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Specific intrinsic rates and product distributions for CO, hydrogenation on Co/SiO,, Fe/Si0,, and
Ru/SiO, were determined at 450-650 K, 140-1030 kPa, and a range of space velocities. Specific
activities in the form of turnover frequencies for CO, hydrogenation decrease in the order Co/SiO,,
Ru/Si0,, Ni/Si0,, Fe/Si0,. The order of decreasing selectivity for methane is Ru/SiO,, Co/SiO,, Ni/
Si0,, Fe/SiO,. High levels of CO are produced in CO, hydrogenation on Fe/SiO,, Co/Si0,, and Ni/
Si0, while significant fractions of C,. hydrocarbons (about 1 order of magnitude lower than typical
methane fractions) are produced on Fe/SiO, and Co/SiO, catalysts.

INTRODUCTION

The hydrogenation reactions of CO and
CO, to methane and higher molecular
weight hydrocarbons are important in purifi-
cation of ammonia feeds, methanation of
coal-derived gases, and Fischer-Tropsch
synthesis. These reactions are also of inter-
est in the production of process heat from
reclaimable waste streams containing dilute
carbon oxides or from nuclear reactor
steam-reformed CO/H, streams as part of a
so-called ‘‘heat pipeline”” (I).

Most of the previous research has em-
phasized the kinetics and mechanisms of
CO hydrogenation on Group VIII metals
(2-7). Previous studies (2—4, 8-30) of CO,
hydrogenation on Group VIII metals have
focused mainly on Ni catalysts. Very little
work has been reported on other Group
VIII metals (26—30). Solymosi and Erdohe-
lyi (26) reported turnover frequencies for
CO and CO, methanation on Ru, Rh, Pt,
Ir, and Pd; Ru and Rh were found to be the
most active. Gupta and co-workers (28)
conducted a kinetic study of CO; methana-
tion over well-characterized, supported Ru

and reported data for both pulse and steady
state hydrogenation. They reported activa-
tion energies of 30.5 to 57.7 kJ/mol but did
not report turnover frequencies for CO,
conversion or CH, production. Lunde and
Kester (29) found an activation energy of
70.3 kJ/mol for CO, hydrogenation on Ru/
Al O3 but did not report turnover frequency
data. In a study of CO and CO, methana-
tion on Fe foils by Dwyer and Somorjai (30),
turnover frequencies and activation ener-
gies were reported for fresh and deactivated
surfaces. On the basis of these previous
studies (26—30) it was not possible (with the
exception of the noble metals) to rank order
the Group VIII metals according to activity
and selectivity in CO, hydrogenation.

The objectives of this investigation were
to determine (i) the intrinsic specific rates
and product selectivities in CO; hydrogena-
tion on Group VIII metals (i.e., Co, Fe, Ni,
and Ru) under reaction-controlled condi-
tions, and (ii) effects of temperature, pres-
sure, and space velocity on specific rates
and product selectivities. In this paper ac-
tivity and selectivity data for CO, hydroge-
nation on Co/SiO,, Ru/Si0,, and Fe/SiO,
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are presented, discussed, and compared
with previously reported data for Ni/SiO,
(23, 24).

EXPERIMENTAL

Analytically pure Co(NOs), - 6H,0,
Fe(NOs); - 9H,0, and Ru acetate were used
in preparation of the catalysts. Preparation
by simple impregnation to incipient wet-
ness of the support (Cab-O-Sil, grade M-5
fumed SiO,, Cabot Corp.) with an aqueous
metal salt solution (ethanol solution was
used in preparation of the Ru catalyst) was
followed by oven drying at 375 K. The im-
pregnated, dried samples were reduced in
flowing hydrogen at a space velocity of
2000 h~! while heating at 2 K/min to 750 K
with a 2-h hold at 500 K and a 16- to 36-h
hold at 750 K. The samples were then care-
fully passivated with 1% air in N..

Hydrogen and nitrogen gases (99.99%)
were purified by passing both through a pal-
ladium Deoxo purifier (Engelhard) and a
dehydrated molecular sieve trap. Carbon
dioxide (Matheson Purity 99.99%) was used
without further purification.

