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hydrogenation reaction. [t is known ‘that ThNi5 decomposes to Ni/Thoz
under reaction conditions (21). 1t was found by Elattar et al. (z22)
that preparation of NI/ThOz by intermetallic compound decomposition g'ave
a catalyst significantly more active for the methanation reaction than
one prepared by the standard wet chemical techniques.

Elattar et al. investigated decomposed Ndnnz. (it:ll'm2 and Tthz for
methanation activity, but found no production of methane (22). They
tried 'l‘hFe5 and Cel-'ez and found activity for methanation to begin at
200°C and peak at 450°C. At the latter temperature, 50 to 752 of the
carbon monoxide had been converted.

| Another work investigated the effect of metal additives to Raney
nickel on the methanation reaction (23). They studied the effect of low
level additions of B, Ce, Co, Mn, Mo, Pd, Re, Ti, Y, Zn and Ir on
methanation activity and resistance to hydrogen sulfide poisoning. They
prepared fused alloys by arc melting. Each alloy was examined metallo-
graphically to detect the phase or phases present. Catalysts were pre~
pared by leaching the powdered alloy with NaOH solution. This made the
sctive catalyst which they studied. Surface site measurements were made
by hydrogen adsorption, assuming one hydrogen atom per active metal
site.

Activity of the catalysts was measured by measuring the rate of
methenation at 320°C and atmospheric pressure with a reactant gas mix=
ture of 1 part carbon monoxide, 8 parts hydrogen, and 991 parts helium.

A problem which occurred from melting the alloys and leaching the
alloys to form the active catalysts was the loss of some or most of the

jow level aaditive.
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They found that Co, Ti, Y and Zn addition improved the resistance
to hydrogen sulfide poisoning but only addition of Co improved the rate
of methanation when compared to the Raney nickel catalyst. '

In a study by D. J. Elliot, ruthenium and ruthenium mixed with
nickel and copper supported on faujasite zeolites (type Y), catalysts
were studied (24). He varied the atomic percent of ruthenium over the |
following ranges: 100%, 80%, 49%, 19%, 13% and 0.0%. His reaction
conditions were 280°C, 150 Torr carbon monoxide, and 450 Torr hydrogen.
He observed that the turncver numbers for their ruthenium-nickel
catalysts changed Tinearly with varying-canposition of ruthenium. From
Shunk, these two metals are virtually immiscible (25). We surmise that
no alloy was formed on the surface of the support, but that the metals
existed as separate particles of metal, with little interaction between
rutheniwm and nickel.

For the rutheniuvmcopper system, he varied the atom percent
ruthenium over the followinx ranges: 1003, 82%, 763, 51% and 14%.
Under the same reaction conditions, he observed that the turnover
nubers decreased rapidly upon addition of copper, similar to what was
observed by Araki and Ponec for a copper and nickel thin film system :
(18). Copoer appears to dilute the number and decrease the size of

active ruthenium clusters. From Hansen, again these two metals are

iamiscible {17).

We have reviewed several studies on the hydrogenation of carbon

Crpr s

monoxide over various metals, mixed metals and supports. [t was

decided to study a system In which the two metals were soluble in each
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other. M. D. Slaughter recently completed a study of methanation on
evaporated ruthenium films in our research group, providing local
experience with this metal. Ruthenium is also the most active metal for
this reaction. Hence, ruthenium -was selected as a primary constituent.
We decided to use alumina for support material because of its stability
and relative promotion for the reaction under study. We chose rhenium
because, like ruthenium, it is an active catalyst (however, less active)
for the hydrogenation of carbon monoxide (26). Also, ruthenium and
rhenium form 2 continuous series of solid solutions over all concentra-

tion ranges (27). This system, ruthenium-rhenium supported on alumina,

was chosen for this study.
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EXPERIMENTAL

We studied the hydrogenation of carbon monoxide over ruthenioum,
rhenium, and ruthenium=rhenium on alumina catalysts. The kinetics of
the reaction were studied at conditions of 35 to 40 atmospheres total
pressure and 205 to 235°C for the ruthenium and ruthenium=rhenium
catalysts and 230 to 255°C with the same pressures for the rhenium

catalyst.

