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This document containg many of the data supporting recent
German views on the importance of carbides in iron Fischer-
Tropsch catalysts. The report is in the form of a Ph.D. thesis
by Heinrich Merkel and is based on research at the Kaiser Wil-
helm Institut fiir Kohlenforschung under the direction of Helmut
Pichler. Preliminary experiments at the Bureau of Mines have
80 far eonfirmed the thermomagnetic sections of the paper.

This study is, to date, the only extensive experimental series
of investigations of the changes oceurring in the catalyst strue-
ture during induction and synthesis. The conditions of forma-
tion of two new carbides of iron and some of their chemieal and
physical properties arve diseussed. The relative catalytic activi-
ties of cementite and the two new carbides are reported. A study
of the formation of free carbon in the catalysts during the
Fischer-Tropsch synthesis was aleo made.

While still in Gevmany, Pichler described the contents of the
thesis to Guenther von Elbe, of the United States Techniecal 0il
Mission., At that time all the data, ineluding an early draff of
the thesis and all the laboratory notebooks, were unavailable
because Merkel was nsing them to obtain his degree. Morkel
himself could not be located. Pichler's description of the fune-
tion of carbide in the Fischer-Tropsch reaction was considerably
more advanced than was the information bresented in the older
documents found by the Technical Oil Mission teams at the Kaisor
Wilhelm Institut fur Kohlenforschung.t
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Later,I when Pichler eame to the United States ag
he brought with him th
graphs or tahles.

a consultant,
e preliminary draft of the thesis, but no
Merkel had meanwhile returned to the Kaiger
Wilhelm Institut, Although the draft contained evidence of two
higher carbides of iron other than cementite, Pichler was dis.
satisfied with it because it did not clearly demonstrate that these
higher carbides existed. However,
Pichler planned to reproduce the graphs
an addendum to express his viewpoint,
Before these plans could be Tulfilled, Pichler suceeeded in obtain-
ing from Merkel 2 revised manuscript, complete with tables and
graphs, which had been accepted by the Technische Hochschule,
Aachen, in partial fulfillment of the requirements for the Ph.D.
degree. The entire latter half of the manuscript had been re.
written and expanded, Pichler thought that his views were ade-
quately represented in the revised manuscript, exeept for some
minor points, and he read and approved the entire translation,
In order to Integrate the information in the thesis with existing
data that were aither unpublished oy inaccessible to Pichley and
Merkel in writing their paper, a foreword entitled, “Introduction
to the Carbides of Iron and Their Physical and
erties,” by I.. J. E. Hofer, follows, (Immediately
- word is inserted an appendix describing the hex
of Malle and Herbst.)
Titles of footnote references enclogsed in br
tions of the title from the language in which

from memory and wwrite

agonal iron carhide

ackets ave translg-

the work cited was
published. ~
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FOREWORD

By 1. f. E. HorERT

INTRODUCTION TO CARBIDES OF IRON AND THEIR
PHYSICAL AND CHEMICAL PROPERTIES

i rat ent of the
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a8 intermediates in the synthesis.® This hypo e supported
st i 2 es of iron, cobalt, and nickel were
at first largely bec_ause carbldes_o i ,1 T i kel were
known to react with hydrogen to form (1137‘ lt(z)h" o ! }
i Ly - e Fischer-Tropsch
conditions of temperature and bressure uscd in . sh
Lhesis itself¥; i iti t was known that hydrocarbons
synthesis itself?; in addition, i I b it aetdone T e
formed when carbides of these elemen § react it o pyeater,
i demoengtrated the presence of carbide 1qn us _
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decomposition of the catalyst with acid. 5has heen previously
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he synthesis,
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2C0 + 2Fe—> Te,C | CO,

B ; ide and hydro-
1 that the rate of formation of the carbide and hy
;ﬂg&?ﬁf eéf tthe carbide for certain iron catalysts was more

:!?“ge lfoi)tnl?m'\iidt1')1"1%1)3‘%1:[1 ., [(Hydroearbon Syntheszis at A%l;mlsé)ﬂheric Pressure from Gasifi-
i Products 1t Brennstof m, vol. 7, 1926, pp, 07-104, __
cmﬁi(‘FIPrfjtdu‘:‘sets nonfdC:Il));‘uzlcj-l'(m]?xlnoi:],n%o?ngr\g:\tnl;tic Effect. ofrIrcm C:ré-hnh:aasé (9[1 the Decomponition
f EFl-l?Eti i\/[lo'r{uxiclej: Ber, Deut, chem. Gesell., val.. 48, 1915, pn.. 112' 11 l) Steel Inst., vol. 44,

Of‘"ciled[i-bur A, On the Maodifieation of Carbon In Jron: Jour. Iven mng .

