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FOREWORD 

This report summarizes technical progress during the f i r s t  
year (September 20, 1977 to September 20, 1978) of a two-year study 
conducted for the Department of Energy (DOE) under Contract No. EF- 
77-S-DI-2729. The principal investigator for this work was Dr. Calvin 
H. Bartholomew; Dr. Paul Scott was the technical representative for 
DOE. 

The following students contributed to the technical accomplishments 
and to this report: Graduates - Erek Erekson, Ed Sughrue, and Gordon 
Weatherbee, and Undergraduates - Kevin Mayo, Don Mustard, and John 
Watkins. April Barndollar and Steve Kvalve provided typing and drafting 
services. The assistance of Dr. Phil Reucroft of the University of 
Kentucky in providing x-ray data is gratefully acknowledged. In this 
report data are reported in SI units. 
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ABSTRACT 

The activity~ selectivity and stabi l i ty  of alumina-supported 
nickel and nickel bimetallics in methanation of CO has been investigated 
during the past year. Support geometry, in situ H2S poisoning tests, 
and carbon deposition tests in i t ia ted duFing ~he previous contract 
have continued. Support gec~etry studies sho~ that at high conversions 
and high through-put conditions monolithic supported catalysts are 
more active than pellet supported catalysts. In si t  u HpS poisoning 
studies show that the Ni-MoO 3 is more active-an-d"sulf-ur resistant 
than Ni and that H2S does not completely deactivate the surface under 
reaction conditions. In carbon deposition tests Ni-Pt and Ni-Co maintain 
catalytic activity longer than Ni. In H~S poisoning st/~dies a synergistic 
effect is noted for Ni-Co compared Ni and Co catalysts. The Ni- 
Co catalyst retains more act iv i ty than either Ni or Co after H2S/H 2 
poisoning° Recent CO chemisorption experiments at various temperatures 
show that nickel carbonyl formation is significant at room temperature, 
and that CO uptakes depend greatly on the chemisorption temperature. 
Upper operating temperature l imit tests showed that,catalysts prepared 
in this laboratory are more active than commercial catalysts and that 
carbo~ deposition is not the only factor causing deactivation at high 
temperatures. These and other significant results are presented and 
discussed: An account of technical communications with other workers 
and visits 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 is t  of national priorit ies. 

Presently there are several gasification processes under devel- 
opment directed toward the production of SNG. Although catalytic 
methanation of coal 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 realize economical, reliable operation. Specifically, 
there appear to be important economical advantages in the development 
of more efficient, stable catalysts. 

From the l i terature (1,2), three major catalyst problems are 
apparent which relate to stabil i ty: (i) sulfur poisoning, ( i i )  carbon 
deposition with associated plugging, and ( i i i )  sintering. Our under- 
standing of these problems is at best sorely inadequate, and the need 
to develop new and better catalyst technolorcv is obvious. Nevertheless, 
there has been very l i t t l e  research dealing with new catalyst concepts 
such as bimetallic (alloy) or monolithic-supported catalysts for methan- 
ation. This study deals specifically with sulfur poisoning, carbon 
deposition, and the effects of support (monolith and pellet) geometry 
on the performance of alloy methanation catalysts. 

B. Objectives 

The general objectives of this research program are (i) to 
study the kinetics of methanation for a few selected catalysts tested 
during the f i r s t  two years, ( i i )  to investigate these catalysts for 
resistance to deactivation due to s~fur poisoning and thermBl degradation. 
The work is divided into five tasks. 

Task 1. Characterize the surface, bulk and phase compositions, 
surface areas, and metal crystal l i te sizes for alumina-supported Ni, 
Ni-Co, Ni-Mo03, Ni-Pt, Ni-Ru and Ru catalysts. 

Task 2. Continue activity testing and support geometry studies 
of Ni a n ~ i m e t a l l i c  catalysts initiated during the f i rs t  two years. 
The tests include (i) conversion vs. temperature runs at low and high 
pressures, ( i i )  steady-state carbon deposition tests, ( i i i )  in situ 
H2S tolerance tests, and (iv) support geometry comparisons. 

Task 3. Perform kinetic studies to find intr insic rate data 
for alumina-supported Ni, Ni-Co, Ni-Mo03, Ni-Pt, Ni-Ru and Ru catalysts 
over a range of pressures and feed compositions. Detailed rate e~)ressions 
for each catalyst will be determined at low and high pressure. Effect- 
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iveness factors for monolithic and pellet-supported nickel on alumina 
will be obtained by comparing specific rates to those of finely powdered 
nickel on alumina. . . 

Task 4. Determine H2S poisoning rates~ thermal deactivation 
rates, ~n-B op-erating tempera-ture l imits for Ni, Ni-Co, Ni-Mo03, Ni- 
Pt, Ni-Ru, and Ru catalysts. ' 

Task 5. Continue laboratory visits and technical communications. 
I n t e r a c t ~ e l y  with industrial and governmental representatives 
to promote large scale testing and development of the two or  three 
best monolithic or pelleted alloy catalysts from this study. 

C. Technical Approach : 

The technical approach which wi l i  be used to accomplish the 
tasks outlined above is presented in the statement of work dated May 
20, 1977. The main features of that approach arereviewed here along 
with more specific detai ls and modifications which have evolved as 
a result of progress. I t  is expected that various other aspects of 
this approach wil l  be modified and improved a.s the project develops 
and as new data are made available. Nevertheless, the objectives; 
tasks and principle featuresof the approach will remain the substantially 
the s a m e .  • 

• • . ' ,  

Task 1: Catalyst Characterizatiori 

A comprehensive exami nation of al umi ha-supported Ni, Ni-Co, 
Ni-Mo03, Ni-Pt, Ni-Ru, and Ru catalysts will be carried out to determine 
surface, bulk, and phaseccmpositions, surface areas, and ~tal  crystallite 
sizes using the following techniques." chemisorption, x-ray diffraction, 
chemical analysis, ESCA and SIMS spectroscopy,• Auger spectroscopy. 
and transmission electron microscopy, ~ 

Hydrogen chmisorption uptakes w i l l  be measured using a convert' 
tional volumetric apparatus before each react'or test and before and 
after (leactivation tests. X-ray d i f f r ac t i on  measurements will be 
carried out to determine the active metallic, phases and metal crystal l i te 
size where possible. Selected • "aged" Sampl:es from Task 4 wil l  be 
analyzed (by x-ray, chemical analysis, and perhaps ESCA) to determine 
carbon content and possible changes in phase composition or particle 
size. Also, transmission electron micrographs will be made to determine 
particle size distributions for catalyst samples. A few samples wil l  
be analyzed by EDAX to determine composition. 

• i 

Task 2: Activity Testing and Support Geometry Design ' 

Methanation activity • and sul fur tolerance measurements initiated 
during the previous two years ofstudy (3) wil l  be completed.• Pellet 
and monolithic alumina-supported Ni, Ni-Co, Ni-Mo03, Ni-Pt, Ni-Ru, 
and Ru catalysts, (bot h high and low metal loadings) wi l l  be activity 



tested over a range of temperaturcs, pressures, and H2S concentrations. 
A comparison of stead~ state conversions for nickel on d i f ferent  pel let  
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 tes ts  w i l l  also be made for  pel leted 
Co/A1 03 and unsupported Ni-Co and Ni-Mo a l loys .  A summary of the 
f i v e  ~est procedures and corresponding experimental  conditions is 
l i s ted  in Table I .  

Task 3: Kinetic 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 
constructed, 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  t h i s  system w i l l  be a "Ber ty "  type constant volume mixed flow 
Autoclave reactor. 

In t r ins ic  rate data wi l l  be obtained for alumina-suported 
Ni, Ni-Co, Ni-Mo03, Ni-Pt, Ni-Ru, and Ru catalysts over a range of 
pressures and feed compositions in order to obtain detailed rate expres- 
sions at low and high pressures. To insure gradientless operation 
in the reacti----on-limited regime the rates will be measured at low conver- 
sions (0-5%) and low temperatures (525-600 K) for samples which have 
been crushed to obtain small particles. 

Isothermal e f fec t iveness fac tors  for  monol i th ic  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 nickel  on alumina using the same 
mixed flow reactor. 

Task 4: Degradation Studies 

H2S poisoning rates and thermal deac t i va t ion  rates at low 
pressure w i l l  be studied using a new quartz reactor system. Quartz 
was selected as the material  fo r  the reactor because i t  must operate 
at high temperatures (750-1000 K) and in a corrosive (H2S) environment. 
This reactor is also a constant volume mixed flow type reactor according 
to the design of Katzer (4). The quartz reactor system w i l l  be constructed 
during the early part of the contract  period. Thermal deact ivat ion 
at high pressures w i l l  be studied using a t ubu la r  stainless steel 
reactor previously discussed (3). 

Operating temperature l i m i t s  (and spec i f i c  reac t ion  rates 
w i t h i n  t h i s  range),  thermal deac t i va t ion  rates near the upper use 
temperature ( in the presence and absence of steam), andH~S poisoning 
rates (at 525 K in the presence of I and i0 ppm H2S inCH ) w i l l  be 
determined fo r  Ni, Ni-Co, Ni-Mo03, N i -Pt ,  Ni-Ru, and Ru 2ata lys ts .  
The extent of carbon-carbide dep6sited 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 I 

Description of Reactor Tests for  Task 2 

I .  

. 

. 

. 

, 

Test Procedures 

Temperatur97Conversion Test: Measure CO 
conversion and methane production as a 
function of temperature, with and without 
I% (by vol . )  of steam present in the 

t reac.an~ mixture. 

T#~p~rature-Conv,ersion Test (high pressure): 
Neasure CO conversion and methane production 
as a function of temperature at 2500 kPa. 

,S, te~dy S,,tate,(2 ~ Hro) Carbon Deposition 
Test: Measure CO conversion and methane 1 
~ u c t i o n  at 500 and 525 K (250~000 hr- ) 
before and afte~ an exposure of 24 hours 
at 675 K. 

In s i tu  L HpS Tg]erance Test: Measure in te r -  
mi t tent ly  the production of,methane and 
hydrocarbons (by FZD) during 24 hours 
exposur~ to feed containing I or I0 ppm H2S 
using a glass reactor° 

Support Geometry Tests: Measure CO 
conversion and methane production as a 
function of temperature for  the same 
Ni/AlpO~ catalyst  supported on monoliths 
and p~l lets of varying geometries° 

Experimental Conditions 

475-675 K 
140 kPa 

30°000 hr - I  
I% CO, 4% Ho: 95% N 2 

(dry Basis) 

475-675 K 
2500 kPa 

30,OOb hr "l  
I% CO: 4% H 2, 95% N 2 

675 K (24 hrs.) 
140 kPa 

200,000-250,000 hr - l  
25% CO, 50% ~ ,  25% N 2 

H2/CO = 2 ~ 

525 ~ 
140 kPa ; 

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

1 or I0 p~m H2S 

575-675 K 
140 kPa 

30,000 hr "I 
I% CO: 4% H2~ 95% N 2 



Task 5: Technical Interaction and Technology Transfer 

The principal investigator will 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 visit 
other methanati on I aboratori es. 

He will 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 I and accomp- 
lishments dur ing the past year are summarized bel,~o "Figure I shows 
that task accomplishments are, either on or ahead of schedule. 

