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FOREWORD 

This repor t  summarizes technical  progress during the eighth 
quarter (June 21, 1979 to September 20, 1979) of a two and one-half 
year study conducted for  the Department of Energy (DOE) under Contract 
No, EF-77-S-01-2729. The p r inc ipa l  inves t iga tor  fo r  th is  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: Erek Erekson, Ed Sughrue, Gordon Weatherbee, Don 
Mustard, and John Watkins. Mr. Erekson and Dr. Bartholomew were the 
principal authors. Karen Barrett and Oscar Delgado provided typing 
and drafting services. In this report data are reported in SI units. 
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ABSTRACT 

During the eighth quarter k inet ic  studies of monolithic Ni/AI203 
revealed a s h i f t  in ac t i va t i on  energy f o r  me th an at i on of CO above 
573 K. In k i n e t i c  studies at high pressure rap id  deact iva t ion  was 
observed f o r  low loading m o n o l i t h i c  ca ta l ys t s .  A one-dimensional 
computer model for  methanation over monol i thic catalysts was developed 
to provide ins ight  into experimental conversion vs. temperature data 
taken in th is  laboratory,  A new method for  q u a l i t a t i v e l y  determining 
sulfur on poisoned catalysts was developed and tested. Metal crystal l i t e  
size d i s t r i bu t i on  data obtained from transmission electron micrograph 
(TEM) studies on N i / s i l i c a  catalysts suggest tha t  s in ter ing may occur 
by both c r y s t a l l i t e  and atomic m ig ra t ion  mechanisms. TEM studies 
of 3% Ni/TiO 2 reveal the presence of r a f t - l i k e  c r y s t a l l i t e s .  These 
and other accomplishments are reported and discussed. 



I. OBJECTIVES AND SCOPE 

A. Background 

Natural gas is a h igh l y  des i rab le  fuel because of i ts  high 
heating value and nonpol lut ing combustion products. In view of the 
expanding demand for  and depletion of domestic supplies of clean fuels, 
economic production of synthet ic  natural gas (SNG) from coal ranks 
high on the l i s t  of national p r i o r i t i e s .  

Presently there are several gas i f ica t ion processes under 
development 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 eff icient, 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 )  sul fur  poisoning, ( i i )  carbon 
deposition with associated plugging, and ( i i i )  s in ter ing.  Our under- 
standing of these problems is at best sorely inadequate, and the need 
to develop new and better catalyst technology is obvious. Nevertheless, 
there has been very l i t t l e  research dealing with new catalyst concepts 
such as b i m e t a l l i c  ( a l l o y )  or mono l i th ic -suppor ted  ca ta lys ts  for 
methanation. This study deals s p e c i f i c a l l y  with su l fu r  poisoning, 
carbon deposi t ion,  and the ef fects of support (monolith and pe l le t )  
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 catalysts for 
resistance to deactivation due to sulfur poisoning and thermal degradation. 
The work is divided into f ive tasks. 

Task i. 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 and Ni-bimetallic 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 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 compogitions. Detailed rate expressions 
fo r  each c a t a l y s t  w i l l  be determined at low and high pressure.  



Effectiveness factors fo r  monol i th ic and pe l le t -suppor ted nickel on 
alumina w i l l  be obtained by comparing speci f ic rates to those of f i ne l y  
powdered nickel on alumina. 

Task 4. Determine HpS poisoning rates, thermal deact ivat ion 
rates, and o ~ r a t i n g  temperature l i m i t s  fo r  Ni, Ni-Co, Ni-MoO 3, Ni- 
Pt, Ni-Ru, and Ru catalysts. 

Task 5. Continue laboratory v is i ts and technical communications. 
In te rac t  c l ose l y  wi th  i n d u s t r i a l  and governmental representatives 
to promote large scale tes t ing  and development of the two or three 
best monolithic or pel leted al loy catalysts from th is  study. 

C. Technical Approach 

The technical  approach which w i l l  be used to accomplish the 
t~sks out l 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 spec i f i c  de ta i l s  and modi f icat ions which have evolved as 
a resu l t  of progress. I t  is expected that various other aspects of 
th is  approach w i l l  be modif ied and improved as the pro ject  develops 
and as new data are made ava i lab le .  Nevertheless, the object ives,  
tasks and principle features of the approach wi l l  remain the substant ia l ly  
the same. 

Tas k I :  Catalyst Characterization 

A comprehensive examination of alumina-supported Ni, Ni-Co, 
Ni-MoO 3, Ni-Pt, Ni-Ru, and Ru catalysts wil I be carried out to determine 
surface, bulk, and phase ccmpositions, surface areas, and metal c rys ta l l i te  
sizes using the fol lowing techniques: chemisorption, x-ray d i f f rac t ion ,  
chemical ana lys is ,  ESCA and SIMS spectroscopy, Auger spectroscopy 
and transmission electron microscopy. 

Hydrogen ch~isorption uptakes wil l  be measured using a conventional 
volumetr ic apparatus before each reactor  tes t  and before and af ter  
deact ivat ion tests .  X-ray d i f f r a c t i o n  measurements w i l l  be carried 
out to determine the ac t ive  me ta l l i c  phases and metal c r y s t a l l i t e  
size where poss ib le .  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 par t i c le  
size. Also, transmission electron micrographs w i l l  be made to determine 
pa r t i c le  size d is t r ibu t ions  fo r  cata lyst  samples. A few samples w i l l  
be analyzed by EDAX to determine composition. 

