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Researchas of the Oppau Ammonia Laboratory in the

Fischer-Tropsch Synthesis

I. Investigations with Cobalt Catalysts

a. Experiments at Atmospheric Pressure

The Ammonla laboratory started its investigations in the f
of pressureless hydrocarbon synthesis according to Fischer-Tropsch i
by setiing itself the task of reexamining the relevant material in t
literature, Dr. Lorenz was able to prove by numerous experiments th
when the cobalt-thorium-kieselgur and nickel-manganese-aluminum-kiss
catalyats proposéd by Filscher were used, the values checked in respe
performance and life of the catalysts, type of product, and suscepti
of the syntheslis to temrperature and catalyst poisons. He further de
that there wag little cholce in the individuzl products so that a si
adaptation to market conditicns, 1,e., a purposeful shifting in the
position of the preduct, was not possible. It was possible, for exa
to roughly triple the paraffin proportion only by a substantial incr
of the contact time of the gas with the catalyst to about 6-7 times -
technically conventional period at a synthesis temperature kept down
160-170 &egrees. This was only possible at the expense of the catal;
life. But even this shert-lived success was dependent on the type o
kieselgur used, for other types, even under these extreme conditions
did not give these high paraffin yields without some restrictiens on
the kieselpur. Whan the kieselgur was replaced with silica gel, thle
formation of higher-hoiling preducts was greatly imvaired. The repr:
ibility of the catalysts remained unsatisfactory despite expenditure

time and effert, Statements on the influence of expsrirent variatim
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.annot be made with any certainty until this indispensable condition is met.

The author, together with Dr. Meisenheimer, in October 1236
undertook to continus the investigations at this juncture. In this connec~
tion it seemed advantageous to examine the part played by the individual
cemponents of this catalyst by temporarily restricting ourselves to catalysts
contalning cobalt as the basic metal. In order to proceed gradually a
cobalt catalyst was produced at first without additions in order to check
on the influence of various precipltation conditions, reduction temperature,
and'alkali contgnt. The result of the initial investigations, whose success
is attributable to cur cless collaboration with the X-ray laboratory, can
be summed up as follows:

1. Pure cobalt metal produced under specific precautionary
measures, with a catalyst space velocity of 1 liter gas/l gram Co hourly,
ylelds approximately 110 grams/Ncbm synthaesis gas as compared to 25 gra:ms/'Nm3
in the gasoline synthesis. This 1s the value given in the literature.

1@ lower the reduction temperature the better the catalytic activity of
these catalysts without promoters or carziers. Catalytic activity does
not ocecur at high reaction temperatures due tc premature sintering.

2, However, if the finished catalyst contains noticeabls
quantities of Co30h along with basic carbenate before reduction, 1t will
be substantially less suscepitible to the reaction temperature as a result.

of the difficuliy of reducing this oxide, which acts as a stabilizer,

Red. Temp. grams yleld/m?
without with

Co30h
350 o] 30
300 1 -
270 15 108

225 39 135
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3. The follewing was proved to be reliable as a catalyst

production recipe:
Cobalt nitrate containing water of crystallization is disscl

in water and, with a 1little more than the calculated guantity of potas

carbonate, subjected to a cold drop by drop precipitation within L0-5¢C

hours. The precipitation 1s washed out by a suction filter wntil ther

no longer any evidence of nitrate in the filtrate. The moist catalysi

13 dried for 24 hours at 110 degrees and, in order to attain a suffic:

centent of Co30h by the oxidation of Co0, again moistened and again &

at 110 degrees for 10 hours., The catalyst 1s reduced at 225 degrees.

Time sbout 10 hours.
L. The recrystallation which rapldly set in caused a shart

for this unstahilized catalyst.
5. Carbide formation in the spent catalysts could not be ¢

with X-rays.
At the time that this informatlion was discovered a mew prot

was added, namely, the increase of the paraffin yleld. This task wa:

closely connected with the wark being done at Oppau in the field of

paraffin oxldation to soap-stock fatty acids, or wax. AsS & result o

this we were forced to pursue our activities in several directions W

frequently intersscted.
The simplest manner of gtabilizing cobalt obtained in an 3

form was deposition on carriers. For this purpose we initially used

Kieselgur, the exireme case simultaneocusly cccurring in which we for

once used a Flscher catalyst with a thorium content of 0. This rest

in a catalyst which naturally did nect quite approach the standard ®

catalyst with its 18 per cent thorium in respect to activity, but wt
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. displayed an excellent life. Tt was used about li months without beins

" regenerzted., This was attriruted to the fact that it only formed paraffin

at the start; later, after abont 1l days, vractically no more paraffin was
formed, This direction, however, did not conform to our wishes, but at

jeast it showed us the part blayed by ore of the three compmnents, the
;Vthorium oxide.

It accamplishes two functions in the catalyst combination:

-1, Stabilization of the catalyst in an active Tarm, which is only vossible
otherwise by 2z special drop bf drop precipitation. 2. Guiding the synthesis
into the production of long-chain products. This infofmation led us to
jnvestipate catalysts with a high content of thorium oxide for the purrcose

of an increased paraffin yield. As was toc be expected, an increased
percentage of paraffin was obtained. However, since the total yield in
conjunction with the greater thorium content, at first drops slowly, then
more rapidly, the actual increased yileld of paraffin may be ignored. However,
t' sombination of a thorium-rich and a normal catalyst in a two-stage
operation proved to be good. The use of this catalyst resulted in a
paraffin yield of 35 grams/chm of a total yield of 130 grams/Ncbm. The
experiment lasted 2 months, hydrogen regenerafion at 220 degrees otcwrring
after each 1l days. The experiment was discontinued after two montas without
any visible falling of f of acti#ity. Further efforts were made to increase
the paraffin contents by the rressureless procedure. Alkalization of the
catalyst or modification of the gas caposition (increasing CO conten®

were tried. It was shown that each individnal measure or a combination eof
both tended towards increased paraffin formztion. However, thls increase
only reached moderate proportions and does not compare with the increase

attained by raising the thorium cmtent. Since a decrease in the total

yield is tied up with these measures, the increase in the percentage of
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paraffin is no yardstick for the actual formation of paraffin,

However, all these efforts to achieve an inereassd yleld of
paraffin are outstripped by another measure, namely, the application of
pressure, It is therefore not necessary to go into the abowe experiments
in greater detall., However, before turning to these pressurs experiments
we should liks to report briefly on our efforts to find other promoters
and carriers for the promotion and stabilization of the cobalt.

At first magneslium oxide seemed to us te be a suitable promoter
addition since it forms a spinel with cobalt oxide (00203), and forms an
unbroken series of mixed crystals with Co0. Because of the attainable
homogenelity this avpeara to us to be a favorable precondition for catalyti
activity after the reduction. It was determined as a result that addition:
of 2-15 per cent Mg0Q without additien of kiesslpur were approximately
equivalent among each other, but gave a total yisld of only about 80 grams
This type of catalyst is very dense and, since it possesses a higher metall
content, with respect to the same quantity of metal, it occupies a substan
tially smaller volume than the kieselgur catalyst; for example, L grams of
cobalt ars contained in 10 ¢.c,, it would otherwise reguire ahout L0 c.c.
This results in a four-fold volume spacé veloclty since‘the catalyst charg:
rate is referred to the gram quantity of cobalt (1 liter/l gram Go/hour).
However, if 1t is desired to employ the usual volume charge with the catal;
then four times as much catalyst metal is needed and a yield of 120 grams/?
is obtained after two months without regeneration., This corresponds to the
1life of the usmal cobalt~thorium-ldeselgur catalysts.

The attempt to deposit the cohalt-magnesium catalyst combination

on Kkleselgur resulted in a catalyst with a yield about 10 per cent poorer

than the standard catalyst with a similar paraffin vield,
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Further investigations on the replacement of magnesium oxide
by manganese, ceric or lanthanic oxide resulted at best in equivalent
but not batter catalysts than those proposed by Fischer.

The cobalt~nickel-manganase-uranium-kieselgur catalyst proposed
by the Japanese, with the same yield as the standard catslyst, is quite
noteworthy becausa of the marked direction of its reaction towards
paraffin (28 grams paraffin/Nc‘bm in over four weeks)., On the basis of
our o experiments we attribute this condenaing property to the influence
of the uranium,

Although we do not ignore the good catalytic properties of the
gtandard catalyst we received the impression during ouwr investigatlons
that the kisselgur might easily lead to troubla. The fault lies in the
undefined character of the material since we have not reached a point
whers we can exactly analyze its make-up. Ita physical structure 1s
doubtless of impariance along with its chemical compoasition so that, in
the end, only catalytic experiméntatian can decide upon its utility. e
therefore spert a great deal of time in looking for mother materlal
to replace kiesslgur, such as alumirum oxide, kaoclin, magnesium oxide,
#ilica gel, tale, porcelain, etc. Our experiments showed that kaolin and
alurinum oxide, after a pre-tredtment with temperatures of LOO-600 degrees
ar BO0-1000 degrees, yield a catalyst practically equivalent to the
idesslgur catalyst (liﬁ four months), all other carriers reacting
unfavorably, Nevertheless, the fact that we retained the kisselgur in
general is.explained by the observation that a less faverable type (4 §)
was substantially improved by igniting in a current of air at temperatures

of 500-700 degrees, It even outstripped type 20, the type generally
by Fischer whlch was supplied by the Cerman Xiaselgur-erke,

smployed




'
,
;
H
i
]
it
i
:é

A
i”§
i
i
i
2
%

5k
Hanover after treatment by ignition. The treatment at Hanover, however,
doas not cccur at a specific tamperature, mapy-particles therefore
being overburned. A further cvservation was made to the effect that if
slight additions of magnesium oxide are added to the klesslgur to the
sxtent of 1-2 per cent with respect to the cobalt metal, fluctuaticns
in the behavior of the vai-ious kieselgurs could be practically eliminated,
Kevertheless, experiments undertaken from time to time with the aim of
replacing kisselgur with silica gel finally achisved success by the
observation that a ailica gel preheated for about five hours in a current
of air at BOO dagraes %o aveid silicate formation can completsly replace
kiaselgur if a fine-pored gel is employ=d.

