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Hydrocarbon synthesis especially in the range C¢-C,; using 0.5, ruthenium-on-alumina
pellets at elevated pressures (8 to 16 bar) was undertaken. For this purpose a stirred gas—solid
reactor was used together with a gas chromatograph fitted with an on-line hot sampling valve
for a complete product analysis up to Ci.. Product spectra consisting mainly of saturated
hydrocarbons and with C;~Cy. fractions of the order of 23.3-26.9 mol% (of total hydrocarbons)
or 54.0-59.5 wt%, (assuming saturated hydrocarbons only) were obtained at temperatures
close to 500 K. At 550 K and higher, there appears to be a critical space velocity for an optimum
yield of C4~Ci2. The selectivity of the hydrocarbons leaving the reactor was found to be in-
fluenced by the partial pressure of the carbon monoxide inside the reactor. Some catalyst
characterizations are also presented, such as carbon burn-off and BET areas, obtained from
samples taken at instants when product analyses were performed.

INTRODUCTION

Ruthenium-on-alumina catalyst without
any promoters and containing as little as
0.5% Ru has been known for many years
to be an effective catalyst in hydroearbon
synthesis (I-4). The composition of the
products, which may include gases, liquids,
and waxes at roomn temperature, can vary
substantially over moderate ranges of tem-
peratures (473-598 K) and pressures (1-20
bar) (8, §). Among the Group VIII metals
Fe, Ni, Co, Ru, Rh, Pd, Pt and Ir, Vannice
(5) showed that ruthenium produces a
spectrum with the highest average molecu-
lar weight and the largest Cs* fraction,
even at atmospheric pressure.

Despite the fact that the Fischer—
Tropsch reaction over Fe, Co, and Ru has
been a subject of so much research for
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many years, no thorough quantitative in-
vestigations concerning any of the higher
molecular weight hydrocarbons exist in the
literature. Most kinetic studies have been
confined to reaction rates based upon the
consumption of H, + CO (3, 6-8), the con-
sumption of CO (9, 10) and the formation
of methane (/7-18) over ‘‘undefined”
catalyst surfaces. Rate data over well-
characterized catalyst surfaces have only
recently been published. Such investiga-
tions include those by Vannice (3, 14), who
considered the rate of formation of methane
and Dalla Betta et al. (15) who considered
the initial rate of formation of total hy-
drocarbons in addition to the rate of
methane formation.

The formation of carbonaceous deposits
on the catalyst surface (10, 15) and possible
volatile carbonyl formation (2) over very
long periods, thus causing deactivation,
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Fi¢. 1. Experimental apparatus:
flow meter;

A, Englehard De-oxo; B, 5A molecular sieve; C, Matheson
D, catalyst basket; K, sampling valve; F, water trap; G, temperature-controlled

oven; I, magnetic drive; J, thermocouple; K, heated line.

normally accompany the synthesis reaction
under conditions favorable for the forma-
tion of hydroecarbons above C,. The extent
of this overall activity loss will depend on
the catalyst, the H,/CO ratio, the tem-
perature, and the total pressure.

For the determination of accurate and
unambiguous kinetic data for highly exo-
thermic reactions, most investigators have
hitherto used differential reactors, thus
minimizing heat and mass transfer limita-
tions by virtue of the low conversions ob-
tained (5). These limitations may however
also be overcome by using a stirred gas—
solid reactor (SGSR) as originally de-
veloped by Carberry (/6) and further de-
veloped by Brisk ef al. (17) and also used
by Tajbl et al. (18) for their methanation
studies.

This investigation was undertaken in
order to evaluate quantitatively the cata-
Ivtic activity of 0.59, ruthenium-on-alu-
mina with respect to liquid hydrocarbon
formation and to identify and characterize
the accompanying deactivation. This par-

ticular paper presents an cxamination of
the product speetra and selectivities ob-
tained under isothermal, moderate pres-
sure, and perfeetly mixed conditions charac-
teristic of the SGSR, together with some
partiallv deactivated state characteriza-
tions. Subsequent papers in this series will
present more characterizations and kinetie

data.