Materials

This reaction was studied in a system (Fig. 2 and Table 3) which
was buil_t around a standard Berty reactor from Autoclave Engineers, Inc.
{(Erie, PA). This reactor was rated for 3700 psi at 340°C. Included
was also a magnetic drive impeller for mixi.ng the reactant mixture and an
electric furmace which would heat th: reactor to 500°C. Other parts of
the system were a reaction vessel, a two channel digital pressure
indicator, and an air driven booster compressor. The reaction vessel
(plenum} was rated at 11,950 psi at 3B°C from American Instrument
Company (Amince). This was used to mix the reactant gases prior to
releasing them to the catalyst chamber. The two channel digital pressure
indicator with two 5000 psi air cooled transducers from Autoclave
Engineers, Inc. was used ro determine pressures of the gases. The air
driven booster compressor (Haskell, Norman Equipment Co., Cedar Rapids)
was used to pressurize the gases, which ware fed from pressurized
cylinders through a manifold assembly. On-off, rupture, and micro-

metering valves for control of gases were purchased from Autoclave

- - . ) S me Trie et e s e e e N 2 i
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Tabie 3. A key for Figure 2

Number Meaning
1 compressor
2 2-way 2-on pressure valve
3 3-way 2-on pressure vaive
4 plenum chamber
5 rupture valve
6 2-way high temperature pressure valve
7 rupture valve
8 Autoclave Berty reactor
9 micrometering valve
10 3-way 2-on pressure valve
11 2-way 2-on pressuirz valve
12 pressure gauge
13 rupture valve :
14 Varian leak valve é
15 temperature controller or voltmeter é
16 pressure indicator
17 manifold

T i
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Engineers. A variable leak valve from Varian Vacuum (Park Ridge, IL)
was used for fine control of the effiuent stream during reduction of
catalysts and during surface site measurements. A six inch diameter .
pressure gauge, with a range of O-6d0 psi (0. W. Heyman Co., Inc.,
Cleveland, OH), was used to monitor the pressure of the effluent gases.
The electric furnace supplied with the Berty reactor was composed of
three resistance elements. Each zone was powered by a variac. One
variac was set and operated continuously while the other two were retay
controlled by a temperature controller {Love Controls Corp., Wheeling,
IL}. This controller received temperature input from a type K
{Chromel=-alumel) thermocouple located at the bottom of the catalyst bed.

Gases used in the experiments were hydrogen (99.95% pure) and
nitrogen (99.999% pure} from Union Carbide and carbon monoxide (technical
grade 99.0% min.) and methane (ultra-high purity 99.97%) from Matheson.
These gases were used without any further purification. |

Catalysts were prepared from Rucl3, Rezo7 and gamma alumina
{100 m2/g) obtained from Alpha Ventron.

For analysis of the hydrocarbon products, we used a Varian 3740
gas chromatograph {Park Ridge, IL). This instrument was equipped with
dual flame ionization detectors and a dual gas sampling valve, plumbed
for simultaneous injection. Two columns were used, a 6' x 1/8" stainless
steel column packed with 5% OV-101 on chromosorb P and a 12' x 1/8"
stainless steel column packed with 20%Z OV-101 on chromosorb P. A
Perkin-Elmer B20 gas chromatograph with a thermal conductivity detector

was used to detect hydrogen, carbon monoxide, methane and nitrogen. Two
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stainless steel columns, 2' x 1/8" packed with 5A molecular sieves from
Union Carbide, were used for the separations.

A ruthenium~rhenium alloy (50:50 atom %) was studied in an Auger:
electron spectrometer built by Varian Associates {Palo Alto, CA). This
instrument was capable of attaining pressures in the ultra-high vacuum

range (11.')'9 to 10710

Torr). The main thrust of this experiment was to
determine if any surface segregation occurred. The alloy was prepared
by arc meiting the two metals to form a button. This button was then

spark cut to form a sampie of the correct size for the Auger instrument

and then mechanically polished with 0.03 um particle size Linde B

alumina.

