
United States Patent [191 

Atkinson et al. 

[54] PREPARATION AND USE OF HIGH 
SURFACE AREA TRANSITION METAL 
CATALYSTS 

[75] Inventors: Gary B. Atkinson; Larry J. Nicks, 
both of Reno, Nev. 

[73] Assignee: The United States of America as 
represented by the Secretary of the 
Interior, Washington, D.C. 

[21] Appl. No.: 738,201 

[22] Filed: Nov. 3, 1976 

[51] Int. Cl.2 ........................ BOlJ 21/04; BOlJ 23/10; 
BOlJ 23/76 

[52] u.s. Cl .................................. 252/462; 252/466 J; 
75/232; 75/233; 75/235; 75/242; 148/102 

[58] Field of Search ............................ 252/462, 466 J; 
29/182.5, 182.8; 75/152, 170, 232, 233, 235, 

242; 148/13.1, 16, 102 

REPRODUCED SY 

[11] 

[45] 

4,071,473 
Jan. 31, 1978 

[56] References Cited 

U.S. PATENT DOCUMENTS 

3,713,270 1/1973 
3,883,346 5/1975 
3,928,235 12/1975 

Farr et al. .......................... 75/152 X 
Martin ............................... 75/170 X 
Goodell ........................... 252/462 X 

Primary Examiner-W. J. Shine 
Attorney, Agent, or Firm-William S. Brown; Donald A. 
Gardiner 

[57] ABSTRACI' 

Highly active catalysts, suitable for use in hydrogena­
tion and other reactions, are prepared from an alloy of 
one or more of the Group VIII transition metals with 
yttrium or a rare earth metal. The alloy is ground to the 
desired particle size and is thereafter reacted with a gas 
containing carbon monoxide and hydrogen to form an 
intimate physical admixture of t:l:te Group VIII metal or 
its corresponding carbide with the oxide of yttrium or 
the rare earth metal. 

11 Claims, 2 Drawing Figures 
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PREPARATION AND USE OF HIGH SURFACE 
AREA TRANSITION METAL CATALYSTS 

2 
or zinc. The cooled alloy is comminuted to a convenient 
particle size and then leached in a heated alkaline solu­
tion to dissolve the aluminum or zinc. The resulting 
catalyst has a large skeletal surface area of active metal 

BACKGROUND OF THE INVENTION 5 and finds use in hydrogenation and methanation reac­
tions. This invention relates generally to manufacture and 

activation of metal-containing catalysts and their use in 
hydrocarbon conversion reactions. More particularly, 
this invention concerns a method for making and acti­
v~-ting a metal or metal carbide-metal oxide catalyst 10 
especially useful for promoting hydrogenation reactions 
in general and the methanation reaction in particular. 

The transition metals of Group VIII of the Periodic 
Table have long been known for their catalytic activity 
when prepared in a fmely divided or high surface area 15 
form. Nickel in particular has found extensive use as a 
catalyst in hydrogenation and methanation reactions. A 
number of standard techniques to obtain high surface 
area metal catalysts have been developed. Illustrative of 
these are impregnation, precipitation, ion-exchange, 20 
Raney metal and reduction of the fused oxide. Since 
reactions which are promoted with a catalyst usually 
occur on the surface of the catalyst through adsorption 
of one or more of the reactants, it is usually desirable to 
obtain catalysts with the largest active surface area 25 
practicable. 

When impregnation techniques are used to prepare a 
catalyst, a compound which is usually a salt of the de­
sired catalytic elements is dissolved in a liquid. A high 
surface area support material such as kieselguhr, alu- 30 
mina, or activated charcoal is wetted with the solution 
and the mixture is thereafter dried and calcined. If a 
catalytic element in its metallic state is desired, the 
calcined mixture is thereafter reduced using a gaseous 
reductant such as hydrogen. Boyd et al. in U.S. Pat. No. 35 
2,666,756 disclose impregnation techniques for the 
preparation of metallic nickel or cobalt catalysts pro­
moted with other compounds including the oxides of 
cerium and thiorium supported on Kieselguhr and silica 
gel. Their catalyst fmds use for the. polymerization of 40 
ethylene. 