EXPERIMENTAL
Apparatus

The apparatus used in this investigation
is shown schematically in Fig. 1. Hydrogen,
synthesis gas (H./CO), and argon were
drawn off pressurized cylinders by opera-
tion of two three-way valves. After leaving
the threc-way valves the gas passed into a
M-600 pressure regulator which was preset
to produce the reactor operating pressure
required. This system enabled the reactor
1o be operated at a fixed pressure over a
range of flow rates into the reactor and

over a range of conversions. The flow rate
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of gas into the reactor was adjusted in-
directly by means of a stainless-steel needle
valve on the outlet of the reactor, and the
flow rate was measured by means of a
Matheson Model 8116-0252 mass flow
meter.

The reactor employed was in ICI-de-
veloped stirred gas-solid reactor (SGSR)
Mark VI, which has been described by
Brisk et al. (17). This reactor had good
mixing characteristics for the range of flow
rates between 25 and 415 ml/min and stirrer
speeds above 3000 rpm as used in this in-
vestigation. This was confirmed by stan-
dard pulse tests similar to that described by
Tajbl et al. (18) and is also in agreement
with data supplied by Brisk et al. (17). Gas
entered the reaction vessel through a feed
line above the catalyst basket, and the
reactor outlet was at the bottom of the
reactor pot below the catalyst basket. This
resulted in a net downward flow of gas
away from the bearing surfaces, thus pre-
venting accumulation of catalyst fines
and/or reaction produets in the bearing
arcas. The catalyst basket used was a
cruciform shape which had a total charge
volume of 10.4 ¢em3. Heating of the reactor
was achieved by a Perkin- Elmer F100 gas
chromatograph oven, and the temperature
was controlled within 41 K. Temperatures
inside the reactor were measured with a
Fluke Model 2100A digital thermometer
together with a Pyrotenox Chromel-Alumel
thermocouple.  The reactor vessel and
tubing were made of stainless stecl, and the
reactor gaskets were annealed copper rings.

Analysis of the product strecams from the
reactor was by gas chromatography with
hydrogen as a carricr gas. Because of the
complexity of the product stream, which
contained water vapor and condensable
hydrocarbons together with unconverted
hydrogen and carbon monoxide, a direct
measurement of product stream flow rate
was not possible. A system consisting of two
separate gas chromatographs (G.C.) was
thus devised in order to accomplish this.

EVERSON, WOODBURN, AND KIRK

The one G.C. measured the complete
product spectrum and the other measured
only the CH,, CO, and C¢s (which was
normally very low) after the removal of
water and hydrocarbons above Cy’s. These
analyses, together with a measure of the
flow rate of the final effluent stream (CH,,
CO, C,, and H,) yielded the flow rate of
the total product stream directly from the
reactor. The chromatographs used were a
Varian 2300 having dual columns of
Chromosorb 102 and T.C.D. operated with
temperature programming, and a Beckman
G.C. 2A single column T.C.D. operated
isothermally. Gas sampling was in both
cases by sampling valves, the sample for
Varian analysis being taken by a Carle
sampling valve enclosed in a  heated
Beckman G.C. 4 oven at 473 K while the
sample for analysis on the Beckman G.C.
was taken by a Beckman valve operated at
ambient temperature. The product stream
from the reactor passed through an elee-
trically heated copper-jacketed stainless-
steel line to the heated Carle sample valve.
From the heated sample valve the product
stream passed firstly through a cold trap
to remove water and higher hydrocarbons
and then through a silica gel drier and 5A
molecular sieve column  before passing
through the second sample valve. The flow
rate of this stream was measured by means
of a bubble flow meter under ambient
conditions.

