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INITODUSTION
Catalysts

The experimental work on the hydrocarbon synthesis with iron catalvets
did not pursue a systematic catalyst study, but rather tests at random with cate-
lysts which haﬁ been ceveloped for other purposes and were available at the Limc
One was a fused-iron catalyst which had been developed for the hydrocarbon sym-
thesis from OO + Hy by Dr. Linckh. The influsnce of s catalyst upon the reace
tion temnarature. the synthesis gas composition, the reaction velocity, and the
nature and yields of syntheéis products was deterrined. Te also investigated a
cintored iron catalyst which was developed by Dr. }Miehael and intended for the
hy-drocarbon synthesis. Finally, we worked with & !wuna amonia catalyvst. Thé
ratalysts were reduced with Hp at stmospheric vressure and at various tempera-
turas Letween L50P and 850°C. Depending unon the reductlon, temperature, the
time of reduction lasted from S to 15 days.

It is interesting to otserve that a certain amount of carbon rixed
with armnmroximatcly 1% te 20 percent Fe303 was always found at the entrance to
the catalyst bed. The carbon formation probably resulted from the methane and
3C nermally pressent in the hydrogen used.

Description of Converters

The converters used for the synthesis wers tube furnaces, the tubes of
which were of 1% mm. diameter A mixture of dirhenyl and diphenyl-oxide was
the beat transfer redium. The temperature distribution in these converters was
not cuiite as yood with ocil as with water. With oil cocling, temprrature dif-

ferences up to 5°C. over the entire length of the tubes were unavoidable,

"uiplanation of symbols used in test will be Tound on page y0).
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whereas when water was used, every seciion of ihc tube was at the same temperavure .

“omposition of Synthesis Oas.

AL :arst, a synthesis pgas of composition CO + E, = 1:2.6 was used. VWhen
the apparatus was operated at 20 atmospheres, a yas of composition CC + Hy =
1.2:1 was required. For this reason, we have endeavored to use a& reasonably
pure water-gas for our expsriments, containing approximately L3 percent CC,

53 vercent By, and L percent COp.  If the yield of the reaction is calculated
on the basis of an ideal ras, of composition CO + Hy = 1:l, then synthesis
gas and water-gas give ancroximately equal vields; however, the effective
yieids per cubic meter of synthesis pas and water-gas are in the ratio of 2:3.
Under optimum working conditions, the yields obtained so far from the catalysts
invcstigated, namely, WKLY (NH3 catalyst) and 997 (Duftschried, Linckh) are
between Y0 and 100 grams per cubic meter.

INELEESCE OF BoDL OF “SDUCTION WPON CATALYST. ACTIVTTY

Ve shall {irst consider the influence of the mode of reduction of the
catalyst upon th: synthesis. Table . shows the influence cf the reduction
temperature upon the activity of the cataiyz=t. The catalysts were leter oper-

ated under similar conditions.

Table ); - Influence of Reduction Tempsrature
on Catalyst Activity

Peduction of WX17 at atmospheric pressurc
anc hydrowen space velocity of 10C

keduction Time, Yield with water-gas
temp., ©C.  days (g, /m° ideal pas)
850 273 63
500 10 79
LS50 11 102
L20 4 105
LoO 10 105,

From the table it is evident that lowsr reduction terporstures rroduced
morc active catalysts. It appears thot not much more is pained in catalyst ac-

tivity by lowering the tempcrature below 5C0°C.* The degree of reduction which
*It appears from Lhe data in Table L, thst this value should be LEPC. {ed. note;

. -7
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may be estimated by the amount of water formed is obvicusly without significance
as far as the activity of the catalict for the synthesis is concerned- Of the
catalysts mentioned in the table, orly those were reduced entirely which were
subjected t¢ reduction for ten days or nere; &li the others were only partizsliy
reduced and retained considerabl : quantities of oxides. Under a pressure of
200 atnospheres complete reduction can be effecied at a temperature &8s low as
< ir 4C te 50 hours. lkeduction of cataiyst VK17 wndev 133150 atmos-
Theres hydrogen and 30003, for ten hours, produced no detectati: waier, Never-
theless, this catalyst produced 90 grams of ivdrecarbons ©er cabic reter of
wator-pgae, and reached its full activity. “hen we carried out the reduction
for 2L hours at 200 atmosphercs, 300PC., and s space velocity of 100, we ch-
served arproximately 50 vercent recuct cn which, in most cases, was sufficient
for a1l the necessary catalvtic activity desired. The depree %o vhich reduc-
tion took place could be reco.nized superficially by the changad zppeasrance of
th= reduced catalyst, TFused-iron czialvsts which were unredoced or'oniy rar
tialiy reducec had az black, glossy aprearance {Fejoh)p However, the rcduced
zatalysts which were treated with E, at hOOPC. or hipher appeared to be dif-
fuse grey with a metallic sheen.
INFIUINCE OF V/ARIOUS CONDITIONS UPON THE NATU'E OF TiE SYNTH:SIS FRONUCTS
The synthesis temperature, space velocity, and the catalyst itself

exert a distinet influcnee upon the composition of the reaction Triluct.

