
I IIMIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
FE27293 

One Source. One Search. One Solution. 

ALLOY CATALYSTS WITH MONOLITH SUPPORTS FOR 
METHANATION OF COAL-DERIVED GASES. 
QUARTERLY TECHNICAL PROGRESS REPORT, MARCH 
21, 1978--JUNE 20, 1978 

BRIGHAM YOUNG UNIV. 
PROVO, UT 

05 JUL 1978 

U.S. Department of Commerce 
Nat ional Technica l  Informat ion Service 



One Source.  One Search.  One Solution.  

P r o v i d i n g  P e r m a n e n t ,  E a s y  A c c e s s  
t o  U . S .  G o v e r n m e n t  I n f o r m a t i o n  

National Technical Information Service is the nation's 

largest repository and disseminator of government- 

initiated scientific, technical, engineering, and related 

business information. The NTIS collection includes 

almost 3,000,000 information products in a variety of 
formats: electronic download, online access, CD- 
ROM, magnetic tape, diskette, multimedia, microfiche 
and paper. 

Search the NTIS Database from 1990 forward 
NTIS has upgraded its bibliographic database system and has made all entries since 
1990 searchable on www.ntis.gov. You now have access to information on more than 
600,000 government research information products from this web site. 

Link to Full Text Documents at Government Web Sites 
Because many Government agencies have their most recent reports available on their 
own web site, we have added links directly to these reports. When available, you will 
see a link on the right side of the bibliographic screen. 

Download Publications (1997 - Present) 
NTIS can now provides the full text of reports as downloadable PDF files. This means 
that when an agency stops maintaining a report on the web, NTIS will offer a 
downloadable version. There is a nominal fee for each download for most publications. 

For more information visit our website: 

www.ntis.gov 

U.S. DEPARTMENT OF COMMERCE 
Technology Administration 
National Technical Information Service 
Springfield, VA 22161 



Distribution Category UC-90c 

FE27293  
11111Iliiiiiiiiiiii]11IIIIIIIIil11IIII] 

ALLOY CATALYSTS WITH MONOLITH SUPPORTS FOR 
METHANATION OF COAL-DERIVED GASES! 

Quarterly Technical Progress Report 
For Period March 21, 1978 to June 20, 1978 

Calvin H. Bartholomew 
Brigham Young Universi ty 

Provo, Utah 84602 

Date Published - -  July 5, 1978 

PREPARED FOR THE UNITED STATES 
DEPARTMENT OF ENERGY 

Under Contract No. EF-77-S-OI-2729 



BIBLIOGRAPHIC DAZfA [ I. P, cport No. 12. 
SHEET FE-2729-3 
4. l t t l c  and Sul.,i,tie 

ALLOY CATALYSTS WITH P#NOLITH SUPPORTS FOR METHANATION OF 
COAL-DERIVED GASES 

3. Recip ien t ' s  Acce.~sion No. 

q. PeHorming Organlza~mn N~me and Address  
Catalysis Laboratory 
Chemical Engineering Department 
Brigham Young University 
Provo, Utah 84602 

5. Report Date 
July 5,  1978 

6. 

7. Author(s) 8. Pcrform~.ng Organizat*on Rept. 

Calvin H. Bartholomew No. 
10. Pro jec t /Task/V,  ork Unit No. 

Dr. Paul Scott 
Office of University 
Acti vi t i  es 

12. Sponsoring Or~amTarion Name and Address 
Department of Energy 
Fossil Energy 
20 Mass. Avenue N.W. 

ATTN: 

11. Cont rac t /Grant  No. 

EF-77-S-01-2729 
13. Type of Report & Period 

Covered 

Washington, D.C. 20545 :]4. 
l 5. Supplemenlary Notes 1 

l 
I 
l 

16. Ah~r.*cts  i 
Evidence t h a t  m o n o l i t h i c  suppor t ed  c a t a l y s t s  are more a c t i v e  than p e l l e t e d  c a t a l y s t s  on a i 
rate/volume of catalyst basis was shown in support geometry tests at high conversions ! 
during this past quarter. Also, the per cent y ie ld  of methane was higher for  the 
monolithic catalysts. H2S poisoning studies of alumina-supported Ni, Ni-Co, and Co pow- 
ders showed that specif ic met hanation rates were higher for  Ni-Co before and after l 
polsonlng with 10 ppm HpS. These data provide indi rect  evidence for the presence of an tlJ 
al loy or bimetal l ic clu~ter in the Ni-Co catalyst. Five upper operating temperature i imi 
tests were performed. These tests showed that our high loading catalysts are stable at 
high temperatures and under conditions s imi lar  to a commercial recycle methanation re- I 
actor. These and other s igni f icant  results obtained during this past quarter are pre- I 
sented and discussed. An account of technical communications with other workers and i 
v is i ts  to other laboratories is also included. I 

I 
. .  ' "  , '  , . . . . .  ' . - -  - -  ' .  I 

1 
I 

I 

1 
] 

I 
t 
1 

l 
I [ 

} 
I 
1 
! 

| 
| 

1 

17. Key ~,mds and Llocumenr Ana lys i s .  

Coal Gasification 
Methanation 
Catalysts 
Sulfur Poisoning 

176. Ident i f ie rs /Open-Ended Terms 

17c. COSATi Field '*C,r~,~p 

17G. Descr ip tors  1 
i X 

l 
J 
1 
i 

J 
J 
J 
E 

f 19.. Securi ty C ia s s  (This  T21. No. o: Pases 
Report)  [ I 

ty C la s s  (This [22. Pr ice  I ! 
J. UNCI.ASSIFIED ..~ J 

11~, Availabth~y S:a~elr, cnt 

r o ~ 4  , ~ r ~  ~ v .  ~ , : ~  ENI'X)RSH) BY ANSI AND UNESCO. "I'HIS FO.KM .v&~ BE RL~PRODL;CED 

'L S GOVERNMENT PRINTING OFFICE: 1979-640-092/417 



FOREWORD 

This report summarizes technical progress during the third 
quarter (March 21, 1978 to June 20, 1978) of a study conducted for 
the Department of Energy (DOE) under Contract No. EF-77-S-01-2729. 
The principal investigator for this work was Dr. Calvin H. Bartholomew; 
Dr. Paul Scott was the technical representative for DOE. 

T~ fol lo~ing students contributed to the tec~ical accomplishments 
and to this report: Graduates - Erek Erekson, Ed Sughrue, and Gordon 
Weatherbee, and Undergraduates - Kevin Mayo, Don Mustard, and John 
Watkins. Elaine Alger and David Creer provided typing and drafting 
services. In this report data are reported in SI units. 

i i i  
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ABSTRACT 

Evidence that monol i thic supported catalysts are more active 
than pel le ted catalysts on a rate/volume of cata lys t  basis was shown 
in support geometry tests at high conversions during this past quarter. 
Also, the per cent y i e l d  of  methane was higher f o r  the monoli thic 
c a t a l y s t s .  HpS poisoning studies of alumina-supported Ni, Ni-Co, 
and Co powder~ showed that s p e c i f i c  methanation rates were higher 
f o r  Ni-Co before and a f te r  poisoning wi th  10 ppm H2S. These data 
provide ind i rec t  evidence fo r  the presence of an a l loy  or b imeta l l i c  
c luster  in the Ni-Co catalyst .  Five upper operating temperature l im i t  
tests were performed. These tests showed that our high loading catalysts 
a:-e s:~able at high temperatures and under condi t ions s imi lar  to a 
commercial recycle methanation reactor.  These and other s ign i f i can t  
resul ts obtained during this past quarter are presented and discussed. 
An account of technical  communications with other workers and v is i t s  
to other laboratories is also included. 

. 



I. OBJECTIVES AND SCOPE 

A. Background 

Natural gas is a highly desirable fuel because of its high 
heating value and nonpolluting combustion products. In view of the 
expanding demand for and depletion of domestic supplies of clean fuels, 
economic production of synthetic natural gas (SNG) from coal ranks 
high on the l i s t  of national pr ior i t ies. 

