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EXPERIMENRTAL PROGRAM

The experimental program that was underteken by the Bureau of Mines had two
long-term objectlves: (1} Development of a process cepasble of producing fuel gases
with keating values of over 900 B,t.,u., per cu. ft, thet could be uwtilized in
comercial-size installstions; and (2) development of cetalysts that would have
process lives of such length that the contribution of the catalyst cost to the
total cost of the process would be small.

The mwejor difficulties that cne wmay cacounter in s methanation process, teo-
gether with the schemes proposed in this investigation by the Bureau of Mines for
the solution of these difficulties, are as follows:

1. The rcactions egsociated with the production of methane from synthesis
gag are extremely exobhermic, and failure to provide an adequate heat-removal sys-
- tem for the process equipment cen result in premeture catalyst failure, unfavorable
‘equilibrium conditions for the productlion of wethane, and, in extreme situationms,
damage to proceess equipment.

To avold this difficulty fluidized-bed eguipment was selected to carry out the
bench-scale phase of this work. It wes helieved that the excellent hest-transfer
charactioristics of fluldized systems uwnder conditions of high feed-gas throughputs
and the fact that fluidirzed systems can be operated en = continuous basis with re-
spect to catalyst replscement indiceie that this type of egquipment would be well
suited for the methenstlon process.

2. Using synthesis gmses having hydrogen-carbon monoxide ratios of less than
about 2,7 generally resulis In carbon deposition in the temperasture and preseure
rarges that yield the highest concentrations of methane. Fallure to prevent carbon
deposition can result in poor process efficiency, excessive catalyst cost, and ex-
cessive equipment maintenance time,

If & synthesis gaug having a hydrogen-carbon monoxide raetic of approzimestely 1
is preduced in the gmsification steov, the theoretlcal yield of carbon dioxide pro-
duced from this gas in the methanstion step would bte the same as would be produced
If this gas was shifted by reaction (2} to a hydrogen-carbon monoxide ratiec of ap-
prozimately 1 and then catelyticelly cooverted to methane. Dince the carbon diox-
ide-scrubbing costs would be sbout the same for both cases, the only additlonal cost
would be that dus to the shifting step, and this cost would be small in comparison
to the cost problems of carbon deposition that would be present if the ratio of the
synthesis gas wesd not shifted. Accordingly, the Bureceu of Mines based the work on
the assumptilon that the ratieo of the synthesis gas could be varled if the experi-
mental conditions indicsted that such s change was desirable.

3. Cotalysts that are gemerslly employed to convert synthesis gas to methane
are extremely suscerptible to the peisoning effects of Ilmpuriiies such as sulfur
compounds, These impurities can result in excessive catalyst costs for the process,

In most lecalitles the mazimum inorgunic sulfur limits of a distribubed fuel
gas sre set by locel ordinances or legislation., These limlits are about the same as
would be found in a fuel gas that ic manufactured from a synthesis gas pure enough
to he used for Fischer-Tropsch synthesis. Because of this fact, it 13 reasonsblc
to cxpect thet szn indusiriel process would wbilize essentially sulfur-free syrthesis
gas { <1 grain per M c.f.). Accordingly, It was planned that sll of the synthesls
gas used In this work would be purified Lo less than 1 grain sulfur per M o.f.
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Experimental Procedures

The experimental program was divided into two rhases: Bmall-scale fixed-beq
and bench-scale fluldized-bed testing, Catalysts were, in most instences, testeg
for methanation activity Iin small laboratory-scale fixed-bed testing unlts, which
are identical with those used in Fiscoer-Tropsch catelyst-development work.2l
The utilization of these small wnits served ss a screening process and permitted
determinstion of methanation #ctivity of verious materisls in much less time and
at less expense than would have been required in larger scale equiprment. Heat-
transfer difficulties were avolded in these units by opersting them at low space
velocities, If the tests in the fixed-bed equipment revealed that the msterinl was
an active methanation catalyst, & study of this materisl was sckeduled for the
larger bench-scale fluidized wnit.

