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FISCHER-TRGPSCH SYNTHESIS IN A FLUIDIZED-CATALYST
REACTOR WITH A NITRIDED, FUSED-IRON CATALYST.V

by

J. ). Demeter?/ and M. D, Schlesingerg/

SUMMARY

As part of its work on converting coal to fluid fuels, the Federal Burcau

of Mines has been Studying the synthesis of liquid fuels from carbon monoxide
and hydrogen by Fischer-Tropsch synthesis.

A fluidized bed of nitrided, fused-~iron catalyst has been operated suc-
cessfully to produce high yields of oxygenated compounds.

it a space velocity of 500 hr.=l, a 12:1 recycle~to-fresh-feed-gas ratio, a
300-p. s. 1. g. pressure, and a tempexrature of 252° C. When operating at a
fresh-feed-gas space velocity of 1,000 hr,-Y and a 9:1 ratio of recycle to
fresh gas, conversion of fresh feed was 68 percent, and the product vield was
35.9 grams per cubic meter of synthesis gas converted. The oxygenate and G
nd heavier hydrocarbon yield was 110,6 grams per cubic meter of gas converted,
3 percent of this was oxygenates. The atom ratio of N:Fe of the catalyst,
initially 0.455, decreased to 0.288 by the end of the 800-hour experiment,
ﬂNEVEIthElESS, the yield of oxygenated compounds per cubic meter of Ho + CG

onverted at the end of the run was approximately the same as that cbtained
1300 hours earlier with identical operating conditions. X~ray analysis of the
‘discharged catalyst tndicated that only e-iron carbonitride was present,
Sieve analysis of the discharged catalyst indicated that only 2 percent of
fines was produced during the reduction, nitriding, and synthesis.

INTRODUCTION

In its study of methods £or converting coal to fluid fuels, the Bureau

of Mines developed an iron Fischer-Tropsch catalyst that was more resistant

to oxidation and ylelded a lighter product, richer in alechols than that oh-
fained in synthesis over known iron catalysts. Previously the fluid-bed proc-
888 required relatively high temperatures to prevent agglomeration ("waxing
Up") of the catalyst by the product, yet these temperatures - above 300° ¢, -
“dused impediments, such as carbon deposition and catalyst oxidation, The

i1/ Work on manuscript completed July 25, 1958,
' Chemical engineer, Bureau of Mines, Region V, Pittsburgh, Pa,



Bureau developed an iron carbonitride catalyst that offered the OPPoOrtunity ¢,
avoid these difficulties by operating a fluid-bed process at considerably 1m&§
temperatures, Rxr
The catalyst-testing laboratory has shown3/ that a nitrided, fused-iroy
catalyst is more active than reduced iron and stable when operated below 2750’
C. Considerably higher yields of oxygenated compounds, predominantly alcen
hols, are produced with nitrided catalysts, Much of this aleohol might be
advantageously blended with the gascline, since a studyﬁ/ has shown that the
octane increase resulting from adding 10 percent by volume of ethyl alcohol
is about the same as that produced by adding 1 ml, of tetraethyl lead per
gallon, Addition of 25 percent of alcohol is equivalent to 3 ml. of tetra-
ethyl lead. An alcohol-rich gasoline {containing 28,4 weight-percent of
C1 - C3 alcohnls) had been produced with a nitrided, fused-iron catalyst in
a pilot plant containing a reactor with a fixed catalyst bed that was coaled
by oil circulation, The gasoline had a clear research octane number of 92,9
and adding 1 ml, of tetraethyl lead raised the octane number to 98.5. A gas
oline produced with a nonnitrided, fuscd-iron catalyst in the same pllot plant
had a clear research octane number of 84.8, which was incrcased to 91,2 by
adding 1 ml, of tctraethyl lead.

Another advantage of using nitrided, fused-iron catalysts is that the .
liquid product is predeminantly in the gasoline and diesel boiling range and:
thus reduces or eliminates the need for cracking heavy products to obtain a
maximum gasoline yield, Although more Cy and Cp gases are obtained than with
a reduced-iron catalyst, this is at least partly offset by the vield of these
gases obtained when the heavy hydrecarbons produced with reduced-iron cata~-
lysts are cracked, The purpose of using a nitrided, fused-iron catalyst in .
a fluidized bed was to detcrmine if the short contact time of the gas in the-
catalyst bed (as a2 result of the inherently high gas velociLy) affected the
yleld of oxygenated compounds. If the primary product of the synthesis is
alcohols (which are comverted to olefins and paraffins by secondary reac-
tions), short contact time should result in a higher yield of oxygenates,
because the primary product is removed rapidly ffom the reaction zone,

ACKNOWLEDGMFNT
The authors hereby exprecss their appreciation to the many persons im~
volved in acquiring the necessary information for this paper - im particular,
the operating staff of the Gas Synthesis Section development laboratory, the
Analytical Seetion, and the mass-gpectrometer group,

