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DISCLAIMER 

This report was prepared as an account of work sponsored by the United 
States 6overnment. Neither the United States nor th~ United States 
ERDA, nor any of their employees, nor any of their contractors, sub- 
contractor, or their employees, makes any ~arranty, express or implied, 
or assuzes any legal l iab~lity or responsibility for the accuracy, 
completeness, or usefulness of any information_, apparatus, product or 
process disclosed, or represents that its use would not infringe 
privately owned rights. 
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FOREWORD 

This report summarizes technical progress during the second 
quarter period (Ouly 23, 1975 to October 22, 1975) of a two-year 
study conducted for the Energy Research and Development Administration 
(ERDA) under Contract No. E(49-18)-1790. The principal investigator 
for this work is Dr. Calvin H. Bartholomew; Dr. Paul Scott is the 
technical representative for ERDA. 

The following students contributed to the technical accomplishments 
and to this report: Graduates - Eyung Sup Chung, Blaine Barton, Don 
Stowell and Richard Turner and Undergraduates - Norman Shipp, and Scott 
Engstrom. Michael King, Karen Beis and Scott Folster provided t3~ing 
and drafting services. 
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ABSTRA. C T ," 

This r~port presents work accomplished during the second quarter 
of investigation of new pellet- and monolithic-supported alloy catalysts 
for methanation of coal synthesis gas. Alutnina-supported alloys of nickel 
with ruthenium, rhodium, molybdenum, platinum, palladium, iron, and 
cobalt were characterized by surface area measurements and tested for 
methanation catalyst activity at ambient pressure, 225 and 250°C and 
at space velocities of 30,000 and 60,000 hr- ' .  To determine effects of 
sulfur poisoning on surface area, the adsorption of hydrogen and 
carbon monoxide on most of these catalysts was measured before and after 
exposure to hydrogen sulfide. In addition, pellet-supported molybdal~e 
nickel-copper, ri:thenium-cobalt and ruthenium-palladium alloy 
catalysts and monolithic-supported nickel catalysts were prepared. 
Reconstruction of a laboratory reactor to enable high pressure operation 
was eighty percent con@feted. 



I .  OBJE~IVES ~,I) s.cqPE 

A. Background 

Natural gas is a highly desirable fuel because of i ts high 
heating value and nonpolluting combustion products. In view of the 
expanding demand for and depletion of domost~: supplies of clean fuels, 
economical production of synthetic natural _cas (SIIG) from coal ranks 
high on the l i s t  of national priorities. 

Presently there are several ~sification processes under develop- 
ment directed toward the production of methane or SNG. Although catalytic 
methanation of coal synthesis gas is an important cost item in the 
process, basic technologica! and design principles for this step are 
not well advanced. Extensive research and deveIoIwnent are needed before 
the process can realize economical, reliable operation. Specif ically, 
there appears to be important economical advantages in the development 
of more ef f ic ient,  stable catalysts. 

An ext~sive general review of the pertinent literature dealing 
with methanation c@talysts was reported in ~he proposal, including 
reviews by 6reyson ~ and Mil ls and Stefl'gen. From th~ l i terature 

~ hree ma.ior catalyst problems are apparent which relate to s tab i l i t y :  
1 ) sulfur poisoning, (2} carbon deposition with associated plugging, 

and (3) sintering. These problems have received at best only modest 
attention. There has been very i~ t t l e  research dealing with alloy 
catalysts for methanation, and there are ~'o published investigations of 
the effects of catalyst SUPlC~rt geometry o~ catalyst performance. This 
study deals specil~ically with sulfur poisoning, carbon deposition, 
and the effects of support (monolith and pellet) geometry on the per- 
formance of alloy methanation catalysts. 

B. Ob~e6tives 

The general objectives of  this research program are ( I }  to study 
nickel and ruthenium alloy catalysts in the search for catalysts resistant 
to poisoning and carbon deposition and (2) to investigate the effects 
on catalyt ic efficiency of support (monolith and pel let)  geometry. The 
work has been divided into f ive tasks to be completed over a period of 
two years: 

Task 1. Prepare pel let-  and monolithic-supported nickel and 
rutheni~ a - - ~ y  methanation catalysts by impregnation with metal salts 
of nickel, ruthenium, iron, platinum, etc. followed by reduction in 
hydrogen. Hydrogen and carbon monoxide chemiso~Jion uptakes w i l l  be 
measured before and after exposure to hydrogen sulfide. Metall ic 
phases of  these catalysts w i l l  be examined by x-ra.v di f f ract ion for 
chemical composition and part icle size. 

Task 2. Design and construct a continuous f l ~  laboratory 
reactor system capable of 25-1000% and 1-25 al~. to be u~ed for screening 
methanation catalysts and investigating effects of sulfur poisoning 
on methanation act iv i ty.  



Task 3. Screen catalysts prepared in Task 1 using a reactor 
system constructed in Task 2 to determine methanation catalyst ac t iv i ty  
at various time exposures to lO ppm H2S. 

Task 4. The most promising catalysts based on the results of 
Tasks l and 3 will be compared for steady-state catalytic activity on 
different pellet and monolith supports of different hole sizes and 
geometries under various operating conditions, i.e., temperature, 
pressure, H2/CO ratio and H2S level. 

Task 5. Close liaison shall be maintained with organizations 
doing si~research such as the Bureau of Mines, Bituminous Coal 
Research, Institute o6 Gas Technol~, and others. 

C. Technical Approach 

The technical approach which will be used to accomplish the 
tasks o~lined above is presented in the revised proposal dated May 
17, 197¢. The main features o6 that approach are reviewed here along 
with more specific details and modifications which have evolved as a 
result of progress in related research over the past year. I t  is 
expected that various other aspects of this approach w i l l  be modified 
and improved as the project develops and as new data are made available. 
Nevertheless, the objectives, tasks and principle features of the 
approach wi l l  remain substantially the same. 

Task l :  Catalyst preparation and characterization. Alumina 
pellets and extruded =mno!ithic ceramic supports (provided by Coming 
Glass Works) coated with high surface area alumina wi l l  be impregnated 
with nickel nitrate and an alloying metal salt.  Motals whick wi l l  be 
alloyed with nickel include cobalt, iron, molybdenum, rhodium, rb-thenium, 
platinum, and palladium. Ruthenium wi l l  be used in combination with 
nickel, cobaltand palladium. Approximately equimolar quantities of 
base metals w i l l  be used in combination with nickel. Only very small 
amounts of noble metal w i l l  be used in combination with nickel or other 
base metals. Catalyst samples w i l l  be dried in vacuum at 70-lO0°C, 
reduced at 500°C in flowing hydrogen, and carefully passivated with 
1% air  in preparation for further testing. A dedicated reduction 
apparatus w i l l  be used to reduce and passivate large batches of pellets 
and monolithic catalysts. Alloy catalysts w i l l  be i n i t i a l l y  prepared 
in pellet fo,1 for  chmdsorption, x-ray dif fract ion, and reactor screening 
measurements. Only the more promising catalysts wi l l  be prepared in 
monolithic form. 

Hydrogen and carbon monoxide chemisorption uptakes w i l l  be 
measm-ed using a conventional volumetric apparatps before and af ter  
exposure of each catalyst to hydrogen sulf ide. Catalysts w i l l  be 
exposed to lO ppm HaS over a period of  several hours in a dedicated 
poisoning apparatus." X-ray diffraction measurements wil l  be carried 
out to determine the active metallic phases and metal c rysta l l i te  size 
where possible. Selected "aged" samples from Task 4 w i l l  be analyzed 
(by x-ray and perhaps ESCA) to determine carbon content and possible 
changes in phase composition or part icle size. Hare extensive study of 
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catalyst sintering or thermal degradation will be undertaken as part of 
a separate study supported by NSF and perhaps as an extension of this 
work, but is not intended to be within the scope of this two-year study. 

Task 2: LaboEato.ry reactor construction. I t  was in i t ia l l y  
proposed to construct a combination pulse-continuous ~low reactor 
system for catalyst screening and testing. This apparatus was in fact 
constructed during the past year as part of a previous methanation study 
supported by Coming Glass Works and Brigham Young University. The 
combination was found to be unworkable--unsatisfactory for pulse operation 
because of pulse broadening in the reactor and for continuous-flow 
operation due to high flow resistance in the sm~ll diameter tubing and 
sample valve. The reactor system was later ~odifiad for continuous- 
flow operation and collection of steady-state activity data~ which were 
found to be more useful= realistic indicators ef catalyst performance 
than the unsteady-state pulse measurements. Our continuous-flow reactor 
system, presently capable of 0-60 psig, wil l be ~odified for operation 
to 400 psig and significantly upgraded to enable convenient study of 
activity as a function of temperature, press~r~, and feed composition. 

