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sis of ammonia solutions of NaGe{Ce¢Hj)s, it was
found?? that the amount of nitrogen liberated was
almost equivalent to the amount of (CeHs)sGeH
produced (the other anode product being (CsHg)s
GeGe(CsHg)s) if a platinum anode was used, whereas
on a mercury anode the amount of nitrogen pro-
duced was much less. Perhaps more significant
are the experiments of Browne and Holmes?
who found that upon electrolysis of an ammonia
solution of ammonium azide, the ratio of hydrogen
to nitrogen produced was high (as high as 1.8)
when a platinum anode was used, indicating con-
siderable oxidation of the solvent, whereas with a
graphite anode the ratio was about 0.33, indicating

(22) L. S. Foster and G. S. Hooper, Trs JoUrnaL, 57, 76 (1935).
(23) A. W. Browne and M, E. Holmes, sbid., 88, 672 (1913).
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virtually quantitative oxidation of the azide ion
and no solvent discharge.

Summary.—It can now be seen that the expected
analogy between the anodic discharge of oxy
anions in water solution to give peroxy anions and
the anodic discharge of amides in ammonia to give
hydrazine derivatives is established. In the case
of the hydrazo compounds, however, further oxi-
dation takes place so readily as to preclude iso-
lation of the hydrazine derivatives, the correspond-
ing azo compounds being found instead.

With improvement of yields, this should be an
attractive route to many azo compounds, both
known and unknown.

LAFAYETTE, INDIANA

[CONTRIBUTION FROM THE MELLON INSTITUTE]

Mechanism Studies of the Fischer-Tropsch Synthesis: The Incorporation of
Radioactive Ethylene, Propionaldehyde and Propanol

By W. Kerra HaLr, R. J. Kokes! aNnp P. H. EMMETT!
RECEIVED JANUARY 28, 1959

When a 1:1 = H,:CO synthesis gas containing 1 to 1.25 mole %, radioactive ethylene is passed over an iron catalyst at

224°, about 129, of the hydrocarbons formed at 1 atm. stem from the ethylene.

are formed from ethylene.

formed from the additive are predominantly straight chain.

At 100 p.s.i., about 6% of the liydrocarbons

When 1.5%, radioactive propanol or propionaldehyde is added to the synthesis stream, at one
atmosphere almost half of the hydrocarbons come from the additive.

In the case of 1-propanol the butanes and butenes

These results, taken as a whole, show that ethylene can act as
a chain initiator althou gh not to the same extent as primary alcohols.

The available data for such tracer experiments are re-

examined in view of this new result, and a mechanism is suggested for iron catalysts which is consistent with the tracer ex-
periments and with the available kinetic data for the Fischer-~Tropsch synthesis and for the carbiding of iron catalysts
This mechanism successfully predicts tlie isomer and carbon number distributions found for Fischer~Tropsch products.

Introduction

In spite of the apparent complexity of the
Fischer-Tropsch reaction, it is possible to explain
many experimental facts on the basis of the rela-
tively simple mechanism postulated by Storch,
Golumbic and Anderson,? as modified by Kummer
and Emmett.® According to this picture, the
carbon monoxide and hydrogen react on the surface
to form a species similar to adsorbed methanol.®*
These C; surface complexes then react by splitting
out water to form a C, complex similar to adsorbed
ethanol.® The production of higher molecular
weight products is presumed to occur by the re-
action of C, with C; complexes to form water
and C, 4, complexes. The synthesis products may
be formed by direct desorption of these complexes
or by dehydration, dehydrogenation, hydrogena-
tion, etc., followed by desorption. It has been
shown* that this mechanism leads to a two param-
eter equation which quite adequately describes
the isomer and carbon number distributions of
the hydrocarbon products obtained from synthesis
over iron and cobalt catalysts.

(1) John Hopkins University, Baltimore, Maryland.

(2) H. H. Storch, N. Golumbic and R. B. Anderson, ""The Fischer-
Tropsch and Related Syntheses,” John Wiley and Sons, Inc.,, New
York, N. Y., 1951; (a) p. 591 £.; (b) p. 538 ff.

(3) J. T. Kummer and P. H. Emmett, THiS JOURNAL, 7B, 5177
(1953).

(4) R. B. Anderson, R. A, Friedel and H. H Storch, J. Chem. Phys.,
19, 313 (19a1).

Recent tracer experiments®*~7 have furnished
support for this picture and, in addition, have
made apparent several additional features of the
mechanism. These experiments have definitely
shown that primary alcohols tend to act as chain
initiators for the synthesis of higher molecular
weight hydrocarbons. With adsorbed methanol,
the C; complex formed acts (more often) as a
chain initiator, but also as a chain build-in unit;
a similar result was obtained with gaseous for-
maldehyde, suggesting that the C; chain initiator
may not be identical with the C; build-in unit and
that several distinct C; complexes exist. Also in
the case of the C, complex, some species (possibly
ethylene) other than adsorbed ethanol acts as a
chain initiator.”

In an effort to clarify further the reaction mecha-
nism over iron catalysts, a series of tracer experi-
ments has been carried out with radioactive ethyl-
ene to determine whether or not it can function as
a C; chain initiator. In addition, an earlier tracer
experiment was repeated to check a result of Kum-
mer and Emmett,® that indicated (in conflict
with the simple theory?3) that when labeled 1-
propanol was added to the synthesis stream, some

(5) J. T. Kummer, H, H. Podgurski, W. B. Spencer and P. H.
Emmett, THIs JOURNAL, 78, 564 (1951).

(6) W. K. Hall, R, J. Kokes and P. H. Emmett, #bid., 79, 2983
(1957).

(7) R. J. Kokes, W. K. Hall and P. H. Emmett, ¢bid.. 79, 2989
(1957).
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TaBLE I

SYNTHES1S VARIABLES FOR TRACER EXPERIMENTS

Catalyst No. 614
Pressure, atm. 1
SVH* 288
Temperature, °C. 224
Contraction, 9 34
Duration, hr. 27
Vol. % additive 1.25
Additive C.H,
Activity (c./min./cc.)’ 5910
Total lig. products, g. 7.2
CO; produced, g. 34.3
Gaseous hydrocarbons produced, cec. S.T.P. 7370
@ SVH =

gas contained 1.8%, water.

radioactivity appeared in the ¢C, fraction. Also,
a tracer experiment with labeled propionaldehyde
was made to see whether aldehydes function dif-
ferently from alcohols when added to the Fischer—
Tropsch synthesis. Finally, a semi-quantitative
theory of the reaction kinetics has been developed,
which accounts for many of the known experimental
facts concerning the synthesis over iron catalysts.

Experimental

Most of the techniques as well as the bench scale reactors
used in these studies have been described in detail else-
where.3577

In the runs with radioactive propionaldehyde and pro-
panol, the synthesis gas was passed through a saturator
filled with the additive. The saturator was thermostated
at appropriate temperatures to give concentrations of 1.5
volume 9 in tlie gas stream. The radioactive ethylene
was first mixed with CO and introduced into a tank under
pressure. This gas then was blended with H; to obtain a
1:1 = H,:CO synthesis gas containing the indicated
antount of ethylene.