Catalysts may be prepared by precipitation tech­
niques in which a catalytic metal is precipitated from 
solution, generally as the hydroxide, either alone or 
with a carrier compound. The resulting precipitate is 45 
washed and dried and the metal compound is thereafter 
reduced to elemental form. Very small catalyst particles 
having a large surface are produced by this technique. 

Taylor et al, in U.S. Pat. Nos. 3,395,104 and 3,404,100 
disclose catalysts prepared by coprecipitating nickel 50 
and alumina. The precipitated mixture was thereafter 
impregnated with a solution containing either a rare 
earth metal or yttrium and the resulting mixture was 
dried and calcined. After reduction with hydrogen, the 
catalyst was used to react steam with naphtha vapors to 55 
produce a methane-rich gas. 

Catalysts may be prepared by ion-exchange with a 
high surface area support having a large number of 
protonic sites. A solution containing cationic metal is 
added to a stirred slurry of the support material in a 60 
liquid to effect ion-exchange at the protonic sites. 
Thereafter, the support is washed and dried and the 
exchanged metal may be reduced. This results in metal-
lic sites dispersed over the large surface of the support. 
A skeletal high surface transition metal catalyst may be 65 
prepared through the use of Raney alloys. An alloy is 
obtained by melting a transition metal such as iron, 
cobalt or nickel with a soluble metal such as aluminum 

Another technique for prepacring catalysts is by re-
duction of a fused oxide. An oxide of an easily reducible 
metal is fused with a promoter or support material 
which may comprise an oxide of a difficulty reducible 
metal. The cooled material is ground, sized, and re-
duced with hydrogen at temperatures sufficiently low 
to prevent sintering. There is obtained a porous bulk 
material having a high surface are interlaced with oxide 
promoters. 

While all of these techniques produce useful and 
active catalysts, no one of the nrior art methods com­
bines the advantages of high surface area, ease of prepa-
ration and activation, high specific reactivity and over­
all economy as do the catalysts of this invention. 

SUMMARY OF THE INVENTION 

A high surface area active catalyst is formed by react­
ing an alloy with a reactive gas mixture to oxidize one 
of the alloy components while leaving other alloy com­
ponents in the metallic state. The alloy comprises one or 
more of the transition metals of Group VIII of the Peri­
odic Table with one or more metals selected from the 
group consisting of yttrium and the rare earths. Forma­
tion of the catalyst is accomplished by reaction of the 
alloy with a reactive gas containing both carbon mon­
oxide and hydrogen. At temperatures above about 300° 
C, this gas mixture reacts with yttrium and the rare 
earths contained in the alloy to form an intimate disper­
sion of the transition metal with oxides of the yttrium or 
rare earths. 

While treatment of the alloy with the reactive gas at 
temperatures above about 300° C results in an active 
and useful catalyst, further surface area development 
can be attained in a second, activation step. This activa­
tion step comprises further treatment with the same gas 
but at a reduced temperature, i.e., below about 275° C 
and preferably below 250° C. The resulting catalysts are 
useful in hydrogenation reactions in general and in the 
methanation reaction in particu]ar. 

FIG. 1 is a graphical presentaKion of catalysts proper­
ties resulting from the initial ca;talyst preparation step. 

FIG. 2 illustrates changes in catalyst properties re­
sulting from the second, activation step. 

DETAILED DESCRIPTION OF THE 
INVENTION 

It has been found that novel, highly active catalysts 
can be produced by reaction of particular metal alloys 
with a gas mixture containing both carbon monoxide 
and hydrogen. The alloys contain a first component 
which may be any one of the transition metals of Group 
VIII of the Periodic Table or mixtures of these with a 
second component which may be any one of the rare 
earth metals, yttrium or mixtures of these. Alloy com­
position is not critical; a broad range of the two compo­
nents can be used to produce useful catalysts. Alloy 
composition may usefully range from 5% to about 95% 
by weight of the first component metal with the balance 
being made up of the second component metal. More 
preferred compositions range from about 10% to about 
80% by weight of the first component material. Nickel 
is preferred as the first compon,ent metal. 



