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Y"THE MIDDE-PHESSUTE SYNTHWSIS WITH IHON CATALYSTS, SEPTEMBER 9, 1935+

INTRODUCTION™
Some time age we published a piece of work under the title, "How
Closely can the Fischer=Pichler Widdle~Pressure Synthesisg/Approach the
Theoreticelly rPossible Yields." The experimenis were carried out with cobalt-
thorium catalysts. The rields of s501id and liguid kycdrocarbons (excluding
gasol ) amounted to aporoximately 170 prams por normal cubic meter of ideal
gas. Under the most favorable conditions, this procduct contained over SG
rercent of paraffins.
HISTORICAL DEVELOPMENT
Lver gince Franz Fischer and his collaborators carried oub theo syn-
thesis of hydrocarbons with CO and tn, the desire was prevalent to substitute
the cobalt and thorium by cheaper catalrtic agents, which would work in &
similar mannar and would reguire acproximately the same starting matericls
fpain and again we resorted to iron catalysts. In 1923; Franz Fischcr and F
Tropschg/ obtained various oxygen-containing organic compounds when they
rassed water-pas over alkalized iron shavings at pressures of epproxinetely
100 atmospheres and temperatures of between 350-L50°%. They termed their
rroduct Synthol. Research work of the RBadische inilin und Sodafrabriké' in

~913 was carried out at similar pressures and tenperatures. In 1525, this
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Fischer; ¥ and Pichler; H., Brennsiof{ Chemie 2C, 221 (193¢)-
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Fischer, ¥- and Tropsch, Il., Brennstoff Chemie L, 276 (1923).

See, fer examnle, Juergen-Schmidt, The Carbon monoxide Akademische Ver-
lagsyes, Leipsiy, 103¢, p. 91.

- The content of this work was communicated to the Studien und Verwertur: s- -
Gesellschalt in 1937. As it has since buen published as patent lizerature
in various foreigr. countries, tierc it no reason to delay its pu-lication
at the present time. (Compare Vrench Fatent to. S410L3)
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work iezd to the methancol synthosis. Iischer and Terbes in o)

~

3 showed thaw
ainélined iron suavings w ed as a catalysht converted SO, and 4. tnrcugh the
ubersediate Jormacion of LT oand Ey to oxygen-combalinin. numpousds as the

sure of Lhe reaction was redacec, the avount of hydreesrbone fernmed ine

sroesed stoadily; whereas the guantity of coxyeenated compeu's decrsaced.
Thiy worked with a recycling epparatus at & tumperavure of L1200 and at 100

etmospheres pressure and lower. At 7 atmespheres, the oil concaincd LO per:

cent o proaticte insslubls In concent=zted sulfuris acild Those rroducts
were ol robroieum charecter,
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ir 21+2% Fizcher and Tropschi: revesled thai the sodrileun synthes. s

could alse bte carried out with iron catalvsts at tesmperatures of around 300°0.

dhen uuliee 20 andg sz AL atospheric pressure.  Under cuch tonfitions, Myores
Jarbons were ormss. In o vas atienpted Y omodificaticn of tho sirhhesic con-

Cuvioas a8 wewa 22 0y tas additiom of promolers o tht catzyst (o iarcronss
whwosetivity of the dron cstalysts.  Lowering: whe recction tenworatars was

5o atterpted in order tu increase the yilelds of 1igud

2827 the vields at atmospharic pressure were arproxin

nonzin? end cil yer cubic peter of water-gas. The Lemporatures could he

wowered to 2LG-250PC. The lifetime of the calalyst was only & fouw days.
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Conversion of Coal into Oll: Varlag Jevr.

™ Fischer, F. and 7arbe, Z-,
BO“ntrae‘ﬁr Neriin 1%L, p. 320.
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" Fischer, F. znd Tropoch;, Ko, PDrennstoff Chermie 7, 77 (1928).