- 93, bp. 5376, ie Carbides:
Dﬂﬁdtnf;i’exlv%lsj.px.,‘JRevi‘f!\v and Bibiicpraphy of the Metallic Carbides:
C(’ll‘ltigilif:);::1']()Igo'qlrlsélx'i‘z'olmch. H., [ITydroearbon Synthesis]: Ges, Abhandl. Kenntnais Kohle, vol,
1o, “13-2' ]>l;- 3ol g 3 oy agnotic Study of Iron Fischer-Trapsch Gntﬂl.vs_ﬂ:

H Lefuhvré:, H'i né:](é Iieﬂ%lifl c[’)])(.,II:’I&’ITI;!}iLIl:;;(?.m igSyllthESiS with Hydrogen nnqunrbulr)l Mgréggﬁfle
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Ca]lubg)t" ! .lon?l- 11, Anderson, R. B., Hofer, L., J. E., Hawk, C, O., A_nr]mii_,rzn.t_l: 11}.;11.’9'111 :)F ymbic,
N E\'%]tilelic'Lir']’uid Fuels from Hydrogenation of Carbon Monexide, Fart I; £
T(ﬁhll‘izi'f::lt¥z:ﬂii; ]::Iif‘l r);ii"ur]ﬂ,Iiflllvustimlthms of C]gul]yst? f;}‘ {PIJY[TII“;?IO“M]]"?'II; r;)[‘f{n}l):ﬁ;ﬂnﬂ;a{gs

Sidus, Y. T, P I the Btatie and Dynamic Method . art Pliyed by
hykSIlmu“!l\”-]t{;sg:o?g)rrilicx;lll;‘cgrr?atio; of the Burface of the Catalyst Irorb-ﬁmmel-élz!le{lam I{?:::l‘s::;:gﬂ
8:}1-l§u|1:1;ftu-lt(ies‘elguhr]: Bull. Acud, Sei. U.R.8.8., Classe Sci. Chimn, 1945, pp. .
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4 [RON CATALYSTS FOR SYNTIESIN O HYDROCARRBOXNS

rapid than the rate of synthesis.
thesis on these catalysts proceaded
mediate. s .
"The evidence cited above suggests that carbide is an interme-
diate in the reaction. The experimental techniques by which this
evidence was chiained can give information only about carhide
in bulk™ and not about surface carbide.1?
that bulk carbide is

Eidus concluded that the syn-
by way of carbide as an inter-

an intermediate, since it ig well-known that

most heterogeneous gas reactions proceed on active surfaces rather

than in bullk, It is hard to conceive how bulk earbide can be
intermediate in the reaction, Recently, Kummer, De Witt, and
Emmett,® using C™ $racer carbon, have produced evidence to
show that the quantity of hydrocarbon formed from bulk carbide
during TFischer-Tropsch synthesis was small comparad with that
formed by some alternative mechanism. Great weight munst
be attached to the conclusion of these investigators, ginee their
method is much more direct than that of others,

Information is beginring to accumulate which
carbide is not an intermediate in the synthesis as carried out on
cobalt, nickel, and ruthenium catalysts. The presence of cobalt
carbide is deleterious in cobﬂIt~thoria—kieselguhr catalysts.”™ [p.
deed, such catalysts are almost completely inactive under ordinary
synthesis conditions when fully converted to carbide, In nickel-
type catalysts, the so-called “hexagonal nickel,” = formed by the
action of carbon monoxide on the face-ceniered cubic form of
nickel, is inactive in the Iischer-Tropseh synthesis, according to
LeClere and Lefebvre. Undoubtedly, this “hexagonal nickel”

shows that bulk

Qil Products Co, Swrv, For, Petvol. Lit., "Pransl. BT,
tion_of Carbon Monoxide by Shmultaneons Appl
IV, Kineties of Carbide Fornwtion s I
and Erom Catalys Bull. Acad, Sei
Gi Products Co. Surv, For, Potrel. Lit., ‘i'vansl, g,

Lidus, Yu 1., nnd Altshuller, 8. R, [Investigation of Catalysts for Hydragenation of Carbon
Monoxida by Stimultancous Use of Statie and Dynamie Methody 37, Aclivity of Cutalysts Contain.
ing Vavious Components of Lhe Catalyst Iron-Copper-Tharium Dioxide-Potassinm Carbonute-
Kieselwahrl: Buall, Acwd, Sel, 1.1 Classe Sei. Chim., 1944, pLL B0-85T, Universal Ojl
I'voducts Co, Bury, Mopr, Tolrol, LiL,, " =Loang,

Eidus, Ya 0, and Flag N. V. [Effeet of the Composition of 1he Catalyst and the Nature
of the Carvier on the Activity and Stability of the Cutalyst I|-0n-C:)pper-'l‘!m1'i=l-I‘rstnssium Cur-
honate in the Synthesis of Ligquild Hydroearbons from Carbon Monoxide and Iydrogen): Bull,
Acad, Sel. U,LE.S., © : Sl Chim,, 1943, pp. 203-411. Universal Ol Produets Co. Surv, Ioy,
Yetrol. Lit., Transl, 46