Presently there are several g ~ i f i c ~ i o n  processes under development 
directed toward the production of SNG. Although ca ta ly t i c  methanation 
of coLl synthesis gas is an important cost item in each process, basic 
technological and design principles for this step are not well advanced. 
Extensive research and development are needed before the process can 
rea l i ze  economical, r e l i ab le  operat ion. S p e c i f i c a l l y ,  there appear 
to be important econanical advantages in the development of more ef f ic ient ,  
stable catalysts.  

From the l i t e r a t u r e  (1,2) ,  three major cata lyst  problems are 
apparent which relate to s t a b i l i t y :  ( i )  su l fur  poisoning, ( i i )  carbon 
deposition ~ th  associated plugging, and ( i i i )  sintering. Our understanding 
of these problems is at best sorely inadequate, and the need to develop 
new and bet ter  ca ta l ys t  technology is obvious. Nevertheless, there 
has been very l i t t l e  research dealing with new cata lys t  concepts such 
as bimetal l ic (al loy) or monolithic-supported catalysts for methanation. 
This study deals spec i f i ca l l y  with sul fur  poisoning, carbon deposition, 
and the effects of support (monolith and pellet) geometry on the performance 
of a l loy methanation catalysts.  

B. Objectives 

The general ob jec t ives  of th is  research program are ( i )  to 
study the k inet ics of methanation for  a few selected catalysts tested 
during the f i r s t  two years, ( i i )  to invest igate these cata lysts for 
resistance to deactivation due to sulfur poisoning and thermal degradation. 
The work is divided into f ive tasks. 

Task 1. Characterize the surface bulk, and phase compositions, 
surface areas, and metal c r y s t a l l i t e  sizes fo r  alumina-supported Ni, 
Ni-Co, Ni-MoO 3, Ni-Pt, Ni-Ru and Ru catalysts.  

Task 2. Continue ac t i v i t y  test ing and support geometry studies 
of Ni-and Ni bimetal l ic catalysts in i t ia ted  during the f i r s t  two years. 
The tests include ( i )  conversion vs. temperature runs at low and high 
pressures, ( i i )  steady-state carbon deposit ion tes ts ,  ( i i i )  in si tu 
H2S tolerance tests, and ( iv)  support geometry comparisons. 

Task 3. Perform k ine t i c  studies to f ind i n t r i n s i c  rate data 
for  alumina-supported Ni, Ni-Co, Ni-MoOR, Ni-Pt, Ni-Ru and Ru catalysts 
over a range of pressures and feed compoCitions. Detailed rate expressions 
for  each cata lyst  w i l l  be determined at low and high pressure. Effec- 



tiveness factors for monolithic and pellet-supported nickel on alumina 
wi l l  be obtained by comparing specific rates to those of f inely powdered 
nickel on alumina. 

Task 4. Determine HpS poisoning rates, thermal deactivation 
rates, a-n-d o ~ r a t i n g  temper6ture l im i t s  for  Ni, Ni-Co, Ni-MoO 3, Ni- 
Pt, Ni-Ru, and Ru catalysts. 

Task 5. Continue laboratory visi ts and technical communications. 
In terac t  c losely  wi th indus t r ia l  and governmental representatives 
to promote large scale test ing and development of the two or three 
best monolithic or pelleted alloy catalysts from this study. 

C. Technical Approach 

The technical approach which w i l l  be used to accomplish the 
tasks outl ined above is presented in the statement of work dated May 
20, 1977. The main features of that approach are reviewed here along 
with more speci f ic  detai ls  and modif icat ions which have evolved as 
a resul t  of progress. 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 avai lable. Nevertheless, the objectives, 
tasks and principle features of the appro~h wi l l  remain the substantial ly 
the same. 

Task 1: Catalyst Characterization 

A comprehensive examination of alumina-supported Ni, Ni-Co, 
Ni-MoO 3, Ni-Pt, Ni-Ru, and Ru catalysts wi l l  be carried out to determine 
surface, bulk, and phase compositions, surface areas, and metal crystal l i te 
sizes using the following techniques: chemisorption, x-ray di f f ract ion,  
chemical analysis, ESCA and SIMS spectrocopy, Auger spectroscopy and 
transmission electron microscopy. 

Hydrogen ch~isorption uptakes vTi II be ~asured using a conventional 
volumetri c apparatus before each reactor ~ces-t rand before and after 
deactivation tests.  X-ray d i f f rac t i on  measurements w i l l  be carried 
out to determine the act ive meta l l i c  phases and metal c rys ta l l i t e  
size where possible.  Selected "aged" samples from Task 4 w i l l  be 
analyzed (by x-ray, chemical analysis, and perhaps ESCA) to determine 
carbon content and possible changes in phase composition or part ic le 
size. Also, transmission electron micrographs wi l l  be made to determine 
part ic le size distr ibut ions for  catalyst samples. A few samples w i l l  
be analyzed by EDAX to determine composition. 

Task 2; Act iv i ty  Testing and Sgpport Geometry Design 

Methanation act iv i ty  and sulfur tolerance measurements in i t iated 
during the previous two years of study (3) w i l l  be completed. Pellet 
and monol i thic alumina-supported Ni, Ni-Co, Ni-MoOq, Ni-Pt,  Ni-Ru, 
and Ru catalysts, (both high and low metal l oad ings )~ i l l  be ac t iv i ty  



tested over a range of temperatures, pressures, and H2S concentrations. 
A comparison of steady state conversions for nickel on d i f ferent  pe l le t  
and monolith supports of varying geometry w i l l  be made. Low pressure 
a c t i v i t y  and s u l f u r  to lerance tests w i l l  also be made for  pe l le ted 
Co/A1203 and unsupported Ni-Co and Ni-Mo a l loys .  A summary of the 
f i ve  ~est  procedures and corresponding exper imenta l  conditions is 
l i s ted  in Table I .  

Task 3: Kinet ic  Studies 

in order to make more extensive k i n e t i c  studies of the six 
ca ta lys t  metal combinations a new mixed f low reactor  system w i l l  be 
const,-ucted. This system w i l l  be capable of operat ion to 7500 kPa 
and 775 K and over a range of reactant  composi t ions.  The reactor 
f o r  th is  system w i l l  be a "Ber ty "  type constant  volume mixed f low 
Autoclave reactor. 

I n t r i n s i c  rate data w i l l  be obtained f o r  alumina-suported 
Ni, Ni-Co, Ni-MoO 3, N i -P t ,  Ni-Ru, and Ru ca ta l ys t s  over a range of 
pressures and feed compositions in order to obtain detailed rate expressions 
at low and ~ pressures. To insure g rad ien t less  operat ion in the 
reac t ion - l im l ted  regime the rates w i l l  be measured at low conversions 
(0-5%) and low temperatures (525-600 K) fo r  samples which have been 
crushed to obtain small par t i c les .  

Isothermal e f fec t i veness  fac tors  for  mono l i t h i c  and pe l le t -  
supported nickel on alumina w i l l  be obtained by comparing the i r  speci f ic  
rates to those of f i n e l y  powdered n ickel  on alumina using the same 
mixed f low reactor.  

Task 4" Degradation Studies 

H2S poisoning rates and thermal d e a c t i v a t i o n  rates at low 
pressure w i l l  be studied using a new quartz reactor  system. Quartz 
was selected as the mater ia l  fo r  the reactor because i t  must operate 
at high temperatures (750-1000 K) and in a corrosive (H?S) environment. 
This reactor is also a constant volume mixed f low type r~actor according 
to the design of Katzer (4). The quartz reactor system w i l l  be constructed 
during the ear l y  part  of the contract  per iod.  Thermal deact ivat ion 
at high pressures w i l l  be s tud ied using a t ubu la r  stainless steel 
reactor previously discussed (3). 