Experimental Procedure

Each experiment utilized a fresh charge
of catalyst taken from the same container
obtained from the supplier. This charge
was reduced for 12 hr with flowing hydrogen
at a rate of 10 ml/min at a temperature of
673 K. After switching over to the synthesis
gas for reaction, samples of the product
stream were analyzed periodically in order
to establish essentially the deactivation
within the reactor. The sclectivities of the
hydrocarbons (considering the total hy-
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Fia. 2. Produet distributions at 496 K and 50:3-510 K.

drocarbon fraction only) were found to be
practically the same over both the initial
rapid deactivation period and a subsequent
slow deactivation period. The product dis-
tributions and selectivities reported in this
investigation were obtained from analysis
of samples taken at a time when the deac-
tivation rate was very small, which was
usually at about 2 hr after the start of the
experiment. At this instant, the reactor
outlet valve was closed, and the system
was depressurized, blanketed with argon,
and cooled. The catalyst charge was then
analvzed for carbon by a gasometric
method using a “Leco” apparatus, and its
BET arca was determined by conventional
nitrogen adsorption (19).

During the course of this investigation,
the following ranges of operating variables

were covered: temperature from 473

573 K; total pressure from 8 to 16 bar; fe
ratio of 3:1 (H./CO); and total flow ras
from 25 to 415 ml/min measured at N1

Materials Used

The catalyst used in this study was
commercial preparation of nominally 0.3
(weight) ruthenium on y-alumina fre
Engelhard Industries, Ine. The cataly
was in the form of approximately 3 X 3-1r
cvlindrical pellets with the ruthenium i
pregnated only on the outer shell of t
pellet. This outer shell was estimated,
electron microprobe analysis, to be ¢
proximately 300 ym with an average ma
mum coneentration of 3.09; at 10 wmn frc
the edge.

I RUN NO R12 l R110 R36 R3C R29 R46
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Fi1a. 3. Product distributions at 521 -529 K,
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RULN NO R& R38 R24 R21 R&4 R&3
PRESS bar 8 12 2 12 16 16
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Fi6. 4. Product distributions at 548-553 K.

Reducing hydrogen was Matheson
U.H.P. grade and before use was passed
through an Engelhard Dec-oxo unit and a
5A molecular sicve drier. The synthesis gas
was premixed by the suppliers from
Matheson C.P. grade carbon monoxide and
Matheson U.H.P. hydrogen.

RESULTS AND DISCUSSION

Product Distributions

The product distributions obtained over
different batches (about 5.5 g) of catalysts
are shown in Figs. 2-5 as a function of tem-

perature, pressure, and space velocitics
(mass flow rate per hour per mass of total
catalyst). The products are represented as
the number of C atoms per molecule, and
concentrations are plotted as mole per-
cents of total hydrocarbons. The separation
of the different carbon number fractions
was easily achieved with the column and
temperature programmer described above,
and the different fractions appeared to
consist essentially of saturated hydro-
carbons with very small amounts of olefins
similar to that obtained by Pichler et al.
(20) also with ruthenium. A further analysis

RUN NO R2 R3 R28 R20 R R&2
PRESS  bar 8 8 2 1 16 6
TEMP K 573 573 573 69 573 577
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Fia. 5. Product distributions at 569-377 K.
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TABLE 1

Distribution of Cy to Cpa (Mole Percent of Total HC), CO Conversion (Mole Percent),
and Concentrations of CO; and H.0O (Mole Percent of Exit Stream)
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CO.