Fidas, Ya 1., Epifanskii, 1. I, Peirova, T, V., and Elagina, N, V. [The Activating Tffocts
of Oxides of Some Metals on the Tron-Gopper Catalysts Used [or Synthesis of Gasoline from
Water Gnsl: Rull. Aend. Sei. U.R.8.8., Classe Sei. Ghim., 1943, py, l45-151. Universal (il
Products Co, Sury. For, Pelrol. Lil,, Transl, 418,

B Eidus, Ya T {Investigation of Catalysts Tor Hydropenation
taneous Appliention of the Dynamie and

on of the Dynamic aml Statie Methods,
on of Carbon Monaxide on Cobult, Nickel,
U.RA.S., Classe Sei. Chim., 1948, pp. 447453, Universal

of Carbon Manoxide by Simul.
Sintie Melhods, I, Activity of the Complex Catulyst
Iron-Capper-Theria-Potassium Carbonate-Kieselguhr]: Bull Acsul, Sei. U.R.8.5., Classe Hej.
Chim,, 1944, pp. 265-262. Universal Oil Produets Co, Suvy, For. Potral. Lit., Transl, 4924,

' Hofer, L. J. K., Prepacution and Prnpeljties of Metal Carbides, with Critical Comment a8
to Their Signifieance in the Tischer-Tronsch Synthesis: Bureau of Mines Rept, of Investigations
3770, July 1944, 29 pp.

1 The following definitions have heen found useful nnd have heen implied in this discussion:

Surfece carbide-—-atomically dispersed adugrhed earbon,

Bull: carbide—hompgeneous metal-carbon phase in which the earbon is atemically dis-
persed,  {The only honds are enrvhon-metal bonidy of an intermetallie nature,)

Free earbon—carbon in which carbon-carbon bonds have hean ostahlished,

W Kummer, J, T., De Witl, T, W, and Emmotl, I’ {1, Some Mechnnixin Studies of the I'ischer-
T'ropseh Synihesis Using OV Al of Papera, 111th Meeting, Any, Chem. Soe., April 14-18, 1047,
Div. of Physieal and Inovganic Chemistry, 29 py,

" Weller, 8., Ilofer, L. J. &, and Anderson, R, R, The Role of Carbide in {he TFischer-Tropsch
Synthesis: Jour, Anu Chem. Sac., vol. 70, 1918, pp. Tou- 801,

o LaCle Gu, and Michel, A, {Prepuration and Tropertion af Hexawonal Nickel]:
rond,, vol, 208, 10, pp. 153% 1585,

M LeClere, G., and Lefebvre, II. IComparisan of the Catalyily Activity of Tweo Allotropes of
Niekel): Compt. rend., vol. 268, 1og0, DL RS0 165,

Compt,

But it is quite unlikely §
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is rveally nickel carbide. This was originally pointed out by
grat)?forﬁgl and Rideal.®* The crystal structure of these two ma-
terials seems to be the same??; the eonditions of formalion and
decomposition are similar—hoth are either strongly paramagnetic
or wealkly ferromagnetic. In short, they are identical.

If the bulk carbide of nickel or cobalt were a good catalyst
for the synthesis, an improvement in activity would be prected
in its presence, If the bulk ecarbide were an intermediate in the
gynthesis, at least a temporary incr(_}ase in activity would be
ahticipated. However, neither effect is observed, and it can be
concluded that bulk earbide is neither a good catalyst nor an
intermediate in the synthesis. ]
mtﬁcl meady be postulated that the carbides of cobalt and nickel
only fulfill the role of intermediates when in the presence of
relatively large amounts of reduced metal. This possibility I‘S
difficult to deny; but there is no experimental cvidence to support
it. It may also be postulated that the intermediates are not these
particular carbides but some other carbides of cobalt and nickel.
This seems unlikely, since the ohserved carb1de§s were formed
under conditions of temperature and pressure similar to those
used in the synthesis, although the pas composition (pure CQ)

A S ewhat different, ) )
“a'i‘ql1cz\gr§??§tr01ag evidence that bulk carbide is not involved when
ruthenium iz the. catalyst. At the partial pressure of carbon
monoxide used in the synthesis, pure carbon monoxide reacts ‘\VIt‘H
ruthenium to form volatile carbonyls and apparently no carbide.

Although bulk carbide itself does not seem to be_the interme-
diate in the reaction, surface carbide may be the Intermediate.
Surface carbide i3 a very elusive concept which is diffeunlt to
study experimentally. However useful the concept of surfaee
carbide may be for many purposes, its discussion is not germane
to a review such as this of directly obtainable experimental data.