Tesk 3: Reactor screening of alloy catalysts. Catalyst samples 
wil l  be screened on the basis of steady-state m~thanation activity 
(reaction rate based upon catalyst surface area} measured in a differen- 
t ial flow reactor at atmospheric pressure and 225 or 25D°C at a fixed 
Ho/CO ratio of 3.5-¢.0. Samples to be screened ~ i l l  include freshly-reduced 
c~talysts and catalyst samples exposed in a separate poisoning syste~ to 
lO ppm HZS over a period of 6-18 hours. 

Task 4: Catalyst geometry testing and design. The most promising 
catalysts based on the results of screening wil l  be tested for activity 
and conversion as a function of pressure, temperature, H2/CO ratio, and 
H?S concentration. The conversion of carbon ~onoxide to methane as a 
f~nction of temperature will be determined for various pellet and monolith 
geometries at both high and lo~ pressures. The effects of water addition 
to the feed stream will ~Iso be investigated. Conversion of carbon 
monoxide to methane during in situ exposure to low levels of hydrogen 
sulfide and at low H2/CO ratios wil l be used as a measure of stabil ity 
toward sulfur poisoning and carbon deposition. A comparison of steady- 
state conversions at given temperature and pressure conditions for 
monolithic supports of different hole sizes and geometries wil l be used 
to optimize ths geometry of the catalys~ support. 

Task 5: Technical visits andcomunication. Visits to other 
methanation laboratories such as the Bureau of Mines and the Institute 
of Gas Technology are planned. Close communication with other researchers 
working in methanation catalysis both in industrial and academic 
locations is also planned. The principal investig=tor will attend coal 
and catalysis meetings regularly to co~unicate ~ith other workers 
regarding methanatien catalysis. 



I I .  St~IMARY OF PROGRESS 

A project progress summary is presented in Figure l and accom- 
plishments during the past quarter are summarized below. Figure 1 
shows that task accomplishnents are either on or ahead of schedule. 
Part icular ly Task 2, Construction of Reactor System, and Task 3, Cata- 
l ys t  Screening, are well ahead of schedule. 

Accomplishments during the last quarter are best smrznarized 
according to task: 

Task 1. Alumina-supported Ni-Cu, MoO~, Ru-Pd and Ru-Co catalysts 
were p r e p a ~ i n  pel let  form by impregnation,~dwing and reduction in hydro- 
gen. Several monolithic-supported Ni-A1203 catalysts were prepared by 
special impregnations followed by drying and reduction. Hydrogen and 
carbon monoxide adsorption uptakes were measured for Ni-Fe and l(i-Co 
catalysts before and after exposure to 10 ppm. H2S in hydrogen. Adsorption 
of  CO was also measured for pelleted Ni-Ru, Ni-Rh, and Ni-HoO 3 catalyst 
before and after treatment with H2S. X-ray di f f ract ion and fIuoresence 
measurements for  a 15 wt.% Ni/A1203 were in i t ia ted.  

Task 2. An atmospheric laboratory reactor used for catalyst 
testing was reconstructed to allow for operation to 400 psia. A new 
18-inch zone furnace, NDIR" analyzer for CO and chromatog~phic accessories 
were added to the system. System upgrading and modifications ape about 
80% complete. 

Task 3. Screening measurements of steady state methanation 
ac t iv i ty  at"aE-2-~5+ 250°C and space velocities of 30,000 and 60,000 hr "1 
were carried out for  alumina-supported Ni, Ni-Ru, Ni-Rh, Hi-Pt, ,~i-Pd, 
Ni-Fe, Ni-Co, and Ni-MoO 3 catalysts. 

Task 4 .  Work is scheduled to begin October 22, 1976. 

Task 5. The principal investigator has established new technical 
communica¢~ with workers in methanation catalysis. He also participated 
in the University Contractors Conference (sponsored by ERDA/EPRI/NSF- 
RANN) held October 22-23 in Park City, Utah. 



Task 
No. 

l .  

Work Statement 

a. Cata]yst Preparatlon 

1975 1976 1977 

-11= 
b. datalyst Characterization 

2, LabReactor Construction 

. 

. 

Catalyst..Screenlng 

Catalyst Testing and Design 

5. Visits and Technical Co~nuntcation 

~'_t 

KEY 

Progress. 

I I Scheduled 

Early Progress 
.... I I_ _l_I I I I_I. I l_I 

........ ! I 

! 

(Ahead of Schedule) 
I i l__; i i m .q i i I I I_ I_. 

Figure I, Project Progress Sumrr~ary 



I I I .  DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

A. Task 1 : Catalyst Preparation and Characterizallion 

1. Catalyst preparation. Alumina pellet-supported )(i-Cu, 
Ru-Co, Ru-Pd', and MoO~ catalysts were prepared according to the general 
procedure outlined in~thz first quarterly progress report) {QPR-1). The 
Hi-Cu catalyst was prepared by impregnation from a neutral solution of 
nickel and copper nitrates. The ruthenium alloys were prepared from 
slightly acidic impregnations of ruthenium chloride, palladium chloride, 
and cobalt nitrate salts. The molybdate catalyst was prepared from 
(NN~)~Ho~O24-4H)O dissolved in en~nical solution. Kaiser SAS 5 x 8 
mesB Alumina {300mZ/g) was used in all pellet preparations. Nominal 
metal compositions are shown for these catalysts in Table 1. The purpose 
in preparing the al~nina-supported molybdete was to compare its behavior 
for H~ and CO adsorption with that of the Ni-MoO)/Al~O~in order to 
bettet~ understand the relative catalyt ic roles o, ~ ni~kL:i and molybdate 
sites in the bimetall ic catalyst. 

In order to explore various methods oF monolithic catalyst pre- 
• paration, six dif ferent monolithic-suppor~ced nickel catalysts were 
prepared, each with variations in the methods of application fgr either 
coating or impregnation. The Celcor EX-20 monolithic supports ~ 
(Coming Glass Works) consisting of a cordierite material {magnesium- 
alumina-silicate) were 2.54 c~ diameter by 5.87 cm long. AloO 3 or 
NiA190~ coatings were.applied by dipping in appropriate acidYc collodial 
suspensions of Dispal M AlgOq {Continental Oil Co.), SA Medium A190~ 
(Kaiser), or aluminum and ili~kel nitrates followed by calcining at " 
600°C. Several dips were required in order to obtain sufficient coating 
on the monoliths. The details of wash-coat application for each sample 
are presented in Table 2. The results suggest that a 2.S:l or 3:1 slurry 
of water and SA Medium gives the maximum amount of coating in the smallest 
number of dips. Following the application of a washcoat, each sample 
was impregnated with nickel nitrate by dipping in either a nickel 
nitrate melt or concentrated nickel nitrate solution. The details of 
impregnation for each sample are shown in Table 3. The impregnation 
of Dispal-M A190q and NiA190~ coatings with N i{NOq)9-6H20 melt and 
the impregnatit)n'of SA Medtu~ with 50~ Ni {NOq}9-SH90 in water were 
most successful in maximizing the nickel loa~illg i l l  a minimum number 
of appl tcations. 

2; HTdrogen and Carbon Monoxide Chenisorption on Nickel and 
Nickel Al,oys and Effects of Hydrogen Sulfide on Adsorpt.ion. Procedures 
for  measuring H~ and CO chemisorptive uptakes were described in detail 
in QPR-I. ~ A bt'ief review of the experimental method at this point 
is appropriate to aid the reader in understanding the significance of 
the data. The basic steps in pretreabnent and surface area measurement 
are as follows: 

a. The sample consisting of AlsO.pel lets impregnated with metal 
salts is dried at 100% anti t~e~uced at 450-500°C at a hydro- 
gen space velocity of =1500 hr- . 

7 



TABLE 1 

Composition of Alumina-supported Ruthenium 
and Molybdate Catalysts (Pellet for~) 

Catalyst Code I~ominal Composition.(wt.~) 

 o03-A-IQO " 
.Ru-;Co-A-I O0 
Ru-Pd-A-I O0 
!li,Cu-A-I O0 

3~ ~o~ 3 
O.E2~ Ru, 15.0% Co 
0,49% Ru, 0.51% Pd 

.ca ,taiyst Code 

Hi -.~-101 

Ni-M-102 

TABLE 2 

Preparation of AI203 and NiAI204 ~l~shcoats 
on Coming Monoliths 

F---Wash Coat 
T_~ # gash_~s [4t. ~ Coa 

Dispal Al203 8 16.0 
3:1 Slurry of 
 I20:A Izo 3 

Dispal AloO 3 6 17.1 
2:1 Slurry/ 

I + 
Coati.~g 

Ni-H-103 SAr, ledi um A ]203 3 ] 5.3 
2:5,1 Slurry 

~i-H-lO¢ SA Medium Al203 6 23.7 
3:1 Slurry 
~dd Hi Nitrate 

Hi-M-IOB N~ &AI.Hitrate 8 =15 
Slurry to g~ve. 
NiAl20 ¢ 

Ni-M-106 SA Medium Al203 3 "~7.3 
3:1 Slurry 

-..~ased upon ~ .  increase after heating at 600°C for ½ hour. 