DESCRIPTION (F APPARATUS

The multiple~feed, fluldized~catalyst reactor is shown schematically
in figure 1, The reactor consists of a l-inch Schedule 80 scamless steel

3/ Anderson, R, B,, and others, Studies of the Fischer-Tropsch Synthesis,
VIL. WNitrides of Iron as Catalysts: Jour. Am. Chem. Sec., vol. 72,
1950, pp. 3502-3508,

4/ Porrer, J, C., and Wiebe, R., Alcchel as an Antiknock Agent in Automotive,
Engines: 1Ind, Eng, Chem., vol. 44, 1952, pp. 1098-1104,
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Pipe, 6 fect long, enclosed in a 3-ineh Schedule 40 heat-exchanger jacker, 4
3/S—inch-outside-diameter, internal-baffle tube with external fins is inserteq
in the center of the reactor tube to disperse the catalyst and aid in fluidi.
zation; it also serves as a thermowell for a five-junction thermocouple, The
thermocouple junctions are placed at heights of L, 8, 17, 35, and 60 inches
above the bottom of the reactor. Three of the junctions are approximately a¢
feed-gas inlet points - one at the bottom of the reactor, one 18 incheg abova
the bottom, and one 36 inches above the bottom,

The reactor head is fitted with two porous stainless-steel filters to
prevent carryover of small catalyst particles with the product gas. The fil-

other is being cleaned and cooled by a stream of blowback recycle gas, A bajy”
valve at the bottom of the reactor prevents the catalyst from surging back :
into the inlet section of the unit, The catalyst is sampled through the bot-
tom of the reactor during operation by displacing the ball with & rod pasged
up through & plug vaive and allowing the catalyst to drop into a small~diame~
ter capped pipe that extends below the hottom flange of the reactor,

The operating limits of the unit are approximately 480° C, and 300
P. 8. 1. g. For a maximum fluidizing velocity of 2 feet Per second at these
conditions, the total {low of gas is approximately 320 standard cubic feet
Per hour., A charge of 350 to 500 ml. of catalyst finer thap BO~-mesh £ills
the reactor to a height of 3 to 4 feet (settled bed).

The flow system for the unit is shown in figure 2. Synthesis gas at 400
te 500 p. s, i. g, is supplied from a high~pressure manifold through a main
shutoff valve, an activated-charcoal purification unit, a pressure reducer,
and a rotameter. The stream is then divided and passed through threc throttle
valves that control the flew Lo each gas-inlet point, Steam may be added to
the synthesis gas by passing the bottom feed stream through an electrically
heated saturator placed upstream from the preheater. Provision is also made
to supply the system with hydrogen for reduction and armonia for nitriding.

The temperature of the bottom feed-gas stream is controlled by an elec-
trical preheater, The two upper feed-gas streaps are introduced through
tubes that run down through the Dowtherm-jacketed section of the reactor for
preheating before they enter the side of the Tedctor, This design eliminates
local overheating, since the heat liberated in any section comes from reaction
of only part of the £as stream, The fresh feed £as entering at onc poinL is
almost completely converted by the time it reaches the noxt iniet point 18
inches above, 1In effect, the gas reaching each successive point 1s recycle
gas. In these experiments using a nitrided, fused-iron catalyst it was not

All of the fresh feed entered the bottom iniet, and the upper inlets were
used for pressure~drop measurcments, The multiple-feed feature was required
when methane was synthesized over nickel catalysts at a high throughput.é

ET_ Greyson, M., Demeter, J, J., Schlesinger, M, D., Johnsen, G. E,, Jonakin,
J., and Myers, J, W., Synthesis of Methane: Bureau of Mines Rept. of
Investigations 5137, July 1955, 50 pp.



Gases pass overhead from the reactor through a trap system to recover
Products that are solid at raom temperature are

jacketed product receiver, and the ligquid hydrocarbons,
oXygenates, and water are recovered from a water-cooled product receiver. The

gas stream from the liquiduproduct_receiver is split; one part goes to the

and to a recording carbon dioxide analyzer before being vented to the atmos-
phérE. The recycled gas styeam passes through a rotameter and then to thrae
throttle valves that control the flow of the recycle gas to each inlet gas
stream, A differential-pressure manometer is arranged to measure pressure
drops betwcen a point just before the preheater and the 18- and 36

~inch gas-
entry points and a point after the [ilters.

DESCRIPTION OF EXPERIMENTS

_ Two experiments, runs F-53 and F-34, were made iIn this fluidized system.
eduction and nitriding were effected in the synthesis reactor.