Previously reduced and passivated sam-
ples of each catalyst were rereduced at 723
K overnight (2 h for Ru/SiO,) and evacu-
ated at 673 K. The metal surface area was
then determined by H, chemisorption at 298
K using a conventional volumetric vacuum
apparatus evacuable to 1.3 x 1077 kPa (31).
The total hydrogen adsorption uptake was
determined as a function of pressure and
the linear portion of the isotherm extrapo-
lated to zero pressure to obtain the amount
chemisorbed. The SiO, support was also
characterized by a full-range argon BET ad-
sorption experiment conducted at 90 K.
The desorption isotherm was analyzed us-
ing the method of Barrett ef al. (32) to ob-
tain the average pore size.

CO, hydrogenation activity was deter-
mined using 1- to 2-cm? samples of catalyst
(approx 0.3-1.0 g) in a 1.25-cm-diam fixed-
bed reactor constructed of stainless steel and
equipped with a thermocouple in the cata-
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lyst bed. Activity tests were conducted at
450-650 K, 140—1030 kPa, and space veloc-
ities of 4000—50,000 h~!. Reaction mixtures
of 80% H, and 20% CO, or 95% N,, 4% H,,
and 1% CO, were used for the activity
tests. Limited activity tests were also con-
ducted using a 95% N,, 4% H,, and 1% CO
reaction mixture. Conversion versus tem-
perature tests were conducted using a 4/1
H,/CO, ratio with a 95% N, diluent to mini-
mize heat transfer effects and thus more
closely approximate isothermal bed condi-
tions at high conversions.

All reactant and product gas concentra-
tions were measured chromatographically
using thermal conductivity and flame ion-
ization detectors (HP 5834 and Perkin-
Elmer Sigma I chromatographs). Peak ar-
eas were determined electronically and
related to concentrations by calibrating
with a gas mixture containing known
amounts of the reactant and product gases.
Carbon balances generally accounted for
99% of the input carbon. The largest error
in the carbon balance was due to measure-
ment of reactant CO, conversion since the
conversion of the reactant species was
measured by difference (usually small) be-
tween reactant and product concentrations.
Measurements of CH; and C,, hydrocar-
bon concentrations made directly by FID
were significantly more accurate (better
than 0.1% of entering carbon). Although a
small amount of carbon did deposit on the
catalyst surface during reaction, the rate
was not great enough to significantly affect
the carbon balance.

While carbon deposition did not affect
the carbon balance noticeably, it did affect
the catalyst activity significantly, particu-
larly at higher reaction temperatures. To
avoid this complication the procedure rec-
ommended by Sinfelt (33) of treating the
catalyst at 300°C in H, was used to clean
the metal surface of carbon deposits be-
tween each incremental increase in reaction
temperature. Thus, the rates reported here
are initial rates, unaffected by carbon de-
posits.
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TABLE 1 or converted per catalytic site per second),
Hydrogen Adsorption Uptakes of while prpduct selectivities are deﬁngd as
Silica-Supported Co, Fe, and Ru the fraction of converted CO, appearing as
Catalysts a specified product. The results in Table 2

indicate that CO, and CO hydrogenation

Catalyst H, Uptake are catalyzed by Co/SiO; at approximately
(wmole/g) Ly R K

the same rates within experimental preci-

3% Co/SiO; 17 sion (estimated at +20%) in the tempera-
15% Co/SiO, 52.4 ture range 500-550 K. Methane turnover
15% Fe/SiO, 63.9 frequencies are also about the same at 500
0.5% Ru/SiO; 23.0° K; however, at higher temperatures meth-

ane production via CO hydrogenation pro-

4 With the exception of Ru/SiO,, . .
P : ceeds more rapidly on Co/SiO,. In CO, hy-

total H, uptake was measured volu-

metrically at 25°C. drogenation at any given temperature,
b Total H, uptake measured volu- selectivity for methane increases and that
metrically at 100°C. for CO decreases with decreasing space ve-

locity. Thus, Co/SiO; exhibits activity/se-
lectivity properties for CO and CO, hydro-
genation qualitatively similar to those

