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Somz tim2 a o e rutlished an article with the title, "The Approach of Actual
Yields to the Theoretical Yields of the Fischer-Fichler Middle-Fressure Syn-
thesis", (1} The exp riments were carried out with cobalt—-thorium catalysts.
The vields of solid and liguid hydrocarbons {(with approxinately 15 y. of gasnl)
amounted to 150 x, to 170 . maximum ver normal cubic meter of ideal gas. Of
this, more than 30 percent constituted paraffins when the most favorable reace
tion conditions were provided,

dver since Fischer and his co-workers perfected the synthesis of hydrocarbons
{rom CO and lip by using cobalt=thorium catalysts, the desire was foremost in
our minds . ic use cheaper catalytic agents which would ,.ive the same or similar
products. We kept on workine with iron catalysts, In 1923, Fischer and
Tropsch (2) obtained the so=called Synthol when they passed water-gas over
alkalized iron shavings at approximately 100 atm. pressure, and 350 to L50°C.
The Badische aniline and sodafabrik (3) worked with similar pressures and
temperatures in 1913 and in 1925, they arrived at the synthesis of methanol.
Fischar and Zerbe (L) showed, in 1923, that alkalized iron shavings acting on
€02 and Hy; will lead to the formation of hydrocarbons., They observed that
with decreasing pressure, a tendency exists to feorm hydrocarbons rather than,
oxygen=containing corpounds, They worked in a circulating arnparatus at L1C°C.,
and 100~150 atm. pressure. Lhey observed that at aigher pressures, only watér
soluble vroducts were formed, but at around 7 atm., some oil was obtained which
contained aprroximately LO percent of potrelewn products soluble in connnntratzsd
snlphuric acid.

In 1926, Tischer and Tropsch revorted that at a temrveraturs of 300°C,
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and atove, znd using iron catalysts on CC and Ho, aven under atmosphoeric pros-
sure, hyarccsartons are obttalned, On tle basis 50 these experiments and ?65:1?5,
we have tried rercatedly to introduce iron catalysts, and at the sape iimc re
dute the rezrcticn temperature and imrrove the vield of liedid hyirocarbons. I
1923 {5), 30 %o L0 g. of ne and cil were obtained at atmosvhoric rressura
for wvery cubic meter of water=gas. The temperatures could be lowercd down -o

v ! I
2L3~25CPC. Tha lifetima of the catalysts amcunted to several dayvs.,

Flscher and Trepsch (7) had attempted in 1927 to use rater-gas at 10 to 1% 35=
mospheric pressure and 250=280PC. They worked with fusad iren oxids catalysts
with a small addition of copper, and threy worked with water=—:as directly under
pressure, Their products consisted of aqueous and olly substances in the ratio
3:2 wo 1:1. it this time, the authors revealed that their rosulis were not as
geod as with atmosvheric pressure. 1In 193k, Ficcrer (8), gave a Iacture on ire
Qggg@ﬁ@%aynttmsis in which he reported a raximum yield of 30 to 35 £~ Per cubic
meter ol mixed jzas when usin. an iron catalyst ynder atmostheric pressure (this
corresponds %o aprroximately 4O to LS g, nor ﬁmj of C0w~ils mixture). He 3ls
added that the initial conversion decreased by 20 jaercent in the course of
days.
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Thscher and leyer (9) aittempted in 193L=-36 rereatedly 4o improvs the vields of
liquid hydrocarbons by increasing the activity of the iron catalysts, 3v us-
ing iron~ceoprer rracipitated catalysts, they succeeded in zaettin. 50 %o 6C

edog
rams per nermal cubic meter of pas at a maxinmum lifetime of the ca'alvst of
14 I IS .
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Fiscror and nckermann (10), in 1936, ottainad 5% g. of 1iquid hydrecarbons per
norm: 1 cubi: meter of mixed yas when they used certsin copper=free iron catalysts
produced under certain conditions. They acrked at atmosrheric pressure. This
yield, however, started to decrease already after very few days, and in the third
weck, amounted to less than L0 g. '

4t this tims, they used a synthesis (as which contained CO and H, in the ratio
- of 1:2, although they had recognized that on iron catalysts the 80 convarsion
proceeds almost sntirely accordiny to the equation:

2 x (CO) + % (Hp) = x (CHp) + x {COs}

%hen they used a synthesis of 2C0 + 1l,, the CO was used up only partly, and the
activity of th: catalyst decraased rapidly.

In every one of the expsriments cited, the maximum yields obtained were less
than half those obtained with cobalt catnlysts on industrial scale. Therefore,
we could not consider the use of iron on 8 large scale at that time. The re-
sult of the work which we are woing to discuss today ig to snow that if we
operate in a certain mamner using iron catalysts &t elevated rressures, the
CO-Hp mixture may be practically entirely converted into hydrocarbons. AG=
cording to synthesis conditions, onc gets various quantities of paraffins,
bensgne, and gasol hydrocarbons. The total yields of this so-~called iron
middle=pressure synthesis compare closely to those of the synthesis using co~

balt catalysts, so that now we can consider replacing cobalt by iron.

Tewards the end of 1937, Fischer reporied on the favoraple course ol our work on
the synthesis with irom catalysts, Ve intended, ab that time, to make our re=
sults publdic and iniorm those parties which would be intarested for the commer-
cia) application. DBecause we recognized the importancs of being able to substi-
tute iron for cobalt, since Germany has only 1littls cobalt available, Fischer
and a series of his co=wcrkers have im~ensified thelr work in the last years.

