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%, Forming witk Carbhon Monoxilde

Bydrogen does not asgist in the forming of an
iron catalyst, and therse ls dangsy that prosucts may be
producad gduring forming which will coat the actlive spots
of the catelyet, especlally st formlng temseratures of
300°C an3d above when carbon monoxide-hydrogen miztures
are used, and for that preason teste wers run with
hydrogen~free carbon monoxide. '

e. Effect of the Forming Tempersture at .1 atm
Forming Fressure. _ - -

The optimum forming tomperature waes deter-
mined in & sorice of experinents analogoucs to thoce for
forming with cynthesis gar (v. figure 2). The forming
wvag done for 25 hours with carbon monoxide at 0.1 atm and

- &t different tomperatures. The rate of supply of carbon

ronoxlde vas 4 11/10gFe/h (refeorred to 1 atm). The ,
synthesees carried out for the testing of the catalyste.
vere jperformed at 235°C with a high-carbon monoxide

ayntheeles gze (3C0 : 2H,) at a prossure of 15 atm and a

- rate of flow of 4 11/10gFe/h. Figure 3 shows the

behavior of tho catalyste formed with carbon monoxide
at 255, 305, 325, 345, and 400°C. The iron catalyste.
formed 2% 325YC acted best. During the first twenty
houre of the synthesis the conversion rose graduslly from
50 to 55 percent contraction. . Up to the end of the four
monthe the convereion rcmsined conctant a2t 235°C with

a contraction of 55 percent. An iron catalyst formed

at 335°C proguced & contraction in sxcess of 50 percent
for 80 dara. ILower forming temperaturses, s.g. 255 and
305°C, =5 well as highor, c.g. &5 400°C, gavo pooocn
rosults.

—

A couperison of figure 2 and 3 shows that at all
forming temnevatures the lron catalysts formed with
pure carlon monoxlide had a longer 1life than when treated
¥ith ecavion monoxide-hydrogen mixtures. At 255°C the
contreciion dropped on the l2th day below 50 Percent
with a-citaelyst treatea wilth carbon monozlide, while
after nritroatment with synthesis gas 1¢ dropped on the
third dej; with & forming temperature of 305°C the
correspcrding drop occured on the 25¢h. and 12th dais-
respectively, and at 325°C after 120 days against 2
deys. ¥ith 2 catalyst forming at 325°C the temperature
was rais(d after 130D aays of operation, snd with the
cetalyst formed at 34509C after eight days. A few
operating Anta of these tests are shown in tebles 7 ana 8.
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: . Table T : ,
Regults with en Tron Catalvst Formed with Carbon Monoride

at 2e3°C

Forming: Cevbon menoxide, .1 atm % 11/
Synthesis: CO 3in rich ges, 15 atn A 11
temperatures rising from 25

Day Temp. Contr. . Dey . Gemp Contr.,
8 napcent C percent
1 - 235 87 140 245 -8
2 B 50 160 250 kg
5 " 50 180 251 50
10 " 51 200 250 4y
20 " 55 250 265 50
50 v - 54 300 263 43
100 " : 53 350 - 270 40
120 " kT :
%0th gy GO, Hyare- Ug €0T H, Hydro- carbch ‘ﬁa
Starting ﬁ@ghgns ' cerbong number '
gas: 2.0 585 0.0 53.% 39.8 0.0 - 4.8
End gas: 57.0 2.6 0.1 6.3 14.6 8.9 2.0 10.5
TO0th day : ’ o
Starting
ges: 2.5 0.0 0.2 54,7 37.9 0.2 1.0 4.5 .
Eng gas: 64.0. 2.9 0.0 2.5 9.5 11.3 1.9 9.8
100th day '
Starting '
gas: - 3.5 0.0 0.0 54.% 37,1 0.2 1.0 4.8
Eng gas: 61.2 3.3 0.1 5.2 11.2 9.0 1.9 10.0
300th dey
Sterting
g28: 2.0 0.0 6.2 86.6 3t.8 0.2 1.0 6.2
Eng gas: 2e.o 2.9 0.2 15.9 10.8 8.5 1.9 12,2
Yield/nebm iceal gas, 40th day: 108 g lig. + sol.
hydroc. 44 g zasol.
Yield/necbm ideal gas, 70th day: 105 g llq. + =o0l.
hygroc. 45 g gesol.
Yield/nebm ideal geas 100th day: 110 g liq. + =ol.
hydroc. 47 g gosol.
Yield/ncbm ideal gas 300th day: 110 ;. 1ic. 4 “ol. gasol

hydroc. not determined
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The tests with the iron catalysts formed at 3259C
vere carried on fo" one year. After being kept for
four months =%t 235°C with = con tant convarsioz the
temperatures hed to be raised to 270°C to maint ain
the same cenversion. The yielcs r@mﬂi ned approximately
the ssme during the whole time of operation. They

anounted to 105 - 110 g iiguid and solid hydrocarbon
and 4¢ - %7 g gascl hydr ocawbun nebn iaeaé gas.
Table 8