Hydrogen chemisorption measurements observed for Ni/SiO, in previous work (23).
obtained for each of the catalysts are in- Methane turnover frequencies are plot-
cluded in Table 1. From full-range BET ted in Fig. 1 in Arrhenius fashion for CO,
measurements the total surface area of the methanation on Co/SiO, at different space
SiO, support was found to be 192 m%g and velocities. A trend of decreasing activation
the average pore radius to be 6.0 nm, both energy (i.e., departure from the initial lin-
in good agreement with data supplied by ear slope) with increasing temperature is
the manufacturer. observed. This behavior was attributed to

Activity/selectivity data obtained for CO, deactivation by carbon, especially at the
and CO hydrogenation on silica-supported higher temperatures. Treatment of the cata-
cobalt are summarized in Table 2 and Fig. lyst sample in H; at high temperature fol-
1. Activity data are reported in the form of lowing activity testing resulted in signifi-
turnover frequencies (molecules produced cant levels of methane production for

RESULTS

TABLE 2

Activities and Product Distributions for CO and CO, Hydrogenation on 3% Co/SiO, (0.36 g of catalyst tested in
1% CO or CO,, 4% H,, 95% N, at 140 kPa)

Temp GHSV CO, methanation CO methanation
(K) (h-h
Neg,® x 103 Conver- % Selectivity® Nenyf X 100 Conver- % Selectivity®

(s sion of —m—m——— (s™" sion of ————

CO (%) CHy CO (¢ CO(%) CHy CO, Cud
500 4340 3.0 9.6 71 25 4.6 3.6 9.8 72 2.9 25
8480 3.2 6.5 54 35 11 34 5.5 62 5.3 33
525 8480 6.5 12.3 59 33 8.2 8.5 1.5 72 93 18
16400 6.8 9.4 42 49 8.9 8.5 6.2 70 19 11
550 16400 10.0 13.7 42 52 5.9 17.7 2.9 70 17 13
24600 10.4 12.0 32 52 17 17.9 8.4 72 14 14

a Turnover frequency for CO, hydrogenation to methane in molecules per site per second. The number of sites was determined
from H, adsorption (Table 1).

b The percentage of converted CO, or CO which appears as a given product.

¢ Turnover frequency for CO hydrogenation to methane.

4 These selectivities to C,4 hydrocarbons were not measured directly but determined by difference, i.e., % Selectivity of C4 =
100-% CH, Select.—% CO (or CO,) Select.
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FIG. 1. Arrhenius plot of methane turnover frequencies in CO, hydrogenation on 3% Co/SiO, at 1
atm and GHSV = 4,340 — 49,400 h~' in 95% N,, 4% H,, and 1% CO,. O, GHSV = 49,400 h~'; [J,

GHSV = 4340 h!; A, average over all GHSV.

several hours and trace levels for up to 12
h. Since by periodic treatment in H; it was
possible to obtain linear Arrhenius plots, in
all subsequent experiments the catalyst sur-
faces were cleaned in H; at 300°C between
activity measurements at different tempera-
tures.

Tables 3 and 4 list CO, and CH, turnover
frequencies and product selectivities for
CO; methanation on SiO,-supported Co,
Fe, Ni, and Ru catalysts at 1 and 11 atm
total pressure. Large differences exist in
the intrinsic activities and selectivities of
these catalysts. For example, the turnover
frequencies for CO, conversion vary by an
order of magnitude while those for methane
production vary over two orders of magni-
tude, the order of decreasing CO, conver-
sion activity being Co/Si0O,, Ru/SiO,, Ni/
Si0,, Fe/SiO,. In addition, the selectivity to
methane varies markedly over these cata-
lysts (Table 4). The decreasing order of
methane selectivity is Ru/SiO,, Ni/SiO,,
Co/Si0O,, Fe/Si0,. While the production of
CO is small or negligible over Ru/SiO,, very
high levels are produced over Fe/SiO, and
high levels over Co/SiO,. The decreasing
order of CO selectivity is Fe/SiO,, Co/SiO;,,
Ni/SiO,, Ru/SiO,. In addition, the Fe/SiO,

produces significant fractions of C~Cs hy-
drocarbons, even at relatively high temper-
atures (525-564 K); Co/SiO, and Ru/SiO,
produce smaller but nevertheless signifi-
cant quantities of C, and C; hydrocarbons.
The production of C; hydrocarbons by Ni/
SiO;, is in comparison negligible.