~' Fischor E-, Ges Abhandlun,.cn Zur FKarmtnis cder hobudo
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Fischer and Tropschig/ hac attempilad in 1527 to rnonvert water-gas at

10-15 atmospheres pressure and 250-230°C., using ircn--copper catalysus whicn
were produced by the decomposition of the riirates. These cetalysts were taren
intc operation «ith water-gas limedi~tely. Thelr reaction vroducts consisted

agueous and olly sJdbstances avpearing in the ratio of 3:2 to 1:1. At this
time, the authors indicated that the yiclds obtained at elevated pressures
were swralier tnan the yields at at cspheric rrossurcs.  In 1934, howsver,
wischer2 showed in a lecture on the beazine synthesis that the bichest rislils
cbtained with the iron catalysts at atmosphsric rressure were 30-3F prams mer
cubic moter of mixed zas (this corres-onds arrroximately to LO-US grazms por
cutde mever of normal CO-H, mixture}. He added, however, that this initisl
vield decreased by 20 rercent within £ s

—p
N

Fischor and YMeye e/ endeavored in 1734 to 193€ to inarsssc tne ase
vity of the iron catalysts, and thereby increase ths yvields of liguig ipdro-
zarbons,  When tnsy used ilron-copoar precipiiaied catzlysts, they succeeded in
cbtaining S0-A40 grams per cubic meter of rroducts at atmospheric rressure with
a paximum catelvet lifetime of L to & weeks.
R4 H . n_]_-}/ : . . H G 1

Flzcher and icilerman obtained 5C grams of liquid hy. rocarbons

in 193¢ when th2y used 2 precipitated copyer-free catalyst. Their working

Zressurs was ataospheric, This yield; however, decreased to 4C grans after

oenly 3 weeks of operation
i
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Fischer, F. and Tropsch, H., Brenncteff Chemie £, 306 (1G27).

Fischer. F. . Trennstoff Chenie 14, 2 {1235,
H 3 — ¥ /

Fischoer, ¥, and dev:r. .. unpublisred work from the instiane,
Fischer, F. ang nsckermann, P., unpublished work from the Irotitule.
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_ At this time; a synthesis gas was employed which contained S0 and H2
in the ratioc of 1:2, alvhough it had been recognized that wiih Iron catalysts
the CC conversion goes almost exc_usively according to the summary equation:

30 + Hy = Ci, + CC,.

2
If a synthesis pas was used which was composed of 200 + 1lHp,the C0 was used
up only partielly and the catalyst activity decreased extraordinarily fast.
The experiments carried out so far indicate that the maximum yields
obtained up to this time were approximately half those from cobalt catalvst.
Therefore, it w%s not thought feasible to emplcy the reaction with iron cata-
lysts on 2 commercial scale,
RESULTS OF THE FRESENT STUDY
+ is the object of the present work to point cut that iron cata-
lysts which are properiy pretreated and which are operated at slizhtly ele-
vated pressures are carable of converting a theoreticzl mirture of Cornnd Pz
into hydrocarbons over a very long period of time. By this synthesis, pre-
dominantly benzine and valuable gesol hydrocarbons are formed, Thz total
vrields are of the order of magnitude one is accustomed te see in connection
with cob31£ catalysts, so that it appears feasible now to replace cobalt by
iron in industry.
ARRANGEMENT OF THE APPARATUS
The apnaratus used was similar to that employed for the middle-
pressure synthesis with cobalt catalysts. It has been describec repaatedly

+ l‘.)}il/}_g:f’

and diagrame have been given frequent . For the labor. tory experiments,
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~~ Fischer, ¥, and Fichler, K., work cited in footno'c U,
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35/ pigchor, F. and Pichlor, H., Sreanctoff Chemie 20, L2 {1539).
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the catalyst tubes were built into sluminum block furnaces; ard were arran.ed

in nositions slizntly inclined from the horizontal. The lengih of the cata-

“yst layer was approximately 30 em , and contained an eguivaient of 10 prams
of Fe. Cver this catalyst was passed L liters of synthesis gas (referred te
one atmosphere pressure; per hour. The low-boiliny sénzipe fractions and
pasol hycrocarbons which formed during the synthesis and were not candensed
in the receiver were adsorbed by activated charccal and later recoverec-

PREPARATICE COF TH: CATALYST

¥ethous cf Freparation

it Tirst we were of the opinion that variations in the catalyst
preparation or additions to the catalysti would cause an increase in the yields
of iiquid hydrocarbons. ™e manulactured several hundred iron catalyste.

atarting from ferrous as well as ferric salis. The catalysts were yreparsd

v various precipitants such as sodz or ammonia, ac well &s by nitrale Jda.

conposition,

e usad carriers and fillers,

Ve rreparad

not contain copper and othsrs which contained copper, as

vious expcriments that the addition of copper allows ihe

temperature.
various rates.

and magnetic rroperties.