Run (_/‘5 Ue (/‘7 (/‘3 (_/‘g (/‘10 (,‘“ (/‘]'_’ (J‘5+ CoO Hzo

no. conversion
R111 K07 6.3+ 4.04 375 173 L5 — — 25.07 13 0.087 2.84
R32 5.79  6.05 453 378 353 1.01 -- — 2.1.69 6 0.018 0.98
R107 7.10 583 507 330 2.03 — — — 23.33 16 0.138 3.07
RI3 6,21 586 435 310 248 1.86 083 —= 24.69 19 0,070 4.06
R10 527 481 418 465 1.8 1.0 -- — 23.27 9 0.030 1.85
R15 742 628 428 394 342 1.54 — — 26.87 23 0.190 5.04
R12 508  4.39 369 2.61 1.9¢ 194 114 095 217t 57 0.200 17.10
R110 544 449 384 260 201 131 085 — 20.53 46 0.290 1145
R36 5.29 4.29 3.19 2.19 1.66 1.25 0.97 0.35 19.48 39 0.198 10.80
R30 53.24 0 444 346 311 266 231 098 035 22.5¢ 37 0.156 9,22
R29 3.55 436 356 238 198 1.19 099 —- 20.00 15 0.055 3.82
227 128 428 297 22.03 6.66

46 2.14

of a condensate directly from the reactor by
mass  speetrometry  also  indicated the
presence of mainly saturated hydrocarbons
with trace amounts of alcohols. The separa-
tion of the branched isomers within a carbon
number group was, however, not considered
in this investigation,

A further breakdown of the Cs* fractions
as shown in Figs. 2-5 is shown in Tables 1
and 2 together with the amounts of carbon
dioxide and water formed and the mole per-
cent conversion of earbon monoxide.

For the ranges of reaction conditions ex-
amined, namely, 473- 573 K, 8-16 bar, and
weight hourly space velocities (WHSY) of
0.087 -1.348 hr7!, the methane content in
the total hydrocarbon fraction was ex-
tremely sensitive to temperature as pre-
viously observed (2, 18), and to a ecertain
extent dependent on space velocities and
pressure at high temperatures. The methane
content varied from nearly 100 mol%, at
high temperatures and low space veloeities
(see R44 in Fig. 4¢) to 54.30 mol9, at low
temperatures and high space veloeities (see
R32 ir I'ig. 2b) or necarly 100 and 19.9
wt9%, respectively. The weight analysis was
based on the assumption of production of
alkanes only. It should be noted here that
the upoer limit of the space veloeity for a

0.95 0.140

particular set of temperature and pressure
conditions was chosen such that the mea-
surable product spectrum did not exeeed
(2. This procedure was adopted because
interest was confined to products corre-
sponding in boiling range to a suitable
gasoline fraction which was completely
gaseous at a reasonably low working teni-
perature, for example 473 K, this being the
lowest, reactor temperature used. The Cgt
fraction on the other hand can be as high
as 26.9 mol9% or 59.6 wt9% (see R15 in
Fig. 2) at 510 K and 12 bar as compared
to about 17 mol9; at 483 K and 1 bar in a
differential reactor with Ru catalyst by
Vannice (5), and 33.4 wt% (C; Cy) at
593-613 K and 22 bar with the Industrial
Synthol reactor with iron catalysts, as re-
ported by Frohning and Cornils (2/). The
latter spectrum, however, contained a very
high (709;) proportion of olefing and also
produced hydrocarbons up to Csy, with the
Cy2 Cy fraction being about 5.1 wt9, to-
gether with a fair amount of aleohols,
ketones, and acids (8.8 wt9).

It is interesting to note that the maxi-
mum hydrocarbon yield other than C;
oceurs over the range C—Cs (mole percent)
or C;-Cq (weight percent) for 480-530 K,
whereas for temperatures of 550 K and



192

EVERSON, WOODBURN, AND KIRK

TABLE 2

Distribution of C; to Cy2 (Mole Percent of Total HC), CO Conversion (Mole Percent),
and Concentrations of CO. and H.O (Mole Percent of Exit Stream)