Task 2: Ac t i v i t y  Testing and Support Geometry Design 

Methanation ac t iv i t y  and sulfur tolerance measurements in i t i a ted  
during the previous two years of study (3) w i l l  be completed. Pel let  
and monol i th ic  alumina-supported Ni, Ni-Co, Ni-MoO~, N i -Pt ,  Ni-Ru, 
and Ru catalysts,  (both high and low metal l o a d i n g s ) K i l l  be ac t i v i t y  
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tested over a range of temperatures, pressures, and H2S concentrations. 
A comparison of steady state conversions for nickel on d i f fe rent  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/A1 03 and unsupported Ni-Co and Ni-Mo a l l oys .  A summary of the 
f i v e  ~est  procedures and corresponding exper imenta l  condit ions is 
l i s ted  in Table 1. 

Task 3: Kinetic Studies 

In order to make more extensive k inet ic studies of the six 
catalyst metal combinations a new mixed flow reactor system wil l  be 
constructed. This system wi l l  be capable of operation to 7500 kPa 
and 775 K and over a range of reactant compositions. The reactor 
for  this system wi l l  be a "Berty" type constan.t volume mixed flow 
Autoclave reactor. 

In t r ins ic  rate data w i l l  be obtained for  alumina-supported 
Ni, Ni-Co Ni-MoO 3, Ni-Pt, Ni-Ru, and Ru catalysts over a range of 
pressures 'an: feed compositions in order to obtain detailed rate expres- 
sions at low and high pressures. To insure gradientless operation 
in the reactio----n-limited regime the rates will be measured at low conversions 
(0-5%) and low temperatures (525-600 K) for samples which have been 
crushed to obtain small particles. 

Isothermal e f fec t i veness  fac to rs  for  mono l i t h i c  and pe l l e 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 icke l  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  ra tes at low 
pressure w i l l  be studied using a new quartz reac tor  system. Quartz 
was selected as the mater ia l  f o 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 wi l l  be constructed 
dur ing the ear l y  par t  of the contract  per iod.  Thermal deact iva t ion 
at h igh pressures w i l l  be s tud ied using a t u b u l a r  sta in less steel 
reactor previously discussed (3). 

Operating temperature l imi ts  (and specif ic reaction rates 
within this range), thermal deactivation rates near the upper use 
temperature (in the presence and absence of steam), and H~S poisoning 
rates (at 525 K in the presence of i and I0 ppm H2S in'H2) w i l l  be 
determined for Ni, Ni-Co, Ni-MoO 3, Ni-Pt, Ni-Ru, and Ru ~atalysts. 
The extent of carbon-carbide deposited in the thermal deactivation 
runs w i l l  be determined by chemical analysis and x-ray diffraction. 
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Table 1 

Description of Reactor Tests for  Task 2 

I .  

. 

. 

. 

. 

Test Procedures 

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

Temperature-Conversio n Test (high pressure): 
Measure CO conversion and methane production 
as a function of temperature at 2500 kPa. 

Steady State (24 Hr.) Carbon Deposition 
Test: Measure CO conversion and methane I 
~ u c t i o n  at 500 and 525 K (250,000 h r - ' )  
before and af ter  an exposure of 24 hours 
at 675 K. 

In si tu H~S Tolerance Test: Measure in ter-  
mit tent ly- 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 
function of temperature for the same 
Ni/Al~Oq catalyst supported on monoliths 
and p~ITets of varying geometries. 

Experimental Conditions 

475-675 K 
140 kPa 

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

(dry Basis) 

475-675 K 
2500 kPa 
30,OOQ hr - I  

I% CO, 4% H 2, 95% N 2 

675 K (24 hrs.) 
140 kPa - I  

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

525 K 
140 kPa 

30,000 hr - l  
1% 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 wi l l  continue to communicate closely 
with other workers in methanation cata lys is ,  continue d is t r ibu t ion  
of quarter ly  reports to selected laborator ies to stimulate interest 
and feedback, attend important coal and catalysis meetings, and v is i t  
other methanation laboratories. 

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



I I .  SUMMARY OF PROGRESS 

A p r o j e c t  progress summary is presented in F igure I and 
accomplishments during the past quarter are summarized below. Figure 
i shows that task accomplishments are on schedule, During the past 
quarter, a contract extension of 6 months was approved. 

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

Task 1. A new method for analyzing sulfur in poisoned catalyst 
samples was developed during the past quarter .  Preliminary tests 
show exce l len t  r esu l t s .  The s to ich iomet ry  of hydrogen adsorption 
on nickel surfaces was determined to be 1 H per surface Ni atom in 
agreement with previous work in th is  laboratory .  Preparation and 
characterization of catalysts by means of hydrogen ch~misorption continued. 
Evidence was obtained from transmission electron microscopy (TEM) 
that nickel catalyst  s inter ing occurs by both c r y s t a l l i t e  and atomic 
migration mechanisms. At higher temperatures atomic migration appears 
to predominate. 

Task 2. No spec i f i c  progress was made in this task during 
the past quarter. Act iv i ty  tests for monolithic catalysts of d i f fer ing 
geometry is planned during the next quarter. 