Accomplishments and results from the past year are best sbTnmBri~ed 
according to task: 

Task I.! Over the past •year several new Catalysts ,,veto prepared, 
including 9 pe]l:eted, 20 cordieri:te monolithic, 9 ~alumina monolithic: 
and 16 Torvex monol i th ic cata lys ts  With act ive imetal combinai~ions 
of Ni, Ni-Co: Ni-Mo03: Ni-Pt,  and Ni-Ru. Catalysts prepared during 
the previous contract period (3) were also fu r ther  characterized as 
part of this task. Hydrogen chemisorption uptake, an indicat ion of 
active metal surface area: was measured before and af ter  reactor tests 
for all catalysts: Many catalysts v.~re further characterized by chemical 
analysis, x-ray dif fract ion, electron microscopy, Auger electron spectro- 
scopy and ESCA. Some tests of the r e l i a b i l i t y  of  CO chemisorption 
on nickel catalysts near room temperature have also been performed. 

While hydrogen chemisorption at room temperature is a rel iable 
means of measuring act ive metal surface area (3),  CO ch~ iso rp t ion  
at room temperature causes nickel carbonyl formation. Data obtained 
during the las t  quarter reveal tha t  the amount of nickel carbonyi 
formed and CO adsorbed varies with the temperature history of the 
sample. Hov,,ever, hydrogen chemisorption uptakes before and af ter  
CO chemisorptive measurements do not vary s ign i f icant ly .  

Transmission e lect ron micrographs of catalysts samples and 
the blank alumina support have sho,~In that increased contrastbetween 
the support and the metal phase is necessary for  more def in i t ive work. 
Our electron microscope technician is using a new Phi l l ips microscope 
in order to improve this characterization technique. 

Task 2. Much of the a c t i v i t y  tes t ing  was completed during 
the f i r s t  quarter. However, selected experiments in the areas of 
sul fur  poisoning and carbon deposition are s t i l l  in progress to answer 
important questions which have arisen during the execution of this 
task. 

During the f i r s t  quarter, steady state carbon deposition tests 
were performed on 5 monolithic catalysts. The order of ac t iv i ty  af ter  
24 hours tes t ing in a H2/CO : 2 mixture (5% CO) at 400°C was Ni-Pt 
>Ni-Co >Ni-Ru >Ni >Nf-Mo03o 

In situ H2S tolerance tests were performed on pm~dered catalysts 
in a react ion mlxture containing 10 ppm H2S. A f te r  24 hours, the 
order of a c t i v i t y  fo r  3-6 v~c.% ca ta lys ts  was Ni-MoOR >Ni : Ni-Rh 
>Ni-Ru. S imi lar  tests on high loading samples (14z20%) gave the 

follo~fing order: Ni > Ni-Co >Ni-Pt. The order of activity for monolithic 
cata lysts  was Ni-MoO 3 > Ni > Ni-Co > Ni-Ru > Ni-Pt .  Tests of the 
gases downstream of 3% Ni-Rh catalyst showed gradual H2S breakthrough 

7 



Task 
No. Work Statement 

I. Catalyst Characterization 

2. Activity Testing and 
Support Geometry Studies 

3. Kinetic Studies 

oQ 4. Degradation Studies 

5. Technical Con~nunication 

1977 

I I I 

I I I 

1978 

! i I ! ! I I I I I ! 

Progress 

I i Scheduled 

~ / / / / / J  Early Progress 

I l I I I I I I ! I I 

1979 

I. I .I I I I I I I I I 

Ahead of Schedule) 

I I I I I I I I I I I 

Figure I. Project Progress Summary. 



much earlier than expected. Apparently, equilibrium HpS adsorption 
does not occur unde~ reaction conditions, possibly because o~ competitive 
adsorption of reacting species, 

Act iv i ty measurements of pelleted and powdered Ni-Co.A-lO0 
sho~ed that the powdered sample loses much more specific activity 
after treatment in 10 ppm H2S/H 2 than the pelleted sample. Thus, 
catalyst geometry plays an import-ant role in the poisoning process, 
A pore mouth or shell type poisoning model is consistent with these 
data. Also, act ivi ty tests on po~,Jdered Ni, Ni-Co, and Co catalysts 
before and after H~S poisoning in a fluidized bed show a synergistic 
effect for Ni-Co.-The poisoned site act iv i ty ratio (PSAR) is much 
high.=r (about a factor of 2) than either the Ni or Co cat~lystso 

Support geometry studies were performed on nickel catalysts 
to compare pel lets with various monolith configurations, In these 
tests at high through-put conditions, monolithic catalysts were signi- 
f icant ly  more active for methanation than the catalyst pellets. The 
substantially louver presdure drop through the monolithic catalyst would 
enable i t  to be operated at much higher space velocities° Accordingly, 
a reactor containing monol i thic catalysts ~ul  d be signif icantly smal le t  
than a corresponding pellet reactor, resulting in a substantial savin~ 
in capital  investment. The low pressure drop could be translated 
into a savings in operating cost. 

Task 3o The Berty reactor system for high pressure kinetic 
studies was constructed during the f i r s t  year. Preliminary tests 
showed that i t  is operational. Also, a Haskell gas compressor was 
installed for making high pressure gas mixtures. 

Task 4. Upper operating temperature l im i t  tests, bothwith 
and withcut reactant steam, have been perfor~d on five catalyst combin- 
ations and two commercial catalysts. Methane was the major diluant 
gas in the reactant mixture. Tests without steam Showed that catalysts 
prepared in this laboratory are more active than commercial catalysts 
at high t~mperatures and pressures. High temperature tests with reactant 
steam (4%) sho~.=d that a l l  the catalysts lose ac t i v i t y  similar to 
the tests without steam~ This suggests that carbon deposition is 
not the only factor in the loss of act iv i ty since steam would tend 
to prevent carbon formation. Also, with reactant steam: negative 
CO to CHzL COnversions were found above 775 K. The diluent CH 4 appears 
to be reformed to CO and CO 2 under these reaction conditions° 

Task 5. During the f i r s t  year, the principal investigator 
attendee ~i~he Fal l  Meeting of the Ca l i fo rn ia  Catalysis Society and 
presented a paper: Along with eight students, he attended the Third 
Rocky Mountain Fuel Symposium and was instrumental i n  organizing the 
RQcky Mountain Fuel Society. Also~ he attended a conference on Catalyst 
Deactivation and Poisoning at the Lawrence Berkeley Laboratory and 
th~ 85th National M.~ting of the AIChE in Philadelphia and presented 
a pap.=r at each of these meetings. He participated in a workshop 
sponsored by NSF at the University of Maryland where the future basic 
research needs and goals in catalysis research were assessed° The 
Principal Investigator visited catalysis research laboratories at 



the University of Kentucky - Institute for Mining and Minerals Research, 
Los Alamos Scient i f ic Laboratory, Norton Chemical Company in Akron, 
Ohio, Climax Molybdenum Company of Michigan and Gulf Research Company 
in Pittsburgh and presented seminars at each laboratory. 

Five graduate and three undergraduate students have contributed 
to this research project. Two students have written master's theses 
and three students have Ph.D. research underway. 
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I l l .  DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

.Task I :  Catalyst Character izat ion ~; ~ 

L- 

I .  Catalyst Preparation • ~ i 

During the f i r s t  year,  e ight  p e l l e t  ca ta lys ts  and several 
monolith catalysts were prepared. Compositions of the pel let  catalysts 
are l is ted in Table 2; they were prepared using impregnation techniques 
similar to those previously reported (3). However, since these catalyts 
were to be tested at high t~mperatures, the Kaiser SAS 5x8 mesh alumina 
pellets l~.ere calcined 3 hours at 1075 K before impregnating with aqueous 
solutions of the n i t ra te  salts. 

Since chlor ide ions act to poison the methanation reaction, 
Ni-Ru and Ni-Pt pe l l e t  ca ta lys ts  were prepared from chlor ide-free 
sa l ts .  The Ni-Ru ca ta lys t  preparat ion and the preparation of the 
impregnating solut ion fo r  Ni-Pt were described ea r l i e r  (7). However, 
the Ni-Pt cata lyst  was calcined in a i r  for  three days at 423 K and 
one day at 473 K. During reduct ion,  a very slow temperature ramp 
was used v~here the catalyst  remained belo~ 473 K fo r  ten hours. The 
temperature was then slowly raised to  673 K and held there fo r  ten 
hours: 

Several monolithic Ni catalysts were prepared fo r  the support 
geometry studies in Task 2. Pure alumina monol i ths were obtained 
from Corning Glass Works and prepared s imi lar ly  to cordier i te monoliths 
(5). Several Torvex Ceramic Honeycombs (DuPont Co.) were also prepared. 
Some of these had an activated alumina wash coat applied by the manu- 
facturer. Our lab applied an alumina wash coat to the rest (7). Insta- 
b i l i t i e s  of the wash coats at high metal loadings were noted in QPR- 
2 (6). Several monolith Ni catalysts supported on AIpOR cord ie r i te  
were also prepared. Data summarizing the preparation~o~ monol i th ic 
catalysts are l isted in Table 2 with notes about the support geometries, 
wash coats, etc, 

2. Chemisorption 

During the f i r s t  year,  hydrogen chemisorption measurements 
were performed on ten pel let  catalyst samples before and a f ter  reactor 
tes t ing and on f i ve  alumina monoli th, two powder cata lyst  and three 
cord ier i te  monolith samples before reactor test ing,  The results are 
l is ted in Table 3. 

Catalyst  samples used in upper operat ing temperature tests 
generally had Ic~,~er upt&es than fresh sables (see Table 3). Apparently, 
s in te r ing  occurred a f te r  runs with steam. Some of the monolith and 
pe l le t  samples d is in tegra ted because of massive carbon deposition° 
Hydrogen chemisorpt ion uptakes fo r  these samples increased. This 
may be explained by surface res t ruc tu r ing  and c r y s t a l l i t e  f racture 
during the carbon deposition process. 

I I  



Catalyst 

Ni/AI203 

Ni/A1203 

Ni/AI203 

Ni -Co/A1203 

Ni -Co/Al203 

Ni -MoO3/A1203 

Ni - Ru/A1203 

Ni-Pt/Al203 

Ni-Pt/AI20 3 

Ni/NiAl204 

Ni/#1203 

Ni/Al20 3 

Ni/A1203 

Ni/Al203 

Ni/A1203 

Ni/A1203 

Catalyst 

Code 

Ni-A-120 

Ni-A-121 

Ni-A-122 

Ni - Co-A- 102 

Ni-Co-A-103 

Ni-MoO3-A-105 

Ni-Ru-A-108 

Ni-Pt-A-lOl 

Ni-Pt-A-102 

Ni-NAL-IO0 

Ni-M-160 to 167 

Ni-M-169 to 174 

Ni-M-175 to 181 

Ni-AM-lOl to I05 

Ni-AM-20] to 204 

Ni-TM-IIO to 357 

Table 2 

Codes and Compositions 

Compos i t i  on 

3% Ni 

6% Ni 

20% Ni 

3% Ni, 3% Co 

10% Ni, 10% Co 

I0% Ni, I0% MoO 3 

2.5% Ni, 0.5% Ru 

15.7% Ni, 0.5% Pt 

2.5% Ni, 0.5% Pt 

15% Ni 

~20% Ni 

~22% Ni 

~l 7% Ni 

~29% Ni 

~26% Ni 

~3% Ni 

Comments 

Pellets 

Pellets 

Pel Iets 

Pellets 

Pellets 

Pel Iets 

Pellets, Chloride free 

Pellets, Chloride free 

Pellets, Chloride free 

Extrudates, nickel alumi- 
nate support 

Cordieri.te monol i th 
with alumina wash coat 

Cordieri te monol i th 
with alumina wash coat 

Cordi eri te monol i th 
with alumina wash coat 

Al umi na monol i ~hs 
31 squares/cm ~ 

Al umi na mono I i thA 
36 triangles/cm ~ 

Torvex monoliths with 
alumina wash coat 



Table 3 

Summary of Metal Surface Area 
Measurements Using Ha Chemisorption 

at 25°C ~ 

Catalyst 

Pellet Catalysts: 

Ni-A-120 

Ni-A-121 

Ni-A-122 

Ni-Co-A-102 

Ni-Co-A-103 

Ni-Mo03-A-105 

Ni-Pt-A-lOl 

Ni-NAL-IO0 

G-87P 

MC-IO0 

Ni -Co-A- 100 

Nominal 
Composition (wt.%) 

3% Ni 

6% Ni 

20% Ni 

3% Ni, 3% Co 

10% Ni, 10% Co 

10% Ni, 10% MoO 3 

15.7% Ni, 0.5 Pt 

• 15% Ni 

10% Ni, 10% Co 

Uptake 
(~moles/gram) 

31.0 a 

73.9 a 

212.7a~ 
209.8K 'h 
17s.sK 
172.8 ~_ 
157.0 c 

37.@ 

117.4h B 
94.0~ 
78.8 c 

52.8 a 
46.6 ~_ 
58.2 c 

4 a 211.4b 
138.7c 
123. 