4,071,473 

The alloy may be tbnncd by fm:ion of the two metal 
components in the desired ptQportion§ under an inert 
atmosphere. fu·c melting the <~.Hoy components on a 
water cooled hc:ofth iu a helium aatmosphere is 
a convenient ;'ntirdy satisl:'i(:tory method for form- 5 
ing the alloy. A.ftr=r the )§ forrned, it is cooled, 
preferably under an inert atmosphere, and. then is com­
minuted to a conven;,,nt j:mrticle size. Since the alloys or 
interest are brittle, connnir.ution 1nay be accomplished 

pressures being above about 5 atmospheres, and prefera­
bly about 10 atmospheres. Use of elevated pressure in 
this activation step is generally necessary to avoid car-
bon deposition. In addition, use of similar elevated pres­
sures in the initial catalyst formation step is preferred 
when the subsequent activation step is to be employed. 
Contacting time is dependent upon temperature and 
other variables, but again, is in the general range of 1 to 
24 hours. Care should be taken to avoid too low temper-

using conventional znd grinding techniques. 
Any one of the Group VXH transition metals, iron, 

cobalt, or nickel, ma.y be used as the first alloy compo­
nent, but nickel is preferred becB<.use of its generally 
higher catalytic activity. These metals may be also used 

10 atures in the activation step when nickel is present as the 
first alloy component so as to avoid any substantial 
production of nickel carbonyl. Minor losses of nickel as 
the carbonyl can be tolerated provided that proper 

in combination to m&ke up the first component. Any 15 
one of the rare earth metals or yttrium may be used as 
the second component of the aJ.loy system, but here a 
mixture of rare earth metals such !W mischmetal is pre­
ferred becansc; of ecorwmy" Mischrnetal is a commercial 
form of mixed rare earth metal of indefinite composition 20 
but usually containing a major amount of cerium with 
lesser amounts of lantl:mml!'n, neodymim:n, praseodym­
ium, and other rare earth metals. Because of the chemi­
cal similarity of the rare earths a11d yttrium, the precise 
composition of the second alloy component tends not to 25 
significantly affect catalyst properties. However, partic­
ularly high surface area catalysts are obtainable when 
using cerium alone as the second aHoy component. 

The reactive gas used to form and activate the cata­
lyst must contain both hydrogen and carbon monoxide. 30 
It may be a mixture containing only hydrogen and car­
bon monoxide or it may be in admixture with other 
gases, including steam, carbon dioxide, lower hydrocar­
bons such as methane and similar gases. Inert diluent 
gases such as helium may also be used in the gas mix- 35 
ture. When the catalyst is to be used in methanation 
reactions, synthesis gas is preferred as the activating 
agent as it is readily available and produces entirely 
satisfactory results. 

Initial catalyst formation is accomplished by reacting 40 
the alloy particles with the gas mixture at temperatures 
sufficiently high to oxidize ti1e second alloy component. 
Oxidation is initited at temperatures of about 300° C. 
Much higher temperatures can be used hut little advan­
tage is gained at tempenrtures above about 600o C. Suit- 45 
able pressures may range from ambient to about 10 
atmospheres, with ambient pressure being preferred 
when the subsequent activation step is not employed. 
Reaction is continued until substantially all of the sec­
ond alloy component ha.s been oxidized. 1.11e time re- 50 
quired to complete oxide,tion is dependent upon temper­
ature, upon reactive gas composition and upon gas flow 
rate, but is generally in the range of 1 to 24 hours. At the 
end of the oxidation step, the product displays useful 

precautions are taken to dispose of the gas. At the end of 
the activation step, the catalyst will typically display a 
BET surface area of 40 to 50 m2/g and an active surface 
area as determined by CO adsorption of about 40m2/g. 