Various methods of studying qarbldos hgwe be'en used. Th_e
most important are thermomagnetic, X-ray diffraction, and chemi-
cal analyses. Individually, these methods are not very satisfac-
tory, but if all three are employed simultaneously, a fairly com-
plete picture can be -evolved, since they are mutually supplemen-
tary. Unfortunately, investigators have rarely used more than
two of these methods at the same time. This situation is par-
ticularly unfortunate in the study of iron catalysts, where several
carbides are known to exist and chances of ambiguity are corre-

3 ingly preater. _ )
bp%gd{lﬂﬁ;ﬁ}; %o determine which carbides may be involved in the
Tischer-Tropsch reaction on iron catalysts, an analysis of t.he
available data on iron carbides is pertinent. "The characteristics
of some carbides are described below.

i C|—l-:;(;;i‘-} R, and Rideal, To. K., Mechanism of the Synthesis of Ilydrocurbons from Water
wur, Chems, Soe,, part IF, 1936, pp. 160d-1614. ) )

aobn (J}IR]I;I. fj('i"’»{;i;fm-un AL E’[I‘he f{ul:ltionshin of Nickel Carbide to the Curbides of the
i schr, physik. Chem., vel, 1320, 19454, np B361-RGT.

I'The Nonexistenee of a4 Highor Nickel Carbided: Ztschr. HUTIEES

Gas:
A Facobsen,

Sechmidy, J., ¢

d 2116 EHN . B . o o
C]?""Tlxl.e'il‘:::llqlnilh\-f\’l.‘..liagmllml\'[anc]mt. W. . [Preparation of Ruthenium Carbonyls and Nitrosyls]:
Ztachy, unovsr, Chem,, vol, 226, 1036, p. 385,

Tiehler, ., corvespobdence with author,
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CEMENTITE

The best-known iron carbide is cementite; its physical and
chemical characteristics are well-known. It occurs in carbon
stecls as a component of pearlite (0.9 percent carbon), the eutec-
toid mixture of e-iron (ferrite) and cementite; as a component of
ledeburite (4.2 percent carbon), the eutectic mixture of vy-iron
(austenite) and cementite: and as primary and secondary cemen-
tite. A study of the iron—carbon diagram is very instructive.
It is almost impossible to form pure cementite by quenching a
stoichiometrie melt of iron and carbon, because of the rapidity
of graphitization. Tt is an open question whether large single
crystals of ecementite have ever been formed in thig way except
when stabilized with manganese or some other stabilizing agent.
Cementite stabilizod with manganese is often mentioned in the
literature ag “spiegeleisen” and “cohenite.” Tt is possible to igo-
late the comentite in pearlite and ledeburite by dissolving away
the matrix of ferrite (a-iron) or austentite (y-iron) with dilute
sulfuric acid in an inert atmosphere.” Under these conditions,
cementite is quite resistant to acid. Eleetrolytic solution of the
matrix can also be employed. 27

Cementite may also be formed by carburizing iron with carbon
monoxide or methane at temperatures in the region of the « to Y
transition (910° =+ 3°C. for pure iron) and cooling the produet
to room temperature. Thig process consists of two stages: First,
the formation of a solid solution of carbon in y-iron (austentite)
during the actual carburization, and second, the formation of
a-iron (ferrite) and cementite-a-iron eutectoid upon cooling the
solid solution helow the eutectoid temperature (723°C.) to room
temperature; or, if the carbon content is above the eutectoid
composition, the formation of cementite and the comentite-g-iron
eutectoid upon coeling the solid solution below the entectoid tem-
perature. I this cooling takes place too rapidly, retained auste-
nite or martensite is produced, Carburizing mediums othey than
those mentioned can be used. In back carburizing, coal, coke,
and an “encrgizer” such as sodinm or barium carbenate are used,
It is believed that CO is the truce carburizing agent in pack car-
burizing. Liquid carburizing is carrvied out in baths which may
contain ealcium eyanide, calcium ¢yanamide, or other carbon.
rich agents plus various other salts acting as solvents, such ss
sodium chloride,

Cementite can also be formed by the direct action of carbon
monoxide on w-iron at temperatures helow 300°C.28  Thig nrocess
is very slow and proceeds at appreciable rates only on very finely
divided metal, but it is thig process that is most likely related
Lo cementite formation in the IFischer-Tropsch reaction. Samples
of nearly pure microcrystalline cementite can he prepared in this

hpsteln, 8, The Allovs of Fron sl Curbon; vaol, 1, Constitution: MeGraw-Hill Bonk Co.,
Noew York, 1886, 476 pp,

W GBehenck, R, and Stenkhoff, R. [Acid Decomposition of Tron Curhide]: Zischr. anorg, allgem,
Chem., vol, 161, 1027, pp. 287 804,

2 Arnohi, J. O, and Resd, A, Al Chemienl Relations of Carban and Tron: Jone, Chem, Soe.,
: ih. 18UG, n, TRY
* Hige, G. |Powder X-ray Patlerns of 4 New Iron Carbide): Ztsche. Krist., vol. 89, 1984, pp.
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way. Carbon monoxide and hematite form cementite at about
500°C.2*  Other methods for preparing cementite have been re-
ported, such as decomposition of potassium ferrocyamqe.ﬂ"

Mittasch, Kuss, and Emert*! decomposed I'e(CN) . with hydro-
gen and nitrogen at various temporatu.res and conclu_ded, by
fairly complex reasoning, that two carbides might be 1_nternf1<?~
diate in the roaction. One carbide reacted very re%dlfy with
hydropen at 200°C.; the other, only s.lowly‘ at 400°C. The latter
carbide they identified from its Curie point as cementite. No
X-ray work was done. . .