Resuld with an Iron Gatalyst Fermed with Carbon -

Monoxiﬁe atv S45Y(0

Forming: Carben Monoxide, .1 atm, L 11/10ch/n, 25 hours
Svntheais. CO - rich gas, 15 aum, ) li/lOgFe/h
temperature rising from 235° C.

Dey Temp  Contr. Iay _ ¢emp Contr
O¢ " 9¢ '
1 225 55 60 T 23 52
5 " 50 g 7 ig
10 ! _ 51 - 100 248 54
20 " 51 115 250 kg
ho " 53 : '
002 Hydro- 02 co H2 Hydroc- Carbon K,
‘ carbons carbongnumbeyr :
Heavy '
50 Day v v
Starting gas 2.2 0.0 0.0 53.4% 33.6 .0 - 4.8
.Eng gss 57.7 2.8 0.2 6.1 13.8 8.9 1.2 10.5

The yield with cotalysts formed at ;%500 2% the
end of the second month of opewacxoq at 235°C zmounte
to. 110 g =zolids an? ligulds and 41 z gesol hydrocarbo n/
nebm ideal ba The Lempen&ture et the end of the
gecond menth w¢s 2509¢ wluh a contraction still
approximately 50 percent. The aﬁalyﬂis of the en

gas of the synthesis aofter forming with carbon monoxide
st .1 atm and ?23 - 3450C (of tatle 7), corresponiling
to constant vel \ues ol the contraction, remained

without any important changes Auring many months of
operation,

b. Effect of Forming Pressures

A serles of tests were rur with carbon monoxigde,
anelogous to those for forming with synthesis gas
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(cf table 6). Teble 9 shows conirectlons efter gifferent
lengthe of oynthesis with forming at 15 atm, 1 2tm ang
:1 atm. The length of forming wos egaln 25 hours
{4 11/n) the forming temperature was 3250C. Durlng .
the first days of operation the conversicn was £S04 )
with all three cotslysts. However, 1t droppses during
the fourth week with the catalysts formed &t 15 atm,
vhile with the cztalysts formed at 0.1 atim, the
conversion remained comnstent afier three months,.?

Table 9

Effect of the Forming Pressure(with a Forming Temperature

of 2250C, wibh Garoon Monoxice User 5B FOorming)upon
Ehe Courxae of Swnlkheeip a8t DA”R0G

Days of Qperation
Pressure 1 10 20 25 30 60

Contrection in percent

15 58 52 48 40 - - o
1 5857 53
0.1 -5l 55 B4 56 54

A comparison of the results of the diffevent
serles of tests with thoss shown in table 6 tells us
that forming at higher pressures with pure carbon
monoxlse gives better ‘results than forming with carbon

monoxlde-nydrogen mixtures.

S. Rate of forming

When forming at reduced pressures, about 100
1% of carbon monoxide wers lsd over 10 g of Fe of the
catalyste, The flow was relstively raplid, end cnly a
small part of the gas was used up, and sfter eliminating
the carbon dloxide the gas could be used egain for the
prevreatment of the iron catelysts..

We may ludge the process of forminz by the deter-
mination of the carbon dloxide formen during the procsus.
surves I anAd II on {lgure & ghow the amounts of carbon
dloxide formed &% .1 atm and 325°C/10 g Fe/h. The '

¥ Relstively much caphon was ceposlited upon the catalysts
As 3 e

vhen formed at higher pressures. Quantitetive results
on it ares reported elsevhere.
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temperature of 325°C was reached in 2 1/2 hours in
curve I, while 1 1/2 hours vere required for curve
II. Durlng this preheating tims the rete of flow of
the carbon monozide waa 4 1i/h. In the test curve I,
the work was continued st the same rate of flow of gas,
¥hile in. curve IX 4% wes incressed te 40 1i/h. With
4 11 carbon monoxids/h &t first more than 1 11 of
carbon dloxide/h wez formed. The rate of formetion of
carbon nonoxide graddelly Aropved. 25 hours afier