Figures 2-4 are Arrhenius plots of the
low- and high-pressure activity data for CO,
methanation on SiO;-supported Co, Fe,
and Ru catalysts. As summarized in Table
3, a least squares fit of the data shows the
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Fi1G. 2. Arrhenius plots of methane turnover fre-
quencies in CO, hydrogenation on 15% Co/SiO, at
GHSV = 2050 — 9620 h~! in 80% H, and 20% CO,. O,
1 atm; A, 11 atm.
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TABLE 3
Activity Data for CO, Hydrogenation on Co/SiO,, Fe/Si0,, Ni/Si0,, and Ru/SiO,

Catalyst Operating ranges Turnover Activation
frequency at energies
Temp Space % CO, 500 K x 10? (kJ/mol)
Pressure (K) velocity conversion (s™) _
(atm) (' ———  Ecof Ecn’

Nco,®  Nend

Reactant gas: 80% H,, 20% CO;

15% Colfsilica 1 456-476 2050--3850 4.7-10.5 30 27 93 99

11 453-495 450-9620 5.3-11.2 77 69 171 173
15% Felsilica 1 526-572 1470-6370 6.8- 8.9 0.79 0.083 118 134

1 564628 3490-14,730 9.9-12.5 0.84 0.59 83 64
0.5% Ru/silica 1 502-563 1720-5965 5.7-10.3 7.2 7.2 72 72

11 485-550 720-9920 6.3-10.2 8.5 8.5 103 103

Reactant gas: 95% N,, 4% H,, and 1% CO,

3% Col/silica 1 500-550 4340-24,600 3.0-10.4 7.6 35 79 66
3% Ni/silica® 1 500-550 16,350-32,900  3.9-11.2 1.2 0.85 81 80
15% Fef/silica” 1 500-550 4340-49,000 f f f — —
0.5% Ru/silica 1 500-550 5700-49,000 3.5-11.4 6.1 4.2 73 68

a Molecules of CO, reacted per site per second.

6 Molecules of CH, produced per site per second.

¢ For CO, conversion.

4 For methane production.

¢ Data from Ref. (23).

f Very low activity under these conditions; only CO was produced.

TABLE 4
Selectivity Data for CO, Hydrogenation on Co/SiO,, Fe/SiO,, Ni/SiO,, and Ru/SiO,

Catalyst Pres- Temp % CO, CO, turnover Selectivity (mole %)?
sure (K) conver- frequency*
(atm) sion X 10° (s7h) CH, CcO C, C, Cy GCs
Reactant gas: 80% H,, 20% CO,
Co/SiO, 1 476 10.5 9.7 86.9 126 04 03 — —
11 478 11.2 19 89.0 10.7 03 004 — —
Fe/SiO, 1 526 7.7 3.3 12.9 832 22 1.1 04 0.2
11 564 9.9 9.4 39.9 53.0 3.8 20 0.7 0.5
Ru/SiO, 1 502 5.7 7.8 99.8 0 0.2 —_ = -
11 506 9.0 15 99.7 0 0.3 _ = -
Reactant gas: 4% H,, 1% CO;, 95% N,
Co/Si0, 1 525 9.4 16 42 59 - = - -
Ni/SiO,* 1 525 8.6 2.7 77 15 005 — — —
Fe/Si0, 1 Very low Not measurable — ~100 — —_ - =
Ru/Si0O, 1 525 6.0 11 82 98 —

« Molecules of CO, converted per catalytic site per second.

¢ The percentage of converted CO, appearing as a specified product; hydrocarbon selectivities were measured
directly.