Comments 

SAl-~edium aires 
higher loa~ng in 
fewer dips compared 
to Disp~1-M 

Ni nitrate and 
Al 0 orm NiAIzO 4 
at2~O~C 

Sample broken during 
preparation. CD~po- 
sition is approximate: 

Also high loBd~ng 
in fewer dips 

8 



eqCp 

.C.a.talys t Code 

Nt-H-lOl 

Ni-M-I02 

Ni-M-103 

TA.BLE 3 

Preparation of Monolithic-supported Ntckel Catalysts 

Q , ,  , , 

Wash 
Coa__~t ]mpreg. Med|u__mm 

Metal Application. I "' 

Drytn9 Co'hdfElons: ~ "  Wt,"~, Ni* 

O4spal Ni(l~.~)~.GH~ Melt> 190°C, Vac. 
A1203 

Ni-H-104 NiA1204 

Hi-M-105 I~i,A1204 

Dispal .50 ,,It. ~ ..Ni (t|03)2:6H20 180,190oC 
i n 1120.Ppt. wtth HH 3, 
10 min. wash in H20.. 

. I  

SA M~d.. 50 wt;;% (NO3)2,61J20 
A1203 in 1t2o, P,p.t..,with= N.H 3. . 100oC 

10 min. wash in H20, 

Nt,(HO.3)2,BH20 Melt 190oC 

BO wt.%,,Ni (NO.a.) 2.6H20 200oc 
tn H20 

50 Nt(NO3)2.eH20 200oc 
in 1t20 

Ni-M-I06 SA Hed. 

6 15.7 

9 2.8 

11 13.7 

3 15.9 

15 "16 

B 18.5 

Comments 

Good method. Except 
channels plug i f  
sample cools too fast." 
Poor method. 
Hi nitrate lost in 
wash. 

Poor method. Too 
many applications. 

Good method. Plugging, 

Sample was dropped 
and broke. Composi- 
tion ts approximate, 

Good method. No 
pluggtng problems. 

*Based upon wt. tncrease after reduction in H 2 at 500°C for 12-16 hours, 



b. Ho chemisorptive uptake is ~easured for the sample at 25°C 
a~d CO uptake at -83°C. 

c. The sample is exposed to lO pp~ H2S ~t 450% for 6 hours. 

d. H 2 and CO uptakes are again measured. 

e. Th~ sample is exposed tolO ppm H2$ at 450% for an additional 
12 hours. 

f" ~2 and CO uptake measurements ar~ repeated. 

Throughout the entire procedure the sample is contained in the same glass 
sample cell (described in QPR-I) to prevent exposure to the at~osph~re~ 

A sum~aKi of hydrogen uptake data for catalysts investigated 
thus far is shown in Table 4. The uptake dat~ for the 3~ ~i~ 
Ni-MoO~, Ri-Ru, Ni-Rh, and 0.5~ Ru catalysts were obtained during 
the fiFst quarter and characteristic adsorption isotherms were included 
in QPR-lJ; the re~aining d~ta were obtained during the second quarter. 

Rost of the hydrogen uptake data were determined for samples 
which had been previously reduced in the large reduction apparatus 
(described in QPR-I), passivated by exposure to less than'l% air, 
transferred to a small glass sample cell, and re-reduced in flowing 
hydrogen for at least 2 hours at 450-500°C. I t  was discovered, h~aever, 
that prereduced and passivated Ni-Fe/Al~O~ was not completely reduced 
after two hours rereduction at 50D°C in~fTcwing hydrogen. In f~ct, 
approximately 6 hours were required to attain a stable, maximum state 
of reduction. This is illustrated by the dat~ in Figure 2 showing 
that the I~ uptake approaches very closely an asymptotic value of about 
82]~ moles/~ after 6 hours. I t  was similarl3 observed that approximately 
4 hours and 2 hours were required to completely reduce Ni-Co/AloO= 
and I~i-Pd/AloO~ catalysts respectively. Sinc~ reduction of a p~{s~ivated 
sample is di~eEtly re~ated to removal of oxygen from the metal surface, 
there is a possible correlation between the heat of form~ation of the 
metal oxide and the diff iculty of reduction. Indeed the -~H~ ~ values 
for FeO, CoD and PdD are 6¢.6, 57.5, and 20.4 respectively. 'A similar 
correlation may also exist between the heats of formation for the 
nitrates and ti~e for reduction of the supported nitrates; however.. 
insuffi¢ie'nt data are available to test the model in the latter case. 

The magnitude of  the hydrogen uptake in ~oles/gram of 
catalvst de~ends upon ( l )  the amount of  active metal (s) in the sample 
and (Z) the d~spersion (or par t ic le  size) of the active component(). 
Previous work in this laboratory has established ti~at metal dispersion 
decreases with increased nickel loading in the nickel-alumina system. 
This same effect is also apparent in the data for 3, i5 and 32 wt.% Ni 
in Table 4; in fact, the 15 wt.% ~Ii catalyst prepared in this laborator3' 
has a higher surface area and significantly hi~her di.~persion than 
the 32 wt'.) commercial nickel (Girdler 6-87). This can be explained 
in terms of differences in preparation and pretr~atment. Commercial 
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m, , l l  

 ATALYST 

fir,A-112 

Nt-A-116 

G-07 (Girdler) 

NtmMOO3-A-IO1 

HoO3-A-101 

Nt-Ru-A-105 

NI-Rh-A-IO0 

Ni-Co-A-100 

NI-Fe-A-IO0 

Ni-Pt-A-IO0 

NI-Pd-A-!O0 

TABLE 4 

Nominal Composition and Hydrogen Chemlsorptlve 
Uptake Data for Alumina-Supported Nickel and Nickel Alloy Catalysts 

fi~UPTAKE. -~:. 
POMINAL COMPOSITION (~ol'es/gram} 

3 wt. % Ni on A1203 

15 Hr. ~ Hi on A1203 

32 ~t. % Nt on A1203 

2.5iwt. % Hi - 3 wt. % HoO 3 on A1203 

3% MoO 3 on A1203 

2.5 wt. % Nt - 0.5 wt. ~ Ru on AI~O 3 

2.5 wt. % Hi - 0.5 wt. % Rh on A1203 

I0 wt. % Hi - I0 wt. % Co on Al203 

10 wt. % Hi - 10 wt. % Fe on A1203 

16 wt. % Hi - 0.5 wt. % Pt on Al203 

16 wt, % Hi .. 1.0 wt. % Pd on AI203 

"3g.4 

187.8 
o 

161,6 

22,5 

1.O 

44.6 

38,3 

114.9 

O2.1 

115.4 

80.6 

PERCENT 
DISPERSION 

15.4 

14.7 

5.93 

10.6 

m~ 

18.76 

16.1 

6.76 

4.70 

8,94 

6,08 

*Based upon nickel only. 
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catalysts am nomall3~prepared by calcination of the impregnated or 
precipitated supported metal salt followed by reduction in hydrogen. 
This high temperature calcination ultimately prevents complete re- 
duction of nickel to the metallic state; in fact, a typical coe~ercial 
nickel Probably contains 30-5g% NiO and/or NiAl,O~ even after reduction 
in ~lowing hydrogen at 500°C. ~ Our catalysts o6 l~he other hand are 
preparea by direct reduction of the supported metal salt in hydrogen 
to produce Samples containing 80-90% of the metal in the metallic 
state and in a significantly higher state of dispersion compared to 
cal cined samPl as." 

Comparison of surface areas and dispersions from Table 4 for 
nickel alloys compared to nickel catalysts show approximately the same 
surface areas for 3% Ni-Rh and 3% Ni-Ru compared to the 3% Ni catalyst. 
The 5.5% Ni-Mo catalyst, however, has approximately ha l f  the surface 
area of the 3% Ni, possibly because of interaction of part  of the nickel 
with MoO= ¢o form a complex which does not adsorb hydrogen. Moreover, 
the da l~ fo r  the 3% MoO~/AI~O= indicate that hydrogen adsorption on 
the molybdenum oxide is~negTi~ibly small. Al l  of the al loys in the 
15-20~; range have 40-50% lower surface areas con~nared to the 15% 
Ni/AI~O~. At this point, i t  is of  interest to note the following 
in re)aPd to the effects of  a l loy composition on the CO and ff~ chemi- 
sorptions. In pr inciple, it is possible that actual chemisor)tlve 
uptakes for alloys would be mole weighted averages of the individual 
metallic constituent uptakes; however, in practice this does not 
necessarily hold, and it is further likely thai the surface compositions 
are not th) same as the bulk compositions for many of these alloy 
catalysts." 