We can summarize the results of our numercus experiments by
stating that we camnot mropose a more serviceable catalyst than the
cobalt-thorium-deselgur catalyst. We consider of egqusl valus for
synthesls performance the slowly pracipitated thorium-free Co catalyst
with about 1 per cent Ag on fine-pored silica gel which offers the
advantagas of & saving of thorium, of reproducibllity in the gynthesis
reactor, and of better catalyst 1ife. The weakmesses of the thorium-
containing standard catalyst lle in the fact that 1t contains keselgur
with its unpredictable qualities and that its reproducibllity i=s gtill
somewhat uncertain., The fluctuatiocns in the kleselgur, howevar, can
be equalized by the additiom of slight quantitles of magnesium oxide
and by heat pre-treatment at a specific temparature that ls not too
high. Reduction in receptacles other than synthesis reactors iz also
tachnically cbjectionable. Transporting ths reduced catalyst under carbon

dioxide causes the most active spots to be loat as a result of surface

oxidation., Therefore we consider the addition of about 1 per cent of



"—“

55

silver to the cobalt catalyst to be one of the advantages of our pro-
cedure., The reduci;ion temperature is thereby lowered so far that we
can reduce directly in the synthesis reactor without the necessity of
taking a decrease in the yield as is the case with copper. In conclusion,
the following experiences gleaned in catalyst preparation may be mentioned:

Potassium bicarbonate was proved to be better than potagssium
¢carbonate as the precipitating agent for the Fischer catalyst that was
quickly precipitated and sabsequently boiled since the catalysts become
more active and more readily reproducible. On the other hand, potassium
carbonate must be used for the torium-free catalysts since these
catalysts are slowly precipitated without subseguent heating. Under
these circumstances a comnlete precipitation cannot be achieved with
bigarbonate.

Furthermere, washing with a minimum quantity of wash water
was proved to be necessary for otherwise, despite freedom from alkall,
Jess active catalysts would be obtained.

¥e know from experience that the size of the excess of precl=
pitating agent is of negligeadle importance. A drect relationship of
catalyst efficiency with the py of the precipitation was not noticeable.
The type of drying, whether in air at 110 degrees, in a current of gcarbon

dioxide, or in a vacuum, is equally unimmortant.

b. Experiments with Wedium Pressure

As was already mentioned, the synthesis conducted under a

slightly dncreased pressure brought about 2 substantial improvement in

the paraffin vield. Navertheless, more than a year's work was neces-

sary bafore the technical development. of the laboratory apparatus had
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reached a point where we could obtain with certainty a total yield of
130-140 gféms/‘ﬂcbm with a paraffin proportien (hoiling point above
220 degrees) of upwards of 60 per cent.

The pressure used by us in the laboratory pressure experiments
ran from 12 atmospheres to a maximum of 20 atmospheres; no difference
in paraffin production was found within this pressure range. The charge
velocity was the same as in the pressureless experiments: 1 liter gas/
1 gram metallic cobalt/hour. Experience shows that our m ocedure for
attaining the highest possible paraffin yields with cobalt-kieselgur
catalysts free of additions, which almost stopped producing paraffin
after several days without pressure, turned out to be mors relisble
than the thorium-rich catalysts which are good paraffin producers withou
prassure. Catalyﬁt 1ife was also satisfactory; after ten weeks of oper-
ation the catalyst still retained more than 50 per cent of its maximum
activity. The explanation for the inferiority of the thorium-containing
catalysts under pressure %o the catalysts free of thorium is based on
the fact that the former forms very nigh-molecular weight paraffin whlct
leaves the catalyst to 2 lesser degree and therefore lsads to the block
of the active spots.

The most important innovation in the experiments was the inst:
jation for the first time of pressure flow manometers which permit exac
measurement under pressure of the even flow of the smallest gquantities
gas (e.g., 12 liters of depressured gas/hour = 1 liter gas/hour at 12 a
mospheres). The requisite pressure capillaries with fused manometer le
were made from special Jenz glass. The connection to the high-preasure

piping was accomplished by means of stuffing boxes fitted with
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special soft rubber packing. The pressure flow manometers constructed
in this manner withétood a test pressure of 20 atmospheres, the glass
and metal joints being found sufficiently tight. The pressure capillaries
were tested by putting the entire apparatus under pressure after
installation befcre the start of the experiment. Then through an
analysis valve behind the synthesis reactor a constant volume of gas,
e.g., 12 meters/hour, was jef down through a flow manometer. After a
 1ittle while the proper manometer level could be read off on the pressure
flow manometer. The constancy of the result was tested by repeated
readings over a period of time. Taried volumes of inlet gas‘under
pressure can be accurately gaged by adjusting the quantity of exit gas.
The correspondiny quantity of let down gas is then stated to be the
inlet gas voluce. Comparison of the inlet gas volume ecalculated by
m of the oxygen balance with the inlet gas volume measured by
flow capillaries demonstrated that measurement of the inlat gas volume
under pressure was far superior in most instances to calculation of
the inlet gas volume. An additional advantare lies in the fact that
a more uniform operationlof the reactors can be attained by keeplng the
inlet gas volume constant with the pressure gcapillaries.
later operation showed that a by-pass in the inlet gas
¢capillaries was advantageous. By cuttng off the narrow capillary path
it enables the product to be forced out of the pressure separator
without risk, and makes poasitle an easy interchange of capillaries
without interrupting the inlet gas feed, This was very convenient

when the pressure capillaries were gaged during operatiBn.

8 brief survey of the performance of cobalt-kieselgur-catalyst
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employed by us, which was prepared by slow drop by drop precipitation
of a cobalt nitrate solution in the cold with potassium carbonate, will
be given in the following in order to facilitate a comparison with the

iron catalysts developed by us at a later date for the carbon monoxide-

- hydrogen synthesis. In general the precipitation lasted for more than

2, hours., Catalyst life lasts for several months so that regeneration

with hydrogen seldom comes into guestion.

In the following we give several values cbtained by various

methods of preparing our catalyst:

Expt. Cat. Temp. CO in exit gas % k,0/grams Tield 4 Par. ¥ Str
no, no, <C. consum. % 002 %CHh cat, for s0lid 4 >320 chain
100 Co liquid
product/
Nm

(Table on page 148)
186° 71 1.0 7.7 = 0.32L kg/1iter  Kt/day
appear as mean values 135 61 98
Division of the primary product into boiling ranges

(Table on page 148)

Mean values

If a lower yield is desired, especially if only one synthesis
reactor is available (technically the process 1s run in two stages) then
it is possible to manage with lower temperatures:

Experiments with a lower CO conversion (charge velecity as usual

1 liter/1 gram Ca)
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Expt. Cat. Temp. CO. in the exit ges % Ko0 grams yield
no. ho. consump. % COp, % CH), in catalyst solid plus liquid

100 Co prod./Nebm

(Table cn page 149)
¥ean values: ‘

Tt can be seen that the methane content is still proportionately
high even with this slight CO conversion. This is attributed to the good
hydrogenation power of the cobalt. One would think therefore that the
catalyst could be 2d justed to another cobalt concentration by ideselgur,
therehy possibly checking the hydrogenating influence of the cobalt. How-

ever, this was not guccessful, as 1s siomn by the fellewing table:

Cat. no.
Expt. Content Temp. Co 7c0, #CH grams yleld ¢ par. % straight-
0. %KZO %o consump. in %he afit of solid plus > 32009 chain
gas 1liquid prod.
Kebm

(Tatle on page 149)

Thers are no regular great a1 fferences, in particular the methane
content shows no progresgion of values, There i3 a progression in the case
of paraffin production which increases with rising Co content, whilst, as
i3 evidenced by the boiling point figures, the proportion of hard paraffin

rises.