Criteria of Catalyst and Process Evalustion

Three criteris were used to evaluate catalysts and process design., The first
criterion was the heating value of the product gages, referred to 0° C, and a pres-
sure of 1 atmosphere snd corrected to & carbon dioxide- and higher hydrocarbon-free
basis. The higher molecular welght hydrocsrbens containing more than three carbon
atoms were climinated from the calculations of heating value of the product ges bhe-
cauge these materials tend to condense in high-pressure pipelines and it was be-
lieved thet 2 normal process would requirce that these materials be removed from the
gas before 1L was compressed for ripeline distribution.

The second criterion thet was used was the calorific-conversion efficiency,
which hercefter w11l be referred to in this menuscript as calorific efficiency, and
which is defined by the equation

i=3 J =3
= Ci¥p 4 > 04Xy
CE(%) = 100 1 -1 i =2 , (7)
A_Clxk

where X; and XJ are the yields, in volume wnite at normal reference conditions, per
unit time of the C1 to Cy pareffin and Cp and C3 olefin hydrocarbons, respectively;
Xy is the feed rate of syunthesis gas, in volumes per unit time; ¢y anﬂ.Cd ere the
gross heating values of components 1 and J, respectively, in B.%t.,u., per unit volume
et normal reference conditions; Cy is the gross hesting velue of methane; and 4 is
the stoichiometric yleld of methane according to reaction (1), in volumes per unit
volume of synthegis ges, This eguation texes into considerstion only that portion
of the gymthesis gas that is converted into en acceptable fuel gas, and the velue
obtained from the equation is the part, expressed as percent, of the maximum possi-
ble theoretical heeting value that cenm be cbiained from e synthesis gas having a
specific hydrogen-carbon monoxide ratic. As an example, a synthesis gas heving =
hydrogen-carbon monoxide ratio of 3:1 and producing only methane would vleld =
calorific efficisncy equal to 100 percent.

2t/ Storch, H. H., Golumbic N., and Anderson, R. B., The Fischer-Tropsch ani Re-
lated Synthesis: John Wiley & Son, New York, 1951, p. 152,
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In the later stages of the work when high-activity nickel cstalysts were being
tested, 1t was found that these two criteria were insufficient to evaluete the cat-
alysts and & third criterion, the process life of the catalyst, was established.
This value was uced to eveluate nickel cutalysts only end is expressed as total
yield of methene in pounds per pound of anickel in the cetalyst.

Syathesis Gas

The syntresis gas that wee used in both the fixed- and fluidized-bed testing
was menuractured in a8 Glrdler-type synthesis-ges plant from netural gas and stesnm,
After manufecture, the synthesis gas was stored in s wet gas holder until used, For
fized-bed work, the gas was compressed to sbout 2,100 p.s.i.g., pessed through an
activated-charcoal trap, =snd charged into stsndard gas cylinders. For +the fluidized-
bed work, the gas was compressed to 400-600 p.s.l.z., puritied by passing through an
activated chercoal trap, and then passed directly to high-pressure manifolds that
carried it to the reaction equipment. 'The sulfur cantent of beth the 2,100-p.s.i.g.
gas and the L00- +o 600-p.s.1.2, gas was approximately 0.1 grain per M ¢.f. after
leaving the charcoal trap. Synthesis gases with hydrogen-carbon monexide retics of
1, 2, 2.5, and 3 were prepsred for this work.

Gag Analyses

Botk synthesis gas and product gas were analyzed in s Comsclidated Engineering
Mass Spectrometer. During operation carbon dioxide concentrations in the product
gat were determined in g conventicnal Haldane apparatus.

Catalysts: Preparstion and Pretrestment

Although some naturally occurring and some commercially manufactured materisls
were tested, most of the catalysts used in both the fized- and fluidized-bed tests
Were prepared in the lsboratery. These meterials were, With some exzception, of the
gupportcd-metal type and were prepared by either impregnation or precipitetion tech-
nigues, In order +o Impregnate & support, a solution of the nitrate salts of the
metal and promotors was mdded to a quantity of support to form a slurry. The slurry
was then evaporated to drymess over a steam bath, and the dried residue was pluced
In an oven, which wass mainbained et approximately 600° €. to convert the nitrate
salte tc oxides, If a precipitated meterial wvas desired, the slurry of nitrate salts
8nd support was trested with a solutien of potassium carbonete. The treated slurry
was then heated to the boiling point with constant stirring and filtered, The f£il-
tered solid material was washed with hot water end was then dried in a dryling aven
for approximetely 16 hours. The dried residue obtained from either technique wss
¢rushed to 6- to 8-mesh (U,5.3.) ror fized-bed testing or a size smaller than 80-
Lesh for fluidized-Led testing,

