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INTRODUCTION

In thelr‘early work on the reaction of earbon monoxide with
hydrogen in the presence of iron eatalysts, F. Fischer and H
Tropsch used alkalized iren filings, At 100 atmospheres p}'essuré
anfi temperatures between 350° and 450°C., they obtained a mix-
%1‘11 e of dlffe_rent types of oxygenated compounds, named synthol.
ror synthesis at atmospheric pressure, Fischer and Tropsch used
iron catalys‘gs {prepared, for mstance, by decomposition of iron
nitrate) which were activated further by the addition of such
substance's as copper, manganese, or alkali. At atmospheric pres-
sure, a yield of 30 to 40 grams of liguid aliphatic hydroearbons
_per_cublc meter of water gas was obtained with these catalysts.
In the period from 1934 to 1936, Fischor and coworkers succeeded
in dou]ohng tb_e yield by using precipitated iron catalysts having
4 maximum life of 4 to 6 weeks. When Fischer and Pichler used
iron catal_ysts at medium pressure (1937 to 1940), they obtained
yvields of 130 to 150 grams of liquid and solid hydrocarbons per
normal cubic meter of carbon monoxide-hydrogen mixture. The
life of thg-)sga cata]ysts ranged from many months to several yee{rs
The_ precipitated ‘iron catalysts were pretreated with carbon mo-
noxide-rich gas at atmospheric or lower pressure, and then oper-
ated in the synthe_sls al pressures between 10 and 50 atmospheres
An especially active catalyst, for instance, was formed by pre-
gﬁ%z;gmg “jcllth carb(%r_l m%noxide at 0.1 atmosphere and 8250 and

quently operating the synthesis with water os a Mos~
phfl'es] and at 210° tog230°(3y With water gas al 15 atmos

Pischer and Pichler’s pretreatment of iron cataly for -
thesis at medium pressure differs fundamentally 1313(1;; fflllafytl)]f
catalysts containing nickel or cobalt. The latter may be pre-
treated hy redugtmn with hydrogen. The activity of iron cata-
lysts reduce(_{ with hydrogen at different temperatures to Fe.0O
S};t:?y;{l;%ﬂm 1r0n]‘fyasﬂnohgﬁeater bthan that of untreated il‘fOI-ll
:atalyat e used in the hydrocarbon synthesig at » Pheri
Ol‘Iﬁlt s penen ased in v 1 synthesis at atmospheric

ressures of 10 to 30 atmospheres were particularl i
folr the synthesiz. If an iron catalyst wore 1Fsed at thig ps;t:’g:;]:)llg
Wlthou_t pretreatment, however, satisfactory reactivity of tarbon
monox1de—hydrogen_ mixtures would be obtained only at high
temperat.ures, that is, 280° to 300°C.: and at these temperatures
the fraction of undesirable gaseous hydrocarbong would be large
When, however, iron catalysts were treated with carbon monoxide-
rich gas (for example, pure earbon monoxide or water gas) at
pressures lower than those used for the synthesis ( atrhospheric
pressure or preferably lower), thoe high activity of the catalysts
resulted in satisfactory synthoesis of chiefly liquid and solid z;li:
phatie hydrocarbons at temperatures botween 29¢° anEl 230°C
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Thus, earburization made it possible to lower the synthesis tem-
perature by 60° to 80°C. The increased activity persisted even
after the catalyst had been used over a pericd of months.
The hydrocarbon synthesis occurs according to the following
generalized equations:
22C0 4 el = (CIL), |- =C0;
#C0 + 20H, = (CH,), I zI.0
Carbon dioxide and water are formed in addition to hydro-
carbons (paraffins and olefins in varying proportions, depending
on the conditions of the reaction). Lowering the synthesis tem-
perature, increasing the synthesis pressuve, and increasing the

- hydrogen content of the synthesis gas favor the formation of

water. An increase in temperature, a decrease in pressure, and
an increase in the carbon monoxide content of the synthesis gas
favor the formation of carbon dioxide, The consumptlion of car-
bon monoxide is generally somewhat higher than that of hydrogen.
The two components in the synthesis gas should be present in the
same ratio in whicli thoy react for optimum efficiency.