29. a 0a,f 
209.4 h 
162.3 ~_ 
184.5 c 

1388 h 
118.6"_ 
162.8 c 

130.7 a 
178.7 b'h 
81.9 c 

107~ 
0 e 

Maximum Reactor (I) 
Temperature 

763 K 
721 
886 
835 

725 
825 

816 
820 

820 
825 

803 
818 

800 
822 

820 
793 
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Catalyst 

Ni-Rh-A-lO0 

Ni-Pd-A-lO0 

Nominal 
Composition (wt.%) 

Uptake 
(l~mol es/gram~ 

2.5% Ni 19.~ 
O. 5% Rh 

15% Ni I05 a'g 
I% Pd g9 a'g 

ll2a,g 

~nol i th C,a,ta!ysts : 

Ni-AM-lOl 29.7% Ni 221.7 a 

Ni-AM-102 27.8% Ni 196.0 a 

Ni-AM-201 25.5% Ni 201.1 a 

Ni-AM-203 25.5% Ni 179 a 

Ni-AM-204 27.5% Ni 204.5 a 

Ni-M-250 22.2% Ni 154.8 a 

Ni-M-179 17% Ni 87.3 a 

Ni-M-180 17% Ni 138.0 a 
84.0 c 

Maximum Reactor (I) 
Temperature 

818 

Powders 

Ni-Co-A-lO0 I0% Ni, 10% Co 
before poisoning 148.2 i 

Ni-Co-A-lO0 
after poisoning 67.7 i 

(1)This column shows the maximum temperature in degrees Kelvin achieved during 
upper operating temperature l imit tests, 

aBul k reduced 

bupper operating temperature l imit tested without steam 

Cupper operating temperature l imit  tested with steam 
dLong term H2S in situ poisoning tested 

eLong term H2S in sltu poisoning tested followed by CO and air regeneration 
fReduced an additional 2 to 4 hours 

gReduced an additional lO to 15 hours 

hcatalyst support disintegrated after reactor test 
iDi fferentia] ly reactor tested 
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Some of the  cata lys t  samples were chemically analyzed for  
carbon content by Rocky Mountain Geochemical, Salt Lake Ci ty .  The 
data from these tests is shown in Table 4. AfterRuns B and C, samples 
of Ni-A-122 contained large amounts of carbon. Both of these samples 
were observed to deactivate rapidly before the test was ended. A sample 
which had not been reactor run contained very l i t t l e  carbon (0.15%); 
Ni-Co and Ni-MoO 3 samples also contained very l i t t l e  carbon (<.5%) 
af ter  test ing.  The small amount of carbon on these samples suggests 
that carbon deposition may not be the only factor in the deactivation 
process. Al l  of these samples los t  H 2 uptake during the tests at ~ 
high temperature. 

During the last quarter, a series of ch~misorption measurements 
were made on a 3% nickel on alumina catalyst using hydrogen and carbon 
monoxide as the adsorbate gases. The purpose of the experiments was 
to determine i f  s i gn i f i can t  amounts of nickel carbonyl are formed 
at the temperatures tested and to develop an experimental procedure 
to be used for  fu r ther  test ing of sulf ided catalysts during the next 
quarter. Ni(CO) 4 was decomposed to meta l l i c  Ni in a small diameter 
pyrex tube maintained at 573 K (the temperature fo r  decomposition 
of nickel carbonyl i s  453 K) which was weighed accurately before and 
after the t i t r a t i o n  gas was passed through i t  ~ to determine the amount 
of nickel deposited on the inner surface, The resu!ts of the experiments 
are found in Table 5. As can be readi ly seen, the resul ts are not 
ent i re ly  consistent. The var iat ion in the amount of  CO adsorbed can 
be explained by var iat ions in the pretreatment h is tory (e.g. order 
of H 2 and CO adsorption) and by other variables such as the temperature 
of adsorption and the temperature at which CO was evacuated or flushed 
from the cel l .  The large values for the CO uptake reported for samples 
3A and 4B are possibly the result of 02 impurities in the b e l i e  passed 
d i rec t l y  over the cata lys t  to f lusf i  out the t i t r a t i o n  gas between 
isotherms and/or restructuring of the surface due to Ni(CO) 4 formation 
during the previous CO adsorption, l ~ u r i t y  problems were avoided 
in la ter  experiments by pumping the t i t r a t i o n  gas from the cell and 
trapping the Ni(CO)m in a cold t rap.  The cold t rap was separated 
from the cell and flushed with He. Runs on Samples 2A and 6C resulted 
in CO:H ratios more in l ine with previous results. 

The amount o f  nickel detected from Ni(CO) 4 decomposition was 
found to vary some,~hat cbe to son~ carbon deposition caused by a thermo- 
couple inserted into the co l lect ion device, No formation of nickel 
carbonyl was detected fo r  Run 2A, although there was some detected 
for Run 7C. In the l a t t e r  case: this e f fec t  is probably due to the 
fact  that  the t i t r a t i o n  cel l  in 7C was allowed to warm up to room 
temperature: result ing in the formation of the carbonyl a t  the higher 
temperature. The data in Run 2A suggest that  no Ni(CO) 4 is formed 
at 187 K, Tests begun recently in the 5th quarter confirm no formation 
of nickel :arbonyl at this temperature. . . . . .  

During the next quarter, more tests will be conducted on fresh 
and sulfided samples of the same catalyst, The samples w i l l  be tested 
at IgO, 273 and ~-g8 K for the formation of nickel carbor~l and carbonyl 
sulfide, The procedure developed during this quarter wil l  be further 
refined and presented in more detail in the next quarterly report, 
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Table 4 

Carbon Analysis of Catalyst Samples 

Catalyst 

Ni-A-122 

Ni-A-122 

Ni-A-122 

Ni-A-122 

Ni-Co-A-103 

Ni-MoO3-A-I05 

History 

Bulk reduced 

Upper operating temperature 
tested - Run A 

Upper operating temperature 
tested - Run B 

Upper operating temperature 
tested - Run C 

Upper operating temperature 
tested 

Upper operating temperature 
tes ted 

Carbon Content (wt.%) 

0.15 

0.40 

35.78 

30.44 

0.42 

O. 30 

Z# 



Table 5 

Comparison of Carbon ~noxide and Hydrogen 
Chemisorption Maasurem~nts on 3% N~ckel 

on Alumina Po~dered Catalyst 

Adsorbate Uptake 
Runa# Temp K Ga___~s ~ l e s / g  CO/H 

IA 292 H 2 29.1 

2A 187 CO 97.9 I .  68 

3A 295 CO 184.6 3.17 

4B 298 CO 179.6 3.08 

5C 298 H 2 - 25.7 

6C 294 CO I13.56 2.21 

7C 185 CO 61.04 1.19 

8G 296 H 2 26.4 

Ni from Ni(CO) 4 " 

decomposit ion (g) 

°0063 

. 0 0 1 6  

.0031 

°0011 

aRuns with th~ sa~e_ alphabetic suf f ix  represent measurements of the same 
catalyst sample. 
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3. Transmission Electron Microscop~ 

Transmission electron microscopy (TEM) measurements of Ni- 
MoO3-A-103, Ni-A-119, Ni-Co-A-100, Ni-A-121 and the Kaiser SAS alumina 
support were carried out during the contract period. The average 
crys ta l l i te  diameters determined from TEM are shown in Table 5A and 
compared with estimates from x-ray di f f ract ion and H 2 chemisorption 
measurements. 

During the third quarter, a slight modification to the procedure 
recorded in previous reports was made. A holey formvar coated grid 
was implemented in place of the non-holey formvar coated grid. The 
purpose of this grid support modification is to provide better resolution 
of the catalyst. When the ground catalyst is placed on the holey formvar 
coated grids a good percentage of the catalyst particles wi l l  appear 
above a hole. This method eliminates any inconsistencies that may 
arise due to the support, such as variable thickness of the support 
causing resolution problems or contamination on the support which 
could affect also the micrograph. 

In Figures 2 and 3, the number percent of particles is given 
for each size range of fresh and sintered (at 1023 K) Ni-A-119 (15% 
Ni/A1203). For the fresh sample, 76% of the particles are less than 
3.7 nm, but only 18% are less than 3.7 nm for the sintered sample. 
It appears that in the sintered sample the larger particles grew at 
the expense of particles in the lower size ranges. The particle d is t r i -  
bution in the fresh sample is very steep with most particles less 
than 3.7 nm and none more than 6.7 nm. However, the sintered sample 
has a very broad part ic le distr ibut ion with a signif icant fraction 
of the particles less than 3.0 nm and greater than 10.0 nm. This 
suggests that the mechanism for sintering may be atomic migration 
(8) since redispersion occurs in the particle size range of <3.0 nm 
and because growth occurs above 5.0 nm where continued growth by metal 
crystal l i te migration might not be possible. 

During the third quarter, we noted a problem with metal-support 
contrast in our micrographs from the Hitachi instrument. Micrographs 
of the blank alumina support, showed the structural appearance of 
some areas to be quite like that of a metal impregnated support (see 
Figures 4 and 5). However, many of the alumina-supported nickel showed 
enough contrast between the support and metal particles. Our electron 
microscope technician is presently learning how to use a Phillips 
400 Electron Microscope with which we are confident the contrast between 
support and metal can be improved. 

4. X-Ra~ Diffraction Scans 

Samples of Ni-A-I16, Ni-Co-100 and Ni-Mo03-102 were submitted 
to the University of Kentucky Inst i tute of Mining and Metallurgical 
Research for x-ray di f fract ion analysis. During the fourth quarter, 
data were obtained for Ni-Co-100 and Ni-MoOR-102. In the case of 
Ni-Co-100, peaks for y-Al203 and the metallic cons~cituents were observed; 
unfortunately, the metal peaks were sufficiently broad and overlapping 
to prevent assignment of the peaks to either Ni, Co or Ni-Co. Thus, 
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Table 5A 

Comparison of Particle Sizes Calculated 
from X-ray LineBroadening 

Hydrogen Adsorption, and Electron Microscopy 

Catalyst 

Ni-A-Ii5 
(25% Ni/Ai203) 

Ni-A-II4 

Ni-Co-A-I O0 

Ni-MoO3-A-103 

X-ray 
plane 

(200) 53.2 
(200) 36,4 

(200) 32.3 

(200) 95.3 
(102) 77.7 

(225) or (llO) 88.8 

0 

d particle (A) 

H 2 Adsorption 

65.3 

46.4 

99.1 

89.5 

Electron 
microscopy 

68 

53 

51 

4! 

lq 
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the data do not confirm nor rule out the possibility of alloy formation. 
The scan for Ni-Mo03-102 revealed peaks assignable only to ~,-AI?O 3. 
Hence, the nickel c rys ta l l i t es  are apparently masked by the AT. 203 
and/or are x-ray amorphous. This suggests that very small partlcles 
(<3.0 nm) are predominant in the sample, consistent with TEM data 
presented earlier for the same sample (3, 6, 7). Since H 2 chemisorption 
uptakes are lower than would be expected for such small particles, 
the data (see Table 5A) suggest that Ni and MoO 2 or MoO may interact 
strongly preventing adsorption of H 2 on some of the3nickel sites. 