The essential contents of the present work has been assigned 1o $+tudien and
Verwertungs nesellschaft, The assignmant which poes bzck Lo the year 1937 was
communicated to nuhr=Chenie for patent PUrposes. Tn the mesntime, several
patents had been applied lor in foreign countries,

PART I
The Catalyst
=ﬁ==#

A. Precipitation of Catalvst.

3t Tirst, we were of the opinjion that variation in the groduction methods of the

! iron catalysts and also trat certain acditions to the iron cataly-ts would effect
the synthesis at atmospheric pressurs in such a way as to improve the yields of
liquid hydrocaroons.- For this purnose; we produced nany huncdreds of different
iron catalysts wherely we tested the various additions ancd various modes of pre=-
cipitation,
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In the course of ocur researches, we recoyni ed soon, howsver; that we could only
reach our aim by workinr at a slifhtly rositive Frogsure, and the catalyst charace
teristics could vary consids=rably. 7hen we worked with a rure iron catalyst which
had been inducted with CC prior to the atmospharic syntresis, «e found that ve obt=
tained satisfactory yiclds for many months theraalter.

1. <Starting material,

A starting material for the produstiorn of the irecn catalysts, we generally used
iron-salt solutions. These solutions were obtained by nlssolving commercial ironm
directly. For the sake of comparison we also used chemically rure iron. The
majority of experiments wers carried out with the following iren samples:

"1

. Ferri nitrate {(commercial)

>» Iren nitrate solations ortained by dizsolving technicel iror
shavings in nitric acid. The iron wis chiefly rresent 3s ter=
valent iron. The iron shavinrs were introduced in szall ror-
tions into nitric acid of an ini’ial ‘ersity of 1, 18 and the
temperature was kept below LO to 50°C. (&bove 60 to 7030 a
decomposition of the nitrates occurs. with the formation of an
insoluble precipitate).

¢, For the produetion of Yerro nitrate solutions, a nitric acid with
a maximum density of 1.05 was allowed to act upon iron shavinrs
at 35 to hO‘C (a hiane" acid concentration or a higher temper-
ature causec a violent rzaction which forms Ferri snlts inst=ad
of Ferrc salts)

d. Ferre chlorice (comrercial),

C

2. Frezivitation with sodium caroonats,

The conzentraticn of the iron solutions used for precipitation raners Iy e 23+

ponded Lo one kilogram of iron per 30 liters of the solution /#with catalysts based
on 2 and tervelent ircn., The solution #us pra-neutralized in ithe colu wi &

olution of sodium carbenate, and care was taken to assure enough aikalinity Laar
0 ceérmanent precipitate 2 nazned in existince. The Ferri solutions uoually wer
precirilated at 10CPC., whereas the Verro soluticns were precipitated ot 2 roxi=
mum of 70-75°C., in both cases a small 2xcess of sadium carbonate was uzsd. 7w
sodium carbeonate sclutions ganerally contained one %ilegram of soda for svery 3
to 1C liters of water. after precipilation, the mixturs was brought tc a boil

for a few minutes, filtered. and washed free of alkali with hot distilled water,
The moist prec*rﬂtate was repulped in distilled water, meds to a wniform sln““y
on the water batn, and unde* constant. Sul“?lﬂg, the cp ired Gl Pntity cf g
(mostly pctasziun carbonate disseolvad in water) was added, The ehief ~us
of weter was svaporated off on the water tath, aftar this tne ratalysy
into a dry oven overnight a% 110°PC

S0

2., and the reafter was rellotfed and real
all cust, The Terri catalysts are blickisn-orown, rather solli, and
‘show a glassy Iracture. The Ferro caalystus are va"unincus and earﬁhan‘

The Terri catalysts praeipitated with rotassium carbonate ienar ally rrivald -5 o
surericr to the Terrc zatalysts, The Ferri catalysts obtained from “ecchnisal
iron over a ierri nisrate soluticn were used more Irequently than the “srro cata-
lvsts, and thorefore we termed the Verri catalysts normal iron catalyrts



Two rolnfs had to he sbserved carefully in their rraparation:

1.

2

The pre-neutralization of the iron solution had te be carried cut in
the cold, beciunse at elevated temperatures, a precipitate of insolus
.tle salts forms which makes it difficult :o vet ranvnducible rescl-.=.
It is important that the iron rracipitats is brought to a boil be:or:
filtering., This was foun: to increass the activity and the lifatire
of the catalyst. Table I shows that rlainly. In this table, cata-
lysts prepared under different tempsrature conditions are compared
onic #ith another. e used the degree of contraction occurrins during
the synthesis as a measure of the catalyst activity (CO=H, mixture,
3:2, 15 atm., 235°C). Thus, comparative activity data are given for
verious lenyibs of oporation, The hiphest poscible contraction
amcunted t» 6C percent if we assumed the conversion to liquid hydro-
carcons to proceed according to 2C0 + H, is equal to CC, + Cli,. In
actual rractice, the best yields are ob¥ained at a contraction of

S0 to 55 percent,

Table I.