{Table on page 349)

The following series of experiments answers the question:

what effect does alksli in the catalyst have on methane formation ?
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Expt. Cat. % K,0/ Temp. CO %C0p ACH),  g. yield % Par. % stra
no., no. ecat, consumption in the exit solid plus 320° ghain
gas liquid pr.
Nebm

(Table on page 150)

'It is evident that with a rising proportion of alkali the synth
temperature must be markedly increased to produce the same CO conversion.
This, however, éssists in the formation of methane, as.can be seen from tl
corresponding values. At the same time it dimfinishes varaffin formation,
This remains even with a decreased CO conversion:

(Table on page 150)

In conclusion, let us offer one more comparison; the behavior of
a cobalt catalyst with a CO:HE = 1:1 synthesis gas. All other experiments
wore conducted with a CO:Hp = 1:2 synthesis gas:

(rable on page ¥5%)

The table shows: at 1:1 there 13 a smaller yield of primary
product, a higher proportiem of olefin and aleohol in the primary product,
less straightchainedness of the paraffin, and also less methane formation.
In the case of synthesis gas 1:2, methane content diminishes in the course
of time if the catalyst is kept at the same temperature, This being the
case, 1t is important in evaluating the methane value to know ut what time
the sample was taken:

(Table on page 351)
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II. Investigations with Iron C# alysts

a, Experiments at Atwospheric Pressure

As a result of the external circumstances caused by the start
of the war in 1939 thg experiments which were being conducted to synthesize
hydrocarbons from carbon monoxide and hydrogen with iron catalysts, which
heretofore had beaen of subordinate interest and had been undertaken in a
modest way in connection with cobalt catalystis, became of major interest.
Since subsequent investigatlons were conducted exclusively under medium
pressure, the experiments which were conducted previously at cne atmosphere
will be briefly presented heras,

Since we were dealing with what amounted to a npew field of activity,
the experiments mst be evaluated in t.hé light of an initial exploration in
the field of catalysts, especially in view of the fact that many questions
s 11 remasined unanswered, However, this field did not appear urgent enough
to devote more work to it. It became quite ¢lear to us even in the early
part of our work that it would not be possible, without intensive and system=-
atiec work, to develop an iron catalyst capable of completely replacing the
eobalt catalyst in the atmospheri'c pressure procass.

The catalysts investigated for the most part consisted largely
of mixtures of the following constituents: iron-copper-alkali with magne-
sium oxide or with aluminum oxide.

Sinece the copper, aceording to our viewpoint at that time
(future data or the role of the copper will be given later) served solely
to facilitate the reduction of the iron, i.e., to lower the reduction

temperature, it was present in all catalysts in the constant ratio of

Fe:Cu = L:l.
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Both catalyst combinations were investigated for the most
favorabié comﬁination of alkali and metallic oxide, as well as their
behavior with respect to variation of the CO:H, ratio in the synthesi
gas and response to the reduction temperature. It was found that, ev
under the most favorable conditions of compesition and experiment con
at best ylelds of 60 grams of solid and liquid products/Nebm synthesi
gas were ohtainad over several weeks, Contrasted with this were yiel
of about 130 grams/Mcbm with the cobalt standard catalyst (with thori
0f the remaining investigated catalyst combinatiors only two more ser
will be stressed. The first aimed at progressive replacement of the
cobalt by iron in the cobalt-kieselgur catalyst customarily employed
us. In the second series, several iron-nickel {1:1) = aluminum oxide
catalysts with assorted methods of preparation were the object of owr

investigations.

The first series demonstrated that éobalt-kieselgur catalys
containing up to LO per cent iron, with respect to the cobalt, eviden
good effectiveness, the yields, however, decreasing as the proportlon
iron rose., At the same time the optimum synthesis temperature rose, '
content of cobalt was controlling in the reaction. This is inferred
the faet that only water was formed as a by-product during the reacti
whereas iron catalysts give carbon dioxide for the most part.

The catalysts of the second series, iron-nickel ecatalysts,
proﬁoted with 5-15 per cent aluminum oxide, gave yields of about 80 g
of solid and liquid products, falling far short of the normal cobalt
catalysts. The type of precipitation for these catalysts is of 1littls

importance with respect to the total yleld; homever, it 1s possible
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obtain catalysts by slow reverse precipitation {letting the nitrate
golution of the metals drcp into the potassium carbonate solutien) in the
cold which are characterized by an extraordinarily small bulk weight as
compared with catalysts produced by other means (0.2 and 1.1)s Great

sconomies of metal can be effected with the same catalyst space wlthout

influencing the yleld. In addition to the sconomies in metal there is still

another advantage, namely, that they are easy to use pecause of their slight
gsensitivity to temperature. With such catalysts the reaction proceeds main-
1y in the direction of water formation. In essence this points to action oﬁ
the part of the nickel which is neutralized by the addition of the iron.

The catalysts with high and low bulk weights are clearly differ-
entiated from each other with respect teo their external characteristics.,
™ - heavy catalysts are compact, vitreous, dark-brown; the light ones, on
the other hand, are light-brown particles which display a tendency toward
decomposition as a result of their soft, loogse structure.

So much for the experimenté with iron catalysts in synthesis at

atmogpheric pressure.

b. Experiments with Iron Catalysts at Wadium Prassure

The aim of these investigations was the synthesis of a paraffin
{(boiling point, straight chained, iodine nurber) sultable as a starting
material for paraffin oxidation. The problem, therefore, consisted in
finding a suitable catalyst capable of replacing to a great extent the
cobalt catalyst developed for this purpose by us. This catalyst was to

be produced from native raw matarials or from raw materials abundantly

available to us.
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It is not necessary to discuss details of squipment at this pol
since. the reactors were the same as those employed for the pressure exper
ments with cobalt catalysts. It should again be stressed that we are des
ing here with small scale experiments, using catalyst charges of 30-100 ¢

The working pressure - insofar as the contrary is not expressly
stated = was always 12 atmosphere's gince we attalned the best results at
this pressure with thes cobalt catalysts. 'The catalyst charge rate was nc
based on the welght of the metal of the catalyst, as was the case with th
cobalt catalysta, but on the volume, and in gaenersl, was 240 parts by
voluma of synthesis gas (CO : Hpo =1 : 2) : 1 part by volume of catalyst/
hour. Since wa wore more or less concernad with catalyst testing in thes
investigations carried out solely on a laboratery scala, we ran only one
operating stage, geelng to it that the gas was extensively converted
{(app. 70 ~ BO' % consumption). We wers guite clear about the neceasity
for a process of several stages or of recycle operation in conversion to
a comercial scale, It was also clear to us that aCO : Hy, =1 : 1 syntt
gas was more advantagecus for iron catalysts 1f care was taken to see ths
if such a gas mixture was used, the conversion proeeeded in another ratic

uptoCO:H2=1.6 t L

Catalyst Tests
The point of departure “or our catalyst investigations was the

experience obtained with cobalt catalysts, namely, that catalysts yieldir
the least possible paraffin irn the pressureless synthesis behave especlal
well in the medium pressure synthesis in regard to paraffin yield, synthe
sizing a great deal, but not an excessively, hard paraffin which leaves

the reactor without difficulty and permits undisturbed operation for mont

without regenerating the catalyst.
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The initial pressure experiments (December 1939) with a promoted
precipitated catalyst in connection with the pressureless experiments con-
ducted with 1t show that it is possible with iron catalysts, too, in principal
to obtain a satisfactory, straight-chained paraffin suitable for oxidation to

" fatty acids which would be equal in quality to the good products obtained
with cobalt catalysts. The same total yields and paraffin ylelds, howaver,
were not attained.

The catalyst'used was obtained by precipitating an iren-copper-—

_ aluminum oxide-potassium catalyst drop by drop for L8 hours, and was
used without carriers. Its reaction temperature ranged from 210 to 220
degrees, viz., within the temperature range up to 230 degrees, which 1s
the maximum allowable for commercial reactors with steam cooling c;oni
structed for the synthesis with cobalt catalysts,

Using numercus individual ohgervations, the catalyst corbination
used in the initial experlments was worked up into a catalyst which ful-
fi1led our requirements in regard to paraffin yield to a large extent.,

Its compogition is roughly equivalent to the following parts by weilght:
Fe—Cu-A1203-K:lOO—ZS-;lOO-lO.

Such catalysts were used by us for monthg at a time always at
the same reaction temperature of 308 degrees, the longest run being 135
days, without showing any signs of fatigue at the end of this period.
However, after several weeks the paraffin content in the primary product
dropped from about 60 %o LS per cent in favor of ‘t_‘r_l't_ar_‘g_asoline fraction.

The involved méthiad of @f‘e“ﬁafau;; of this catalyst may be

considered a ciisadvantage. Not merely the two-day precipitation, but also

the difficulty of washing the catalyst free of alkall, a of establishing
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the desired alkali content, requires a great deal of time and care,
Theref-o‘r.‘e , after obtaining good results with magnesium oxide Instead
aluminum oxide, it occurred to us to test this promoter, too, in our
precipitation catalysts at medium pressure.

The influence of variocus guantitative ratios upon one anoth
was investipated in a large number of experimental serjes. This was
at first with catalysts without carriers. Certain regular patierns
became evident; however, certain catalysis, after a temperarily good
start, revealed an early drop in activity after a lengthy rum.

This difficulty, however, could be eliminated with the use of carrier

catalysts, kieselguf proving itself to be very reliable as in the cas

of the cobalt catalysts. In the case of these catalysts, too, the in

dual constituent.:s were compared Lo each othar. At the conclusion of

these inveatigations in paraffin synthesis two caialysts were avallab

which, by way of comparison, showed ths following numerical values:
{Table cn page 152)

The table shows that there are certain differences, even th
they are not very great, in the results attained with these two catal:
The catalyst promoted by Mgl behaves somewhat mere favorably with res
to the total yield of solid am liquid products in a once-through gas
operation, Howsver, this advantage is counterbalanced by the fact th
it tends toward the formation of higher-boiling products as a result :
the higher synthesis temperature. Also, the siraightchainedness of il
paraffin obtained with it is not gquite as good as that obtained with -
paraffin produced by aluminum catalysts. It was finally possible to

eliminate these disadvantages of the magnesium catalyst by producing
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catalysts, by a hig_h gas throughput during reduction with hydrogen or
synthesis gas (5000:1) at temperatures of 180-250 degrees, which required a
working temperature reduced by 15-20 degrees as compared with the previous

temperature.
We have tha following working hypothesis for this catalyst behavior

during running in: The conversion of carbon monoxide and hydrogen is not a

simple process. Both polymerization and hydrogenation are rrobably involved,

both ‘types of reaction certainly not being accalerated by the same promoters.