The gaseous products were fractionated on a Podbielniak
column. The various cuts then were analyzed for radio-
activity before and after the absorption of the olefins in
H.S0,~HgSO, solution. With the aid of mass spectro-
graphic analyses of tliese cuts, it was possible to calculate
the molar radioactivity (hereafter simply called activity) of
the individual gaseous olefins and paraffins. A more de-
tailed radioactive analysis of the C. cut was obtained using
the chabazite procedure described by Kummer and Em-
mett.? The hyvdrocarbon liquid was cut into fractions,
burned to CO; in an excess of O; and the CO; counted. In
the process the carbon number was determined; hence, the
activity in counts per minute per cc. (NTP) of hydrocarbons
(c./min./cc.) could be computed.

Two catalysts were used in these studies. Catalyst No.
614 was a singly promoted iron catalyst containing 0.647%,
Al;O3 and 2.009%, ZrO; in addition to iron oxide (FegOy).
Catalyst D3001¢ was a doubly pronioted iron catalyst con-
taining 0.6%, SiO,, 0.69, Cr,0;, 4.69, MgO and 0.6% K.0.

Results

(1) Ethylene Experiments.—The data listed in
Tables I and II for the experiments where radio-
active ethylene was added to the synthesis gas
clearly show that ethylene incorporates in the
Fischer-Tropsch synthesis to form higher hydro-
carbons over iron catalysts and that the build-in
takes place stepwise, 7.e., the ethylene is not merely
polymerized to formi products having an even
number of carbon atoms but forms hydrocarbons
by the addition of one carbon atom at a time.
The average incorporation in these experiments

(8) W. K. Hall, W. H. Tarn and R. B. Anderson, THIS JOURNAL.
72, 3436 (1930); 66, 688 (1932).

Vol. 82
614 D3001 614 614
1 7.5 1 1
288 100 200 240
236 249 241 239
24 63 19 21
23 22 23 24
1.25° 1.0 1.5 1.5
* *
CoH; C.H; CH,CH,CH,0H CH;CH,CH,0
5910 9200 3780 3000
10.0 12.0 11.8
26.1 16.8 13.3
6860 2900 2100

volumes of gas/volume of catalyst per hr. The syntliesis gas was 1:1 = H»:CO. ? In this run the synthesis
¢ Activity of the additive in counts per minute per cc.

(6 to 15%,) was lower than that found with ethanol
(~30%) but was by no means small. The activ-
ity of the methane (Table II) was low. This
clearly shows that hydrocracking of hydrocarbon
polymers on the surface, even when produced from
ethylene, is not an important reaction in the
Fischer-Tropsch synthesis. This is of particular
interest in view of Gibson’s finding? that most of
the C; fraction formed, when ethylene and hy-
drogen reacted over a cobalt catalyst in the
presence of 59, concentrations of radioactive CO,
was formed from the ethylene alone and involved
the breaking of the ethylene molecule into single
carbon units. It is also of considerable interest
to note that in the atmospheric experiment with-
out water essentially all of the radioactive ethylene
reacted as it passed through the catalyst bed.
This indicates that over a singly promoted iron
catalyst (which has a higher hydrogenating activity
than a doubly promoted catalyst)!® the ethylene
either builds-in to form higher hydrocarbons,
hydrates to oxygenated organic compounds or
hydrogenates to ethane. The principal reaction
judging from the product distribution was the
hydrogenation to ethane. It was apparent, there-
fore, that in order to obtain a more realistic esti-
mate of the intrinsic chain building potential of
ethylene, tracer runs should be made under con-
ditions such that less hydrogenation took place.
To this end 1.8, water vapor was added in an
experiment in which the conditions were other-
wise kept as nearly identical as possible. Also,
another experiment was carried out at 100 p.s.i.
over a doubly promoted catalyst. In these ex-
periments, the activity of the ethylene in the
product was found to be of the same order as the
ethane, rather than zero. At 100 p.s.i. the average
incorporation was found to be about 6% or about
half that obtained with the singly promoted cata-
lyst at one atmosphere. For a similar change in
pressure and catalyst, in ethanol tracer experi-
ments’ the incorporation decreased to about omne
quarter of its value at one atmosphere. Also,
in contrast to the one atmosphere runs, the activity
fell off strongly with increasing carbon number,
rewniniscent of the behavior observed earlier with
labeled ethanol.”

(N E. J. Gibson, Chem. &. Ind. (LondonY, 21, 649 {1057).
(10) P. H. Emmett and J. Gray, THis Jour~aL, 66, 1338 (1044).
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TaBLE II

SUMMARY OF PRODUCT RADIOACTIVITY

Radioactive

additive CH;= CHs CH:= CHaze
activity 5910 0
{c./min./cc.) b Av.C C./min./ Av.C C./min./

Product no. ce.b no. ce.b
CO 5 5
CO, 17 17
CH, 43 54
C 43 54
C.H, 0 1985
C.H, 4470 5180
Cs 4120 4740
C;Hs 1024 1145
C;H; 692 1035
Cs 875 1115
n-C4H5 692 1040
f-C4H5 )
#-CiHio } 1045 1180
1/'-C4H10
C, 814 1083
C:Hy 554 890
C:Hi» 1410 975
Cs 810 1105
Liquids 5.12 670 4.61 760

5.98 792 5.05 765

6.36 758 5.40 815

6.46 668

7.16 810

7.63 668

e In this run the synthesis gas contained 1.8%, HO.

® Counts per minute per cc. of gaseous hydrocarbon S.T.P.

CHa= CH.¢ CH,CH,CI*H.OH CH;C!*H,CHO
9200 3000
Av. C C./min./ Av. C C./min./ Av. C C./min./
no. cec. b no. cc. b no. cc.b
0
.. .. 0
15 35 0
15 35 0
4700 48 81
5100 28 138
4960 41 100
700 1563 862
838 1720 1530
731 1598 987
635 1691 1287
606
713 2120 1150
745
664 1983 1260
558 1890 1107
610 986 990
569 1795 1025
6.94 385 5.49 1710 5.53 1085
5.44 1805 5.12 1050
.. 5.95 1965 6.05 1165
7.52 418 5.63 1845 5.23 950
7.94 385 6.52 2070 5.65 1020
6.95 1140
7.02 1137
7.99 1130

¢ Run

made at 7.5 atm. The mass spectrographic analysis was unsatisfactory; thevalues forolefinsand paraffins were computed

on the basis of the amount of olefin adsorbed in an olefin scrubber.

@ This last sample exhausted the supply of liquid and

indicated a lower average molecular weight for the product of this run than for the one without added H:O.

(2) 1-Propanol Experiment.—Kummer and
Emmett? made two separate experiments in which
the synthesis gas contained about 1.5% 1-propanol.
They found that the radioactivity of the isobutylene
was 20 and 329, of the activity of the 1-butene;
they also found that in one of these runs, although
the activity of the n-butane was comparable to
that of the 1-butene, the activity of the isobutane
was negligible. It was suggested® that skeletal
isomerization of the butenes might have occurred
during the separation and analysis of the C4
hydrocarbons and that the added 1-propanol
yielded only straight chain C, hydrocarbons in the
actual hydrocarbon synthesis. In the course of the
present work, a series of experiments was made
which showed that no skeletal isomerization oc-
curred in the separation procedure outlined by
Kummer and Emmett? or in the hydrogenation of
the C, olefins to their corresponding saturated
hydrocarbons over iron catalysts at or below
100°. In view of these results the activities of the
various components of the C, cut were rede-
termined.