The precipitations were carried

The precipitates had entirely

catalyste which did

it was knowm from nre-

250 of lower rsaction

ott at various temperatures and

different crysialline structures

Ir the course of our work, we discovered that satisfactory resuits

can be obtained with different iron catalysts provided thsy were pretreated

with a Q0=-containing gas prior to operaticn under pressure.

Standard Catalyst

Qur standard catzlyst was precipiteted from hoi ircn nitrate solu-

tion by soda-

Aside from a few tenths of a percent of alkali wihich the cata-

i
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lyst contained, the residual component consisted of pure iron, The dried and
perhaps pelleted iron procipitate was “resated with CG-rich gas, or ceiter
still; witn CG alon~ at tempcratures of about 250°C. The time of induction
lasted 24 hours at almospheric pressure, or at pressures which were essen-
tially lower than the operatine. pressure. During this pretreatoent, which we
called "Formierung®™ not ornly a reduction was cffected (with H; no effect could
be noticed), but carbon was deposited in tho crystalline lattice as well.

With respect to the catalyst questlon, it should be mentioned that
an iron catalyst which was not pretreated is not capable of convartinzg a
steichiometrie CO-H2 mixture completely into hydrocarbons at atmospheric
pressure nor even 10 atmospheres. However, it can convert this gas mixture
for many months when it was pretreated at low nressures and telien inic opera-
ticn at high nressures.

THE SYNTYLGIS CAS

It was mentioned above that the conversion of CO and hp wWiil iron
vatalysts at atmospheric pressure proceeds almoct exclusively according to
the equation: 200 + Hyp = CK, + CO,. Ve have found that at elevated pres-
sures and with increased H2 content in the initial gas; the reaction 0 +
EH2 = CHy + HZO appears to become more preovalent. The theoretical retio of
S0 to M, at 1! atmospheres is about 1.5:1.

This pgas w's produced in the ordinary water-gas pgenerator ol the
Institute. Steam and CO, were passed simultaneously over incandzscaent coke,
the reaction vroceeding according to the equation: SC + hH2G + 00, = 520 +
LHzo The CO, present in SO=60 percent concentration in the cndesas was
Sscrubbed out and returned to the synthecis sas pgenerator for th: rroiiclion
of GO + H2:

- 16 -
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It was -sirtad cut that the iron catalvete ware indurted above 030PC

=
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at pressures lower than the operating rressure A

/)

nis

x separste arparatus. Lfter pretreatment, the cstalysi we

on

#it; syntheeis gas at ele c“ed pressures. “e found that at vressures vtelow S
sbrosphares, the conversion of the CQ was incomrlete, while at 10.20 airaospherce,
pasy ylelds were chtained- At this pressure, the opiirmm werking tenscraturss
were 230-¢4*C.  Increaswng the operating rressure sbove 20 at-ospheras neces-
sitates rais. n; the omerating tewperature. However, ithe reouction Serpmrature
shoulé be kapt as low as possible if water is the cooling liquid- Othorwice,
very heavily wall~ad ajparatus becomes necessary in crder %o withstend high
zteam mressurec

The syrthesis with iron catalysts is much Loge sensitive wizh re-
pect to terrerature werintisng than is the svnthesis with oohais

JUDABILITY OF THS CLTALYGIS

It has beer s id that at atmospheric prassure tuz iifetine of the
wren ecatalysts is hwé wi2aks.  In the middle-pressure sinthesis. hewever, the
Jdfetime of the iren cal:lystis seems to Le many times greater: indeed ihe
aztivity remains constars indefinitely.