Cementite seemg to be the most stable of all the carbides of
carbon, - The Iigg carbide (see below) decomposes into ceme;:;
tite,** although Lipsen and Peteh believe that the reverse occurs.’
The carbide of Halle and Herbst (sece betow) decomposes into
the Higg carbide. Martensite and retame@ austenite (carbon-
rich) also decompose to cementite and e-iron. On the other
hand, comentite decomposes only into free carbon or graphite
and a-irom. ) ]

The erystal structure of cementite has received much attention.
It has an orthorhombic unit cell with lattice parameters «, =
4.514-4.507 A., b, = 5.079-5.073 A., and e, = 6.730-6.734 A
The carbon atoms lie in the gpaces betwoeen the iron atoms. Thgre
are four formula weights of Fe,C in _the goll, using th.e density
7.74 obtained by Benedicks.® The Curie point of cementite oceurs
at about 2056° to 220°(.30

Cementite reacts with certain acids to form hydrocarbons and
ferrous ion. The reaction,

Fe:C 4 6HA— 8Tt + (CH,), - 2H,,

is not quantitative under all conditions. High hydrogen and low
ferrous ion concentrations favor complete conversion to hydro-
carbons.  This is not simply an example of the mags actlon_ ]aw
because high ferrous ion conecentration favorg carbon deposition.
The reaction is not well-adapted to quantitative analysis beecause
carbon may be produced and because the hydrocarbons formed
are not always gaseous.®” Cementite may be formed in iron

Tischer-Tropsch ecatalysts under certain conditions, but its pres-
ence is undesirable, according to Pichler and Merkel,

. J., The Cryslal Structure of Coemaentile, FuiC: Jour. Iron Stael

)7. [:'(-l'ay Study of the Decomposition of Complex Iron Cynnides]:

.ovol, 135, 1928, nn, 143 455, - .
N Mittaseh k:/\{.:.h?{n:m‘i,“ﬁ., nnd Emert, O, [Thermal Decomposition of Complex Iran Cyanides
and Relat.ion’shin with Synthetic Ammenin Catalysts]: Zischr, anorg. allgem, Chem., vol. 170,

" 2 e ol .
19"21‘8:1:&]1); II?.BH l‘dllrun-Nitrnu;on, Iran-Carbon, and Tron-Carhon-Nitrogen Intersiitinl Allays: Their

n T ed Martensite: Nature, vol. 168, July 15, 1946, pp. 60 61,
Occurrence in Tempered Martensite: N.n.u.r(_, vol. 158, v 15,
T H, andl 'eteh, N J., work eited in fosleote Z.l,‘ X . _
3‘]}III:|:;:QII‘RUTIR>:"\]'[, W.. Raynor, G. V., and Little, A, I, The TLatiice Spaeings and Crystal

. Loe J ite: Jour, Iron Steel Inst., vol, 145, IS_]I‘_{, N !421’--1 n2lr,
SL;“e{élélllJ Ll\?.[JC.U}]nEEhE]t)l;‘ctnlLion of the Crystal Structurve of Cementite: Jour. Iron Steel Inst., vol,

4 3T 16070, . PO ’
14};& !;:1‘11\(]11:;]:», Ig}.lll’lh'ysicnl and Physicochemien! Study of Carburized Steal] : Dissertation, Upsala,

Lie Propertios of the Carbides Feund

 onds, K., and I\[urnk:llmi. T. I“)" lth(? "I]‘\I:i'.lr'mln:ﬂaﬂ
i sels |0 Sel, Heptl., Sendni, ser. I, vol, B T b, .
ma';q‘é(cfi];rlmk. (JL und Stenkhott, R,, work eftedtin footnote 26,
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MARTENSITE

Martensite may he regarded as a deformod supersalurated solid
solution of carbon in a-iron,"™ formed by very rapid quenching of a
solid solution of earbon in y-iron. Martensite ig very reactive,
decomposing to cementite and a-iron at temperatures below 300°C,
and as low as 100°-200°(. The structure is body-centered telra-
gonal,
from 1 (0 percent carbon, pure e-iron) to 1.06 (for 6 atomie per
cent earbon). ‘Austenite, martensite, and forrite may all be con-
sidered to be body-centered tetragonal structures differing only

in axial ratios; for austenite the ratio is V2 : 1 (1.41 : 13, while
for ferrite it is 1. The axial ratio of martensito is intermediate.