3

‘reaching the temperature of 325°C the carbon Aloxlde

formation reaches & certain minimum value 6.2 - 0.3
11/h. With 4o 1i/h the maximum earbon dioxice value
amounted to 8 1i/h, an® bhecame constent and equal to
about 1 11/h after 2 1/2 hours. In both cases about
10 11 of carbon menoxice were le” over the catalyshs
vefore recching the constant minimum value. The total
emount oOf carbon dlcxlde forme~ in tests 1 uwp to thisg
time wag 16 1i, in test 2 - 11 11. The forming vwith
carbon diczife represents & reduction process as well
es the formation of the combine” and free carben accord-
ing to the equation 2 CO0 = C + C0,. laprger amounts of
carbon vere incorporated during the slovw passage of
gas in the test X, than in test 2. '

Teble 10 suumarizes 4 tests. Testes la and 1b
correspond to0 the carbvon ~ioxice formation of curve I,

figure 4, tests 22 2n” 2b belong to the curve II.

The forming in' test 1a lasted 25 hours with 4 1i/n
at 325°C, in the test 1b 2 1/2 hours, in the test 2a
2 1/2 nours with %0 11 of carbon monoxize/h at 3250C,
end in test 2b only 20 minutes. The time when forming
was interrupted and the reaction with the synthesis

gas was begun &ro shown with crosses on the curves

of figure 4. The subseguent synthesis was carried out

in all gases with & prossuce of 15 atm ang with a

temperature of 235°C., Teble 10 shows that irn tests

la and 2z, after possing 100 1i of carboen menrexide 2

good end permzacnt activity of the cataliysts has been

reached. Interruption of the forming before the dying

down of the “carbon disxzide curve” {fests 1B 2nd 2b)
g00d convereglion at the beginning

produced catalystes with
but which droppes off very rapidly.



2%~ . T-k24

process and must therefore be avoided_§8 much as
pogsible guring forming. ‘ \

The presence of soms amounts of inent gaeg,

- primarlily nitrogen,cannct be svoided in industrisl
operations. Larvger amounts of iners: geses interfere
wlth forming. Results obtaines witn 0.1 eta pressure
cannot De duplicates by working at ctmospheric pressure
with 0.1 atm partial pressure of caphen nonoxzide and
0.9 atm partizl pressure of nitrogen. 25 hours forming
under these conditions with 40 1i carbon monoxide-
nitrogen/n (totel thruput again 100 1i carbon menoxide),
produced a catalyst vwhich gave only 37 percent contraction
at 2359C, A 1 : 3 cerbon menoxlde - niltrogen mixture
‘¥ith a 10 hour forming with 40 11/k, produced an iron
catalyst which geve 590 percent contraction for three
veeks et 2359 ang 15 atm. L ' .

4}, Theory of Férming

Ve have showm that a pretrestiment vwith carbon
monocxzide or with gases containing carton moncxide ,
at 250 ~ 3500C is necessary for the production of s2ctive
iron catalysts, and furthermore that forming has to
be carried out at pressures lover than thoze usged in
the synthesis. “ ' : ‘

The activiiy of %he catalysts formed with carbon
moneoxide - hysrogen miztures 18 somewhat lower than
vhen formes with carbon monoxide elone, which was
explained by the intercetion of carbon monoxide with
hydrogen during the first stages of forming, with
formatlion of compounds which have & tendency to block
more Or less the surface of the catalysts.,

o forming with hy rogen hes been found possible,

The Tundamental Aiffevence in the cction of carbon
moncxice end hydrogen may be bosed on the funcamental
differences in the recuction processes of iron oxidsa,
seccndly in the loozening up of the iron struchure
by the carbon intercalstes during the reaction with
carbon womoxide, «ns in the third pluce by the Ioruaiiown
of carblfes duping the trestment with carbon monoxide.