Higher space velocity ane cynthesis tenperature hiave a .endency to in-
crease the yleld of tne low-boliling constitvents, & comparziively low syn-
thesls temperature and 2 small pac rate ceuse a higher boiling ocint material

to be formed, and, in .eneral, ithe percenta.c oi solid jroducts fermed in-

craasec. When two catalysis were used which had the same compositiorn, but

which were reduced at two different temperztures, thc one wiich was raduced
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at the lower terrcrature gave a lower bdiling nroducy.  the catalyst which was

reduced at the higher temperature yielded a rroduct of higher beiling range-

Influsnce of the Catalyst

The resuluc of tests in which the catsalysts had teen reduccd at ap-
proxirately LUIPC. are given below in Table §. The wuantity of rroduct formec
boilin: below Z200PC. i used as A measure of the catalyct aztivity.

Table 5.- Influence oi the Catalyst

HOenzine bolling

Reduction velow 200PC.,
temp , ©C. Catalyst percent
L50 W. 37 55
450 997 60
L50 Michauel 73

Influence of “pace Velecity

The influence wrich the srace velozity has wpon tne beiline noints «Ff
the synthesis rroducts is shown in Tabie 4. The irfiuence of the spsce velecity

upon the boiling ranze of the procducts formed is granhie+lly shovwn in Figurs &.

Table 5.- Influence of Space Velocity

Synthesis Tenzine yield

todvction  Space precsure, - 200°C .,

Catalyst terp., °C. Velocity atme , m2reent
997 L5o 200 2G 51, svnthesis gas
997 Lso 300 2C 55, " "
997 Lso LoO 20 57, " "

937 Lso 00 20 71, water gas

Q07 L350 600 20 63, " "

From Pigure 9, it is evident thst at highsr space velocities the »re-
ducts formed boil at lower temperatures. Farticularly obvious 1s ths innrzase in

the benzine f{raction when the gas velocity iz greater than 400 liters of gas per

AV Y

liter of zatalyst per hour. "hen a converter is used wnich has tubes of 175 mrm.
I.D.; it is not rossihble tec operate safely at svace velocities greator than 4OC

for any length of time unless special rrecsutions are observed. At sopace ve-
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locities over LUD with cowrarativeiy winor tempernvurc or gsac rate irregulari-
ties, decomposition of the catalyst can occur with the derosition of consicder-
able amounte of carbon, which has a tendency to clog up the passapes through
the reactor tube. Although with careful ropulotion of the temperatures and the
gas rate, it may be possible to work for several weeke at space velocitice as
hizh as 500 or 620, we have found that this is the uprer limit if adeouate
removal of the heat of reaction from the catalyst is to L: maintained.

Influence of Terpcrature

Overteating hy 20 to LO deprees at hirh space velocities is primarily
the cause oi th= {ornztion of lower-boilin. constituents. The beilir, point
curves given in Figure 10 supnort these stitements.

Influence of Pressure

Fipure 11 gives a comparison between the products formed on cobalt
catalysts at middle and atrosniioric nressurcs, and those fcrmed on iron cata-
lvsts, The Fichael catalvst was operated at 20 strospheres and a srace vo-
locity of 200; catalyst 174862 was opcrated ai atmospheric conditions and at
12 atmospheres &t a space velocity of 100. The comnaratively steer rise of
the rroduct curve (representing the activitv of the Michael catalr=t) between
B0 and 200PC. indicaies that Lhis catalyst pives better berzine yields than
does the cobalt catalysti. |

COLPCSITION OF TH: SYRTHESIS PRODUCTS

Comparison Between Products from Cobalt and Those from Iron Catalycts

An essential festure in the svnthesis with cobali is ths compara-
tively hipyh yiel&‘of p raffins in the benzine fraction (86 percent paraflins,
1L rercent olefins). Tne synthesis praducts obtsined from the iron catalyst,
however, contain consideratly .recter amounts of unsaturates (approximately

%0 rercent olefins and LS norcemt paraffins).

W0
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Effect of Olefin Content Upon Octane Number of Benzine Fraction

Table 7 demonstrates the effect of the olefin content upon the octane number of the benzine
fraction. The olefin content has been tabulated for various catalysts with the corresponding octane
number.