Operat ing temperature l i m i t s  (and s p e c i f i c  r eac t i on  rates 
w i t h i n  t h i s  range),  thermal d e a c t i v a t i o n  rates near the upper use 
temperature ( in the presence and absence of steam), and H2S poisoning 
rates (at 525 K in the presence of  I and 10 ppm H2S in-H2) w i l l  be 
determined f o r  Ni, Ni-Co, Ni-MoO 3, N i -P t ,  Ni-Ru, and Ru ca ta lys ts .  
The extent of carbon-carb ide deposited in the thermal deact ivat ion 
runs w i l l  be determined by chemical analysis and x-ray d i f f r a c t i o n .  



Table 1 

Descript ion of  Reactor Tests fo r  Task 2 

. 

. 

. 

. 

. 

Test Procedures 

Temperature-Conversion Test: Measure CO 
conversion and methane production as a 
funct ion of temperature, with and wi thout 
I% (by vo l . )  of  steam present in the 
rea.La,.~ mixture. 

Tempe.raturecConversion Test (high pressure): 
Measure CO conversion and methane production 
as a funct ion of temperature at 2500 kPa. 

Steady State (74 Hr.)Carbon Deposition 
Test: ~easure CO conversion and methane 1 
production at 500 and 525 K (250,000 hr-  ) 
before and a f te r  an exposure of 24 hours 
at 675 K. 

I n s i tu  H?s Tolerance Test: Measure i n t e r -  
m i t t en t l y  the production of  methane and 
hydrocarbons (by FID) during 24 hours 
exposure to feed containing 1 or I0 ppm H2S 
using a glass reactor. 

Support Geometry Tests: Measure CO 
conversion and methane production as a 
funct ion of temperature for  the same 
Ni/AI20 ~ cata lys t  supported on monoliths 
and pelTets of varying geometries. 

Experimental Condit i  ons 

475-675 K 
140 kPa 

30,000 hr - I  
I% CO, 4% He, 95% N 2 

(dry basis) 

475-675 K 
2500 kPa 

30,000 hr - I  
I% CO, 4% H 2, 95% N 2 

675 K (24 hrs. )  
140 kPa 

200,000-250,000 hr - I  
25% CO, 50% .H e, 25% N 2 

H2/CO = 2 

525 K 
140 kPa 

30,000 hr - I  
I% CO 4% H 2, 95% N 2 

1 or I0 ppm H2S 

575-675 K 
140 kPa 

30,000 hr - I  
I% CO, 4% H 2, 95% N 2 



Task 5: Technical Interaction and Technology Transfer 

The principal investigator wil l  continue to communicate closely 
with other workers in methanation catalysis, continue distribution 
of quarterly reports to selected laboratories to stimulate interest 
and feedback, attend important coal and catalysis meetings, and visi t  
other methanation laboratories. 

He wi l l  also interact closely with Mr. A.L. Lee at the Institute 
of Gas Technology, with personnel at the Pittsburgh Energy Research 
Center and with other coal gasification representatives to promote 
large scale testing and development of the two or three best catalysts 
from this study. 

6 



I I .  SUMMARY OF PROGRESS 

A project progress summary is presented in Figure 1 and accom- 
pl~shments during the past quarter  are summarized below. Figure 1 
sho~vs that task accomplishments are e i ther  on or ahead of schedule. 

Accomplishments and resu l t s  from the l a s t  quarter are best 
summarized according to task: 

Task 1. Three new pe l le t  catalysts and several Torvex (DuPont 
Co.) monolith catalysts were prepared. Hp chemisorption measurements 
were performed on 24 mono l i t h i c ,  pel le~ed,  or  powdered catalysts. 
Ei_~cz,'on micrographs were taken of Ni-A-121, Ni-Co-A-I03 and blank 
alumina support.  Comparison of the blank support micrographs with 
ozher micrographs taken in th i s  laboratory  shov~ed that  we have not 
had enough contrast between metal and support to give accurate par t ic le  
size d is t r ibut ions.  

Task 2. Fresh and H2S poisoned Ni-Co-A-IO0 sample~ in powder 
form were d i f f e r e n t i a l l y  tested at 100 kPa, 100~000 hr -±, and 498, 
523, 548 K. The resu l ts  of these tests are consistent with a pore 
mouth or shel l  type HpS poisoning model. Uniformly poisoned ( in a 
f l u i d i z e d  bed) Ni, Ni-Co, and Co powders were also a c t i v i t y  tested. 
Speci f ic  a c t i v i t i e s  (turnover numbers) before and a f ter  exposure to 
10 p ~  H2S/H 2 were higher for Ni-Co re la t ive to both nickel and cobalt; 
th is synergist ic ef fect provides evidence for  the presence of an a l loy 
in the Ni-Co ca ta l ys t .  Conversion-temperature tes ts  were carried 
out on several Torvex and c o r d i e r i t e  mono l i t h i c  catalysts and Ni- 
A-121 (3% Ni) pellets. The results frc~ these tests showed that monoliths 
are c l e a r l y  more ac t ive  than p e l l e t s  on a rate/volume of catalyst  
basis.  Calculated mass t rans fe r  c o e f f i c i e n t s  shov~ that the tests 
were conducted in the mass transfer inf luencing regime. 

Task 3. Construction on the Berty reactor system was completed 
and some operational tests were made. 

Task 4. Upper operating temperature l i m i t  tests were performed 
on four d i f f e r e n t  pe l le ted cata lys ts .  These tests sho~ved that  the 
point of maximum conversion for  these catalysts was near 723 K (450°C). 
Also, Ni-A-122 (20% Ni) did not rapidly deactivate un t i l  823 K (550°C). 

Task 5. The p r i nc i pa l  i n v e s t i g a t o r  v i s i t e d  and presented 
seminars at Los Alamos Sc ient i f i c  Laboratory, ,~orton Chemical Company, 
and Climax Molybdenum Company. Dr. Bartholomew,' also presented papers 
at the Conference on Catalyst  Deact ivat ion at Berkeley, Ca l i fo rn ia ,  
and at the 85th National AIChE meeting. A science/technology concentrate 
concerning our work was published in Chemical and Engineering News. 
Preparation of several journal articles concerning our work is continuing. 
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ITI~ DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

Task i :  Catalyst Characterization 

!.  Catalyst Preparation " 

During t h i s  quar ter  two base metal p e l l e t  catalysts Ni-Co- 
A-103 (10% Ni, ~ :" and Ni-MoOR-A-i05 (10% Ni, 10% MoO R 
on AIpO~) were prepared k i n e t i c  an~d degradation studies i~ 
Tasks ~3 "a~d 4. T~se catalysts ~,~re prepared using impregnation tec~.iques 
similar to those previously reported (3). However, since these catalysts 
~.I~] ~ be tested at high temperatures, the Kaiser SAS 5x8 mesh alumina 
peliecs '~re calcined 3 hours at 1075 K before impregnating with aqueous 
sol~tions of the n i t ra te  sal ts .  

Since ch lor ide ions act to poison the Bethanation reaction, 
ef for ts  were made to prepare ruthenium and platinum containing catalysts 
fron chioride-free salts, ruthenium acetoacetonate and platinum diamino- 
d i n i t r i t e  supplied by Matthey-Bishop. Ni-Ru (2.5% Ni - 0.5% Ru) and 
Ni Pt (15% Ni - 0.5% Pt) cata lysts  were prepared on Kaiser SAS AIpO 3 
p e l l e t s .  Since ne i ther  of these sa l t s  is  so lub le  in HpO, ethanol 
was used as the solvent for the Ru sal t .  The platinum dia~min~ d i n i t r i t e  
was dissolved in  concentrated HNO R. Af ter  adding the nickel sa l t ,  
the in-pregnating soluticm v~s neutrai~zed with ~OH. The Ni-Pt catalyst ,  
however, decomposed v io l en t l y  upon bulk reduction causing destruction 
of the pe l le ts .  The Ni-Pt cata lys t  w i l l  be prepared during the next 
quarter using a Io~ t~perature calcination to prevent such an explosion. 

Several Ni/Al203/Torvex monol i thic catalysts (3 wt. % nickel)  
were prepared f o r  use in our geometry studies by adding an alumina 
washcoat and impregnat ing with n icke l  n i t r a t e  in a manner s imi lar  
to that  used f o r  c o r d i e r i t e  mono l i th ic  ca ta l ys t s  prepared ear l ie r  
in this laboratory. Preparation of 20~ Ni/AipOR/cordier i te monoli thic 
ca ta l ys t s  f o r  use in thermal s t a b i l i t y  te-st~s was also i n i t i a ted .  