System Design

The kinetic experiments were carried cut in a medium pressure
reactor, a schematic of which is shown in Fig. 2, with Table 3 serving
as a key. This system consisted basically of two parts. DOne, which
contained the plenum (between valves 2 and 6) was used to pre-mix the
reactant gases. The other contained the Berty reactor where the catalyst
was placed and the reaction occurred. Part of the system (containing
plenum and reactor) could be heated to 425°C and the rest of the system
could be heated to 300°C. The reactor was equipped with three eylindri-
cal inserts to be used for changing the size of the catalyst chamber.
These inserts were also used to determine the volume of the plenum and
reactor chambers. The volume displaced by these inserts was estimated

by water displacement. The volume dispiaced by all three inserts was

i
i

found to be 0.663 liters. We then conducted two series of expansion
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experiments. First, we pressurized the plenum with nitrogen and al lowed
that to expand into the reactor with all three inserts in place. Then
we repeated this without the inserts. This gave us two equations (10
and 11) and two unknowns which when solved gave us the volumes of our

system's chambers. P1 and P3 are plenum
P Vp + PanuVp = PV + V) (10}
P3VP + PM.MWR - vi) = P"(VP + Vg - vi) (11)

pressures before expansion. P2 and Ph are pressures after expansion,

and VP' VR and vi are volumes of plenum, reactor and inserts, respec-
tively. We found the volume of the plenum to be 0.528 }iters and the
volume of the reactor to be 1.358 liters. Since the reactor was operated
with all three inserts in place, this gave us a reaction volume of

1.223 liters.

When we started work on the system, it was not in operable condi-
tion. We dismantled and thoroughly cleaned the whole assembly of
tubing and reaction vessels. After regrinding the pressure seal joints,
the system was reassembied and tested for leaks.

We added plumbing so that we could flow gases through the reactor
for reductions and surface site determinatioﬁs. We alsc added an
exhaust duct system to contain and flush gases from the room should one
of the rupture valv-: reiease. We installed a temperature controller
hat would keep the reaction chamber to *7°C of the set poini.tempera-
ture. The temperature varied in a sine wave manner so that if we

started a countdown procedure at a certain point, we could duplicate
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reaction temperatures to within %2°C. With these modifications, the o
system was capable of producing kinetic runs with consistent reproducible

resul ts.

Preparation of Catalysts

Catalysts were prepared by impregnating alumina with aqueous solu-
tions of metal salt or oxide (RuC'I3 or Re207). The solution (0.6 ml/g
alumina) was added dropwise from a buret to alumina pellets which were
shaped like cylinders (1/8'" x 1/8'"). The peliets were then placed in
an oven at 110°C to dry overnight. The ruthenium catalyst was then
placed in the reactor and reduced in flowing hydrogen at 400°C for 8
hours. The rhenium and ruthenium-rhenium (impregnated successively)
after drying were calcined at 225°C for 4 hours and then at 400°C for &
hours. The catalysts were then placed in the reactor and reduced in
flowing hydrogen at 400°C for 8 hours.

Analysis for metal content of the catalysts was performed by x-ray
fiuorescence. After the catalyst was dried, we leached the metal salts
from the support. This was achieved by boiling a powdered sample for
one hcur in 50:50 (volume} concentrated hydrochloric acid and water, and ~
then stored overnight. This solution was then filtered, placed in a
volumetric flask and analyzed by x-ray fluorescence. Table & shows the

results. We found, for our preparative technique, that the mixed metal i

catalyst contained 0.74% Re and 0.54% Ru. The powdered alumina residue
which was filtered off from the solution was dried and analyzed for
ruthenium and rhenium content. From Table 5, we see a comparison of

these powders to the unimpregnated alumina and a ruthenium=-rhenium
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Table 5. X-ray fluorescence of powdered alumina after
removal of metals from the catalyst
Ru La Z Ru Re Lo % Re

1 52,929 .06 7,003 0.015
Ru-Re/A1203 2 74,171 0.085 8,308 0.015
samples

3 43,204 0.05 6,332 0.015
Y-AIZO3 4 1,032 0.0 2,22t 0.005
Standard 5 437,926 0.54 ) 350,542 0.55




26

catalyst. We conclude that the salts were successfully removed from

the support and that our catalyst loadings were acceptable.