The reduction with hydrogsn i1s more repid than with
carbon monoxide, if ve diesregard the diffueion, sintering
and the depositiocn of carbon, as it well known from gata
in literature. VWhen operations are run under conditions
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under which these above mentloned pointe must be con-
eldered, the reduction with carbon monoxide may proceed
more readlly because of the looasning vp caueed by the
intercalation of carbon 11/, |

The original process of the recuction is the for-
mztion of the ferromagnetic Fe301, It ig formed during
the reduction with cerbon monoZide as well ag with
hydrogen, and ean be obtained by 2 precipitatica of
a rizture of ferrous and ferric snlts with alkalies,
fellowed by dehyaration; it poaszesacr, however, no
catalytic propertics for the niddle pressure syniheries.

Ve mey refer to the equllibrivm congitions of the
iron-carbon-cxygen eysten in ocur subsequent discuesion
of the course of the action of czrbon monoxide. Thise
equilibrium depends on the temperature, the gas prossure,
and the proportion of cazrbon moenoxide to carbon dioxigde
in the gos. Flgure 5a refers to atmospheriec prescups.

It represents the results of inveatigationa of R. Schenck:
12/. The broken curves were obtzined by U, Hoffmenn zng
E. Growl ;;/ by computation. Figure 5b reproguces the
ceguilibrium relationchips =2t the pregsure of 0.1 atm,

The Fe50y-FeoC curve was calculated tzking into
concidépation the relationship betveen pressure ang
cquilibrium values, the other curver from results of
Schenck in the work quoted &bove. :

. We may drav the conclusion from figure 5 that
at temperatures below 550° - 5609C, Fe0 ir unctable
{according to Schenck, because 1t alreagdy contains

b

Fe30y callod by him "Wustite"). The reduetion of
Fe30 proceeds thersfore without paseing through
the FeC phase. - '

- The metallic phase, which acecording to Schenck
consgists &n oxzygen-conteining oxo-forrife angd the
Oxygen and carb%d@amccntaining oxoauvastenite, and
is 1n stable equilibrium oenly at temperatures ahove
550 - 600°C. At lover temperatures the carbide may
therefore form by a girect interaction of carbcn menorxide
and Fe;0p or by way of formation of unstabie lover -
oxygen intermediate subztznces. 1T. Hoffmann ang E,
Grovl have cubjectad to X-ray snalysis the substances
formed by pascing carbon monoxide ovep iron snd foung
only & very slight amount of free ipon at tempoeratures
below 655°C, ' :



A
IO L SHIEEN i
VA 2 e

@) fdly

o/ - | N
_/;fCGj [F%,q) (/L% y
N~ e
Sa ! ‘@{i\\>\f .
— . LN 4 -
e C Oy 0r S0 2 R Ce 4O,
A TR
¢o RN e
T %%‘%EO*@J»‘ -
— Sk >\>/ , Oxo - oxaustenite
Yo ~ (cc/p'f;’ ' " \metailic iron,
T %P S contalning
_ @b(, 0, 1Sl carbldes and oxlde.
| kcof?ﬁ’ (; I \‘-”/;;“' . Ox - oxoferpite o
2v > < \ ?chi The metal phase
: F@}-(» b(j/:»/ FelOy contalns oxygen
1T N . ¥_-~ wustite
Cge ) 700 eC Feo phage,
coatwi.n:!,ng Fe,0
Pt I
| .“"*’*290304‘002
/ .
| & e atm,  _ equilibria extra
o : tGEsmewg Polatad by . Hoffmann
Kd . LR fosBee
7 s 7} ‘(:, h R -.»Zl“ E- CPOl*- .
ec) o NN s o
o T oo re, o
-1 W ox
= b - el/Fe
co y / ’/./ /
T .
2258 l"gé:/{: - W
o Z &
o "c:a?}i‘f"" 159 1 "N\\
&= {&,5,. 7 <
é / N {.1}/ \\ Jag
2 ‘u"fftr. ' 7::; T/ Feo
O}l -4 ]
,'»@ %‘J()/ H%O“.&
- Hoo 560 7ConC
Big ilia giti b1
Fégé-.é «-ysg rium congltions in the



~31- | Thok

. The reductlon of the higher oxidss to the lower
oxides or %o metzsllic iron “oes nob depeng cn the
pressure, and therefore only on the proporticon of

carbon dloxide: carbon monoxide, ans from the temperature;
Ve may see, however, from the flgure 5b that the
conversicas during the formetion of elther the carbige

or of carbon monoxlde are dlspisceqd by lowering the
pressure towar-g the carbon monoxide side, Raising

the prezsuvre will therefore favor the formstlon of
carbldes ang of carbon,

¥hen operztions are eonducten vith a 100 percent
carbon monoxide, as may be done when the carbon monoxide
is conAucted in & very rapld stream over the substence,
cnly iron carbide is stable during equilibrivm at 1
atm as well as 0.1 atn. . '

