SUMMARY

A number of tests were mede with various methanntion catalysts in fixed-bed,
conventional fluidized-bed, and multiple-feed, fluldized-bed equipment to develop
catalysts and procegses for methsnstlon of synthesis gas. The results show:

1. Methenation resctlons may be carried out in l-inch, bench-gcale equipment
gt high synthesis-gas throughputs with good temperature control of the reasctlons if
8 multiple-feed type of fluldized-bed design is uged.

_ 2. Nickel is superior to iron ss a catalyst for the methanation of gynthesis
g85, unless the process is considered in terms of s combined operstion that produces
both gaseous and liquid products,

3. Technigues of catalyst preparatien determine, to a large extent, the proc-
esg life of nickel catalysts, and these techniques must be theoroughly investigated
before any conclusions can be reached,

%, Enough data sre available to indicate that the sulfur concentrations in
synthesis gas thet 1s used for metheration are extremnely critical, and maximem
process limits should be carefully evalusted.

INTRODUCTICN

Since the beginning of the century when Sabatier and Senderens first produced
methane by gas ing a mixture of hydrogen und the cxides of carbon cver finely divi-
ded metals,__z7 there has heen considersble speculation over whether catalytic syn-
thesis of methsne could be utilized to produce high-B.t.,u. fuel gas. Heretofore
little attention has been directed toward the preduction of major supplies of high-
B.t.u. gas from coal in the United States because of the large reserves of natural
&8s that are now availsble, However, because patursel gas kas certaln advantages
over other types of fuel, the demands for natural gas have greatly increased in re-
cent years, Owling to these incressed demands and in view of the Pact that natural
gas, like most natural resources, 1s not an inexhaustsble commodity, 1t has become
increasingly apparent that the possibility of obtaining tuel gas from alternstive
Sources should be considered,

Since July 1952, the Fuels Technology Division, Bureau of Mines, Regicn V, has
been actively engaged in a program directed toward the synthesis of high-B.%,u. fuel
gas from coal, The work has been carried owt im the laboratories of the Burveau of
Mines at Brucetan, Pa., and the major emphasis of the program has been plecsd upon
developing a catalytic process that would satisfy the requiremonts of a commerciasl-
Scale operation for producing methene from carbon monoxide and kydrogen. The

&/ “Sabvatier, P., and Seaderens, J, B., New Synthesis of Methane: Gompb. rend,,
vol, 134, 1902, p. 51k,

1/ Sabatier, PP., and Senderens, J. B,, Ceneral Methods of Hydrogenation of Molecu-

ler Reactions Based on the Use of Finely Divided Metals: Jour., Chem. Soc.,

vol. 88, 1905, p. 333,



My

project has now reached = stage of development where large-scale pilot-plant inveg
tigetions are required to determine whether or not the principles, technigques, and
equipment designs that have been developed can be successtully applied to inﬂu5trial
cperations. This report describes +the catalyst and brocess-developnent work that heg
been carried out in thig laboratory since the inceplion of the rroject in July 1952

GENERAT

The natural gas that is used in the United States consists ecsertially of mety
8ne, has a gross hesting value of approximately 1,000 B.t.u. per cu. £t., and {g
Supplled, primerily, from gas wells in southwestern regions of the United States,
The gas is distributed throughout the netion through hlgh-pressure pipelines ang is
generally used as it 1s delivered by the pipeline, with the exception of some puri-
fication, when necessary, to remove sulfur compounds and water. Since most of the
equipment for gas distribution and utilization 15 designed to handle natural gas,
the aims o this investigation were to produce & fuel gas with characteristics simj.
lar to natural gas,

Of all the techniques tor rroducing fuel gas from coal, the cne that appears to
be of most practical interest at this time 1s the gasificetion of coal with steam
and oxygen to produce synthesis #8s, a mixture of carbon monoxide and hydrogen hay-
ing & gross heating value of 300-L400 B.t.u. per cu. ft. Since the cost Ier energy
unit of transporting such & gas in high-precsure pipelines would be high and since
most ubility equipment 1s designed to burn higher hesting-value fuels, untreated
synthesis gas 15 not suitsble as & pipeline fuel. Some of thege Problems cen bhe
avolded, however, 1f all, or & large rart, of ihe synthesis-gees mixture 18 converte
to methane, Althougn the theoretical efficiency of the process 1is only {5 percent,
it yields a product gas having most of the characteristics of nastursl gas.