2. Che~isorption 

During the las t  quarter  hydrogen chemisorption measurements 
were carried out on 24 d i f ferent  catalysts, 16 Torvex Honeycomb (DuPont 
Co.) monoliths (3% Ni ) ,  6 Ni or Ru containing pe l l e t  cata lys ts ,  and 
2 powdered c a t a l y s t s .  These resu l t s  repor ted in Table 2 show the 
hydrogen uptakes of the 3 ~t. % Ni ~ n o l i t h i c  catalysts to be comparable 
viith the pe l le t  catalysts containing 3 and 6 wt. % nickel .  

3. Transmission Electron Microscop~ 

Transmission e lec t ron  microscopy measurements of 6% nickel 
on alumina, 10% nicke l  - I0% coba l t  on alumina and the Kaiser SAS 
medium alumina support vzere carr ied out during the contract period. 
A s l i gh t  modi f icat ion to the procedure recorded in previous reports 
was made. A holey for~,var coated gr id  was implemented in place of 
the non-holey formvar coated g r i d ,  i . e . ,  the formvar was prepared 
in the same Banner as before s tated,  w i th  one exception; when the 



Table 2 

Summary of Metal Surface Area 
Measurements Using H 2 ChemCsorption 

at 25°C 

Mgno]ithic Catalysts: 

Ni-TM-IIO 

N i -TM- I I I  

Ni-TM-310 

Ni-TM-311 

Ni.,TM-312 

Ni.~TM-II2 

Ni ~TM-I 5(] 

Ni ,~TM-~ 151 

Ni ,-TM 152 

Ni -,TM-350 

Ni-TM-352 

Ni -TM-356 

Ni -TM,357 

Ni-TM-I 1 3 

Ni-TM-314 

Ni-TM-31 5 

Nominal Composition (wt.%) 

3.0% Ni 

3.0% Ni 

3.0% Ni 

3.0% Ni 

3,0% Ni 

3.0% Ni 

3,0% Ni 

3.0% Ni 

3.0% Ni 

3.0% Ni 

3.0% Ni 

3.0% NI 

3.0% Ni 

3.0% Ni 

3.0% Ni 

3.0% Ni 

Uptake (pmol es/gram) 

36.8 a 

38.5 a 

29,6 a 

31.5 a 

33.9 

34.2 a 

46.1 a 

46.8 a 

42.2 a 

45 2 a 

49.0 a 

26.1 a 

31.5 a 

36.9 

29.7 

30.2 

Pellet Catalysts: 

Ni-A-120 

Ni-A-121 

Ni-A-122 

3% Ni 

6% Ni 

20% Ni 

31.0 a 

73.9 

212.7 

lO 



Table 2 cont. 

Pe]iet Catalysts: Nominal Composition (wt.%) Uptake (~moles/~ram) 

Ru-A-I O0 

Ni -MoO3-A- 105 

Ni-Co-A-i 03 

.5% Ru 1.6 

10% Ni 
10% MoO 3 52,8 

10% Ni 
10% Co i17,4 

Powders 

Ni-Co-A-IO0 
before poisoning 

N i -Co-A- 1 O0 
af ter  poisoning 

148,2 b 

69.7 b 

a~ 
i empe ratu re-Con vers i on 

bDi fferential ly tested 

tested @8 psig 

I I  



l iqu id  formvar coat was set aside to dry a f ine wa~er ~.,;st (from human 
breath) was placed on the formvar coat. This caused minute holes 
to form in the hardened formvar. The purpose of th is  grid support 
modi f i ca t ion  is to provide bet ter  reso lu t ion  of the ca ta l ys t .  When 
the ground c a t a l y s t  is placed on the holey formvar coated grids a 
good percentage of the ca ta lys t  pa r t i c les  w i l l  appear above a hole. 
This method el iminates any inconsistencies that may arise due to the 
support, such as var iable thickness of the support causing resolut ion 
problems or contamination on the support which could af fect  also the 
micrograph. 

A particle size distribution was completed fran several micrographs 
of the prepared n icke l -coba l t  sample (see Table 3). ~icrographs of 
t:~e a~umina support, however, provided some cause for  concern because 
of the closeness in structural  appearance of some areas of the support 
to that  of a metal impregnated support (see Area I of Figure 3 as 
compared to Figure 2). However, many areas of the alumina-supported 
nickel show a contrast between the support and metal par t ic les  (Area 
2 of Figure 3) and in these areas we feel confident that an accurate 
metal c r y s t a l l i t e  size can be determined (see Figure 4). We are, 
therefore,  invest igat ing procedures to increase the contrast between 
the support and the metal and we are confident that the contrast problem 
w i l l  be resolved.  Un fo r tuna te l y ,  we w i l l  need to re-evaluate our 
previously obtained micrographs for  several alumina-supported samples 
to be sure that the contrast allows unambiguous choice between metal 
par t ic les and support structure. 

Task 2: Ac t i v i t y  and Support Geometry Tests 

Both f resh and p a r t i a l l y  sul f ided samples (treated in 10 ppm 
H?S/H? at 450°C) of Ni-Co-A-IO0 (powdered form) were d i f f e ren t i a l ~y  
t~steT~ at 498, 523 and 548 K at a space v e l o c i t y  of 100,000 hr -~. 
The resu l t s  are compared in Table 4. Prev ious ly  reported data on 
Ni-Co-A-]O0 pe l le ts  is also included. The sample was tested in the 
powdered form to decrease the e f fec ts  of d i f f us iona l  resistance and 
pore mouth poisoning thought possible in pe l le ts .  CO turnover numbers 
for the fresh powder were 2-3 times larger than those previously reported 
for a pelleted sample; however, the methane turnover numbers were 
about the same. The high percentage of CO conversion without corresponding 
methane or carbon dioxide production for the powder suggest that there 
may be some problem with the analysis or that the surface composition 
of the powdered sample is significantly different and such as to produce 

significant amount of heavy hydrocarbons. The nickel-cobalt powder 
was prepared from the same batch as the pelleted sample, but i t  was 
bulk reduced at a different time possibly under s l ight ly  different 
conditions. The higher H 2 uptake suggests that i ts surface properties 
could be much di f ferent  from the ear l ier  batch. This renders the 
comparison between the pellets and powder d i f f i cu l t  and perhaps incon- 
clusive Also some CO~ was found to be in the reactant stream during 
the d i f f e r e n t i a l  t e s t ' o f  the su l f i ded  powder which a l te rs  the test 
conditions somewhat, and accounts for  the negative values of CO 2 production, 
mainly a r t i f ac ts  of the calculat ion.  
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Sample 

Ni-Co-A-iOO 

Table 3 

Particle Size Distribution for Ni-Co-A-IO0 

Measured by Electron Microscopy 

Treatment 

R~Juced 
and 
Passivated 

<2.28 

b 
Per cent Particlesain each Size Range 

2.29-2.73 2.74-3.19 3.20-3.64 3.65-4.10 4.11-4.55 

3.0 1.7 6.7 12.2 20.2 32.8 

4.56-5.01 5.02-5.46 5.47-5.92 5.93-6.38 6.39-6.83 6.84> 

14.3 3.8 0.8 0.8 0.8 2.9 

Surface averaged mean diameter = 5.1 n~. 

aAccording to number average diameters of  par t i c les  
0 

bSize Ranges are in nm (Inm = IOA) 
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Figure 2. Electron Micrograph of BL-A-IOI (blank alumina suDDort) 295,000x. 
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Figure 3. Electron Micrograph of Ni-A-121 (6% Ni) 295~000x. 
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Figure 4. Electron Micrograph of Ni-Co-A-IO0 (10% Ni, 10% Co) 295,000x. 
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Table 4 

pmoleslg 
H 

Ni-Co-A-IO0 148.2 
before poisoning 

Ni-Co-A-lO0 I14.9 
Pellets 

Differential Reactor Data 
for Ni-Co-A-lO0 Befor~ and After H~S Poisoning 
(100 kPa, I00,000 h r " ,  95% ~42' 4~H2" I% CO) 