Ore group of catalysts composed of magnetite and ball clay was prepered by
firing g dried mixture of megnetite and ball clay in a furnsce at approximately
G00° ¢, The sintered material was then crushed to the desired sieve size for
testing, '

Cetalysts were pretreated in & number of ways, slthough in a few instances no
Pretreating was done, In the latter case, the catalyst was charged to s particular
nit immedistely siter sieving ana synthesis was initieted with the raw catelyss.
In nest cages, however, the catalyst was reduced with hydrogen before synthesis,
®nd, in the case of iron catalysts, most of the materials were also subsequently
Nitrided with gohydrous smmonia before the initistion of synthesia.
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For the fixed-bed work, the reduction was carried out in a epecial reduction
unit at 350°-400° ¢, and atmospheric pressure for approximetely 8 hours, unless the
meterial was to he nitrided, in which case the reduction was continued until an
XZ-ray ansalycls of the catalyst revealed that at least 20 percent of the iron wasg
présent as-» -iron, Nitriding was carried out in this same unit by pegsing anhy-
drous amonis over the catalyst at 350c C. end atmospheric pressure wabil X-ray
analysis showed that an—» -~phase nitride, Fepll, was obluined. This nitride corre-
sponds to 8 nitrogen content in the welght range of 7 to 11 percent and an ateom
retio of nitrogen to iron in the range 0.3k to 0.498,

In the case of the fluidilzed-bed work, bolh the reduction and nitriding of the
catalyet were carried out in the reactor iteelf.

Certain nickel catalyste that were reduced in the fluidized bed were dischergeq .
and exzamined after reduction was complete, and then were recharged into the fluig-
ized reactor. Thic technique was used to rermit determination of the effects of re-
duction on the size consist and bulk density of the catalyst., In the fluldized
units, the reduction of nickel catalysts wes continued until the formation of water
had almost ceased, a procedure that required from 3 to 72 hours, depending upon the
type of catalysi belng reduced,

Before synthesie the Raney-cobalt and Ranev-nickel alloys that were tested were
either oxidized with steam followed by reduction with hydrogen or treated with a
solution of efther sodium or potasslum hydroxide to remove part of the elminum from
the alloy. The extracted catalysts were charged to the resctor in a wet condition
but were dried in & hot streem of helium or hydrogen before synthesis was initiated,

FIXEL-BED TESTING

Squipment Description

The fized-bed reactor is showm schematically in Figure 1l3. The reactor can-
sists of & 1/2-inch, Schedule L0, steel pipe 12 inches in length surrounded by an
electrically heated Dowtherm heat-cxchanger jacket, The resctor tube, which holde
gbout 55 co. of catalyst, conteins a 1/b_inch steel thermocouple well. A second
thermocouple well is inserted down through the top of the heat-exchanger jacke:.
Temperatures in the bed and in the Jacketed section of the reactor are mezsured by
chromel-alumel thermocouples and are recorded onen Indicating-recording potentio-
meter, Jacket temperatures are maintained by controlling nitrogen pressure over
bolling Dowtherm in the Jacket uslog a mercwry menostat. The operating limits of
‘he wnit are epproximately 300 p.s.i.g. at 4000 c,

A Tlow diagram for the fixed-bed srparatus is shown in figure 1k, Synthesis
ges aof any desired hydrogen-carbon monexide retio is fed to the reactor from
Standard gas cylinders through sn activated charcosl trap, mecrothrettle aend micro-
vhroitle valve, and a flow meter. The synthesls gas enters the resctor tbkrough +the
top and flows down through the catalyst bed. Tha rroduct gases leave the reactor
end pass through 2 trap system to recover liquld and seolid products, and then
through a pressure regulator, carbon dloxide-serubbing system, sight-bubbler, prod-
uct-gas meber, and cut to atmosphere. Provisions are made for sampling the product
gas boil ahead of snd after the carbon dioxide scrubber; however, in normal opera-
tion, only the latter Sampling point is used.
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Operating Frocedures