Task. 2!.Activi ty and Support Geometry Tests 

1. Steady State Carbon Deposition Tests: 

The reaction conditions for the monoliths were changed from 
those employed for powdered catalysts (20% CO, 40% H2) because of 
d i f f icu l t ies  controlling temperature in the tests of powdered samples. 
Accordingly, each of the monolithic catalysts samples listed in Table 
6 was exposed to a gas mixture containing 5% CO and 10% H 2 for an 
extended period of time at 673 K and then tested for ~thanation activi ty. 
Activi ty, the ratio of fouled rate to fresh rate, is plotted in Figure 
6 as a function of time. Activity wBs measured before and after exposure 
and at one intermediate time by lowering the temperature to 523 K 
and adjusting the flow to obtain the standard reaction mixture for 
act iv i ty testing. 

The data in Figure 6 and Table 6 show that, except for Ni- 
Pt, a l l  of the catalysts lost more than 25% of their in i t i a l  activity 
within the f i rs t  12 hours. Based on these data, the order of decreasing 
resistance to carbon deposition is Ni-Pt >Ni-Co > Ni-Ru > Ni > Ni- 
MoO~. These results are in qual i ta t ive agreement with results of 
carbon deposition tests reported earlier for pellet-supported catalysts 
having about the same nominal compositions (3). Apparently, Ru, Co 
and Pt act in combination with nickel as promoters to slow the rate 
of carbon deposition. Pt is the most effective, especially in view 
of i ts very low concentration in the Ni-Pt catalyst of only 0.6 wt.% 
(2% with respect to the metal). 

An attempt to regenerate the deactivated nickel-molybdate 
monolith was made using hydrogen at 573 K for six hours The turnove~ 
number for  methanation fol lowing th is  treatment was 4.9 x 10 -~ 
molecules/site/second. This value is a factor of 3 larger than the 
value of 1.75 reported after 24 hours, but, unfortunately, is s t i l l  
a factor of 10 lower than the in i t ia l  activity. While o~gen treatments 
are generally used to burn of f  carbon deposits, i t  is interesting 
that hydrogen alone can restore 10% of the ini t ia l  activity. Apparently, 
10% of the carbonaceous deposit is active carbon which can be removed 
by hydrogenation while the remaining 90% is inactive. 

2. In situ H2S Tolerance Tests- 

a. Powdered Samples. H2S in situ poisoning tests were conducted 
on seven Ni and Ni bimetallic cata-~ly-st-s. Early tests were conducted 
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Table 6 

Results of Carbon Deposition Tests of Monolithic-Suppgrted Nickel and Nickel Bimetallic Catalysts 
(Deposition occured at 673K, 75,000 hr-iIGHSV, 85% N~, 10% Hp, 5% CO. 

Activity was measured at 523K, 80,000 h r "  GHSV, 95% N 2. 4% H~, & I% CO) 

Catalyst 

Ni-M-121 

Ni-Co-M-I06 

Ni-MoO3-M-]OI 

Ni-Pt-M-109 

Ni-Ru-M-II2 

Composi t i  on 
Methane a Turnover 

Number, Fresh Catalyst 
Turnover Number 

Time (hr,) Fouled CataIxst 
Fouled 

Activity b 

6% Ni, 20% alumina 36.6 4.5 13.7 .37 
74% ceramic 16.5 14.7 .40 

4.8% Nickel 17.8 4.25 13.3 .75 
4.8% Cobalt 23.0 14.6 .82 
19.6% alumina 
70.8% ceramic 

4% Nickel 43,5 12.0 4.6 . l l  
4% Molybate 22.8 1.75 ,04 
20% alumina 
72% ceramic 

I0,3% Nickel l l . l  l l .O 12.2 l .lO 
.55% Platinum 17.0 ll.O .99 
19.7% alumina 
69.5% ceramic 

I0% Nickel 2.37 21.5 ].36 .57 
l% Ruthenium 24.0 1.75 ,74 
18.5% alumina 
70.5% ceramic 

aTurnover numbers are expressed as molecules of methane formed per active site per second. 

bActivity is defined here as the ratio of the specific rate after testing to the in i t ia l  specific rate. 



a t  523 K wi th a GHSV of 30,000 hr -1 and a reactant gas mixture o f  
95% N2, 4% H2, 1% CO and 10 ppm H2S , using 0. i cm powdered catalyst 
samples. La:cer tests were perfoFmed with 99% H2, 1% CO and 10 ppm 
H2S as reactants, as noted below. 

The ac t iv i ty  (poisoned rate/fresh rate) versus time is plotted 
in smooth curves in Figure 7 for each of the catalysts. A br ief  summary 
of the data is l is ted]  in Table 7. For the high loading cata lysts,  
the order of decreaslng s u l f u r  to lerance is apparently Ni >Ni-Co 
>N i -P t .  For the 3-5 wt.% cata lysts:  Ni-MoO 3 > Ni : Ni-Rh >Ni-Ru. 

Al l  of the cata lys ts  tested remained act ive longer than we 
had anticipated. For Ni-Rh-A-IO0 (2.5% Ni, 0.5% Rh) the or iginal  H 2 
uptake was 19.0 microm~les/gram. Assuming 0.75 sul fgr  atoms adsorbe~ 
per surface Ni atom (9) and a GHSV of  30,000 hr -~ with 10 ppm H2S 
i t  should take 1.0 hours to saturate the cata lyst  i f  there were no 
su l fu r  breakthrough. However, no loss of ac t i v i t y  was observed af ter  
one hour and af ter  24 hours the high metal loading catalysts retained 
20-30% a c t i v i t y .  Analysis of the gas fo r  H2S downstream of Ni-Rh- 
A-:loD-sanl~le r~ea l  ed a gradual H2S breakthrcugh. Appar~tl-ly, eq-u-{ l ibr~ 
adsorption does not occur under these reaction condit ions, possibly 
because of competitive adsorption by reacting species. 

Figure 8 shows normalized ac t iv i ty  plotted versus time divided 
by hydrogen uptake for powdered samples of 3% Ni/AI~03, ~ 20% Ni/AIpOR, 
20% Co/A1203, 10% Ni/lO% Co/A1203 and 10% Ni/10% }IoOR/AI~O~ te~t~d 
in 99% H2, !% CO and 10 ppm H S, The resul ts  of no~rmal~iz~ng time 
with respect to surface area ar 2 very interest ing.  The deactivation 
curves for 3 and 20% nickel are very nearly coincidental. The curves 
for 20% Ni and 20% Co are essent ia l ly  the same and are represented 
by a single curve. The curve for  Ni-Co shows s l ight ly  higher ac t iv i ty  
for  val~es of the abscissa from 0.1 to 0.5. The ac t iv i t y  of 10% Ni/10% 
MoO3/AI~O 3, however, is s igni f icant ly higher for  values of the abscissa 
above ~.2. Comparison of the data fo r  3% Ni in Figures 7 and 8 (two 
d i f fe ren t  reactant gas compositions (surface area of 34.9 umoles/g) 
reveals that the rate of deact ivat ion is higher for the run in the 
hydrogen rich reactant mixture (99% H2) , although the two curves evidence 
a similar exponential decay. 

Several a t t~p ts  v~re made to regenerate the poisoned catalysts 
by heating them in pure H2~ CO~ a i r  or H2/CO m~x~ures, Af ter  treat ing 
catalysts in H 2 at 723 K for  12-24 hours, i t  was possible to recover 
5-15% of the original H 2 uptake. In no case, however, was any methanation 
ac t i v i t y  recovered. I n  fac t ,  a f te r  treatment at 723 K the a c t i v i t y  
dropped to zero, even when samples ~ r e  tested at elevated temperatures. 
Based upon our NSF invest igat ion of sul fur adsorption (9), a surface 
reconstruct ion or phase transformation of the adsorbed su l fu r  to a 
total ly inactive nickel sulfide may be occurring, This change apparently 
occurs to a greater extent at higher temperatures. Treatment in H 2 
at 523 K also resulted in fur ther  loss of ac t i v i t y ,  although samples 
were active when tested at high temperatures. A Ni-Co powder treated 
for 3 hours in CO, then 30 minutes in air f o l l ~ d  by an 11 hour reduction 
in H 2 a t  525 K showed an increase in a c t i v i t y  (measured at 525 K) 
from -0.20 to 0.37. 
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Smoothed Activity-Time Curves for Powdered Alumina-supported Nickel and 
Nickel Bimetallics durin~iExposure to lO ppm H2S in I% CO, 4% H 2, and 
95% N 2 (GHSV = 30,000 hr " , lO0 kPa). 



Table 7 

Effects of In Situ HoS Poisoning on Activity of 
Alumina-Supported Ni~k@l and Nickel Bimetallics 

(Space velocity of 30,000 hr- ' ;  Feed: I% CO, 4% H 2, lO 

Catalyst 

Ni-A-ll2 I0.6 x lO -3 

Ni-A'll6 8.3 

Ni-Co-A-lO0 10.6 

NiMoO3-A-lO1 12.5 

Ni-Ru-A-105 6.7 

Ni-Rh-A-lO0 8,0 

Ni-Pt-A-lO0 7.7 

Fresh.Rate 
(Molecules/site sec) 

Time t o  Reach a 
acti:vi ty= l /2  

(hours) 

3 

19 

12.5 

5.0 

2 

5.5 

16 

Powdered 
at 523K 
ppm H2S, 95% N 2) 

Time to Reach 
ac t iv i ty=l /4  a 

(hours) 

7.5 

i 

70 

15 

5 

9 

36 

aact iv i ty  = poisoned rate/ fresh rate 
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b. Monol i th ic  Cata lysts .  Each o f  the monol i th ic  catalysts 
l i s ted in Table 8 was tested at 523 K fo r  methanation ac t i v i t y  before, 
during and a f te r  exposure to 10 ppm hydrogen su l f ide  in the reaction 
mixture. The nominal catalyst compositions, fresh and poisoned turnover 
numbers and the time exposed to H?S are l i s ted  in Table 8. Ac t i v i t y ,  
defined as the ra t io  of the poisoned rate to the fresh rate is plot ted 
as a function of time in Figure 9. 

Data in Table 8 and Figure 9 show that during in s i tu  exposure 
to 10 ppm H.2S.at 523 K a l l  of the cata lys ts  lose approximately 40- 
50% of t h e l r  I n i t i a l  a c t i v i t y  w i th in  20 hours. Before exposure to 
H2S, the order of  spec i f i c  a c t i v i t y  f o r  methane production is Ni -  
MoO 3 > Ni-Co > Ni > Ni-Ru > Ni-Pt .  However, a f te r  20 hours exposure 
to 10 ppm H2S at 523 K, the order of a c t i v i t y  is Ni-MoO > Ni >Ni -  
Co > Ni-Ru > N i -P t .  Apparent ly ,  t h i s  sample of  Ni-Co3deactivates 
at a s l i gh t l y  faster  rate than N i .  