H25 poisoned % CO % Production % Yield 
uptake conversion CH 4 CO 2 CH 4 CO 2 

at 498 K 
15.6 4.7 0.0 0.03 0.00 

14.8 12.3 3.6 .84 .024 

Ni-Co-A-lO0 148.2 
after poisoning a'b 

69.7 1.7 1.7 -0.3 1.02 -0.16 

at 523 K 

NI-Co-A-I O0 148.2 
-~ before poisoning 

Ni-Co-A-I O0 l l4.g 
pel lets 

Ni -Co-A-I O0 1.48.2 
after poisoning 

26.0 14.1 0.9 .54 .04 

35.5 28.5 2.27 .80 .064 

69.7 6 . 2  4 . 2  - 0 . 1  . 87 -0.02 

at 548 K 

Ni-Co-A-I O0 148.2 50.0 30.5 7.3 0.61 0.15 
before poi sorting 

Ni -Co-A-I O0 
pel Iets 

Not Available 

Ni-Co-A-100 148.2 69.7 9.9 8.3 0.7 .84 .07 
after poisoning 

apoisoned in fixed bed in flo~ving H 2 and I0 ppm H2S until approximately 50% poisoned 

breactant stream contained approximately .01% C02 

Rate XlO 7 
g moles/ g cat-sec Turnover # XlO 3 

CO CH 4 CO CH 4 

33.8 I0.I II .4 3.42 

8.4 7.0 3.6 3.0 

3.6 3.6 2.5 2.6 

56.5 30.6 19.0 10.3 

20.3 16.3 8.5 6.9 

13.3 8.9 9.5 6.4 

I08.4 66.2 36.6 22.4 

21.2 17.84 15.2 12.8 



Nevertheless, the methane turnover number data for the powdered 
c a t a l y s t  before and a f t e r  poisoning reveal a s i g n i f i c a n t  decrease 
in specif ic ac t i v i t y  of the remaining sites after poisoning, in contrast 
to the increase observed previously for  the pe l le t  supported catalyst  
(3). Hence, the data suggest that catalyst  geometry plays an important 
ro le  in the poisoning process and these data are indeed consistent 
with a pore mouth or shell type poisoning model. 

Pa r t l y  because of these unusual r e s u l t s  and the obviously 
nonuniform nature of H2S po ison ing,  a f u r t h e r  series of tests was 
conducted fo r  alumina supported Ni, Ni-Co, and Co Catalysts of high 
metal loading (14-20%) in powder form in which the samples were poisoned 
in a uniform manner by 24 hour exposure to !0 ppm HpS/H~ in a f lu id ized 
bed reactor .  A schematic of the f l u i d i z e d  bed reactor is shown in 
Figure 5. The methane turnover number data obtained before and after 
poisoning at high space ve loc i t i es  and low conversions are shown in 
Table 5. Poisoned s i te  a c t i v i t y  ra t ios (PSAR values), ra t ios  of the 
turnover number of the poisoned to that  of the f resh ca ta l ys t ,  are 
also l i s ted.  That the PSAR values for  the uniformly poisoned catalysts 
are s i g n i f i c a n t l y  less than one (on the order of 0.5) suggests that 
adsorbed H2S i n t e r a c t s  w i th  the n ickel  surface to deactivate more 
than one nickel s i te fo r  every adsorbed sulfur atom and/or restructures 
the surface such that the remaining si tes are less active. The larger 
methane turnover numbers and PSAR values fo r  Ni-Co compared to Ni 
and Co, an obvious synerg is t i c  e f f ec t ,  provide ind i rec t  evidence of 
an i n t ima te  b i m e t a l l i c  i n t e r a c t i o n  or perhaps an a l loy ing ef fect .  

I t  should be mentioned here that the nickel and n ickel -cobal t  
cata lys ts  were observed to be r e l a t i v e l y  Stable over a period of 30- 
60 minutes during which time 5-6 chromatographic samples were obtained. 
The Co/A120 ~ powder, however, was observed to lose a c t i v i t y  with time 
pa r t i cu la r  Ty at the higher temperature (525 K) and espec ia l l y  af ter 
exposure to HpS. For example, the poisoned sample lost  45% of i ts  
i n i t i a l  a c t i v ~ y  at 525 K over a period of about 45 minutes. This 
deactivation is possibly a resul t  of high molecular weight hydrocarbons 
deposit ing on the surface, since supported Co is known to be active 
for Fischer-Tropsch Synthesis. Because this deactivation was not observed 
in the t e s t i n g  of the same c a t a l y s t  in p e l l e t  form at lower space 
ve loc i t ies ,  the deactivation phenomenon may be dependent upon catalyst  
geometry and upon space veloc i ty .  

As part of the support geometry test ing under Task 2, several 
mono l i th ic  and beaded ca ta l ys ts  were tested under high temperature 
and hope fu l l y  mass t r a n s f e r  l i m i t i n g  cond i t i ons  to see i f  support 
geometry had an ef fect  in these reaction regimes. 

Each of the cata lysts tested (see Table 6) was characterized 
by determinat ion of geometr ical surface area (GSA). This .cata lyst  
characterist ic is the cr i ter ion by which monolithic and pelleted catalysts 
can be compared in mass t ransfer  l i m i t i n g  regimes. The geometrical 
surface area (GSA) is the exter ior  surface area of the catalys~ implied 
by the @eometry of the cata lyst  support and is reported as cm- surface 
area/cm J cata lyst  volume. 
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C) 

At 500 K 

Catalyst 

Table 5 

Speci f ic  A c t i v i t y  Data a Setore and Af ter  Exposure L to lOppm H2S 
of Alu~ina-Supported ' : i ,  ~i-Co and Co in Powcer For,~l 

% CO Conversion % CHI Yield c CH 4 Turnover No. XIO 3 Isec -1) 

Ni-A- I I6  (14% ~i~ 
fresh 4.04 71.5 2.4 
poisoned 2.69 61.4 1.0 

Poisoned Site d 
Activi ty R~tio 

Ni-Co-A-lO0 (10% Ni, 10% Co) 
fresh 4.46 61.2 6.0 
poisoned 2.80 81.8 4.1 

Co-A-lO0.(20% Co) 
fresh 2.01~ 61.2 3.8 
poisoned 2.26 T 55.8 2.0 

At 525 K 

0.42 

0.68 

0.53 

N i -A- I I6  (14% Ni) 
fresh 9.85 83.6 6.9 0.40 
poisoned 6.28 74.2 2.8 

Ni-Co-A-IO0 (.10% Ni, 10% ~9) 
fresh 8.60 85.6 16.1 0.83 
poisoned 8.44 89.7 13.4 

Co-A-100 (20% Co) 
fresh 5.81~ 56.9 I0.3 
poisoned 3 25- 65.2 3.5 

O. 34 

aAt 140 kPa, a space ve loc i ty  of about I00,000 hr " I  in a gas mixture containing I% CO, 4,% H 2, 95% N 2. 

bExposure to lOppm H2S in a f l u id i zed  bed over a period of several hours s u f f i c i e n t  to poison about 5G% of the surface. 

CMethane ye i ld  is the f rac t ion of converted CO which is transformed to methane. 

dTurnover number for the poisoned divided by that  for the fresh cata lyst .  

- I  eSpace velocity : lO0,O00 hr 

fSpace ve loc i ty  = 38,000 hr - I  



Table 6 

Comparison of Geometrical Surface Area and Conversion, 

Production and Selectivity 

[140 kPa, GHSV = 50,000 hr - l ,  700 K~ I% CO, 4% H 2, 95% N 2] 

Catalyst GSA % Conversion % Production 
CO CH 4 CO 2 

% Yield 
CH 4 CO 2 

Beads (0.32 cm diam.) 