Rum ¥F=53

A fused-iron catalyst, D-3001, 80~ to 230-mesh, was completely reduced to
lpha iron with hydrogen at 400° to 410° C., 100 p. s, 1. g., and a space ve-
ocity of 3,000 volumes of gas at S, T. P. per hour per volume of settled bed.

atalyst D-3001 is a synthetic-ammonia catalyst which has the composition
hown in table 1.

TABLE 1. - Composition of catalyvst D=3001

Weight-percent
F e caoiocossrranssecucoescocnnesnss 66.8
3102 . .6
Cr203 coMmaamsenmo Cl e ieeaenn erews .8
4 4.6
KzO “eA MM A st se e eren s s R .b

- The catalyst has a total surface area of 10 square meters per gram when
Yeduced completely with hydrogen at 450° C. and 1,000 space velocity.ﬁf The

reduced iron was then nitrided at atmospheric pressure and 325° to 3506° Q.

¥ith ammonia at a space velocity of 780 hr,~l., During the nitriding operation

3 bleed stream of hydrogen was maintained through the middle and upper gas-
Inlet lines to keep them free of catalyst, The bleed streams of hydrogen
®¥idently xctarded the nitriding operation; the nitride produced was y'-Fe

Tather than the preferred C’FezN.

4N

Shortly after synthesis was initiated, failure of the recycle-gas com-
Pressor resulted in excessive catalyst temperatures that probably decomposed

“-""-u-.__

&/ Hall, W. K., Tarn, W. H,, and Anderson, R. B., Studies of the Fischer-
Tropsch Synthesis. VIII, Surface-Area and Pore-Volime Studies of
iron Catalysts: Jour. Am. Chem, Soc,, vol. 72, 1950, pp. 5436-5443,
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the small amount of nitride present, Attempts to operate the catalyst at 250 -
C. resulted in condensation of heavy hydrocarbons upon the catalyst, The
wetted catalyst lost its fluidization properties, and the run was terminateq,

Run F-54

Another batch of fused iron, D-30601, 120~ to 230-mesh, was similarly re. .
duced with hydrogen to alpha iron. The reduced iron was nitrided with ammonyig -
at atmospheric pressure and 325° tq 375° C. at a space velocity of 310 hr,-1 -
During the nitriding operation bleed streams of helium instead of hydrogen

were maintained through the middle and upper gas-inlet lines. This time tha -
catalyst was predominant Iy € ~FeoN.,

Because stepwise activation of the nitrided catalyst in slurry apera-
tions had resulted in higher yields of oxygenates and less C1 + Co hydrocarbon
gases,’/ a similar activation procedure was followed in the fluidized-begd eX-
periments. This involved Successive periods of operation at 100, 130, and 200
P« 8. 1, g. at low conversion levels - 17.7 to 24,4 percent. ot

After the catalyst activation (78 hours), synthesis was initiated at a
fresh-feed space velocity of 3,000 hr.=l, with a 3:1 Yecycle ratio of tail
gas to fresh feed gas and 300 P. 8. 1. g, A conversion of 24.3 percent was
obtained at 238° ¢. The temperature was raised to 250° to 253° C. to reach a-
higher conversion, and the space velocity was lowered stepwise from 3,000 to °

500 volumes of gas per volume of catalyst per hour. The ratios of recycle to:
fresh feed varied from 3:1 to 12:1. '

DISCUSSION OF EXPERIMENTS AND RESULTS

Experimental results are summarized in table 2,

The product distribution
was typical for a nitride

d, fused-iron catalyst - high gas yields, low-boiling
liguid hydrecarbons, and high yields of Oxygenated products. The figures per-.

taiuing to gaseous products were calculated from mass-spectrometer analyses of-
3 or 4 spot gas samples taken during each steady-state period. All of the

liquid products were accumulated during a steady-state period and mixed, For-
Steady-~state periods VI to X (table 2) the liquid-
yield ranged from 94,2 to 120 grams per cubic meter of gas converted, and 76 - .
to 87 percent of this was oxXygenated. The maximum operating temperature was .
limited to dpproximately 255° C,, as nitrided-iron catalysts decompose and

lose nitrogen at an accelerated rate at higher temperatures, When the nitride

is decomposed the catalyst gives products with a composition similar to that
obtained from reduced jirom,

During the experimenr the
in synthesis-gas rate to mainta
0.9 feet per second through the

tecycle ratios were adjusted with each change
in a superficial linear velocity of 0.5 to
catalyst bed, Recycle-gas rates at the

27_ Schlesinger, M, D,, Benson, H, E,, Murphy, E. M., and Storch, H. H.,
Chemicals From the-Fischer-Tropsch Synthesis.