Fur thermore, it is assumed that the methylene group,; which is the re-—

condition for polymerization, is formed by the hydrogenatlon of iron carblde,

whareas the hydrogenation of this methylene group to methane, or the hydro-

genation of a longer unsaturated hydrocarbon to the corresponding saturated

nydr-carbon, proceeds by way of the metallic iron points. The extent of

probability whether a formed methylene radical will be hydrogenated to

methane, or whether it will have the opportnnity to combine with other

radicals to form larger complexes, will depend on the metal :metallic

carbide ratfo. The lower the temperaturs, the greater the tendancy

towards chain formation. The catalyst must also ba.run in in such a

manner that the iron will be in a condition - reduced or unreduced -

capable of forming carbide at low temperatures when the carbon monoxide

and hydrogen come together, i.0., the synthesis must be capable of com=-

plation at low temperatures. The probability is thereby created for an

increased yield of paraffin ané a smaller loss through undesired gas formation.
The mean valuas obtained with catalysts promoted by Mgo with

different types of reductions (synthesis gas CO:H, = 1:2, catalyst space val-

ocity 240 1iters/liter catalyst/hour) are glven in the following in order to
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make possible a Quantitative comparison:

CGas Reduction Time Synth. CO Grams gclid £ Par. Grams CH
Temp. Charge temp. consump. and liq. prod. 33200 ¢, Nebm

without reduction.v
(Table on page 2153)

The table shows that the synthesis temperature for catalysts
without previous reduction, or reduction at high temperatures, is practi
the same, whereas a so-called "flooding"™ with hydrogen or synthesis gas
low temperature makes possible a reduction in temperature, Despite the
higher working temperature, however, the unreduced catalyat, insofar as
its catalytic activity is concerned, behaves in a manner much more simi}:
to the catalyat reduced at low temparature in regerd to the consumption
of GOtHp, and the formation of methane, olefin and alcohel, than to the
catalyst used at the same temperature, but which was formed at a higher
reduction temperature. This supports the conclusion that the iron newly
obtained from the oxide is particularly capable of forming the necessary
carbide with the carbon monoxide of the synthesis gas, more readily, in
fact, than a reduced but already sinterdd iron. Even though the purpose
of this running in is to create an especially reactive iron or iron oxide
we are not saying that the iron oxide of the starting material must be
thoroughly reduced. On the contrary, certaln X-ray analyses showed that
highly-active catalysis were reduced only in traces before use. The gues

is then immediately raised whether in that case the added copper 1s at al

necessary to facilitate the reduction. In this conection the experiment
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we conducted on the basis of the X-ray investigations of Dr. Herbast will

be found interesting. They show that the added copper performs a second
function in the catalytic behavior that is at least just as important.

As was discovered for the first time in the Ammonla Lahoratory (Dr. Halle),
when.iron catalysts reduced at low temperature are employed a hexagenal iron
carbide appears which, just as in the case of Higg's iron carbide, probably has
the formula Fe{ on the basis of its structure and chemicsl analysis. However,
this has hitherto not been described in the literature. This carbide is of
particular interest because it has the same lattice structure as the analogous
iron nitride FeoN and because it hag very similar lattice dimensions. Thus,
carbon, under the conditions of the hydrocarbon synthesis, can be placed

into the iron lattic under certain circumstances just as nitrogen is placed

nto the iron lattice in iron nitride formation. This "rew, hexagonal carbide”
seems to us to be a necessary, if not in itself sufficient pre-requisite, for
especially good catalytic activity. Therefore, the information obtainsd by
X-ray investigations (Dr. Herbst) to the effect that copper-containing iren
catalysts are less sensitive to témperature ana that this "new hexagonal®

iron carbide in the presence of an addition of copper, which is always found
in our catalysts, can stand a temperature around 100 degrees higher without
into Higg's carbide, is significant. The initlal and barely noticeable
conversion only begins to cccur at 350 degrees with copper-containing cat-
aly&ts and the conversion is completed at L50 degrees, whereas in the case

of catalysts free of copper conversion begins vo set in at 250 degrees

and is complete at 330 degress,

Let us now, after this discussion of problems of catalyst formation,

return to our two catalyst combinations. In judging the respective advantages
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and disadvantages of the two catalysts we gave owr preference to the ¢
promoted with MgO because of tha simplicity and ease of its productior
The catalyst is rapidly precipitated, ’l'his_is expediently accanplishe
by running together the nitrate solution of the metals (Fe, Cu, Mg) ar
alkali carbenate solution in a mixing nozzle {constant pH). The finis
precipitation mixture 1s collected in a receiver with the kieselgur su
pended in Ho0 or with the fine-pored silica gel, heated for a short ti
(about 10 minutes) and then decanted. Since the precipitation quickly
settles and the catalyst is readily washed, its preparation requires o
a fraction of the time necessary for the preparaticn of the catalyst
promoted with aluminum oxide. Catalyst efficiency is independent of tl
mapner and duration of drying.

Tha catalyst, in the form emplcyed by us at the present time,
bas the following composition: Fe - Cu - Mg0O - K - kieselgur {or silic
gelds 100 - 25 = 50 - 6/B = 50, In unreduced form broken into pieces
of 1-3 mm., 1t has a bulk weight of 0.l - 0.15. The corbination car und
considerable variation within broad limits in regard to the propertions
of magnesium oxide, potassium as well as Keselgur and silica gel wiltho
revealing any basic change in catalyst efficiency. This is shom by th
following table which contains a smll selecdtion of such precipitated
catalysts (catalyst span velocity 2L0 liters gas/liter catalyst/hour, C

Hp = 1:2),

Catalyst for 100 Fe and 25 Cu
nurber Mg0 510, K

{Table on page 454)
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cat. Synth. CO g.yleld £ par. % straight.-1) g CHh[h‘action 320-450
nr. tamp. consum, /Nebm ®3209C. chain /Nebm 1T olefinsi% alcobol

(Table on page 15%)

1) Determination of the degree of branching is accomplished by a ourely
empirical method worked out by Schaarschmidt with antimony pentachleride.
This method was perfected by Dr. Leithe in the Ammonia lLaberatory for use
in transference toc higher-boiling fractions and improved by Dr. Kotzschmar.

The catalyst was repeatedly tested in four-stage expefiments
in order to test its effectiveness on a somewhat larger scale. We will
discuss ﬁhese investigations in greater detail since the results seem
qulte remarkable.

Equipment: The small-scale lahoratory experiments were conducted
in pressure tubes of 15-14 mm. internal diameter situated in an electric
furnace, but in the course of several years the tendency grew ito embed
these high pressure tubes in an oil bath in order to achieve a more uniform
distritution of heat over the whole catalyst bed. The catalyst tube was
then heated by the circulating oi} which wazs pre-heatad in an electric
furnace, Temperatwe recording, which at first was undertaken by thermo-
alements situated in the catalyst, was accomplished when using oil circu-
lation by catalyst thermometers in the oil at the entrance and exit to the
catalyst tube, after establishing the fact that a temperature loss of
ahout 0,2 degress occurred throughout the entire catalyst lemgth in a
5 m. tube with equal oil and catalyst temperature.

The reactor system for the four-stage process consisted of

L to 5 m. long iron catalyst tubes with an internal diameter of 16 mm.

The contact zone was L.50 m; the gquantity of catalyst in the unreduced
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state amounted to 0.8-1.C liters. Removal of the considerable amount ¢
reaction Eeat was accomplished by oll circulation which was set up
separately foar each reactor. The high pressure gas lines were 8o arrar
that in case of need each reactor could be removed from the series.

If desired, the synthesis gés could pass to thke next reactor without
seraration of the lighter boiling products. As usual a gas mixture obt
by mixing the constituents in a CQ:H2 = 0.9-1:1 ratic served as synthes
gas. It contained no carbon dioxide and only about 2 % Ns. The gas is
largely free of sulfur, but to be certain, it was subjected to an addit
purification in a copper preliminary reactor at 180 degrees and in 3
coupled towers with activated charcoal - caustic potash - activated cha
Gas recording uhder pressure was acconplished by dry gas meters set in
pressure-resistant chambers. In addition, a pressure flow manometer wa
placed before the first reactor in order to note the constancy of flow.

Separation of the solid and 1iquid products was accomplished after sver

reactor:
Hot separator 1200 Paraffin - middle oil
Cold separator 200 Middle oil - gasoline - water
Cooling by ice o° Gasoline - water
Low cooling -70° Gasoline - liquefied gas

Furthermore, it was possible to take gas analyses after every
reactor. MgO catalysts produced in various ways served as catalysts.
They were reduced in the furnace with H2 at 220 degrees for 2L hours at
a catalyst space velocity of 1000:1,

The following table summarizes the data obtained in three

different experiments:
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{Table on page I156)

The duration of the erpérimenta differed greatly. Whilst two
experiments ran for 124 and 1L1 days, the final experiment was interrupted
aftar L2 days on account of trouble with the equipment.