Influence of Precipitation Temperature Uron the Activity of Iron Catalysts

Raised to
FPrecipitating boiling Alkall Days of operation
tarperature after contents, 1 2 5 iC 20
°C. precip.tation percent Contraction, percent
20 no 1 L3 - Lh L3 -
50 no 1 50 - 33 20 -
20 short 1 S0 - L3 sl -
20 " 1/4 - 50 L3 51 50
20 1 minute /4 85 55 L3 L8 5C
20 5 minutes i/L - 56 - - L7 43
1.0 1 minute 1/k 50 50 50 Ly 56

The table shows that the catalysts which w2re not brought to boil did nct come up
to full activi‘y or that they lost the activity rapidly.
boiled for'a short time and those which were boiled for one minute showsd equally

good rezults. Heating longer than one rminute showed no advantage. The last ex-
perimeart listed in the t:-ble, where the catalyst was precipitated a% boiling ten=
paratuce, correspronds to a ncrmal iron catalyst,

3. Trecipitation with ammonia,

AL 00,

geaeral, was regulated 3o that the precipitation wes terminated after 20 ainvt
Tha ammonia was absorbed quantitatively up to the end of the precizitation. An
2qual volume of poiling distilled water wns added to the precirpis

The catalysts wnich wer

P

a strzam of ammonia gas was conducted into a Ferri nitrate solution cone
taining 100 g. or iren per liter. The flow velocity of the gaseous armenia, in

tate, then it

t
was Tiltered and washed five times with Lot distilled water. The eveataal alks—
£ rra

lization was carried out as earlier desecribed for the catalyst
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sodium carborate, The iren catalysts urecipitated with wwrmonia are blackishe

broan, solld, and shew 2 glassy fractars,

L. The addition of kieselpuhr.

From a scriss of experiments, we used ircn-kieselguhr catalysts. These are dis-
cussed 1n a special chapter, The addition of the kieszlguhr penerally was car-
ried out after the alkalization and during the evapo-ation of the water {rom the
catalyst over the water &1, It is practicable to suspend the kieselpuhr in dis—
tilled water before adding to the catalysi. By doing this, ona prevents a too
rapid removal of water from the catalyst mess, and hence, the formation of non-
homogeneous lumps,

3. FPretreatment of the catalyst.

The freskhly preciritat.d and dried iren rrecipitate is entirely inactive as a
catalyst ior the conversion of CO and H, into hydrocarbons. In this it correse
ponds entirely to the still unreduced cobalt catalyst which is inactive. tno.
In orier to activste the cobalt catalyst sufficiently to serve as a good arent
in the hydrocarbon synthesis, it is usually only necessary to treat the unre-
duced oxides with nydrogen at 360°C., If ths sane treatment is given 1o the
still inactive iron catalyst, no improvemert in activity is obsarved znd the
catalrst is still nct capable of performing any work. "hen the iron ic troeaied
with ivdroren at 300—&50“80, it is converted into a black substance which is

- ferromagretic and has the comrosition, Fe.C, . This substance does noi catalvzs

the reaction between C0 and Hpo Howevsr,iif the catalyst is pretreated as CU,
1ts activity may be increased enormously, and in that form, the catalyst is well
suited for the synthesis. When 20 is usa? for rretroatment; the catalyst is
more or Jess reduced depending on the temreratures at which the treatment is
carrizd throuph, at the same time, carbiiss are denosited within the catalyst,
which causes the granuies i{o loosen un. The ftreatment with CO or Cl=ricn zases
in pzreral is called inductlon ol tle catalyst.

1. Irduction with CO=-Hp mixture curing the synthesis,

£, Yix2d gas and atmospheric pressure. I the precipitated iron catalysts
ar— - v el . ] 0 =
reu oL with mirxed zas (Ccmng is equal to 1:2), this is best done 2t atmos-
pheric crassure and st 235-250°C. Under the conditions cf the normal Dressurs

synthesis, the contracticn reaches a value of 30 percent after operating for 3

or L days at 235°C. and L liters of mixed gas per hour per 10 p, of iror, The
time whizh is necessary ic bring the activity of tha ~atalyst ur to itz Tl
strength through tha action of the symnthezis pas corresponds tc bhe induztion
perlod. At atmespheric pressure, one can cttain as much as 50 g. of licuid
sclid hyirocarbons ver cubic meter of raz at average contraciion of 37 g

end fcr a lenzth of time of 3 to L veeus. The GO of the mixed =

wetely all usad up, but a large excess of hydrogen remai
dra 1, curve 1, snows the observed contractions for thi

¢, CUerich gas and atwospherie pressure, If ie iron catalyst is allovrad
to #ork in pressnce of a CC-iip mixture of such a comrosition which corresponds
more closaly to the ratio in which the two componen=s corbine witl one anciher

at atroscrerlc pressure, no improvenents in the degrree oL conversion may Le obe
-~ A &

served, At Z352C.; the induciiza rericd lastad arcroximately 5 davs. £ maxinun

- -
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ceriirection of 31 percent was obtairsd.
st contraction, nanely 33 percent, was
(curve 2), whereas at 295°C,,
cbtaired was only 33 rercent (curve L),
tions, the cenv-+rsion decreases very ra
ca*al;st has been damaged during the

gas.