Ind. Eng. Chem,, vol.
46, 1954, pp. 1322-1326,



TABLE 2, = Experiment F-54, operating co

I, 11, 11T, v, v, Vi,

4f22- 4f23- &/ 24~ 4§25~ 4f20- 5/2-

Period 4f23/58 4724755 4425755 4/29/55 5/2/55 5/6/55
CatalyBt AZE ..seessesasssesnrsss hours | 0-30 30-54 54-78 78-168 168-240 240=316
Converter PTESSUTE .ieeuces Po S 1. 8. 100 150 200 200 300 300
Fresh-feed space velocity ....r.. hr.,~} |1,000 1,500 2,000 3,000 1,500 1,500
wnwmﬁmwnwmw linear velocity .. fEt./sec. 0.9 0.9 0.9 0.9 0.8 C.8
Recycle to fresh-gas ratla ceraanns 3:1 3:1 3:1 il 6:1 a:1
Average temperature ..... vesns "0, 238 239 239 238 240 250
Hnﬂwmﬂmncﬂm differential .....c.... Doo 12 15 16 13 11 il
Peed=-gas TAtLO ivesnarenasisnaas =Nnno 1:1 1:1 1:1 1:1 1:1 1:1
Usage Tatlo .ovivnvneunnnverennas Ja. |1.3:1 1.4:1 1.3:1 la3:l 1.5:1 1.3:1
Hy converslon ..i.uvesvassaaeas pereent | 27.5 21.4 20,2 27.5 41,2 54,7
CO conversion .u.usieensreasasiee. Do.o | 21.4 15.2 15.1 21,2 28.1 42.1
' Hy + CO conversion ,.. veer Do. | 244 18.3 17,7 24,3 34,6 48,4
C0y-free contraction . vese Do, | 2L.5 15,0 15.8 22.6 30.8 43,9

s mﬁ.xﬁ.uxw + CO cenverted: _ . .

CHf{ ©uvnnevasensnnansrrananrsnsaness |03.65 44.39 ) um.ﬂh 34.87 ) ﬁ.mmm 47,52 )
tacenacannrnnnansenasarnnnnenves | 18.55¢ 70.9119.34 [ 69,7]20,.11; 79.2 B.99, 47.8| 20,18! 70,1| =21.53; 70
et ttereeeeerinrrarraansteanenes | BLT3) 6.00 ) 6.20 | 3.95 | 2.66) 1.84 )

1
a.muw m.mux m.ao& E.may 8.53 G.ﬁh
teahrvsmncan veresens |32.74 {27.27 28,27 24,80 28.40 22.74
teeianevaiesorecasaiasaorcaanass 18,55 186.2122,67 1 88.1113,15 »63.6] 17,25 )66.51 11,34 470,71 7,05} 52
:.bmf uu.mmﬁ S.Nw% ,.‘.SJ 15.83 @.WJ
PN 5 T S I 14.30 | - - 6.64 | -

Cy +C, olefins ...., welghtwpercent | £6.7 3.2 } 62.8 52.0 59.0 61.7

(xygenated carpaunds in oli phese .. - - b= - - 33.7

Oxygenared compmmds i{n water phasa, | 48,0 45.8 46,9 33.8 56.1 66,1
Total oxygensted compounds ..... - - _ - - - 59.8

VEMDOWI orvusascnanonnanensaarsnanas - - - - - 4,3

Eydrocarbons, condensed ....asvivocs - - [ - - - 15.9
Total yield svevevonveansnsecaes | - - P - - 243.6

rensnaEnasan 69.7 101.8 1300 96,2 I 1R7.7 i03.3

Carbon dfoxide ...iveeeereennescnnse |402,7 250.2 1259.,6 163.9 223.5 289.3

«ss weight-percent of feed gas [103.4, 100,2 151.0 93.5 150.6 "01,1
pressure, H; in inle: i
tarescavmisresssnasas Po By Lo Ba I - - - 145,56 30,4 2l7.8
red analysie of ofl phase .,.u.ees | ;
' tTereuicseanaess weight-percent {-CH) _ - - b - - 2.z




Near the end of the run the unit was operated at a space velocity of 500
volumes per volume per hour, & recycle ratio of 12:1, and a pressure of 300
p. 8. 1. g. About 85 percent of the synthesis gas was converted at these con-
ditions. Twenty-four hours before the experiment was ended the fresh-feed
space velocity was increased to 1,000 volumes per volume per hour to duplicate
run conditions employed 500 hours earlier, The conversion of S{nthesis gas
had decreased from 68 percent obtained previously at 1,000 hr.-l space veloe-
ity to 61 percent, but the yield of oxygenated compounds per cubic meter of
H2 + CO converted was approximately the same as that obtained 500 hours
eariier, This yield was obtained despite the decrease of the N:Fe atom ratio
of the catalyst from 0.455 to 0.228 during the total experiment,

The sieve analyses of the raw catalyst charged to the reactor and of the
catalyst discharged after 837 hours of synthesis are shown in table 3. Com-
parison of the sieve analyses shows that catalyst breakdown due to attritien
and other causes was very small. The percentage of fines (catalyst passing
through a 230-wmesh sieve) was increased from 1.6 to only 3.9 percent during
reduction, nitriding, and synthesis. The expansion in particle size that
occurs when reduced ixon is nitridedﬁf is Iindicated by the increased amounts
of the catalyst in the 100- to 140- and 140~ to 170-mesh ranges and the de-
creased amount of catalyst in the 170~ to 200~ and 200- to 230-mesh ranges.