The balance shoms that the synthesis gas which was fed to the
catalyst in a COtHy = 0.9-111 ratio was converted in a 1.1-1.2:1 ratio,

The very remarkable yield of primary product, which is about
a third higher than would otherwise be obtained in z reactcr(l)under
similar conditions of catalyst space velocity {120:1), can only be explained
for the present by the varying high linear veloclty cof the gas with equal
volume charge. This causes a better heat removal and dispersion throughout
the entire catalyst arsa. The linear velocity of a catalyst tube of 16 mm
internal diameter is per sec./12 at/2279 C.:

in 1 tube of 5 m length : 2,5 cm
in li tubes each 5 m :  10.0 cm.

The last value lies at the border between the laminar and the
turbulent flow area.

If the intermediate separation of the products whieh do not
separate freely 1s omitted, then aimost ne important differences oceur,
The slight shifting in the boiling points of the higher bolling products
to the extent to which 1t is real - only meets our desire to obtain leng-
chain products,

The follewing table contains several values for purposes of
comparison,

{Table on page 157)

(1) The data for the individual experiments in an individual S m catalyst
tube are no longer available so comparative figures cannot be glven,
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The influence of the Experiment Conditions: Several of the influences

falt.. in the preparation of the precipitated catalyst are mentioned hers

without in any way laying claim to exhaustiveness:

Method of preparation:

Promoter:

Carriers

Alkalization:
Washing watar:
Drying:

Reduction:

Selection of precipitating agent
Cencentration of precipitating solutions
Temperature of the pfecipit.ation gsolutions
PH of the precipitation

8peed of the precipitation

Time of addition

Form of addition

Formation of mixed crystal or compound
Reciprocal influencing of several promoters
Purification

Temperature pre-treatment

Pore size

Methed of introduction of desired alksli co
Quantity and temperature

Temperature

Vacuum or gas current

Sintering

Eulk weight (pressed or broken up)
Partidle size

Temperature and time

Cas space velocity

Pre~treatment with foreign gases

These examples give an idea of the extraordinary abundance of
variations possible in the preparation of the catalyst, even when its
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composition 1is kncwﬁ. Attention was directed to the special infiuenées
described above in the preparation of the Mgd catalyst insofar as they wers
distinet and observed. .

In addition to these problems arising in the preparation of
catalysts, there is alsa the multiplicity of the experimental conditions
which must be considared in evaluating the behavier of the catalyst which
will be discussed here briefly., The difficulty in obtaining exact data is
caused by the fact that several factors are always similtaneously at work
50 that it 1s often not at all practical to attribute this or that manifesta-

tion to a specific experimental condition,

Pressure: As‘is shown by the followlng examples selected from widely
separated pressurs stages; a pressure rise - with the same catalyst, equai
catalyst space velocity and the seme aynthesls gas ~ acts in such a manner
that, in order to achieve gqual CO conversion, the temperature must be
raised. At equal temperature and lesser preisure thers is a better CO econ-
version. This can also bs expressad in another way, viz., with equal tem-
perature the lesser partial pressure of the ideal gas (CO:H2 in the
synthesis gas in relation to the consumption in the synthesis} attaing a
better CO conversicn.
(Table 2 on age 158)

In camnection with ths Pressure rise there occurs a rise in
gasification and, in general, a shortening of the hydrocarbon chains with
decreasa of olefins and an increase of alcohols, It remains undertain to

what extent the chain shortening is a function of the pressure for the

(1] We are intreducing the conception of the "partial pressure of the
ideal gas" at this point because we will run across it again in

another place,
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1

temperature rise requisite for attaining the same CO conversion acts 3

the. same direction,

Temperature: This i1s made clear by the following brief summary:
(Table b on page 159)
It can be seen from the table, furthermore, that the differe
in the olefin and alcchol contents are very small in the same boiling
ranges, Straightchainedness seems to drop with a rise in temperature.

However, the values are not given since this is not at all certain.

Composition of the Synthesis Gas: A feed gas with a co=Fx2 ratio of 1:

1s more suiltable for an iron catalyst s which directs the reaction towa
the carbon dioxide side
‘ BCO+3E{2=20H2+002+H20
than a3 gas rich in hydrogen, e.g., 1:2, which is used with the cotalt
catalyst and is converted by it
CO+2H2 =CH2 +H20

It remains uncertain whether the iron catalyst, too - severa
indications point to it - acts toward the water side in the first stag
the water gas process taking place only in the second stage, In any ca
a hydrogen-rich gas contains too much hydrogen, which is availabls for
hydrogenation, for the total reaction with the iron catalyst. Thus, a
1 : 2 gas contains only 66 per cent ideal gas for the iron catalyst in:
as the conversion gas goes to 1 ¢ 1. Tt is therefore in accord with ot
previous workling hypethesis if, under such expe!;imental conditions the
is preponderant in a metallic carbidesmetal ratio, and if we find incre

methane and liquefiable gas formation, more saturated products, and she



77

chained products with the same temperature and the same catalyst. This
is confirmed by experiment. The richer the gas in hydrogen, the more
marked the effect. Comparative experiments are still lacking.

(table ¢ on page 160)

The Influence of the Synthesis C_‘ras Ratio on the Experimental Results

Since a high~r CO conversion is obtained (see the same findings
under "pressure")} at the same temperature with hydrogen-rich gas, whose
ideal gas partial pressure is lower, an argument can also be put forward
to the effect that the temperature for the catalyst is already so high under
these synthesis gas conditons that the shortening of the hydrocaf‘oon chains,
as well as the increased methane formation, is conditioned by it. We are
fnclined toward the first viewpoint.

The influence of higher irert gas contents has not been inves-
tigated. Since we are dealing here also with a reduction in ideal gas
partial pressure, we should expect behavior as in hydrogen-rich gases, i.e.,
a shortening of the hwirocarbon chains and a bettsr CO conversion at the
same temperature than with a gas free of inert gas,

The problem of time ¢ontact, i.s., of catalyst space velocity per
unit of time, is the last point of the external experimental conditions to
be mentioned. This effect is made clear by the following table:

| (Table on page I6I)
4 smaller CO conversion 1s obtained with the same temperature and 2 shea ter
contact time, a maximum of long—chain products being formed with space

velocities of 720:1 and 960:1, whilst substantial differances between
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olefin and alcohol content are not promounced. When the CO conversion i
the same, for which the temperature must be increased with a higher vol:
space velocity, the olefin and aleohol content remain almost tha same ir
equal boiling fractions, while the chain length sometimes increases and
gometimes decreases. In 1_;his connection there are varinus contradictor
expex-rimen tal results,

(Table & on page 162)

These discrepancies, as well as the above-mentioned maxi mumn
formation, may be explained by the more equalized heat relations in the
cagse of a higher linear velocity of the gas (Cf. comments on the four-
stage process),

In concluding these researches on paraffin recovery with iron
precipitated catalysts, it should be mentioned for the sake of thoroughn
that we had advanced so far toward the end of the war that we were able
run 2 600 liter experimental reactor filled with Mg0 catalyst which was
produced batchwise, formed on a grooved cylinder (designed by Dipl. Ing,
Misenta) and dried beforehand., Frequent troubles with the synthesis
apparatus prevented the catalyst from coming to full production, Three :
a2 half tons of paraffin recovered during a period of temporary uninterrw
operation were lost by fire during paraffin oxidation in an air raid, A:
a result of the effects of the air raid, which also precluded resumption
of plant operation, a new catalyst installation was not tried again, alt}
the apparatus had been perfected to such a point toward the end of the er
and only experiment that it ran uninterruptedly and gave geod balances.
primary product obtained with unsatisfactory CO conversion contains 63 pe

cent of snow-white paraffin with a boiling point in excess of 320 degrees
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Investigations on the Recovery of Olefins

The recovery of a primar} product which would be rdich in olefina
in all beiling ranges is presented by the prospect of advlant.a'.gaous].y.using
certain fractions where saturated products can not be employed 'lt.o any great
extent, 1.,e., the middle oil fraction (B.p. 195-320 degrees) for the Oxo
reactlion or sulfonation if products of this bolling range are considersd
for working up to detergents. In this connection the poasibility would
always remain of purpogsefully converting the oclefins of the higher-bolling
fractlions into saturated hydrocarbons by a simple hydrogenation. Tt is
t.herefore pe;fectly comprebensaible if, along with the researches on paraffin
recovery, the problem of olefin and alcshol recovery 1s again and again put
into the forefremt,

Olefine(l)and alechols are new produced in noteworthy quantities
with the above-mentioned iron precipitated catalysts, working with Co-rieh
gases. Even more favorable results were obtained with fused catalysts even
though here too conversions to saturated products eccurred depending on
composaition. '

The use of such fused catalysts, produced by the oxidizing-
mlting of iron in the presénce of promoters in an oxygen current after
the manner of the ammonia catalyst, cccurred to us, They represent an
excellent material because of the speed with which they can be produced

and the ease and the exactness with which they can ba reproduced.

(1} Determination of the olefin content was accomplished by the iodine
numbers which were determined by the bromine method of Kaufmann, This
mathod always gave corresponding values as compared with those of the
hydrogenation method with platinum catalysts and those of the method
of Dr. Klein, Oppau, in which the addition of bromine to the double
bond occurred with low temperature cooling in order to prevent a

substitution,
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It would be going too far afield to cite all the experiments
directed toward the recognition of favorable combinations of catalysts.
The investigations did not mersly confine themselves to the modification
of the ammonla catalyst by replacing the aluminum oxide by other cxides,
such as Mg0O, Ca0O, BeD, stc., which were unreducible under the reduction and
experiment conditions, tut also studied the influence of additions of
metallic exides which are reducible like the iron, the actual catalyst
metal: copper, silver, nickel and cobalt.