¥Fisurces 1 and 2 show the development of the syrthesis with lron
vatalysts. Figure 1 snows the variation of contraction with
of operation. For thesc exreriments, the tesmperature was alwsys regulated
in such a way as tc yieid a maximum pas contracticn. Curve 1 £nows the op-
timum conditions when workins with mixed gas {CO:EE = 1:2) &b atmosnhoric
Presaure. When the synthesis was corried out with & gas whir sas richer
in CO (CO:HE = 3:2}, the contraction jyickly decrm=asad sfter I{ had rosched

& value of 33 percent {Curve 2}, Curve 3 shows the resul*s cltzined with a

- 17
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theoretical gas mixture at 15 atmospheres pressure. The catalyst in this ex-
periment was not previously inducted. Complete conversion was not obtained,
and the activity of the catalyst decreased comparatively quickly. Curve 4
shows the relationships for the iron middlc-pressure synthesis. In this case,
the catalyst was pretreated at a pressure lower than 15 atmospheres, and the
synthesis operated with a theoretical gas mixture at 15 atmospheres. Even
after 8 months of operation, the conversion remained practically complete.
Figure 2 shows the increase in operating temperature with time versus
maximum yields. All three curves refer to the iron middle-pressure synthesis
and cover information on the development of the past two years. Any regenera-
tion or reactivation of the catalyst was omitted. Experiment | was started
on September 1, 1937, Experiment 2, in December 1938, and Experiment 3 has
been running since March 1939. During Experiment 1, where an iron-copper
catalyst
was used, it was necessary in the first three months of operation to increase
the temperature by 40°C, in order to keep the conversion constant. In Experi-
ment 2, an unpromoted iron catalyst was used. In this case, the temperature
rise for the first three months was 27 degrees, and only 10 degrees for the
next five months. In Experiment 3, no temperature increase was necessary for
the first four months of operation. The conversion remained absolutely con-
stant. The unpromoted iron catalyst which was used for this experiment dif-

fers from the one in Experiment 2 by the mode of pretreatment.

REACTION PRODUCTS
Yields
Table 1 shows the yields of Experiment 2 (corresponding to curve 2
of Figure 2 after 100 and 200 days of operation}). The yields amounted to

130-133 grams per normal cubic meter of nitrogen-free CO-H; mixtures. 41 to

- 18 -
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L2 Percent of this yield was condensad in the prassure receiver of the synthesis
apparatus; 28«29 percent consisted of benzine adsorbed o- activated charcoel;
¢2-23, saturated hydrocarbons; and 7-8, unsaturated C1#C), hydrocarbons.

Table 2 gives the yields of Experiment 3 (corresponding to curve 3
of Flgure 2 after 4O, 70, and 100 days of operation), In this zxperinent the
yields were higher than 150 grams per normal cubic meter of gas. 70 Fercent
of the yleld consisted of limuid hydrocarbons. 30 percent of gasol h rocar-
bons. Roughly, cne=half of the latter fraction wae unsaturatod.

Table 1.- Yields of Exporiment 2

Percent of Total Yield

Daye Solid, liquid, Con-= Acti~
of and gasol densec  vated i
oper~ Temp., (03+Gh) hydgocarbons hydro- carbor 3 + (), hydrocarbons
=ztion ©¢. g. /Ha’ carbons ben:ine Saturated Unszturated
16 263 133 i 29 23 7
200 271 130 L2 28 22 g

Table Z.= Yields of Expe:riment 3

Poarcant of Total Tield

Docs Solid, ligquid, Con-— acti-
o ) and gasol densed vated
opsr- Temp., {03+C)) hydrocarbons hydro- carbon O3 + C) hwdrocarbons
etion ©G. g- /w3 carbong benzine Satureted "nszturated
Lo 235 150 53 28 U 15
Y 235 155 52 18 1€ 1k
100 235 156 30 20 13 17

Rature of Heacticn Products
The liquid hydrocarbons contain spproximately 66 psrcent of & ben=
zine fraction which boils below 180°C., and 20 percent which boilc between
130-300°C. The content of solid paraffin in the product is approximately 5
percent, as determined by the butanone method. Iy extraction of the cata-

lyst it is possible to get paraffins which have a melting point up to L25°C.

S
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In gener;i, 2/3 of the benzine fraction consists of unsaturzted compounds, and
1/3 of saturated hydrocarbons. The density of th2 banzine is approximately
0.7 at 15°C. The octane number (I3-test engine)} of the neutral, stabilized,
but otherwise unireated benzine boiling up to 180°C. 1e sbout 60.