Synthesis gas wes admitted to the reactors st space velocities ranging from
100 to 300 hr.-122/ and st pressures renging from O to 300 p.s.i.g. In same in-
stances, space velocities were increagsed to as high as 3,000 hr.-1 after the initi-
ation of synthesis; however, in normal operationm 300 hr,-1 was rarely excecded,

Eesults

The results of the fixed-bed testing are summarized in tsble 1, Iren cata-
lysts were less actlve than nickel catalysts, and impregnsted nickel catalysts were
less active then precipitated nickel catalysts. ITittle difference in activity was
observed beltween precipitated nickel catalysts and extracted Raney Blloys. Oxidized
and reduced Raney slloys were inactive for the producticn of methane,

In general, iren catalysts produced large cuantities of Cs + hydrocarbons
(those having more than 3 carbon stoms), snd 1t was difficult éo obtain product
gases with heating values over 800 B.t.u. per cu. ft, When such heating values
were obtained, the calorific cfficiencies for the process were usually quite low
becsuse of the ¢xcessive yilelds of high molecular-weight hydrocarbons and carben.
In contrast to these low methane ylelds with iren catalysts, nickel usually pro-
duced 900- to 1,000-B,t.u. product zeses at estimsted calorific efficienciss thas
nearly always mpproached 100 percent,

With almest 8l)l of +he lron catalysts tested, carbon deposition was excessive,
even with synthesis gases having hydrogen-carbon monoxide ratios as high as 2.5.
In contrast to this, very little carbon deposited on nickel catalysts when hydrogen-
carbon monoxide ratios of 2.5 were used. With synthesis gos having a hydrogen-car-
bon monoxide ratic of 1, it was almost impossible to continue experiments for gy
extended period of time with either irom or nickel catalysts because of carbon
deposition,

The msjor effect of changes in space velocity with nickel catalysts was re-
flected in the temperature profiles of the catelyst bed, In figure 15, the temper-
atures at various heights within the catalyst bed are plotted as functions of the
distaence From the top of the reactor and space velocliy., The catalyst that was used
Tor this test wuas an extrasted Raney-nickel slloy. A three-fold increasse in gpace
velocity shifted the peask temperature 1o the bed only 1 inch further down in the
bed, indicating that the activity of the catalyst was guite high.

Later manipulations of the space veloclty with this same catslyst resulted in
8 sieady decrease of the temperature gradient within the catealyst bed. In the
. Period Jjust hefore termination of the run, & temperature dirference of about 10° C.
In the length of the bed was observed at a gpace velocity of 1,500 hr.-Ll, The
Synthesis ges conversion at this time wus over 80 percent, and the heating valne
of the product ges was betfer then 900 B.t.u. per cu, %,

n

2/ Space velocity = Volumes of gas per hour (NTE) .

Volume of catalyst bed
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Discussion

Despite the fact that these tests show that nickel materinls are much Buperiop
to iron meterisls ag methanation catalysts, 1t must be reaiized that the Industriay
production of high-B.t,u. fuel gas can also he congidered in terms of a combineg
Process producing both liguid and gaseous Froducts, in which cese, iron and hot
nickel would Probably be the most suwltable material, If iron ig used, however, -
carvon deposition would be a major problem in the pProcess, since increases in hydrg.’
#en-cerbon meonoxide ratios are mot sufficient to brevent depositiom. Other tech-
niques, such as sdditlon of stean suggested by the Gas Research Board,23 might he g
partial solution to this Problem, gnd attempts were made to evaluate tre effective-
ness of this method in the fluldized-bed work that 1z discussed in & later sectipon
of this paper,

Cue of the mejor results of the fixed-bed studics wae 8 clue to the order of _
megnltude of the reaction rates within the nickel catalyst beds, which was obtaineg
from the moasurement of the temperature distributions within the reactor. Thig
phencmenon of high reaction rates was g problem that proved to be g major diffieulty
in the fluidized-bed gtudies since the high rate of conversign of synthesig g£8s at
high space velocities produced large gquantities of heat and resulted in cxeessive
lemperature gradients 1n the catalyst bed,

The use of Raney alloys 1s to the authors!' knowledgc, the first successfil at-
tempt at using these elloys as dry-bed hydrogenastion catalysts.gk/ Although a grest
deal more work must be done before the utility of thege materials is completoly eval-
nated, the preliminary resulte indicate that these extracted aslloys might be used
Fuccessfully for methenation in large-scale, fixed-bed equipment.