X-Ray diffraction and chemical analyses performed 
on the product of the initial catalyst-formation step 
indicate that the second alloy component is converted 
to the oxide form while the first alloy component re-
mains in the metallic state. Similar analyses performed 
on the product of the activation step indicate that much 
of the transition metal is converted to the corresponding 
metal carbide. 

The catalyst, either as initially formed or following 
activation, is stable if cooled to room temperature under 
an atmosphere of either the reactive gas or an inert gas. 
It is stable in air, can be handled and stored without 
hazard, and used in a chemical reaction without further 
treatment. However, if the catalyst is de-gassed, as by 
heating in vacuum, it becomes pyrophoric. 

Reactions catalysed by the catalyst of the invention 
include hydrogenation reactions in general such as the 
hydrogenation of unsaturated hydrocarbons, alcohols, 
and the like. The catalyst is particularly useful for pro-
moting the methanation reaction which is the reaction 
of carbon monoxide and hydrogen to produce methane 
and water vapor. Testing of the catalyst in the methana­
tion reaction has indicated that the turnover number is 
as much as ten times that of a commercial hydrogena-
tion catalyst. Turnover number is a calculated value 
representing the number of molecules of methane 
formed per active catalyst site per second. Reaction 
conditions appropriate for use with the catalyst of this 
invention are essentially those of the prior art. Methana-
tion, for example, may be accomplished at temperatures 
in the range of about 350° C to 400° C, and at pressures 
ranging from about 1 to more than 100 atmospheres. 

Details on the preferred methods for preparing, acti­
vating, testing, and using the catalysts of this invention 
are given in the following examples. 

EXAMPLE 1 

catalytic properties and may b::: uged to promote hydro- 55 An alloy containing 32.3 wt-pct cerium and 67.7 wt-
genation, methanation, m:cd like reactions. Surface area pet nickel, which conforms to the formula CeNi5, was 
of the catalyst at this stage is generally below a 30 m2/g prepared by arc melting the metals on a water cooled 
as determined by the BE~f method and the active sur- copper hearth in a helium atmosphere. Tne cooled aHoy 
face area is generally belmv about 10 m2/g as deter- was ground to a size range of 31 25 +80 mesh and 
mined by CO adsorption. 60 samples were sequentially loaded into a stainless steel 

Both BET surface area and active surface area can be tube reactor. Successive samples were then reacted 
substantially increased by subjecting the catalyst to a overnight with a flowing gas stream containing about 
subsequent activation s~ep. Tiis step comprises contact- 75% hydrogen and 25% carbon monoxide at 1 atmo-
ing the catalyst with the smne reactive gas mixture but sphere total pressure and temperatures ranging from 
at a lower tempers::ure 2nd ~1igher pressure for a time 65 275° C to 400° C. 
sufficient for the catalyst to reach a.n equilib1ium state. At the end of the reaction period, each sample waB 
Temperatures employed in this step must be below cooled to room temperature and subjected to analysis. 
about 275• C., and preferably 'be!cw about 250° C, with Surface area was determined by the BET method and 
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active surface area was determined by carbon monoxide 
adsorption. Chemical analyses for oxygen and carbon 
were also performed. The results of these tests are pres­
ented as FIG. ll. 

In that Figure, curve 1l represents BET surface area, 5 
while r·.mife 2 represents active surface area as deter­
mined ':Jy carbon m.onoxide adsorption. Curve 3 indi­
cates oxygen content of the catalyst while curve 4 rep­
zc.::o:\t: :::2-zboD content As may be seen from the curves, 
development of totd and active surface area paralleled 10 
oxidati.on of t}H:: cerium component reaching a maxi­
mum. a': e. temperature of about 335° C. Reaction at 
higher temperatures achieved essentially complete oxi­
dation of the cerium component of the alloy but both 

15 total and acti•Je surface area decreased with increasing 

EXAMPLE 3 

A series of alloy cornpositinns cont<>.ining nickel as 
the first alloy component and rnischmetal (MM) as the 
second component were prep:ued by arc melting the 
constituents on a water coolec\ cooper hearth under a 
helium atmosphere. An approximate analysis of the 
MM showed 67 wt-pct Ce, 13 wt-pct La, 9 wt-pct Pr 
and 11 wt-pct Nd. The cooled alloys 'Nere ground and 
sized and catalysts were formed and activated as in 
Example 2. 

temperat:m::. Carbon monoxide of the catalyst, present 
rriain!y e<S nickel carbide, peaked with the surface area 
and thereaft-.:r declined somewhat to an equilibrium 
value. 