Little is known about the action of acid or of hydrogen on
martensite. 1t probably wonld behave like cementite, forming
hydrogen and hydrecarbons with aeids, and hydrocarbons only
with hydrogen. The method of formation almost certainly pre-
cludes any possibility that martensite ig involved in the Fischer-
Tropsch reaction. Furthermore, the temperature of the synthesis
is probably too high for the maintenance of martensite,

AUSTENITE WITH DISSOTLVED CARBON

Austonite, face-centered enbic y-iron, can dissolve ag much as
1.7 += 0.3 percent earbon at 1,150°C.3  The lattice parameter
varies with carbon content from 3.564 X.u. for pure y-Fe to 3.62
X, for y-Fe with 1.74 percent dissolved carbon. With suffi-
ciently rapid cooling, austenite can be retained at room tempera-
ture in a metastable state, especially in the presence of chromium
or nickel. A solid solution of carbon in augtenite decomposes into
martensite and eventually cementite and Territe at temperatures
well below 300°C. At higher temperatures austenite decomposes
directly to cementite and w-To,

Carbon dissolved in austenite probably does not enter into the
Fischer-Tropsch reaction, since the conditions for stable anste-
nite do not oecur during synthesig,

FERRITE WITH DISSOLVED CARBON

The maximum solubility of carbon in Territe {a-iron) ig 0.03
=+ 0,02 pereent at the eutectoid temperature (723°C.}. At room
temperature, the maximum carbon content is 0,006 =+ 0.008 per-
cent.’  Boeeause earbon in solid solution In «-Fe diffuses very
rapidly and the phase is stable at synthesis temperature, it is
pogsible that this phase is involved in the synthesis.

“}_n:nrz.ill_ and Tarker, A, M. 1., "The Struclure of Martensite: Jour. Trgn Steol Tnst., vol,
149, 1944, pp. 123-141,

H Peteh, N, J., The Positions of the Carbon Atoms in Austenite: Jour. Iron Steel Tnst., vol, 143,
1942, pp. 11115128,

1 Kester, W, [The Tiffect of Hent Treatment Tlolow the A, Iuint on the Properties of Technieal
Tron]: Archiv, Eisenhiittenwesen, vol. 2, 1329, pp. 503-522,

Its axial ratio, ¢ : @, depends on carbon content, varying
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CARBIDE OF BRILL AND MARK

This carbide was proposed # to explain the appearance of cer-
tain extra lines in the diffraction pattern of 1;519 product obt_'amed
when hydrogen and nitrogen act on ammoninm ferrocyanide at
400°C. The other constitucnts of this produet are cubic Fe (CN),
and o-Fe. Only a few lines were found, as indicated in table 1.
There is no positive evidence that these lines are due to a carbide
of unknown structure. Certainly the formula for this carbide
cannot be determined from the evidence presented,

CARBIDE OF HOFMANN AND GROLL

Hofmann and Groll*2 investigated the action of earbon monoxide
on iron oxides at various temperatures. In the diffraction pat-
terns of the products obtained at 820°C. or Iower_, they found
lines due to an unknown constituent which they believed was an
iron carbide. From the chanpes in weight during treatment with
carbon monoxide, they coneluded that the formula of the carbide
was Ife,C. Some of the spacings in the diffraction patterps ob-
served by Hofmann and Groll were identical with those of Brill
and Mark,

CARBIDE OF TUTIYA

Tutiya® preparcd carbides by the action of carbon monoxide
on iron and iron oxide at variois temperaturqs. In his early
work, he was unable to identify, in the diﬂﬁ_:a,ctlon patterns, the
spacings of Brill and Mark or those of Hofmann and Groll.
Later, he claimed that his diffraction patterns did contain the
same spacings as reported by Hofmann and Croll, {Sec table 1,
data of Tutiya,1)

CARBIDE OF HALLE AND HEREST

The available data describing this earbide are given in the ap-
pendix. Apparently, the carbide hag the formula Fe,C and de-
composes at about 290°C. into the Higg" carbide. 1t is stabilized
by the presence of copper, and its presence promotes the Fischer
Tropsch synthesis.

CARBIDE IT OF PICHLER AND MERKEL

By reducing an iron ecatalyst (1 percent Cu and 1.5 perecent
K,COs) with hydrogen at 250°C. for 240 hours and_then treat-
ing with earbon monoxide at 220°C., a product was formed with

1 RByj toamd Mark, IT, work eited in footnete 30, N

12 F—}‘u]flllh;z}m..mlcl..h:md Groll, K. | Carbon Deposition from Carbon Monoxide on Tron 111, I'al'nr‘m-
tion ef Iron Oxides and Carbides]: Zischr, nnorg, allpem. Chem,, vol, 191, 19380, vy, 114-428,

H Tutiya, 13, [Catalytie Decomposition of GG {1). Iron as o Cataly Sei, Papers Inst. Phys,
Chein, Research, Takyo, vol. 10, . bpe 6382, (Ta Esperanto,} nialviie Decomposition of
CO (I}, Iy ithe So-called X-earlide Ruug]l_v li‘gl'med in the Iron Catulyst]l: Bull, Inst. Phys.

wearch, Tolvo, vol. 8, 1929, pp. 609-418, . .