Task 3. High pressure k ine t i c  studies in the Berty reactor 
continued with the test ing of several pe l le t  and monolith catalysts. 
Deact ivat ion of the ca ta lys ts  at 6900 kPa appears to be caused by 
heavy hydrocarbons. Also, the activation energy of methanation decreases 
above 573 K in agreement with work on nickel f o i l s  and powders. A 
computer model to simulate methanation in monolith catalysts at high 
pressure was developed. Pert inent ins ights from the computer model 
regarding the kinetics of methanation are discussed. 

Task 4. Experiments performed in th is  laboratory show that 
quartz internal  recycle reactor developed by F i tzhar r i s  and Katzer 
has application for kinetic and poisoning studies on ~no l i th  catalysts. 
However, for  pel lets and powders the quartz reactor does not develop 
suff ic ient flow through a catalyst bed. A let ter  submitted to industr ial  
and Engineering Chemistry: Fundamentals describing the basis for  these 
conclusions is summarized. 

Task 5. The pr incipal  invest igator  presented a paper at the 
International Conference on the Chemistry and Uses of Molybdenum regarding 
sulfur resistant Ni-Mo catalysts. Six publications are in manuscript 
preparation based on work from this contract; one paper was submitted 
and one is in press. 
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I l l .  DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

Task I: Catalyst Characterization 

I. Catalyst Preparation 

A ser ies of c o r d i e r i t e  monol i ths with a 2% alumina washcoat 
and 0.1% nickel  were prepared during the las t  quarter .  In order to 
minimize meta l -suppor t  d i f f e rences ,  these ca ta l ys t s  have the same 
nickel to alumina ra t i o  as the 0.5% Ni monoliths prev iously  prepared 
(5). The 0.1% monoliths w i l l  be studied under Task 3 in k inet ic  studies 
at high temperatures (573 to 623 K). 

2. Hydrogen Chemisorption Measurements 

Hydrogen chemisorptive uptakes were measured on a few catalyst 
samples. These data are listed in Table 2. The hydrogen chemisorption 
data on Inco nickel powder confirmed earlier work 2on the stoichiometry 
of hydrogen adsorption on nickel. Using 0.068 nm per nickel surface 
atom and 0.49 m:/g BET surface area for the Inco powder the ratio 
of H/Ni s Is 0.9. While sl ightly lower than the previously reported 
value oT 1.1, this is very close to the expected stoichiometric value 
of one hydrogen atom per surface nickel atom. 

3. Sulfur Analysis 

Our laboratory has developed a new method for quantitative 
measurement of sulfur on poisoned catalysts. In the past we used 
the method of Zutshi and Mahadevan (6) which incorporated a reducing 
acid solution and recovery of the sulfur in a cadmium acetate solution 
follov~d by reaction to form m~thylene blue. There were some modifications 
of this method by Fowler (7), who showed sulfur recovery of 90% of 
predicted levels. 

Our new method consists of placing the poisoned catalyst in 
a strong reducing acid to reduce the sulfur to H2S. Hydrogen is bubbled 
through the solution to purge the H2S. The purge gas is analyzed 
at one minute intervals by gas chromatography using a flame photometric 
detector. Graphing HpS concentration versus time and knowing the 
purge gas flow rate, th~ area under the curve yields the total weight 
of sulfur. For a tota l ly  sulfided catalyst sample this new method 
indicated 95% recovery of predicted sulfur. 

This new method appears to produce accurate results. More 
studies are being performed to document i ts accuracy. Although this 
method takes more time, i t  is believed that more accurate results 
are thereby obtained. 

4. Carbon Monoxide Chemisorption Measurements 

During the past quarter, investigation of the formation of 
nickel carbonyl during CO chemisorption continued with testing of 
presulfided catalysts. The experimental method has been previously 
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C,,atalyst 

Pel lets 

Ni -A-If7 

Powders 

Inco Ni #287 

Monoliths 

Ni-M-188 

Ni-M-195 

Table 2 

H 2 Chemisorption Uptake Data 

Nominal Composition 
(wt.% nickel) 

15 

i00 

0.5 

0.1 

H 2 Uptake 
(moles/gram) 

151 

5.1 

7.5 

2.2 

lO 



reported (5). Data from these tests are l i s ted  in Table 3. 

Runs performed on Sanple I of 3% Ni/AIoO~ (runs 341-411) const i tute 
a f u l l  set of the data points on a singl@ ~ata lys t  sample. Run 341 
gives an i n i t i a l  uptake of 30.6 l~moles/g. 351 and 361 give character is t ic  
CO uptakes for  th is  cata lys t  at the respective temperatures involved. 
Run 37i was a 2 hour s u l f i d i n g  t reatment  i nvo l v i ng  su f f i c i en t  H2S 
in H 2 to poison approximately 50% of the metal surface area. As can 
be seen, the uptake did not decrease by 50%. Perhaps the previous 
measurements and pretreatments had the e f f e c t  of fu r the r  reducing 
the catalyst  or changing i t s  dispersion. 

Run 39! shows a marked increase in the CO uptake which can 
be attributed to the presence of sulfur on the catalyst. Sulfur apparently 
cata lyzes the format ion  of Ni(CO) 4. A f te r  t h i s  run, the cata lyst  
as seen in the reactor ,  appeared much whi ter  than before ind ica t ing  
loss of Ni. 