REVIEW OF LITERATURE
HETEROGENEOUS CATALYSIS

In their earliest publication on the gasoline synthesis, Fischer
and Tropsch®™ discussed the mechanism of the reaction between
carbon monoxide and hydrogen to form hydroearbons. It was
assumed that carbon monoxide and metal react first to form car-
bides (the formatign of higher carbides is thus to be expected)
and that hydrogen. then reacts with carbidic carbon to form
(CH.) radicals. These methylene groups polymerize to form
more or less saturated hydroecarbon chains. '

The synthesis proceeds by way of heterogeneous catalysis. 1t
is known that, when a gaseous reaction is catalyzed by a solid,
condensation of the gaseous substances on the catalyst surface
(that is, physical adsorption) is a necessary but not always
sufficient condition for catalytic activity. Of great importance

‘is the selective chemical cffect exercised by the speecific moleculay
forees of the catalyst surface on the reacting molecules and re-
sulting in a decrease of the activation energy. According to
Taylor,* a specific effect on the reacting molecules is exerted only
* by certain well-defined areas of the macroscopic surface. Eckell
observed that the specific catalytic structure is intimately related
to lattice deformation. :

For highly dispersed substances, the configuration of the inner
surfaces is oxtremely significant, sinee their active centers are
accessible to gases only by diffusion (Schwab and Zorn®), Graue
and Rieh!® have shown thaf gases do not penetrate into catalysts
.5—'-'1?1%11?1?. and Tropsch, i, work cited in footnote 8 (p. 3).

@ Paylor, 8, [Active Centers and Cutalysts: Zischr, Eluktrochem., vol. 35, 1529, pp. G42-548,

o Eekell, T. [Relationship between Catalyst Structure and Chemieal Reaction}: Zischr. FElek-

trochem., vol. 89, 1983, pp. 433439, .
¥ Behwah, G., and Zorn, H, | Kincties of Hydrogenution of Fihylene on Skelotal Catulysts]:

#tsehr, physik. Chem,, vol. B2, 1936, v, 169-201, )
% Grave, G., and Riehl, N, [Pore Diameter and Internal Volume of Amorphotts and Crystalline

Substances]: Ztschr. anovg. allgem. Chem,, vol, 2858, 1937, pp. 265 375,
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through the large pores alone. Where there ig random distriba-
tion or where the arrangement of the lattice lacks regularity,
the irregular spacing of the atoms allows penetration even through
openings of atomic dimensions, According to Graue and Koch,s
the atomic pores of highly dispersed materials remain accessible
by the addition of certain substances, :

The catalyst surface is impoertant not only because of its geo-
metrical configuration but even more because of ity electric felds,
The inflyence of these specific flelds (active centers) on the re-
agents is shown by the catalyst’s affinity for them; this affinity
constitutes the essential eondition of catalytic activity. Thus,
adsorption of hydrogen and carbon monoxide by a catalyst is a
reversible chemical adsorption and much stronger than a physical
adsorption. Moreover, the favorable relationship of catalyst %o
reagent does not depend solely on the material nature of the re-
acting substances but ig » funetion of the atomic radii {or atomic
distances) of the reagent and of the atomic spacings (or lattice
structure) of the catalyst.

The effect of promoters in aetivated catalysts has been the
subject of cxtensive research by numerous investigators. X-ray
studies of ammonia catalysts were used by Wyckoff and Critten-
den,® ag well as by Brill,% to show that certain additions produce
their activating effect by favoring the formation of numerous
active points and by stabilizing these speeifically active metal
particles,

According to a theory formulated by Ipatieff,% increased activ-
ity is not explained satisfactorily as a purely physieal effect of
the promoters resulting in arrested recrystallization and preserva-
tion of the surfaco. Experiments with promoted catalysls led
this author to the conclusion that 4 new source of cnergy con-
tributes to catalysis. Ile assumes that contact of the metallic
promoter with the basie catalyst produces electric energy. lpa-
tieff believes that the metallie oxide promoters participate in the
reaction according to their chemical nature, thus assisting the
catalyst in utilizing the reaction energy. This would mean, for

instance, that thoria in a cobalt-thoria-kieselguhr catalyst aets.

not only by its stabilizing influence on the specific structure of
the catalyst but actually takes Dart in the reaction asg g dehydrat-
ing agent. An activating agent may thus operate by physical,
chemical, or physicochemical means.

In certain cases a relationship is also known to exist between
magnetic properties and catalytic activity, Thus, the conversion
of ortho- and para-hydrogen is catalyzed by paramagnetic ions,
the rate of conversion increasing with increasing magnetic mo.
ment of the iong.® The so-called magnetocatalytic effect is hased
on gimilar phenomena, From a large body of experimental evi-

* S ane, Gu,onnd Koeh, 11 [iffusion of Gases in Solids, Stadies on Tron Oxide anid Tron-
Alominum Oxidef: Ter, Deut. chem, Cesell., vol, 78, 1940, np. 984-945,

® Wyckolt, R. W, G., and Crittonden, I. Id,, An H-ray Examination of Seme Ammonia Cala-
Ivsig: Jour, Am, Chom. Soe., vol. 47, 1025, P, 2R6H-2876.