Cel cor monol i ths 

46.5 []/cm2 

8.7 58.9 37.4 14 .0  63 .5  23.8 

17.8 92.9 64.1 1 7 . 8  6 9 . 0  19.1 

Torvex monoliths 

40.80/cm 2 DuPont Alumina Coat 16.6 

40.80/cm 2 Cat. Lab. Alumina Coat 16.3 

lO.70/cm 2 DuPont Alumina Coat 8.9 

lO.70/cm 2 Cat. Lab. Alumina Coat 9.2 

96.2 65.5 18.9 6 8 , 1  19.7 

96.6 67.6 18.0 69.9 18.6 

86.3 57.6 17.8 66.8 20.7 

88.9 59.3 16.6 66.7 18.7 



The GSA of the cata lys t  beads was determined by mul t ip ly ing 
the surface area of a single cata lys t  sphere by the number of beads 
in the r~eactor sample and then d iv id ing by the reactor sample volume 
(6.3 cmJ). The GSA of the mono l i t h i c  ca ta lys ts  was determined by 
measuring the circumference of a single monolith channel, mul t ip ly ing 
by the length of a monol i th,  mu l t i p l y i ng  by the number of channels 
per monolith, and dividing by the volume of a monolith. The circumference 
of a monolith channel was determined by photographing a monolith through 
a magnifying lense, then blowing up the photograph. Figure 6 is a 
representat ive enlarged photograph of a coated, impregnated, reduced 
monol i th ic  ca ta lys t .  This method gave resu l ts  comparable to those 
reported by Corning Glass Works for uncoated monoliths. 

Conversion and select iv i ty data at 700K and 140 kPa (l atm) 
for the catalyst monoliths and beads are listed.in Table 6. Co~version 
vs. temperature tests were conducted at 140 kPa and 50,000 hr -~, using 
a reactant gas containing I% CO, 4% Ht2 ~ and 95% N 2. The temperature 
varied from 450 to 750 K, however, e catalysts were compared at 
700 K since that temperature was nearest the maximum CO conversion 
for al l the catalysts. Each data value in Table 6 represents the 
average of data obtained for 3-4 identical samples of each geometry 
Comparison of the CO conversion data for different monoliths shows 
signif icantly higher conversions for the monoliths having the larger 
GSA. The beaded catalyst compared to the monolith catalysts of about 
the same GSA achieves substantially lower conversion to CO. Moreover 
i ts methane yield is also significantly less relative to the monolithic 
catalysts. 

Rates ~er gram and per volume catalyst at 700 K, 140 kPa, 
and 50,000 hr- are shown in Table 7. On the basis of moles of CO 
converted pe r gram of catalyst per second, a comparison of the data 
for the Torvex monoliths shows tha+ the catalysts with the higher 
GSA also have the higher reaction rate This indicates that for monoliths 
the higher the GSA the higher the reaction rate tha1~ can be expected. 
In comparison to the Celcor monoliths the 263 O/ in:  Torvex monoliths 
have s l i gh t l y  but s igni f icant ly  higher rates of reaction although 
these two catalysts have nearly the same GSA. This difference in 
ac t iv i ty  is accounted for by Hegedus (5) who shows that according 
to mass transfer considerations the hexagonal monolith channels should 
give better activity than the square monolith channels. On a rate/gram 
basis a comparison of the monoliths and beads shows a different result. 
Even though the beads have a smaller GSA than the monoliths, the rate 
of CO conversion in the pellets is as high as the best rate seen for 
the monoliths. This means that on a rate per gram basis the pellets 
are better than some of the monoliths with about the same GSA and 
as good as the others with greater GSA. We expect, however, that 
th~ ne~ monoliths developed by Corning Glass Works with a GSA of 28 
cmL/cm~ wi l l  perform better than the 0.32 cm pellets on a mass basis. 

Table 7 indicates that the weight difference between the monoliths 
and pellets is substantial and since al l  catalyst samples had the 
same volume, comparison on a volume basis should be more meaningful. 
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Figure 6. Enlarged Photograph Used for Determining GSA of 46.5 D/cm 2 
Cordierite Monolith Coated with 10% Alumina, 
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Table 7 

Comparison of Geometrical SuTface Area and Reaction Rates 
[140 kPa, GHSV = 50,000 hr - ' ,  700 K, I% CO, 4% H 2, 95% N2] 

Catalyst GSA 1 wt. 
Rate per gram xlO 7 Rate per volume xlO 7 

(mole/g-cat , -sec. )  (moles/cm3 - ca t , - sec . )  

co co 

Beads (0,32 cm diam.) 8.7 2.451 

Celcor 
46.5 [ ] /cm 2 I0 % Alumina 17.8 4.620 

94.3 59,9 36.6 23.3 

79.7 54.9 58.1 40,I 

Torvex 
4 0 . 8 0 / c m  2 Dupont Alumina Coat 16.6 4.048 94,7 64.5 

4 0 . 8 0 / c m  2 Cat. Lab. Alumina 16.3 4.159 91.2 63.7 
Coat 

lO.70/cm 2 DuPont Alumina Coat 8,9 5.079 67.9 45,3 

lO.70/cm 2 Cat. Lab. Alumina Coat 9.2 5.322 66.6 44.4 

60.8 41.4 

60.2 42.1 

54.7 36.5 

56.3 37.5 

IGSA is cm 2 ex te r io r  surface area/cm 3 bulk volume of ca ta lys t .  



On the basis of moles of CO converted per volume of ca ta lys t  
per second, a comparison of the data fo r  monoliths in Table 7 shows 
the same trends as discussed above, though the d i f fe rences are not 
as profound. However, a comparison of the monoliths and beads shows 
s i gn i f i can t l y  d i f fe rent  resul ts.  That is ~ n o l i t h i c  supported catalysts 
evidence subs tan t ia l l y  higher rates/volume than the beaded cata lys t .  
In fact ,  the monoliths with high-GSA show rates of CO conversion nearly 
twice those of the beads. Table 7 shows that  the same trends that 
are seen in the rate of CO conversion are also seen in the ra te  of 
CH~ product ion .  These r e s u l t s  i n d i c a t e  that  i t  would take nearly 
twlce the volume of beads (or pe l l e t s )  to  convert a given amount of 
CO to CH,~ as i t  would monoliths. Thus, the use of monolith supported 
catalyst~ would enable the size of methanation reactors to be reduced 
s i-jai - ica~ly.  Moreover, a monolithic reactor could be operated e f f i c i e n t l y  
a~c s u b s c a n t i a l l y  h igher  space v e l o c i t i e s  than beads or pe l le ts  at 
a f rac t ion  of the pressure drop. 

Mass t rans fer  coe f f i c ien ts  were calculated fo r  monoliths and 
pe l le ts  to see i f  the experiments were ac tua l l y  in the mass transfer 
l im i t i ng  regime (see Table 8). The experimental values were calculated 
according to: 

k m = rpM/aC A 

where k m is the mass t ransfer  in cm/sec, r is the rate in g-moles/g- 
cat-sec, p is the bulk den~ity~ M is the molecular weight of carbon 
monoxide, a i~ the GSA in cm /cm , and C A is the log mean concenLration 
of CO in g/cm ~. The theoret ical  values of k m were calculated according 
to the method of Hegedus (5): 

k m : (D/2R) B (I + .095 (4R2G/pDL)) 0"45 

where D is the d i f f u s i v i t y  of  CO, R is the hyd rau l i c  radius, B is 
the l imiL ing Sherwoo~ number fo r  f u l l y  developed laminar f low,  G is 
the feed f lux  in g/cm -sec, p is the bulk density and L is the monolith 
channel length. 