TABLE 3. - Sieve analysis eof raw and discharged catalyst

Tyler standard-sieve Raw catalyst, Discharged catalyst,
size, mesh weight-percent weight-percent
100-140 .evievecronnasanrescsavanas 31.9 45.1
140-170 ..... feassisarusTrerasesane 18.9 25 .4
170-200 .ioeosrasecorncnorenconaaana 32.8 21.3
200-230 tuvinsnsanncnncirinncnennns 14.8 4,3
2230 civoccvoonresrnasrescvarasaanas 1.6 _ 3.9

The chemical analysis of the discharged catalyst is shown in table 4, An
X-ray analysis indicated that only €~iron carbonitride was present. The sam-
ple was analyzed for total carbon, and the amount of free carbon was calcu-
lated by subtracting the amount of carbon found as FesC and as hydrocarbons.
Although the partial pressure of hydrogen in the inlet gas was only 59 to 88
pounds per square inch (while operating at 300 p. s. i. g.) during the last
500 hours of operation, the production of free carbon was negligible. The
discharged catalyst had a metallic luster, which further indicated the absence
of any large amount of elemental carbon, The mechanical stability of the
catalyst during the experiment may have been due to the absence of extensive
carbon and iron oxide formation. Similar conclusions were published by the
Fuel Research Board.3/

8/ 5tein, K. C., Thompson, G. P., and Anderson, R, B,, Studies of the
Fischer-Tropsch Synthesis., XVII, Changes of Tron Catalysts During
Pretreatment and Synthesis: Jouxr. Phys. Chem., vol., 61, 1957, pp. 928~
932.

9/ Department of Scientific and Industrial Research, Fuel Research, 1951:
Her Majesty's Stationery Office, 1952, p. 17.



TABLE 4, - Chemical analysis of discharged catalyst

Welght-percent

Iron .....n..........n..........a................. 76,04
Nitrogen O R 4.04
Sulfur ettt ter e arrenaa, (1/)
Potassium oxide E .23
Carbon:

As FE?_C g.-o.-.;--ac-o.abo-no--ao.-o.-ooo-.-. 4.?1

As hydrocarbons B 3.16

Free carbon2/ R D 2,02
Hydrogen as hydrocarbons DR R R R R R 53
Structural promoters and impurities cevecatassncoa 6.80
Oxygen2/ 2.47

1/ None detected,
2/ By difference,

The presence of 3,7 pPercent hydrocarbons condensed on the catalyst may
have been responsible for the slight loss in activity noted near the end of
the experiment when operating conditions of 500 hours earlier were duplicated,
- A slow but gradual buildup of pressure drop across the filters was noted after
the superficial linear velocity of the 825 through the reactor was lowered to
0.74 £oot per secend in period VIII. Examination of the filters after the run
indicated the presence of hydrocarbons condensed on the surface of the porous
- stainless-steql filters. Affer the hydrocarbons were removed hy steaming,

Pounds of higher molecular weight., There was some overlap . of the oxygenated
tompounds in each of the layers because of the mutual solubility of some oXy-
fenated compounds in both water and oil. The amount of oxygenated material
in the aquecous layer was determined Ey the mags Spectrometer and indirectly
by the Kari Fischer reagent, The mixture of hydrocarbons and 0il-soluble,
OXygenated compounds wag distilled into six fractions, which were analyzed
for functional 8roups by the infrared spectrometer,

°f reduced mill scale,10/ Ethyl alcohol represented 40 to 48 percent of the
dlcohols, the €3 aleohols Tepresented 20 to 30 percent, and each of the Cy to
Cs @lcohols was™4 to 8 percent of those 1ip the aqueous phase. The shape of

10/ Morreli, C, E., Carlson, C, 5., McAteer, J. H,, Robey, R. F., and Smith,
P. V., Jr. Products From Hydrocarbon Synthesis, 1Ind, Eng, Chem,,
vol. 44, 1952, Pp. 2839-2843,
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. the curve and analysis of the product oil show that some alcohols above C
‘also werc present. A mass-spectrometer analysis of Lhe trimcthyl-silyl~egher
derivatives of the aqueous~phase alcohols obtained during steady-state period
VILL indicated that'approximately 2 percent of the alcohols werc Co's and
:08'5. Although the space velocity varied from 1,500 to 500 volumes per volume
per hour and the synthesis-gas conversion ranged from 48 to 85 percent, the
‘aleohol distribution in the aquecous phase remained relatively constant., The
‘aleohol distribution in the a@quecus product obtained with a nitrided-ircn cat-
‘alyst in a slurry-type synthesis unitld/ is also shown in figure 3, Although
the slurry unit was operated at lower space velocities (200 to 500 volumes