W Oppan Experimontnl Laboratory, unpublished work, 1925,

Y Inadielf, V. N, Mixetl Catulysts: IPetvol, Refiner, vol. L9, 1940, pp. 250-255,

% Fnlrlms, A., and Farkas, L., Ortho-, Para-, and Henvy Hydrogen: MacMillan Co., New Yark,
1935, 215 po,

INTRODUCTION 19

Tedvall® reported a change in catalytic activity above the
%?Jli'(izgiplt_)tint %empergture. The magnetocatalytic offg_cts of, n}ckek
iron catalysts on the decomposition and hydrogenation of (3&1"]0011
monoxide are of particular intercst in this connection. The change
in aectivity that occurs at the Curie point is due to electronic

changes,™
¥e-C-0 SYSTEM (EXCLUDING HIGHER IRON CARBIDES)

already been stated that treatment ol iron catalysts with

calI‘lJf)glr? SI]ru)n())cicjfe before synthesis is desirable. The study of the

reactions that accompany this pretreatment is very closely related
to the problem of carburization of iren and iron oxides.

Much has been written on the decomposition of earbon MOonox-

ide on iron. The literature will be conslglercd here only to tEe

extent to which it relates to iron carbides and explains the

| processes that oceur during pretreatment.

It had long been assumed that the decomppmt;(l)n of carbop
monoxide on iron,resulls in formation of carbide,” but TI&(_) pa%
ticular importance was attached to this reaction. According to
Boudouard,™ the rate of the reaction,

2C0 = CO. -|- C + 39 keal.,
is increaged by the prescnce of iron oxides. Schenck m_ld Zim-
mermann™ assume that the rate is increased only by‘the free
metal, particularly when finely divided. Ac_cor_dlng to them, t}ée‘
iron acts solely as a catalyst as Iong as sufﬁmer}t carbon monoxide
is present, whereas it takes part in the reaction when the equé—
librium ratio of carbon monoxide to carbon dioxide is exceegl_gb.

The problem of oxidation, reduction, and carbur}zat;m} equili -
ria of the system Fe-C-0, at temperatures ranging from lr?00
to 1,100°C,, has becn studied by Schenck.™ In the solhd_ P asef
Fe,04, FeO, TFe, T'eyC, and C may coexist,  Solid so utlonsfo
iron oxides in each other are known as wiistite, and thosq of a
metallic character, formed by t_he solution of ferrous 0:_<1de_1n
free iron, are known as oxoferrite. In contrast to .tho oxldat}on
and reduction equilibria, the carbur}zatwn_ equilibria Were pres-
sure-dependent, the carbiding reaction heing accpmpame_di. byt a
change in the number of gas molecules. Cementite participates
in the establishment of equilibrium even at tem_peratures belm‘v
400°C. On the other h}aggéor(cjaductlon of iron oxides by freec ear-

s not begin unti . )
bcilndggiglectiongWith the action of promoters, it should be noted
that oxides may causc a shift in the equilibrium betweoen gag and
m A, and Gustavson, T, l'Cata.IyLi‘c Activity and ‘fj’crromngnetism]: Svensk Kem.
Ti'gusi‘{c‘i;?\li.icrll:(é’r,l%.d,[}lllz't(ﬁ:i;g%rln:ﬁzu({i‘f‘é;Ltﬁ}’féisvglr.ufmi',\tS:a?c' lé-uﬁ?c?tlui‘e]: Die Chomie, vol. 5T, 1944,

3590 . Abs., vol, 40, 1946, p. 4593 (1'0.vie.w). ) . ) .
DI;.' 2::1:1?1;10(13'}‘?31 !']'h?n'ommm Connected with Reduetion, Bspeeinlly of Iron by Carbon Moroxide] :

her 2, 1861, Do 1B6-141. ) ) ) )
Ampii((lﬂl(i(l))l‘l::r:’l()l-()Hz‘[]_l)ﬁ("mnll):{asiLiu:1 of Carbon Monoxide on Metallie Oxides]l: Bull. Soe, Chim.,
ard, €. e .