In QPR-18 data for chemisorption of CO on Ni and the effects of 
lO ppm H~S on H 2 chemisorption for Ni, NiMoO~, Ni-Ru, and Ni-Rh catalysts 
were rePSrted. Since that  report,  considerable data have been obtained 
in regard to CO chemisorption on Ni alloys and the effects of 10 Plan 
H2S on both H 2 and CO adsorption. 

Table 5 summarizes chemisorption data fo r  F, 2 and CO before and 
a f ts r  exposure to lO pj~n HoS for  6 and 12 hours and shows the rat io of  
i n i t i a l  CO uptake to i n i t i a l  hydrogen atom uptake for  each catalyst. 
Rgures3-10 ape representative isotherms i l l us t ra t i ng  the effects of  
~e  S on CO adsorption for  some of the samples described in Table 5 and 

effects o f  H~$ on H~ adsorption for  the Ni-Fe and Ni-Co samples. 
Two very signif icant trends are apparent from the data in Table 5. 
FirSt the effect of HoS exposure is to decrease the !( o uptake of tke 
sample whereas CO cheFnisorption is generally increase(J (except for 
the ruthenium catalyst}. The increase in CO adsorption af ter  H~S 
exposure is a most surprising resul t  and one which we cannot y e t  
explain I Secondly, the rat ios of adsorbed carbon mon.oxide molecules 
to hydrOgen atoms range frOm 1.5-2.0. These rat ios i~dicate the 
p°SSibilitYe°fcl e ra multiple adsorption of CO molecules on metal atoms 
an ar gen lly in agreement with studies of nickel, ruthenium, 
and rhodium Catalysts but s l i gh t l y  hiQher than observed values for 
irOn catalysts. Any large discrepancies between our CO adsorption 
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~ABLE 5 

'Effects of B2Son B 2 and CO Cbamtsovptton 
For Alumina.Supported Nfckel and Nfckel Alloys 

~lOptx~B25 at 450°C) 

r - - - -H 2 Uptake I~moles lg )~- ]  
N~,1[NAL / ~xposure I 

:t'~tser A1203 . Pure A120.3 0.5 

Ineo l i t  .Powder Pure Nt 3.47 . .  .m 

:Nt-A-l~11 3~ N~ 21.4 d 16.8 14.0 

Nf-MOO3-A-101 2.5~ N| - 24.0 a . . . .  * 
3% MoO 3 21.1 ~ 13.57 12.45 

Ho03,A-101 3% Mo03 1,0 

Engelhard Ru 0.5~ Ru 7.62 5.33 3.45 

N~,flu-A-105 2.5~ N] - 47.6 a . . . .  
0.5~ Ru 39.4 ~ 32.0 25.8 

5 a Ni~Rh-A-~OO 2.5~ fil - 4 3 . 3 b  . . . .  
O, 5~ RU 38. 33.5 28.3 

Ht-Fe-A-IO0 10%~H:-- 82.13 49.60 42.71 
10% Fe 

i " =  

NI-Co-A-IO0 10% fll - 114.9 109.6 102.0 
10% Co 

~ ---CO Uptake ~moles l9) - - -7  
H2SExyosure I 

'ittI~ lhL 6 ~O~JRS 

26.3 31.1 

5.3 c . .  

80.0 243,9 

107,3 260,8 

12 ~O~RS 

38.9 

= m  

373,6 

257 •6 
m m  

42.5 

295.6 

256.4 

393.4 

8.0 8.0 

54.0 45.2 

148.2 283.1 

145.6 225.8 
~ =  m M  

255.1 305.6 

CO 

26.3 

0.76 

1.87 

2.23 

4.0 

3.54 

1.56 

1.67 

1.55 

176.5 231.3 226.4 l.B4 

*Afl;er 24 hours H2S 
a & bRefe r to different measurements for the same catalyst batch. ~ D~I;e reported In qPR-I o 

Irreversibly chemlsorbed at 25 and -83 C 
Reduced In.s~a11 ~qlass sample ce11. 
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data and those reported by others arevery likely du e to differences in 
e~'Jilibration pressure. Data from our last report °, for a nickel 
catalyst show that CO uptake can vary significantly as a function of 
equilibration "pressure; in other words the monolaYer coverage oT CO is not 
well defined. "Nevertheless t~ere is evidence from'the T~terature and from 
our data which suggests metal carbonyl formation at the surface during 
exposure to CO for many catalyst systems. Since these and other 
details vary significantly from catalyst to catalyst, additional 
observations in regard to Table 5 are discussed separately (below) 
in some depth for each catalyst. 

a. A120~, Ni Powder, and Ni/Al~O~. Data from Table 5 for Kaiser 
SAS AI~O~ show t/Jar CO Uptake increases=wTth increasing exposure to 
HrS. ThEse support uptake data were used to correct for chemisorption 
of 1 the support in determining CO uptake for the alumina-supported 
catalysts listed in Table 5; in each case the appropriate correction 
was applied for exposure to 10 ppm H2S for O, 6, or 12 hours. 

Isotherms for  CO adsorption on an Into nickel powder ( a high 
purity nickel having particles in the I-3~ range) are shown in Figure 4. 
The f i rst  isotherm at 25°C corresponds to the CO uptake of the sample 
obtained after evacuation at 400°C; the CO adsorption extrapolated 
to zero pressure is lZ.l ~moles/g of nickel and corresponds to a value 7 
of CO/H of 1.74. Recent nitrogen BET and H9 chemisorption measurements 
(this l~boratory) for  the same nickel powder and previous data by 
O'Neill ° using Argon BET and fly chemisorption on a nickel powder show 
that hydrogen chemfsorbs disso~iatively on nickel with a surface 
stoichtometry of H/~ii~ = l .  These H~ and CO chemisorption data together 
provide strong evidence for the exis~:ence at 25°C of surface complexes 
such as Ni(CO) 1 and Nf(CO)2= where the l a t te r  species, a surface carbowl,  
predominates. 

After evacuation at 25°C of the CO covered nickel powder, the 
second isotherm (at 2=~°C) was obtained--corresponding to carbon monoxide 
(or possibly nickel carbonyl} removed by evacuation at room temperature. 
The difference between the f i r s t  and second (sothem, 5.3 I~oles/g 
corresponds to i r reversib ly held~CO, and the corresponding CO/H value 
iS 0.76. Brooks and Christopher > report a CO/H value of 0.6 at 25°C 
for  an NRC nickel powder. I t  .is not known whether the i r  data included 
reversibly adsorbed CO., and thei r  pretreatment of the powder is question- 
able. 

CO uptake data for  the !nco nickel powder at -83°C show the 
sam8 amoun~ of i r reversibly adsorbed CO as compared to 25°C but a 
negligible uptake for  the second isotherm. In other words, at -83°C 
the i n i t i a l  CO/H value is  0.76 and there is  no reversibly adsorbed 
CO (or nickel carbonyl) which can be pumped of f  at -83°C. The results, 
by the way, are consistent with various proposed bridged structures for  
CO adsorption which account for  the CO/Ni s value of less than one. 

In sRmmaw, our data for the nickel powder combined with ear l ier  
observations°of nickel loss for Ni/A120 3 samples strongly suggest nickel 
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~.rbonyl formt~on at 25°C whereas at -85% no easily evacuated ca~yl 
is formed. Hence, our procedure involving CO ~¢~orption at (°C 
~voids the probls of ca~nyl fo~tion and loss of nickel metal or 
~lter~atively loss of reversibly aSoH~d CO. 

The d~a in Table 5 for  3% ~ii/Alo0= show a value of CO/H of 
1.87 suggesting that t~rice as many C0 m~e~ules are adsorbed on the 
nickel catalyst as hydrogen atoms. P~nt studies in our l~to~- 
ha,.,e shown that in alumina-supported nickel c~talysCs prepared according 
to our techniques, 60-g0¢ of the surface nickel is  reduced to nickel 
metal; unreduced nickel is presumably Ni0. Since very recent ~easure- 
merits in our laboratory indicate negligible CO adsorption on NiO, our 
CO chemiso.~ption results suggest that either £0/Ni~ = 2 Or that there 
i s  CO "spi l lover" from the nickel crysta i l i tes on i[o the support. 
Since the CO/H value is 0.76 for  the same cond(ti.~ns on nickel po~er. 
and the results for NilAI~O~ l~e been corrected i or CO adsorption 
on Al)O.~in the absence oPnT~el, tlm spillover effect may be a 
~aso~o)e possibility. 