From Table 8 one can see that these experiments were carr ied 
out in the mass t rans fe r  inf luenced regime, but that  mass t ransfer  
was not the rate l i m i t i n ~  step. Since d i f f u s i v i t y  and hence the mass 
transfer coeff ic ient are inversely depend~qt upon pressure, the calculated 
mass t rans fer  c o e f f i c i e n t  should be about a fac to r  of  10 less at 10 
atm, suggest ing that  t r u l y  m a s s - t r a n s f e r - l i m i t i n g  conditions w i l l  
obtain under these condit ions. During the next quarter,  we w i l l  test  
several monolith and pelleted catalysts at 10 atm in the mass t ransfer  
l imi t ing regime. Nevertheless, in the tests just  completed the monoli thic 
ca ta lys ts  are c l ea r l y  be t te r  than pe l le ted  ca ta l ys t s  on a ra te  per 
volume basis,  even though mass t rans fe r  does not c l e a r l y  l i m i t  the 
rate.  

25 



Table 8 

Experimental and Theoretical Mass Transfer 
Coe f f i  ci ents 

(140 l'Pa, GHSV = 50,000 hr - I ,  700 k, I% CO, 4% H 2, 95% N 2). 

~ads (0.32 cm diam.) 

Cel cor . 
46.5E]/cm z 10% Alumina 

Torvex 
40.80/cm 2 Dupont Alumina Coated 

40.80/cm 2 Cat. Lab Alumina Coat 

lO.70/cm 2 Dupont Alumina Coat 

lO.7C)/cm 2 Cat. Lab Alumina Coat 

Experimental 
I% (cm/sec) 

Theoretical 
km (cmlsec) 

2.71 14.8 

6.43 20.1 

8.09 21 .I 

8.52 21.8 

6.94 10.6 

7.61 10.5 
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Task 3: Kinetic Studies 

Construction of the high pressure mixed flow system has been 
ccmpleted. Five runs have been made to check the equipment. Temperature 
control and equi l ib ra t ion have proven to be the main concerns. The 
temperature inside the Berty reactor and the heating rate have been 
found to be functions of reactor pressure, impeller speed and flow 
rate. Higher flow rates give a more uniform temperature in reactor, 
while increasing reactor pressure and impeller speed increases temperature 
equi l ibrat ion and heating rates. 

Several reactor tests with catalyst pellets in the reactor 
are scheduled early in the next quarter after which the system should 
b~ r~dy for beginning kinetic studies. 

Task 4: Degradation Studies 

During the past quarter upper operating temperature limit 
(thermal degradation) tests were performed on high loading alumina- 
supported Ni, Ni-Co, Ni-MoO R, and Ni on nickel aluminate catalysts. 
The!tests were performed at-2500 kPa and a space velocity of 30,000 
hr- . The reactant gas was 64% CH 4, 16% Ar, 14% H 2, 4% CO, 2% CO 2. 

In Figure 7 the conversion of CO (overall, i.e. to all products) 
is shown with respect to temperature. The equilibrium conversion 
as calculated by the Edward's Thermochemical Program is higher than 
the actual conversions experienced in the upper temperature limit 
runs. At peak conversion the order of catalyst activity was Ni=Ni- 
Co>Ni/NiAI204>Ni-MoO 3. A second run on Ni-A-122 (20% Ni) was made 
to investigate the deactivation at higher temperatures Deactivation 
did not became rapid unti l~823 K (1022~F). The catalyst s t i l l  converted 
50% of the reactant CO at 886 K (1135°F). These catalyst did better 
than those reported by Lee (6) where most of the commercial catalysts 
deactivated at 783 K (950°F). I t  may be possible that the catalysts 
tested in our laboratory performed better at high temperatures because 
of differences in pressure or gas pur i f icat ion although in Lee's work 
and ours the reactants were passed through an active carbon f i l t e r .  
I t  is more l ikely, however, that the catalysts developed in this laboratory 
by a ra ther  unique preparat ion are ac tua l l y  more thermally stable 
or more res is tant  to carbon deposition than commercial methanation 
catalysts, especially in view of the superior performance of the Ni/Ai203 
relat ive to Ni/NiAi 20a more representative of commercial preparations. 
This wi l l  be verifie~,'however, by running ] or 2 of the best commercial 
catalysts under the same conditions during the next quarter. 

The mole percent conversion of CO to CH 4 versus temperature 
is shown in Figure 8. The equilibrium production of methane is much 
lo~,~er than the actual production for all of the catalysts tested above 
600 K. This an~alous result can be explained by the observations 
that (i) at equilibrium large amounts of graphitic carbon are predicted, 
(2) at equilibrium, decomposition of CH is important above 600 K, 
whereas the actual rate of decompositio4may be negligible at these 
temperatures and (3) the Edward's Thermochemical Program assumes ideal 
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~ as behavior.  However, since our tests were conducted at 2500 kPa 
365 psia),  the errors associated with the ideal gas assumption should 

be smal l .  The f i r s t  two observat ions are probably more s ign i f i can t  
since most of our ca ta lys ts  did not appear to have deposited large 
amounts of carbon. Nevertheless, these ca ta lys ts  w i l l  be chemical ly 
analyzed for  carbon dur ing the next quar ter ;  selected samples w i l l  
be submitted fo r  Auger analys is .  The presence or absence of surface 
carbon w i l l  help to establ ish the cause of deact ivat ion. 

The apparent increase in methane production of the Ni/NiAI204 
above 700 K while the CO conversion dropped off (Figure 8) is very 
interesting. This catalyst w i l l  be tested at higher temperatures 
during the next period. I t  may be that the Ni/NiAl204 catalyst is 
n,c, re active and/or selective at higher temperatures or perhaps i t  
was not totally reduced. 

In Figure 9 the rate of CH 4 production per gram catalyst- 
sec is shown versus temperature. These results are similar to those 
in Figure 7. However, the Ni/NiAl20 4 catalyst was much more dense 
and thus showed a lower rate/gram. 

I t  may be worthwhile to mention that rather than using preheater 
coils, either uncatalyzed monoliths or low surface area alumina balls 
were placed above the catalyst bed to act as preheaters. This was 
done to minimize iron carbonyl formation which may cause rapid carbon 
deposition (3). This possibi l i ty is supported by data for Ni-A-!22 
(Run C) obtained with the normal stainless steel preheater coils in 
place and without an active carbon f i l t e r  present for the reactants. 
The CH 4 rate/gram on this run decreased rapidly above 650 K but then 
increased above 700 K. Physical examination of the catalyst after 
the run proved that the samples was extremely carbon fouled. In fact, 
almost all of the catalyst pellets had disintegrated from the carbon 
deposition! The increase in methane production above 700 K suggests 
a separate catalytic mechanism may become rate l imit ing at the high 
temperature. 

Task 5: Technical In teract ion and Technology Transfer 

On May 3 the principal investigator, Dr. Bartholomew, visited 
by invitation the Division of Applied Photochemistry at Los Alamos 
Scientific Laboratory (New Mexico), toured selected laboratories and 
presented a seminar "The Future of Catalysis." Several stimulating 
discussions with scientists of the AP Division focused on the possible 
applications of Laser Technology to the study of catalysts and catalytic 
reactions. 

On May 15th he v i s i t ed  the Norton Chemical Company in Akron, 
Ohio where he presented a seminar on CO and H~ adsorpt ion on nickel 
and toured the company's R & D f a c i l i t i e s .  The fol lowing day he attended 
a meeting of the D-32 Catalyst  Committee of the American Society for  
Testing and Mater ials and par t i c ipa ted  in the preparat ion of standard 
techniques for measuring metal areas of Ni/AlpO 3 and Pt/AlpO~ catalysts 
usinghydrogen ~sorption. Discussio~ with ~.  Ko~e~ F~raut5 ~Engelhard) 
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and Dr. Ruth Haines (NBS) provided usefui feedback on several cata lyst  
character izat ion problems. 