Kinetics Procedure

The general procedure started with increasing the mixing speed to
the desired RPM. Then the plenum was separated from the catalyst cham-
ber by closing valve #6. We then pressurized the plenum to the desired
pressure of carbon monoxide, hydrogen and nitrogen. This charge was
released onto the catalyst. A leak from the catalyst chamber was then
established and the effluent monitored for the amount of methane
produced.

There are several things one must consider when conducting kinetics
experiments. The reaction under stud§ is very exothermic. I|f the reac-
tion proceeds too rapidly, the temperature of the catalyst bec may
change, giving invalid resuits. This may even give hot spots in the
catalyst bed. To minimize this overheating problem, we have used a low
weighting of metal, small charge of catalyst and have kept conversions
of carbon monoxide to 5% or less. The Berty reactor mixes the reactant
gases forcing them through the catalyst so that with each pass a small
amount of carbon monoxide is converted. [t was necessary to operate
under conditions such that concentration gradient effects were minimal.
This is accomplished by increasing the spzed of the mixing fan while
holding other variabies constant (28). Eventually the rateof reaction
will be independent of mixing speed. This speed was assumed for standard
condi tions for subsequent reactions. |t was found that we could clean

the catalyst by flowing hydrogen at reaction temperature for
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approximately one half hour. This hydrogenated surface carbon to make
methane. When the methane production reached a low level, we knew that
our catalyst was clean. This cleaning procedure gave consistent repro-
ducible results.

Next we conducted a standard kinetics study. There are -basically
three parameters to vary: temperature, pressure of hydrogen and pressure
of carbon monoxide. By varying témperature while holding reactant gas
pressures constant, we c.an construct a log rate vs. reciprocal tempera-
ture plot; if linear, its slope is the apparent activation energy
divided by the gas cons‘tant and 2.35. Varying one reactant gas pressure
and keeping the other gas pressure constant as well as temperature, one
gets by plotting Tog rate vs. log pressure, a graph whose slope corre-
sponds to the reaction order of the gas whose pressure was varied. In
this way, we can probe into a particular reaction by experimentally

determining Ea/R, X and Y in the following equation

e-Ea/RT PX PY {(12)
co I-I2

Rate = A

in which A is the pre-exponential factor, Ea is the apparent activation
energy, R is the gas constant, X is the order with respect to carbon
monoxide pressure, and Y is the order with respect to the hydrogen
pressure.

Rates are expressed in molecules per site per second. This allows
meaning”ul comparison with work of other authors. This ”necessitated
measurement of the mumber of surface sites on our catalysts. We used a

flow technique at atmospheric pressure and a reactor temperature of

TLRaT T T o T -4..,
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300°C. Wwe flushed the system thoroughly with nitrogen. This was fol-
lowed by a dose of carbon monoxide which was then left for three hours
to allow deposition of carbon to occur. Next was another nitrogen flush
to get rid of carbon monoxide, followed by a slow flow of hydrogen.

This produced a bell shaped curve, the area of which was approximated by
a surmation;

1 mole CH

n
u moles CH,' total = 521 VvV mt

k] (F mh’min)i at. min (13)
i -

where V = volume of injector, F = flow rate of hydrogen through reactor,
and At is the time increment between injections. We assume one methane
molecule to one metal surface atom. This gave us a good approximation

of the number of metal surface sites present on our catalysts.
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RESULTS AND DISCUSSION

Surface Characterization of a Ru~Re Alloy by Auger Spectroscopy

We prepared a sample of 50:50 atomic percent ruthenium and rhenium
by arc melting the metals eight times. This formed a bead which was
spark cut to the cesired size for the sample holder.