Brooks and ~rlstoplmr 9 have ol~ervd ~tios of CO~ ~i~ 
from 0.8 to "1.8 for ni~el-al~ catalysts using CO ~sorption at 
~°C a~d H~ ~so~on at ~°C. The va~a~on in t~ir resuli~ 
Can be ~?ained in part due to vadatlons in ~ilibra~ pressures. 
Unfortunately t he i r  resul ts  may have been affected by carbonyl foma~Ion 
~t Z5°C resulting in loss of nickel and by the ~lZy hi~ temperature 

_ ~m _ e~ei~s, ~r e(~er~at~on of CO~ = 1.8 agrees closely with 
our results. BrooKs and Ch~stophe~ observed CO/H values of 3.4 to 30 
for nickel exchanged zeolltJ~. ,) unusually hi~ CO uptakes ~re 
a~tHbu+~! to CO adsorption on , , ,  s i tes, since large CO uptakes ~ere 
a]so observed for the un~ed,,ced catalyst. For Ni/AleO~, however, we 
observed an uptake of only 26 umoZesig for a pass iva~  (a t r  exposed) 
sample, the value of which is identical to the uptake for  the A1 0. 
support alone. In other words. CO rices not adsorb on NiO or annoyer  
nickel species in our catalyst besides nl-c~'el metal. 

Gardner 10 has studied the che~risorption oF CO on nickel, chro~iu~, 
a~! platinu~ using infrared spectroscopy. He classif ies the species 
resul t l ,g  from che~isorption of carbon monoxide on these metals as 
Inte~ia~ and ca~wls. The latter design~on my be important 
with respect to our .~ults, since car~nyl fo~tion corresponds to 
NI{¢)~ where x = l~. Indeed, 'Formation of I(i{CO)~ at the s~ace 
could ll.so explain the CO/H value of 1.87 for ~ Ni~A1203. 

b. Holybdate Catalysts. As seen from Table 5, there are two 
.sets of H 2 c[~¢lisorption data shown for the lti-Ho0~-A-101 catalyst; 
ooth sets of  data were obtained by re~duction of tNo small samples 3 
selected from a large sample reduced in ou~ large reduction apparatus. 
T~eb difference in the i n i t i a l  H~ uptake is ~ndicative of  the reproduc- 

t l i t y  obtained in rereduction~and surface area measurements for t~o 
di f ferent  samples of the same catalyst. 

I t  ts importenC to note that the Ho uptakes fo r  the ai-Ho0~ 
catalyst are approximately the same as for~the 3 ~ , l~i/A1203 reduced" 



in • ~mal) glass c~l l .  Hor~ver, *.he data tn Table 5 a l ~  indicate 
~at ~ ~ t i ~  of ~ on ~ ~s ~ll~ble (I ~le/g) and ~ -  
s~m of CO on N00~zs very ~II (8 ~le/l). ll~ observations 
suggest ~t the n i c~ l  sites ® and ~ ~ sites do not ~so~ 

and CO. Effects of i~3 poisoning are .or'observed ~o~oe the sane 
f~r I l i  and WI-Ho0~ catalysts nor are they expec~ to be the sane 
sl~ ~ Imc(i~ 9~ H2S with I~o03 is  clearly of i~qpo~ in 
h y d r o ~ s u l p h u r ~ z a ~ . "  

c. Ruth~!,~ CaCal ts. In orde r  to  compare P.he behavior  
of  the n i c k e l - ~ T m  + l l~- -u t th  ~hat of r u t i ~ t m  mePA1, an Engell~rd 
c~t~li~sf, (0.5 ~..~ Ru) and our oma a11o~ catalyst, lti-Ru-A-lO5, ~ere 
studied under the same cmdittons. Fi r ;~,  i t  ~s fateres~n9 to note 
that the ~ 1 ~  of,!;O/H is  3.54 for  the indmt~at  ruthenim ~utal~st. 
Slnfe l t  and Yates "~ ~btained a value o f  1.15 for  a 5% Ru/StO~. t~,ever, 
l~e experilen~,~l me1~v)d osed by t ~  l a ~ e r  d i f fer ,d from tbe"aethod 
used tn ~hls laboratory, In part icular the i r  equilibration pressures 
~ere 
Z~ recent study, 9alla SePia m~ has shown ~ a t  CO/H ~alues fo r  
Ru/A120 ~ ~ar~ from 0.5 ~o 3.8 and Umt the ~t~o t . . - c ~  ~L~ i ~ t n g  
rtr~hefii~ dispersion. He repor~ • value of  3.8 for CO/H on 0.5~ 
Ru/AI~O~ m ~ agnmuent with our data. Thus, CO adsorption on r u t ~  
er~i~"i~y m u l l  in foma~i~ of RuCCO), o r  Ru(CO)~. ~ value of CO/H. 
f o r  ruthenim is the highest for any ~fal~-~t in Tdble S, whereas ~-~e vall~ 
~ r  the Iti-Ru al loy is ~s~n~tal ly the same as for  Iff and other catal)-~cs 
(see Table 5), 

I t  is i ~ ~ n g  to note 1~1: 1 ~  effec~ of H~ poisoning on 
(~ che~sorl~On for  ruthentm is d i f f e re~  than for a)l other catalysts 

in Table 5. N a l l y  there is a decrease ra the r  than increase in 
CO c;~l:ake.. 

d. N~-Rh/A1 0 .  The da~a in Table S show a r e l a ~ l y  ~ 1 1  
increase in ~------~O--u~rJ[ke a f~ . r  exposure to 10 ~ H~S for.12 i~urs: This 
suggests the ~mpo~an~ possibility, that Nz-Rh nay ha~e :z h~gher resistance to 
sulfi~r po|~ntn9 than nickel or ruthenium ~ta lys ts .  This possib i l i ty  
mint of  ~ be ~ r f f i e d  with a c t t v t ~  m ~ u ~ n t s  a f a r  H2S e x p ~ .  

The val,e of  CO!H for  Ni-Rb is  1.67 s,99esti,9 the poss ib i l i ty  
ol ~ N|(CO)o and Rb(CO)~ fomat~on al; the surface. Yates and Sin fe l t .  
h~ever. ~oserved valises of C0/H ~Rr rhodim catalysts ranging from 
0,83 to 1.47; Nanke and Dougher~'" observed val~ high as 

supportetl rho~im'" th~ ~ c e  of Rh[CO~,~CO and P~CO 
surface species was inferred. ~nke and Dougberty "~ sug~_sted I;n the 
basis of  geometrical considerations l ~ t  htgh C0/Rh ra~ios should 
11ke]Y occur at sites with lcv coo~ltpation number. 

e. ~ .  The effects ot ~ H~S on i~ and CO che~isorptton 
are similar to t~mse'o~sened for other ca1~alysts~nlely 40 and 48~ 
decreases in H 2 adsorption after 6 araJ 12 hours exposure to 10 ppm 
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~e~ ; 20 and 54% increases in CO adsorption for  6. and 12 hours exposure 
pectively. The value of 1.55 for CO/H is no~ unreasonable i~}(iew 

of values of 1.25 observed for reduced ~=g~etite~@f high purity. T M  

Values of 0.58 and 0.65 reported by Bayer et al .'~ for promoted iron 
catalysts are understandably lower because of the presence of aIv~ina 
and alkali promoters at the surface. Nevertheless, Bayer et al .'~ 
obser~ 50-75% decreases in CO adsorption after exposure of iron- 
containing a~,~onia synthesis catalysts to concentrated HoS ~t 25°C 
followed by reduction in hydrogen at 450°C. Since our c~talysts 
were exposed to very d i lu te H~S (10 ppm) at 450°C we:~r~ ~ot certain 
w~ther a comparison o f ' t ~ ,  d~a 'o f  Bayers et al .  with ours is 
reasonable. For example, in the presence of concentrated H~S at 
25"C a nickel catalyst w i l l  fore bulk nickel sulf ide. NeUertheless, 
we are not yet able to explain why the adsorption of CO is increased 
for  our ca~l~st~ af ter  exposur~ to H2S. 

f .  Ni-Co/Al~O,. The effects of H~S on Ho and CO chemisorption 
are of surprisingly ~m~]l magnitude--only ~n l lg  ~Jecrease in H~ 
adsorption and a 28% increase in CO adsorption after 12 hou~ bxposure 
to 10 ppm H~. These data suggest that Ni-Co/Al~O 3 may have a h~gh 
resistance to H~S poisoning; however, i t  should ~e noted that the 
available surface for poisoning is relatively large for Ni-Co and Ni-Fe 
catalysts which contain 20 wt.g metal compared to 3% in other catalysts. 
Nevertheless, the apparent poisoning resis~nce of ,~i-Co is ~uch larger 
than Ni-Fe--a somewhat surprising result. I t  is of further interest 
Chat the CO/H values fo r  the Ni-Fe and Ni-Co {1.55 and 1.54 respectively) 
are so very nearly identical--a reasonable expectatTon in view of the 
chemical s imi lar i t ies  of Fe and Co. 