¢ Data from Ref. (23).
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Fi1G. 3. Arrhenius plots of methane turnover fre-
quencies in CO, hydrogenation on 15% Fe/SiO, at
GHSV = 1470 — 14,700 h~! in 80% H; and 20% CO,.
O, 1 atm; A, 11 atm.

activation energies for CH,; formation to
range from a low of 72 kJ/mol for Ru/SiO,
to a high of 134 kJ/mol for Fe/SiO, at low
pressure (1 atm) and from 64 kJ/mol for Fe/
SiO; to 173 k¥/mol for Co/SiO; at high pres-
sure (11 atm).

The Thiele modulus was calculated for
CO, hydrogenation on each of the silica-
supported catalysts. A particle diameter of
0.01 cm, tortuosity of 5, void fraction of
0.5, and the most stringent conditions of
temperature, flowrate, and conversion (Ta-
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ble 3) were used in the calculation. In all
cases the Thiele modulus was found to be
less than 0.017, giving a conservative esti-
mate of the effectiveness factor of 1.00. In
other words, pore diffusional resistance did
not affect the activity measurements under
the conditions used in this study.

Table 5 lists pressure dependencies of the
rates of CO, conversion and CH, produc-
tion. The pressure dependence for CO,
conversion and CH,4 production are 0.026
and 0.82, respectively, over Fe/SiO,, a cat-
alyst with low selectivity to methane,
whereas the corresponding orders over Ru/
Si0,, a catalyst with a very high selectivity
to methane, are both 0.069. Co/Si0,, with
an intermediate selectivity to methane,
shows moderate pressure dependencies for
CO, conversion and methane production of
0.39 for each.

Conversion-temperature data for CO,
methanation over 3% Co/SiO; and 0.5% Ru/
SiO, catalysts are shown in Figs. 5 and 6.
The conversion-temperature behavior for
Ru/SiO, is characterized by extremely high,
almost complete, selectivity to methane as
seen in Fig. 6. Co/SiO,, on the other hand
(Fig. 5), produces roughly equal amounts of
CO and CH, over the entire range of tem-
perature under these conditions of pressure
and space velocity (1 atm, 49,000 h™'); nev-
ertheless, its selectivity for methane in-
creases with decreasing space velocity (see
Table 2) and increasing pressure (see Table
4). In conversion-temperature experiments
over Fe/SiO, using the dilute reaction mix-
ture, no significant methane production was

INVERSE TEMPERATURE X 103 (K)

FiG. 4. Arrhenius plots of methane turnover fre-
quencies in CO, hydrogenation on 0.5% Ru/SiO, at
GHSV =720 — 9920 h~!in 80% H, and 20% CO,. O, 1
atm; A, 11 atm.

TABLE 5
Pressure Dependence of CO, Hydrogenation On Co,
Fe, Ru
Catalyst Order in power-law fit
CO, CH,
conversion production
15% Co/Si0, 0.39 0.39
15% Fe/Si0O, 0.026 0.82
0.5% Ru/Si0O, 0.069 0.069




358

100 T T T Y T T T T

°0

80 - .

% CONVERSION OR PRODUCTION

1 ! . L L L L
550 575 600 625 650 675 700 725

TEMPERATURE (K)
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hydrogenation on 15% Co/SiO, at GHSV = 49,400 h-!
and 1 atm in 95% N,, 4% H,, and 1% CO,. O, CO,
conversion; O, CH, production; A, CO production.

observed although conversion to CO
reached approx 30% at 700 K.