COn

Run Cs Cs 07 Cs Cg Clo C” Cm :5+ CO ]’{2()
no. conversion

R4 3.00 202 115 084 052 031 — — 7.94 39 0.090  10.08
R38 3.12 214 116 078 049 017 0.11 — 7.97 70 0.820 24.58
R24 4.04 299 217 130 068 034 029 —_ 11.81 41 0.132  12.17
R21 424 360 240 184 115 071 0.57 — 14.50 34 0.080 9.37
R44 0.00 96 0.981  40.96
R43 4.03 335 277 242 168 1.58 059 020 16.63 46 0.135 6.80

R2 0.28 0.10 0.04 — — —= — 0.43 72 0.400 22.68

R3 0.59 022 0.08 — — -— — 0.89 47 0.140  12.85
R28 0.67 028 0.12 — — — — 1.05 77 0.537  27.38
R20 1.20 047 0.14 — — — — 1.81 41 0.110  11.12
R41 072 031 0.17 0.16 — — — 1.36 74 0,491 2743
R42 1.3 0.76 034 0.11 — — — 2.55 45 0.153 14.07

above maxima occur at C,—C; (mole or
weight percent). Other spectra reported by
Vannice (5) with ruthenium at 1 bar and
483 K (with Hy/CO 3:1) have a maxima
at C; (mole pereent). The results of
Frohning and Cornils (21) on the Synthol
reactor appear to display a maximum at C;
(16.2 wt9,) despite the presence of a fair
amount of very high molecular weight hy-
drocarbons. Cobalt on a weight basis gives
a maximum at C; with a yield of about
36—46 wt9, Cs—Ci20ver a range of pressures,
as reported by Storch el al. (22).

Tajbl et al. (18) examined methanation
in a reactor similar to that used in this in-
vestigation and found that over a rather
limited range of low space velocities the

higher hydrocarbons yiclds were very low
over ruthenium and iron catalysts. They
attributed this to hydrogenolysis especially
at a high hydrogen:carbon monoxide ratio
and a high total pressure. The results pre-
sented in Figs. 4 and 5 and Table 2 show
the effect of a range of space velocities at
12 bar (R38, R24, R21; and R28, R20) and
16 bar (R44, R43; and R41, R42) at
548-553 and 569-577 K, respectively, on
the product speetrum and CO conversion.
This effect is more marked at 548-553 K
because of a fair yield of higher hydro-
carbons. With increasing space veloeities
conversions deerease, methane content de-
creases, and Cgt fraction increases. The
methane and Cg* fractions produced at

TABLE 3
C. Selectivity with Respect to Methanee

C./Cy Co/Cy

Catalyst Pressure Temperature
(bar) (K) (mole ratio) (weight ratio)
This investigation Ru 816 481-603 0.079 (max) <0.132
(R38)

Vannice (5) Ru 1 483 0.145 0.258
Vannice (5) Fe 513 0.281 0.468
Frohning and Cornils

593-613 — 0.779

(20) (Synthol) Fe 22

s Feed gas: H./CO, 3:1.
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TABLE 4

Effect of Pressure at Approximately
Constant Conversions

Tem- Pressure Conver-

C,(,'P C
perature  (bar) sion (wt$e) (wi%¢)
(K) o
mol€g)

551 R 39 26.77 44.09
548 12 41 38.40 39.08
551 16 46 48.90 3144
573 S 72 1.90 84,92
373 12 77 4.66 78.37
573 16 75 6.04 74.75
573 8 47 3.75 78.13
269 12 41 7.15 70.78
377 16 46 66.17

10.03

|
|

+525 and £500 K appear to be largely
independent of space veloeity (and con-
sequently conversion) at conversions less
than 609.. Thus as the contact time of the
product with the catalyst increases, at
+550 K and higher, so the higher hydro-
carbon content deercases forming more
methane, with a higher CO conversion.
This condition corresponds to catalyst with
a very low CO surface coverage which is
known to favor hydrogenolysis of the
higher hydrocarbons (23, 24). The inhibit-