The data for the propanol experiment given
in Tables I and II are quite similar to those pre-
viously reported.® The incorporation in this run
was about 509, compared to 40 and 609 in the
earlier experiments. Cracking of the propanol
also took place to about the same extent. De-
tailed analysis of the C, cut, however, showed that
in contradistinction to the earlier work, the activi-

ties of both the isobutylene and isobutane were
about 349, of the activities of the corresponding
straight chain hydrocarbons.

(3) Propionaldehyde Experiment.—The results
obtained with propionaldehyde show that its
behavior in the synthesis is quite similar to that
with propanol but that cracking occurs to a slightly
higher extent. Since the middle carbon atom of
the propionaldehyde was labeled, the formation of
radioactive ethane rather than radioactive methane
results. (The activities of the methane and ethane
formed in the 1-propanol experiment were approxi-
mately equal since the carbinol carbon was labeled.)
The incorporation in this run was about 37%.
In all respects, therefore, the data obtained with
propionaldehyde are explicable with the assump-
tion that the propionaldehyde adsorbs and hy-
drogenates to form the same complex as 1-pro-
panol. It is unfortunate that a detailed activity
analysis of the C, cut is not available, as this would
obviously yield added information on this point.

Discussion

The mechanisms proposed by Storch, Golumbic
and Anderson® and by Kummer and Emmett3
involved a type of adsorbed alcoholic complex.
Ethylene could form such a complex by known
reactions if it (a) hydrated to form ethanol or
(b) underwent hydroformylation to 1-propanol.
There is evidence that neither of these reactions oc-
curred. If reaction a occurred in the ethylene ex-
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Fig. |.—Comparison . of calculated and experimental data
for methanol tracer runs.

perimtents, it should also have occurred with the
radioactive ethylene formed in the ethanol experi-
ments.® Thus, with methvlene labeled ethanol

CH,C"H,O0H = CH==CU“H, + H.0 T
CHs~CH.,OH (1)

would be expected so that the position of the radio-
active carbon relative to the hydroxyl group would
have changed in a portion of the alcohol during
synthesis. Examination of the unreacted radio-
active ethanol, recovered from the products, showed
that this had not occurred. If (b) occurred, the
radioactivity distribution in the C, products should
resemble that observed in 1-propanol tracer ex-
periments, i.e., the activity of the branched C,
hydrocarbons should be about 33Y, the activity of
the straight chained hydrocarbons. Actually,
the activity of the branched C4 hydrocarbons was
found to be 729, of the activity of the straight
chain C, hydrocarbons. It appears, therefore,
that the complex formed from adsorbed ethylene
need not resemble the alcohol-type complexes
suggested previously.2.?

If ethylene does in fact form a different complex
from that formed from ethanol, it becomies neces-
sary to re-examine the alcohol experiments already
reported.?®7 Let it be assumed that chain
building complexes can be formed from adsorbed
alcohols and that a different type of complex can
also be formed from ethylene, but, for the moment,
that other olefins do not form such complexes.
In this situation, whenever a radioactive C; or
C, alcohol is added to the synthesis, the resulting
distribution of radioactivity in the products should
be a weighted summation of those stemming fromn
the alcohol and those from ethylene. Thus, for
ethanol, by taking the value of the activity ob-
served for the C, fraction as the contribution per
mole to all hydrocarbons of higher carbon nunber
and adding on the experimentally observed con-
tribution from the ethylene, by proper weighting
the qualitative features of the experimentally
determined curves’ for both atmospheric and
pressure runs can be reproduced. Siniilarly,
methanol reacts to give radioactive C, complexes
like those formed in ethanol tracer experiments.
All Co+ hydrocarbons are formed via these C,
complexes by addition of one or more radioactive

W. KeirH HaLr, R. J. KokEs anp P. H, EMMETT

Vol. 82

chain building units. In this simple casc the ac-
tivity us. carbon number curve should be calculable
from the radioactivity of the chain-building com-
plex and the actual data from an ethanol tracer
experiment. Specifically, these activities should
be those found in an ethanol tracer experiment
plus (# — 2)A where 7 is the carbon number and A
is the activity of the chain building complex.
In Fig. 1, the calculated points are compared to
the points for the experimental data obtained at
atmospheric pressure and at 100 p.s.i. Ineachcase,
the “‘equivalent activity” of the ethanol was fixed
by the activity of the C, hydrocarbons from the
corresponding methanol tracer experiment. Like-
wise, the value of A was determined from the slope
of the plot of the data at high carbon numbers.
The agreement is quite good. It implies, of course,
that the C, complexes formed from methanol are
the same as those formed from ethanol but does
nothing to define its nature.

If it is now supposed that propylene is also ca-
pable of build-in, similar to ethylene, when present
in large concentrations, an explanation is avail-
able for the appearance of radioactivity in the
iCy fraction when 1-propanol is added to the
synthesis.

From the above it appears that the principal fea-
tures of the Fischer-Tropsch experiments are ex-
plicable in terms of the mechanism suggested by
Storch, Golumbic and Anderson® as modified by
Kummer and Emmett.? For a more detailed ex-
planation of the results, however, it must be as-
sumed that in addition to complexes formed on the
surface by adsorption of alcohol, another formed
from ethylene is also capable of “building-in,” to
form high molecular weight hydrocarbons. !

In spite of the shortcomings of the simple pic-
ture developed through earlier work,?~7 the as-
sumption that adsorbed alcohols are intermediates
in the Fischer~Tropsch synthesis does explain many
of the features of the tracer experiments with iron
catalysts. It is therefore worthwhile to consider in
some detail the consequences of the approach as ap-
plied to the experimental data available for the
normal synthesis. For the sake of specificity, de-
tailed equations for the forination of the complexes,
for the chain build-in steps and for complex de-
struction will be written, but in inany cases the
same conclusions would follow even when reactions
other than those described below take place.

The formation of the single carbon complex and
the subsequent build-in steps can be represented by
the equations

H OH
H COo p >/

2f + | — !

M M M
For the sake of brevity, the adsorbed » carbon pri-
mary alcohol complex may be represented by Xa
and the corresponding secondary alcohol complex
by Zs. Obviously X, complexes can react to form
etther Xniy or Zar; by (2b) or (2¢), but Z, can only
vield an X1 complex by (2d). Furthermore, for
# < 3 ouly X, complexes exist whereas for v 23

(2a)

(11} See also the Discussion of ref. 7 concerning the way iu which
etliylene build-in can explain the propane pyrolysis experiments mad.
in connection with ethylene tracer runs.
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OH H )OH H
H / /

~ a
2+ R-?—H + € —> 1,0 + RCH.-C-OH  (X,)

I
h%1 M M M

(2b)
H (OH H CH;
H b |
9 4+ C +R—?—0H—>H.¢0+R—C—OH (Zy)
y
M M M M (2¢)
CH; OH

G ) on

H /S a | /
2, + R-C-CH; + ﬁ —> H.0 + R—CH—CH (X.)
i i
(2d)

I\"I M M M
both X, and Z, complexes exist. The scheme al-
lows for methyl branching only.