DISCUSSION

Specific Activities of Cobalt, Iron, Nickel,
and Ruthenium in CO, Hydrogenation

The specific activity data obtained in this
study (Tables 2 and 3) for silica-supported
cobalt, iron, and ruthenium were obtained
in the absence of heat or mass transport
disguises. The specific activity data for CO,
hydrogenation on Co/SiO,, Fe/Si0O,, and
Ru/Si0; are to our knowledge the first to be
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F1G. 6. Conversion vs temperature plots for CO,
hydrogenation on 0.5% Ru/SiO, at GHSV = 16,000 h~!
and 1 atm in 95% N,, 4% H,, and 1% CO,. O, CO,
conversion; [0, CH, production; A, CO production.
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reported for these catalyst systems. Soly-
mosi and Erdéhelyi (26) reported a turn-
over frequency of 194 x 1073 s=! and an
activation energy of 67.4 kJ/mol for CH,
production at 548 K, 1 atm, Hy/CO; = 4 on
a poorly dispersed 5% Ru/Al,O; catalyst.
The activation energy of 72 kJ/mol obtained
in this study is in good agreement with their
results; however, the methane turnover fre-
quency for Ru/SiO; obtained under identi-
cal conditions, i.e., 1 atm, 548 K, and Hy/
CO, = 4 0of 33 x 1073 (see Fig. 4) is a factor
of 6 smaller. A lower turnover frequency is
expected for Ru/Si0O; in light of previously
reported data by Solymosi et al. (26b)
which shows that alumina-supported Rh is
significantly more active than silica-sup-
ported Rh and by Vance and Bartholomew
(34) which shows that alumina-supported
Ni is more active than silica-supported Ni.
The methane turnover frequency for Fe/
SiO; at 11 atm and 573 K of 4.9 x 1073 57!
obtained from extrapolation of the data
from this work is in poor agreement with
that of 10.9 s~! obtained for an Fe foil by
Dwyer and Somorjai (30) at 573 K and 6
atm, although the corresponding activation
energies for methane production of 64 kJ/
mol and 71 kJ/mol for Fe/SiO, (this work)
and Fe foil (30) are in good agreement.
The extremely low activity observed on
Fe/Si0O; can be explained in large part by
the observations of Dwyer and Somorjai
(30) in which initially clean or preoxidized
iron foils were rapidly deactivated and then
covered with a carbonaceous deposit. The
resulting order of magnitude lower activity
was found to be comparable with the rate of
surface carbon hydrogenation. Given the
instability and rapid deactivation of the iron
foils it is reasonable to expect the small iron
crystallites to be covered with and deacti-
vated by carbon deposits. However, this
does not explain the high selectivity to CO
or the low production of higher weight hy-
drocarbons. Further work is needed to es-
tablish the nature of the active surface in
steady state CO, hydrogenation on sup-
ported and unsupported iron in order to ex-
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plain the large differences between the
rates on clean, single crystal iron and on
supported iron catalysts.

The order of decreasing specific activity
of silica-supported Co, Ru, Ni, Fe in CO,
hydrogenation observed in this study is
with the exception of Fe and Ni similar to
that observed in CO hydrogenation on alu-
mina and silica-supported Group VIII
metals (35, 36), namely, Co, Ru, Fe, Ni,
and in the water—gas-shift reaction on
Group VIII metals (37), namely, Co, Ru,
Ni, Fe. In recent TPD/TPR studies Fal-
coner and Zagli (22, 27) demonstrated that
adsorbed CO; and CO are hydrogenated on
Ni and Ru catalysts at the same tempera-
ture, a behavior indicating that both reac-
tions follow similar paths. Results from re-
cent kinetic studies conducted by Dalmon
and Martin (21), Weatherbee and Bartholo-
mew (24), and Peebles er al. (25) suggest
strongly that CO; hydrogenation proceeds
via CO hydrogenation. It is, therefore, rea-
sonable to expect the orders of catalyst ac-
tivity to be similar for CO and CO; hydroge-
nation.