MOLE PERCENT CH, OF TOTAL PRODUCT
MOLE PERCENT CS‘OF TOTAL HYDROCARBONS

MOLE PERCENT CARBON MONOXIDE

Fis. 6. Methane and (5% selectivities at 8 bar:
o, o, 3K, X, +, M8 K; 0, @, £323 K;
A, A, 4R K; — -, methane; - - - - - , O™
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MOLE PERCENT CH, OF TOTAL PRODUCT

MOLE PERCENT CS' OF TOTAL HYDROCARBONS

MOLE PERCENT CARBON MONOXIDE

Fia. 7. Methane and C;* selectivities at 12 bar:
9,9, 3T3K; X, +,M8K; 0, @,523K; ,
methane; ----- , Cst.

ing effect of a high surface coverage of CO
on hvdrocarbon hyvdrogenolysis to methane
was well demonstrated by Dalla Betta et al.
(15). Therefore at these temperatures it
appears that space veloeity i an extremely
sensitive  parameter and  would  require
precise control for an optimum production
of higher hydrocarbons. At lower tempera-
tures, however, space veloeity has a signifi-
cant effect on the CO conversion only, and
consequently on the total contribution to
the produet by the individual hydroearbons,

The Cy yields corresponding to high Cit
vields with ruthenium catalvsts are dis-
tinctly than obtained with iron
catalysts as shown in Table 3. The hydro-
gen:carbon monoxide ratios for all the
experiments reported were high inside the
reactor, and this according to Tajbl et al.
(18) alzo favors hvdrogenolyvsis, thus it is
presumed that the hydrogenolysis of the
higher hydrocarbons to mainly methane is
responsible for the low Gy vields (23, 24).
The cffeet of pressure on the product distri-
butions can best be appreciated when ex-
periments  with approximately the same
conversions are compared at a parficular
temperature, as shown in Table 4. High
pressures elearly favor (5t fractions which
correspond to higher absolute rates per unit

lower
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PARTIAL PRESSURE OF CARBON MONOXIDE
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Fic. 8. C, to Cy selectivities at £528 K: X, Cy; O, Cs; @, Cs; A, Ci.

weight of catalyst, and which is also in
agreement with Karn et al. (3) who ex-
amined different Ho/CO ratios at 21.4 bar.

Selectivities

The influence of carbon monoxide on
selectivity was found to be most dominant
in this investigation, as shown in Figs. 6-9.
The selectivities of methane and Cg* frac-
tion at 8 and 12 bar as a function of carbon
monoxide concentration (mol9,) are shown,

respectively, in Figs. 6 and 7 at four
different temperatures. The Cg* selectivity
at high carbon monoxide concentrations
was found to be approximately constant
over the pressure range 12 to 16 bar,
especially at the low temperatures.

Figures 8 and 9 show the ratios of the
moles of hydrocarbons formed, Ci, Cs, Cs,
and Cs, to the moles of methane formed as
a function of the partial pressure of carbon
monoxide. These results are confined to
+525 and +£550 K, respeetively, for all

08r

Cn 06F
(o]

x10
0.4

02

0 0.5 1.0

1.5 2.0 2.5 3.0

PARTIAL PRESSURE OF CARBON MONOXIDE bar

Fie. Y. C; to C; selectivities at £548 K: ©, Cs; @, Co; A, Co.
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TABLE 5
Catalyst Properties

Run Reaction Rate of CH, formation Final Carbon BET
no. conditions [(g mol) min~? Cs* burnoff area
(g of Ru)~t X 107%] (molt) (wt%) (mig™)
(K) (bar)
@=x @+ Finale
50 min 100 min