Chﬁ'}ﬁll"n{‘h:?“ﬁfll [JCnm]_vt.ic Neeemposition of Carbon Monoxndse (IIT). The Behavier of Iron
Carbides]: Bull, Inst. Phys, Chen Research, Tokyo, vol. 10, 1981, pp, 556-562,

B flige, G, work eited in footnoly 28,

I
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TanLk 1—Comparative Xeray diffraction date of the carbides of Tutiya, Hof-
muann and Groll, and Brill and Mork

Hofmann and Groll
Tublyn, | Brill and Mark,
dfn d/n
d/n I
2.263 n. 2,28
2,172 m. -
2,050 st. 2,12
1.892 AAYA 1.826
— 1716
— 1.54% m. —
-— 1,465 w. 1401
1.377 1.372 w. 1.367
1261 1.244 VoW —
1,212 1.212 m, 1.206
L1435 L1187 m. 1.148
Intensity, m. = medium, st. = slrong, w. = wenk, v. = very.

two Curie points (C.P.), one al 380°C. and one at 265°C., char-
acteristic of two distinet carbides. Catalysts carbided at stilt
lower temperatures contained more of the phase with the 380°C.
Curie point. Catalysts exhibiting the 380°C. Curie point were
active in the synthesis. At 300°C. the Curie-point 880°C. carbide
was transformed fo cementite (Curie point, 205° to 220°C.}).
According to the data of Pichler and Merkel, the formation of
this Curie-point 880°C. carbide is favored by reduction of the
catalyst by hydrogen before treatment with carbon monoxide and
by promotion with copper.

Recent X-ray diffraction and thermomagnetic work at the Bu-
rean of Mines has shown that the 880°C. Curie-point carbide of
Pichler and Merkel has an hexagonal close-packed structure as
far as the iron atoms are concerned. The results of this study
are being published.* This Pichler and Merke! carbide may be
the samo as the hexagonal carbide of Herbst and Halle.

CARBIDE OF BAHR AND JESSEN

Bahr and Jessen+’ showed that earbon monoxide reacts with
iron metal to form a substance whoge formula is Fe,C, if the
reaction is carried outl below 225°C. The ecarbon in this substance
is particularly veactive and readily forms methane with hydrogen
at temperatures below 300°C. If carbon monoxide reacls with
iron at temperatures above 256°C., products having no definite
composition by weight and containing more earbon than corre-
sponds to Fe,C are formed. The carbon in the product formed
above 250°C. consists of an easily hyvdrogenated Traction and a
difficultly hydrogenated fraction. The former fraction, always
less than the amount corvesponding to Fe.C, is identified as car-
bidie carbon, while the Iatter is free carbon. No X-ray or thermo-
magnetic analyses were made by these authovs,

16 1Yo oy I, E., Cohn, T M. and Pecbles, W. C., The Madifientions of the Carbide FeaC:
Theiv Properties and ldentification: Jour. Am. Chem, Soe. In Iress,

T Rahr, H, AL, and Jessen, ¥, [ Decomposition of Carben Monoexide by Iran and Tron Oxide]:
Her, Deul. chem. Geselh, vol. 66, 1933, pp, 12381217,
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CARBIDE OF HAGG

Higg, 'S closely following the procedure of Bahr and Jessen,
prepared carburized products at various temperatures. The X-ray
diffraction patterns showed that the products formed at 300°C.
comprised large amounts of cementite, At lower temperatures,
the diffraction pattern contained lines of another phase, which
predominated in the products formed at 225°C. or below. Hiigg
considercd this new phase to be a carbide of iron of the com-
position Fe,C, This seems reasonable, in view of the results of
Bahr and Jessen. This earbide decomposes to cementite and iron
at about 500°C,

CARBIDE OF JACK

The action of carbon monoxide on iron nitride at 500°C. or
below leads to the formation of a phase® whose reflecting inter-
planar spacings are the same as those of the carbide of Hige.
Jack considered the crystalites to be orthorhombic and the Iattice
parameters to be a, = 9,04 kx, b, = 15.66 kz, ¢, = 7.92 ka.