The results of this study (Table 3) show
that different activation energies are ob-
served for the same catalyst under different
conditions of temperature and pressure.
These changes in activation energy for CO,
conversion and CH,4 production can be ex-
plained in part by changes in the rate-deter-
mining step. A previous kinetic study in
this laboratory (38) demonstrated that the
rate-determining step and hence the activa-
tion energy in CO hydrogenation change
with temperature. In a recent study Peebles
et al. (25) showed that the rate-determining
step for CO, hydrogenation changes from
CO dissociation at low pressure to carbon
hydrogenation at high pressure. For exam-
ple, a change in rate-determining step to C
hydrogenation could easily explain the de-
crease in activation energy with increasing
pressure and temperature for the Fe/SiO,
catalyst (see Fig. 3). The activation energy
of 66 kJ/mol (Table 3) is close to the value
of 50 kJ/mol reported by Dwyer and Somor-
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jai (30) for carbon-deactivated Fe foils in
which the rate was shown to correspond to
the rate of carbon hydrogenation. The in-
creases in activation energy for CO, hydro-
genation on Co/SiO; and Ru/SiO; (see Table
3) cannot be explained in terms of a shift in
the rate-determining step from CO dissocia-
tion to C hydrogenation as proposed above
for Fe/SiO,. This does not, however, ex-
clude a change in rate-determining step as
the cause of the change in activation en-
ergy. Given the complex nature of the CO,
hydrogenation reaction it is possible that in-
creased pressure results in significant
changes in surface species concentrations
which lead to changes in the rate-determin-
ing step. At present, our limited knowledge
of CO, hydrogenation kinetics on Co and
Ru prohibits any further explanation of this
effect.

The relatively small pressure dependen-
cies observed for CO, hydrogenation on
Co, Fe, and Ru catalysts in this study are
consistent with those observed in previ-
ously reported kinetic studies of CO, hy-
drogenation on Ni (23-25) and Rh (26).
These results suggest that the H; and CO,
reactants are moderately strongly adsorbed
on the metal surface. Again, the present
lack of kinetic and adsorption data for CO,
hydrogenation on Co, Fe, and Ru precludes
further discussion of the pressure depen-
dence.

Product Distributions in CO,
Hydrogenation on Silica-Supported
Cobalt, Iron, Nickel, and Ruthenium

Near unity selectivities to methane have
been reported in most of the previous litera-
ture for CO, hydrogenation on Group VIII
metals (8—-30). However, most of these pre-
vious studies were conducted at high pres-
sure, low space velocities, and/or high H,
concentrations, conditions which favor
high methane selectivities (23). The results
in Tables 2 and 4 also indicate that low
space velocities and high pressure favor
high selectivities to methane on Co/SiO,
and other Group VIII metals. The results of
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this work (Table 4) show that with the ex-
ception of Ru, significant fractions of CO
are produced at relatively high space veloc-
ities on Group VIII metals.

The very high methane selectivities ob-
served over a range of operating conditions
for Ru/SiO; are consistent with previous
studies (26-29). For example, Gupta and
co-workers (28) found a small amount of
CO (0.2%) to be produced at temperatures
above 525 K and at concentrations greater
than 2% CO, in H, during CO; hydrogena-
tion over a Ru/molecular sieve catalyst. A
very high methane selectivity and low CO
selectivity (3-4% of the CH, production)
were reported by Solymosi and Erdohelyi
(26) over Ru/Al,O; at temperatures below
513 K and conversions between 6 and 10%.

Previously reported selectivity data ob-
tained in a batch recycle reactor for poly-
crystalline Fe foils (30) show little re-
semblance to the data obtained in this study
for Fe/SiO; using a flow reaction system.
Dwyer and Somorjai (30) reported 97% se-
lectivity to methane over Fe foils at 6 atm,
3:1 H,/CO,, and 573 K. Ethane was the
only other product detected, although a sig-
nificant amount of carbonaceous material
built up on the surface causing rapid deacti-
vation. Under similar conditions (11 atm,
4:1H,/CO;, and 564 K) the methane selec-
tivity of Fe/SiO, (see Table 4) was 40%; sig-
nificant fractions of CO (53%) and C,-C;
hydrocarbons (7%) were also observed.
The differences in reactor type (hence
space velocity and flow conditions), in
crystallite size for the Fe foils and Fe/SiO,,
and in the surface composition (previously
discussed) are likely responsible for the dif-
ferences observed in the selectivity behav-
ior of iron between these two studies.