Com m p a r i s o n n _ _ o _ f _ _ t b ~ - - 8 - ~ , o l  i t , s  '#i-t-h-the-data 
in Table 7 f o r  powder ca ta lys ts  (high metal loading samples) shows 
that monolithic-supported Ni-Co is s l i g h t l y  more su l fur  to lerant  than 
the pe l le t -suppor ted Ni-Co. That is ,  50% a c t i v i t y  is l os t  in 12.5 
hours for pelleted Ni-Co c~pared to less than 17 hours for the monolithic 
Ni-Co. Pellet-supported and monolithic-supported Ni and Ni-Pt behave 
about the sa~e, losing 50% ac t i v i t y  af ter abeut 20 hours. These results 
are quite s ign i f i can t  because they suggest that monol i th ic  catalysts 
are at least as to lerant  to su l fu r  poisoning as pe l le t  catalysts and 
perhaps more so because these mono l i th ic  ca ta lys ts  contain 30-40% 
less ac t ive  metal by weight and have lower sur face areas (lower S 
adsorption capacity). 

Attempts to regenerate su l fu r  poisoned monol i th ic  catalysts 
in flowing pure hydrogen met with d i f fe rent  results than with pel leted 
catalysts. The monoliths heated in the presence of the reaction mixture 
fo r  up to 4 hours at various temperatures between 523 and 673 K did 
not lose addi t ional  a c t i v i t y  beyond that  which had_ o c c u r ~ e d - d ~ i z ~ g ~ _  
the poisoning tes t .  This suggests that th in- layer  (sim~a-r to eggshell 
in pellets) type poisoning occurs in the case of the mDnolithic catalysts. 

3, A c t i v i t y  Measurements of Fresh and Poisoned Catalysts 
- Powders Compared to Pellets 

Both fresh and p a r t i a l l y  sul f ided samples ( t reated in 10 ppm 
H2S/H 2 at 723 K) of  Ni-Co-A-IO0 (powdered form) were d i f f e ren t i a l~y  
teste~1 at 498 ,523  and 548 K at a space ve l oc i t y  o f  100o000 hr -~. 
The resul ts  are shovm in Table 9. Previously reported data on Ni-  
Co-A-IO0 pe l le ts  are also included. The samples were tested in the 
powdered form to decrease the ef fects of d i f fus iona l  resistance and 
pore mouth poisoning thought possible in pel le ts .  CO turnover numbers 
for  the fresh pG~der v~re 2-3 times larger than those previously reported 
fo r  a pe l le ted  sample; however, the methane turnover  numbers were 
abcut the sa~e. The high percentage of CO conversion without corresponding 
methane or carbon d iox ide product ion f o r  the powder suggests that 
the surface cc~position of the powdered sanple is s ign i f icant ly  d i f fe rent  
and such as to produce a s i g n i f i c a n t  amount of heavy hydrocarbons. 
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Table 8 

Effects of In Situ Poisoning on the Activi t ies of Nickel Bimetallic Monolithic Catalysts 
with 10 ppm H2S a t  523K (30,000 hr "~ GHSV, 95% N 2, 4% H 2, 1% CO) 

Catalyst Nominal Composition Fresh Turnover No, Poisoning Time Poisoned Turnover No. 
Activity 

after Poisoning 

Ni-M-l17 12% Nickel, 20% 23.4 x lO -3 20 12.2 x lO "3 0,52 
alumina, 68% ceramic 

Ni-Co-M-I05 5.5% Nickel, 5.5.% 25.5 17.1 
Cobalt, 18.5% alumina 
70% ceramic 

Ni-MoO3-M-lll 6% Nickel, 6% MoO 3 41.5 20.2 
20% alumina 42.8 
68% ceramic 

Ni-Pt-M-I07 0.58% Platinum 17.7 20.2 
II% Nickel 26.7 
20% alumina 
68% ceramic 

10.7 0,42 

18,2 0.44 
14.7 O. 35 

8.8 0.50 
8.2 0.46 

]0.9 0.58 
10.2 0.54 

Ni-Ru-M-108 5.8% Nickel 18.7 12.1 
1.2% Ruthenium 19.6 
19.3% alumina 
74% ceramic 

Turnover Number = molecules CH 4 formed per second per fresh H chemisorption site. 



1.0 h \  I I ! 

0.9 

~ m 0 . 8 ~  

0.7 f.. 

(D 

, ,  0.6 - 

0.5 - 
(P 

0 

0.4 or.. 
0 

V 

0 . 3 -  
16,,,,,,, 

. r "  

0.2 

0 . 1  - 

Fi gure 9. 

I I I I I 

I .  Ni-Ru-M-I08 
2. Ni-M-II7 
3. Ni-Pt~M-I07 
4. Ni-Co-M-I05 
5. Ni-HoO3-M-111 

3 

4 ~ 5 - 

! .... I , , ,  I , , ,  I ,1,,  ! ,  I ,! t 
3 6 9 12 15 18 21 24 27 30 

Time (Hrs.) 

Smoothed Activity-Time curves for Monolithic-Supported Nickel and NickeliBimetallics 
during Exposure to lO ppm in I% CO, 4% ~2' and 95% N 2 (GHSV = 30~000 hr-,, lO0 kPa). 



(.0 

Catalyst 

pmoles/g 
H 

u_pt~ke 

Nt-Co-A-IO0 148.2 
before poisoning 

NI-Co-A-IO0 114.9 
Pellets 

Nt-Co-A-IO0 148.2 
after  poisoning a'b 

Nt-Co-A-IO0 148.2 
before poisoning 

Nt-Co-A-IO0 114.9 
pel lets 

NI -Co-A- l O0 148.2 
after poisoning 

Table 9 

Differential Reactor Data 
for Ni-Co-A-IO0 Befor~l and After HoS Poisoning 
(I00 kPa, 100,000 hr- , 95% N 2, 41~ H 2, I% CO) 

H2S poisoned % CO % Production Yield 
uptake conversion CH 4 CO 2 CH 4 CO 2 

at 498 K 
15.6 4.7 0.0 0.30 0.00 

14.8 12.3 3.6 .84 .024 

69.7 1.7 1.7 -0 .3  1.02 -0.16 

at 523 K 

26.0 14.1 0.9 .54 .04 

35.5 28.5 2.27 .80 .064 

69.7 6.2 4.2 -0. l .87 -0.02 

Nf-Co-A-IO0 148.2 50.0 
before poisoning 

Nt-Co-A-IO0 
pel lets 

Nt-Co-A-IO0 148.2 69.7 9.9 
after poisoning 

at 548 K 

30.5 7.3 0.61 0.15 

Not Available 

8.3 0.7 .84 .07 

apolsoned In fixed bed in flowing H 2 and I0 ppm H2S until approximately 50% poisoned 

breactant stream contained approximately .01% CO 2 

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

CO CH 4 CO CH 4 

33.8 I0.I 

8.4 7.0 

3.6 3.6 

56.5 30.6 

20.3 16.3 

13.3 8.9 

108.4 66.2 

21.2 17.84 

11.4 3.42 

3.6 3.0 

2.5 2.6 

19.0 10.3 

8.5 6.9 

9.5 6.4 

36.6 22.4 

15.2 12.8 



Perhaps this is an effect of Fischer-Tropsch "conditioning" which 
occurs more rapidly in small catalyst particles. The nickel-cobalt 
powder was prepared from the same batch as the pelleted sample, but 
i t  ms bulk reduced at a different time possibly under slightly different 
conditions. The higher Hp uptake suggests that its surface properties 
(i.e. surface composition-) could be different from the earl ier batch. 
This renders the comparison between the pellets and powder d i f f i cu l t  
and perhaps inconclusive. Also some CO 2 was found to be in the reactant 
stream during the differential test of-the sulfided powder which al ters 
the test conditions somewhat and accounts for the negative valuesi,L 
of CO 2 production, mainly artifacts of the calculation° 

Nevertheless, the methane turnover number data for~the powdered 
cata lys t  before and a f te r  poisoning reveal a s ign i f i can t  decrease 
in specific act iv i ty  of the remaining sites after poisoning, in contrast 
to the increase observed previously for  the pel let  supported catalyst 
(3). Hence, the data suggest that catalyst geometry plays an important 
role in the poisoning process and these data are indeed consistent 
with a pore mouth or shell type poisoning model. 

Partly because of these unusual results and the obviously 
nonuniform nature of H2S poisoning, a fur ther series of tests was 
conducted for alumina supported Nf, Ni-Co, and Co Catalysts ofohigh 
metal loading (14-20%) in powder form in which the samples v~re poisoned 
in a uniform manner by 24 hour exposure to 10 ppm H2S/H 2 in a fluidized 
bed reactor. A schematic of the f luidized bed reactor is shown in 
Figure 10. The methane turnover number data obtained before and after 
poisoning at high space velocities and low conversions are shown in 
Table 10. Poisoned site ac t i v i t y  ratios (PSAR values), ratios of 
the turnover number of the poisoned to that of the fresh catalyst 
are also l is ted.  That the PSAR values for  the uniformly poisoned 
catalysts are significantly less than one (on the order of 0.5) suggests 
that adsorbed H2S interacts with the nickel surface to deactivate 
more than one nickel site for every adsorbed sulfur atom and/or restruc- 
tures the surface such that the remaining sites are less active. The 
larger methane turnover numbers and PSAR values for Ni-Co compared 
to Ni and Co, an obvious synergistic effect, provide indirect evidence 
of an intimate bimetallic interaction or perhaps an alloying ef fect .  

I t  should be mentioned here that the nickel and nickel-cobalt 
catalysts were observed to be re la t ive ly  stable over a period of 30- 
60 minutes during which i~ime 5-6 chromatographic samples were obtained. 
The Co/AlpO 3 powder, however, was observed to lose ac t iv i t y  with time 
part icula~l~ at the higher temperature (525 K) and especial ly af ter 
exposure to  H?S. For example, the poisoned sample lost 45% of i ts 
i n i t i a l  a c t i v i t y  at 525 K over a period of about 45 minutes. This 
deactivation is possibly a result of high molecular weight hydrocarbons 
depositing on the surface, since supportedCo is known to be active 
for  Fischer-Tropsch Synthesis. Because this deactivation was not observed 
in the tes t ing  of  the same ca ta lys t  in pe l l e t  form at lower space 
veloci t ies, the deactivation phenomenon maY be dependent upon catalyst 
geometry and upon space velocity. 
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Table lO 

Specific Activity Data a Before and After Exposure b to lOppm H2S 
of Alumina-Supported Ni, Ni-Co and Co in Powder Form 

% CO Conversion % CH 4 Yield c CH 4 Turnover No. XIO 3 (sec "I)  
Poisoned Site d 

ActiviKv Ratio 

At 500 K 

Ni-A-]I6 (14% Ni) 
fresh 4.04 71.5 2.4 
poisoned 2.69 61.4 1.0 

Ni-Co-A-lO0 (I0% Ni, I0% Co) 

0.42 

fresh 4.46 61.2 6.0 
poisoned 2.80 81.8 4.1 0.68 

Co-A-lO0 (20% Co) 
2 e fresh ,Of 61.2 3.8 

poisoned 2.26 f 55.8 2.0 0.53 

At 525 K 

Ni-A-ll6 (14% Ni) 
fresh 9.85 83.6 6.9 
poisoned 6.28 74.2 2.8 0.40 

Ni-Co-A-lO0 (10% Ni, I0% Co) . 
fresh 8.60 85.6 16.1 
poisoned 8.44 89.7 13.4 

Co-A-lO0 (20% Co) 
..... 5 e fresh .8l f  56.9 I0.3 

poisoned 3.25 65.2 3.5 

0.83 

0.34 

aAt 140 kPa, a space velocity of about lO0,O00 hr "l  in a gas mixture containing I% CO, 4% H 2, 95% N 2. 

bExposure to lOppm H2S in a fluidized bed over a period of several hours sufficient to poison about 50% of the surface. 