Destruction of the complex may take place by a
variety of reactions. Some of the more evident are

2
X, or Za + Hy —> alcohols

(3a)
ks

X, or Zy + Hy —> paraffins + H;O (3b)

ks
XyorZ, + CO - CO; + olefins (3c)

R
Xaor Za + Hy; —> olefins + H;0  (3d)
X, or Z, —> decomposition to other products (8e)

The amounts of Hs required for (a), (b) and (d) will
depend on the nature of the binding of the alcohol
to the metal. It will be seen that it is not criti-
cal whether or not the bonding is actually dissocia-
tive as indicated in (2); therefore the equations for
the destruction of the complex may be written as if
the bonding were non-dissociative, i.e.

_ [9@__2;_2)] = [bu(Hs) + ko(H.) + &(CO) +

k(H;:) + Bl(Xjor Zy) == S(Xo0r Zo) (4)

where S'is a function of the synthesis variables. The
X, complex may be formed by (2b) and (2d); it
may be removed by (2b) and (2c) as well as by (4).
Hence, in the steady state

*a't— =0 = aXl(Xu—l 4+ Zay) — (d + 0)XoXi - SXa
(8)

The Z. complex can only form by (2¢) and on fur-
ther condensation must forin X,+: by (2d); it

may also be destroved by (4). Hence
c—laz—; =0 = le(Xu—l) ~aZ X, - SZ, (6)

This yields for the X» complex
GX1(Xu—l + Zu_l) = f(Xu—l + Zu—l) (7)

(e + )X+ S
where f is a function of the synthesis variables.
Similarly for the Z, complex
7 BX(Xay)

" Xm + S
where g is a function of the synthesis variables.

On this basis the rate of formation of products
will be

Xo =

= gXa_1 (8)

U b (X + 22) = kP ©

d¢
where (' is the concentration of # carbon products,
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In the simplest approximation, ks =.S. The two
parameters are carried through separately, how-
ever, to allow for (a) the possibility that X, or Z,
may decompose to other than C, products, i.e., by
(3e) and (b) a change in units between (4) and (9).
Since ks is assumed to be the same for all complexes,
the fractional yield of C, products will be propor-
tional to Pn. It follows from (7) and (8) that
Py = fPu1+ gfPuns (10)

Thus, from (7), (8) and (10) it is possible to calcu-
late the isomer and carbon number distributions
in the products by assuming values for the parame-
ters f and g; the distributions are derived following
the method of Anderson, Friedel and Storch.!
In column 4 of Table III, the isomer distribution
calculated on the basis of the present scheme is
compared with the experimental values for iron
catalysts found by Bruner.!'? The agreement is
quite good. For the sake of comparison, the values
calculated using one of the schemes suggested by
Anderson, et al.,* [1.e., scheme a] are listed.

TasLE III
COMPARISON OF EXPERIMENTAL AND CALCULATEP ISOMER
DISTRIBUTION

Hydrocarbon Exptl.a Caled.® Caled.® Caled.d
n-Butane 89.4 90.3 89.7 91.7
Isobutane 10.6 9.7 10.3 8.3
n-Pentane 81.2 81.6 81.3 83.2
Isopentane 18.8 18.5 18.7 16.8
n-Hexane 78.8 73.5 73.5 75.0
2-Methylpentane 11.2 16.7 16.9 15.5
3-Methylpentane 9.5 8.8 8.5 8.7
2,3-Dimethyvlbutane 0.4 0.9 0.9 0.8
n-Heptane 66.0 66.4 66.0 65.7
2-Methylhexane 13.1 15.1 15.4 13.8
3-Methylhexane 19.1 15.9 15.4 18.0
2,3-Dimethylpentane 1.6 1.8 1.7 1.8
2,4-Dimethylpentane 0.3 0.8 0.8 0.7
n-Octane 61.0 59.8 60.5 57.0
All methylheptanes 36.4 35.1 34.7 37.8
All other isomers 2.6 5.0 4.8 5.4

a Ref. 12, b Calculated using equations 7, 8 and 10,

taking g/f = 0.12. < Scheme A of Anderson, ¢t al., ref. 4.
4 Multiple build-in scheme: f/g = 7, b = 5; see Appen-
dix II.

As already indicated, both chain-building theories
make quite similar predictions. This is to be ex-
pected as they both use the same steady-state treat-
ment in their derivation. They differ in an impor-
tant way only in the following respect. Anderson’s
scheme does not distinguish between X, and Z, type
complexes; the present scheme has, therefore,
nearly twice as many distinguishable complexes.
The results of the calculations are not, however,
identical; e.g., whereas the present scheme pre-
dicts slightly different concentrations for 2- and 3-
Me-hexane, Anderson’s predicts the same.

The ability of the present scheme to predict the
carbon number distribution has been tested graphi-
cally. Asshown in Appendix I, (10) can be written
in the form

P
Fug/f)

(12) F. Bruner, Ind Eng Chem., 41, 2511 (1949).

fr1X, (11)
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where Fu(g/f) is a polynomial in g/f which varies
with carbon number. Using I-17 from Appendix I to
evaluate Fn(g/f), (11) was tested using Weitkamp’s
experimental values of P,.!* It was found that the
fit of the data obtained was at least as good as the
results of similar calculations based on the develop-
ment of Anderson.*

It is convenient to restrict the discussion in the
present paper to stepwise chain growth involving
the addition of one carbon atom at a time to the
growing chain, »¢z., reaction of an # carbon com-
plex, X, or Z, with an X; complex—as indicated by
equations 2. If, however, it is assumed that a com-
plex containing any number of carbon atoms, Xj,
can react with any other, Xj, equations similar to
(7), (8), (10) and (11) can be obtained (with certain
simplifying assumptions) and, hence, carbon num-
ber and isomer distributions can be obtained. The
results of such calculations are compared to those
for the single carbon build-in schemes in Table
II1, the necessary equations being developed in
Appendix II. There are two principal results
from this work. These are: (a) ‘‘multiple build-
in”’ can and possibly does occur in the Fischer-
Tropsch synthesis; (b) however, due to the rela-
tive population densities of the various complexes
and to the magnitudes of the parameters required to
fit the isomer and carbon number distribution data,
multiple build-in cannot be distinguished from sin-
gle carbon stepwise build-in at carbon numbers be-
low Cis to Cyg in the absence of detailed tracer data
at higher carbon numbers. The latter is a direct
result of the fact that it is only at such high carbon
numbers that the number of possible reaction paths
becomes sufficiently large to overcome the lower
rate constants involved in these condensations
(see Appendix II, eq. 13). Thus, the use of the
mathematically less complicated stepwise chain
growth mechanism in consideration of the reaction
kinetics is justified.

