
I IIIIIIiilillllllllllillllllllllMIIIIIillllllll 
PB286385 

e 

One Source. One Search. One Solution. 

METHANE PRODUCTION FROM CARBON OXIDES OVER 
BOROHYDRIDE-REDUCED TRANSITION METALS 

NEW MEXICO ENERGY INST., ALBUQUERQUE 

JAN 1978 

U.S. Department of Commerce 
Nat ional  Technical  Informat ion Service 

t 



One Source.  One Search.  One Solut ion.  

e 

Providing Permanent,  Easy Access 
to U.S. Government  Information 

National Technical Information Service is the nation's 
largest repository and disseminator of government- 
initiated scientific, technical, engineering, and related 
business information. The NTIS collection includes 
almost 3,000,000 information products in a variety of 
formats: electronic download, online access, CD- 
ROM, magnetii: tape, diskette, multimedia, microfiche 
and paper. 

Search 

Link to 

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

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

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

For more information visit our website: 

www.ntis.gov 

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



PB286385 

Final Report 

METHANE PRODUCTION FROM CARBON OXIDES 

OVER EOROHYDRIDE-REDUC~_~D TRANSITiON METALS 

by 

Thomas W. Russell, Ph.D. 

Chemistry Department 
Division of Natural Science 
Eastern New Mexico University 
Portales, New Mexico 88130 

NMEi ReportNo. 76-173 

January 1978 

New Mexico Energy Institute at The 
University of New Mexico grants 
permission to the National Technical 
Information Se~cice to reprint this 
publication for sale, 

REPRODUCED BY: 
U.S. Department of Commerce 

National Technical Informalion Service 
Springl]eld, Virginia 22161 



$0272 "I 01 
i RI~O]:IT D O C U M E N T A T I O N / ~  -~R~F°~T No. ~ l z. • ': 

- PASE ,~ NMEi - 76/173 - . J  J 
I 
4. ~itt~ ;and Sulfate ~ " / 

Methane Production ~rom Carbon Oxides Over Borohydride -• 
Reduced Transition ~Metals :, 

I 
7- AL, tho~s) 8. ,Peffon'n|n~" Or-Man~2:~,l~on Rapt. No. 

Thomas W, Russell, ~h.D. 76-173 
L I0. Project/TasklWork Un~ Na. 

76-173 
~. ~ r ~ o ~ i ~  O r E a n | ~ o n  Nama and Add~ss 

New Mexico Energy Institute 
The University of New Mexico 
117 Richmond Dr., N.E. 
Albuquerque, New Mexico 87106 

I~. Sponso~n~ OrEanlmtion Name and Add~ss 
New Mexico Energy and l~inerals Department 
~.0. Box 2770 

Santa Fe, New Mexico 87501 " 

. •  ~ Report D~ta 

January, 1978 

11. Commct(C) or Gmr~(~ No. 

( Q  76'-173 

(G) 

13. Type of Report & Period Covcrad 

F i n a l  R e p o r t  

14. 

1~  Supplementa~ Notas 

"' " ::" . . . .  '-:1 Reproduced from " ~  . . . .  

: , " :J best avai lable copy. ~ " 

- ~  Abstract (Limit: 200 words) 

This study was undertaken to continue the examination of the utility of borohy'dride- 
reduced transition metals as catalysts for the hydrogenation of carbon oxides to produce 

synthetic fuels. 
While most related efforts deal only with carbon monoxide (the Predominant oxide in 

coal gasification processes), we have included carbon dioxide as well in our work. 
Work with cobalt, copper, nickel and palladium has resulted in methane production 

from both carbon oxides, with Carbon dioxide being only slightly less produetiv& than 
carbon monoxide. Fro~ the last three metals, methane is the only product formed (besides 
water). This is a definite improvement over many of the catalysts reported in the sci- 
entific literature, where a major problem is the production of numerous carbon-containing 

pro duets. 
Completion of con.~truction of a second flow system has allowed several questions from 

earlier work (i) to be answered. Continuous methanation over nickel has Sh6wn no decrease 
in methane production during a two-week run. Continuous methanation over cobalt in the 
presence of 10ppm of sulfur dioxide has shown an increase in methane production during a 

two-week run. 