3. X-ray Dif fract ion and Fluorescence Heasurements. The purpose 
of X-ray,~iffracCion measurements is t~o-~old: (1) measurement of 
metal cws~al l i te  size and C2) determination of metall ic phases. X-try 
dif fract ion measurements for 15 wt.g Ni/AIeO~ were carried out during 
this last  quarter using a Debye-Scherrer c~W~ra. The results summarized 
in Table 6 show that both AleO~ and nickel metal are observed in the 
sample. Unfortunately, the titles for  both the Kaiser AloO~ and nickel 
metal were broad, diffuse and especially weak in the cash ~f nickel. 
The photographic approach is clearly not satisfactory for determination 
of particle size. Arrangements have been made, however, to use another 
instrument a t  the University featuring a dii~fractometer and strip 
chart recorder. 

X-ray fluorescence measurements have been ini t iated for 
Ni/A190 ~ catalysts to determine more quantitative,~y the chemical 
compo~i1:ton of our samples. Thus far  we have learned how to use 
the University spectrometer and have prepared and run a standard 
f~r I~i and A1. 

4. gor~ Forecast. During the next quarter we wi l l  continue 
cl~actariza'ti~n of pelleted caJ~lysts and begin characterization of 
monolit,~jc-supported nickel catalysts. Hydrogen and carbon monoxide 
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TABLE 6 

Observed X-ray Dif f ract ion Lattice Parameters 
For Hi-A-ll4 (15% NilAI2G 3) 

d VALUE(A °) DESCRIPTION ASSIGN/IENT 

2.85 weak, diffuse A1203 

2.42 broad, diffuse , 

2.27 weak ,, 

1.98 strong, very broad A1203, Ni 

1.78 very weak, diffuse Ni 

] .52 " AI203 

1.39 strong, broad A1203 

1.25 very weak, diffuse Ni 

1.14 " A1203 

.80B " AI203 
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adsorption w i l l  be me,urn_ for Ni-Pd, Ni-Pt, Ru--Pd and Ru-Co Catalys~ 
an~-~ssibly n i c~ !  ~ r  ~ f ~  ~d  af~rexposqre to 10 ppm H~, H, 
cJ~ris6~p~e u p ~ e s ' v i l l  be ~su~l_. for  three or foqr of ~ #~osltthic, 

and n rescence 
~as~:~'=ats ~ill-be ~ i e d  out f 6 r  Nt/Al~O~_%and two or thre~ nickel 

cr  llit# size. 

B, Task 2: Laboratory Reactor Constriction 

Details of the P~ ._Pg~_. reactor s~_tem far,  testing catalysts 
up to 400-~sig-and 1000% were presented in OPR-_I.~ A schematic 
of  the completed reac~r s~  ~t~ ~'11 be ~,ncl~ed in the next report. 
Nost of the purchased equip~nt including a new 18-inch-zone 
t~Jrnace, ~ IR  CO detector, and chromatographic accessories has now 
been ~ece~ve~ =nd installed; in fact, construction of the s~sCe~ is 
• o-9hl~ 8 ~  complete. Only the new mass flow meter system and reap° 
erature programmer for the furnace have oat been delivered; however, 
deliver: of  both items within the next month is assured. Even so, 
the system is presently operat.ion~l wiLh limited temperature pro- 
gra~ng capabilities. -. 

The forecast for  the next period includes completion of the 
canstru.~ion and testing of the reactor system. 

C. Task 3: Reactor Screenin9 of Allo,v Cat~l,vsts 

1. Screening Results. Both dif ferent ial  {low conversion)a~d 
integral (high conversion) test procedures were outlined previously. 
In previous dif ferential screening tests ~ at 275°C, CO conversions of 
15-35¢ were observed. In order to achieve more completely kinetic- 
limited results (e.g. lower conversions) reaction temperatures of 225 
and 250QC were selected for di f ferent ial  tests, al l  other condi~ons 
truing held the same. 

Reactor screening data in the fore of conversion, specific 
rates per gram of catalyst, turnover numbers (rates per si te per second), 
ar~ select ivi t ies are presented in TableslT-lO for 225 and 250°C at 
space velocities of  30.000 and 60.000 h r " .  At 250°C conversions for 
the 3 ~t.% catalysts (Ni-A-I12; Ni-Ru, ~l-Lh, and Nl-floO~) range fro~ 
4 to 14¢ depending upon the space veloctW, whereas conversions for the 
!5 ~ 20 wt.% catalysts (all other catalysts) range from ll to 53~. 

• At 225°C the conversion ranges are 4 to 7~ and 6 to 35% for low and 
high metal loadings respectively. Thus, it is apparent that truly 
differential {low conversion) condlClons can be approached at 225°C 
for the low (3¢} metal loading catalysts but not for the IS-20 wt.% 
catalysts. Apparently then, for our reactor system and for typical 
mthanation catalysts low conversion rate data can only be obtained 
for c~talysts.with a low ~etal loading (3-5 wt. %). Accordingly it 
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TABLE 7 

Conversion 
Catalyst CO 

fl|-Co-A-1OO 

H~-Pd-A-IO0 1 6 . 7 7  15.20 

Nf-Ru-A-105 5.18 3.48 

Nt-Rh-A-IOO 

N|-Pd-A-IO0 6.9 6.67 

HJ-HoO3-A-101 2.9 2.5 

Nt-Fe-A-IO0 

G-87 22.45 19.55 

Nt-A-112 6.63 4.47 

Nt-A-116 34.63 28.08 

Reactor Screenfng Data for Ntcke] and Ntckel Alloy Catalysts 
225%, GHSV = 30,000 hr- l ,  16 ps~a 

Production 
.C~ Othe.__.~.P 

"Rate x 107 'TurnQve~ #. 
': t mole I x 103(sec "i ) 
" g  sec- 

t 4  c_ 0 co Selectivity to CH, 

1.60 9.91 10~95 4.77 5.27 0.906 

1.73 2.79 4.17 3.12 4.68 0.672 

0.267 4.62 4.79 2.87 2.97 0.97 

0.4 1.83 2.11 4.07 4.69 0.07 

De-activates under reactor condJttons 

2.88 9.81 11.25 3.04 3.49 O. 871 

2.13 3.62 6.35 4.60 6.80 0.674 

6.55 19.23 23.74 6.13 6.32 0.815 



Catalyst 

Nt-Co-A-IO0 

Nt-Pt-A-IO0 

fii-Ru-A-105 

Nt-Rh-A-IO0 

Nt-Pd-A-IO0 

Nt -f.foO3-A- 1 O1 

Nt-Fe-A-IO0 

G-87 

t,1t-~-112 

NI-A-116 

XA~LE e 

Conversion 
CO 

m 

Reactor Screening Data for Ntcke| and •ckel Allo~ Cetelysts 
225QC, QHSV A 60~OGO hr-I ,  20 psta 

Production 

c_4. Othe__z 

15.53 14.03 

4.15 3.25 

6.63 5.43 

3.70 3.03 

20.37 17.43 

5.70 4.63 

24.05 21.90 

Rate x 107. 'Tu~noveP_# x 103 
(eole/o seo) (sec-1). 

co 

1.43 18.47 20.33 6.88 9.80 

0.08 6.23 6.63 5.87 7.44 

1.23 7.76 9.49 4.81 

0.67 4.~, 6.86 10.74 

De-ect,|vates under reactor cond]L~on~ 

2.93 18.53 21.63 5.75 

1.03 7.12 8.71 9,04 

2.05 30.88 33.76 8.47 

6.89 

13.03 

6.72 

11,05 

8.99 

Selectfv!ty to CHa 

0.903 

O. 788 

0.817 

0.827 

0.856 

0.812 

0.914 



Conve~rst on 
co 

N!-Co-A-1 O0 46.08 

Nt-Pt-A-IO0 30,8 

Nt-Ru-A-105 10.60 

Nt-Rh-A-IO0 9,13 

N~-Pd-A-IO0 15,53 

Nt-,MoO3-A-IOI 10.2: 
. I  

NT-Fe-A-IO0 

G-87 4.3.53 

HI-A-112 14,00 

Nf-A-116 52,75 

TABLE 9 Reactoe Screenfn9 Data for Ntckel and Ntckel A11oy Catalysts 
250°C, 6HSV " 30,000 hr-1, 16 psta 