per volume per hour) with 72~ to 22-percent conversion of synthesis gas, the
aleohol distribution obtained in the aquegus-product layer of the slurry unit
approximates the distribution obtained in the fluidized unit. The aqueous
layer produced in both the slurry and fluidized-catalyst units also contained
small quantities of acetone, methyl ethyl ketome, uethyl propyl ketone, and
probably other oxygenated compounds that could not be detected because of
their low concentrations., Titration with potassium hydroxide indicated an

acid equivalent of approximately 0.2 to 0,9 percent of acetic acid in the
aquecus-product layer.

The o0il layer comtained some light oxygenated compounds but mostly oxy-
genates of higher molecular weight., The oil was distilled into 6 fractions
(initial boiling point to 100° C., L00° to 150° C., 150° to 200° €., 200° to
250° C,, 250° to 300° C., and>300° C.), Each fraction was analyzed by an
infrared spectrometer for Functional groups. The percentages of oxygenated
compounds in each fraction were estimated by the method of Anderson, Feldman,
and Storch.l2/ The specific yields of oxygenated compounds in the oil and
aqueocus phases, in grams per cubic meter of Hy + CO converted, are shown in
table 5, The content of oxygenated compounds in the oil phase and the total
ield of oxygenated compounds increased with increasaed space velocity.

The oil-soluble oxygenates teported by Cain, Weitkamp, and Bowmant3/ from
fluidized bed of reduced mill scaie was 25 to 30 percent of the oil - about
-one third of them aleohols. 1In the present experiments with a nitrided, fused-
‘1iron catalyst, 33 to 69 percent of the condensed-oil product was oxygenates ;
bout 85 to 90 percent of this was dalcohols and the remainder predominantly
.aldehydes or ketones, esters, and a small amount of acids, Most of the oil-
Soluble oxygenates cccurred in the 1 tod, 4 to 7, and 6 to 9 carbon-number
fractions, with much smaller vields in the 9 to 11 and 11 to 12 carbon-~number
fractions. The water-soluble oxygenate vield in periods VI to X under steady-
State conditions ranged from 55 to 66 grams per cubic meter of synthesis gas
%ﬁxmverted, and about 95 percent of this was alcobols, The sum of the water-

i and oil-soluble oxygenate yields ranged fxom 74.5 to 99,8 grams per cubic

Neter of gas converted, and the alcohol yields supplied 71 to 81 percent of

—

11/ Work cited in footnmote 7, page 7.

12/ Andersom, R, B., Feldman, J., and Storch, H. H., Synthesis of Alcohols
by Hydrogenation of Carbon monoxide: Tnd, Eng. Chem., vol, 44, 1952,
PP. 2418-2424,

13/ Cain, D. G., Weitkamp, A. W., and Bowman, N. J., 0ifl-Scluble Oxygenated

Compounds: Ind. Eng, Chem., vol, 45, 1953, pp. 359-362.
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the total., The oxygenate yield reported by Chang Ta Yu, et al.lﬁx, from a
fluidized bed of nitrided, fused-iron catalyst was considerably lower than the
yields mentiscned above; the oxygen content of the liquid-hydrocarbon layex was
about 1 percent, and the water-svluble oxygecnates never exceeded 10 percent of
the Cy+ yield,

Figure 4 shows that the il; + CO percent conversion decreased with increas-
ing fresh-feed space velocity at constant temperature and that the yield of
oxygenated compounds per cublc meter of Hy + CO converted increased with in=
creasing space velocity and decreasing conversion. The yield of C3 + C
hydrocarbons (table 2) and the percentage of unsaturated C3 + Gy hydrocarbons
also decreased with increasing conversion.

In periods VIII, IX, and X the fresh-feed space velocity was held con-
stant at 750; the recycle ratio was set at 8:1, 10:1, and 12:1, giving super-
ficial linear velocities of 0.5, 0.6, and 0.74 [oot per second, respectively.
As the recycle ratio and the superficial linear velocity of gas through the
catalyst hed increased, the yield of oxygenated material increased in the oil
phase and decreased in the aqueous phase. The total yield remained constant
at approximately 74,5 grams per cubic meter of Hy + CO converted, The effect
of recycle ratioc un oxygenated-product yield is shown in figure 5. 7The Te-
cycle ratio, within the range studied, did not appear to affect the percent
conversion of Hy + CO.