s, vol, ¢ 01 3465 and 712-713. ) I .
P;}'!'lélcl:(?rlllc}z{l.RlSJrll}l,‘x({}r}:h:"l[;gcl'r;)ﬂll", ¥, [Decomposition of Caﬂ?clm Monoxide and Equilibrium in
Bl'm't Furnn'r-es.f: Ber. Deut, chem, Gesell., vol_. 35, 1503, Dh. 12.51—-13'5.. o Fuilibria for

T Schonelk, R and Dingmann, | IREdu(i'Lul)l("l;' (iﬁg'lrut{on, 1::!;(][5(:-141]}[“lL!ltan auilibria

-on, s Ztschr. n ‘. allgem, Chem., vol, 166, 19 T, Do, 113-154.
II%,:heI}lE]l{ ‘};‘{tHCE]]E;:(;::](:[;Eé\gn,uO};'Li(lﬂtion. and Carbarvization Equilibria for Iron, IV-V]: Ztschr,
ANOTE. nll;;"em. Chen., vol, 167, 1927, pp. 264-328,
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Fieure 1, —Equilibrla in the system Fe-C-0.

solid phage. Figure 1 shows the results of Scheneck’ ilibri
] ! S ck’s equili
stud1es._ It will be.sfeen from this equilibrium diagram (tl;hiltbg}]zz
Iljowe; hzfut }cl)f Sta&lht%h()f FeO lies at 560°(.1s Chaudron® haq
previously shown tha is oxide deeo 3 5 3
g oty coonn th mposes below 560°C. accord-
41F'e0 = Fe,0, - Fe,

Using more recent data, Jinecke™ also inter
§ rece ata, Ji Fi erpreted the syst
FIL« (;(;)(31;1? quantitatively without taking the highep carbideg Si;l?‘g)l

_—
¥ Editor's note, TFipnye ¢ wny §

" ! neomplete and has heen veplae
Bureau of Mines Repory 2774-Q:18 of sSeptember 1944 l'ollowI;ngeJ(;l lislr,
{p, 13, ' o
Uxi(&ﬁ?}“}{ﬁg’ S’.inERL‘-xﬁrsI:}i)lelq]})t;uci}.i:)ngal)l()f2SIlIy(]1'?gen amnl of Cﬂ_rlmn Monoexide with Motuilie
e O Cinnpi.. ru-nd.., vnr '[%2'.-15:21: m;. ]!;,i(;“;?"l,lr,hlme Reactions of Cuarbon Monaoxide with

" diinecke, B. | Kquilibria in the Systens trer Bo 02 450
on zslajggau E. | Eqguilibria i the System We-C-0]: Zischr, anerg, allgem. Chem,, vol. 204, 1932,

& complete dingram from
work cited in Tootnote 3
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According to Tutiya,™® who decomposed earbon monoxide in
the presence of iron wire and powder, the catalytic effect of com-
pact iron is very slight. During prolonged experiments there is
a considerable increase in catalytic activity, accompanied by for-
mation of iron carbide and disappearance of Fe-lines in the Xeray
diagram. Consequently, the active catalyst is not iron itself but
the carbide whose formation oceurs upon decomposition of car-
bon monoxide:

8Fe - 2C0 = Fe,C - C0s,
200 =C0, L C,

Similarly, Fischer™ considered formation of carbide essential
in the eatalytic decomposition of carboen menoxide by iron. Ac-
cording to him, formation of carbide is associated with a disrup-
tive action of carbon on iron, which results in a slow dispersion of
iron in carbon. The favorable offect of iron carbide is neutral-
ized by the deposition of a film of carbon on the erystals.

On the other hand, Baukloh® emphasized the eatalytic action
of metallic iron. A series of studies led him to the conclusion
that carbon is deposited directly by carbon monoxide. For theo-
retical reasons, decomposition of earbon monoxide is consgidered
to be a special case of adsorptive catalysis by metallie iron.

More recently, Ksrber, Wiemer, and Fischer® have given a
clearer picture of the thermal decomposition of carbon monoxide
on iron. They studied the decomposition of carbon monoxide
streaming over powdered soft iron and over mixtures of pow-
dered soft iron with graphite and cementite (in the form of
erude iron powder) at temperatures from 300° to 1,200°C, Con-
siderable decomposition of earbon monoxide by powdered soft iren
was observed to start around 900°C. However, comparizon with
the equilibrium concentrations of the Boudouard curve indicates
that this decomposition is to be attributed not to the catalytic
action of the solid phase, but to chemical reaction between carbon
monoxide and iron. Addition of graphite had no effect on the
action of powdered soft iron. However, when cementite was
added to the catalyst, carbon dioxide formation showed a sharp
maximum between 500° and 600°C., the volume of gas depend-
ing on the amount of catalyst used. Because of their much smaller
active surface, steel samples produced considerably less decom-
position than powdered or pressed iron.