Rate x 107 Turnover # x 103 
Prod~cttdn (mole/g sec) -(sec-1) 

O.._ther ~ C...O0 -~4 C..~O 

35.73 10.38 22,38 28.90 10.95 14.15 

30.5 0.27 19,73 19.93 9.50 9.58 

8.68 1.95 ~.97 0.53 7.81 9.s6 

8.40 0.73 6.63 7.20 8.68 9.42 

13.43 2.1o 9.49 lO.96 s.89 6.80 

8.8 1.35 6.50 7.50 14.40 16.65 

De-,activates under nomal ~eactoP conditions 

38.88 4.65 19.60 21.8 6.05 6.77 

11.33 2.60 9.18 11.31 11.65 14.35 

45.63 7.13 31.44 36.35 8.38 9.68 

Selectivity to CIt 4 

O. 775 

0.990 

0.819 

0.920 

0.865 

O. 863 

0.893 

0.810 

0.870 



PO 

r~i-Co-A-1 O0 

NI-Pt-A-I00 

Ni-Ru-A-105 

Ni-Rh-A-IO0 

Ni-Pd-A-100 

Ni-I~oO3-A-I Ol 

~li,i:e-A-I SO 

G-87 

N~-A-112 

Nt-A-I 16 

"TABLE 10 

Conversion Production 
C...O.O CH4 

38.7 30.43 

Reactor Screening Data for Nickel and tHckel Alloy Catalysts 
250°C, GItSV = 60,000 hr "1, 20 psla 

Rate x 107 Turnover # x 103 
(mole/g eec) (sec "/)  

ot__her ~4 co ~.~ co 

8.27 3rJ.03 48.3 18.6 23.7 

9.47 8.03 1.47 12.70 14.97 14.20 16,80 

11.2 10.3 

9.3 8.7 

0.9 "14.67 15.93 9.09 9.85 

0.65 13.56 14.58 30.14 32.41 

De-actlvat~s under reactor conditions 

14.43 13.58 

43.53 38.17 

0.~8 20.64 21.99 26.19 27.91 

5.43 53.38 60.94 14.21 16.22 

Select.tvtty to Ctl 4 

O. 787 

0.848 

0.92 

0.93 

0.941 

0.877 



would be desirable in obtaining accurate kinetic rate data to prepare 
al l  of the catalysts w.ith metal loadings in the 3-5% range. Nevertheless, 
for  purposes of screening, the data obtained at moderate conversions 
are adequate for comparative purposes and satisfy the objectives of this 
study. 

Apparent activation energies for some of these catalysts are 
shown in Table 11. With the exception of Ni-MoO~-A-IO1, the catalysts 
appear to have activation energies of 12-18 k caT/mole for both CO 
conversion and methane formation. Ni-RoO~-A-lO1 has a signif icant ly 
higher value of 26 kcal/mole which is clZS~== to the value of 25 
kcal/mole for nickel reported by Vannice.'" The far r ight  column 
l i s t s  the activation energies 7or various metals as reported by 
Vannice and measured under kinetic- l imited (low conversion) conditions. 
Considerably lower activation energies for  alloys compared to those 
of either alloy component very likely result at least in part from mass 
transfer (or diffusional} limitations. In addition, the variations 
are partly the result of alloy formation, the alloy having catalytic 
properties different from either of the pure metals. 

Vannice Ig has reported selectlvities for the methanation 
reaction over the group VIII metals to be in the following decreasing 
order: Pd>Pt>Ir>Ni>Rh>Co>Fe>Ru..This order correlates well with 
measured selectivities for alloys of these same metals with nickel as 
shown in Table 12. Of special interest is Ni-Pt-A-lO0 which shows the 
highest selectivity, 99% for 250°C and higher temperatures. Changes 
in space velocity and temperature have appreciable effects on the 
selectivity as can be seen for example in the data for Ni-A-ll2, 
Ni-Pd-A-lO0 and Ni-Ru-A-105. Generally the selectivity increases 
with increasing temperature for a given space velocity and with 
increasing space velocity for a given temperature. 

Figures I I  and 12 il lustrate the magnitude of the rates per 
gram of catalyst, the turnover numbers, and selectivities at ?.50°C and a 
space velocity of 30,000 h r - ' .  Nominal compositions and hydrogen 
uptakes used to calculate turnover numbers are l isted in Table ¢. I t  
should be noted that the active metal loadings which vary signif icantly 
between catalysts have an obviously marked effect on the act iv i ty  of 
the catalyst per unit catalyst weight as can be seen in Figure I I  
where the l isted order corresponds to the.order of wt.% active metal. 
A comparison of these rates with the hydrogen uptake data shows that 
the rate is strongly influenced by the available surface area. For 
example, Ni-A-116 (1.5 wt.% Nickel} is more active (per unit mass} than 
G-87 {32 wt.% nickel ) mainly because the surface area of the former catalyst 
is larger. 

• • , .  • 

• Turnover numbers for 250% and a space velocity of 30,000 hr -1 
are shown in decreasing order of act iv i ty  in Figure 12. Ni-MoO.-A-lOl, 
N~-A-112 (3% nickel) and.Ni-Co-A-lO0 are the most active and G-~7 the 
least active. The details of these results are discussed below for each 
catalyst. 
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NI-Co-A-]O0 

NI-Pt-A-IO0 

Nt-Ru-A-IOS 

NI-Rh-A-IO0 

NI-Pd-A-IOO 

~I-HoO3-A-IO0 

~i-Fe-A-|O0 

G-O7 

NI-A-112 

,.NIFA-116 

TABLE 11 Apparent Activation Energies for Hethanation Catalysts 

Based on measurements at 225-2B0°C and a space velocity of 30,000 hr "1 

CO CH 
Conversion ProduCtion 

t•etal* CHa* 
ProduCtion 

*Data of A1 Vannice (Exxon) Ref. 19 

Co 27.0_+4.4 

12.4 14.3 Pt 16.3-+0.8 

14.8 19.0 Ru 24.2.+1.2 

Rh 24.0-+0.4 

17.1 14,B Pd 19.7-+1.6 

26.2 ~6,2 

Fe 21.3-+0,9 

13.7 14.2 Nt 25.0±1.2 



Catel~cst 

Ni-Co-A-100 

Nl-Pt-A-lO0 

Ni-Ru-A-I05 

Ni-Rh-A-lO0 

Ni-Pd-A-lO0 

Ni-I.$oO3-A-IO1 

N'i-Fe--A-I O0 

G-87 

fii-A-112 

Ni-A-lZ6 

TABLE 12 

30,000 hr -1 

0.775 

0.990 

0.819 

0.920 

0.865 

0.863 

0.893 

0.810 

0.870 

$elect iv i t ie~ to Hethane 

250°C 
60;000 hr "I 

0.787 

0.848 

2250C 

30,000 hr "1 60,000 hr "1 

0.906 0.903 

0.67Z 0.788 

0.92 0.97 

0.93 0.87 

D-=-activates under reactor conditions 

0.871 

0.941 0.E7.4 

0.877 0.815 

0.817 

0.827 

0.856 

0.812 

0.914 
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G-87 is a commercial nickel cal~l~t manufactured by Girdler 
Catalyst Corp. and is included as a compa~son against other nickel 
calml~ts. It is unique, however, from the other catalysts tested 
because it contains a different supwrt of unknown c~osition which 
may influence the diffusional and mass transfer characteristics of 
~e cal~lyst. Because of its high nickel loading (32 ~.%) it is 
expected that its rate per unit weight should be high. tlo~ever, its 
turnover number is the lowest measured. This may be du-_ to the effect 
of unreduced NiO present in the catalyst which is known 20 to be an effective 
cataiyst for  the decomposition of methane: CH~ + H~O---->CO + 3H2, thus 
retarding the ultimate conversion to methane. ~Inde~d the conversion 
versus temperature data plotted in Figure 13 show a maximum methane 
production of about 80% compared to 90% ~ t~or our Ni-A-114 which WdS 
pcepared in such a manner as to maximize nickel metal formation and 
minimize fomation of NiO. 