17. Document Anatys~s a. Descriptors 

. b .  I d e n t l f i e m l O p e n . E n d e d  Terms . 

.c. COSAT] Field/Group 

%~. Ava]tab]th~ ~atamen% Ig. Secur~y Class C~h]s Repot) 

U n c l a s s i f i e d  
20. S e ~ r ~  Class O-hiS Paze )  

i U n c l a s s i f i e d  

t 
23- No.  o f  Fag~  

(Se~_ A N S I - ~ 9 . 1 ~  See ~n~JCt~OOS on ReverSe 
( F o ~ e H y  I~r1s.-~5) 



METHANE PRODUCTION FROM CARBON OXIDES 
OVER BOROHYDRIDE REDUCED TRANSITION METALS 

Thomas W. Russell Ph.D. 
Principal Investigator 

TECHNICAL COMPLETION REPORT 
Project ERB No. 76-173 

New Mexico EnerggResourges Board 
New Mexico Energy Institute at UNM 

in cooperation with : 
Division of Natural Science 

Eastern New Mexico University 
Portales, Nee Mexico 

January~ 1978 



SUMMARY 

This study was undertaken to continue the examination of the utility of" 

borohydride-reduced transition metals as catalysts for the hydrogenk%ion of carbon../' 

oxides to produce synthetic fuels. 

While most related efforts deal only with carbon monoxide ithe predominant 

oxide in coal gasification processes), we have included carbon dioxide as well in 

our work. This has resulted in our being contacted bypersonnel at Jet Propulsion 

Laboratory to discuss possibl e incorporation of this work into a Viking handing on 

Mars in the 1980's. This may develop into a NAS A grant to develop a process to 

convert components in the Martian atmosphere into a combustible fuel. 

Work ~ith cobalt, copper, nickel and palladium has resulted in methane produc- 

tion from both carbon oxides, with carbon dioxide being only slightly less productive 

than carbon monoxide. From the last three metals, methane is the bnlyproduct formed 

(besides water). This is a definite improvement •over many of the catalysts reported 

in the scientific literature, wherea major problem is the production of numerous 

carbon, c0ntaining products. 

Our discovery that copper, prepared from sodium borohydrSde reduction of 

cupric salts, produces both methane and methyl alcohol is without comparison in the 

literature. Detailed studies on copper are just beginning. "'" "" 

Completion of construction of a second flow system has allo~ed several questions 

from earlier ~ork (1) to be answered. Continuous methanation over nickel has sho~m 

no decrease in methane production during a t~o-~eek run. Continuous methanation 

'over cobalt in the presence of 10ppm of sulfur dioxide has sho~-n an increase in 

methane production during a two-~eek run. 

This last result was instrumental in obtaining a 16-month )grant from the Four 

Corners Regional Commission to study the effects of sulfur on borohydride-reduced 

metal methanation catalysts (2). 
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This work was presented at a Colloquium at New Mexico Sta~e University in June 

and will be presented at the National Conference on Technology for Energy Conservation 

in Albuquerque in January (3). Two manuscripts for submission to the "Journal of 

Catalysis" are nearing completion. 

The Principal investigator has received unsolicited offers of scientific 

assistance and collaboration from researchers at the University of NewMexico, Texas 

TechUniversity and the University of South Florida as well as Ventron Corporation 

and Catalysts and Chemicals international. He has recently been invited to present 

this work before the Second International Conferenceon Organic Synthesis sponsored 

by theInternational Union of Pure andApplied Chemistry (IUPAC) in Jerusalem in 

September. (Travel funds were, however, not offered.) 

Three Masters Theses are resulting from this project. One student is now 

successfully enrolled in a Ph.D.program at Michigan State University; one 

ex-student now owns and runs a private chemical lab in Albuquerque;. one ex-student 

has just started working for Diamond Shamrock in Dumas, Texas (4). NO undergraduate 

students workingon the projects have as yet graduated. 