Recent work at the U. S. Bureau of Mines!*® on
the kinetics of the Fischer-Tropsch synthesis has
shown that the differential rate of consumption of
CO + H, over a wide range of synthesis conditions
can be represented by

K-Pﬂz
1 + ai(Prso/Pco)

where K and @, are constants. Their data ap-
parently fit this expression for an individual ex-
periment within experimental error, but the con-
stants obtained varied slightly in a systematic
manner when the H,:CO ratio was changed. A
suggested interpretation'#® of this equation was
postulated in terms of competitive reactions in-
volving steam oxidation of the iron surface and re-
duction of the oxide by CO. It is also possible to
derive (12) on the basis of the scheme described by
(2) to (11). In order to do this, three assumptions
about the nature of the synthesis are made. These
are: (1) most of the water produced in synthesis
[viz., by reactions 2 and 3] reacts with complex to

ro= (12)

(13) A. W. Weitkamp, H. S. Seelig, N. J. Bowman and W. E. Cody,
Ind. Eng. Chem., 4B, 343 (1953);
ibid., 45, 363 (1933).

(14) R. B Anderson, " Catalysis,”
Reinhold Publ. Corp., New York, N. Y., 1856;
(c) p. 347 ff.

Vol. 1V, Edited by P. H. Emmett,
(a) p. 297; (b) p. 293;
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form COz; consequently the net yield of water in
any differential element of the bed length is small
compared to the yield of the other synthesis prod-
ucts. (2) The usage ratio, p = CO/(H, + CO)
consumed, is constant. (3) There is single point
attachment of the complexes to the sites on the
catalyst and the coverage of the surface with com-
plexes is nearly complete under all conditions of
synthesis. The first assumption, while definitely
an approximation, is justified by the fact that for
moderate conversions the integral yield of CO; is
much greater than the yield of H,O presumably be-
cause the bulk of the water is reduced (22b) to Ho
by the C; complex. The second has also been
found to be approximately true for a given experi-
ment,"*® 2., under given synthesis conditions this
ratio varied between 0.40 and 0.47 for conversion
of Hy + CO between 20 and 879,. The third is a
postulate, made for convenience, without experi-
mental basis. (It is implicit in the mechanism, as
visualized here, that the area/complex is the same
for all complexes. This is all that is required.) In
the course of the development of (12), further ap-
proximations will be made on the basis of the pa-
rameters evaluated from the isomer distribution
data; it appears that these are relatively inde-
pendent of the conditions of the synthesis.!4c
According to (2), in the formation of an % carbon
atom complex, # CO molecules are utilized to
form the species and (# — 1)H,O molecules are
produced, <.e., one for each C-C bond formed. Ac-
cording to the first assumption, almost all of this
water would react with CO (or Cy complex) to form

CO,. Thus the rate of utilization of CO in the
formation of an # carbon product is
-d(CO)} _ d(Ca)
[ 4 o= (2n —~ 1)—-dt (18)

where d(C,)/d¢ is the rate of production of # carbon

product. TUsing (9), (13) becomes
g(_dc?o_) = (21 = 1)k.Pn (14)

The over-all rate of usage of CO can be obtained by
summation over all carbon numbers, Z.e.

é@@ = X k(2n - 1P, (15)
=1

Trtal
If the usage ratio is independent of the synthesis
variables over the range where (12) is operative, the
differential reaction rate 7 is

d(CO + Hy) _ 1 [d(CO)

Total

& 3 (2n - 1P, (16)

Bow=1
where u is the differential usage ratio.!® In Ap-
pendix I the various required summations are
evaluated. Using I-10 from Appendix I, (16) can
be rewritten as

©

_k b, L+ f + 3¢f

(T =7 —efr
Furthermore, from 1-8 for one point attachment of
the complexes, the total number of adsorption
sites utilized by the complexes Vs will be

X1
P

=1

(17)

(18)
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Since it has been postulated that the complexes
utilize nearly all the sites under any synthesis condi-
tions, it may be supposed that Vs is roughly con-
stant. Substituting (18) into (17) yields

= BNel + f+ 3¢f

v 1—-f-gf
The values of g and f are defined in (7) and (8).
Using these definitions, after simplification, (19) be-
comes

_ 2aN.k > LS.

"7 X+ b0 +357 2%
This equation, as it stands, is rather complicated
especially when the terms that are included in §
[see (4)] are considered. On the basis of the val-
ues of the parameters f and g obtained from the iso-
mer and carbon number distribution data, it ap-
pears that the second term of the expansion may be
neglected with small error (d.e.,, =~ 59,). The last
term is reasonably large judged on this basis. If
this term is dropped, an underestimate of from 20
to 309, may occur, but it still can be said with some
justification that an approximate form for (20) will
be

7

(19)

Xy «;1 + (20)

1 = k’Xl (21)

2a Nk

[ ——~—“ 5 X
Since in practice the constant &’ is chosen as the
best value to fit the data, a partial compensation
for the errors incurred in going from (20) to (21)
will be achieved. It may be assumed that the
principal equations governing the formation and
destruction of X, complex are

H OH
N/
Cco H 2 C
[ +2| — |
M M

(22a)
H OH
N/ @ H
ﬁ + H,0 —> CO; + 4 | (22b)
! M
M

H OH
NS B8
¢ +CO—>C02+ﬁ2H2 (22¢)
Y

In addition to these, the X; complex is utilized in the
chain building reactions 2 and in the termination
reactions 3. In this connection, it should be noted
that (22¢) [a special case of (3c)] is one of these;
actually it is likely that (3c) is the principal termi-
nation step for all of the growing chains, followed in
some cases by hydrogenation. It is well known
that CO is a better reducing agent than H, and
over these catalysts dehydrogenation of alcohols
apparently occurs more readily than dehydration.
Thus, in the steady state

0 = dXu/dt = k(CO)(H)? — aX,(H:0) — 8X,(CO) —

© ©

aX, 2 P, — bX, 2 X, — BX(Hy) —
n=1

2 o=1

BXy(Ha) - kX, — BX; (23)

A similar equation can be written for Hy0. Water
is produced by the chain-building steps 2 and also
by several of the termination steps 3; it is utilized
only in the destruction of the X complex, ..,
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(22b) with which we replace the water gas shift re-
action. Hence

0 # dH,0/dt = aX; »_ Po+ X, 2, Xa +

n=1 no=1

b Xi(Hy) + k(H)X: — X (H:0) (24)
Combining (23) and (24)
- k(CO)H)* — d(H.0)/d¢
22(H,0) + B(CO) + k(H.) + B

is obtained. In view of the fact that under ordi-
nary synthesis conditions essentially all of the oxy-
gen in the products appears as either CO; or H,0,
the last two terms of the denominator of (25) can
certainly be neglected. Similarly, following the
assumption made earlier that net yield of H:O in
any differential element of the bed length is small,
the last term in the numerator can also be dropped.