CMethane yeild is the fraction of converted CO which is transformed to methane. 

dTurnover number for the poisoned divided by that for the fresh catalyst. 

eSpace velocity = I00,000 hr "l 

fSpace velocity = 38,000 hr " l  



4. Support Geometry Tests: 

Conversion vs. temperature tests were conducted on three nickel 
on alumina monolithic catalysts: Ni-AM-I01, Ni-AM-I02 aqd Ni-AM-201. 
The test conditions included a space velocity of 30,000 hr -~, a reaction 
mixture of 95% N2, 4% H?and I% CO and a pressure of 140 kPa. These 
tests are sunmarized in Table 11 along with the results of some previously 
reported tests (3). Figure 11 is representative of the results of 
these tests. 

Table 11 also shows how the nickel on alumina monolith catalysts 
compare with Al203 -washcoated monolithic catalysts previously tested 
in this laboratory. I t  appears as though the nickel on alumina catalysts 
are less selective towards methane than are the alumina-coated monoliths. 
The difference in se lec t i v i t y  may be due to diffusional effects° 

Also from Table 11, i t  can be seen that the rates per gram 
catalyst for the nickel on alumina monoliths are much larger than 
the rates of the other catalysts at 598 K. This can be explained 
by the smaller catalyst density of the alumina monolith relative to 
the cordierite monolithic support. 

As part of the support geometry testing under Task 2, several 
monolithic and beaded catalysts were tested under high temperature 
and hopefully mass transfer l im i t ing  conditions to see i f  support 
geometry had an effect in these reaction regimes° 

Each of the catalysts tested (see Table 12) was characterized 
by determination of geometrical surface area (GSA). This catalyst 
characteristic is the criterion ~ W~ich monolithic and pelleted catalysts 
can be compared in mass transfer l imi t ing regimes. The geometrical 
surface area (GSA) is the exterior surface area of the catalyst; implied 
by the g~ometry of the catalyst support and is reported as cm ~ surface 
area/cm ~ catalyst volume. The method of determining GSA has been 
reported earlier (7). 

Conversion vs. temperature tests were conducted at 140 kPa 
and 50,000 hr "~, using a reactant gas containing I% CO, 4% H2, and 
95% N 2, The temperature varied from 450 to 750 K, however, the catalysts 
were compared at 700 K since that temperature was nearest the maximum 
CO conversion for a l l  the catalysts. Each data value in Table 12 
represents the average of data obtained for 3-4 identical samples 
of each geometry. 

On the basis of moles of CO converted per gram of catalyst 
per second, a comparison of the data for the Torvex monoliths shows 
that 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 tha~ can be expected. In comparison to the Celcor 
monoliths the 40.80/cm L Torvex monoliths have slightly but significantly 
higher rates of reaction although these two catalysts have nearly 
the same GSA. This difference in activity is accounted for by Hegedus 
(11) who shows that according to mass transfer considerations the 
hexagonal monolith channels should give better ac t iv i ty  than the square 
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Table II 

Temperature Conversion Tests for Monolithic Catalysts 
GHSV = 30,000 hr- ; Reactant Composition: 95% N 2, 4% H 2, I% CO; 140 kPa 

tO 

Temperature for CO 
Catalyst a Conversion of 

50% 95% CH 4 

a. Monoliths having 31,Osquare channels per square cm 

Ni =AM-IO~ 265 310 73 

Ni-AM-I02 b 270 320 77 

At 95% CO Conversion 
% CO converted to 

CO 2 

14 

lO 

6 

5 

Ni-M-15I C 245 295 93 

Ni-M-154 c 260 310 83 

b. Monoliths having 36.6triangular channels per square cm 

Ni -AM-201 b 265 305 80 

Ni-M-250 c 250 320 

Ni-M-2 2 c 300 

Ni -M-254 c 255 300 

87 7 

86 lO 

83 lO 

% CO converted 
to CH 4 

78 

78 

93 

93 

86 

86 

92 

91 

At 325% 
Rate of CH~ Format~o 

(moles/gram-~ec x lO') 

80 

74 

36 

37 

71 

44 

47 

46 

r 

aFor compositions see Table 3. 

bAM refers to a pure alumina monolith support. 

Cpreviously reported catalysts (3), nickel impregnated on alumina layer on cordierite monolith catalyst support. 



lO0 

90 

80 

70 

60 

4=, o 50 

40 

30 

20 

lO 

I i ~ I I ^ ~ !  I I 

A CO Conversion 

[] CH 4 Production 

0 CO 2 Production 

~ _ _ _ _ ~  ~ J ~ l i i ,  

473 498 523 548 573 598 623 648 673 698 

Temperature K 

Figure I I .  Conversion vs. temperature for Ni-AM-201 (140 kPa, GHSV=30,O00 hr - l ) .  



Table 12 

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

Catalyst GSA l wt. 

Beads (0.32 cm diam.) 

Rate per gram xlO 7 Rate per volume xlO 7 
(mole/g-cat.-sec.) (moles/cm3-cat.-sec.) 

c o  c o  

8.7 2.451 94.3 59.9 36.6 23.3 

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

Torvex 
40.80/cm 2 Dupont Alumina Coat 16.6 4.048 

40,80/cm 2 Cat. Lab. Alumina 16.3 4.159 
Coat 

lO.70/cm 2 DuPont Alumina Coat 8.9 

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

79.7 54.9 58.1 40.I 

94.7 64.5 60.8 41,4 

91.2 63.7 60.2 42.1 

5.079 67.9 45.3 

5.322 66.6 44.4 

54.7 36.5 

56.3 37.5 

IGSA is cm 2 exterior surface area/cm 3 bulk volume of catalyst. 



monolith channels. On a rate/gram basis a comparison of the monoliths 
and beads shows a d i f ferent  result .  Even though the beads have a 
smaller GSAthan the monoliths, the rate of CO conversion in the pellets 
is as high as the best rate seen for the monoliths. However, this 
is mainly a result of the high density of the monolith body. 

Indeed, on the basis of moles of CO converted per volume of 
catalyst per second, a comparison of the monoliths and beads shows 
significantly different results. That is monolithic supported catalysts 
evidence substantially higher rates/volume than the beaded catalyst. 
In fact, the monoliths with high GSA show rates of CO conversion nearly 
twice the volume of the beads. Table 12 shows that the same trends 
that are seen in the rate of CO conversion are also seen in the rate 
of CH 4 production. These results indicate that i t  would take nearly 
twice the volume of beads (or pellets) to convert a given amount of 
CO to CH 4 as i t  would monoliths. Thus, the use of monolith supported 
catalysts would enable the size of methanation reactors to be reduced 
signif icantly. Moreover, a monolithic reactor could be operated e f f i -  
ciently at substantially higher space velocities than beads or pellets 
at a fraction of the pressure drop. 

Mass transfer coefficients were calculated for monoliths and 
pellets to see i f  the experiments were actually in the mass transfer 
limiting regime (see Table 13). The e~erimental ~lues were calculated 
according to: 

k m = rpM/aC A 

where k m is the mass transfer in cm/sec, r is the rate in g-moles/g- 
cat-sec, p is the bulk densjty~M is the molecular weight of carbon 
monoxide, a ~s the GSA in cm:/cm ~ and~ is the log mean concentration 
of CO in g/cm ~. De theoretical values k m for monoliths were cal~lated 
according to the method of Hegedus (11): 

k m : (DIZR) B (1 + .og5 (4R2G/pDL)) 0.45 

where D is the d i f f u s i v i t y  of CO, R is the hydraulic radius, B is 
the l imit ing Sherwoo~ number for fu l l y  developed laminar flow, G is 
the feed flux in g/cm=-sec, p is the bulk density and L is the monolith 
channel length. The theoretical values of k_ for pellets were based 
on the correlation of Petrovic and Thodos (121". 

From Table 13, one can see that these experiments were carried 
out in the mass transfer influenced regime, but that mass transfer 
was not the rate l im i t ing  step. Since d i f f us i v i t y  and, hence, the 
mass transfer coefficient are inversely dependent upon pressure, the 
calculated mass transfer coefficient should be about a factor of 10 
less at 1000 kPa, suggesting that truly mass-transfer-limiting conditions 
wi l l  obtain under these conditions. 

During the last quarter, some of the same catalysts tested 
were tested at 1000 kPa. The results presented in Tables 14 a~d 15 . 
are only preliminary findings, but the same trends observed at the 
lower pressure are also in evidence although the effects are not nearly 
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: Table 13 

Experim~=ntal and •Theoretical Mass Transfer 
Coeffi cleats . 

(140 kPa, GHSV = 50,000 hr - I ,  700 k~ I% CO, 4% H 2, 95% _N 2) 
• -T 

Beads (0.32 cm diam.) 

Cel cot 2 
46.5E]/cm I0% Alumina 

• ~ ,: 

Experimental 
I~ (cm/sec) 

2.71 

Theoretical 
km (cm/sec) 

14.8 ", 

- 6.43 20.1 

Torve× 
40.80/cm 2 Dupont A1umi~a-Coated . . . . .  8.09 

40.80/cm 2 Cat. Lab Alumina Coat 8°52 

lO. 70/cm 2 Dupont A1 umina Coat 6.94 

lO .70 /cm 2 Cat. Lab Alumina Coat 7.61 

21 .I  . . . . .  

21.8 

10.6 

10.5 
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Catalyst 

Beads 
0.32 cm diam. 

Celcor 
46.50/cm 2 

Celcor 
46.5 rl/cm 2 

Celcor 
31 []/cm z 

Torvex 
40.80/cm 2 

Torvex 
I0.7 0/cm 2 

Comparison 
[1000 kPa, 

CAT Number GSA l 

Ni-A-121 

Ni-M- 356 

Ni-M-357 

Table 14 

of Geometrical ~urface Area and Reaction Rates 
GHSV=50,O00 hr" , 700 K, 1% CO, 4% H 2, 95% N 2] 

H~ uptake Rate per gram XlO 7 
Wt. l~BOles/g (mole/9-cat.-sec.) 

CO CH 4 

8.7 2.58g 73.9 140.2 If6.0 

17.8 4.2064 26.1 94.86 86.44 

17.8 4.2283 31,5 87.50 74.09 

Ni-M-156 4.3921 46.0 83.85 74.81 

Ni-TM-IIO 16.6 3.9338 36.8 94.6 82.0 

Ni-TM-350 9.2 5.4847 45.2 64.15 57.76 

Rate per:volume X107 
(mole/cmO-cat.-sec.) 

CO CH 4 

57.41 47.5 

63.29 51.71 

58.72 49.73 

58.46 52.15 

59.07 51.20 

55.85 50.28 

IGSA is cm 2 exterior surface area/cm 3 bulk volume of catalyst. 
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C_atalyst 

Beads 
0.32 cm diam. 