In table 6 product yields obtained with nitrided, fused-irun catalysts in
various types of rcactors - fluidized catalyst bed, slurried catalyst, and
oil-circulation fixed catalyst bed - are compared, The comparison was made at
68- to 69-percent conversion of 1:1 synthesis gas at 300-p, 8, i. g. pressure,
The fresh-feed space velocity, recycle ratio, and temperature of operation
differed for each of the reactors, with the greatest difference for the fluid-
bed reactor. The specific yield of oxygenated compounds obtained in the £luid-
bed unit is much higher than the yields obtained in the other two units: 89.2
grams, compared with 68.0 and 46.6 grams per cubic meter of Hy + CO converted.
Although the yield of liquid hydrocarbons was lower, the sum of the yields of
oxygenated compounds plus liquid hydrocarbons obtained with the fluid-bed unit
was still considerably greater than the yields obtained in the slurry and oil-
circulation fixed-bed units - 102.7, 88.6, and 82.1 grams per cubic meter of
H; + CO converted, respectively, The sum of the products (excluding water and
carbon dioxide) is 232 grams per cubic meter of Hy + CO converted in the flu-
idized bed and 207 and 198 grams in the slurry and ocil-circulation fixed-bed
units, respectively. A higher yield of useful products is obtained in the
fluld-bed unit, because the products contain a higher percentage of oxygen;
approximately 318 grams of oxygen per cubic meter of Hp + CO converted is con-
sumed in making water and cavbon dioxide in the fluidized unit, and approxi-
mately 364 and 403 grams of oxygen per cubic meter of Hy + CO converted axe
consumed in making water and carbon dioxide in the slurry and oil-circulation
fixed-bed units, respectively. As higher space velocities and recycle ratios
favor production of oxygenated compounds, the three types of reactors could be
compared better if these varjables were maintained at approximately the sam2
values; however, the operating characteristies of the slurry and oilwcixecula-
tion units limit them to considerably lower space velocities and recycle
ratios than those employed in a fluidized catalyst unit.

14/ Ta-Yu, Chang, Nan-Tsuen, Leo, and Chun~Hao, Chang, Report on Pilot-Plant
Synthesis of Liquid Fucls. Chem. Eng. Prog., vol, 54, No. 3, March
1958, pp. 53-58.
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TABLE 5, - Liguid-product analysis, rupn F-54

Period Vi VII | VIII X X XL | XI%

Fresh-feed space veloeity .........he.=l [ 1500 | 1000 | 750 | 750 | 750 | s00 1000
Superficial linear velocity .., ft./sec. 0.8 [0.75 | 0,74 | 0.6 | 0,5 | 0.5(0.75
Average temperature ctressacivanacer °C, 250 251 252 | 252 252 | 252| 253
Recycle YAl tuvesssvinneornennsoncnoss 6:1 9:1 | 12:1 110:1 | 8.1 |12;1] 9.1
Hp + 0O conversion socesne.ss... percent | 48.4 | 68.0 78,3 180.0 |77.7 [84.9]/60,8
Oxygenated compounds in aqueous
products, gm./m,3 converted:

Cq0H L.ivun.., et arasesnnse st enaanan 2.1 9.8 8.6 | 8.5 | 8,31 7.6l11.0
Col0H hovinnnrnecoconsonnnnnns veseese 12900 27,7 22,9 (25,6 [26.7 |24.8 26,6
L trisaasacanns . e 12,3 112,0 | 15.0 |12.2 {13.5 12,9110.1
CAlH evrenvnrrnnnannns R T T T . 3.7 3.5 3.2 1 3.5 ] 4.2 | 4,01 4.1
Ci0H savaann,. sresusenaurana vrererean 2.9 3.0 2.5t 3.8 | 4,9 3.7
Coll .viannennn., et asteseancnraa camee 2.1 2,5 1.9 | 3.5 | 4,2 | 3.2
ACCLOT® 4eiannnenvnnecnnnnnenss e 2.6 2,0 1.5 7 1.8 1.8 1.4! 2.1
Methylothyl ketone .uveivvveveeennnn. .8 .9 o4 .6 .6 % I |
Methylpropyl Ketone ieeevvecnsenaons 3 A 2 ol «F 3 |
Total water-phase oxygenated
] compounds ..,,.nen0en.. seesacnan. | B6.1 [61.7 | 55,1 (59,7 [65.0 [51.8 67.2
" Alcohols in Hy0-soluble oxygenates ,....
feaamne toteccrsscscoscersrana.. percent | 94,4 195.0 | 96,2 (95,5 (95,7 96.2 95,4
Mxygenated compounds in oil phase,
gm./m.3 convertedl/
Carbon
No.
T.B.P. 100° Cu envvevnvnnnnann l-4 115.0 | 13,7 .4 1 5.5 1 3,9
(13.1) [(12.1) | (B.4)|(4.9) (3.4)
100°-150° C. vuovvaennnnnacnne 4a7 8.3 8.6 7.2 | 5.6 | 3,5
(7.8) | (8.0)| (6.6)]{(5.2) (3.1)
1507-200" €, eiivioovconsenann 6-9 7.0 5.6 2.6 [ 3.1 1.6
(6.1) [ (5.1)] (2.1)|(2.8) (1.3)
200°=250% C. cuprnnnnnnn. eesse  9-11 1,6 1.0 0.1 | 0.7 | 0.5
(1.3) [ (0.7) [(G.08){ ¢0.6) (0.4)
250°=300° Co vevucrverronnnnns 11-13 1.4 1.3 0.3 | 0.5 | 0,3
(1.0) [ (1.0} (0.2)|(0.4) (0.2)
P300% Cu tintnnnronnnnnnneane, L3+ G.4
(0.0)