The molecules adsorbed on the surface are princi-
pally complexes. Hence, the fraction of the empty
surface available for CO, H; and H,O is small and
roughly constant. This being the case, the surface
concentrations of these species will be proportional
to their partial pressures. In thiscase

— ’_‘JVSPHz o
1 4+ a(Pr,0/Pco)

X, (25)

Xy (26)

or using (21)

_ K Ppg,
1 + a(Pwmo/Pco)

where K and a, involve the rate constants and the
adsorption equilibrium constants

K = 2aN.kks/uS

Equation 27 is identical to that found by Ander-
son. The two worst approximations in its deriva-
tion are probably the assumption that almost all of
the H,O produced reacts with the X; complex to
form CO; and the neglect of the third term of (20).
The former tends to make the expression for the
rate too high while the latter tends to make it low.
Thus, due to the partial compensation of these two
sources of error, the expression for the rate may be
reasonably reliable. Since K involves the usage
ratio and Ns (the number of sites covered with
complexes), it would be expected that some system-
atic variations in the ‘“‘constants” would occur as
the synthesis gas composition and/or total synthe-
sis pressure is changed. Thisis also observed.

The reactions described by (22) merit some fur-
ther discussion. According to this picture the C,
complex is formed directly from CO and H,; it is
assumed that this is the only complex formed.
There is reason to believe that H.O reacts only with
the C; complex. In the synthesis over the singly
promoted catalysts used for the tracer experi-
ments, the yields of alcohols and acids were quite
low. Thus, if water had reacted with the alcohol
type complexes containing more than one carbon
atom, a reaction analogous to (22b) would be ex-
pected to produce hydrocarbons containing one less
carbon atom. This would lead to the production,
in tracer experiments with radioactive ethanol and
propanol, of some radioactive methane and eth-
ane, respectively, or else some radioactive COy, de-
pending upon where the alcohol was labeled. Since
this did not occur, H,O apparently does not react

# 27
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with these complexes. On the other hand, in
inethanol tracer experitnents highly radioactive
CO; was produced.?® Under similar conditions,
more methanol reacted to form CO, than CO, iudi-
cating that some of the methanol forming the C,
complex was converted by (22b). If (22b) were
the only source of the CO,, however, the radioactiv-
ity of the CO; should be the same as that for the
methane (i.e., the same as the activity of the C;
complex). Since the activity of the CO, is about
half that of the methane® reactions producing ex-
clusively non-radioactive CO; also must be taking
place. Reactions of the type (22¢) and ({c) allow
for this.

The results of Koelbel and Engelhardt!* support
the idea that some CO, is formed by a reaction not
involving water. Under synthesis conditions at
200°, where the shift reaction has been shown to be
quite sluggish,®!4 even with water removal in 8
steps along the bed by CaCl,, these workers found
a yield of CO; of 189,. Since, under these defi-
nitely less favorable conditions for the water gas
shift reaction, or (22b), to operate, CO, was still
produced in sizable amounts it would appear that
some process analogous to that described by (22c¢)
occurs during synthesis. Further evidence sup-
porting these views is to be found in work carried
out by the Bureau of Mines.?®® This work points
out that were H,O the only oxygenated product di-
rectly produced in the synthesis, only small amounts
of CO. might be expected to be produced over iron
catalysts (as with cobalt catalysts) below 220°, but
in spite of extensive testing in the range of 215 to
270°, no appreciable decrease in CO, production has
been observed, even at the lowest temperatures.
Hence, it may be inferred that some CO- is produced
directly in the course of the reaction.

Since a large part of the C; complex is removed by
(22b) and since this reaction does not appear to de-
stroy complexes of higher carbon number, it would
seem that any attempt to fit the relative yield of
CH, into a simple chain building scheme would be
fruitless. Attempts of this sort are probably also
hindered by the fact that (22¢) can also lead to car-
bide formation and/or carbon deposition as well
as methane. (Were this the case, this reaction
would offer an explanation of the fact that whenever
an iron catalyst produces principally methane it in-
variably produces large deposits of carbon.) In
view of the many possible side reactions of the Cy
complex, it would appear that its rate of production
must be considerably greater than that of any other
complex. This may explain the fact that the in-
corporation of radioactive methanolisfar lower than
the incorporation of any other primary alcohol.
Since the amount of radioactive alcohol in the syn-
thesis stream was about the same in all experiments,
the crude approximation can be made that in all
cases about 109, of the added alcohols became iden-
tical with the corresponding coimnplexes. (This is
borne out by comparing the radioactivity balances
for propanol and methanol.?) The complex from
methanol according to the present picture would be
much more diluted by non-radioactive complex

(14) H. Koelhel and F. Engelhardt, Erddl uwl Kohle, 2, 32
(1649).
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than would be the case with any of the otlier aleo-
hols, leading to an apparently low incorporation.

One further interesting extension of these ideas
can be made. In their studies of the carburization
of nitrided iron catalysts with synthesis gas mix-
tures, Hall, Dieter, Hofer and Anderson!® found
that the rate of carbon deposition was a maximum
for a 1:1 H,y:CO mixture. If it is assumed that
carbon deposition occurs according to (22¢), it is
obvious that the rate should be

R = k(COXXy) (28)

These reactions were carried out under conditions
where little if any synthesis was taking place, hence
there was no water produced. Thus, using (26),
the rate is

R = kaksy(COY(Ha)

as observed.

It is worth while to note that the mathematical
picture developed herein adequately describes such
other known generalities of the Fischer-Tropsch
synthesis as the shift in product distribution with
temperature and/or alkali content and the increase
in rate with pressure. In the first instance it is
only necessary to suppose that the chain terminat-
ing steps, (3), are governed by higher activation en-
ergies than chain building steps, (2), so that the
product distribution shifts toward the light end with
increase of temperature. Similar ideas are appli-
cable to the effects of alkali on the product distribu-
tion. The effect of pressure on the rate will arise
of course, through an increase in concentration of
the single carbon complex, X, through the opera-
tion of mass action in (2a) and/or (22a).

In conclusion, it might be noted that while the
picture presented above does have many shortcom-
ings, it also explains a large number of the experi-
mental facts observed with iron Fischer-Tropsch
catalysts. It does not, we feel, apply in the case
of cobalt catalysts, since alcohol tracer experiments’
strongly indicate that here alcohols are not impor-
tant intermediates.

Acknowledgments.—This work was sponsored
by the Gulf Research & Development Co. as a part
ot the research program of the Multiple Fellowship
on Petroleum. The authors wish to thank Dean H.
Lichtenfels and George Crable of the Gulf Research
& Development Company for their help with the
distillations and analyses required in the course of
the work. Thanks are also due to Dr. R. B. Ander-
son and his capable staff at the U. S. Bureau of
Mines for assistance rendered in the runs at ele-
vated pressures and for the use of their reactors.

