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Reactions of chlorinated methane molecules have been followed in mixtures with H, alone, or
with H, and CO, on metals with varying activities and selectivities in the Fischer—Tropsch synthe-
sis (Ni, Co, Cu, Fe, Rh, Pd) and on some alloys (Ni—Cu; Ni-Pd). It appeared that metals active in
the Fischer-Tropsch synthesis produce higher hydrocarbons both in the absence and presence of
CO. This confirms the idea that oxygen-free intermediates (~CH,-) lead to the formation of hydro-
carbon chains; the surface concentration of these species appears to be essential for the selectivity.

INTRODUCTION

It is now generally accepted that
Fischer-Tropsch synthesis of hydrocar-
bons is a gradual growth of hydrocarbon
chains, by addition (insertion) of mono-
meric units, and not a block-like polymeri-
zation of partially hydrogenated carbon, a
reaction on which Fischer and Tropsch
speculated in the early days of their studies.
The very strong indication for a stepwise
polymerization is the product distribution.
It follows usually very closely the Flory—
Schulz-Anderson equation derived for a
stepwise polymerization (/-8).

While the overall character of the
Fischer—Tropsch ‘‘surface-localized™ poly-
merization could be considered as having
been well established when the work for
this paper started, the question as to which
monomeric units lead to polymerization
was still vividly discussed, and to a less ex-
tent discussion is still going on. The mono-
meric units suggested in the literature were:
(i) oxygenated intermediates, like metal-
bound hydroxycarbenes (4, 9-12); (ii) oxy-
gen-free intermediates, generated by CO
dissociation (2) or by dissociation of hy-
droxycarbenes (13); (iii)) CO molecules, un-
dergoing an insertion (alkyl-shift) which is
followed by hydrogenolysis of the C-O
bond (14). In the meantime, the mechanism
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involving oxygen-free intermediates, gener-
ated by CO dissociation, has received very
strong experimental support from the
results of Biloen et al. (2, 15) and Brady
and Pettit (16, 17). Nevertheless, it is
hoped that readers of this Journal will be
interested also in additional support of this
mechanism, as obtained by the present
study. The paper is intended to complete
the information which has been mentioned
earlier in a very fragmentary way (3, 18).
Finally, results on the CH,Cl,;_,/H; reaction
should be of interest, as such, for those
who are interested in C,-chemistry in gen-
eral.

EXPERIMENTAL

The metal catalysts used have been pre-
pared by conventional methods. Ni, Fe,
Cu, Co, and Ni-Cu alloys were prepared
by precipitation and decomposition of car-
bonates followed by reduction (670 K, 2 h)
in hydrogen (19, 20). Palladium has been
prepared by reduction of chloride solution
by hydrazine chloride (Kulifay (27)); Ni-
Pd alloy was prepared by decomposition of
a mixture of nitrates in a fast N, stream and
by reduction of the products of decomposi-
tion at 655 K (15 h). X-Ray diffraction (as
well as the catalytic data themselves) re-
vealed that some alloying, although not per-
fect, was achieved. Rh was prepared by re-
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FiG. 1. Conversion of CHCI; into C; hydrocarbon
(logarithm of the concentration in arbitrary units) at
483 K, as a function of time, with a Ni catalyst.

duction with H, at 665 K (2 h) of powdered
RhCl;. After the preparation described, cat-
alysts have been placed in the catalytic re-
actor and rereduced in situ at 655-6635 K,
for at least 15 h. Chemical composition was
also checked after the reactions with
CH,Cl,-, compounds, by using X-ray dif-
fraction.

Only those experiments in which a long-
term poisoning has been checked have been
carried out in a conventional open flow ap-
paratus. All other experiments discussed
below have been made in a small, all-glass,
static apparatus, where gases were circu-
lated through the reactor. A magnetically
agitated propeller has been used to move
the gases. Reactions were studied in a stan-
dard way, at 110 kPa total pressure. When
CO/H, mixture was used, the ratio was 4/7.
Most of the reactions were performed in
such a way that 0.55 kPa of CH,Cl,_, was
added into pure hydrogen (110 kPa). Alter-
natively, this amount was mixed with a CO/
H; mixture, or added to this mixture under
a running reaction.

Analysis has been performed by GLC.
Peak heights were converted, by using ex-
perimentally determined calibration fac-
tors, into values proportional to the molar
concentrations, C;’s (i = number of carbon
atoms in the molecules) and the selectivity,
S2+, for the formation of higher hydrocar-
bons has been evaluated according to the
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expression:

20, 413G + .
_C1+2C2+3C3+. ..

Sa+

RESULTS

No attempt has been made to analyze
quantitatively components in the gas phase
other than hydrocarbons and their chlorin-
ated derivatives. However, a simple check
revealed that HCl was indeed formed
while, on the other hand, no indication was
observed of the presence of Cl; in the gas
phase.

A molecule of CH,Cls-, (with x = 1-3)
can be adsorbed with dissociation in two
ways: (a) by a fission of the C—Cl bond or
(b) by splitting off of hydrogen. As the hy-
drocarbon/D, exchange of CH, or C,Hg
shows, the second case (b) cannot be dis-
carded. However, the first adsorption is
clearly favored thermodynamically. For ex-
ample, in CH;Cl, the bond strength of the
C-H bond is 422 kJ/mol (22), and that of
the C-ClI bond 351 kJ/mol (23). Both ad-
sorption modes would lead to similar prod-
ucts in the next reaction steps. However, as
we shall see below, the experimental data
themselves bring support for the view that
the thermodynamically favored mode is in-
deed formed, either solely or as a strong
prevailing contribution.