Total oil phase oxygenated
COMPOURAS wusoerscansscansnnenaca | 33,7 |30.2 19,5 115.4 . 9
Oxygenates in oil phase ..,..... percent | 62,5 | 68,5 | 44,7 145,7 |32
Total oil + water-phase oxygenated
COMPOURAS 2aancsravevmransrassras 99.8 | 91.9 | 74,6 [75.1 |74.5
Oxygenates in condensed product

(1e55 H20) 4vyiesereuvronernasnns percent | 83.2 86.8 | 76.2 |80.4 |79.2
Alcohols in condensed product
(less H0) vvvveveninnnnnnn. ++s percent | 72,9 | 80,7 | 71.3 |75.7 |75.0

1/ Figures in parenthesis are alcohols.
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TABLE 6. - Comparative product yields cbtained with nitrided,

fused~iron catalysts in various types of reactors

- Fluidized Oil~circulation,
catalyst | Slurried | Fixed catalyst
Reactor type bed catalyst bed
PreS5uUre s.ucecesesccessrs Pa 850 La Za 300 300 350
TempPeratULe .eevosecsscessssrosses O 251 247 230
Space VELoCity wauseeessesssens. hr.=l | /1000 27300 3/200
H, + CO conversion sesssssssas percent 68.0 69.2 68.7
RECYCIDE ra‘tio L N - R B B B BRI B B BB B BB 3 9:1 2.06:1 1:1
Usage- ratio TR IR R 112'.(30 1.2 0.95 0.75
Yield, gm,/m.3 Hy + CO converted:
C1+Cz " FOQWY P UDDO D FEESESIAFY S FEY Yy 72'0 59.8 58.0
C3+ga5es ® % e o d e doasEeEBRBICRESdaRD 54.0 58.8 58.0
Oxygenated compounds in oil phase .. 29.4 30.4 5.8
Oxygenated compounds Iin water phase, 59.8 37.6 40.8
Total oxygenated compounds ...... 89.2 68.0 46 .6
Bydrocarbons (1liquid) seeoeccevacere 13.5 20.6 35,5
Total liquid hydrocarbons plus
oxygenated compouRdS .ecsaaasasna 162.7 88.6 82.1
Total products4/ 232.1 207.2 198,1
Hater cievescassonancaananana racanaaa 88.2 64.6 16.3
X Carbon dioxide B E O RS TCFYAGFERERSFPI TR 328.5 422'0 535-0
Gram moles HZO/m,3 gas converted Jscee 4,90 3,59 0.91
Gram moles COZ/m.3 gas converted ..... 7.47 9,23 12,16
Oxygenated compounds, percent of oxy-
genated compcunds plus ligquid
hydrocarbons seseesssssecscsnenarsnes 86.9 76.7 56.8

1/ Based upon settled-bed volume,
2/ Based upon slurry volume.

3/ Based upon fixed-bed volume.
4/ Except Hy0 and COg,

Note: Weight balances corrected to 100 percent for all 3 reactors.
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CONULUSIONS

Use of a fluidized bed is well suited for synthesis of highly OXygenated
preducts with a nitrided-iron catalyst, The high linear velocity of gas
through the reactor aad the consequently short rime of residence favors the
production of high yields of oxygenates (up to about 85 percent of the Cy-+
products). Because the nitrided catalysts decompose, with loss of nitrogenq,
at high temperatures, a maximum syntheesis temperature of about 250° C. is
recommended, Reduced or carbided-iron catalysts could not be operated in gz
fluidized bed at this temperature becauge high-boiling hydrocarbons form and
coat the catalyst, causing loss of fluidization; however, virtvally no high-
boiling materials are produced with nitrided catalysts, even at relatively
low synthesis temperatures, and fluidization of the particles is readily
maintained. Although the synthesis was conducted with a feed gas having a
Hz2:C0 ratio of 1:1, catalyst deterioration and the production of free carbon
were negligible. When reduced or carbided-iron catalysts are used in a
fluid-bed reactor, a hydrogen~rich synthesis g£2s is employed to minimize
formation of free carbon and deterioration of catalyst,

18T, . Bu.uFWINES, PGH.,Pa. 9803