Appendix I

The difference equation, (10)
Py = fPu_y ~— gfPn_e = 0, n 2 3 where
Pl =X, Py = X, Py = (X5 + Zu), etc.
can be solved for 7, but for the present purposes it

(1-1)

is necessary only to solve for quantities >, I, and

n=1
>. P,. This can easily be done through the use
ne=1

(15) W. K. Hall, W. Dieter, L. J. E. Hofer and R. B. Anderson,
THIS JOURNAL, T8, 1442 (1933).
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of a generating function. The generating function

represents an infinite series of ecquations of the type
(a) Py~ fp: —gfPL =0 (1-2)
(b) Py~ fPy— gfP2 =0

Let (a) be multiplied by 2, (b) by 22 etc.; and all

of these equations together and collect. Thus

Psz -+ Pt + Pgd + ... —f(Puz + Pzt 4 Pus® + ...)
(1-8)
—gf(Piz + Pz* + Pz + ...) = 0
Defining the function
¥(z)= ) Puz" (1-4)
n=1

(I-3) becomes

¥z) — P1g — Poz®
z2

7P e =0 (1)

Solving (I-5) for y(2), it is found that
(P2 = fP1)z* + Puz

¥z) = (1-6)

1~ fz — gfz?
and since Py = fP;, this becomes
_ Plz _ XlZ
y(z) = 1 - fz — gfzt 1 —fz — gfs? (I-7)
Combining of (I-4) with (I-7) yields
© <
nzjlpn =3z=1) = o (1-8)
and from (I-4)
= _ {dy _ Xi(d +gf) -~
e (2)...- G-7=gp ¥
From (I-8) and (I-9)
= 3
S (@ - DP =X 8—*_”‘7*:—5%2 (1-10)

n=1

Proof of (11) follows from (I-7); the roots of this
denominator are

5=y (14 VT T3P

and (I-11)
2 =g (=1 = VI F 5
from which it immediately follows that
zize = — 1/gf (I-12)
and
(n+2) = - 1/z (I-13)
Substituting (I-12) and (I-13) into (1-7) yields
- X1z
YD = G = e = 9
which may be separated into
90 = i e - sl

Expansion of (I-14) yields
¥(z) = g—ﬂz%%-z;) (z/2) + (=/20 + (37207 +

coon = (3/22) — (3/22)2 — (3/32)% — ....]

ﬂ(miﬂlh)g(il_élg)z+(z'fa—;i;)zz+ ;

or

¥(z) =
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From (I-15), the coefficient of z” can be obtained
immediately, <.e.
X(z® — a")

P 1) - () - e S
T gfla — z) (\a /)y gf(a — z)(az)
and substituting (I-11) and (I-12) yields the desired
relation, viz.

Pn = fr1 Xy Falg/f) (I-16)
where
Fule/f) =
{(1 + VI /) - (- VI+ 4g/f)"} (117)
V1 + 4g/f

Equation (I-17) can easily be evaluated by making
use of the binomial expansion; thus for # = 8, the
right-hand member reduces to

14 6(g/f) + 10(g//)* + 4(g/P
Appendix I1

The stepwise chain growth theory of the mecha-
nism of the Fischer—Tropsch synthesis®- rests heav-
ily on the observation that it appears to account
for both the carbon number and isomer distribu-
tions observed for the products. Examination of
equations 3 of the text reveals that the chain growth
reactions postulated are the simplest of all organic
reactions, namely condensation reactions involv-
ing the product of H,O as the primary oxygenated
product of the synthesis. There seems to be no
“a priori” reason why this sort of reaction should be
restricted to condensations with C; complexes. It
must be concluded, then, that either condensations
between complexes C;i and Cj do occur or that there
is something very specific about the C; complex so
that reaction with only it can occur. It is the pur-
pose of what follows to show that a multiple build-
in scheme, i.e., condensations between C; and C;j,
can operate and still properly describe the isomer
and carbon number distributions in the range of
carbon numbers for which data are available.

Definitions are provided in the text for complexes
of types described by X, and Z,. In the develop-
ment of the present scheme it is also necessary to

R
define another type complex, R\ //OH, by
C

Y. In this complex neither R nor R’ is methyl or
H; it could, therefore, only have been formed by
another reaction than X,—; or Z,—; with X;. In
order to preserve the experimental observation that
chain branching, other than methyl branching, does
not occur, it is necessary to assume that complexes
of the type Y, can only evaporate (i.e., they cannot
enter into the chain building mechanisms). Thus,
in the case of the Y, complex of the lowest carbon
number, C; can form by condensation of Cy and #C;
in two ways, the one yielding a Y5 complex and the
other yielding a Z; complex. In this instance, it is
assumed that the Zg complex can either desorb as
product or else continue in the chain building proc-
ess, but the Yy complex must desorb. At first
sight, this might appear to be rather artificial but
closer inspection reveals that there is ample reason
to believe that it is not. Molecular models show
that only a few configurations of a Y, complex will
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allow a close approach to the surface to form a di-
rectional bond and that these few are in such a
strained condition that interpenetration of the alkyl
radicals is sometimes required. Thus, from the
standpoint of both energetics and entropy, these
complexes are unstable. Further, the configura-
tions which permit close bouding to the surface se-
verely restrict the rotation of the C~OH bond and
bring about a close approach of the alkyl hydrogen
to the OH group, making the complex extremely
susceptible to dehydration to the olefin and hence
to desorption. Within the limitations set forth
above, the following may be written

a
XYL+X1 —_ Xn;) (II'I)
b
Xu + X1 —> Zuay (71-2)
b
Xu + Xo —> Y., m (OH o nth carbiut; mn 2 3)
(11-3a)
b
Xm + Xo» —> Y.in (OH on mth carbou; nm 2 3)
(11-3b)
b
Xa + X» —> Y2, (OH on nth carbon; n 2 3) (I1-4)
b
Xa + Xo —> Youo2 (OH on 3rd carbon; # 2 3) (II-5a)
b
X 4+ Xg—> Zoio (0 > 2) (11-5b)
b
X+ Zp—> Yoo (m 2 3) (11I-6)
b
X‘J + Zn —_ Zrt-<~3 (II'T}
a
Xl "'1_ Zn _—> Xn-l (II'S)

where a and b are rate constants as defined in the
text; it has been assumed that all reactions not in-
volving X have rate constant 4. It may be stated,
however, that the same equations would be ob-
tained for the ultimate carbon number and isomer
distributions even if reactions invelving Xi with Xj
proceed at a different rate than reactions involving
X; with Z;. If more than one reaction occurs for
a given pair of reactants, each reaction is counted
separately.

Complexes of carbon number » may be destroyed
to form a number of possible products by a variety

of paths. Thus, equations 4 of the text have their
counterparts here and as a result (5) becomes
N [d(Xndczr 7__,,_)] = S(Xno0rZ,)  (I1-9)
and, owing to its lower stability
- [45] - sy ]
a& = WSY, (11-10)

where IV is an arbitrary constant and S is a function
of the synthesis variables as well as of bed length.

It is now possible to write the material balance
equations for the steady-state conditions. Recalling
that Y, and Z, are zero for # less than 5 and 3, re-
spectively, these are

forn 2 2

(-ld\t =0 = aXi(Xoot + Zot) = SXo = (0 + B)X(X, —

2bxn<2 x-x) ~ bXa ( > zi> + bX,2 (I1-11)

i=2 i=3
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and forn 2 3

12, . . N
((” = 0w OXoZy L A bX(Xy s R L) -
87 o aXiZ zm,(}: _\';> (11123
72
wltereas for n 2 5
ay 17 -3
{lrt =0 = HXaX.. s A= b (fgg(.\‘, - Z;)X,,, ;> - WSy,
. » (11-13)
Solving (I1-11) for X, it is found that
X, = _ (ZXI(XH;I + Zuo1)
S+ (a + b)Xy +2b<2 x-,>+ by zi> — bX,
=2 i=3

(11-14)

It will be noted that in (II-14), X, cannot be com-
pletely separated; it enters into the denominator
of the right-hand member both explicitly and also as
part of the summation of X;. The latter can be cir-
cumvented by substitution of the steady-state con-
ditions that

> v
i=35

Hence

u=ZX1;v=Z7_i;andw=

i=1 =3

where %, v and w are constants.