The result of these experiments was that thenceforth we turned
for the most part to fused catalysts containing magnesiwm oxide and alkaldi
as promoters., Relinquichment of aluminum oxide as promoter was cauged by
the observation that with it smaller total outputs with less straight-chain
hydrocarben chains were cbtained.

In investigating the iron-magnesium oxide-potassium-fused
catalysts we had to consider two limiting cases.

1. Catalysts in which the Mg0 content was 0, that 1s, which only contained
iron and alkali, and

2. Catalysts in which the alkali content was 0, that is, which contained
no further addition apart from WgO.

1, The catalyst free of Mg0 yielded products with the highest olafin value

This may very well be explained by the high reaction temperature of 320 - 3

degrees requisite because of the failure of other promoters., It i3 notewor

that no soot farmation occurred despite this stated high temperature,

2. The catalyst free of alkali yielded a small ameunt of olefins, about

(1)
20 per cent » and only few products bolling over 320 degrees

(1) The values for oclefins cited in the text always refer to the
320-450 degrees paraffin fraction.
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the amount of whi;h can be improved by increased additions of MgQ, With
these caﬁalysts we soon avproached the products of the paraffin-producing
precipitated catalysts. Thnis became especially marked when we turned to
‘introducing acid aiditions info the catalysts. Products containing only
up to 10 per cent of olefins are obtained by melting in SiOé. The propor-
tion of the total yield hoiling above 320 degrees, however, was slight, and
the 70 per cent straightcﬁainednéss of the obtained product 1sft too much
to be desired for this type of catalyst to be used in our investigations
directed toward the production of paraffin.

The two limiting cases show the markedly reactlion-directing
influence of the alkali addition toward olefin prbduction. Even a slight
proportion of-alkali in the iron-magnesium cxide mixture causes a speedy
rise of the olefin content in the nrimary product, as well as an incfease
in the chain length. This rise in olefin content, however, does not increase
linearly with the alkali content but, starting with a catalyst free of
alkall which produces 20 per cent olefins, rapidly attains an end value
of about 75 per cent olefins. "This is a value that can hardly be out~
stripped even with higher alkali‘contents.

It is noteworthy that the mndification of product quality in
the above described manner is not dependent on the absolute alkali or
magnesium content (i.e., dependent oﬁ the actual catalyst metal iren);
the MgO:X ratio is decisive.

This result was confirmed by a serles of furthgr experiments
with higher Mg0O contents and alsc correspondingly higher alkali contents.

As long as the ratio was kept the same the same products were always obtained.

In summary we give the result of several series of experiments:
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Experiment Series with Iron-Magnesium Oxide-Alkali

Catalyst space velocity LBO:1; synthesis gas: 33 € €O

Cat. Comp. Synth, CO gra? yvield % Par. Straight Par, frac. |
Fe ¥g0 K & temp. convers, /Nm 320°  c¢chain % olef.% alc,

In all the above catalysts used Higg's carbide Fe2c was shown
X-rays to be present.

If the alkali in the iron-magnesium oxide-fused catalyst is
replaced by an acid constituent (SiOz)

(Tables on pags 163)

Cat.Comp. Synth. CO g.y%eld % Par. % Straight- Paraffin fract
#FE #MgO %£Si0 temp. convers. /Nm 73200 chain % olef, ¢ ale

the olefin content will drop somewhat %o rise again with greater Sit’)2

additions, producing the following graph:

Dependence of the Olefin ¥Yield on the Acid and Alkald
Content with the Iron-Magmesia-Fused Catalyst

(Graph on page 164)
After the synthesis X-rays show magnetite (Fe30h) along with
H¥gg's carbide to be mainly recognizable in these alkali-free fused cata’
Roughly the same behavior can be established in regard to olef:
content if, insi':ead of completely leaving out the alkali in the MgO fusec
catelyst, its quantity is kept constant while the Quantity of silicic ac

is increased.

Cat, Comp. Synth. CO g.yleld £ Par. % straight- Paraffin fract

fUg0 FK %510, temp. convers, /No> -»320° chain. Z olef. % ale
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(Table at bottom of page 164)

Similar behsvior can be expected with such fused catalysts where the
quantity of silicic acid was kept constant and the quantity ef alkali wasg
varied. As can be seen from the following table, however, the differences
in the olefin content of the soft paraffin fraction are not very considerable
even though a slight rise in the expected direction occurred with an increas-
ing amount of alkali, & synthesis gas containing 50 per cent of CO as com-
pared with 33 per cent in the previous experizents was used in this new series
of experiments; the catalyst space velocity was 2L0:1 instead of LEO:1,

(Table on page 165) '

The X-ray findirgs bear notice. The catalyzing substance alters
with the increasing alkali content. Whereas magnetite predominated at
the start, more and more Higg carbide appears along with the magnetite
until finally, at the point where only Hlgg carbide was expected, the
new hexagonal carbide made its appearance,

In summary, we can say on the basis of the olefin valuesg Eited

in the preceding tables that the only catalyst of importance for the
recovery of unsaturated hydrocarbons(l)is the fused catalyst, without

(1) The olefins obtained with the fused catalysts were produced on a
somewhat larger laboratery scale and subjected to several tests, They
were sulfonated and the products thus obtained tested as detergents,
Their detergent properties almost approach those products obtained from
cracked olefins and even surpass them in latherine pover. They were also
subjected to the Oxo reaction and here, too, lived up to all requirements.

The lower gasoline fractions were checked by the motor test.

The following octane numbers wers obtained:

Unleaded Leaded (lec/1 Uter)

M. oct. ne.

R. oct. no, 52:5 Bg.S
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additlon of silicic acid, promoted with Mg0®and alkali and composed of
Fe —¥g0 - K =2 100 : 5 : 2.5, The catalyst is reduced st about 500 degre:
in a.béut k8 hours with an hourly catalyst space veloeity of 2000:1, This
12 not to say that a thorough reduction is necessary, Our investigations
showed that catalysts with a degree of reduction of 30 - 100 per cent give
practically equal yields of products of very similar composition(l).
A reduction of the synthesis temperature with fused catalysts - as in the
cass of precipitated catalysts - is attained by catalyst formation by mean
of a higher linear flow velocity of the reducing gas. Nevertheless temper.
atures of 225-2L5 degrees are stil] necessary when synthesis gas is used
with a space velocity of 200:1.

In this last respect the behavior of .l.1203-containing fused
catalysts 13 more favorable. Thelr synthesis temperature is again lower
by 1C-20 dpgreqs. The clefin content of the primary product, homver, was
substantially lower(l)than the clefin content attained with the Mg0 fused
catalyst. In this respect it departed from the series of the olefin-produe

catalysts.

Just as the addition of 11203 lowers the synthesis temparature,
in like manner other additions to the fused catalysts act 4in other directio
In this connection the action of fluoride additions in the form of CaFZ(Z),
Al F3, FeFB(z)nre of interest. The former largely direct the synthesis
toward low-beiling products at a low synthesis temperature, the other two,
howpver, are rather characterizad by the fact that they direct the synthesis

toward the formation of low~bolling proeducts at temperatures of 170-200 degr

\1) Thé"recorded data ars 1o longer avallable so that the series cannot be
chacked with figures,

(2) a CaFp-containing fused catalyst was also used in the comparative exper:
ments of the iron catalysts of various firms, at the Schwarzheide, Ruhl:
Plants be the 4monia Laboratory and was proved to be reliable (autumm
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"however - and th.is is of scientific interest - in the case of these low
terperatures, i.,e., with slight CO conversion, only water acpears ag a side
product and not carbon dioxide, as is usual with iren catalysts. The latter
only begins to appear increasingly with a rise in the Co conversion, 1.e,,

at higher temperatures.

Alcohols:

We can summarize véry briefly the expsriments conducted by us for
the production of a primary product containing 2 substantial content of
alcohols(l)aince the results achieved up to now are quite unsatisfactory.
Even when a higher percentags of alcohols 'uccasionally appeared in one or
arother frac;tion, the fraction as such was so0 small that the gram yield of
alcohols was of practically no importance as compared with other products,

The first experiments disclosed that rather large amounts of
alechols were formed especially at the start, 1.e., at low temperatures;
furthermore, that alcohol farmation was promoted by -a rise in pressure.
Therefore precipitated catalysts as well as fused and roasted catalysts
wers tested at high and medium pressure. With none of these types did
we achleve our hoped for aim of substantially improving the quantity
of aleohol in grams/Ncbm. We strove to attain a catalyst which we could use
at a low temperature since this was connected with a decrease in methane
formation and an increase in total output as well as the formation of

higher alcohols, The latter is obtained on bhe level of previous investi-

gations in particular with fused and precipitated catalysts, the former

(1) The most basic investigations in this field were conducted by
leuna but we do not possess any data on the results,
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being superior to the precipitated catalysts. The roasted catalysts
are espe_c;!.‘glly sultable for the synthesis of lewer alcohols up to CLs
at lower temperatures, (slight consumption of CC) however, higher
alcchols, which are of importance as starting materials for detergents,

are formed up to 25 per cent of the total product,
Dr. A. Scheuermann

In 4ddition to the author, the following persons participated
for varying periods of time in the researches of the Ammonia Laboratory

on hydrocarbon synthesis from carbon menoxide and hydrogen at atmospheric

and medium pressure:

. Dr. Bartholome Dr. Marecek
Dr. D811 Dr. Meisenheimer
Dr. Kirtkemeysr Dr. Schmole

Pr. EKotzschmar Dr. Vorbach



Table (1) (referenced on page 58)

233 1096e 190 7@ 1,0 6,5 0,8 139 61 100

269 1136 189 71 O 8,0 0,2 135 67 97

275 1138 182 67 0,6 5,6 C,4 130 60 97

: 297 1133 188 T3 1,2 8,8 0,1 137 61 99

i 673 1444 180 75 1,0 9,5 0,1 133 58 95
Ale Mittelwerte ergeben sich: = 0,324 kg/Ltr. Kt/Tag

186° 71 1,0 7,7 135 61 98

Table (2) (referenced on page 58)

Die Yerteilung des Primiirproduktes auf die Siedebereiche

| Vers Nr, -195 = 325 — 450 2450

i 233 16,6 22,1 23,9 37,4

) 269 15,3 17,4 26,0 40,3 ‘
| 275 19,5 20,2 26,2 33,9 L
| 297 18,7 18,5 24,7 36,6 .