Table 7. — The Effect of the Olefin Content

Upon the Octane Number of the
Benzine Fraction

. Octane number
S;reg'eg’t Catalyst of the
benzine fraction
15 R,CH? 25
48 56.5 57
57 997 56.5
72 997 63.5

al cobalt catalyst

It should be pointed out, however, that the degree of unsaturation of the benzine fraction is
not the only factor which determines the octane number of the products (see page 36).

The operatin gtemperature, space velocities, and characteristics of the catalysts influence
the nature of the products of the reaction, and thereby a so influence the octane number. In
general, for the same olefin content of the benzine fraction, a high reaction temperature, a high
space velocity, and an active catalyst, in other words, al factors which favor the formation of low-
boiling constituents, will yield a product having the highest octane numbers.

The Effect of Olefin Content Upon Boiling Point of Products

Figure 17 shows the relationship between the olefin content and the boiling point of the
products. The olefin content as determined with phosphoric-sulfuric acid shows a slight decrease,
the iodine numbers, a marked decrease with increasing boiling points. This indicates that the
solubility in phosphoric-sulfuric acid corresponds very closdly to the actual olefin content of the

material.
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Takin. into consideration the hlch oleiin content of the products, one
wonld telieve that rapic aging and nolymerization shoulid occur. If one per-
Torms the break-down test, in all cases a reiatively high residue is obtainea
Trom the evaporation, but in no case is oxygen censumed. (onsequently, stor-
zge unfer normal conditicns should be possible for leng perieds of time. The

addition of inhibitors is recommended (see Tabhle )

Table .- 3tability of the Renzines as Determined ty the Bomb Test

Time of Fressure Yvaporating
Sample induction, drop, 2ushy residue
number minutes atm. ng/100 cc
* 245/39072 gto 0.0 go,g
13 0 0.0 353-
vTh 2LO 0.0 Li-6
voT5 2L0 0.0 203.4
L { : 2Lo 0.0 157.0
T 78 2L0 0.0 307-0
* 80 240 ¢.C 86.0
v Bl 2L0 ¢c.C 33.3

The question of whetvher the clefin content cof the products is the only
Tactor to be considered when the hydrocarbons are intended as moter fuel
should be investigated in more detail. We are studyin. the improvement of
the synthesis pnroducts by various methods such as the use of several c¢ther
Ircn catalysts under pressure.

]

Le tc rreliminary results, the followin: may be said: At 2 space ve-

iciity of 300 and 20 atrmospherces pressure, possibly BO grams of hydrocarbons
per cubic meter cf gas can be rroduced in one stage, and a tetal of 130 grams
rer cutdic meter are exrected for a considerable length of time (probably
saversal nonths). Of this yield, eprroximately 50 percent consists of ben-

zine havin,. an octane nurber of about £C. Laboratory experiments indicate thet

better temperature control results when the gas is recirculated. DIy doing

this, the samc vields can be obtained; however, the snace velocity can rrob-

o
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ably be increased to 600 and the synthesis carried out over a longer pericd of

time.
BEHAVIOR OF VARIOUS IRON CATALYSTS

Qeneral Considerations

The object of the early systematic experiments was to investigate the
influence of operating conditions upon the nature of the products of the reac-
tion. We investigated primarily the influence of temperature, pressure, gas
composition, and space velocity. The catalysts used were fused-iron prepara-
tions which had been reccmmended by Dr. Linckh as especially adapted for the
hydrocarbon synthesis under pressure. Our first aim was to find the best cata-
lyst for the followine synthesis conditons: Pressure, 19 atmospheres; space
velocity, 200; synthesis gaali water-gas. The space velocity was kept low so
that the catalyst temperature in the converter could be controlled. The reduc-
tion temperature in every case was L50°C. In order to prodice catalysts which
had comparatiysly high activity at relatively low operating temperatures, like
Fischer when he worked with cobalt catalysts, we were primarily interested in
the solid and liquid hydrocarbons ()CS)O For this reason, we did not pay too much
attention to the analysis of the gaseous products, The main portion of the
products was recovered every 2L hours from a receiver which was connected to
the outlet of the converter. In some cases it was necessary to heat the con-
vents before discharging them from the trap., Every 3 to 6 days, the low-boiling
constituents and some benzine were removed from the activated charcoal trap im=
mediately followin, the product receiver. The water formed durlng the reaction
was tested for alcohol and ketone content., Ye calculated all yields on the
basis of an ideal water-gas st ZPC. and 760 mm. Some important data are tabu-
lated in Table 9. Correlations between the data given are nct immediately ob-
vious, The catalysts were operzted in such a manner as to produce ortipum