An overall process for the cenversion of coal to high-B.t.u. fuel gac by this
technique would regulre four steps: (1) Gasification of coal te produce synthesis
gas; {2} removal from the synthesis gas of carben dioxide and sulfur compounds o
formed during the gasificetion; (3) catalytic conversion of synthesis gas to methene:
ard {4) remeval Irom the methane of any carbon dicxide and high-molecular-weight hy-
drocarbons formed in the synthesis. Costs for = complete process have been estimsted
by Alberts,@/ Gurz,?/ and others, Most of the cost estimates, however, have been
based on Lurgl gessification techniques and the catalyet studies made by the British
Gas Research Board, which used nickel catalystes to produce fuel gases having heating
values in the range of 400-600 B.t.u, per cu. ft,,10 11 12 13/ and 1t ig difficult
to exirapolate these dats to brocesses that yield 90C-B.t.u, gas from cosls that are
not well suited for using In Lurgi gesifiers,

¢/ Alberts, L. W., Bardin, J ., Beery, D, W., Jones, H. H., and Vidt, E. J.,
Production of Methane From Coal: (Chem, BEng. Prog., vol. 48, 1552, p. 486.

2/ Gumz, W., and Foster, J, F., A Critical Survey of Methods of Making High-B.t,.u.
Gaes From Coal; Rescerch Bull, 6, Gas Prod. Research Committee of the Am. Gas
Assoclation, New York, N. Y., July 1953, 87 o,

;g/ Dent, 7. J., Moignard, L, A., Eastwood, A, H., Bleckburn, W. H., and Hebden, D.,
An Imvestigstion Intc the Catalytic Synthesis of Methane for Town (Gas Manu-
facture: British Gas Research Board, Communication G.R.B, 20, 19k5, 10L pp.

Booth, N., Wilkins, E,T,, Jolley, L. J., and Tetboth, J, A.,Catalytic Synthesis of
Methane: British Gas Research Board, Commmmication G.R.B. 21, 1945, h0 pp.

12/ Dent, F. d., 2nd Hebden, D., The Catalytic Synthesis of Methare as a Method of

Enrichment in Towz Gas Manufacture; ritish Gez Resesrch Bosrd, Communica-
tion G.R.B. 31, 1950, 52 Pp.

13/ Department of Scientific and Industriel Research, Cetalytic Enrichment of

Industrial Gases by the Synthesis of Methene: Fuel Research Teck. Paper 57,
London, 1953, 51 pp.
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CHEMISTRY AND THERMODINAMICS

The conversion of carbon monoxide end hydrogen to methene when the hydrogen-
carbon monoxide ratio In the synthesis gas is equal to or greater than 3 can be
described by the reaction:

3o + CO=> CEy + EgO + 49,271 calories. it 15/ (1)

When the hydrogen-carbon moncxzide rastios are reduced below 3, the secondary water-
gas shift reaction,

CO + HoQ === (02 + Hp + %,838 calories, (2}

becomes prominent, and, as the ratlo approackes unity, the overasll reacticn can be
written:

2H, + 200 === CH), + £Oy + 59,101 calories. (3)

Other reacticones that occur during the syntheszis and tend to complicate this
somewhat simple plcture are the deposition of carbon by decomposition of carbon
monoxide,

200 == C + COp, (%)

and the formation of hydrccarbons of higher molecular weighit than methene by the
reactions

{8n + 1}Hp + nCO== Cplipy,p + nHO {5)

and,
2nfls + nCOT= Cpfpoy + nHo0. (6)

Using the techniques of the Gas Research Bcanilé/and the thermodynsmic data
of Bossini and coworkers,éi/ eguilibrium compositions for the reactlon system were
calculated, essuming thut the equilibris fer reactioms (1), (2), and (4) were satis-
fied, The celculations were completed for the tempersture range 500°-300° K., for
Pressures of 1, 10, and 25 atmospheres and for hydrogen-carbon moncxide vetios From
0.50 to the 1limiting retio sbove which the deposition of carbon does not occur,