Ni-Co-A-lO0 contains a high loading of metal with equal weight percents 
of nic~el and cobalt. It is of special interest in that both the rate 
per unit welgnt and the turnover number are high. The select-i~ty of 
this cat~lpt for the methanation reaction {7~ at ~O°C and ~SV = 
),~) is the lowest of any tested. Vannice '~ has lik~se re~d 
cobait~, to have a selec~:ivtt# of 78g~ under s i ~ ] a r  reaction¢6nditions and 
~he select-Lvity~or nickel t o  be 90% also in good agreement wi~ch our data,.. 
l l ius,, cobalt has a strong effect on the salect iv i ty of the ~i-Co 
ca~l~t. 

Ni-Fe-A-IO0 was found to completely de~.ctivate within two hours 
under normal reactor operating conditions. When the catalyst was removed 
from the reactor some of the beads showed a brown (rust) color as com- 
pared to the normal black. The observations suggest that the iron may 
scavange the oxygen from the CO to form various iron oxides and thus 
effect ively poison the catalyst. It is  also possible that the l(i-~e 

' catalysts was not completely reduced at the beginning of the test 
(see Figure 2). Additional reactor and X-ray tests ape planned to 
investigate these possi b i l  i t t  as. 

Ni-Pd-A-'lOOwas found to be the least active of  the alloys 
tested thus far with a turnover number abo~t the s~me as G-87. 

Ni-~-A-IO0 has rate characteristics which ape not outstand- 
ingly di f ferent from the other cata]L~sts. The se lec t iv i ty ,  however, 
is s igni f icant ly improved. Vanntce'~has shown platinum to be one of 
the most selective catalysts for  methane--namely about gs~ to CHa. /ks 
an al loy with nickel in the amcunt of only one atomic percent p~[tinum 
continues to effect a 99% select iv i ty  to methane. 

Ni-A-116 is a high loading (15 wt.%) nickel catalyst used to 
compare against other catalysts containing 15-20 wt.% al loy. I t  has 
the highest rate per unit  weight but has a turnover number the same 
as Ni-Pt-A-IO0 and somewhat lower than the cobalt alloy. 
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Ni-MoO~-A-IOI has a relatively low active surface area. Thus, 
i ts rate per ullit weight =' is among the !c~st tested. However, its 
turnover number is the highest of any catalyst tested. Assuming a method 
to increase the active surface area can be found, this catalyst is a 
most promising candidate for further study. 

Ni-Ru-A-IO5 and Ni-Rh-A-IO0 behave typically as nickel catalysts 
showing competitively l i t t l e  effects of alloying although both are 
slightly le.~s active then Ni-A-II2, a nickel catalyst of comparable 
weight loading. The Rh does cause some increased selectivity to 
methane but not as pronounced as for plati=~u~. 

2. Work Forecast. During the next quarter screening tests for 
alumina-supported Ru wil'~ be repeated at 225 and 250°C. Alumina- 
supported Ni-F, oO~, Ni-Ru, Ni-Rh, Ni-Fe, Ni-Co, Ni-Pt, Ni-Pd and selected 
industrial methaflation catalysts w i l l  also be screened according to the 
sa.~.~ procedure af ter exposure to lO ppm H~S. Conversion versus t~.mper- 
ature behavior wil l  be measured for Most bf these catalysts and compared 
with corresponding results for selected commercial catalysts. 

D. Task'4: Cat al~,stGeometr ~ TestinB and Design 

This task is scheduled to begin 18 months after in i t ia t ion of  
the project or in other words October 22, I976. I~o experimental work 
was completed during the past quarter nor is any work scheduled for  
the next quarter in connection with this task. Arrangements have been 
made with technical and sales representatives of Coming Glass Works 
in which they w i l l  send us additional monolithic supports of various 
geomet'rles. The possibility of testing one or two samples of sprayed- 
Raney-nickel catalyst of the parallel plate configuration has also 
been discussed further with technical representatives at the Bureau of 
Hines ;in Pittsburgh. 

E. Task 5: Techn,ical V is.i.ts and Communication 

1. Accomplishments. During the past quarter the principal 
investigator has continued technical communications with other workers 
active in methanation catalysis, many of whom are l isted on the Report 
Distribution L is t  in Appendix B. Private communications in the form 
of  letters, phone cal ls,  exchange of preprints, and infomal discussions 
at  ~eetings have been very helpful in keeping up-to, date and comparing 
important results while avoiding unnecessary duplication of other's 
research. 

The principal investigator is presently Secret~j-Treasurer of  
the California Catalysis Society and the Task Force Leader for Metal 
Surface Areas on the ASTM D-32 Committee. These professional duties 
bring the principal investi~tor directly in contact ~ others 
working in catalyst char~cl~Hz~tion, surface area measurement, and 
~anation catalysis, all pe~nent to this p~t investigation. 
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The principal investigator and Mr. Kyung Sup Chung attended the 
ERDA/EPRI/NSF-RANN Contractors Conference held October 22-23, 1975 in 
Park City, Utah. The experience was very profitable both in terms of 
direct private conversations with other workers in coal conversion 
catalysis and ,in very informative presentations dealing with coal con- 
version. Preliminaw arrangements to v is i t  other laboratories were 
in i t ia ted during this meeting. 

2. Work Forecast. During the next quarter the principal investi- 
gator w i l l  attend the Fal'l meeting of the California Catalysis Society 
and w i l l  also present a paper on "Chemistry of Ni/AloO~ Catalysts" at the 
68th Annual AIChE meeting in Los Angeles in November. ~ ~Attendance at these 
meetings w i l l  provide additional opportunities for the principal inves- 
t igator  to build and continue communications with other workers in 
mthanation catalysi s. 
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IV. CONCLUSIONS 

A. In preparation of monolithic catalysts, a 2.5:1 or 3:1 slurry 
of water and SA Medium Al~O~ gives the maximum coating in the smallest 
nu~er of ~ips., ImpregnatiOn with a ~i(NO.~)o-6ffoO melt or with a 
5D wt.% aqueous solution of Ni(NO~)~ 6H~O da~imi)es the nickel loading 
with a minimum number of applicatlolIs. " 

B. In a 3% Ni-:~o/A1~O~ catalyst, the nickel sites adsorb both H 2 
and CO, whereas the ~loO 3 sites do not. 

C. Values of CO/H generally range from 1.5-2.0 for alumina-supported 
nickel alloy catalysts suggesting the formation of surface metal 
carbonyls du~ing CO adsorption or possibly CO spiIlover to the support. 

D. The uptake of carbon monoxide for alumina-supported nickel al loys 
is observed to increase after exposure to ]0 pp~ H~S at 4500C for 6 or 
12 hours. The reason for this behavio~ is not yet=understood. 

E. Hydrogen uptake after 12 hours exposure to IO pp~ HoS (at 45D°C) 
is d2creased only 11% for 20 wt.% Ni-Co/AI~O R compared to 5¢~ for 20~ 
Ni-Fe/AIoO~. These data suggest that Pli-C~ ~ay have a high resistance 
to sulfu~ poisoning. 

F. Data f~or CO adsorption on a nickel powder at 25°C show a CO/H value 
of 1.74 suggesting surface carbonyl formation. After evacuation at 
25°C, however, the ratio decreases ¢o 0.76, showing that reversible 
adsorption-desorption occurs. A value of CO/H of 0.76 is also obtained 
at -83°C before and after pumping at the low temperature indicating no 
reversibqe adse.-ption. The number of CO molecules ~'rreversibly 
adsorbed per surface nickel atom is 0.76 s~ggesting the existence 
of bridged structures for C0 on nickel. Our procedure of measuring 
CO adsorption at -83°C avoids complications due to either carbonyl 
formation or reversible CO adsorption. 

G. Steady state conversioa measured at ~5 and 250°C, l ate. and for 
space velocities of 30,000 and 60,000 hr" indicate that very nearly 
dlfferential (low conversion) condit ions obtain only for ~.ow (3-6 ~.~} 
metal loading catalysts. Screening data for 15-20 wt.~ metal!Al~OR 
catalysts are influenced by mass transfer or diffusional limitat~ol/~. 

H, I~i-MoO~/AI~O~ is the most act ive cata lys t  on a per surface area 
~asis. Ni-~Pt/AI~03 has the highest selectivity for methane production-- 
namely 99% (250°C 30,0~ h r " } .  A 15 we.% ~i/Al~O~ is the most actiw 
catalyst on a per mass basis--even more active thall a com~erical 32 wt.% 
Ni/AI203 simply because the 15g catalyst has a high nickel surface area. 

I. Conversion versus temperature data indicate that a c'ommerical 
nickel catalyst attains a maximm~ methane production of 80% at 250-3007C 
compared to a production of 90g for a 15 wt.~ Ni/AioOo prepared in this 
laboratory. The higher selactivity for the latter ha~alyst is possibly 
a resu l t  o f  i t s  higher state of  reduction to ~e ta l l i c  nickel .~ 
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