Run 401 shows a large CO uptake, but not as large as in Run 
39i. This decrease is undoubtedly due to the removal of Ni from the 
cata lyst  in the process of Ni(CO)A formation. A f i na l  H 2 uptake shows 
only 8umoles /g  of surface a rea ' l eve l .  The c a t a l y s t  at  th is  point 
was a l i gh t  grey color as a resu l t  of removal of Ni from the surface. 

In the next quarter we w i l l  analyze the ca ta lys t  and product 
e f f luent  samples for  amounts sul fur and nickel .  

4. Electron Microscopy 

A number of d i f fe rent  catalysts were examined with the electron 
microscope during th is  quarter .  Samples of Ni-S-I01 (13.5% Ni) were 
sintered at 923 K and 1023 K for 51 hours and crysta l l i te  size d is t r ibu t ions  
calculated from the resu l t ing micrographs (Table 4). Bar graphs were 
prepared in order to v isual ize the ef fect  of the temperature var iat ion 
in s in te r ing  (Figure 2). A bar graph of Ni-S-I01 s in tered at 973 K 
and one of f resh N i -S- I01 ,  both reported dur ing the las t  quarter, 
were added for  comparison. 

The narrow d i s t r i b u t i o n  of the fresh sample began to broaden 
upon s in te r ing .  Two main peaks were evident when s in te r ing  occurred 
at 973 K with a more dominant peak forming when sintered at 1023 K. 
Tailing towards the higher diameter range was obvious when the distributions 
were compared together. The average par t ic le  sizes determined for 
al l  three temperatures sintered samples agreed very closely to those 
determined by H 2 chemisorption (Table 5). 

Two models have been proposed for the sintering of a catalyst: 
( i )  the migration of ent i re c rys ta l l i tes  over the support surface 
resulting in collisions and ultimate coalescence of crystal l i tes (cry- 
s t a l l i t e  migration); and (i i) the migration of detached atoms from 
one crysta l l i te  to another (atomic migration). Richardson and Crump 
(8) describe the two theories and their ar t ic le  contains excellent 
references for an in depth comparison of the theories. 
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Table 3 

Carbon Monoxide Chemisorption Measurements at 273 and 298 K Before 
and After Sulfur Poisoning (3% Ni/Al203) 

Absorbate Sulfur 
Run # Temp K Gas Uptake CO/H poisoned a Ni Detected 

341 b 298 H~ 30.6 
351 273 C0 121 2.0 
361 c 298 CO 109 1 8 
371 b 
381 c 298 H~ 23.2 
391 273 C~ 950 20.4 
401 d 298 CO 314 6.8 
411 d 297 H 2 8,0 

No 
Yes 

Yes 
Yes Yes 
Yes Yes 

a Sample poisoned in a f l u id i zed  bed at around 725 + 5 K 
in 10 ppm H S in Hp un t i l  approximately I /2  of the sites wer~ 
covered. TRe f low ' ra te  of the i0 ppm H2S mix was 280-300 cm~/min. 
The amount of sample was 1,0 g. 

b Addit ional 2 h reduction before chemisorption. 

c Addit ional 3 h reduction before chemisorption. 

d Addit ional i h reduction before chemisorption. 
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Table 5 

Comparison of Electron Microscopy and Chemisorption Particle Size 

Pretreatment a 
Catalyst wt% Nickel Duration ~ Adsorption % Disp ersi°nb ~2 Chemis°rpti°nC T.E.M. 

Ni-S-IOI 13.5 
fresh 442 38 2.8 2.9 
923 K 51 hrs 252 22 
973 K 51 hrs 178 15 4.4 4.1 

I023 K 51 hrs 177 15 6.3 6.3 

Ni-S-103 2.76 
ca|cined 573 K/I hr 37 16 6.1 11.3 
calcined 573 K/3 hrs 35 15 6.5 l l . l  
uncalcined 85 36 2.7 2.9 

Ni-S-I04 15 
calcined 773 K/22 hrs 61 4.8 20.2 19.4 
uncalcined 217 17 5.7 9.7 
uncalcined 258 20.2 4.8 6.9 

aBased on total H 2 uptake at 298 K (in i~moles H2/g catalyst). 

bCalculated from H 2 uptake assuming 100% reduction. 

CparticIe sizes given in nm. 
dsurface area averaged value from Transmission Electron Microscopy (in nm). 



Figure 2. Crystal l i te Distribution 
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The t a i l i n g  of the c r y s t a l l i t e  size d i s t r i b u t i o n  toward the 
higher diameter c r y s t a l l i t e s  apparent a f t e r  s i n te r i ng  at 923 K and 
s t i l l  no t iceab le  wi th  the 973 K s in tered sample is character is t ic  
of c r y s t a l l i t e  migration whereas atomic migrat ion general ly predicts 
a " t a i l "  in the small diameter range. However, i t  is important to 
note that a cha rac te r i s t i c  broadening of the d i s t r i b u t i o n  occurs in 
a l l  three of the s in tered samples. This is p a r t i c u l a r l y  not iceable 
in the 973 K sample and in the 1023 K sample with a stable c r y s t a l l i t e  
size forming between 5 and 6 nm. The broadening in the d i s t r i bu t i on  
is representative of atomic migrat ion and was expected in the samples 
sintered at higher temperatures. I f  c r ys ta l l i t e  migration was predominat 
at the h igher temperatures la rge r  c r y s t a l l i t e s  would be forced to 
migrate. This would tend to qu ick ly  e l iminate the smaller diameter 
part icles and the more rapid formation of a higher diameter d i s t r i bu t ion .  
This is not evident in the d i s t r i bu t ion  observed at 1023 K. 