Travel funds permitted the Principal Investigator to attend the Rocky Mountain~ 

Fuel Symposium in Salt Lake City in February. (A paper submitted for the program 

was never received.) Personnel contacted during other grant-sponsored travel inclu- 

ded chemical engineers working on energy research, ERDA Contract 'holders' for synthetic 

fuels research and an ERDA proposal reviewer. Also, a chemist from the University of 

Oklahoma was brought in as a consultant concerning possible highpressure studies. 

Work is continuing on ali aspects of the project. A flow system designe d to 

operate at pressures up to 1500 psi should enhance results when finished. Publications, 

increased publicity, and information obtained during travels and meetings should result 

in federal funding with the new fiscal year in October. 
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RESULTS AND DISCUSSIONS 

i, Palladium Catalyst 

i. Preparation 

Palladium chloride was used exclusively as it was •the most accessible source 

of palladium for this research. It was easily dissolved in small amounts of 
t 

water, so a 95% ethanol solution was easy to prepare. Further, it has been 

found that borohydride can chemically reduce certain other common anions ~ i.e. 

nitrate~ acetate, etc. 

In the preparation of an aqueous solution of palladium, a metallic mirror 

was formed along the beaker walls after a minute amount of borohydride was 

added. This was witnessed also of nickel by Sterlyadkina (5) and H0fer, et.al., 

• (!6). When prepared in an ethanol solution (95%) no metallic mirror was 6berved, 

instead a fine gray material •settled to the bottom of the beaker' Sodium borohy- 

dride was added until the evolution of gas was Complete. When the first catalyst 

was allowed to drip dry and then placed immediately in the catalyst bed and 

flushed with hydrogen at 200°C, the glass catalyst bed shattered, sending glass 

shrapnel through the heating tape and asbestos tape. It was found that the 

catalyst must air dry for at least 48 hours before it is sufficiently "deactivated" 

to not cause an explosion of the catalyst bed. •It is possible that if the catalyst 

is indeed deactivated by the 48-hour air dry process, then a Stainless steel 

reactor may be able to contain a catalyst not allowed to set for 48 • hours ~rith 

better methane yield than the catalyst which has been allowed to set. No x-ray 

studies (which would show % palladium~ palladium boride or palladium chloride) 

were made to determine exact catalyst composition. This combination may be a 

relevant factor in the methane production. 

Production of methane was expressed as percentage ~-ith respect to a standard 

pea~_, or as percentage composition. 

monoxide and methane) were observed. 

Only two carbon-containing compounds (carbon 

" l  



2. Continuous Flow Studies 

All work ~gas done in the continuous flow systems designed and constructed 

from Energy institute funds (Figures 1 and 2). Temperatures were allowed to 

stabilize before an analysis was made. Effect of temperature on methane 

production is shown in Figure 3, where the conversion is 48% methane with a 

0.36% supported catalyst at 420°C. 

Since 0.36% supported catalyst seemed to be a very small percent load, it 

was decided to see what, if any, effect increasing and decreasing the loading 

would have on methane yield. Figure 4 shows 33% methane yield on the 9.36% 

supported catalyst, while a catalyst of 1% loading could not produce 10% methane 

at what was thought to be an optimum temperature of 420°C. A catalyst of 1.02% 

palladium produced zero percent methane which indicates that of the three, the 

0.36% loading is indeed optimum. The actual percentage C02 converted to methane 

on the 1.02% support is shown in Figure 5. 

Reactant ratio was a question of concern in previous work and was investigated 

in this research. Figure 6 indicates that the stoichiometric ratio of four 

hydrogen to one carbon dioxide produces the best yield of methane. Again, optimum 

temperature is 420°C. Lower ratios (3:1,2:1) were run which showed no methane 

production. 

T~o other parameters were studied. These were solvent and support. Water 

was used as a solvent for catalyst preparation, but the catalyst so generated 

afforded less than 1% methane under identical conditions to which the ethanol 

catalysts were subjected. Two supports were tried also, silica gel and alpha 

alumina. Figures 3,4,5 and 6 and all silica gel supports. Alpha alumina yielded 

less than 1% methane under conditions identical to those reported for silica gel. 