The f o l l o w i n g  week Dr. Bartholomew attended a conference on 
Cata lyst  Deact ivat ion and Poisoning held May 24-26 at the Lawrence 
Berkeley Labora to ry  in Berke ley,  C a l i f o r n i a  and presented a paper 
on "H?S Poisoning of Supported Nickel and Nickel Bimetal l ic  Catalysts," 
based-on our ERDA-DOE supported research. In discussions fo l lowing 
the ta lk  qui te spec i f i c  feedback was obtained in regard to our sul fur  
poisoning work. Bob Lewis of Chevron questioned whether our PH2S/PH 2 
r a t i o  was high enough to cause bulk su l f i de  format ion.  Although the 
chemical analys is  of our samples suggests only monolayer coverage, 
his comment cer ta in ly  has stimulated us to conduct some fu r~e r  experiments 
t,; c:eck th i s  out.  There were qu i te  a number of other i n te res t ing  
papers presented deal ing wi th s i n te r i ng ,  metal support in teract ions,  
poisoning, and e f fec ts  of add i t ives.  Discussions wi th other workers 
during and in between sessions were quite f r u i t f u l  in terns of st imulat ing 
ideas for future work while obtaining feedback on several of our ongoing 
studies. 

Dr. Bartholomew also v i s i t e d  w i th  s c i e n t i s t s  and engineers 
at the Climax Molybdenum Company of Michigan on June 5th, presented 
a seminar on "Molybdenum Based Methanation Catalysts" and toured the i r  
research and development f a c i l i t i e s .  Discussions focused on the NiMoO~ 
c a t a l y s t s  prepared at BYU and at Climax which are more active ana 
su l fu r  res i s tan t  than nickel  ca ta lys ts  and the resu l ts  of our tests 
on several f l u i d i z e d  methanation cata lysts  (some prepared at Climax) 
fo r  Bituminous Coal Research. 

The f o l l o w i n g  day (June 6) he met wi th Paul Scott and Mike 
B i a l l i s  of DOE-Fossil energy to review progress on the current project 
and to discuss ideas fo r  possib le fo l l ow  on work. In the afternoon 
he v i s i t ed  Dee Stevenson of DOE-Office of Energy Research to obtain 
feedback on concepts for  a new proposal. 

On June 7th, Dr. Bartholomew presented a paper "B imeta l l i c  
Methanation Cata lys ts"  at the 85th Nat ional  Meeting of the America 
I n s t i t u t e  of Chemical Engineers in Ph i lade lph ia .  This presentat ion 
was a summary of a c t i v i t y  and d e a c t i v a t i o n  s tudies conducted over 
the past year in behal f  of ERDA and DOE. There were two other  very 
in terest ing papers presented at the same session--a paper by Professor 
John Butt  of Northwestern deal ing wi th hydrocarbon synthesis (char- 
ac ter iza t ion ,  a c t i v i t y  and se lec t ive ly  studies) on Fe and Ni-Fe al loys 
and a paper by Professor Alber t  Vannice of Penn State on metal support 
in te rac t ions  in the Ni/TiO 2 system and t h e i r  e f fec ts  on methanation 
a c t i v i t y  and se lec t i v i t y .  

Professor Butt has been able to ver i fy  by Moessbauer Spectroscopy 
what we suspected ear ly  in our ERDA-supported work (7) namely, that 
Ni-Fe deac t iva tes  v ia fo rmat ion  of an Fe carb ide .  His works also 
shows that Fe carbide is the active species in a reduced iron catalyst .  
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The work of Vannice with Ni/TiO 2 shows that metal support 
interactions can have a marked effect upon ac t i v i t y  and select ivi ty 
in hydrocarbon synthesis. The apparent strong interaction between 
Ni and TiOp which lowers H 2 adsorption on nickel sites but increases 
their act iv i ty is very much akin to the observations reported in our 
last report (8) of an interaction between Ni and molybdenum oxide 
which lowers H 2 adsorption and likewise increases methanation activity. 

Just at the end of this quarter, Dr. Bartholomew was invited 
to participate in a workshop sponsored by the National Science Foundation 
held June 22 and 23 at the University of Maryland. The purpose of 
the workshop was to assess the current status of fundamental research 
in catalysis and to define future basic research needs, pr ior i t ies,  
a~J p,~e~ising directions. Dr. Bartholomew assisted in the formulation 
of guidelines and directives in metal catalysis and catalyst degradation. 

Our research e f fo r t  with monoli thic catalysts recent ly received 
nat ional  a t ten t ion  in a science/technology concentrate appearing in 
the June 19th issue of Chemical and Engineering News. This a r t i c l e  
re fers  to our recent work which shows that  mono l i th ic  cata lys ts  are 
more ac t ive  and possib ly  more cost e f f e c t i v e  than p e l l e t  cata lysts  
fo r  methanation. 

During th is past quarter we have continued our preparation 
of several manuscripts for journal publication. We have delayed submitting 
them for publication while we t ie  up one or two loose ends experimental- 
wise. For example, we are waiting to get better data on bulk and surface 
compositions of our bimetallics before we publish the act iv i ty data 
We anticipate, however, submitting at least 2 manuscripts during the 
next quarter. 
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IV. CONCLUSIONS 

1. Support geometry tests of several monolithic and pelleted catalysts 
showed that monoli thic cata lysts are c lear ly  more active than pel lets 
on a rate/volume of catalyst basis. Also, the per cent yield of methane 
was higher fo r  the monol i th ic cata lys ts .  These tests were conducted 
at high conversions under conditions s imi lar  to those in a commercial 
reactor. 

2. Uniform H?S poisoning of alumina-supported Ni, Ni-Co, and Co powders 
il, a Fiuidize~ cel l  and subsequent ac t i v i t y  test ing showed that speci f ic  
a c t i v i t i e s  were s i g n i f i c a n t l y  higher fo r  Ni-Co. This synergist ic 
ef fect  supports the hypothesis that the a c t i v i t y  of the Ni-Co catalyst  
is due to the presence of an a l l o y  Other HpS poisoning tests of 
Ni--Co/AI20 3 powders compared wi th  p e l l e t s  pr6vides evidence for  a 
shell type poisoning model. 

3. High temperature tests with a reactant stream similar to a commercial 
methanation recycle reactor showed that high loading Ni-A-122 retained 
a c t i v i t y  to 823 K (550°C). The temperature of maximum conversion 
for  high loading Ni,  Ni-Co, Ni-MoOR, and Ni on nickel  aluminate in 
s imi lar  tests was near 723 K (450°C). ~ 

4. Electron micrographs of an alumina support blank showed that in 
some cases there has not been su f f i c i en t  contrast between the support 
and m~al particles to enable unambiguous d~ermination of metal c r y s t a l l i t e  
size d i s t r i bu t i o , s .  Our techniques are being re-evaluated. 

5. In discussing and presenting the research supported by this contract 
we have encountered considerable in te res t  in three main aspects of 
our work. These three areas appear to have the greatest potent ia l  
at th is  po in t  f o r  con t r ibu t ing  to e i the r  the science or technology 
of catalysis and foss i l  fuel conversion: 

a. Monol i thic-supported cata lys ts :  Monol i th ic  cata lysts  are 
s i g n i f i c a n t l y  more ac t i ve  and se lec t i ve  fo r  methane production at 
high space ve l oc i t i e s .  We bel ieve i t  would be possible to maintain 
hig~ conversions of CO at space ve loc i t ies  as high as 50,000-100,000 
hr "~, 2-3 times the allowable throughput for  f ixed pel le t  beds because 
of pressure drop consid~ations. We are currently working with industr ia l  
representatives to have these tested on a larger scale. 

b. Ni-Co and Ni-MoO~ B ime ta l l i c s :  Both our Ni-Co and Ni- 
MoO R ca ta l ys t s  are more acti~ve and s u l f u r  t o l e ran t  than nickel in 
metSanation of CO. We have at least ind i rec t  evidence at th is  point 
of b imetal l ic  interact ions which account for th is synergist ic behavior. 
Commercial Ni-Co and Ni-MoO 3 c a t a l y s t s  are now under development, 
and in at least  one instance,  we know that our work has inf luenced 
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th is development. 

c. Poisonin~ and Carbon Deposition Studies: There is considerable 
i n te res t  in our studies of poisoning by HpS and fou l ing by carbon 
deposi t ion during react ion of nickel and nickel  b imeta l l i cs  because 
these same problems are encountered on the very s imi la r  catalysts 
in a number of other important ca ta ly t i c  processes including numerous 
hydrogenation reactions, fuel cel l  catalysis, and hydrocarbon synthesis. 
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