The sample sintered at 923 K tends to support both theories. 
Tail ing is quite evident (c rys ta l l i t e  migration), however, definite 
broadening of the distribution is observed. 

This would suggest that both crystal l i te  migration and atomic 
migration occur at the lower sintering temperature (923 K) or at least 
are indist inguishable. At 973 K ta i l i ng  is s t i l l  quite noticeable 
along with definite broadening of the distribution. Again both theories 
would seem to be playing a role in the changing distr ibut ion of the 
sample, At 1023 K i t  would appear t h a t  atomic m ig ra t i on  is now 
predominant, 

Ni-S-I04 (15% Ni/SiO 2) and Ni-S-I03 (3% Ni/SiOp) samples were 
subjected to a variety of pretreatments, i .e. calcination at various 
temperatures in order to prepare samples with varying nickel dispersions. 
Dispersions ranging from D = 5% to D = 35% were obtained. Particle 
size distr ibut ions (Table 4) were calculated for these samples and 
average part ic le sizes varied from 2.7 nm for D =35% to as high as 
19.4 nm for D = 5%. Hp chemisorption averages were somewhat smaller 
than those obtained from E.M. and may be the result of some nickel 
particles not adsorbing H 2 but remaining visible, thus being detected 
by the electron microscope. 

Samples of nickel on t i tania were photographed. Preliminary 
results show somewhat transparent crystal l i tes with a 3% nickel sample 
suggesting t i gh t l y  bound c rys ta l l i t es  having a 2-dimensional raf t-  
l ike structure (9). Figure 3 is a micrograph showing a side view of 
a nickel raf t .  A 15% nickel sample also exhibited thin, translucent 
crysta l l i tes ,  however, high contrast, high density crysta l l i tes were 
also observed. 

Task 2: Activity Testin 9 

No specific progress was made under this task during the past 
quarter. However, plans have been made to f in ish ac t iv i ty  tests of 
monolithic nickel catalysts of d i f ferent geometries during the next 
2 quarters. 

16 
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Figure 3. Electron Micrograph of 3% Ni on Titania. 
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Task 3: Kinetic Studies 

a. Experimental Studies. Several catalysts were tested in 
the high pressure stirred tank (Berty) reactor. The f i r s t  test was 
on Ni-A-177 and 15% nickel on alumina pellets. This test examined 
the decrease in catalyst act ivi ty at low temperature, 473 K and high 

• pressure, 6900 kPa. The H2/CO ratio was 3/I and conversion was kept 
below 10%. After six hours, carbon monoxide conversion dropped 40% 
while methane production decreased only about 20%. The decrease in 
ac t iv i ty  is apparently due to formation of Cp+ hydrocarbons which 
remain on the catalyst. FID detection showeB the presence of C I,  
C2, C and perhaps C4. The catalyst on examination after the test 
had t~e aroma of high molecular weight hydrocarbons. 

The second tes t  was made with 4.3% nickel on alumina pe l l e t s ,  
Ni-A-123 at 523 and 623 K and 690 kPa. The purpose of th is  test was 
to provide data f o r  comparison between p e l l e t  and monol i th supports 
at h igh and low convers ion .  Data from a mono l i th  cata lyst  with a 
comparable n icke l  loading w i l l  be tested under the same condi t ions 
next quarter.  

Two monolith catalysts of low nickel loading were tested at 
higher temperatures. Ni-M-188, a 0.5% nickel on 10% alumina cordierite 
monolith catalyst was tested at 548 K and 6900 kPa. Despite a H2/CO 
ratio of 3 the catalyst deactivated rapidly. At f i r s t  i t  was thought 
that some oxygen must have entered the reactor system. However, the 
next test on Ni-M-195, 0.1% nickel on 2% alumina, in spite of extreme 
precautions taken to remove any oxygen from the reactor lines before 
test, rapid deactivation was again seen. Figure 4 compares the loss 
in act iv i ty  for these two catalysts. The high partial pressure of 
carbon monoxide and the high temperature lead to rapid carbon deposition. 
The low loading catalysts also seem to be more susceptible to this 
deactivation. At the higher temperature more rapid and more extensive 
losses in activity occur. 

An activation energy for the temperature range 573 to 623 
K was determined on the Ni-M-195 catalyst before the pressure was 
raised to 6900 kPa and deactivation occurred. Figure 5 shows the 
data in the form of an Arrhenius plot. The activation energy is approx- 
imately 82 kJ/mole for T < 608 K. Above 608 K there is a shif t  in 
activation energy to 58 kj/mole. This is in good agreement with the 
work by Polizzotti et al. (10) on nickel fo i ls  and powders. The very 
thin alumina coating and low loading on these monolith catalysts combined 
with the mixed flow reactor eliminate the possibility that mass transfer 
or intra-part ic le diffusional effects could be responsible for this 
lower activation energy. 