Results obtained with various catalysts in isothermal reactions
are revealing. In the presence of pig-iron powder containing
cementite, considerable carbon dioxide was evolved ag 800N as
the operating temperature was reached, and a final value of about
65 percent of carbon dioxide was approached. However, when
powdered soft iron was used, an induetion period of several hours
was always needed for the carbon dioxide content to attain the
same final value.

_-"_TuTy:‘e _H work cited in 4ootnote 43,

™ Fiseher, F., and Dilthey, I, [Prepuration of Pure Carbon at a Low Temperature]l: Ges.
Abhndl, Kenntnis Kohle, vbl, 8, 1928, pp. 234255,

8 Baukloh, W., and Edwin, B. |Effect of Temperature and Prossure on the Decomposition of

Carbon Menoxide nnd the Mochanisin of Carbon Deposition |: Arch. Bisenhiitlenw., val, 14, 1942,

D. 197204,
r 8 Koérber, ¥, Wiemer, 1., and Fischer, W, ['Thormal Decompasition of Carbon Monoxide on
Iron and Its Alloys and Mixtures with Carbon]: Aveh, Bisenhiittenw,, vol, 17, 1943, pp. 43-52.
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FORMATION OF HIGHER CARBIDES BY ACTION OF CARBON
MONOXIDE ON IRON

Hilpert and Dieckmann® studied the course of carbon deposi-
lion on FeyQy at about 800°C. The results showed that the
deecompesition of carbon monoxide is catalyzed by the iron car-
bide, Fe,C.” Carburization of this carbide is assumed to give
carbides with a higher carbon content, such as Fe,C or FeC,
which decompose with elimination of carbon. The authors
believe that their theory is supported by the manner in which
steels (quenched at 900°C. and tempered at 200° to 600°C.)
behave on acid decomposition. Thermomagnetic study of the
carburized product showed a Curie point of 200°C. The magnetic
transition point (Curie point) is defined in this paper as the
point of inflection on the specific magnetization-temperature
(thermomagnetic) curve, At that time the recorded data con-
cerning the magnetie transition point of the iron carbide, Fe,C,
showed considerable variation, thus leaving the authors in doubt
as to the homogeneous nature of the product.

In an article on the carbon monoxide-carbon dioxide aquilih-
rium obtaining during the decomposition of carbon monexide on
iron, Falcke® concurred with the Hilpert and Dieckmann theory
on the formation of higher iron carbides, but without contributing
any experimental evidence. Hilpert and Dicckmann received
forther support of a purely hypothetical nature from Schenclg,#
who assumed that higher carbides possess an unusually high vapor
pressure of carbon {o explain their high reactivity.

In contrast, Fischer and Bahr® were able to establish. the
existence of a higher iron carbide experimentally; by graphic
determination of the amount of carbidic carbon in their earhuri-
zation curves they found the Tormula Fe;Cy In evaluating the
experimental results the iron combined with oxXygen was assumed
to be I'cO. By reducing the carburized iron with hydrogen at
400°C,, they arrived at the formula, Fe,C. This diserepancy is
attributed to the thermal instability of Fe,C,, which is said to
decompose at higher temperatures:

Fe,Cy = Fe -1 8C - Fe,C.

Mittasch and Kuss® likewise showed plausible experimental
reasons for the formation of higher iron carbides. A nitrogen-—
hydrogen mixture acting on ferrous cyanide at 4009C, viclded a
carbide to which they assipned the formula, Fe.C. The compound
is believed to decompose rapidly into iron, cementite, and carbon.
Decomposition with sulfuric acid at 60°C. vielded a mixture con-
sisting of 75 percent of hydrogen and 25 percent of hydrocarbons,
caleulated as methane.
¥ Hilpert, &, and Dieckmann, T, work cited in footnole 9 (p. ~-),

# Iruleke, V. [Reaclions of Tron Oxide with Coal and of Carbon Monoxide with Tron]; Ztschr,
Elekirachem., vol, 23, 101G, np, 121-1:33,

w1 .“-chéir;‘c,k, R. |[The Helationshivs belween Carbon and Oxygen]: Stuhl . Eisen, val, {6, 1928,
Pr BGG GHE.