Another variable studied was flow rate. Original work was done at 7-10 

liters per hour. Later, it was decided to reduce the flow to 0.8 liters per hour 
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carbon dioxide to carbon monoxide at 410°C with reactant ratio 411: The catalyst 

• used for this studywas 0.36% support. 

Work with palladium has ceased pending efforts.to ascertain the explosive 

nature of "new" catalyst. 

II. Cobalt Catalyst 

i. Preparation 

C0baltous chloride was used exclusively for the same reasons as elaborated 

for palladium. • The preparation of supported cobalt boride in water did no~ have 

the metallic sheen as reported with nickel or palladium. 

The preparation of the 95% ethano!ic catalyst did not show this metallic sheen 

but produced a fine black catalyst in the beaker and on the support, 

The formula for cobalt boride is not known; but for purposes of calculations, 

the formula (C02B)5.H3(proposed by Maybury, et. al. (7)) was used in calculation 

of the hydrogen to the weight of catalyst. 

2. Static Reactions for Carbon Dioxide 

Silicasupported cobalt boride made from ethanolic solution wasgray at the 

start of the reactions. The static reactions were carried out in the Parr 

reactors With appropriate reactant gas ratios o~ 4 moles hydrogen per mole of 

carbon dioxide. Temperatures were varied from !00°C to 350°c at an initial 

pressure at room temperature of 150 psig. All runs were carried out for 12 hours. 

Production of methane isexpressed as percent composition. The only other 

products noted were carbon monoxide and Water. Percentage .compositions of 

methane are shown in Figure 7. The maximum production noted was 6.8% at 350°C, 

with production of mathane starting with the 100°C run. Also shown on Figure 7 are 

the results reported previously from nickel. These comparative results are the 

basis for the supplemental request for funds to construct a flow system to operate 

at pressures up to 1500 p.si. . 
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3. Continuous Reaction forCarb0n Dioxide 

Because of the resultsfrom the hydrogenation of carbon dioxide over cobalt 

boride in the static reactor, cobalt boride was expected to exhibit significant 

methane production in a practical continuousreaction atatmoSphere pressure. 

The flow systems shown in Figures 1 and 2 were used for cob&lt studies, also. 

All attempts to produce active aqueous solution catalysts proved unsuccessful. 

All cobalt catalysts used in the continuous flowsystemwere made in 95% ethanol. 

The catalyst was also made by an immersion process. Theprocess of flash 

evaporation process proved to be of little importance in comparison. This was 

probably due to the dra~-ing of the hydrogen blanket by the vacuum placed on the 

evaporation apparatus and the inevitable replacement of it wit~ air. 

A. Reactions at Various Temperatures 

A 44% cobalt boride catalyst on silica gel (400 /g was used withthe 

stoichi0metric reactant ratio of 4 moles of hydrogen to one mole of carbon dioxide 

~ith a flow rate Of 5 1/hr. The conversion of carbon dioxide to methane and 

carbon monoxide are plotted versus temperatures in Figure8. The maximum 

conversion of carbon dioxideto methane in the temperaturerange covered was 

about 47% Infrared spectra of the gas products showed methane production begin- 

ningaround 170°C. The conversion of carbon dioxide to carbon monoxide, seemed 

noncompetitive. It started at about 230°C and increased until about 400°C~ 

about which it started to decreasewith increasing temperature. 

Another catalyst was made having 4% of coNalt boride on micron silica gel. 

The methane and carbon monoxide production of this catalyst is Sho~m in Figure 9. 

This •shows that there is tendency of the carbondioxide to carbon monoxide 

conversion to follow the methane production. The maximum conversion that was 

seen was 18% for the low'loaded catalyst. The maximum efficient temperature was 

not indicated by this study. 

ll 
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B. Reactions at Various Flow Rates 

With the 4% loaded catalyst and a volume ratio of 4 moles of hydrogen to 

each liter of carbon dioxide. The comparison of the reaction at 5 liters/hour 

(with various temp@ratures as shown in Figure 9) to the l0 liters/hour runs with 

various temperatures as shown in Figure 10, show what was exPected that increased 

flow ratewould decrease reaction conversion, (Figure ll). 