-

rsd

I el

Ca

an
The
‘as were used for every 10 g, of iron, 4t
cent after one day, after L days,

cent for

(Tipure 1,
a&:zadm reached after
after onc day of operation
fter having
ly apain,

simthesis at anmospheric rressure

CO-rich gas amd elevated rressure,
ormal catalyst was allowmed to work on synthesis pas at 1% atrospheric
Fas had an approximate compesition of 300 + 2i..

curvs 2}, nt 2h5°C., the ‘iphe
one day of operation
maximum centractiecn
the hiphest contrage
o decrease shows Lhat the

and CO-rich

the
]"’riC ned

This

Takla 17 shows a tirme=tast [or which
nrassura,
Four normal liters of this
thn contraction was only L pe

2Lgee.,

it wag 12 psrcent (as compared %o 37 %c 3C sers
the same period at one atmospners),
ture was gracually raisad; and the increase in contraction was

After the fourth day, the teﬂ“era_

observsd throuzr

several days, On the e¢evmnth day; Zk rercent contraction was reached ot \uﬂgﬁ
when the teayerature was raised to 270°C, at first, no further incrzass in con-
version occurred. At 275°C., 37 rercent was measured, and at 230°C., 34 rercent,
Only when the temperature went up to 29¢°C,, did the contraction po up to 30 ~erw
cent..
Table II.- Inducticn and Synthesis at a Fressure of 15 Atme spheres
Terp., Contraction, Temp,, Coniracticn,
Lays °c. percent, Days °C, percast
1 cLs 4 £ 263 37
L 2L5 10 75 280 L7
3 200 13 50 28a L9
7 252 17 93 283 Ll
1 €0 24 104 285 b
13 27¢ 2 120 2838 L3
s 275 27 140 292 b
28 280 36 15 298 o7
20 250 =C
Yield determinution for the tvhird month of operation at 27C00.
COg 5§ 0o 0e H |44 CZ i
Starting gas vy G0 U2 L U.Z2° 1.U -5
Final gas 55.5 3.k 0.2 1145 1.7 ¥.3 1.7 8.L
Yield per normal cubic meter of ideal as: 3 g. of raraffin, 72 z. < "igzid hydroe
carbors, 32 g. of gasol hydrocarbons.
vext ve wanted to see whether this onci-obizined coavers.on 10u12 He obtainas
cain aftsr lowerdng the terreratura. A4 ¢8C°C., tne contrazt on Trll back o
37 rverveent. At 230°C., howevsr, a Letter conversion was roticsd in Lhe thind
montn o ef i fakv d oalter one mornth. I She T, a s.
an e, In oxdesr ta rzinal asrirach:
d Lo ba raissd in the rg {iluh
of cperation, L% was




After she t.ird month, a fileld determination for a run at 28C°C., gives the re-
sul%z shown in Table II. Three gvra~ss of solid Da*a;’;ns wera sbtained per nor-
mal 2:1bic meter of 1d:z=al gas (inurt—;ree), 93 grams of liquid hydrocarbons, and
32 grams of pasol hydrocarbons (C3 + u|;~

When the catalyst was subjsected to workin. conditions at higher pressures righ
from the beginning, the process of induction was inhibited and 2specially was
the catalyst incapable of working at low temperaturws, On the other hand, at a
pressare of 15 atmospheres and using a CO-rich synthesis gas, the tempzrature
of the reaction could be raised to £30-290°C,, without cdausing a rapid decrease
in zatalyst act1V1ty, such as was observed at one atmosphere ;:z;essure°

| SOy |

rheses results were obtained with iron catalysts which had been prepared in very
diffarent ways (Ferro and lFerri catalysts). Bome of them contained copper, others
did not.

2. Induction with CO and Hs mixtures in a process separate from that of the
synthesls .,

A, Incuction at various pressures and synthesis at ordinary pressure. It
was attempted to find out whether an increase in activity of the catalyst can be
reached by carrying the induction through independent of the synthesis., Ve
wanted to find the optimum conditions for both the induction and the synthesis
as such. 1In order to investigate what effect the pressure has upon the synthea-
sis av atmospheric pressure, the experiments listed in Table III were undertaken.
“e inducted for 20 heurs at 255°C. with L liters of normal gas per howr per 10 g.
of iron. The gas had a composition of 300 + 2Hp, Then we used this catalyst in
a synthesis with a gas of composition 1CO + 2lip, Four liters rer hour ver 10 g,
of iron were employed at at-ospheric pressurs, The degrecs of convarsion during
this reacticr were measured after l-1/2 hourg at 255°C.

Table III.— Influence of Induction rressure Upon the Synthesis at itmos. Pressurs

Induction pressure, 8. L7 2.9 5.0 1.5 ; 0. o1
atmostheres > : : - s
Synthesis, 5 12 12 28 25 28 32 30

contraction percent

The results showed that elevated rressures impede the induction. When the induc=-
tion pressures were below one atnoschere, no essential improvement could be noticed
during the synthesis at atrospheric pressure,

b, Induction at ordinary pressure and syntlesis at elaevated pressure®. For
this experiment, we worked with an iron catalyst which was precipitated #ith sodium
carbonate and another iron catalyst precipitated with ammonia. Both catalysis were

{ .escribed earlier and contained 1/l psrcent potassium carbonate.