5 [Pigeher, 10, and Babr, H, [1igh-Carbon Carbides of the Tron Group]: Ges. Abhandl, Kenntnis
HKohle, vol. 8, 1928, pp. 225-260; Chern. Abs,, voi. 25, 1931, p. 2982,

¢ B Ritusch, A, and Kuss, B, [Synthesis of Ammonia with Cutalysts Made from Complex Iron
Cyanides]: Ztsehr. Elektrochem,, vol, 84, 1928, pp, 159 -170.
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Gluud, Otto, and Ritter® investigated more thoroughly the
formation of a higher iron carbide from iron oxide, using a eur-
rent of carbon monoxide at low temporature, then passing a
stream of hydrogen at 275°C. and atmospheric pressure over the
surface, and determining the carbidie carbon a8 methane. The
decarburization curves led the authors to postulate the formation
of the carbide, Fe.C, The same result was obtained when the
authors distinguished free carbon from carbidic carbon in their
carburization curves. According to these curves, 10 to 12 parts
of carbo’t are associaled as the carbide with 100 parls of iron.
Bahr and Jessen,®® upon repeating the work of Gluud and Ritler,
found that the decarburization temperature should be carefully
controlied. According to these authors, free carbon on iron oxide
was hydrogenated at temperaturcs as low as 280°C., whereas
free carbon denosited on pure iron recacted with hydrogen only
at 320°C. Experiments in decarburization with hydrogen always
produced 7 to 8 percent of earbidic carbon. Consequently, the
quantity of carbon hydrogenated was always preater than that
corresponding to the earbon content of cementite, but less than
that corresponding to Fe,(. At 225°C., however, metallic jron
could be carburized to a point corresponding to Fe,C; no further
carbon was then taken up. At higher carburization temperatures,
Bahr and Jessen again obtained products eontaining 7 to & per-
cent of carbidic carbon. At temperatures above 400°C, the carbon
confent decreased to that of Te,C.

Tutiva® suggested that carbon monoxide decomposition on
iron catalysts is accompanied by the formation of a higher iron
carbide. In fact, he considers this compound to be the sole prod-
uct of the carburization of magnetite at low temperatures, No
cementite, ferrous oxide, and iron were found. At 280° to 320°C,,
carbiding of Te.0, by carbon monoxide yvielded a mixture of
FeyC and Te,C. As the carburization temperature was inereased,
the amount of cementite was inereased at the expense of the
higher carbide. From the point of view of the problems discussed
in the present work, it is significant that at 270°C. the Fe,C car-
bide is formed not only from iron and iron oxides but also from
eamentite,

Hofmann® 9 stydied the formation of carbon, iron oxide, and
iron carbide during carburization. Using oxygen-free carbon
monoxide and extremely pure iron, prepared from iron pentacar-
bonyl, this investigator found that when carbon monoxide was
bassed over iron at temperatures up to 560°C., magnetite was
always present, together with carbon, cementite, and very small
amounts of iron. From 560° o 655°C, the golid phase contained
principally ferrous oxide and carbon, very little cementite, iron,
and magnetite. The presence of the oxides was established by
X-ray analysis and by determination of the oxygen content.

AT Gluud, W, Otto, K. V., and RHitter, 11, [Formation of We.Q During Reduetion of Iren Oxide
wilth Carbon Blonoxide at n Low Temperaturel: Ber. Deut, chem. Gesell,, vol. 62, 7025, PP, 2483-
2435,

¥ Dahr, H, A, and Jessen, V., work elted in footnote 48,

B0ty H., work eited in Tuolnote 4.,

® Hofmunn, 1J, |Carhen Deposition Trom Carbon Monoexide and Benzine on Iron]: Ber, Deut.
chern, Gesell,, vol. 61, 1928, pp. 1180-1185,

" Hofmann, ., and Groll, I8, work eited in footnote 42,
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Above 655°C. oxides wore no longer found, but comoenlite was
always present. An oxygen-Troe product was obtainable at 655°C.
only at an extremely high rate of flow. At high rates of flow,
the earbon dioxide produced during the carbiding reaction was
carried away so rapidly that its concentration did not reach the
value necessary for the iron—-magnetite or iron—ferrous oxide
equilibrium. Under these conditions Flofmann found only iron
and cementite in the product.