Figures 1, 2, and 3 are summeries of the theoretical equilibrium ylelds of
methane, in moles per mole of synthesis ges, that can be cbteined over the range
of variables previously indicated., The most critical varishles of the system ap-
pear to be tempersture and hydrogen-carbon monoxide retio, the methane yield being
highest at the higher retios and lower temperatures. Pressure, however, exerts
little influemce on the system, except at the higher temperatures around 800°-S00°K.,
when increuses in pressure tend to increase methasne yields to those obtmined =%
lower femperature. .
I/ A E values taken at 299.160 K.
}2/ Rossini, F. D., Pitzer, K, 5., Taylor, W. J., Ebert, J, P,, Kilpatrick, J. E.,
Beckett, C. W., Williams, M. G., and Werner, H. G., Selected Values of Prop-
erties of Hydrocarbons: Neat. Bureau of Standerds Cire. C-461, November 1947,

483 pp.
16/ Bee work cited in footnote 10.
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The minimum hydrogen-carbon monoxide retics for the temperature range 500°-
1,#000 K., below which carbon deposition occurs, are shown in figure 4, As with
methene ylelds, pressure exerts a maximum influence at temperatures st which metkane
ylelds are low, incresses in pressure resulting in lower minimm hydrogen-carbon
monoxide rstics., The bereficlal pressure effect is alse reflected in the smount of
carbon thet is deposited, vhich is shown iz figuves 5, 6, and 7,

The overall effecte of pressure on water amd carbon dioxide yields are small.
The curves for the yields of these components are shown in figures 8, 9, and 10. Al-
though slight Increeses in pressure result in slight increases in water yields, car-
bon dioxide yields are not spprecishly affected, snd both variables gre, primarily,
funcltlons of hydrogen-carbon monoxide ratia.

The tolal conversion of synthesis gas is, unlike the other varlebles of the
gystem, primarily a function of temperature and pressure. This is shown in Tigure
11, in whick mole fractimms of synthesis gas converted are plotted as functione of
pressure, temperature, snd synthesis-gas ratic., Pressure acts hers in the same
mzoner as with the other varisbles to increase the degree of cenversion, particu-
larly =t the higher temperaturc.

The overall effects of the system variables on Lhe heating value of the product
gas are illustrated in figure 12, in which heating values, corrected to a carbon di-
oxide- and water-free basis and referred to 0° C, and 1 atmosphere of pressure, are
. plotted as funmctions of temperature, Pressure, and synthesis-gas ratio.ll/ Here, as
- in the other figures, temperature and = thesis-ges ratio appear Lo be the wost
- critical factors, the highest hesting velues being obtained st the lowest tempera-
- tures epd highest synthesis-gas ratios. These values, however, give no indication
- of the quantidty of fuel gas that can be cbtained from s mole o syathesis gas at a
gpecified set of operating conditions. T¢ determine this measure of process effi-
cicney, the yield of methare and totzl conversion of synthesis gas must be consid-
ered, These Iactors are considered in a later section of this report, which deals
with the experimental portion of the work, and a method of computing the efficiency
of & process has been devieed.

Mthough a nuber of studics have been made on the kinetics snd mechsnisms of
the reaction system, they have not been evelusted in A manner that 1s completely
satisfac‘tory.lg 27 20/ The reaction rates over nickel catalysts at temperatures
- @bove 300° C,, however, sppear to be high enough for the System to approach theoret-
teal equilivrium, end, because high methune yielde are favored by low temperastures,
the probliem of obiwining maximum methane yields becomes essentially one of main-
taining proper temperature comtrol in the highly exothermic system, Accordingly,
the kinetics and mechanisms of the reactions are of Interest only in avolding un-
desireble side reactions thet might occur during the gynthesis with certain
Catalytic materials.

To convert heeting vaives gilven here to reference conditlens of 609 F., 30 in.
g, saturated all healing values should be multiplied by 0.93.

Sirickland-Constable, R. E., The Syntheais of Methane From Carbon Moroxide and
Hydrogen on & Nickel Catalyst: British Gss Research Board, Comumunicetion
G.R.B. 46, 1949, 30 pp.

Alkers, W, W., =nd White, R. R., Kinetics of Methanc Synthesis: Chem. Eng,
Prog., vol. L&, 1548, p, 553,

Gilkesan, M. M., White, R. R., and Sliepceviech, C. M., Synthesis of Methane:
Ind. Eng. Chem., vol, 45, 1953, p. 460,
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