- Shoulg equilibrium become established during the
action of pure carbon monoxide upon metallic iron,
the carbide would form first, vhile the carbon gioxide
formed acts 25 an oxidlizing agent upon the metalliic
iron. This expleins the fact that the forming of an
irom catalyst 1s favored by lower pressures and the
higher retes of csrhon monoxlde, because the process
is & reduction process, and both these factors reduce
the partial pressure of cerbon dloxide and provise
the rapid vemoval of the adsorbed carbon gloxide from
the reacting surface. '

In both djagrems the carbide 1s essumed to exist
as cementite Fe3C, &0 notv as, some higher carbise,
Llpert 14/ wes“the £irst to assume its existence 4in
1915. PFrenz Pischer anéd his collaborators have
repeatedly peferred to the formation of higher» carbides
as intermediate products of the gasoline synthesis,
Franz Fischer and H. Bahp 15/ have even dsscribed such
& carblde of lron. Gluud and his colleborstors, 16/
have assigned the formule Fegl to this carbide. T.
Hoffmann snd E. Groll have reported in their work,
cited above, on the ingeraction of cerbcen monoxide
upon iron at below 400YC, the proof of the existence
of such carbiges from interferences in theirp X-pay
Investigations, snd established that at temperatures
over 40C9C this carbi~e flseppeers wilth a simultensous
increzsed deposition of cerbon. It is assuvmed that
during thls ~sposition cementite ana free cepbon are
formeds. '

Only 1little can be said at present ebout equilibrivm’
conditlions of this partlcular carbide or any possible
higher carbises. The range of 1lts existence could not
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therefore be ingicates in the flgure 5 by curves op

arcag -of 1t. I% appcars, hovever, definitely entablicheqd
that lower temperztupes snd bigh carbon moncxide cone
centrations are necesmary rfor its formation. Thece
requirencnte repressnt tho optimun forming rPsqguirements
for the iron catalyst. It beconoe therefore vory probable
that thes existence of thege compounds iz of slgnificence
for the degreec of forming of the catalystas ang therefore
for the course of the subseguent synthesis.

Thece cerbiges shoulsd nececsarily not only be
formed prior to the synthesis, during scme rultable
protreatment, but they must not brezk dovn 1n 2 shorpt
while 1f the synthesis ir not to die down, or slre
they should not be deeompozed at lewer rate then re-formed,
if they are formes as inlermediate compounds., This might
be Indleated by sn observetion wade during synthesis.
The synthécis may proceed satlsfactorily vith & good
converclion imediately aftep forming at some low =
temperaturees (e.g. bolow 220°¢C). Hovever, the convercion
becomer gradually lover ang m2y be uncapable of becoming
incressed at higher temperatures (e.g. at 230 - 2%0%¢)
at which 1t would proceed if the initial cperzticns
were conducted at that temperziupe (2%t lower temperatures
the carbide msy be more ?apldly decomposed by bydrogen
than re-formed by the interaction with the carbon
menoxide). |

It may further bs pointed out thas the extrsordinerily
large initial activity of the iron catalyct cen be
explained by ite structure, ac well 2z by the results
of some unfinickeqd cxperiments which ars £till in procece.
Very little oxygen is found 4n the substance aftor forming
with high concentration of capbon monoxide te the
productlon of equilibriuvm, but = gz2 is formed during
synthesis containing 50 - 60 percent carbon dloxide,
vhich may bring zbout a pariial oxidation of the substance
by the equilibrium conditions ang this vill result in
8 reduction of activity. The "best formea® catelysts
ere nevertheleess suporior to those less thoroughly
formed, and thelr performance must be conneccted with
gtructure chenges in the catalysts duping forming.,

Wo may finally aseume that the high-carbon
carblde acts catalyticzlly in the formztion of carbon.
The pregent investigations are tended to explain
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to what extent this undesired break-cown of the carbon
monoxlde 1s interierred with by the simulteneous presence
of hydrogen. It has, hovever, been alresdy proven
thet the Tormation of carbon during forming 1s strongly
represaed by lowering the pressure sng by increasing
the rate of flov of carbon monoxzide.