Yields,
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Table $.- Specific Yiald and Produet Composition for Some Iron Catalysts

Conye-

ver= liquid Ben- Percent

Pres- Space time sion fraction zine, olefin
a/ Cat. sure, Space yield  yield, « 300°C. per- in 011:
ite=’ Ko Gas  atm. velocity g /mo/hr, Eraus percent cent beniaine wzter
30.8 1388 water 19 200 55.5 62 90 65 L2 1il
4.12 1200 ¢ 19 200 3.3 62 87 72 Lo 1:1.2
2.11 1353 " 1% 200 561 59 85 6L L& 1:0.77
11 135¢ 19 200 80.7 83 50 37 60 1:C.%
th.1 12, o 19 200 90.9 108 63 Ls 53  1:0.55
4,11 519 " 19 200 97.% 115 61 1B LS 1:0.4
25.5 WK 17 v 19 200 102 116 80 55 L8  1:0.L

First part of date column not shown on original microfilm.

Product:®ater Ratio

Catalysts No. 1308 an? 1200 produced a high portion of low-boiling constite
uents, wiich contained an especially small quantity ol olefins. Those catalvsis
gave a rrimary rroduct containing anproximately 90 percent of material boiling
nelow 300°PC.  about LC percent of which was unsaturated. The rocidus of the
grimary procucts obtained from catalyst 1200 was almost white angd very similar
to the corresponding products obt:ined from the hydrocarbon synthesis with co-
balt catalysts- Further, it is interesting to note that the ratioc of oil to
water from these two catalysts was less than 1:1. This ratic approaches the
{igures usually obtained when operating with cobalt catalysts. With the cobalt
catvalysts, an oil-water ratio of approximately 1:1,7 and less is normally ob-
tained: the iron catalysts when ordinarily operated with tater~-gas, show gener-
ally an oil=water ratio of 1:1 or grcater.

For Qo catalrvsts, the reaction rroceeds primarily according to the equation:

CO + 2H, —-3 CH, + H,0 (1)
For iron catalysts the reactinn iz rrimarily
2C0 + Hp —=3 CHyp + COp (2)
With cobalt catalysts the reaction follows ecuation (1) very closely. However,

- 35 =




with iron catalysts, the reaction almost always rroceads according to eguations
1) and {2) simultaneously. In the case of catalysts 1388 and 1200, the courss
c{ the reaction has a decided tendency to proceed according to the characteristic
squation (1). This is evident from the oil:water ratio as well as from the low
clefin content. The aprearance of the rrimary =roducts forned with catslyst 1200
is also very similar te¢ tiat of the producis obtained witn cobalt catalysts.

Zranched Jreina amd Cotanme Nunber

We belisve that the chemical constitution of the benzine fraction is essen-
tially the sans for iron and cobalt catalysts as can he ncted from the fact that
the nydrogenated croducts of both catalysts behave very similarly when nsed as

motor fuels, for ervample:

Olefin
content, Octane
percent No, Temp. ringe
“rodust from iron catalyst, untreated 53 56.5 3502000,
: fter hydrogenation 2 3.0 32°.200°0.
froduct from cobalt catalyst, untreated 2g L2 35020000,
-fter hydrogenation 2 2.0 30020000,

It appears thereforc that branched chains which could infiuence the octano
nusber are not -~resent. This, however, does not exclude s small degree of
vranching, as has been nointed out by Dr. leithe, Thus, for instince, using a
cobalt catalyst and methanol gas (CO + B? = 1:2.5) at atmospheric rressure,
zpproximately 8 to 9 percent of the product was isomeric; whereas 2nproximately
50 percent of a product namufactured by means of an iron catalyst from water-
ras (SO + H2 = 1:1) was isomeric. (Compare communication of the ammonia labor-

atory, Oppau, December 2§, 1939

LRy Invertiealions of Iren Catalysts.