C. Reactions at Various Reactant Ratios 

With the 4% loaded catalyst and l0 liters per hour flow rate, th@ number of 

moles Of hydrogen per mole of carbon dioxide was varied from 1 to l0 by units. 

The conversion increased rapidly to a ratio of about 8 and tended to ~ level off 

above that. The amount of conversion to carbon monoxide also increases with 

increased amount of hydrogen, (Figure 12). 

D. Reactions in Relationship to Sulfur Dioxide Poisoning 

Dalla Betta, et. al. (8) reported that sulfur compounds had a marked decrease 

in the activity of many methanation catalysts. A study of the effect of sulfur 

dioxide was initiated with silica gel supported cobalt catalyst (8%). It was 

found with a reactant ratio of 4 liters of hydrogen to each liter of carbon dioxide 

with l0 ppm sulfur dioxide as sulfur poison that no decrease in methane production 

and no conversion of the sulfur dioxide to sulfur or hydrogen sulfide was found, 

Table 1. 

This run is the basis for the contract from the Four Corners Regional Commission 

to continue study in this area. 

4. Continuous Reactions of Carbon Monoxide 

A. Reactions at Various Temperatures 

The 4% loaded catalyst was run with a volume ratio of 3 moles~of hydrogen_ 

to each mole of carbon monoxide. The conversion of carbon monoxide to methane 

and carbon dioxide is shown in Figure 13. 

13 • 
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Table I 

Effects of Sulfur Poisoning of Methanation of Carbon Dioxide 

Time in 

0 

I0 

25 

29 

58 

6o 

70 

76 

97 

i01 

106 

Hrs. Temp. 

385 

418 

397 

401 

4oo 

415 

390 

412 

388 

358 

364 

° C %C0 %CH 4 %C02 

7.18 11..64 92.17 

15.11 1.27 83.62 

13.69 1.17 85.13 

13.11 1.oo 85.88 

16.21 1.24 79.39 

24.11 2.04 73.83 

14.47 1.46 84.06 

19.50 1.87 78.75 

31.71 3.74 65.54 

30.78 3.29 65.92 

31.54 3.51 65.3 

18 



0 

0 

30 

20  - 

10 

Fio~ ra'~@,5 H/hr 
VoL ratio(H2'CO)= 9/i 

2.B~j Co Bo~id~ e~ 50~j 
(4% L., 70  raicro~} 

S i.lic~ G~! 

OH4 

. . . .  ~ . . . .  ~ 
W 

2 0 0  250  :500 

C02 

350 
TEMPERATURE (©C) 

F i g u r e  13 

19 



The 44% catalyst was run~.~th a volume ratio of 3 moles hydrogen to ! mole of 

carbon monoxide ha~ng a maximum conversion to methane of 40% at 346°C and~ith 

another smaller peak at 397°C and 35% methane conversio~ (Figure 14). This 

curve is similar to one reported byKurita in 1961 (9). 

B. Reactions at Various Flow Rates 

Using a 30% cobalt boride catalyst supported on #70-micron silica gel, reactant 

gas flow rate was varied from 1 to l0 liters per hour. The gases again produced 

a decrease in methane production with an increase in flow rate (Figure 15). 

C. Reactions at Various Reactant Ratios 

With the 30% cobalt catalyst supported on 70-micron silica gel, reactant 

ratios were varied from 1 to l0 liters of hydrogen for each liter of carbon 

monoxide. The increase of hydrogen resulted in a steady increase in methane 

produgtion (Figure 16). 
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Esperimental 

I. Equipment 

Parr Model ~563 minireactors with automatic temperature controls (purchased 

on a previous ERB contract) were used for all static reactions. Two flo~ systems 

weredesigned and built for the continuous flow work. One flow system is used 

for flow gas studies only(Figure 1). Both are equipped~ith semi-automatic 

temperature control. At present, 2.5 x 25cm columns are being used for catalyst 

bed containers. Catalyst column, preheater column and cooling condensors are 

all Pyrex glass. Some rubber and copper tubing are used in the first system. 