"Huring the cxpariment, it was intended Lo study tha influence which *io induc-
tion zrocedurs has upon the activiiy of the catalyst. The ca'nlysts were ov-
amined under certein {ixed synthesis coniitions., The influrnec >0 Lre various
synthesis conditions is discussed in "Iynthesist®,

"
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The normal iron s2laly=% which was precipititad wits =oda was allowed to work on
the CO-rich gas at a rate of L liters ter hour rer 1C ¢. of catalyst at one atmon-
phere 2nd 2u5°C, The timm of the sxperirent lasted 21-1/2 heurs, This gas yielzed
a contraction of 33 percent at the end of the rretractment . Then we switched gver
to 15 atmospheres and 2350C, I~mediately the contraction went up to 0 rercent
however, on tic s=cond day, it was only 33 percent, and on the third day, 30 rer-
cent. The tennearature of 235°C., rroved toc low to assure the maintenance of tre
aontrasztion o 50 percent with this catalyst. Next we cratreated the same iron
catalyst with mixed gas at atrosrheriec rressure and 235°C. The contraciiom =t tre
end of the pretreatment was 30 percent. Next we switched over to 1¢ atmosnheres.
and a CO0-rich gas, At 235°C., 43 percent contraction was cbtained and L7 percen
at 25°C. In order to maintain the contraction at LE-50 percent, the terperature
- ad to be raised to 257°C. within il days -

The iron catalyst which was precipitated with ammonia was inducted with mixed £.as
at atmospheric pressurs and 2L5°C, The contraction rrached 31.5 percent after

5 days of oreration. Then we switched to CO-rich synthesis gas (3C0 + 2z} ard
operated at 1% aimospheres pressure, Table IV shows the contraction after scme
time of operation, and the composition of the synthesis gas and of a reaction gas
obtained at 250°C, (Lth day).

Table IV.- Synthesis at 15 Atmospheres with Tron Catalyst
ecipitated with ammonia and Inducted at 1 Atm.

Temp,, Con%raction

Days ©3, percent

1 245 59

2 2Ls L3

b 250 53

5 250 L9

10 25e’ L6

20 256 g1

5o 255 51

10n 265 53
.. cop SKV 05 co B oK cz Ng
Initial Gas 2.7 0.3 G.0 55,3 37.3 0.0 | == i.2
Final QCas c3.8 3.4 0.0 11k 16.2 6.2 2.0 §.2

This experiment gave a cuntraction of 5§ percent on the first day of operaticn and
and at 2LS°C. In order to maintain the highest possible yields and a contraction
of 50 percent or above, the temperature was gradually raised, This degree of con-
version could be maintained for more than 3 months. After 100 days of operaticn,
the tencerature had risen to 265°C,

“iis esrerimert shows that tho resaction temperature could be lowered by 30 tc Lo
wegrees when the catalyet was inductaed at atmospheric rressure as comparaed tc 1
tenperature of the reaction when the induction was carried cut it 15 atmosmher
The additional increase in activiiy which the catalyst acruired during induction
et one atmosprere rerained intact Tor the entire curation of the sxmerinent .
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2. Induetion an coduced sregsur relnLare
vat~d rregaur rollowing iz the des . oirion S LIOT o mEn
RO L
Tron catalvst cted with ©=ris at, 1/1

4 5
various temst 2s The induction lassed
twazn 2551 >.  The aziivity of al;
of ~omp itlcn 0=, is caoual to 3:
atwos and the t:mp;?at:r- 235°C, .
Wit “ire 2t a constant sTTthesis t&?S_TdZLTE

-
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€ howrs andd vis carricd out e
5 @ ¢,
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of ir-n par hour). hen
dro, ad belew 50 carzent =

)]

Liam ,crrura‘uve LT o
Yia the dindvetion terp
as nassed only after T -
ried our at ti; her temperatures, the f2tir . nivst deerea 1 ain.
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Tatle ¥ shows an esxample vwhere a cata v was inducted ah 32572 and 1,10 atros-
phzr=. The ta-le gives “eqreratures : tracticns for 200 zonsecutive days of
orerztictn, Tesides, it also zives vial and fipal gas analysis cn the 1Cth,
1003n, and 2(Cth days o7 operation. The svnbhesis was continued a’ 2389 a5 loaz
78 ~ne contrection did not fall below S rurcent, ag s2on as it nil, ¢ tara-

ture was slowly raised and only raised ercugh ¢ assurae a maxisam oo ris=ison.
Only a‘ter operating for 2 months, did ti: =e“““9*““° £o abov: 24000, and
-

2 months, abcve Z30°3,
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The contractlon decreased Juring the 200 days of operation from 56 to L7 percent.
The composition of the fipal gas changed sharply during the {irst few days, how=
aver little only waring the following longer-time operation, 140 g. of solid ard
liquid and gascl hydrocarbons wers obtained at the end of the second week of operie
ticn. Of this, 31 g. constituted gasol hydrocarbons.

From Tahles [V and II, it may be observed that a contraction of 50 percent results
from a catalyst which was inducted at 1/10 atmos. and 32 °C., when the reacticn
temperature is 235°C., When the catalyst was inducted at one atmosphers and 245°C.,
a 50 vercent contraction resulted at 245-255°C. For a catalyst which was inducted
at 15 atmosphsres pressure, a temperature of 280=-290°C. is recuired to produce =
50 rw=reent contraction.

d- Influsnce of the induction pressure upon the synthesis at elsvated pres=
sure {induction temperature, 325°C. ). After we had found that for an induction
pressure of 1/10 atmos., the optimum induction temperature was 325, we once more
investigated the effect of pressure upon the induction at that tempsarature. 7Tadls
V1 shows these results. The induction was carried cut in each case for 25 hours
with a CO-rich synthesis gas, and the catalyst was tested at 236°C, with a gas of
composition 3C0 + 2H; at 15 atmos.