In the next quarter monoliths of low metal loadings wi l l  be 
tested to determine the activation energy from 523 to 573 K with H~/CO 
= 3.0 and from 523 to 623 K with H2/CO = 20 at pressures of 690, 3500 
kPa. 
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Effects of to ta l  pressure and par t ia l  pressure wi l l  also be 
determined at 548 and 598 K and 690 to 3500 kPa. H20 and CHa wi l l  
be added to reactants in separate tests to determine product inhibi t ion 
effects.  

b. Compute r Model. A one-dimensional computer model has 
been developed fo r  methanation in nickel monol i th catalysts. The 
assumptions leading to the development of the d i f f e ren t i a l  equations 
are given in Table 6, while the equations are l is ted in Table 7. The 
auxi l iary equations for calculation of physical properties are presented 
in Table 8. Ncmenclature is given in Table 9. The dif ferential  equations 
have been solved using Adams pred ic to r -cor rec to r  numerical methods 
on a DEC-tO computer. The computer costs fo r  th i s  study were paid 
by a small grant from the BYU student research fund. 

A f te r  i n i t i a l  program debugging and tes t ing ,  t he  computer 
model was used to compare the solutions for several kinetic expressions 
to actual experimental data. Figure 6 shows the model's predictions 
using the empirical k inet ic  expressions for  methane production given 
by Vannice (11). The correlat ion between the model and experimental 
values is very good for low conversions. At higher convers'ion, transport 
effects and these empirical methanation kinetics alone wi l l  not explain 
the reaction behavior. Product i nh ib i t i on  was next introduced into 
the k inet ic  expression. This produced much better correlat ion between 
the model and experimental data f o r  conversion of CO up to 70%; at 
higher conversion discrepancies s t i l  I remained. 

The effects of introducing a competing reaction into the kinet ic 
expression are shown in Figure 7. The k ine t i c  expression f o r  this 
competing react ion is an est imate of the water-gas sh i f t  reaction 
k inet ics.  The correlat ion between experimental and predicted values 
show that a competing water gas shi f t  reaction could explain the reaction 
behavior throughout the conversion range. 

The e f fec t  of changes on the various physical parameters of 
the cata lyst  and reactor were also studied. Figure 8 is an example 
where the resul ts  of changing H 2 uptake, nickel loading or catalyst 
a c t i v i t y  are shown. I t  is i n te res t ing  that  the ca ta lys t  with lower 
a c t i v i t y  not only reaches a lower maximum conversion but also 
requires a higher temperature to reach a maximum conversion. The 
competing react ion becomes more important with temperature. Thus 
optimization of methane production is not only a function of temperature 
but of catalyst ac t iv i ty  and other reactor variables. 

During the next quarter we plan to refine the computer model 
by including experimental water-gas shift kinetics, expanding chemical 
species equations to include CH a, and COp, and H20 and comparing the 
effects of channel size on reaction behavfor_ 
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Table 6 
Model Assumptions 

I .  

. 

. 

m 

5. 

6. 

7. 

8. 

g ,  

10. 

i i .  

12. 

One channel in the monol i th may be chosen as representat ive of 
the ent i re cata lyst .  

The monolith's channels are cylindrical and a cylindrical coordinate 
system may be used. This is p a r t i a l l y  true since the corners 
of the rectangular channels tend to be rounded by the alumina 
washcoat. 

The density, thermal conductivity and d i f f u s i v i t y  are constant 
for purposes of deriving the d i f fe ren t ia l  equations. However, 
these are later allowed to vary as function of temperature and 
composition. 

The reactor and the catalyst  are at steady state. 

The channel is ax ia l l y  symmetric. 

The effects of gravi ty  are negl ible,  

All reactions in the reactor take place on the wall of the channel. 

Axial d i f f u s i o n  and heat conduction are neg l i g i b l e  r e l a t i v e  to 
convective transport,  

Radial velocity is small. No axial heat conduction in the solid. 

The system can be described in terms of hydrogen and carbon monoxide. 
Other components may be neglected. 

The gas phase is in laminar flow and free of developing flow effects. 

Fourier's and Fick's law can be applied to radial diffusion and 
heat conduction. This can be later corrected for fluxes and high 
mass transfer rates. 
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Table 7 

Computer Model - Basic Equations 

Equation of Continuity Chemical Species 

@YH 2 
@Z 

2 L KH2 _ yS 
R <v> [YH 2 H 2] 

@Yco 
BZ 

2 L KCO 
R <v> [Yco - YSco] 

Equation of  Energy 

@T 
@Z 

2 L H [T_T s] 
Cp R<v> 

Boundary Conditions 

At r=R 

3 RR yS = 
82 YH 2 KH2 Cl H2 

RR yS = 
co Yco - KCO 

H 2 

T s = T - HR R R  
T i 

At z : 0 

YH 2 = YCO : T=  1 

aNomenclature l i s ted  in Table 9. 
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Table 8 

Aux i l i a r y  Equations a 

< V> 

p 

Cp 

Cp 

DCO-N2 

KCO 

KH,D H 

DKco 

U 

KT = 

Ve loc i ty  

SV CV P 273 
3600 x PO---R x ~GG x T 

AMW x P 

R G x T 

Density 

Heat Capacity 

Z z. Cpi i = H~ CO, H20, CH 4 
i x I L' 