All of the f:J.lly oxidized catalysts were active for 
p:romoting the methanation reaction and may be used 
for that purpose without further surface area develop­
rr:>erri obt<>.ined in the activation step. If the catalysts are 

Surface area of each catalys·[ composition was deter­
mined both by the BET metho.j and by carbon monox­
ide adsorption and these values were compared to a 
commercial nickel hydrogenation catalyst sold under 
the designation Harshaw #0302T. In addition, the spe­
cific activity of each catalyst sample was determined 
and compared to that of the commercial catalyst. Spe­
cific activity was reported as the Turnover Number 20 which is a calculated value rerresenting the number of 
methane molecules formed on each catalyst site per 
second. Results obt~ined in these experiments are sum­
marized in the following table: 

to be used without further activation, then those dis- 25 
playing the higher surface areas are preferred. Temper­
ature of catalyst formation had little if any effect on the 
surface area obtained in the activation step provided 
that essc;ntially complete oxidation of second alloy com­
ponent 'N2S obtained in the formation step. 30 

EXAMPLE2 

An alloy cmnposition identical to that of Example 1 
was subjected to an initial catalyst formation by reac­
tion overnight with 2, flowing gas stream containing 35 
about 75% hydrogen and 25% carbon monoxide at 10 
atmospheres total p:;:essure, and a temperature of 350" 
C. Samples of the resulting catalyst were subjected to 
an activation step using the same gas mixture, reaction 
time, and pressure, but lower temperatures. The reacted 40 
samples were then cooled and subjected to analysis as in 
Example L Results of these analyses for BET surface 
area, active surface area, oxygen content, and carbon 
content at temperatures ranging from 150° C to 275° C 
are presc:r.ted as FIG. 2. 45 

In thai Figure, curve 5 represents BET surface area 
while curve !J represents active surface area as deter­
mined by carbon monoxide adsorption. Oxygen content 
as depicted by curve 7 and carbon content, represented 

50 by curve;; a, were determined by chemical analysis. Both 
BET and active surface area generally increased as 
activation temperature decreased, reaching maximum 
values at iemperatures in the range of about 165° C to 
about 2!0" C. §onlC decrease in surface area was noted 55 at an activatic:r: tempna!.ure of 150° C. This decrease 
may be rekted to reaction of the nickel component with 
carbon monoxide to form nickel carbonyl as some pro­
duction of nickel carbonyl was observed at the lower 
tempen:t:.1res. 60 

TABLE I 
BET Active 
Area Area Turnover No. 

Catalyst m2/g m2/g at 275' C X 103 

Harshaw #0302T 77.6 14.3 13 
10 wt-pct MM-bal.Ni 1.3 0.7 32 
20 wt-pct MM-bal.Ni 20.1 7.0 65 
30 wt-pct MM-bal.Ni 30.0 23.1 150 
40 wt-pct MM-bal.Ni 35.5 25.3 Ill 
50 wt-pct MM-bai.Ni 37.2 13.8 128 
60 wt-pct MM-bal.Ni 27.0 18.8 
70 wt-pct MM-bal.Ni 21.0 19.2 
30 wt-pct MM-bai.Ni 19.2 14.6 

While none of the prepared catalysts approached the 
BET surface area displayed by ·:he commercial catalyst, 
all compositions containing 30 wt-pct or more MM 
displayed equal or substantially higher active surface 
areas. All of the catalysts tested far exceeded the com­
mercial catalyst in specific activity; the best being more 
than ten times as active as the commercial catalyst. 