It was determined, moreover, that whenever free carbon is
deposited, cementite is present in the solid phase. JHowever,
decomposition of cementite accompanied by elimination of carbon
at temperatures below 450°C. appears extremely unlikely, since
cementite 15 not decomposged at this temperature in an atmosphere
of nitrogen. A purely catalytic acceleration of the reaction,

2C0 = CO. + C, :

aiso appears unlikely. The propertics of the carbon deposited
from carbon monoxide on iron at low temperature indicate that
elimination of carbon occurs (through slight supersaturation)
from a primary iron carbide. The size of the carbon crystallites
thus obtained is quite difTerent Irom the size of lustrous carbon
which forms at the same temperature by simple thermal decom-
position of benzine vapor.

This assumption of a higher carbide receives additional sup-
port from the faet that X-ray analysis of iron preparations which
were treated with earbon monoxide at temperatures below 400°C.
(for example at 320°C.) showed interference lines indicative of
an unidentified crystal lattice. The majorily of these lines coin-
cided with those obtained by Brill and Mark®* for the decomposi-
tion of ferrous cyanide, In accord with Mittasch,”® the lines were
thought, to be those of an unknown carbide. Hofmann believed
this to be the higher iron earbide first described by Hilpert as an
intermediate in carbon formation. Above 400°C. no lines of this
carbide were observed, very probably because of its lack of
stability in this region. The iron, which may be liberated (with
Tormation of free carbon) by decomposition of the higher car-
bide, appears to react apgain rapidly, since X-ray analysis of the
solid phase showed the iron content to be very low below 855°C,
It is interesting to note that at low carbiding temperatures no
ferrous oxide is formeod, and that the interference lines observed
for iron oxide are those of magnetite. In accord with observa-
tions made by Schenek, the limits of stability of ferrous oxide are
between 560° and 660°C.,

In his experiments on the role of catalysts in heterogeneons
catalysis, Gothel® used the change in the eleetric rosistance of
powdered-metal catalysts during reaction. It was observed that
carburization of powdered-iron catalysts was accompanied by an
increase in clectric resistance, which decreased again upon treat-
ment with hydrogen. This increase in resistance was explained
by carbide and oxide formation. The action of ~ earbon monox-

2Ryl R, and Mark, H., work eiled in footnote 30,
53 Mittasch, A., and Xn . work eited in footnote 86,
M Krdrer (oditor) [Burfacee Catalysis|: Hireel, Leipzig, 1023,
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jide—hydrogen mixture also increased the resistance. Gii.thel ar-
rived at an interpretation of the fundamental process of carbon
monoxide decomposition, according to which earbon monoxide is

" chemisorbed by iran, The carbon-to-oxygen hond of these surface

compounds was believed to be loosened so that adjacent (;ar[oon
monoxide molecules react with each other to form carbon dioxide.
The carbide thus formed was assumed to be Fe,C.

THERMOMAGNETIC STUDY ON CARBURIZED IRON

Thermomagnetic studies of ferromagnetic substahces have heen
used successfully in the determination of cementite, particularly
in mixtures of iron and iron oxides. Early work in this field
included the determination of iron and cementite in iron synthetic
ammonia catalysts by Mittaseh and Kuss,? and the above-men-
tioned work by Iilpert.®® Magnetization curves, plotted as a
function of temperature, showed thal decomposition of complex
iron cyanides resulted in the formation of cementite and iron.
Magnetic studies by Kérber, Wiemer, and Fischer® of the prod-
uets obtained by ecarburization of iron catalysts are more direetly
concerned with the formation of such catalysts. From the thermeo-
magnetie curve, which showed an inflection peint above 250°C,,
the authors concluded that cementitc was formed. The probable
catalytic effect of this carbide on the decomposition of carbon
monoxide was indicated by the fact that the quantity of carbide
remained constant in spite of the formation of large amounts
of earbon. However, the question remained as to whether carbon
is deposited by way of higher earbides or dircetly from carhon
monoxide. The thermomagnetic eurves gave no evidence of the
formation of other carbides. In addition, magnetic studies of
the carburization of iron powder at 500°C. showed that all but
3.5 percent of the iron was converted to I'e,C.

More recently Lange and Mathieu® ® used the thermomagnetic
method to study steels. Magnetic saturation was determined with
remarkable accuracy by means of a suitable magnetic balance,
thus making the guantitative determination of the carbide and
ferrite content of stecls readily possible.

An interesting variation of the magnetic method is the proce-
dure reported by Westerhoff,* in connection with work on changes
in magnetic properties of catalysts used for heterogeneous cata-
Iytic reactions. This method is based on the fact that the ferro-
magnetic catalyst forms part of a tuned electric cireuit which is
coupled with a second one having a constant fr‘equenqy. Any
change in the permeabilily of the catalyst is accompanied by a
change in the self-induction and consequently a change in the
frequency of its eircuit.

