plots of Conversign
as a function of reciprocal space velocity show
long linear portions; # however, in the meditm.
pressure range, equation (1) mey fit the datg
Apparent overall activation energies of about
25 keal. per mole were observed 1n the atmos.
pheric synthesis “* and 20 keal. per mgle
in the medium-pressure range. At atmospheric
pressure maximum synthesis rates are observed
for 2I; + 1CO gas, and the catalyst appears
to be poisoned by ecarbon monoside-rick gas;
however, in medium-pressure synthesis the
activity is not adversely influenced by 2 earbop
monexide-rich gas such as 1.5H,+1CO. Broety |
and Spengler * considered mass-transfer prob-
lems in cobalt catalysts and suggested that
surface as well as bulk diffusion were important,

Rate data are available for nickel caialysts
only at astmospheric pressure, and the data
suggest that the kinetics of synthesis is similar
to that on cobalt catalysts at this pressure.

Water appears to be the principal oxygenated |
product of synthesis on cobalt and nickel .
catalysts, and carbon dioxide is largely pro-
duced by subsequent water-gas shift. Kélbel -
and Engelhardt ¥ demonstrated that the water-
gas reaction at about 220° C. is equally rapid
on cobalt and iron catalysts. The large pro-
duction of carbon dioxide in synthesis with "~
iron and small yields in synthesis with cobalt
must result from the fact that the rate of the
primary reaction on cobalt is much greater
than that on iron; for example, cobalt catalysts
usually convert synthesis gas to hydrocarbons
as rapidly at 185° to 195° C. as iron catalysts
do at 225° to 250° C.

37 Bee footnote 8, p. 3. .

# Anderson, R, B, Hall, W_ K., Krieg, A., and Beligman, B., Studles
of the Fischer-Tropsch Synthesis. V. Activities and Surface Aress o
Reduced and Oarburized Cobalt Catalysts: Jour, Am. Shem. Soc., vo-
71, 1949, pp, 183-188.

# Hall, C. C., and Smith, 8. L., Hydrocarbon Synthesis in the Presence
of Cobalt Catalysts at Medium Pressures: Jour. Inst. Petrol., vol. 33
1047, pp. 439459,

# Anderson, K. B., Krieg, A, Friedel, B. A, and Mason, Lr
8., Fischer-Tropsch Synthesis. VI. Differeniizl Reaction Rate Studies
With Cobalt Catalysts: Ind. Eng. Chern,, vol, 41, 1949, pn. 2189-2197.

it Gibson, E. T, and Hall, C. C., Fischer-Tropseh Synthesis with
Cobalt Catatysts. II. The Effect of Nitrogen, Carbon  Digxide, an
Methane in the Synthesis Gas: Jour. Appl. Chem., vol, 4, 1934, PP-
4544658, .

£ Anderson, R. B., Krieg, A., Seligman, B., and O’Neill, W. E.
Fischer-Tropsch Synthesis. I. Tests of Cobalt Catalysts at Atmospheri®
Pressure: Ind. Eng. Chem., vol. 39, 1947, pp. 15481554, - Tith

43 Weller, 8,, Kinetics of Carbiding and Hydrocarbon Synthesis Wit
Cobalt Fischer-Tropseh Catalysts: Jour. Am. Chem. Soc., vel. 59, 19T
DD, 2432-2436, . . . - oabier-

 Broetz, W., and Spengler, ¥. [Physicochemical Bekavior of Fisc

ropsch Catelysts]: Brennstoff-Chem., vol. 31, 1850, pp. §7-102. or

43 K&lbel, H., and Engethardt, ¥. [Reaction Mechanism of the Fiseh
‘Tropseh Synthesis, 1.]: Erddl u. Kohte, vol. 2,1949, pp, 52-35.
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