Standard conditions for taking Auger spectra were as follows:
vacuum 5 x 10“9 Torr or better, beam current 6 x 10-7 Amp, beam energy

2 KV, and peak to peak modulation S V.

\
:
1
1
i
!

The initial spectrum is shown in Fig. 3a. The major peaks are

rhenium at 33 eV, ruthenium at 151, 202, 232, 273 eV, oxygch at

a9 m—— L

517 eV, ar;ad carbon at 273 eV. The carbon and ruthenium peaks at
273 eV are superimposed. The top ;;ortion of the peak is due only to
ruthenium and the bottom peak is due %o carbon and ruthenium. One then
can measure the amount of carbon present by taking a ratio of the two
peaks. A clean ruthenium sample gives a ratio {upper to lower peak)
of 0.75 to 0.80 (29). We will let this ratio be Q. We also used the
ratio of the ruthenium 232 eV peak to the rhenium 33 eV peak. We let
this ratio be R. This way we can guantitatively estimate the carbon
present on the sample surface and the segregation of either metal to the
surface.

Our cleaning procedure started with bombardment with hydrogen
ons. Conditions were 1 x 10-5 Torr hydrogen, 20 mA current, and
seam energy of 2.0 KV for 15 minutes. The beam was rastered over a

1 cmz area. We then tried to remove the carbon by successively

heating in oxygen and hydrogen. This required care, for if we




"y T SR o
R SR R e ;

My
A

x40

x40

1 | | 1l 1
O 100 200 300 400 500
ENERGY (eV)
Figure 3. Auger spectra of 2 Ru-Re alloy. a) initial spectrum, b) after

_hydrogen ion bombardment and c) after nine heating in oxygen,
then hydrogen cycles
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heated the sample too much, one of the constituents might segregate

to the surface, destroying the possibility of obtaining a clean undis-
turbed spectrum. We needed to heat the sample, however, in order to
remove the carbon. Our method of attack was to heat at lower tempera-
tures noting any change in the spectrum. We then would gradually heat
to higher temperatures. For carbon removal, we heated to 370°C in

1 x 10_5 Torr oxygen for five minutes followed by heating to 370°C in
1 % 10“5 Torr hydrogen for five minutes. This was supposed to get rid
of surface carbon. After a total of nine cycles, carbon was still
present; the ratic Q was never hetter than 0.65 {Fia. 3¢).

Next we heated the sample in vacuum to 800°C for 30 minutes. Upon
cooling to room temperature, we took the spectrum shown in Fig. La. The
Q ratio shows that carbon is still present and the R ratio is approxi-
mately the same as R ratios from other spectra, showing that no surface
segregation had occurred. We heated the samwple to 760°C in 1 x 10-5 Torr
oxygen for 30 minutes to see if this might remove the carbon. This pro-
duced the spectrum shown in Fig. 4b. Carbon was still present, indicated
by a value of Q = 0.37k. This was followed by five cycles of heating in
oxygen and then hydrogen. Still we see that carbon is present (Q = 0.50)
and that the R ratio shows no appreciable change (Fig. 4¢c). Figure 5a
shows a spectrum of the alloy after heating to 825°C in vacuum for two
hours. Still, we see little change. Figure 5b shows the alloy after
heating in vacuum for three hours at 1000°C. Again carbon is present
(Q = 0.676) and there is little change in the R ratio (R = 0.113).

These results are summarized in Table 6.
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Figure 4. Auger spectra of a Ru-Re alloy. a) after heating to 800°C for
30 min., b) oxygen dose and heating to 760°C for 30 min. and
. ¢) after 5 cycles of heatfng in oxygen and hydrogen
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Auger spectra of a Ru-Re alloy. a) after heating in vacuum st
825°C for 2 hours and b) after heating in vacuum at 1000°C
for 3 hours