Celcor 
46.5 [ ] /cm 2 

Cel cor 
46.5 []/cm 2 

Celcor 
31 D/cm ~ 

Torvex 
40.8 0/cm 2 

Torvex 2 
I0.70/cm 

Table 15 

Comparison of Geometrical Surface Area and Conversion 
Production ~nd Selectivity 

[lO00 kPa, GHSV=50,O00 hr- , 700 K, I% CO, 4% H 2, 95% N2] 

Uptake % Conversion 
CAT Code GS___AA Hmoles H2/g wt__~. CO 

Ni-A-121 8.7 73.9 2.58 90.3 

Ni-M-356 17.8 26.1 4.2064 99.8 

Ni-M-357 17.8 31.5 4.2283 92.25 

Ni-M-156 46.0 4.3921 97.04 

Ni-TM-llO 16.6 36.8 3.9338 96.46 

Ni-TM- 350 9.2 45.2 5.4847 93.19 

% Production 
CH 4 CO 2 

73.8 II .2 

90.94 7.31 

78.1 10.43 

86.57 13.01 

83.71 13.0 

83.19 I1.78 

% Yield 
CH 4 CO 2 

82.0 12.0 

91.1 7.3 

84.7 II.3 

89.2 13.4 

86.8 13.5 

90.0 12.6 



so dramatic. Again, the ca ta l ys ts  are compared at 700 K which may 
in t h i s  case in t roduce some d iscrepancies°  The conversion for  the 
pe l l e t s  reaches a maximum at t h i s  temperature, but t h i s  is not the 
case for the monoliths (see Figure 12). MarLy of the monolithic catalysts 
tes ted  a t ta ined 100% conversion at much loi~'er temperatures and then 
began to decrease in a c t i v i t y  as the temperature increased° I t  is 
not en t i re l y  c lear whether th is  is a mass t ransfer  e f fec t  or a simple 
equ i l i b r i um  e f f e c t .  I t  is  c lea r ,  however, that  comparisons at high 
pressure need to be made at lower temperatures and even higher space 
v e l o c i t i e s !  Never the less,  as can be seen in Table 14, the percent 
CO conversion at 700 K and the se lec t i v i t y  to CH 4 production are higher 
f o r  monoliths in a l l  instances than for  the pe l le ted  ca ta lys t .  The 
rates per volume in Table 15 are also generally higher for  the monoliths 
than fo r  the pe l le ts .  These values are fo r  s ingle ca ta lys t  samples. 
During the next quarter, more samples w i l l  be run to test for  reproduci- 
b i l i t y  and mass t r a n s f e r  c o e f f i c i e n t s  w i l l  be ca lcu la ted to insure 
that  we are indeed in the mass t ransfer  l i m i t i n g  region at lo,~er temp- 
eratures (e.g. 600 K). In addi t ion:  several monolith geometries not 
previously tested w i l l  be run at I arm, since at I0 atm the catalysts 
are obviously too act ive to enable alreasonable comparison even at 
a space ve loc i ty  as high as 50,000 hr ~'- 

Task 3: Kinet ic  Studies 

Construct ion of the high pressure mixed f lo~ system has been 
completed. Five runs have been made to ched< the equipment. Temperature 
contro l  and e q u i l i b r a t i o n  have proven to be the main concerns. The 
temperature ins ide the Berty reactor  and the heating rate have been 
found to be funct ions of reactor  pressure, impe l le r  speed and f low 
rate.  Higher f low rates give a more uniform temperature in reactor, 
while increasing reactor pressure and ~pe l l e r  speed increases temperature 
equ i l i b ra t i on  and heating rates. 

Several reactor tests with catalyst pel lets in the Berty reactor 
have been made dur ing  the las t  qua r te r .  The gas chromatograph is 
present ly set up fo r  analysis of both reactants and products and the 
high pressure reactor system is operational° The Haskell gas compressor 
has been used to prepare gas mixtures up to 14,000 kPa~ 

Tas k 4: Degradation Studies 

1. Upper Operatin~ Temperature Limit Tests 

During the past two qua r te rs ,  upper opera t ing  temperature 
l im i t  (thermal degradation) tests were performed on high loading alumina~ 
supported Ni, Ni-Co, Ni-MoO 3 and Ni-Pt Also, Ni on nickel aluminate 
and commercial ly prepared G-87P and M.C-IO0 ~,cere tested° Th~ tests 
were performed at 2500 kPa and a space ve loc i ty  of 30,000 hr ~ .  The 
reactant gas was 64% CH4, 16% At,  ]4% H2, 4% CO~ 2% C02o Graphs of 
these runs are shown in Figures 13, ]4 and !5~ During these tests~ 
care was taken to avoid temperature spil:--,L ~.;'~-,e:~ t~,~ -. reactant gases 
were added to the reduced ca ta lys t .  Thus, A; gor-, ~.,,es addec; f i r s t  and 
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CH 4 '-'~ (dded next. Then, as the temperature se t t l ed  dm...¢n to 525 
Y..~ ~~,,,~ Ce,. CO~ ~n(', II~.L t,.-.,ere .~dded . . . .  grad;,~lly *c,, f u l l  f low. 

!~ Figure 13, the ccnve~'sion of CO (to a l l  pioducts) is shown 
with respect to temperature. Ti~e equi l ibr ium conversion as calculated 
by the Edward's Thermochemical Program is higher than the actual con- 
versions experienced in the upper temperature l i m i t  runs. At peak 
conversion the order of cata lyst  a c t i v i t y  was Ni > Ni-Co > Ni/NiAI204 
>r i-r oo  A second run on Ni-A°I22 (20% Ni) was made to invest igate 

the deactivat ion at higher temperatures. Deactivation did not become 
rapid un t i l  -~823 K. The cata lyst  s t i l l  coF, verted 50% of the reactant 
CO ~t 886 K. These cata lys ts  did be t te r  than those reported by Lee 
(12) where most of the commercial ca ta l ys t s  deactivated at 783 K. 

During the last  quarter, we tested two commercially prepared 
cata lys ts  G-87P (Gi rd le r )  and MC-]O0 (Union Carbide). A comparison 
of these tes ts  with Run B fo r  Ni-A-122 is shown in Figure 14. The 
Ni-A-122 performed b e t t e r  than the commercial ca ta lys ts  at higher 
temperatures (>750 K). This may be because Run B was star ted at a 
higher temperature or because the catalysts prepared in th is laboratory 
are more the~nally stable than commer-cially p'e~;areJ methanation catalysts. 

In Figure 15, the resul ts of three more tests are shown. At 
higher temperatures, the order of a c t i v i t y  is Ni-Pt > Ni or NiAI204 

Ni monolith. The good performance of Ni-Pt reinforces ea r l i e r  work 
iF, th is  laboratory (3, 5) that  showed that Ni-Pt was more resistant  
to carbon deposition than other nickel catalyst  combinations. NiAI204 
Run B showed improved ac t i v i t y  over Run A (see Figure 13). The catalyst  
sample for  Run B was reduced 6 hours in f lowing H2, rather than just  
2 hours. 

Figure 16 shows conversion of CO to CHo~ versus temperature 
for  several of the same catalysts.  The presence 64% methane inerts 
requires the sub t rac t ion  of two nearly equal numbers resul t ing in 
roundoff error. Therefore, these calculat ions are made using a carbon 
balance over CO, CH 4 and CO 2. The assumption that negl ib le  carbon 
is deposited appears to be very good except above 773 K. At that 
temperature, a run on a blank sample gave 20% conversion of CO to 
CHIn. This anomalous value was an a r t i f a c t  of the calculat ion and 
the confidence in terva l  for  values of CH 4 production is about 50%. 
The roundoff error does not occur in CO conversion calculat ion. Above 
773 K in the test  without steam, the carbon balance assumption also 
af fects  the CO conversion ca lcu la t ion  to the extent of approximately 
I0%. 

2. Upper Operating Temperature Tests With Steam 

Upper operating temperature l i m i t  tests  we. re also made with 
a gas composition of 64% CH4, 12% Ar, 14% H 4% CO, 2% CO? and 4% 
HpO (steam) on the fo l l ow ing  ca ta lys ts :  Ni-~'-122, Ni-Co-A-I03, Ni- 
P,-A-t01, Ni-M-180, Ni-NAL-IO0, G87-P and MC-IO0. Ni-MoO3-A-I05 was 
also tested, but the steam content was only 2~. The test conditions 
were again 2500 kPa and a space ve l oc i t y  of approximately 30,000. 
The steam tests required addit ion of a condensor and trap for  removal 
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of water before sampling° Graphs of resu l t s  from these tests are 
sho~zn in Figures 17 and 18. 

Figures 17 and 18 show CO conversion vers~s temperature. Gen- 
e r a l l y ,  the order of a c t i v i t y  is Ni > Ni-Pt  > Ni-NAL = Ni-Co = MC- 
I00 > G87P > Ni monolith > Ni-MoO~. In both these figures CO conversion 
drops of f  about as rap id ly  as i t  did in the runs without steam. The 
addi t ion of steam should i n h i b i t  carbon formation. So, i t  appears 
that the ac t i v i t y  drop o f f  is due to something other than carbon depo- 
s i t ion .  

In Figure 19, the percent conversion of CO to CH 4 is given 
versus temperature. The maximum conversion is reached between 623 
and 673 K. Then, the CH 4 conversion decreases rapidly unt i l  i t  becomes 
negative. At this point, CH 4 is reformed to CO and CO 2. 

Task 5: Technical Interact ion and Technology Transfer  

On October 10, 1977, Dr. Bartholomew, the Principal Investigator, 
v i s i ted  the Univers i ty  of  Kentucky and the I n s t i t u t e  for  Mining and 
Minerals Research where he presented a seminar on our methanation 
catalysis research. Arrangmments were made with Phil Reucroft, Professor 
of Materials Science, and John Hahn: Associate Director of the Ins t i tu te  
to exchange samples and provide each other v~th data on nickel catalysts. 
The i n s t i t u t e  w i l l  perform ESCA and x-ray d i f f r a c t i o n  measurements 
on wel l -character ized nickel  ca ta lys ts  prepared at BYU and the BYU 
Catalysis Laboratory agreed to ~asure methanation a c t i v i t i e s  of the 
commercial catalysts under study at the Ins t i tu te .  

The Pr inc ipa l  I nves t i ga to r  a lso attended the Fa l l  Meeting 
of the Ca l i f o rn ia  Catalysis Society held in Pasadena on October 20- 
21 and presented a paper on s i n t e r i n g  of Ni/AI20 3 catalysts. The 
meeting also provided oppor tun i t ies to communicai~e with methanation 
researchers on recent developments, especial ly in the areas of sul fur  
poisoning and carbon depos i t ion .  Arrangements were made with Bob 
Lev~is at Chevron to perform ESCA work on our Ni-MoO 3 cata lys t .  Dr, 
Le~vis has the c a p a b i l i t y  o f  reducing the ca ta lys t~  in s i tu before 
running the spectra - a fea ture  which is not yet  avai lable at the 
Universi ty of Utah where most of our work has been done. 

Dr. Bartholome~v and 8 students,  Jay Bu t l e r ,  Erek Erekson, 
~lark Jef fery ,  Donald Mustard: Edward Sughrue, John Watkins, Art Uken 
and Gordon Weatherbee attended the 3rd Rocky Mountain Fuel Symposium 
held February 10-11 in Albuquerque. Dr. Bartholomew part ic ipated 
as symposium chairman while Mro Weatherbee presented a paper ent i t led ,  
"In si tu Poisoning by Sulfur of Nickel and Nickel Bimetal l ic Methanation 
Catalysts=" The Rocky Mountain Fuel Society was successfully organized 
and of f icers  for  the ne~v organizat ion were elected° Dr. Bartholomew 
was elected to the Board of Directors° 

On December 30, Mr. Ed Sughrue v i s i t e d  the research lab of 
Dr. William Thompson at the University of Idaho at Moscow. The purpose 
of the v i s i t  was to examine the "Berty" high pressure constant volume 
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mixed flovr systems bu i l t  by Dro Thompson° Ins t ruc t ion concerning 
ins ta l l a t ion ,  maintenance and appl icat ion of the "Betty" system for  
university lab research was received. Safety measures were also discussed 
in depth. 