EXAMPLE4 

An alloy containing 32.3 wt-)Ct cerium and 67.7 wt­
pct nickel was prepared by arc melting the constituents 
on a water cooled copper hearth in a helium atmo­
sphere. The cooled alloy was ground to -20 + 80 mesh 
and loaded into a stainless steel tube reactor. Reactor 
temperature was then raised to 400° C under an atmo­
sphere of flowing helium. Thereafter, helium flow was 
stopped and a gas mixture containing 75% hydrogen 
and 25% carbon monoxide was admitted to the reactor 
at lO atmospheres pressure and allowed to flow at a 
space velocity of 1000 hr- 1 for 17 hours. The tempera-
~ure was then decreased to 200° C and the reaction was 
continued for another 27 hours. At this point, the cata­
lyst was considered to be fully activated. 

Reaction temperature was then raised to 400° C while 
maintaining gas composition, flow rate and pressure as 
before. The exit gas was sampled, analyzed and found to 
contain 48 mole-pet methane, 48 mole-pet water vapor 
and 4 mole-pet carbon dioxide. EssentiaHy complete 

Oxygen content of <he activated catalysts remained 
relatively constant over the entire temperature range 
while carbon content increased and then stabilized at 
temperatures below about 225° C. X-Ray diffraction 
analyses determir;<;d that the carbon was present in the 
form of D.ickel carbide. All of the catalyst samples were 
found to be highly active in promoting the methanation 
reaction. 

65 reaction of the feed gas had occurred. A surface area 
determination showed that the catalyst had a BET sur­
fac·~ area of31.1 m2/g and an acjve area of 12.3 m2/g as 
determined by carbon monoxid ~ adsorption. 
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An alloy conforming to the composition CeCo5 was 
prepared as in Example 1. It was treated with a synthe­
sis gas containing hydrogen and carbon monoxide at a 5 
temperature of 336• C overnight. This treatment re­
sulted in a catalyst having an active surface area of 3.4 
m2/g. Some carbon deposition on the catalyst was ob­
served. 

2. The method of claim 1 wherein said first metal is 
nickel. 

3. The method of claim 1 wherein said first metal is 
cobalt. 

4. The method of claim 2 wherein said second metal 
is mischmetal and wherein said temperature is greater 
than 300• C. 

5. The method of claim 2 wherein said second metal 
is cerium and wherein said temperature is greater than 
300° c. 

6. The method of claim 1 wherein the resulting cata­
lyst is additionally subjected to a surface enhancement 
step, said step comprising contacting said catalyst with 
a gas comprising hydrogen and carbon monoxide at a 

These examples illustrate preferred embodiments of 10 
the invention and demonstrate its novelty, utility and 
advantages as compared to the prior art. Other varia­
tions in the described techniques for preparing, activat­
ing and using the catalysts of this invention will be 
apparent to those skilled in the art. 15 temperature below the temperature required to oxidize 

said alloy for a time sufficient to reach an equilibrium 
state. 

We claim: 
1. A method for preparing a catalyst which com­

prises: 
a. forming an alloy of a first metal selected from the 

group consisting of nickel, cobalt, iron and mix­
tures thereof with a second metal selected from the 
group consisting of yttrium, the rare earth metals 
and mixtures thereof, said first metal comprising 
from 5 to 95 wt-pct of said alloy; and 

7. The method of claim 6 wherein said first metal is 
nickel and wherein said temperature is sufficiently high 

20 so as to avoid any substantial formation of nickel car­
bonyl but below about 275• C. 

b. reacting said alloy with a gas comprising hydrogen 25 

and carbon monoxide at a temperature sufficiently 
high for a time sufficiently long to oxidize said 
second metal. 

30 

35 

40 

45 

50 

55 

60 

65 

8. The method of claim 7 wherein said second metal 
is mischmetal. 

9. The method of claim 7 wherein said second metal 
is cerium. 

10. A catalyst prepared by the method of claim 1. 
11. A catalyst prepared by the method of claim 6. 

• • • • • 