6.947 - 2.0 x IO-4T + 4.81 x IO-7T 2 

D i f fus ion  Coe f f i c ien t  

3.7585 x 10 -5 T 1"5 
P x ~  

Mass Transfer Coe f f i c ien t  

= DCO-N2 (1.48) R (1 + ,095 × 4R 2 x~V>) "45 

DC0 

: s im i l a r  to KCO DCO 

Knudsen D i f fus ion  

= 1 . 0 1 0  x 10 -3 T "5 

Viscos i ty  

1.024 x 10 -5 T "5 

Thermal Conduct iv i ty  

U x [Cp + 2.484] /28 

Heat Transfer  Coe f f i c ien t  

1.48 KT H 
R 

HR =45,122.8 + 16.624T - 3.14 x IO-3T 2 + 1.755 x Io 'dT 3 

E 
RR : Ae RT C a b 

H 2 CCO 

aNomenclature listed in Table 9. 
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Cp 

C 

CV 

H 

HR 

K 

KT 

L 

P 

POR 

r 

R 

RR 

T 

V 

Y 

X 

Z 

SUPERSCRIPT 

a,b 

i 

S 

Table 9 

NOMENCLATURE 

Gas average molecular weight 

Heat capacity 

Concentration 

Catalyst Volume 

Heat transfer coefficient 

Heat of reaction 

Mass transfer coefficient 

Thermal conductivity 

Channel Length 

Pressure 

Catalyst porosity - % Cross sectional area open to flow 

Radial direction 

Channel radius 

Kinetic rate expression 

Dimensionless temperature 

Viscosity 

Dimensionless concentration 

Mole Fraction 

Dimensionless length 

reacti on orders 

in i t ia l  values 

surface val ues 
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SUBSCRIPT 

H 

CO 

Table 9 (cont). 

Hydrogen 

Carbon monoxide 
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Task 4: Degradation Studies 

During the past quarter we discovered some very important 
limitations to the quartz internal recycle reactor. We wrote a short 
let ter  to Industrial and Engineerin 9 Chemistry: Fundamentals, the 
major points of which are summarized below. 

We would like to c lar i fy  several issues raised in the recent 
correspondence of Berty (12) and the article by Fitzharris and Katzer 
(4). We find that an all-glass internal recycle reactor has limited 
but very useful application in kinetic and poisoning studies of real 
catalysts -- particularly monolithic catalysts. 

Our quartz internal recycle reactor is of the same design 
as that described by Fitzharris and Katzer (4). We confirmed ideal- 
mixing behavior of the reactor by transient response tests. We were 
also able to reproduce methanation turnover numbers and activation 
energies on supported nickel in pel let,  powder and monolithic form 
with 20-25% of those obtained in tubular reactors and within a factor 
of 2 compared to data from the literature (see Table 10). 

Berty c r i t i c ized the al l-glass reactor commenting that at 
low pressure the glass impeller may not develop suff icient pressure 
head to cause significant flow through a bed of catalyst particles. 
Based on pressure drop calculation, he predicted a flow through a 
single particle diameter deep bed in the glass reactor of about 0.2 
m s -~ (at 103 kPa and 1000 RPM) approximately i /6th the flow needed 
to produce incipient turbulence. We checked this experimentally by 
means of a hot-wire anemometer for flow developed by the stirring 
unit at ambient pressure (86 kPa) through monolithic and particulate 
catal'ysts. We also calculated flows using Berty's equations for comparison 
with our experimental data measuring air flows. Table 11 shows the 
calculated and measured flows. 

In the case of the particulate catalysts, the measured flows 
are a factor of 10 less than calculated values. We believe the lower 
than expected flow can be attributed to the thin layer of quartz wool 
used to support the particulate samples. Comparison of the measured 
flow with the outlet flow indicates a recirculation ratio of one for 
the particulates. However, for the monolithic catalyst the measured 
flow is only a factor of 3 lower than the calculated value; this is 
anticipated since the length of the bed exceeds the hole size by about 
a factor of 3. Moreover, the observed recirculation ratio is 15 for 
the monolith. Thus a reasonable flow with considerable recycle can 
be developed through the monolith but not through the particulate 
samples. In actual operation, higher flows and recirculation ratios 
would be possible since the reactor can be pressurized to obtain at 
least a factor of 2 increase in pressure with a proportional increase 
in pressure head. Moreover, the depth of the monolithic bed could 
be decreased by at least a factor of 2-3. In other words, i t  is possible 
to obtain flows of 0.5-0.6 m/s through a monolithic catalyst bed in 
the all-glass reactor. 

30 



Table 10 

Comparison of Methanation Turnover Numbers at 500 K 

Catalys.t 

All-glass Internal recycle 

6% Ni on AI203 powder 

6% Ni on Al203 pellets 

3% Ni on Al203 monolith 

TurnoVer Number x 103 
molecules CH4_produce/site sec 

3.2 

3.1 

2.2 

Tubular Fixed-Bed Reactors 

6% Ni on AI203 spheres a 

5% Ni on AI203 powder b 

2.5 

1.0 

ajarv i :  G.A., Mayo, K.B. and Bartholomew, C.H., To be published in 
Chem. Eng. Commun., 1979. 

bvannice, M.A.: J. Catal. 37 449 (1975). Calculated using his rate 
expression and activation energy. 
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Table 1! 