On March 17, Dr. Robert Ference of the Climax Molybdenum Co. 
of Michigan, visited our laboratory where he presented a seminar dealing 
with applications of molybdenum catalysts and toured our f ac i l i t i es °  
We are current ly  in close communication with Dr. Ference regarding 
the preparation and testing of Ni-MoO 3 catalysts. 

On May 3 the principal investigator, Dr. Bartholomew, v is i ted 
by inv i ta t i on  the Division of Applied Photochemistry at Los Alamos 
Sc ient i f i c  Laboratory (Ne~ Mexico), toured selected laboratories and 
presented a seminar "The Future of Cata lys is . "  Several st imulat ing 
discussions with scientists of the AP Division focused on the possible 
applications of Laser Technology to the study of catalysts and catalyt ic 
reactions° 

On May 15th he v is i ted the Norton Chemical Company in Akron, 
Ohio where he presented a seminar on CO and H 2 adsorption on,nickel 
and toured the co~any's R & D fac i l i t ies°  The fo l l ~ i ng  day he a~tended 
a meeting of the D-32 Catalyst Committee of the American Society for 
Testing and Materials and participated in the preparation of standard 
techniques for m~asuring metal areas of Ni/AlpOR and Pt/AI~OR catalysts 
using hydrogen adsorption. Discussions vTit~h Dr. Rob~r~ Farrauto 
(Engelhard) and Dr. Ruth Haines (NBS) provided useful feedback on 
several catalyst characterization problems° 

The follo$,Jing week Dr: Bartholomew attended a conference on 

Catalyst Deactivation and Poisoning held May 24~26 at the Lawrence 
Berkeley Laboratory in Berkeley~ Ca l i fo rn ia  and presented a paper 
on "H2S Poisoning of Supported Nickel and Nickel Bimetall ic Catalysts,:' 
based-on our ERDA-DOE supported research. In discussions folim~ling 
the talk quite specif ic feedback ~;as obtained in regard to our sulfur 
poisoning worko 

3 

Dr. Bartholomew also v i s i t ed  vl i th sc ient is ts  and engineers 
at the Climax Molybdenum Company of Michigan on June 5th, presented 
a seminar on "Molybdenum Based Methanation Catalysts" and toured their  
research and development fac i l i t i es :  Discussions focused on the NiMoO 3 
cata lysts prepared at BYU and at Climax which are more ac t iw  and 
sul fur  resistant than nickel catalysts and the results of our tests 
on several f lu id ized methanation catalysts (some prepared at Climax) 
for Bituminous Coal Research: 

The fo l lowing day (June 6) he met with Paul Scott and Mike 
Bia l l is  of DOE-Fossil energy to revievl progress on the current project 
and to discuss ideas for  possible f o l l ~  on work: In the afternoon 
he v is i ted Dee Stevenson of DOE:Office of Energy Research to obtain 
feedback on concepts for a ne~,z proposal° 
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On June 7th, Dr. Bartholomew presented a paper "Bimetallic 
Methanation Catalysts" at the 85th National Meeting of the America 
Inst i tute of Chemical Engineers in Philadelphia. This presentation 
was a summary of ac t i v i t y  and deactivation studies conducted over 
the past year in behalf of ERDA and DOE. There were two other very 
interesting papers presented at the same session--a paper by Professor 
John Butt of Northwestern dealing with hydrocarbon synthesis (charact- 
erization, act iv i ty  and selectively studies) on Fe and Ni-Fe alloys 
and a paper by Professor Albert Vannice of Penn State on metal support 
interactions in the Ni/TiO 2 system and their effects on methanation 
activity and selectivity. 

Dr. Bartholamew 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,  and promising directions. Dr. Bartholomew 
assisted in the formulation of guidelines and directives in metal 
catalysis and catalyst degradation. 

Our research effort with monolithic catalysts recently received 
national attention in a science/technology concentrate appearing in 
the June lgth issue of Chemical and Engineering News. This article 
refers to our recent work which shows that monolithic catalysts are 
more active and possibly more cost effective than pellet catalysts 
for methanation, 

Erek Erekson attended the DOE/Fossil Energy contractors conference 
on August 23 in Lexington, Kentucky. He presented a talk reviewing 
our progress in methanation catalyst research and participated in 
some important discussions with other researchers in catalysis. 

On September 25, Dr. Bartholon~w visited Gulf Research Company 
in Pittsburgh where he toured fac i l i t i es  and presented a seminar on 
"Sulfur Poisoning of Methanation Catalysts," based mainly on our DOE 
supported work. 

During the next quarter, he plans to give a similar presentation 
at the 71st Annual Meeting of the AIChE in Miami. Several publications 
based on this study are also in preparation. 

Miscellaneous 

During the past year, two students (Mr. George A. Jarvi and 
Mr, Gordon D. Weatherbee) have completed Master's Theses in conjunction 
with this study. Mr. Jarvi successfully completed his M.S. work in 
February and accepted employment with the Institute of Gas Technology. 
Mr. Weatherbee is in the process of completing his M.S. requirements 
while beginning Ph.D. work. Mr. Erek Erekson and Mr. Edward Sughrue 
are continuing t'heir Ph.D. studies in connection with this contract 
work. Five graduate and three undergraduate students have contributed 
to this research project during the past year. 
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.IVo.- CONCLUSIONS 

Io Support geom,~try tests of several monolithic and pelleted catalysts 
sho~,.~ that monolithic, cataiyst.s are clearly more active than pellets 
on a rata/vol.um~ of cata]yst.,~asis~. Alsoo the percent yield of methane 
is higher-for ,,h= mo~ol-ithi~c.~catalysts° .These tests were conducted 
.at high conver~ions ,under::co~ditiqns .similar. tO~ those i.n a commercial 
reacto~o.. 

2o Uniform H2S poisoning, of alumina=supporl;ed Ni, Ni-Co and Co povlders 
• in a f]uidiz.~, cell an~subsequent activity testing sho~1 that specific 
activities .are signi.ficantl~higher for Ni-COo l'mis synergistic effect 
support~ the hypoth~sis..that the acti.vity, of the Ni=Co catalyst is 
du~ to th~ prese~ce of an a.lloy. :Other HmSpoisoning tests of Ni- 
Co/A(20~ po~vders comparedv~ith pellets provide evidence for a shell- 
typ~ poisoning, model,° 

3~ In s i tu  H?S poisoning (I0 ppm)-of pel.leted catalysts sh'o~vs th~ 
order oY poiso~in.g .resistance to be.Ni..> Ni-Co > Ni-Pt for high loading 
sam:~le~,a~id Ni=MoO 3 >Ni = Ni~Rh >Nii-Ru for i~,v loading samples° 
The gradual breakth3-ough,of .H2S i n l i n  s i tu  runs suggests that non= 
equ i l i b r ium H2S adsorpt ion occurs ~'nd-er.,feaction condit ions, H;S 
adsorption apparently competes vdth the adsorption of reacting species 
and does not reach equi l ibr ium° Attempts to regenerate the in s i tu 
poisoned catalysts with Hp. and H~-CO mixtures fa i led,  During treatment 

. v i t h  Hp or H2-CO , t he re - i s  pr~)bably a surface reconstruction or a 
phase i~-ransfo~mation t o  a t o t a l l y  inact ive metal su l f ide:  Treatment 
of poisoned catalysts with 0 2 was successful in p a r t i a l l y  restoring 
catalyst act iv i ty°  ' 

4~ Du;-ing in s i tu  H2S poisoning ( i0 ppm) of monol i th ic  cata lysts :  
the order of-act-iv'Tty is Ni-MoO.R >Ni > Ni-Co > Ni-Ru > Ni-Pt. Monoliths 
are at least as tolerant to H2S -poisoning as pelleted catalysts° Attempts 
to regenerate poisoned monoliths in H 2 and H2-CO mixtures were likewise 
unsuccessful o 

5o Carbon deposition tests, for. monol.i.th.ic catalysts reveal the  order 
of resistance to carbon deact ivat ion to be Ni-Pt > Ni-Co > Ni:Ru > 
Ni > Ni-MoO 3 in qua l i ta t i ve  agreement with previously reported tests 
for  pelleted catalysts° Fl~:ing H 2 regenerates a portion of the c a t a l y s t  
ac t i v i t y  af ter  carbon deactivati6no 

6o H 2 chemisorption uptakes on alumina monolithic supported Ni indicate 
better metal dispersions.than for  alumina-coated cord ier i te  supported 
Ni,~ Ac t i v i t y  tests show alumina monol i th ic  catalysts to have higher 
rates/g~°am but lo~,~er ra tes /ca ta lys t  volume and lower se l ec t i v i t i e s  
to met'- ,laneo 

59 



7. In high temperature tests with a reactant stream similar to a 
commercial methanation recycle reactor high loading Ni-A-122 retains 
ac t i v i t y  to 823 K (550%). The temperature of maximum conversion 
for high loading Ni, Ni-Co, Ni-MoO 3 and Ni on nickel aluminate in 
similar tests is near 723 K (450°C). Similar tests with steam added 
to the reactant gas show that carbon deposition is not the only factor 
causing deactivation and that reactant CH 4 can be reformed to CO and 
CO 2 at high temperatures in the presence of steam. 

8. Nickel carbonyl formation after CO chB~isorption at room temperature 
is signif icant.  Also, CO uptakes on nickel catalysts vary greatly 
with t i t ra t ion temperature and sample history, while H 2 uptakes before 
and after CO adsorptions do not vary. 

9. Electron micrographs of an alumina support blank show that in 
some cases there is not suff ic ient contrast between the support and 
metal particles to enable unambiguous determination of metal crystal l i te 
size d is t r ibu t ions.  Possible improvements in technique are being 
investigated. 

10. In discussing and presenting the research supported by this contract, 
we have encountered considerable interest in three main aspects of 
our work. These three areas appear to have the greatest potential 
at this point for contributing to either the science or technology 
of catalysis and fossil fuel conversion: 

a. Monolithic-supported catal#,sts: Monolithic catalysts are 
s ign i f i can t l y  mov-e active and selective for methane production at 
high space velocit ies. We believe i t  would be possible to maintain 
high conversions of CO at space velocities as high as 50,000-100,000 
hr-1, 2-3 times the allowable throughput for fixed pellet beds because 
of pressure drq~ considerations. We are oJrrently working with industrial 
representatives to have these tested on a larger scale. 

b. Ni-Co and Ni-Mo03 ' Bimetal l ics: Both our Ni-Co and Ni- 
MoO 3 catalysts are more act~v'e and sul fur tolerant than nickel in 
methanation of CO. We have at least indirect evidence at this point 
of bimetallic interactions which account for this synergistic behavior. 
Ni-Co and Ni-MoO 3 catalysts are now under commercial development, 
and in a at least one instance, we know that our work has influenced 
this development. 

c. Poisoning and Carbon Deposition Studies: There is considerable 
interest in our studies of poisoning by H.2S and fouling, by carbon 
deposition during reaction on nickel and nlckel bimetalllcs because 
these same problems are encountered on the very similar catalysts 
in a number of other important catalytic processes including hydrogenation 
reactions, fuel cell catalysis and hydrocarbon synthesis. 
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