411 order to obtain some informatiorn concerning the nature of carvon deposi-
tion on th:> catalyst, we investigated some catalvsts which were s%ill active

and others which had become inactive due to carbon deposition. X~-ray analvses
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rerformed on these catalysts (Ur. Britt, Dr. Roeber) showed that both samples
contained Fe and Fejoh simultaneously. The carbon could not be detected in
the X~-ray plctures, hence it was presented in an amorphous condition. We
found that the ratio of Fe to F830h had shifted towards the F930Ll component
in the catalyst which had suffered some carbon deposition. This led to the
belief that the first cause of carbon deposition on the catalyst is the
splitting of CO in a fashion shown by the equation:
200 ——4 COp + C

and  LCO + 3Fe —) Fey0y + Lc,
Such a reaction may readily be obsarved with pure GO and Fe catalysts at or-
dinary operating temperatures, Newly fcrmed FeBOh is finely crystalline
whereas the Fejoh present in the reduced catalyst has a large crystalline
structure from the very beginning. After carbon is deposited, the catalyst
loses its mechanical strength and disintegrates. This may be explained by
the fonma£ion of fresh Fe30h from the iron present, and we are of the opinion
that small particles of carbon deposit inside the catalyst between the newly

formed F°3°h crystals.

Yields from Semi-plant-scale Experiments

As an averaye specific yield with iron catalysts, we obtained ap~
proximately 80-85 grams of hydrocarbons per cubic meter of ideal wzter-gas
when we operated in one stage at 19 atrospheres and a space velocity of 300
in a converter containing approximately 3 liters of catalyst. These condi-
tions exclude the possibility of carbor deposition. The water contained ba-
tween 4-10 percent of etnyl alcohel and acetone, so that the total yield was

approximately 90 grams per cubic meter of water-gas. If the gasol is taken
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into consideration also, the total yield under the conditions mentioned above

rises to 105 grams. The converszion yield comes up to approximately 160 grams
per cubic meter of converter ideal water-gas.

Two-stage Operation

Since the converter end-gas has the composition CO:Hy = 1:2 or 1:D2
when operating under the conditions described above, in order to obtain a maxi-
mur yield of useful products, a second stage containing cobalt catalysts was
added operating at atmospheric pressure.

The cobalt catalyst used up to B0 percent of the CO + Hé coentent of
the end-gas. Since the firat stage vtilized approximately 50O percent of the
C0 + Hy, this mezns that approximately 90 percent of the totsal C¢ - :ip charged
to the converter is used up when the first iron stage 1s followes %y a second
cobalt stage. The following experiment was carried ocut: First ciaue - 3
liters of catalyst; diameter of tubes, 15 mm.; fused-iron catadlyst Ko. $97;
standard water-gas; 19 atmospheres pressure; approximately 270°C. 4About B6
percent of the CO + B, mixture was converted. The analysis of the starting

gas was as follows:

Parcent

o, Lh.92
0] 0.0
£ 51.8

L2.95

Paraffin hydrocarbons 0.19
N, 0.86

After the gas has passed the first stage, a gas of the following com-

position leaves the converter:

Percent

002 19.60
02 ‘ 0.0
%8 50.8
C 26.8
increase 0,20

Paraffin hydrocarbons 2.ko

N 0.20
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_cal volume of this end-gas was 3L cubic meters; that of the starting gas,
55 cubic meters. The contraction was approximately LO percent, and in this
atage about 90 to 100 grams of producis per cubic meter of water were formed.
4% this point; the CO-H, ratio had the proper value so that it could be used
over a cobzlt catalyst. After releasing the pressure and removing the pro-
ducts of the reaction at approximately 10PC., the gas was led into the second
stage in which cobalt catalyst filled the tubes of a 9-liter converter., An-
other LO to 60 grams of product per cubic meter were formed. Tha final gas

had the following composition:

Percent
GO,y Lr.2
0, .0
H 2h06
G 18.0
increase 3.6
Paraffin hydrocarbons 12.20
H2 k.00

Tht total volume of this final gas was 16.5 cubic meters. hbout 86 percent
of the CO + H, was converted-

Tht total yield obtained fram both stages was betwean 13 and 150
grams per cubic meter of water-gas. The main reason for this efficlent gas
consumption is that the cobalt catalyst could be used with ths gas which
left Lhe first stape of the apparatus. The two curves in Figure 13 indicate

the boiling range of the products.
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BAPLANATION OF 2Y¥VAOLS USSD IN TEXT

Technically pure hydro.er

'nalysis = 002 Gz H2 o0 CHL N,
0.5 gr.2 1.0 1.0 2.6
‘ater-gas L.g 1.6 L2.6 0.2 1.1
Ideal water-gas ' 5C 20
Synthesis gas 1.6 7.0  26.6 0.l o.4
. Ideal synthesis gas 66,7  33.3
V.ater-zas

7
Specific yield = g. Pr,/m3 ideal
h Eynthesis pas

fiater-gas
Conversion yield = g./Pr./m> converter ideal
\Synthesis Ias

Space time yield = kg. Pr./m’/catalyst per day.
Space Velocity = liter gas/liter catalyst/hour,

Liquié yield = GS+/m3 ideal gas.

fasol = 83 + Ch