Table ¥I.= Influence of the Induction Pressure Upon the Courée of
the Synthesis at 234%°C, (at an Induction temperature
ef- 328°PC,, ard the uss of synthesis gas for the Induction)

Pressure, Length of Operation in Days
atnos ., 1 P it i0 20 30
Contraction, pertant
15 30 2l 15 - - -
1 56 oh 55 50 Lo - 50
3:1 56 54 56 56 ge L8

The table shows that the catalyst possssses only slignt activity when induchzd ab
15 atmospherss and 328°C, Yhatever 1ittle activity it had, it was lost rapidiy.
%hen tha inducticn was carried out either at cne cr at 1/10 atmos. aad 329°C |, in
toth cases the same degre=e of conversion was obtained for the first month of th
synthesis.

|

i

3. Induction with CO.

It w:s recognized that hydrogen alone can net be uszd for the inducticn of iren
catalysts, Then CC and 4y mixtures ars employed and especialiy is this trus Zor
temperatures of 30C°C . and above, the danger exists that during the inductisgm,
product3 are formed which will block the active centers of the catalyst. DFor
-thnese re4sors, we have experimented with nydregen-{ras CC,
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a. Influence of the incuction cewpzrature at 1/10 atmosrhere rressure,
In order to find the optimum inductisn terperature, & siries of experiments was
undertaken which were analogous Lo that when synthesis gas was used for the in-
duction (corprare Tigure 2), The induction was carried out for a length of 25
hours at 1/10 atmosphere, and differsnt temparatures using 30. Four liters per
hour of CO referred to one atmecsphere prressure were used fer every 10 g. of iron.
The synthesis which followed the inducticn was carried cut with a gas of compo=
sition 3CO + ZHp at a temperature of 235°C., and pressure of 15 atmos. The Tlow
velocity of the synthesis gas was L liters per 10 ¢, of iron rer hour. Figure 3
shows the behavior of the catalysts which were inducted at 255°C,, 3C8°C., 329°2.,
2L5°C,, and 420°3., using CO. The catalyst which had been inducted at 327°C,,
proved to be the best cne. During uhe first 2C days of the synthesis, the con-
version gracually increased from 50 to 55 percent contraction. Up o the end of
the fourth ronth and at 235°C., a constant conversion corres-onding to 2 S5 per=
cent contraction could be maintained. The catalyst which was inducted a® 3435°C.,
caused a certraction of abcut 50 percent for 80 days. Lower inducticn tempera-
tures such &s 255 and 3C5°C, and highsr temperatures such as 4OC®C. showed less
favorable results,

A comparisor of Figures 2 and 3 shows that the catalyst which had been inducied
with pure CC instead of CO and Hp mixturss showed a longer lifetime. This can
be said to Frold for all tenpreratures. When the catalyst was pretrested with
pwre CC, the contraction decreased below 5C percent on the 12%h day when the
induction temperature was 255°C. When the catalyst was pretreated with synthze
sis gas at 3C5°C., the decrease in contraction below 50 percent occurred on
the 12th day as compared tc pure CO for which the drop below 30 tercent tock
place after the 25th day. Similarly, for an induction %emperature of 325°C,,
the deénrease in contracticn below 50 parcent occurred on the 24th day when
synthasis gzs was used and when pure CC was 2nployed instead, under the sams
condtions, thz same drop occurred at the end of 120 days, Vihen the catalyvss
which was irducted at 3°S°Cv, was used, the syntresis terpera‘ture had %2 be
- o

15 T

Al

raised after 13C days of overation. WVhen another catalyet induched =t 345
was employec, the temperature had to be increased already aftor 20 days,
operating dezta of these experiments are presented in Tables I, vii, and VI

Scre
11

abls 1
Results of Esyperiments Carried Out with an Ilron Catalyst Incucted at 22523, with 2C.
Induction: (G, /10 atm,, 4 liters per 10 2, of iron per hour, 25 hours. ‘
Synthesis: CO-rich gas, 15 atm., L liters per 10 g. of iron, temp., 235°C. and up

Tenp-, Contraction Temp., Contrecticn

Days °3, percent Cays °C. parcent

1 235 b7 140 2Ls L€

2 235 el 140 250 Lo

g 235 50 130 251 L

10 235 51 200 250 ubs

¢ 235 55 250 255 s

C 23 <L 300 283 !
100 235 =3 350 270 LY
13C 235 L7

/f
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Tahle VI fcontéd.)