5 Kittaseh, A., and Kuss, K., work eited in foolnote 86,

16 Hilpere, 8., and IHeckmann, P, work m!:ed in fontnote O _(p. —).

2t Kisrber, ., Wiemer, H., nand Fischer, Wo AL, work vited in footnote 8}. .

w Lange, T il Bathicu, K. ['The Progress of Austenite Transformation in the Undercooled
State of Iron- Nickel Gnrbon Allows | Mitt, Kaisev-Withelm Inst. ISisenforsch., Diisseldorf, vol.
20, 1988, pp. 125-1 -246; Chem, Ahs,, vol, 82, 1938, p. 78786, -

W Mathicu, K. |ble ements of Speeifie Magnetization and Their Use in Problems of the
Metallurgy of Tron]: Areh, liiscnhl’iilcnw.,_vnl. Hi,lI(.lfIR. Pp. 415425,

1 Krbeer (editor) [Surface Catnlysis|: MHirzel, Leipeig, 1933,
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The magnetic studies in the present work are concerned with
iron and its ferromagnetic compounds. The known magnetie
transition points of these substances are given in table 2.

«
TABLE B—Curie points of wvon and its Fervomagnetic compounds

Substanee Curie point, o0, Yen

Ve o 150 | P Onre A
785 | Jensen __ 1914
769 | Hondy ... - 1l
768 Lenge . _____ 77T 133

Peul 180 | Wolondine 1309
215 | Honda vty
215 —— e 24
215 | Mittasch 1y
210 | Tammann 1922
205 | Lange 1833

Fey0, e 570 | IHuggett e e n2g
510 Ischiwnra . _ 1917
575 | Takagi o 1 1913
663 | Mathion 7 T , IET

FPesOs (eubic) . 500 | Iilpect _._____ 1ong
650 | Abrabam .. 1025
600 Chevallior _ 127

Huggeti __ i i

675 {Chmlrl:'un ______________ e Y 12s

KaCrelionty, . I50 | Milpevt oo nn

Torestior _
CuOwFesthy 155 | {Gonestior - s
e N S I
SUMMARY

Definite information ig available coneerning the aquilibria be-
tween the gas and solid phases during the deecomposition of carbon
monoxide by iron and iron oxides, On the other hand, interpre-
tations of the reactions oceurring in the solid phase are not con-
sistent. In evaluating the experimental results, it is convenient
to differentiate among carbide reactions at high {above 900°C.),
medium, and low (below 320°C.) temperatures,

The range of medium temperatures (100° to 500°C.) is char-
acterized by' the deposition of large amounts of free carbon,
whereas the conditions existing at lowar temperatures tavor for.
mation of carbide. Below 900°C., iron is generally thought to
catalyze the decomposition of carbon monoxide in either one or
both of two possible ways: (1) Surface catalysis of the decom-
position of carbon monoxide by iron; and (2) formation of inter-
mediate, unstable higher iron carbides from carbon monoxide,
which decompose to yield free ecarbon. Trop carbide and/ox
metallic jron can be considared the active eatalyiie agent. The
theory of catalytie higher carbides was at first hypothetical in
character but has since received support from the observation
of unfamiliar interference lines in X-ray pattorns of iron prepara-
tions treated with earbon monoxide at low temperatyres, Forma-
tion of iron carbideg higher in carbon content than cementite ig
also suggested by the easily reducible earbon obtained by hydrogen
reduction of iron breparations that had been carbuvized at low
temperatures. However, the evidence available ecannot he eon-
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idered rool of the existence of higher iron earbides. It
sﬁ%‘illlec}idbisn}gtgd, for instance, that activated carbon, located in
the interstices of the iron lattice, reacts with hydrogen_ at lp};w
tempeoratures to yield methan(;. The problem of lwhetqher‘t e
product obtained upon carbumza_twn at low temperatmes i3 a
single carbide or mixture of carbides deserves :furthe:r'_conmglem_w
tion. As long as this question remains unsolved, there ig nc_p"] u_s_;t;-
fication for the dervivation of carbide formulas from carburuatlo_n
and decarburization curves. Although the results of‘ magnetie
studies have proved the formatloq of cementite from the decom-
position of earbon monoxide over iron, they have as yet produced
no information about the formation of higher carbide nor about
the mechanism of earburization,