RR6 551 8 14.88 13.30 12.98 5.825 0.26 168.9
R13 509 8 1.02 0.68 0.42 24.600 5.20 139.8
R108 575 10 — 51.04 48.42 2.263 0.10 212.8
R110 519 10 7.56 2.30 1.93 20.529 3.54 155.6
R22 600 12 69.6t 69.46 69.46 0.000 0.05 203.5
R36 523 12 — 1.70 1.26 19.483 3.30 134.7
R103 573 14 70.21 62.28 56.25 1.113 0.16 200.2
R107 496 14 3.26 0.73 0.52 2:3.331 4.48 120.6
R41 573 16 66.08 54.17 51.12 1.371 0.07 160.0
R15 523 16 3.34 2.71 2.20 17.462 1.14 139.1

Fresh
catalyst — — — — — 0.00 272.7

s When sample was taken for complete analysis.

experiments performed, namely from 8§ to
16 bar and with CO conversions as low as
8% This ratio is also the rate of formation
of the respective hydrocarbons relative to
methane. These figures show a positive
dependence below a certain critical partial
pressure of carbon monoxide which de-
ereases with a decrease in temperature. In
some cases, especially at low temperature,
there is a slight negative dependence of this
ratio for the higher hydrocarbons above this
critical CO partial pressure. This critical
carbon monoxide partial pressure appears
to give the most favorable surface condition
for Cs* formation. This condition can be
achieved at any total pressure, but this will
no doubt correspond to a very low CO
conversion at a low pressure. It should be
noted, however, that this result has been
derived from experiments in which the
total molar concentration of Cg* is small
relative to all the other components in the
product.

T'rom a comparison of Figs. 8 and 9 it is
clear that at high temperatures a much

greater partial pressure would be required
in order to reach the optimum. Dry (10)
noted that the partial pressure of CO, and
not the H,/CO ratio was dominant for
fluidized bed operation at high tempera-
tures, whereas for fixed-bed wax-producing
reactors the H,/CO ratio was dominant
with the partial pressure of CO, of no im-
portance. In this investigation, however,
the CO, concentration in the product was
very small as shown in Tables 1 and 2.
This feature of ruthenium catalysts was
also observed by Shultz ef al. (4) at the
same H./CO feed gas, namely 3:1. This
result indicates that the extents of the re-
actions involving CO. production such as:

2nCO + (n + DI,
= CnH‘_’n+2 + nCO'.‘,
Bn 4+ 1HCO + (n + HHLO
= CnH2n+2 + (Q?L + 1)C02,
are indeed very small over ruthenium metal

in comparison to other synthesis reactions.
McKee (11) examined the cffect of carbon
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monoxide on the activity of ruthenium
catalysts relative to hydrocarbon synthesis
and found that the presence of carbon
monoxide actually enhances simultancous
hydrogen adsorption thus producing surface
coverages favorable for reaction. This prop-
erty will no doubt depend on the partial
pressure of the carbon monoxide which is
in equilibrium with the catalyst surface.

Catalyst Deactivation

Table 5 shows how the rate of methane
formation per unit weight of catalyst
changes with time during experiments,
which were started with fresh catalyst after
a period of reduction with ultrapure hydro-
gen. These changes are considered to be
caused by the hydrodynamic and thermal
response of the reactor and by catalyst de-
activation. The former two effects would
certainly be confined to the initial start-up
period which was estimated to be of the
order of 15 min by pulse and temperature
measurements.

The amount of carbonaceous material
present on the catalysts and the BET areas
at instants when the reactions were termi-
nated are shown in Table 5.

The weight percent of earbonaceous
material is the highest for experiments per-
formed at low temperatures favoring Cg*
formation and at which the change in rate
of methane formation is the highest, rela-
tive to the initial rate (zero time) corre-
sponding to a “‘clean’ catalyst activity. It
should be noted that deactivation always
occurred; that is, steady-state operation
was never attained. The exact nature of the
carbonaceous material is not known, but
presumably it is elemental carbon and/or
some high molecular weight hydrocarbon
deposit (wax). This, however, needs further
examination since the regeneration of the
catalyst would certainly be necessary in
order to make ruthenium competitive
economically with iron on an industrial
scale. The BET area of the catalyst also

EVERSON, WOODBURN, AND KIRK

changed markedly and in some cases was
as low as 409, of its original value.