The second system was designed to allow for study on the effects of sulfur 

compounds, and is constructed of s~ainless steel, (Figure 2). Rotometers are 

used to determine flow rates. 

Fisher 2h00 and Aerograph Model A-90-P gas chromographs were used for most 

qualitative and quantitative analyses using thermal conductivity detectors. 

Perkin-E!mer Model 281 infrared spectrophotometer (purchased with this grant) 

was used to confirm qualitative analyses. 

Gas-tight 5ml syringes were used to obtain gas samples directly from the 

static and flo~ reactors for gas chromatographic analysis. Liquid phase sampling 

was done using Hamilton 701-N microliter syringes. The gas chromographic columns 

used for gas analyses were Molecular Sieve 13 x (%" x 8'), Porapak Q 100/200 

(%" x 8') and Spherocarb 100/120 (1/8" x h'). Ethofat 1% on Fluoropak (~" x 5m) 

was for formaldehyde, ~ater~ and methanol analysis. Carbowax 20M 20% on Chromosorb 

W and XF-IIS0 15% on Chromosorb W ~ere prepared for analysis of possible higher 

molecular-weight hydrocarbons. 
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II. Materials 

All chemicals used were reagent grade, except the raw systhesis gases. 

Cobaltous chloride, methanol and formaldehyde were from Fisher Scientific. 

Ethanol was from U.S. Industrial Chemicals, Sodium borohydride, silica gel 

aluminum oxide and palladium Chloride were products of Ventron Corporation. 

Molecular Sieve 13X was from Linde. Ethofat 80, Chromosorb W-AW 45/60, Carbowax 

20M, and XF-liS0 were from Supelco Company. Spherocarb 100/i20 was from 

Analabs. 

The raw systhesis gases were commercial grade gases from L{nde Division of 

Union Carbide Corporation. Hydrogen had almost no impurities, as determined 

by gas chromotography and infrared spectroscopy. Carbon dioxide contained only 

trace amounts of nitrogen and oxygen. Carbon monoxide contained only trace 

amounts of methane and carbon dioxide. Helium was used as carrier gas for gas 

chromotography. Methane and dimethyl ether were high purity gases o~tained 

from Linde for standards. All stainless steel used was type 316 or 304. Tem- 

perature monitoring was by iron-constantan thermocouples 

III. Preparation of Cataiysts 

1. Palladium 

Fifty grams of support were immersed in i00 ml of solvent and palladium chloride 

was added to yield a chosen percentage of supported catalyst i.e., 0.Sg PdCl 2 

added would yield 0.60% supported catalyst. The resultant mixture was stirred 

frequently and kept in a dessicator until all solvent had evaporated. ~ Absorption/ 

adsorption was complete. A solution of sodium borohydride~ dissolved in a 

small quantity of water with absolute ethanol added to •yield a 95% solution, 

was added to the supported palladium (II) unti!the reduction was complete. The 

reaction was believed to be complete when the evolution of gas did not occur when 

more borohydride solution was added. The catalyst was allowed to air dry and was 

then placed in the flow system. 
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2. A cobalt catalyst prepared from aqueous solutions (similar to one 

prepared for nickel in previous work) proved ineffective in the methanation process, 

so this method was abandoned. All cobalt catalysts were prepared in 95% 

ethanol solutions. 

3. Cobalt Catalyst by Immersion Process 

A selected support of known weight was immersed in a solution of 5ml of 1M 

cobaltous chloride in 95% ethanol solution per gram of support for 4-5 hours. 

The supported metal salt was then drip-dried of excess cobalt chloride solution. 

it was then cooled and 25ml of freshly prepared 0.1M 95% ethanolic sodium 

borohydride solution was allowed to react for 2-4 hours in a refrigerator. The 

liquid phase was then decanted and discarded. 

Another 125ml of freshly prepared sodium borohydride solution per 100 

of support ~Tas then added and again allowed to react for 2-4 hours. This was 

repeated until there was no more reaction, as evidenced by evolution of hydrogen 

gas. The catalyst was washed t~ice with water, then three times with 95% ethanol. 