It was previously reported (2, 3) that pro-
duction of hydrocarbons other than meth-
ane does not occur in CO, hydrogenation.
Of all the previous workers, only Dwyer
and Somorjai (30) reported a hydrocarbon
product other than methane, namely, a
small fraction of ethane produced on Fe
foil. The results of this study (Table 4),
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however, show that small amounts of C,
and C; hydrocarbons are produced on Co
and Ru while significant fractions of C,—Cs
hydrocarbons are produced on Fe. Qur pre-
vious study (23) showed that very small
quantities of C, hydrocarbons are formed
on Ni at 500-550 K. Nevertheless, the frac-
tion of C,, hydrocarbons formed on any of
these catalysts in CO, hydrogenation is sig-
nificantly less than that produced under the
same conditions in CO hydrogenation.
Dwyer and Somorjai (30) also reported the
buildup of significant amounts of carbona-
ceous material on the surface of their iron
foil which deactivated the catalyst. In this
study, significant levels of carbonaceous
materials were found to deactivate the Co
and Ru catalysts during some of the early
low-pressure activity tests. However, it
was possible to remove the carbonaceous
buildup and maintain constant catalyst ac-
tivity with a periodic cleaning of the cata-
lyst surface with H, at high temperature.

Conversion-Temperature Behavior of
Co/Si0, and RulSiO, in CO,
Hydrogenation

The conversion-temperature plots in
Figs. 5 and 6 show that CO, conversions of
Co/SiO, and Ru/SiO, are less than 50%
even at relatively high reaction tempera-
tures. These levels of conversion are signifi-
cantly lower than observed previously for
Ni/SiO; (23) and lower than the predicted
equilibrium conversion levels at these tem-
peratures (23). This behavior is unexpected
in light of the high specific, initial activities
of Co/Si0O, and Ru/SiO, and their compara-
ble activation energies relative to nickel.
The results suggest that Co/SiO, and Ru/
SiO; are rapidly deactivated during CO, hy-
drogenation at higher temperatures. Recent
studies (39—41) have shown that cobalt and
ruthenium catalysts suffer rapid deactiva-
tion from carbon deposits during CO hydro-
genation at temperatures above 573 K.

It should be pointed out that it is gener-
ally not possible to obtain conversion-tem-
perature data for an exothermic reaction
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such as methanation in a fixed-bed reactor
under completely isothermal conditions,
i.e., there is typically a temperature gradi-
ent across the bed at any fixed inlet temper-
ature, especially at high conversions. In
this study the use of a diluent (N;) helped to
minimize this temperature rise through the
catalyst bed. In fact, the adiabatic tempera-
ture rise calculated for the reaction mixture
used in this study would be a maximum of
50 K at complete conversion. Moreover,
recent modeling studies (42) suggest the op-
eration of our reactor to be semiadiabatic/
isothermal with an estimated maximum
temperature rise of 25-30 K. Due to the
placement of the thermocouple at the outlet
of the catalyst bed it is believed that the
measured temperature was approximately
indicative of somewhat less than the maxi-
mum temperature in the bed. Although the
conversion-temperature data in this study
were obtained under nonisothermal condi-
tions, they are considerably more reliable
than previously reported conversion tem-
perature data obtained at high conversions
in large industrial reactors using undiluted
feeds.

CONCLUSIONS

1. The decreasing order of specific activ-
ity in CO, hydrogenation is Co/SiO;, Ru/
SiO,, Ni/Si0;, Fe/SiO,. Fe/SiO, has a very
low activity for CO, hydrogenation.

2. The selectivity of CO, hydrogenation
to CH, is very high on Ru/SiO, and de-
creases in the order Ru/SiO,, Ni/Si0O,, Co/
Si0,, Fe/Si0,. Very significant fractions of
CO are produced on Ni/SiO; and Co/SiO;;
the primary product on Fe/SiO, is CO.

3. Significant levels (although low com-
pared to CH,) of C,—Cs hydrocarbons are
produced during CO, hydrogenation on Fe/
Si0; and Co/Si0,. The order of decreasing
C,. hydrocarbon production is Fe/SiO;,
Co/S10,, Ru/Si0O,.
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