1 673 17,9 28,4 24,4 28,8 j 2
t ¥ittelwerte: 18 % 21 4 25 ¢ 36 4 : z:‘
| ? 307
i 29¢

v




100
97
97
99
95

t/Tag
98

iolie

TABLE (referenced on top of page 59)

Vexs.Nr.Kont,Rxr, ‘Temp. CO-

o

ARSI

P

- 149 -

ir Abgas fxzo £ ilusbeute
Verbr, %002 %CH, im“Kont. feste + r1.
100 Go Prod./Bcha,
223 1096a 181 1 0 3,2 0,8 95
275 1138 174 42 ¢,2 2,8 0,4 86
297 1133 177 50 C,4 3,2 0,1 98
673 1444 160 55 0 3,1 0,1 77
Mittelwarte: 173 50 3,1 89
TABIE (referenced middle of page 59)
' Vers. Xomt, Gehalt  Temp. CO-  im Abgas Ausb. & Par, %Gersd-
¥r. Fr. $X,0 £Co Verbr, %CO, #034 sste + 3320° kettigk.
’ fliiss.Pr, C
JHcbm _ '
325 119% 0,1 40,2 188 69 1,2 6,4 121 T2 o4
298 1132 0,1 27.6 117 79 0,8 12,1 13% 87 100 .
297 1133 0,1 30,0 188 T3 1,2 8.8 137 61 99
305 1134 0,t 25,1 182 74 0,5 8,9 236 62 100
299 1135 0,2 20,8 180 76 3,4 9,0 136 58 98
TABIE (referenced on bottom of page 59)
- 195 = 320 - 450 2450
Yexrs.Br,.325% 12,8 13,9 19,7
298 17,1 14,2 21,0
297 18,7 18,5 24,7
303 18,4 18,8 26,6
299 21,9 19,7 24,1




TABIE {referenced top of page 60)

-‘ Yers.Ront. RK,0/ Temp, co 1 Abgas g Ausb, %Parﬁ T Derad-
i fliiss.Pr,

":? /Nebm

@ﬁ 275 1138 0,4 182 67 0,6 5,6 130 60 97

?; 233 1096a 0,8 190 71 1,0 6,5 139 61 100

b 234 1096e 1,3 209 69 2,0 T,4 127 54 99

'W 247 10964 2,4 223 T3 6,3 9,1 104 39 98

TABIE (referenced middle of page 60)

] K 174 42 o,z %8 @6
H; - . | 51 0 3,2 95
2%4 s.oben 198 43 0,6 191 Tt

i‘ 247 St~ 200 58 1,8 4,5 72

] ' o~ — i — i

|

|

| :
L £
g 3
i
b ;
i :
E |
it ¢
i §
!‘Lw

i

- 150 =

g
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TABIE (referenced on page 66)

ca;c.,ﬂ.r,t orermnds o Codalas® pAsnsLook.
walle A, ‘o wAll. Aty o2
mit Al O:E aktivi mit Mg0d aktiv.
| Kontfkf Eontakt
5#wuﬁ4&ﬁ1§,u.m-&apﬁ/ﬂmwhcjf7nc::
Kontaktbelastung in Vol Gas/ 240 : 1 240 3 1
1 Vel Xont./Stunde :
CO-Umsatz fo cmvtrewn 80 70
Reaktionstemperatur aeactio. ar 210 235
Ges.iusbeute in g/Nebm bei Total ‘B 90
einmaligem Durchsatw-/ﬂfw
Siedefraktionen: i
Bu&—;; ra-ezw-«q -195 23 40
195°  -320° 18 15
320°  _459° 24 20
>450° 35 25
% Geradkettigkeiz des Paraffins. 91 81
STasmtof e
% 01efine_1q4g.?a:;££§ﬁfrdft1@n‘ 8 8
% AlMohole in d.Pa’affinfraktion 6 3
IIN) £ et " P

- 152 =
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TABLE (referenced on page 68)

Redulktion Eynth.| CO~ g feste + worar. 1 g Cl,
Gas | Temp.llelastung|Dauer| temp. | Verbr.|fliiss.Prod.| »320 /Nobm
Hy | 300°0 400t | 15% | 238 | 75 73 39 | 28
oine Reduktion - 240 77 97 53 14
b, 180°) 5000:1 |15-20| 222 64 as 60 14 ;
220
Synth.200°% 50001¢1 " 214 62 82 60 1€
agage 2500
i
!
- 153 - |




TABIE (referenced bottom of page 70)

i  Kontakt ¥r. Hgguf 105 Fe + 25 Cu
H ! . ;

Y 1188 36 50
| 1178 48 48
] 1218 42 49
B 1220 47 95
1238 34 88
1332 gz 91
1204 9% @rga

hi

r

- a1
iR ROl SR e Ne)

- 154 -




TABIE (referenced top of page 71)

Kont.l Synth. Ausb #Gerad.~ 1) Cdy |Praktion

L. Temp. L/ cbm chm |%40lefine

1188 210 86 14 23 )
1178 210 67 12 28 2
1218 222 88 21 14 4
1222 212 12 14 6 2
1238 225 T8 -_— 22 4
1235 215 75 —_— 19 5
1205 218 9N 14 1% 3
1204 230 99 12 25 7




TABIE (referenced on page 73)

Vers.Nr. £u. ko. 521/524 587/590

i Kont.%r. &z e 1263 1382

‘ Syntheaeﬁg.a JSOtH, = 121 111 8
) Kontaktbelaatung oZabopd

1 - {1 Jae/1 Zt/Stunde ﬁ“’ 240 1 1 120 1 1 _ -
| Zwiechangbscheidung Bit w~a ohne mit ohne ' -
| Bt fiale poparation Tiefkithlung Tiefkiihlung

1 | Symshopetenperatuy, o 240,435,230,225__| 230 25 -

R ' ' 3 3
:!l Ausbeyte g/ cbm 76 76 119 120 100 ‘ =
i ;
‘ 'I'agrder‘ Laufzeit 119, 122, 19. 32. 33. -
1 et 7 .
Ei Kontraxtion # 46 37 46 43 43 "
‘5 €0 - Unsatz ‘f'w 59 51 68 68 65

, Co - uUmsatz zu % CO, 25 22 29 27 29

| mcteter & & CHZ 5 4 2 2 3 "
i % feate + £1.KY 29 25 37 39 33 g
A e o e

P Sleflalage ilesten + fl:ﬂu '
Al Produkte : Bensin  ~195 gaedfm 19,3 9,8 14,2 12,5 15,1 :

1! Yittel¥l =250 13,7 18,5 9,8 5,2 3,4 K

h: ——tdte ool -320 9,9 11,4 Ty8 8,6 9.5 ]
EE‘ Paraffin =450 20,5 31,2 22,3 22,9 13,2

1 Hartparaffin >450 35:3 37,6 44,7 50,5 51,7

‘f* hanet ot 98,7 98,5 98,8 99,7 98,9 -
‘J === == =Ry = - =14 -1 ST IR I I MITINEC D R O I A TN LY 0 I T e e oy 5
| L
i :

- 156 =




TABIE (referenced on

bottom of page 73)

Yara.Nr, G ba

581/5% 677/680
Kont My, Cotalyl na _1382 1462
 Kontekt-Analyse: Fe 23,5 23,4
5&-&-‘1?—{' c"""‘"““;‘- Oua 5. 6'2
¥go 2,1 843
8102 33,7 22,2
X 2.4 3,0
[1.9] 2,2 6,0
Synthesegas; ~ 60 :%2 9 -1 11
Eontekithelant - 4 1 Kont./St.
Synthegetezpere 240% 225%
€ Primlirprodukt + Gasol/Nolm 147 142
Raunseitausbaute . Tkt &
P oz t ~ 0,42 0,41
Kunt@a\# %3 51
CO - Umsatz ﬁw» a3 . 70
%€ CO - Umsatz zu co 53 a5
e.m..:&.&-.. G cgi b} 2
nighs, hihers EW 47 43
GAe2 1insgesamt: 83 70
Siedelage: Bensin - 1950 (el : - 19¢ 214
d.festen + uttoml-ggo {E:':i_‘ -"‘% 5 18
flasigen Paraffin 3320° ,,.,JZZ;
Produkte i LEls)
Hitteldlfraktion £ Olefine 6% 48
195 -~ 2509 % Alkohole m 18 13
wistdi L ik % Ggmgegtt,iﬁ_t. 48 52
HittelY1lfraktion
% Olefine 52 47
250 - 320° % Alkohole 16 12
recldle n A postis 4 Geradkettigk. 64 70
Paraffinfraktion % Olefine 35 34
320 ~ 450 % Alkohole 8 c
' % Geradkettigk. 80 83