It was predried to a powder at 70 ° to 80°C. It was then packed into the catalyst 

column of the flow system and dried under hydrogen flow at temperatures between 

150 ° - 200°C for 4 hours. 

4. Cobalt Catalyst by Flash Evaporation 

A selected support of knownweight was placed in a flask of sufficient size 

to hold the support and liquid cobalt chloride solution~-lthout loss of part of 

contents when placed on the flash evaporator. A solution of 5ml Of cobaltous 

chloride in 95% ethanol solution per gram of support was then placed in the flask. 

~ne flask was placed on the flash evaporator for stirring to insure sufficient 

mixing of support. After about 4 hours, a vacuum was placed on the solution and 

the water under the flask heated to 70°C to remove excess solvent. 
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When solvent evaporated, the flask was removed and 125ml of .IMsodium 

borohydride in 95%. ethanol solution per 100g of support was added to the flask 

for reaction. The flask was returned to the evaporator for reaction under 

constant stirring and a slight vacuum. Cool water was run over the flask until 

completion of the reaction. 

The flask was again removed :and the solution decanted. Fresh sodium borohy- 

dride solution was introduced and th@ above method repeated until fresh borohy- 

~ide solution no longer gave a reaction with cobalt salt. 

The flask was again removed and the solution filtered. The catalyst was 

washed t~ice with water and three times with 95% ethanol. The • wet catalyst was 

returned to the evaporator and dried under a vacuum at 70°Cuntil powder dry. 

The catalyst was then placed in a flow system column and driedat 150 ° - 200°c 

under hydrogen flow for 4-5 hours. 

5. Preparation Of •Unsupported Cobalt Catalyst 

Previous work indicated that unsupported nickel catalyst was co±ioidial in 

nature andunusable as a flow system catalyst. A cobalt catalyst withla large 

particulate size was produced by the following procedure: A 300ml aloquot of 

a MM solution of cobaltous chloride in 95% ethanol was placed in a beaker. Sodium 

b orohydride (.15 mole) was added in small amounts to the beaker allo~ing time for 

the reaction to•slow. The beaker was cooled in an ice water bath. The solution 

was allowed to react to completion with the settling of the cobalt catalyst. The 

catalyst was then filtered and washed as before. The catalyst • was dried in an 

oven at 70 ° - 80 ° until powder dry and then under hydrogen flow at150 ° -200°C 

for 4-5 hours. 

6. Determination of Catalyst Loading on Support 

~ 

The catalyst was The support was weighed before preparing • the catalyst. 

made, dried and weighed; andthe catalyst loading was calculated bythe formula: 

• (wt of supported catalyst)-(weight of support) x l~0 " 

% loading=(~ of supported catalyst) " • 
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Y~. Static Reactions with Cobalt 

i. Hydrogenation Of Carbon Dioxide 

A Parr reaction bomb was charged with wet supported catalyst made in 95% 

ethanol. The catalyst was dried at 150 ° under 100 psig of hydrogen by releasing 

and charging every half hour and repeating this three to four times. Finally, 

it was cooled to room temperature in a hydrogen atmosphere. 

The hydrogen wasvented. Carbon dioxide -was introduced and vented several 

times, finally charged to 30 psig. Then, hydrogen was introduced to 150 psig. 

This set a reactant ratio that was close to the stoichiometric relationship of 

4 moles hydrogen to 1 mole carbon dioxide. The reactor was turned On and the 

reaction temperature selected. The reaction was considered started at the time 

the desired temperature was reached. At this time, time and pressure were 

recorded and at regular intervals until reaction time was completed. 

2. Hydrogenation of Carbon Monoxide 

The catalyst was introduced and dried as described above. Carbon monoxide 

was introduced and vented several times, finally being charged to 40 psig. 

Hydrogenwas then added to 150 psig to bring the reactant reaction to approxi- 

mately 3 moles hydrogen to 1 mole carbon monoxide. The reactor was turned on 

and the reactor temperature selected. Time and pressure were recorded at regular 

intervals. 