If the gases issuing from the iron catzlyst chember consieting mainly
of gasol and benzine vapors) are passed over a phosphoric acid eatalyst, at ih2
same pressure end =t constant temperature, a partial polymerizaticn ol ithe un-
saturated hydrocarbons occurs. The benzire fraction ithus obtailned which bolled
below 18C°C., after washing and stabilicing, had an octane number of 67. If
C.7 cc. of lead tetra sthyl was added per liter, the octane muaber of the ben-
zine increased 10 points, to 77. If 3 benzine fracticn boiling below 1Z0PC.
(56 percent of the tot2l liquid product formed) was trezted with 0.0 cc. of
lead teira ethyl per iiter, the octane mumber was increased to 30.

If the (0, is removed from ﬁhe resction ges before polyuerizatio:

15 carried cut, and if polymerization occurs under cplimum concitlions. & more
valuable benzine can be obtained.

The end-gas which is obtained after the gasol has been removed con-
tains epproximately 50-00 percent CO,. It has been pointed cut sbove  that
this 002 i3 converted to synthesis gzs in the gas generator. If not orly ihs
©0p, but the other gases such as wethane, OO, and H,, present in the snc-gas,
are raturned to the gas gemsrator, the totzl yileld rer cublc netsr of s~
thesis ges can be incresased by 10-20 percent.

SUMEARY

A procedure his been described whrich converte CC and Hy into valu-
“able nydrocarbong, and inctead of cobalt-throriuw catalysts, emrloys iron cata-
iysts, which excsp’ for traces of alkall, do not contaln additionsl materizl.
Before these catzlyste can be used, however, they must be inducted at s cor-

tain pressure and temperature with GO or CO—contalidng gases. The syaitheals
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proper is best carried out at pressures betweer 10-20 atmespheres wivh &n ini-
tial gz8 which contains CO and B, ir a ratio of 3:2.

Without regeneration or rsactivation of the iron catslyst, constant
yields of 150 grams of liquid; gasol (Cj+ch}’ a2nd solid hydrocarbcens o3r normal
cubic meter of syntheegis gas are obtained indefinitely.

The crude benzlne which represente ihe greatest portion of the reac-
tion products is comparatively knock-proof. This is on account of its high
unsaturated content, The primary products from iron cataslysts contain mora
unsaturated compounds +than those from cobalt catalysts. The benzine may be
zaterially improved by following the synthesis with 2 polymerization step,
whnich results in partlal polymerization of the primary unsaturated hydrccarbons
ond marked improvement in the quality of t>s benzine:‘

For the exparimental work done we are gratsful to Mesers. Dicust,

lotmar, and Meusel, and especizlly Ruckenstieiner.

"MIDDIE~-PRESSURE SYNTHESIS WITH IROR CATAIYSTS" (4 Summary)

IRTROTIIST DY
In September i240; a lecturs was given at the Kaiser-Wilheln: Inz!i-
“ate fcr Coal Resezrch at ¥uelheim-Ruhr on the subject of the middla-prascure
cynthesls on iron catelysts. The coatent of the lecture was reported.
At the time the lecture was dsliverad, wa desired to install syn-
vhesis oquipment which wae designed %o utilize iron catalycis. £ this tire

we were motivated by the one ain of obtainiu; maximum yielde of Lenzine,

paraffin, and gescl hydrocarbons even if it were necessary to imcrezsce ihs

Teaction tempsrature above that of tho coball mifdle-pregsure symthssis.
Recerily, it haes besn plannod to modify the existing ejuipmeri for

use with iron cavalysts. This newsst zim, however, sxcludes thz employmant

of temperatures above 275°C. and as far as the middla-pressure syntheeis

e




units are concerned, any operation carried out at pressures of above 10 atmos-
pheres should be avoided.
FACTORS INFLUENCING THE SYNTHESIS AT LOWER TEMPERATURES

From research work at the Muelheim Institute for Coal Research, we
have learned that the following factors must be considered if it is desired to
work with iron catalysts at lower temperatures.