2 Xi =u - X
1=2

Therefore, outside of the explicit —4X,, the denom-
inator of (II-14) is a function of X only: this fac-
tor can probably be ignored with small error with
respect to the remainder of the terms summed.
This amounts to counting (II-4) twice in the
scheme. This comes about due to the fact that
when X, reacts with itself, the OH must always end
up on the nth carbon atom and is only counted
once in the summations of X,X; so that the term
bX,,? must be added to close the summation and is,
therefore, subtracted outside the summation.
Making this approximation an equation nearly
identical to (7) is obtained, 7.e.

Xn = f'(Xnoi + Zn-1) (11-15)
where f’ is a function of X, and the synthesis varia-
bles only. Similarly, but without this complica-
tion (II-12) yields
— bxan_l + b}}?(xn—? + Zn—D)

e S R LA S )
or
Zn = o' + &,\_;‘}?(X,,_e + 7,_y  (11-17)
<1
where B
o= by (11-18)

S aX, Fb(w - X0
Further simplification of (I1I-17) is possible by com-
bination with (II-153), 7.e.

Zo = 207 (NXpes + Zon_s)
Finally, from (11I-13)

(11-19)

b N -3 i i
Yn = 'W—S‘:X-z}xn—z + i2=:3 (Xi + Zy) Xn—z} (11-20)

The rate of production of products of carbon
number, #, will be given by an equation analogous
to (9), viz.
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‘“1‘;'0 = B (KXo + Zo + WYa) = 4P, (I121)
[
so that
Py = f'(Xnct + Zumt) + 28" (Xnmg + Zoos) +
7 -3
h/<xgx,,_2 + > (X + zi)x,,_1> (11-22)
{=3

The isomer and carbon number distributions may
be calculated in terms of the parametersf’, g’ and 2’
from (JI-22), in the same way as indicated in the
text for the more simple stepwise scheme, provided
the concentration of one complex is fixed. This has
been done choosing the concentration of the C, com-
plex as unity. These results have been compared
to the experimental isomer distribution data of
Bruner!? and to the results of the stepwise schemes
in Table III. The ‘“‘multiple build-in”’ scheme ap-
pears to agree with the experimental data about as
well as (or as badly as) the other schemes; similar
results are obtained for cobalt catalysts. Consid-
ering the experimental difficulties inherent in ob-
taining such data, it is probable that all the schemes
agree with them within experimental error.

As shown by Anderson,* given the isomer distri-
bution, only one additional parameter is required to
express the distribution of products by carbon num-
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ber; the same is true of the present development.
Although a detailed study of this problem has not
been made, a cursory examination of the situation
indicates the following:

(a) When the optimum parameters found for the
isomer distribution are carried over and used to
calculate the carbon number distribution, none of
the schemes fit the data as well as if a new choice of
all parameters is made. This may reflect the inac-
curacies of the data or the approximations made or
both; it may, however, be attributable to secondary
processes taking place which are unaccounted for,
e.g., CoHy build-in,

(b) All schemes tested adequately represented
the data, but under the restriction posed above, the
“multiple build-in”" scheme did not appear to hold
quite as well in the region of low carbon number, but
perhaps a little better in the region above about Cie.

(c) On the basis of the data examined, it is con-
cluded that the theory of ‘‘multiple build-in"’ pre-
sented here represents the true state of affairs to at
least as good an approximation as the previous step-
wise theory. It therefore tends to support the idea
that chain growth occurs by simple condensation
reactions involving complexes identical to those
formed on adsorption of alcohols.

PITTSBURGH, PENNA,
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Chemisorption of Carbon Monoxide, Carbon Dioxide and Nitrogen on Nickel Catalysts

By R. J. Koxes aND P. H, EMMETT
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The adsorption of carbon monoxide, carbon dioxide, argon and nitrogen on two types of nickel catalyst have been studied.

On one of these catalysts it appears that more than one-third of the nitrogen adsorption at — 195° is chemisorption.
complicates the classical procedure for studying carbon monoxide chemisorption.

This
While carbon monoxide chemisorption

may still be a useful method of estimating the surface concentration of nickel in promoted catalyst, the surface concentration
of alkali promoter cannot be determined simply from carbon dioxide chemisorption,

For two decades the chemisorption of carbon
monoxide has been used for estimating the fraction
of the surface of iron synthetic ammonia catalyst
that is covered with promoter.! If the catalyst
contained an alkali in the promoter, the surface
promoter concentration could be ascertained by
measurement of the chemisorption of carbon diox-
ide at —78° The carbon monoxide appeared to
be chemisorbed on the iron atoms and the carbon
dioxide on the alkali promoter molecules. Some-
what later,? it was found that similar measure-
ments on nickel catalysts were apparently inca-
pable of measuring the fraction of the surface of a
nickel catalyst covered with alkali. The carbon
monoxide and the carbon dioxide were each capable
of being adsorbed in quantities sufficient to cover
nearly the entire surface of the catalyst as measured
by nitrogen adsorption at —195°. Very recently,®
doubt has been thrown on the results for nickel
catalysts by the discovery that nitrogen chemisorbs
on nickel at —195°. Accordingly, it has seemed

(1) P. H. Emmett and S. Brunauer, THIs Journar, 89, 310, 1553
(1937).

(2) P. H. Emmett and N. Skau, ébid., 65, 1029 (1943).
(3) R. J. Kokes and P. H. Emmett, sbid., 80, 2082 (1958).

worthwhile to reexamine the adsorption of carbon
monoxide and carbon dioxide on nickel catalysts.

Experimental

Two types of nickel catalyst were used in the present
study. The first of these is designated as SE II and was
prepared in the manner described by Emmett and Skau? for
their Ni II catalyst by precipitation of the hydrous oxide
from aqueous Ni(NO;), with NaOH. Two samples of this
catalyst were studied, SE II (1) and SE II (2). The other
nickel catalyst used in this study was prepared by the method
used by Best and Russell.4 Solid NH;HCO; was added to a
solution of Ni(NO;); to precipitate the basic carbonate which
was calcined for 6 hr. at about 450° to convert it to NiO.
Three samples of this catalyst were studied. These are
designated as BR1, BR2 and BR3.

Different reduction procedures were used for the SE II
(1)and SE II (2) catalyst. SEII (1) was first reduced with
tank hydrogen as the temperature was raised slowly to 340°.
Then, the hydrogen was purified by passage through hot
copper and through a trap filled with charcoal at — 195°.
Reduction was continued at a space velocity of about 5000
hr.~! until the amount of water in the effluent gas was less
than two parts per million. The catalyst was evacuated
for 2 hr. at the reduction temperature prior to the start of an
adsorption experiment. After completion of a series of ex-
periments the catalyst was reduced for 2 hr. in the manner
described above and evacuated 2 hr. at 340°. This is re-

(4) R. H. Best and W, W. Russell, #bid., 76, 838 (1954).