Loth der co, sk 0p co i i to. 1,
T Tnitizl gas 2.0 0.0 0.0  53.L  39.% 0,0 - L2
Final gas 57.0 2,6 0.1 5.3 U, 8.9 2.0 10.%
70th day
InITial gas 2.5 0.0 0,2 S4-7 37,9 0,2 1.0 L35
Final gas £4.90 2,9 0.0 2.5 9.5 11.3 1.$ 9.8
100th day
initial gas 3.5 0,0 0.0 thol 37.1 0.2 1.0 R
Final gas 61.2 3.3 0,1 5.2 11,2 9.0 1.9 0.0
30Cth day
{ "nitial gas 2.0 0,0 0,2 56.6  3L.3 0,2 1.c 6,2
ifinal gas L3.9 2.9 0.2 15.9 10.3 8.5 1.2 iz

-2
Yield per MmJ c¢f ideal gas at the LOth day: 130 g, liquid and solid hrdrecarkens,
Ll g, of gasol hydrocarbons.

n " " n " 7Cth " 105 . liquid and solid hy ‘rocarbons,
LS ¢. of pasol hyirocarbtons,

n oo vooon ootk * 110 g, liquid and solid hydrocarbons,
47 g. of gasol hydrocarbons,

n n n mooon 300th " 110 g, liquid and solid hyrdrocarbenc,

gasol hydrecarbons, not determined,

The experiment with the iron catalysis inducted at 325°C, lasted through cne rear.
This catalyst gave a constant conversiocn for I, months at 235°C,, thareafter, for
the tize to follow, in crder to maintain this conversion, the temperature had to ne
raised slowly vt to 270°C., The yields reuained arproximately the same for 4!
time of oper-tion, They amounted te 107 te 110 g, of liguid and szolid Py O rOCErnons
and Ll to b7 g. of gasol hydrocarbons rer rermal cubic meter of gas,

cr . temm
Tanls VIII
SoIIT s
y

lesuits of Experimenis Conducted with zn Ir-on Catalyst Inducted with 00 abt 24573,
Inductior: CO, 1/1C atm,, L liters per 1l z. of irsn per hour, 2L nours.

Synthesis: (CO-rizh gss, 15 atm,, L liters per 10 ¢, or iron per nr, vexp. 235°C.- ur
temp,, Ccatraction,
Days el nercent
1 33 59
5 235 50
10 235 51
20 235 31
Lo 232 £3
60 233 52
80 233 L9
120 zhs oh
[ _ 115 250 LY
20z sk - Op o0 Ep %3 cz Mo
cOth day
TTInitIal gas 2.2 0.0 3.0 534 5.5 G.C . 4.
Final gas 57.7 2.0 G.2 £ 12.9 1.9 1.2 13,7




Up to the secend menth of operation and at 239°C., zhe catalyst which was inductes
at 34870, gave a vield of 110 ¢, of licuid and z3slid h;urccar“ons and L1 g. of
gagol kydrocarbons per normal -uble nater of ideal ras. Near the end of the fourth
moath, the temperature wis 250°C,, and the contraction was still arrroximately 5S¢
percent,

Ths and=gas analysas of thcse instances where z catalyst was used which was in-

ducted with CO at 1/10 atmosphers and 325~2L5°C., show no essantial changos durs
iny rmany morths of coperation. This 1is in accord with the constant centractions

observed,

b, Influence of induction rressure. A series of pressurs sxperircnts was
carried ocut with CO which was anuiogous to that run earlier with synthesis gas.
(see Ta4d)l)VI). Table IX shows contraction for various lengtrs of time of the
synthesis, The induction pressures of the catalysis were 15 atrospheres, cne at-
rosphere, ard 1/10 atmosphere, The induction time again was 27 heurs L liters
per hour, tre induction temperature 32¢°C),

During the first days of opcration; all three catalysts gave good conversions,
The activity of the catalyst which was inducted at 15 atmospheres, however, de.
creased during the fourth week, whereas, the catalyst inducted at 1/10 atmesphere
remained intact through 3 months ., *

Table IX
Influencze of the Induction Pressure
(at an Inductiion Tempcrature of 3J25°C,, and tho use of C0)
Uron tne Course of the %ynahesxs at 3255C,
Days of Opzration
Pressure, 1 jXe) 0 25 30 &
ALros . Contraction, percant
1c g 52 LB Lo -— -
56 57 23 - — e
c.1 -— 51 55 Sk 5 54

A compariscr. of the results of *hls investigstion #ith the results in Table /I
shows that the catalyst acquires also higher sctiviiy when it 1is activated a3
elevated pressures with CO instead of with CO-H, mixtures.

¢. Irducticn time, During tike induction at reduced pressure, approxi.ar ly
100 liters cf 0 per 10 g. of iron wore lead over the catalysit, At the reguired
ranid rates of gas feed, only a small rart was used up, The larger rart of the
unused gas may be used zgain for induction after tre COp which had formed was re-

noved.

*During the induction a< el
carbon were derosited on t°
elsewhere.

avated ;reSSLre, comparatively larza quantities of
he eatslyst. Quantitative data on this zre given

- 15
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*The indoctlon process nay be followin: closely hy checkin up on the (G forma-
ticn. Curves 1 ant 2, in Figure L, represent the CC, guantities formed at 1/10
atmosphere and 325°C. per hour f{or every 10 g, of iren, In the case ¢f curve 1
the temperatare of 325°C, was reached after 2-1/2 rours. In case of curve 2,
this same temrerature was reached after 1-1/2 hours, During this starting neriod
the flow velocity of the CO amounted to li liters per hour in toth cases, During
the experinmeat represented by curve 1, this same flow velocity was maintained -
all through, the flow velocity of the experiment represented by curve 2 was LO
liters per hour. %{th L liters per hour of O in the beginning, one liiter of

- CO, was formsd per hour. The CO, formation gradually decreased., ipproximately,
af%er 25 hours of operation and after a temperature of 325°C. wzs reached, “he

;- CO, formation aprroached a corstant minimum value of 0,2 to C.3 liters per hour.
( 4#hén L0 liters per hour of CO were used, the CCp maximum value amounted to 3

liters per hour and after operating for 2-1/2 hours, the constant amount of ap=-
proximately one liter per hour was obtained. In both cases, it was necessary
to pass approximately 10Q liters of CO thrcugh the apparatus in order to chiain
a constant minimun quantity of CO,, During experiment 1, altopethar 18 liters
of CCp, were ‘ormed, during experiment 2, only 1l liters, The C7, formation is
caused through the reduction of CO and throurh the formation of combined and
free carbon according to the equation '

2 CO=C + COp.

4

For the flow velocity of experiment 1, more carbon was deposited than during
exrariment No, 2.