Catalyst

It is necessary to use a very active catalyst. Such a catalyst
can be obtained by precipitating iron-salt solutions. The addition of small
amounts of copper as, for instance, one percent or less on the basis of the
iron content and small quantities of alkali as, for instance, ¥4 percent as
referred to the iron, are desirable to enhance catalyst activity.

Induction of the Catalyst

A certain proper pretreatment of the catalyst is required (induction of
the catalyst). This induction is most advantageously carried out by using
CO-rich gases at low pressures and at higher-than-synthesis temperature.

(This process is analogous to the reduction procedure which is given to cobalt
catalysts. It is recommended that this step be carried out in a scparate apparatus
from the actual synthesis chamber.)

Operating Pressures

The synthesis should be carried out at pressures above atmospheric.
[t 1s recommended that an optimum pressure of 8-10 atmospheres be observed.

Svynthesis Gas Composition

It is recommended that the synthesis be carried out with a H>-rich
synthesis gas.

[f all the recommendations which have been listed in the above four
items are observed, it is possible to use iron catalysts for the synthesis of liquid,

solid, and gasol hydrocarbons. On can use mixtures of CQ and H;.

22 .



below the temperatures indicated above and within the proper pressure limits.
Flgure 3 shows the variation in reaction temperatu=e wilih synthesis pgas coe-
position, and Figure L surmarizes praphically hydrocarbon and water vielde
versus synthesis gas composltion, after li weeks of operustion. {This refers
1o & one=stage operatiorn.)

When & gas was used which was extremely rizh in Hg, as for instunce,
3 moxtur: of CO:hp = 1:10, at s prazsave of 10 st oheree and a zas rate o
7 Liters of eni-gas per 10 grams cf iron, G0 was convartes and highsr hydro=
carbona forzed at 13PC. AL ILKOPC., the C2 converiioa wes 38 wercent com-
plete with & contraction of 12 percent. When a GO rich synthesis gas was used,
Lie coura: of the reaction fgllowe a fundamantally different course. Wnder
sach econditens, the grectest éart of the Cl-orygen is no longer comverted to
CJo, bub to water,

7 one works with a synthasis gas which conlain: G0 and By 1.t
ratio of liz, then at 2 working pressure of 10 almaspheres, the srniherls
Loererature varlios bstreen 180-20(0. Under thece conditions, <heraiosre;
toe tamderstures of the synthcsis are camparatie Lo those of the 23531t
Zmih2sls s The yields of liguid an: gasel lhydrocsrbons per normsl cubice

Aaveur o idzal gag are spproxinateir 50 grams for the firss stege (of which

(8

e oy

- pereint is gssol).  Approximately 82 grams per sormal cublic metes {igezl

ey .
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£ feraed alro,
REACTION FROLUITE
By tresilng the portlor wailch belils up 42 180°C. witk phcashorous
pantozids~gulfuric acic mixtures, 41 percent coul’ be dissolved cut. The
gro0l Iraction contained eépproximat:ly LO-S) percent of wnszturated ydro-
Carbone.

When an Engler-c¢istill=tion was carriec out on the ligquid anc

8olid praducts representing an average of the firat four weeks of opsraticn?,
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X.0 percent was distilled at 48°C, 50 percent at 152°C, and 73 percent at 246°C.
Of the higher-boiling constituents determined by the butanone methode, 54
percent consisted of solid paraffins.

In comparison to the cobalt catalysts, the iron catalysts produce reduction
products which contain larger quantities of gasol oxygen-containing organic
compounds. When the products obtained from a 4H2 + 100 synthesis gas were
acetylated, an alcohol content of 20.3 percent was obtained (reported as propyl
alcohol}.

The reaction water contained traces of methyl alcohol, approximately 1.5

percent ethyl alcohol, 0.8 percent propyl alcohol, and 0.8 percent C4 alcohols.

MULTISTAGE OPERATION
In order to make the process economical, it is necessary to work in several
stages (another alternative is to resort to recycling). When working in stages, it
might be necessary to replenish CO concentration before each consecutive
stage. Thus, using a 2H2 + 1CO gas mixture in two stages at 210°C., it is
possible to equal the yields of the cobalt synthesis. If a gas is used which is still
richer in H2, the temperature of the conversion may be lowered. However, the

higher the H2 content of the gas, the more stages are recommended.