FLUIDIZED-BED TESTING

Two types of fluidized-bed design werc used to carry out the vench-scale phase
of the work, 4 conventional single-feed static fluidized Teactor was used to evel-
ugte iron catalysts. However, it was observed that the heat-iransfer characteris-
tics of this unit were inadequate to handle the quantity of heat evolved during the
tests with nickel catalyste, and when excessive temperatures damaged the unit, a
nuttiple-feed stgtic fluidized unit was desigred and constructed. ZEach unit and
the results obtained from that wait will be discussed separately,

Conventionzl Red

Eguipment Degeription

The fluidized wunit that was used for evelueting {iron catalysts is shown sche-
waticslly in figure 16. The reactor consists of a 3/#-inch, Schedule 80, seamless,
steel pipe 6 Ffeet in length enclosged :n g Z-inch, Schedule 40, Dowtherm heat-ex-
changer jacket, A one-fourth-inch finned baffle tube 1s inserted in the center of
the reactor tube to disperse the catalyst and sid in fluidization and to gerve as
a well for the thermocouples that sre used to messure catalyst-bed temperatures.
The reactor hesd is Titted with two steinless-steel porous Tilters, which arve shown
in flaure 17, to krevent the carry over of small catalyst particles with the prod-
uct gas. The filters are arrenged so that ope may be used to remove broduct gag

See work cited 1n footnote 1G.
g%/ Fischer, 7,, and Meyer, K., Suifability of Alloy Skeletons as Catalysts for
Benzine Synthesis. Brenngtoff-Chem.,vol, 15, 1934, pp. 84, 107.
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. while the other is being clesned and cooled by & strecam of blowback recycle cas,

; The bottom of the reactor tube is fitted with a ball-valve unit to prevent cmtalyst
from settling into the hottom flange scetion of the unit. Provision is made to
gample calalyst through the bottom of the reactor during operation by displacing
the ball with a rod and ellowing catalyst to drep into a small-diameter capped pipe
ghat extends below the bottom flange. This arrangement is not shown in figure 16.

A flow diagrsm for this unit is shown in figure 18. Synthesis gss et LOO-600
p.8.1.2. 18 supplied fo the reactor from the high-pressure manifeold through a main
ghutoff valve, pressure reducer, rotameter, and ges preheater. The activeted char-
: coal trap shown in figure 18 wes not insztalled wntil after the work with iron cata-
lysts was completed, Steam may be added to the synthesis gass Dy passing the synthe-
gis-zas stream through an electrically controlled saturstor placed ahead of the
prehester. FProvisions are also made to supply the eystem with hydrogen for reducing
and smzenie for nitriding cetalysts.,

Product gases are pasced through a trap system to recover liguid and solid prod-
ucts, atter which the stream is divided, one portion going to & recycle compressor
and the other through s back-pressure regulator to a gas meter, s recording Coo
enalyzer, a recording-indicating calorimeter, snd out to atmosphere. The recycled
gases pass through a rotameter and join the synthesis-gas line just before the sat-
nrater. A smnll amount of recycle ges 1s used to provide blowback gas Tor the
filters.

A menometer is placed across the unit, between & point In frowt of the pre-
' heater and a point after the filters, to mcasure gressure drops zcross the bed
: during operation,

The reacter is hested by electrical colls that are placed around the hezt-
exchanger walls, 1In additlon to theece hesters, auxiliary heaters are used at the
bottom- end top-flunge secticons of the reactor to compensate for heat losses at
these points. A scperate tempereture controller regulates the temperature of the
: bottom-flange section, Temperastures of varicus points within the catalyst bed
are messured by Ilron-constantan thermocouples and gre recorded on a recording-
Indicating potentiometer.

The temperature and pressure limits of the unit are approximately 450° C. ana
kao p-8.1.g., respectively. At these operafing conditlens, based upon = meaximm
gas-fluidization velocity of spproximately 2 ff. per sec., & total flow of fresh-
feed and recycle gas of sbout 200 std, ¢.f. per hr, and & recyele to Presh-feed
ratic of about 3:1 can be cbtained. In normal operation, the wnit holds about
300-400 ce. of catalyst with particle size less than 80-mesh (U,5.5.), which vields
a settled catalyet-bed height of 3-4 feet. During normsl operstion {1inear gas
- velocity ~e 1 ft. per sec.), 2 bed expansion of approxzimately SO-percent is ob-
tuined. 411 space velocities, however, are calculated on the basic of settled
volume of raw catalyet.