SN Y




; ' TABIE A (referenced on page 75) 3

1 1
' gn
I i Ve
] - Ko
[ ITabelle g Co
! Vers.Nr. &yt no- 419 418 450 476 Ko
1 Zontakt Rr. Gt we- 1251 1251 1263 1263 j Eg
Druck ressust 12 200 at 12 at 0 at g
733 111 131 1:1 111 t
£%12sz31&3&% 24031 24011 2401 2401 7 gr
Synthese~Temp, 21% 26% 215 22% 7
o lﬂ;.f. : u
1 c0-Gmeatz BesE ) m}g 3 29 30 : se
i _g \us‘baute m 4—-&4 osh g
1 an festen u.fl Zsam 52 56 48 4
g Cq=Cs, Mm3 4 1 3 12 ”
1 Frodukt- pets =135 7 34 17 44
; zusammen- 7/ =320 7 17 12 28 : )
: setzung in «- =450 14 19 21 17 T 4 X
1; i »452 T2 sl 52 12 '
" k! Olefine  195/250 - 44 48 2%
i 250/322 - 39 48 20
i,: 320/450 41 44 36 18
| ' rlkohole 1957252 - 2% 16 57
] 320 - 32 13 57 4
: ~457 13 42 21 43

-158-




TABIE B (referenced on page 76)

Tabelle b

Versa.Nr. t‘-"wﬁf;’ ;44

Kontakt-Nr, - e 1251

Co : H M 131

Kontak —Balastungpfu* 720:1

Synth.Temp. 215 235

CO-Umsatz co comwbradn- 18 31
g Ausbeute an fgatem .

Iluas.Prog /Nm . 36 59

0,7 4,2

Pro -195 7 19

Zusammen-“WF -320 6 13

setzung in «— =450 17 20

o y450 70 48

¢ Glefine 195/250 - 54

-320 49 49

~450 34 37

o Alkohole  195/250 - -

~320 11 -

=450 i5 12

- 159 -

245
44

72
17,7
25
15
21
39

54
46
35

6
14
8

255
54

78
32
34
19
19
28

56
46
32

5
4

3 -

275
72

84
63
37

16
17

61
43
33



_ TABIE C (referenced on page 77)

l Tabelle ¢

{ber den RinfluS des Synthesegas-Verhiiltnisses auf die Versuchs- ,

l. Orge nisse, . 1

B Vers, . Nr. %Et LA 511 508 499 529 :‘
| Kont Nr, cat.we 1263 - = = ; ?‘-f
[ " f o
] % 00 50% 3 50 3. 1k
; Kont.Belastg. pa:#l-"' /v"“""é' 240:1 = T20:1 = g3
Synth.Temp. 240 - 245 250 250 o«
f CO-Umsatz Co tommirds 46 T2 33 60 e
I 3 g0yt

E £ lusbeute/Nm a0 75 55 45 ?.I
i g C4~Cy; /Hm’ 14 24 12 37 !
‘i Produkt- - =195 18 23 g 4% , &
; Zusamnmen- . =320 20 24 19 29 Pr
; gotzung P _i50 18 25 21 7 8 7y
1 ¥ »450 42 26 50 11 : se
# Olefine g0 /me 50 24 58 42 | .
i - T-320 44 16 43 29

A =450, 22 8 29 14 V

| 7 Alkohole - 44 /5, 27 9 9 4 | £
| ~320 27 6 6 1 =

| -450 10 9 3 1

3 Geradkaett, 80 91 76 -

|

il

i

!

I

|

.

|

il

.
|

| - 160 =




TABIE D (referenced on page 77)

icha- : -
- f Tabelle 4 bt hrostangd Aot oo LR
29 | Vers.Nr. 511 533 499 538 516
o : Zontakt Nr, 1263 .
— : CO. ¢ H, 1:1 1:1 1:1 121 1:1 L
23 | Kontakt-Belastg. 240:1  480:1 720:1 960 24C011 |
= | Eynth.Temp. 240 240 240 240 240 o
120, | CO-Umsats 46 34 24 23 1 i
50 i g tusbeuto/Nm’ 1
45 ar fester u.fliss. 80 61 43 41 12
57 f Frodukt .
43 ' g Cq=Co/t 14 8 6 6 10
29 Produkt-  ~195 18 17 9 5 21 ;
17 zuspsimen~ =320 20 21 23 19 20 |
1" selzung =450 18 23 21 21 24
% »450 44 39 50 55 35
3 # Olefine -250 50 51 57 57 54
11 -320 44 42 42 49 46
-450 32 25 30 33 7
4 % 71lkohole =-250 27 29 19 23 %0
1 , -320 27 23 16 22 30
1 ' -452 19 13 8 15 - 19

- 161 ~ '




TABIE E (referenced on page 78)

Tabslle e,
Yers,Nr, 536 529 411 406 444 432
Kontekt—Rr, 1263 - 1238 - 1251 _ =
GO ¢ 82 1:2 - 112 1:2 1:2 111 1:1
Eor ' kt-Belastung 24011 F2081 240 480 120:1% 240:7
Synth.Temp. 230 250 225 235 215 220
CO-Unmsats 64 50 65 63 39 39
g,Ausbéuto/ﬁhs _
an featem u,flllgs, 70 45 81 74 59 69
Produkt -
& ©4-Cg/Fu’ 18 37 8 13 70 10
Produkt- ~195 22 43 15 18 25 8
zZusanmaen- -320 23 29 26 16 15 11
setzung - -450 23 17 17 22 21 15
>»450 32 11 42 44 =9 66
% Olafine ~25C 33 42 - - 54 53
-320 22 29 - - 50 47
450 12 14 22 20 36 38
©% Alkohole -250 22 4 - - - i8
~320 14 1 - - 6 9
-450 5 1 4 10 5 15




TABIES (referenced on page 82)

Xont  Zusan— Bynth,00- g Aus- Qraré XCerad- Peraffin frakt, Schiitt-~
nensetzung tenp ., Um- bon;o 2320Y kettigk,.f0lef, F2lkohol gewicht
dPe IMgD 4 ¥ setz /¥
70,2 3,4 0 253 89 TO 24 €5 2,94
70,4 3,5 0,26 245 B3 89 62 68 2,86
69,9 3,5 0,44 240 g2 89 69 68 2,70
69,9 3,3 0,61 252 B0 T4 73 74 2,83
68,4 3,2 1,21 245 78 78 59 66 2,77
68,0 3,3 1,90 253 75 62 5G 76 2,75
67,0 3,2 1,94 255 90 108 48 T4 2,51
63,3 3,95,05 283 80 17 49 62 2,38
Koat.Zuesmmen- Synth, ©CO £ Aushb, Par. % Gerad- Paraffinfrakt.
setz temp. Uzsatz /hm 320 kettigk, % 2lef. YAlkoh,
o Te e £010,
10,2 344~ 253 80 70 24 9 4
09,8 3,3 (1,85 268 T0 41 13 7 3
€%,5 3,4 1,63 277 (] 52 12 27 1
a%,2 3,3 3,15 263 78 55 39 36 5

- 163 -




GRAPH (referenced on page 82)

Abhdngigheit der Olefin-Ausbeute vom Sdure -und
Alkaligehalt bei Eisen -Magnesia-Schmelzkontak?

68,4 3,3 0,20 2,72 243 8" 76 27 72 35 34

% Ofetine
100 ,
i
0 |
i |
| 60 —
£
‘ /
| i
o
j l\\\ ]
| BN /
g 0 Tk *
!', Xt
g‘ 0 . . ‘ .
§ o0¢ G020 g0z  gqox 006 008 01 012
i -— —
i gr Atom Fe afs gr Atom Fe als kaliumferrat
Siticat * aq.
i é
TABIE (referenced top of page 83) E
| ‘;f
i vontakizugammeneeizung  Synth.0h- £, fusbkb. ¥ Par, Gernd- rTereiiin frakd, '
§ AFe  ig0 Z K #530-  temp, Umsaitz /umd > 320° wettigk. [Clef. Alkoh.
A 70,9 3,0 0,26 - 239 86 77 a7 83 40 19
i 69,5 %,4 0,31 0,82 254 75 79 34 73 21 5
A 69,5 3,0 0,22 1,48 248 83 71 16 65 8 o




TTTTEEER © mamlmmim I -

Tgxmo U, 2l 4 62 £ &S S9 LY r+ AN 0z ¥6°1L  B2't 2'¢ 0‘89
f9un nleg m 2z amdg k™ g % 22 6% 6 0L st gL L oz 98'L ©0G*C L°¢ 289
a9y peg ;o o T A €z ¥ 05 S8 ¥ €6 19 0§2 08t GL'0 L'z 0°69
9y uwmm otey g ¢ L sz % §6 62 85  ££ 0¢z 9Ly~ L4 Lol
95 ‘eof 2 ¥ oL ¥ 24 s 62 L8 8t 0gz - - gz ¢'0b
i T P A

RN W oGk~ o2g- 0%z~ 0GP- 0ze— 0G2— 026 ¢m  338ew] *duwy 018 X 0w &
pungequedjuny jTeyed~ YOXTY ¥ 3FTUU@IUTFOTO¥ I8dp .pnﬁ b -00 gsuls Bunss ssupEBIng

oL ol TR LT,