V. Continuous Reactions 

The flow systems shown in Figure 1 and 2 were used for the continuous reactions. 

The flow rate, reactant ratios preheater temperature and colunmtemperature were 

selected. After the temperature had been reached and system parameters had 

stabilized the outlet gases were sampled. 

Experiments were performed varying the parameters of reaction temperature 

reactant, flow rate, reactant ratios and the carbon oxide. 
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VI. Analysis 

1. Qualitative : 

Porap~ Q had a good performance in the separation of methane and carbon 

dioxide. Hydrogen, ~ air, and carbon monoxide peaks were not separable in this 

column. Molecular sieve 13X separated carbon monoxide and air. The separation 

order was hydrogen, oxygen, nitrogen, carbon monoxide and methane, with carbon 

dioxide coming out as an insignificant peak. 

Spherocarb was selected later because it would separate all the gases. 

Using temperature programming from 60-200°C, the order of separation was hydrogen, 

oxygen, nitrogen, carbon monoxide, methane, carbon dioxideand water. 

The operating condition of the columns were: Poropak Q (~" x 8') and 

Molecular Sieve 13X (½"x 8') temperatures of 200 ° for the injector, 50 ° for the 

column and 250 ° for the detector. The filament current to the ther/oconductivity 

detector was 150 mA with helium as the carrier gas at•a flow rate of 40-45ml/min. 

• • Spherocarb 100/120 (1/8" x 4') had operating temperatures held at 60°C for 

3 minutes programmed at a rate of 20°c per minute to 200°c; then held for 4 

minutes at a temperature of 250 ° and an injector temperature of 200°C. The 

thermal conductivity detector filament current was 150. mA~ith helium as carrier 

gas at a flow rate of 25-30ml/min. 

• The qualitative analyses were confirmed by infrared. The individual spectrums 

were compared with the spectrum of an authentic sample for each suspected com- 

ponent of the gas sample mixture. The infrared sample was in a 10cm gas cell. 

2. Quantitative Analysis 

Composition of gas sample was computed as a corrected area: 

gas A peak area of system gas 
( ) = gas-corrected• area 

gas A pea k area of authentic gas sample 
std 

The gas-corrected areas were added to get a gas total area and used to obtain 

percentage compositions. One ml was used as sample size for the reaction gas 

• 29 



mixtures and standards of methane air, carbon monoxide, and carbon dioxide. Since 

there were difficulties in setting up internal standards, response factors were 

used for each of the gases. These response factors were checked frequently and 

one of the standards was run each time. Percentage conversion of carbon dioxide 

or carbon monoxide to methane was calculated from the following equation: 

%conversion to methane = %methane x i00 
sum of % all 
gas products 

The percent conversion of carbon monoxide or carbon dioxide to other carbon- 

containing products could be calculated with similar equations by substitutions 

in the numerator the appropriate percent composition. 

All reac~mons were repeated and reproducable data were obtained. 

VII. Palladium Recovery Procedures 

~en the catalyst was found to yield less than 10% methane, when compared to 

previous runs, it was removed from the flow system. More sodium borohydride 

solution was added until the evolution of gas was complete. All "dead" palladium 

catalysts reacted with the borohydride. After the catalyst was again air dried, 

it was placed in the catalyst column once and another run was made. The results 

were the same as when the catalyst was initially run. The catalyst is active at 

flow ratios of 4:1 (H2:C02) for about 15 days, but for peak performance it should 

be regenerated every 6-7 days. 

Such degeneration has not been noted ~zith cobalt or nickel. 

The palladium can be recovered by adding aqua regia and dissolving the 

palladium. The palladium-containing solution is decanted from the support and 

is then reduced with borohydride to produce what is believed to be palladium 

boride. 
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VIII. Blank Runs 

To determine the effect of the catalyst (proof that the metal and borohydride 

are necessary), a catalyst support with sodium borohydride and one of support aud 

metal chloride were run as blanks. The blanks yielded less than 1% methane at 

the optimum conditions and less yield at other temperatures and ratio Of reactants. 

No other products were observed during these runs. 
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