CUBIC IRON SESQUIOXIDE OF LECLERC AND LEFEBVRE

Lefebvre and LeClerc™ claimed that precipitated-iron catalysts
reduced to magnetite by the action of hydrogen are gradually
converted during synthesis to “cubic iron oxide,” that is, v-Fe, Oy
stabilized with K.O. Their reasons for this conclusion were based
solely on thermomagnetic curves which showed that, during the
first 48 hours of operation, the catalyst which originally exhib-
ited only one Curie point at 580°C. gradually developed another
Curie point at 250°C. The latter point was thought to be char-
acteristic of a saturated solid solution of K,0 in v-Fe,0,, accord-
ing to Michel and Chaudron.,™ In a later paper, in which consid-
erably more data werc presented, Michel stated that the lowest
possible Curie point of a saturated solid solution of K,O in
y-Fey(; 18 630°C."  In view of this contradiction in the literature,
other explanations for the 250°C. Curie point observed by T.e-
febvre and LeClerc may be advanced.®® Pichler and Merkel con-
sider the Curie-point 250°C. phase to be a distinet new carbide.
The presence of this carbide favors the synthesis.

CARBIDE I OF PICHLER AND MERKEL

A precipitated-iron catalyst containing 0.25 pereent K.COs,,
whose characteristics were apparently similar to the alkalized
catalyst of Lefebvre and LeClere, was treated with carbon monox-
ide. Thermomagnetic analysis of the product revealed a Curie
point at 265°C, Pichler and Merkel believe that the phase giving
rise to this Curie point is a new carbide of iron.

M Higr, G, work cited in fonluote 28,

U Jack, K. ., waork citod In footnate 39,

“ Lefebvre, H., and LeClere, G., wark eited in Tootnole 12, p. 8,

A Michel, A, and Chawdron, G. [Stuily of Stabilzed Cubic Tron Sesquioxide]: Compt. rend.,
vol. 20T, 1935, vy, 119] 21198,

™ Michel, A, [Magnetie Properties of S8ome Solid Selutiens): Anm, Chim., 1ith ser,, vol. 8,
M7, pin 817 428,

“ Btoreh, 1111, Anderson, R. 1., Hofer, 1., J. B, Hawk, C. 0., Anderson, M. (0., and Golumbie,
N., worlked cited in footnete 18, p. 3.
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380°C., has been tentatively identified with the Hofmann and
Groll-Tutiya carbide by means of new Bureau of Mines data.

The carbide of Bahr and Jessen never was characterized by
either X-ray diffraction or a Curie point. The formula Fe.C is
not characteristic. The data of Higg indicated that this ecarbide
was a mixture of the Higg carbide and cementite, but this identi-
fication was based on similarity of preparation and must be
treated as hypothetieal.

The carbides of Hiige and Jack are undoubtedly identieal ; both
have the same X-ray diffraction pattern. The carbides were ob-
tained in nearly pure form, and identification was based on the
matehing of numerous sharp lines, igg specifically reporied
that his earbide differed from the Brill-Hofmann-Tutiya carbide.

The “cubic iron sesquioxide” (y-Feu0s) of Lefebvre and LeClere
has almost the identical Curie point (250°C.) as the Pichler and
Merkel carbide I. This identification is substantiated by the
cbservation that both materials are active in the synthesis and
that both ean develop under the conditions of the synthesis, The
carbide of l.efebvre and LeClerc and carbide I of Pichler and
Merkel have been identified recently with the Higg and Jack
carbides al the Burcau of Mines. IFrom fragmentary data just
found (FIAT reel 116, frames 1673—1683) it appears that the
Hagg ecarbide (Curie point found, —250°C.) was also formed in
Rheinpreussen (Moers, Ruhr Valley) catalysts during synthesis,
although the distinetly different carbide wag not recognized as
such but was termed “unstable cementite.”

APPENDIX

Two reports of the I. G. Farbenindustrie® recently discovered
among the documents of the War Department read as follows:

As long as 12 years ago, Mischer added eopper to his iron cata-

lyst in order to facilitate reduction. X-ray studies initiated by
Dr. Halle, and continued and completed by Dr. Herbst, showed
that in addition to promoting reduction, copper plays anothor
mmportant part in the synthesis. In the course of the synthesis,
with our standard catalyst, & new hexagonal carbide, Fe,C, not
mentioned in the literature, is formed which must be considerad
as essential for satislfactory aetivity of the catalyst. Ower a pe-
riod of fime, and cspecially at high temperature, this new hexa-
gonal carbide was found by Dr. Flerbst to be converted into the
familiar Fe.C carbide of Iage. The addition of copper has a
marked inhibitory effect on this change, and copper may therefore
be considered to act as stabilizer for an intermediate state of
the catalyst first arising during synthesis. The addition of 2
percent of copper, for instance, raises the conversion temperature
by about 50°, e . .

Experiments at Oppau (Amm. Lab. Ber. 1676 Dr. Herbst)
show that hexagonal iron carbide Fe,C forms in KW 17 (NH,
fused catalyst) during synthesis and that at temperatures above
290° it is converted into the inactive Hige Fe.C.

% Group leader counfercnee, Ludwigshafen, TOM Reel 26, Bag 2463,
TOM Tewd 134, Ttem 11710,

Report Dr. ‘Wenzel,