ACKNOWLEDGMENTS

The authors wish to express their thanks to the
Director-General, the National Institute for Metal-
lurgy, for permission to publish this paper.

Financial support by the Council for Scientific and
Industrial Research, the National Institute for
Metallurgy, Mobil Refining Co. (South Africa) and
the University of Natal Research Fund is gratefully
acknowledged.

REFERENCES

1. Pichler, H., and Buffleb, H., Brennst. Chem. 21,
257 (1940).

2. Pichler, H., in “Advances in Catalysis” (W. G.
Frankenburg, V. 1. Komarewsky and E. K.
Rideal, Eds.), Vol. 4, p. 271. Academic Press,
New York, 1952,

3. Karn, F. 8., Shultz, J. ¥., and Anderson, R. B.,
Ind. Eng. Chem. Prod. Res. Develop. 4, 265
(1965).

4. Shultz, J. F., Karn, F. 8, and Anderson, R. B,
U. 8. Bur. Mines Rep., No. 6974 (1967).

§. Vannice, M. A., J. Catal. 37, 449 (1975).

6. Karn, F. 8., Shultz, J. F., and Anderson, R. B.,
J. Phys. Chem. 64, 446 (1960).

7. Anderson, R. B,, Karn, F. 8., and Shultz, J. F.,
U.S. Bur. Mines Bull., 614 (1964).

8. Anderson, R. B, Hall, W. K., Krieg, A., and
Seligman, B., J. Amer. Chem. Soc. 71, 183
(1949).

9. Dry, M. E,, Shingles, T., and Boshoff, L. J.,
J. Catal. 25, 99 (1972).

10. Dry, M, K., Ind. Eng. Chem. Prod. Res. Develop.
15, 282 (1976).

11. McKee, D. W., J. Catal. 8, 240 (1967).

12. Randhava, S, &, Rehman, A., and Camava,
E. H., Ind. Eng. Chem. Prod. Res. Develop. 8,
482, (1969).

13. Lee, A. L., Feldkirchner, H. L and Tajbl, D. G5,
Amer. Chem. Soc. Div. Fuel Chem. Prepr. 14,
126 (1960).

14. Vannice, M. A, J. Catal. 37, 462 (19753).

15. Dalla Betta, R. A, Piken, A. (i, and Shelef, M.,
J. Catal. 35, 54 (1974).

16. Carberry, J. J., and Gillespi, B. M., Ind. Eng.
Chem. 58, 164 (1966).

17, Brisk, M. L., Day, R. 1., Jones, M., and Warren,
J. B., Trans. Inst. Chem. Eng. 46, 73 (1968.)



PRODUCT DISTRIBUTIONS AT MODERATE PRESSURES 197

18. Tajbl, D. Gi,, Feldkirchner, H. L., and Lee, A. L.,
Advan. Chem. 69, 166 (1967).

19. Broekhoff, J. C. P., and Linsen, B. G.,
“Physical and Chemical Aspects of Ad-
sorbents and Catalysts” (B. (i, Linsen, J. M.
H. Fortuin, C. Okkerse, and J. J. Steggerda,
Eds.), p. 18. Academic Press, New York, 1970,

20. Pichler, H., Burgert, W., Gabler, W., and
Kioussis, D., Brennst. Cheni, 49, 36 (1968).

24

. Frohning, C. D, and Cornils, B., Hydrocarbon
Process., Nov., 143 (1974),

2. Storch, H., Golumbic, N.; and Anderson, R.,

“The Fischer Tropsch and Related Syn-
theses.” Wiley, New York, 1951,

;. Kempling, J. C., Ph.D). Thesis. MacMaster

University, Ontario, 1971,
. Sinfelt, J. H., and Yates, D. J. C., J. Cutal. 8,
82 (1967).