Flows in the Quartz Internal Recycle Reactor 

Catalyst 

b 40 mesh Al203 0.20 

0.32 cm diam. 
A1203 pellets 0.20 

cordierite ~onolith 0.33 c 
46.5 Fl/cm ~ 
(i cm long x 2.5 cm diam) 

Calculated Flow a 
of Air (in/sec) 

Measured Flow 
or Air Im/sec) 

0.02 

0.02 

0. i0  

Recirculation Ratio 

1 

15 

ausing the equation of Berry (1979) and 1000 rpm. 

bsupported on a I-2 mm layer of quartz wool. 

Cusing the pressure drop expressions of Hegedus, L.L. 
p. 487, August, 1973. 

ACS Chicago meeting, 
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Berty suggested that a velocity greater than 1.4 m s -1 is 
desirable to obtain turbulent flow in a catalyst bed. The implication 
is that turbulent flow is needed to avoid non-ideal flow patterns 
which adversely affect the measurement of reaction rates. However, 
our experimental results in Table 10 suggest that this is not a serious 
problem for our thin beds and particular reaction conditions. Presumably 
i f  laminar flow patterns were affecting the rate measurements, a change 
in flow direction through the reactor (particularly of the Fitzharris- 
Katzer deign) would reveal this; however, upon reversing the inlet 
and outlet streams, the rates and conversions were found to be the 
same (within + 3-5%). Perhaps in thin catalyst beds, entrance effects 
and developin-g laminar flow serve to produce plug-flow-like patterns. 

Thus our experience agrees with Berry's suggestion that the 
all-glass recycle reactor is limited primarily to the study of films 
and thin catalyst beds (particularly monolithic beds) at low pressure. 
Nevertheless, we think i t  has broader application than he implied. 
I t  is in our opinion a convenient, low cost tool for obtaining accurate 
kinetic and poisoning data of practical as well as theoretical value 
for almost any real catalyst, because in principle any solid catalyst 
can be prepared in monolithic form (13). In addition, the quartz 
reactor enables sulfur poisoning studies to be conducted at low, but 
industrially-relevant poison concentrations (e.g. 0.001 to 1 ppm HpS) 
where essentially all practical metal systems and even Pyrex introduce 
serious adsorption and/or contamination problems (14,4). Moreover, 
the use of monolithic catalysts provides an additional important advantage 
over particulate forms in kinetic studies - namely significantly lower 
pore diffusional resistance enabling intr insic rates to be measured 
over a wide range of temperature and pressures using either glass 
and metal tubular reactors (15) or glass and metal internal recycle 
reactors (5). 

Because the quartz reactor produces a questionably low flow 
through powdered catalyst samples, data obtained during the eighth 
quarter on Inco nickel powder and powdered Ni-A-120 are not reported. 

Task 5: Technical Interaction and Technology Transfer 

The principal investigator, Dr. Bartholomew, attended the 
3rd International Conference on the Chemistry and Uses of Molybdenum 
held August 19-23 at the University of Michigan in Ann Arbor, at which 
he presented a paper on "Molybdenum-Based Methanation Catalysts" based 
in part on work supported by this contract. There were quite a number 
of other papers dealing with catalysis, especially in the area of 
hydro-desulfuri zation. 

He also attended the DOE sponsored Conference on University 
Coal Liquefaction Contract Research held in Pittsburgh, September 
6-7. This meeting provided opportunities to hear of recent developments 
in direct and indirect liquefaction and to meet Mr. Henry Pennline, 
who wil l  be Contract Officer on our new contract (effective 9/19/79) 
to study selectivity and sulfur poisoning in Fischer-Tropsch synthesis. 
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During the quarter, the above mentioned note to I & EC Fundamental 
was submitted and a pub l i ca t ion  on H 2 and CO adsorpt ion was prepared. 
Several other publ icat ions re la t ing  to th is contract are in preparat ion 
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IV. CONCLUSIONS 

. 

. 

. 

. 

. 

The a c t i v a t i o n  energy of  methanation over n icke l  decreases above 
573 K from 82 to 58 kJ/gmoles at 700 kPa and H2/CO : 3. This 
data was determined in  Be r t y  r e a c t o r  and a monol~ th ic  c a t a l y s t  
so tha t  mass t r a n s f e r  and i n t r a p a r t . i c l e  d i f f u s i o n  e f f e c t s  do not 
account fo r  t h i s  s h i f t  in ac t i va t i on  energy. 

A one-dimensional computer model of methanation over monolithic 
catalysts was developed. This model shows that competing reactions 
such as water-gas shift affect maximum conversion and help explain 
the decrease in methane production at higher temperatures. 

The sintering of nickel catalysts appear to take place by both 
crystal l i te  and atomic migration methods at lower temperatures. 
However, electron microscope data suggest that atomic migration 
predominates at 1073 K. 

The quartz internal recycle reactor developed by Fitzharris and 
Katzer has excellent application for poisoning studies on monolithic 
catalysts. However, pellet and powdered catalysts beds are not 
suited for poisoning studies in this reactor. 

A new method for sulfur determination of poisoned catalysts appears 
to be more accurate and possibly more convenient than wet chemical 
techniques. 
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