Operating Procedures

The catalyst to be charged to the reactor wes crushed to a gize smaller than
80-mesh before bedng placed in the reactor. Other than this ne attempt was made %o
Belect a predetermined size distribution, unless a particular catelyst was run a
Dumber of times, Table 2 1is 2 summery of the particle-size cheracteristics of the
iren catalysts used in the conventicnal-bed studies.
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The catalyst waz reduced at 3509-L0C° ¢. ani 100 P-5.1.g., with maximum re-
eyele gus end minimum Presh-teed hydrogen. Waber was removed bhelore passing the
exlt gases from the reduction te the recycle compressor. 'Trhe extent of reductien
and nitriding of the cetalysts have been discusced rreviously.

TABLE 2. - Zleve analysis of irem catalysts

Catalyst mmber ... ... .00 iiiiiernnee.  D-2001 D-1033 D-103k 1-1026
Catalyst VOLUME, CC. vvivsenweccrrrrasas 350 300 340 350 350
Catalyst welght, gm. ..uvivenvenennnn.. 800 853 He 807 71T
Sieve analysis, percent by wh,:
i veens 0.00 0.00 0.00 0.00 0.00
0 DS 1o B 1 32.3 1.50  17.7 23.0
115-100 eiiiieniiiaii i eneiieene, 13.0 1.5 28k .50 7.30
150170 ittt c st e anaa, b1 6.72 15.8 23,5 364
Li0-P00 . uiuooo.. A e 1 6.72 15,8 7.80 4,80
e 10 P 11,8
}29.1 | EE }38.5 }28.5
S 31.4

The bed was heated to 2002 ., to prevent formation of metal carbonyls before
the initiation of synthesis, The temperature was increascd slowly from 2000 C. to
the temperature at which a minfmm feed-gas volume contraction of 60-70 percent on
a water- and carbom dioxide-free basis was obtained. 1f this contraction was not
obtaired at the initial operating pressure, the temperstures were reduced to 200o c
the pressure was increased, and the temporature was glowly increased again, When
the desired volume contraciions were obtained, spot samples of the product gas were
teken for aralysis, Catalysts were generally studied in the temperaturec and pres-
sure ranges of 200°-400° ¢, and 0-300 v.5.1.5, respectively.

1

Results of Iron-Catalyst Tests 1n Conventional Bed

The resulte of the tests with irom catalysts are surmarized in taeble 3, A1l of
these moterials produced large gquentities of carvon with synthesis gascs having s
hydrogen-carben monoxide ratio o 1. Although there was some decresse in the quen-
513y of carbon deposited when the ratios were increasad to 3, the amoimt of carbon
deposited at the higher ratios was still excessive and it was difficult to obtain
satiefactory process data,

It was extremely difficult to obtain Product gases having nesling values
greater than 700 B.t.u. per cu. ft., and, with 31l of the catalysts, the yields of
03 + hydrocarbons were high, Thesec high yields of Cz; + hydrocarbens wers rosponsin-
ble for ihe low calorific efficiencies cbtained with™ iron catalysts. The least
desirable catalyst wish respect o these nigh yields of C: + hydrocarboms was &
reduced and nitrided synthetic smmomie catalyst {D-3001), "waich produced a gas hav-
ing a healing value of 500 B.t.u. rer cu. ft., bubt al a calorific efficiency of
less than 45 percent.

The best iron catalyst waes 3 reduced snd nitrided fine egteel zhot (D—losh},
which 1s & byproduct of steel-zhot manufacturing. This meterial was subjected to
& number of tests lo determine its synthesis characteristics, Figure 19 shows the
effects of tempersture on the composition and on gross hesting value of the product
gas obtained when using this catalyst at a pressure of 100 p.s.i.g., a recyele ratio
of 2:1, a fresh-feed epace velocity of 84 hr.-1, and a syathesis gas having a hy-
drogen-carbon monoxide retio of 1. Tho results cf additicnsl tests to determine the
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