Four experiments are listed in Table ¥. Sxperiment la and 1b belonz to the C02
curve 1 of Figure 4, exreriments 2a an¢ Zb balony to curve 2, In the case of
experiment la, formation lasted for 25 hours and was carried out with L liters
per hour at 325°C. In the case of experiment 1b, the incuction lasted 2=1/2
hours, for exreriment 2a, LOliters of CO por heour were used fcr 2=1/2 hoeurs at
325°C, Experiment 2b lasted 20 minutes. The noin*s at which the induciion
was terminatzd ard where the symihesis wns started are marked Ly a 2To8s ¢on
Figure L4, The followins synthesis was carried out in all cases at 15 atros=-
rheres and 235°C. As Tablz I shows, after 100 liters of CO ad bean nassed
over the catalyst duriny exveriments 1a snd 2a, a goed and lastiny activity of
the catalyst had veen created. “hen the induction was interurited before ths
CO» formation (sxperiments 1b and 2b) declined catalysts were cttained which
gave good initial conversion, but which lost their activity rapidly.

Table X

The Influenc2 of Flow Velocities of C3J uron the Induction Time and the Ccur:e
of trs Synthesis

Lxperimnent la 1b ca 2h

Iiters of CO per hour L I L0 LO
¢ Imcuction Lime, hours 25 2.5 2.5 3.3
Total quantity of 2 use=d G0 10 e 12
Contraction in percent for the synthesis
lst day u7 55 53 53
2nd  day 50 50 ol 50
Sth day 50 30 5G —
10th day 51 — Ly -
20th day 55 - o1 _—
30th day sl - sh o
pr

2
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In all of the expariments (la, 1k, 2a, and 2b) the Tlow velocities a1 the gases
at a pressure of 1/10 atmosphere, mere sulficlently larye to remove the TCo Trom
the catalyst surface. The catalyst activity cttained throurh experimant 2a, was
equal to that of la; in spite of that facts that ths contact Lime b:twesn the
gases and the catalyst was preatly reduced and ithe (0 formation in case of 2a
was much lower than in the case »! la (less carbon was derosited in the catalyst
during exreriment 2a). This constitutes an advantags, .

For comraricson, Figure L also pives the corresponding COp quantities for an ine
duttion at one atmosphere, curve 3 (see also the exgerimental results given in

¢
i

Table IX), # 20 flow velocity of L liters per hour was uvsed {analogous curve 1).

Curve 3 shows that during the rrocess of induction more CO2 #is formed at atmos-

pheric pressure than at reduced pressure, this mzans that &1so more carbon was
dezosited.

d. kKixture of CO with other gases. Mixtures of C0, and H, have besn Jis=
cussed alrescy. In feneral they rave more unfavorable results at ordinary cr
elevated pressures than pure CO, This wmay he exrlained by assuming that syn=-
th2sis rroducts formed and blocked the catalyst surface,

The presence of CO, or waterevapcr impedes the reduction procsss, and therefore
should be avoided if possible,

The rresence of small quantities of inert rases espscially of nitregen, carnst
be avoided if the irduction is carricd out on a technical scale, Large Juane
tities of inert ¢ases impede the process of inductiosn, %Ye have {ound that it

is favorable %o work at 1/10 atmesrhere pressure using CO. Tt is not permicsa-
bls to use = gas mixture exhibiting 1/10 atmosphere partial rressure of CU and
9/10 atmosphere partial pressure of niircgsn, Then an induclion is csrried -ut
under those conditicns over a lengith of Lime of 2€ hours with L0 liters ol Co=
nitrogen mixtures per hour (teotal flow 100 liters of £0), a catalyst is yrroduced
which will sive only 377 contraction at 235°C. Then we worked with 3 CCenitrcgen
mixtare of & ratio 1:3, an inducticn carried out for 10 hecurs with 4C 1litsers per

hour of gas vielded an iron catalyst which gave a contraction of 50 percent

~

through 3 weeks of operation at 235°C. and 15 atmcspheres.

L. Theory of Induction Process,

It has been shown that in wder to produce an active iron catalyst a pretreztment
of tho catalyst sith CO or CC-rich gases is raquired at temperstur=s arourn: 26€C=
350°C. Furthermore, we have recognized that this process which e call induction

o

has to pe carried cut at lower pressures than the symthesis which is *5 folleow,
#e found that induction with CO and Hp will give a lewer activiiy than wher SC
is used as such Cur explanation for this vhsnomena is that already during the
process of Iinduction liguild and solid hydrocarbons are formin:z con the catalyst

surface and rrevent the activailing gases from cominz in contast with the cotaw
lyst.

Induction with 4, has not beean found veossible.

-
X