Typical data on the CH,Cly_, (x = 1-3)
reactions are represented by Figs. 1 and 2.
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Fi1G. 2. Conversion of CH,Cl, into C; hydrocarbon
(logarithm of the concentration in arbitrary units) at
483 K, as a function of time, with a Co catalyst.
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TABLE 1

A Comparison of Behavior of Various CH,Cl,_,
Compounds? in Mixtures with Hydrogen

Catalyst Compound Sot C,H,/C,H¢
Ni CH,Cli 0 —
CH,Cl, 0.07 0
CHCL 0.37 0
Co CH;(Cl 0 —
CH,Cl, 0.47 1.2
CHCl, 0.68 1.6

2 Standard mixtures with H, at 483 K, after 1 h of
reaction time.

The reactions ran up to high conversions of
the CH,Cl,_, added. Figure 1 shows the
time course of the reaction of CHCI;/H, on
Ni, at 483 K and standard conditions. Fig-
ure 2 shows the same, but for CH,Cl,/H, on
cobalt. A comparison of the three com-
pounds studied can be seen in Table 1.

As can be seen from Table 1, CH;ClI nei-
ther dimerizes or polymerizes, but already
CH,Cl, does. One would expect that if the
adsorption accompanied by C-H bond fis-
sion were extensive, these two compounds
should not differ that much. Copper cata-
lysts convert a small part of CH,Cl, into
CHy,; a reaction of CH5Cl into CH,4 has been
observed with Ni and Co. We see all these
facts as additional support for the conclu-
sion that the prevailing adsorption mode
arises from C-Cl bond fission.

Also NiCl, has been tested as a catalyst.
The reason was that possibly Ni**-ions and
not Ni’-metal atoms could have been the
catalysts of hydrocarbon chain growth.
However, NiCl; appeared to be completely
inactive with CH,Cl,, under standard con-
ditions. When the temperature was raised
to about 575 K, the catalyst became active,
but it was under conditions when, as a par-
allel study by DTA/GTA showed, the re-
duction of NiCl, had already started (ca.
547 K).

Evidently, according to these data, under
standard conditions Ni metal is not con-
verted into bulk chloride, in compliance
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with the fact that also by X-ray diffraction
no chloride was observed after the contact
of Ni with CH,Cl,_./H, mixtures. One
might argue that Ni**-ions are necessary
for the polymerization step, but NiCl, is in-
active because some Ni metal is needed to
supply hydrogen atoms, required for the re-
active desorption of hydrocarbons. How-
ever, one might expect that a mixture of Ni
metal and NiCl, would be the optimal cata-
lyst, but this has been not observed. Also,
when HCI was injected into the various re-
action mixtures it had no effect on the reac-
tions running.

Co, Cu, and Ni-Cu alloys are much more
susceptible to poisoning than Ni, in particu-
lar, when CH,Cl,_, is being administered
continuously, in the experiments in the flow
apparatus. After these experiments in the
flow apparatus, formation of cobalt chlo-
rides and oxychlorides has been seen by X-
ray diffusion. Poisoned Co catalyst re-
gained almost the original activity after 15 h
reduction at 645 K.

The results obtained with various metals
and alloys are summarized in Table 2.

It is interesting to notice the very low
selectivity of Ni-Cu and Ni-Pd alloys, as
compared with Ni. Also Rh shows, in the
first place, a surprisingly low selectivity
with CH,Cls_,/H, mixtures. In contrast to

TABLE 2

Selectivity (S,.) in the Reaction of CH,Cl,-,/H,
Mixtures® and of CO/H,

Catalyst CO/HZ CH2C12/H2 CHC]3/H2
Ni 0.35 0.07 0.3
Ni-Cu (10% Cu)  0.08° 0.01¢ —
Ni-Pd (50% Pd) 0.05 0.00 —
Co 0.52 0.47 0.68
Fe 0.85 0.21 0.04
Pd 0.00 0.00 0.00
Rh 0.45 0.00 0.01
Rhe¢ 0.01 0.04

a Standard conditions, 483 K.
5 At 573 K.
¢ At 20 times usual concentration of CH,Cl,_,.
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F16. 3. Conversion of CO into C; hydrocarbon (loga-
rithm of the concentration in arbitrary units) at 473 K,
as a function of time with a Co catalyst. After 50 min a
standard amount of CH,Cl, has been added.

this, the selectivity with CO/H, mixtures is
rather high. ’

It was attractive to check whether iron is
also able to ‘‘polymerize”” CH, species, in
particular when it is converted (as under
the industrial conditions) into a mixture of
Fe metal carbides and possibly oxides. An
iron catalyst has been treated by 110 kPa
CO at 493 K during 1 h. Then the gas phase
was evacuated, and reactions with the stan-
dard mixtures were followed. The activity
was lower than that of fresh Fe but higher
hydrocarbons - were again formed from
CH,Cl4-,/H, mixtures, although pure H,
did not release any higher hydrocarbons
from the CO-pretreated iron.

We have also checked in various ways
that CH,Cl,_, can intervene in hydrocarbon
formation from H,/CO mixtures. This is
demonstrated, for instance, by data shown
in Fig. 3, for cobalt. In these experiments,
after, e.g., 50 min of reaction of a CO/H,
mixture, a standard amount of CH,Cl, has
been injected into the reacting mixture.
This resulted in an enhanced formation of
all hydrocarbons. Results of similar charac-
ter have been obtained when the reaction
products and the rate of their formation are
compared for CO/H; mixtures with or with-
out a standard admixture of CH,Cl;—,. The
results of such an experiment is shown in
Fig. 4, for Ni.

Experiments without isotopic labelling
cannot reveal whether the polymerizations
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of CH, ex-CO and CH, ex-CH,Cl;_, are
running in parallel (on different sites) or
whether they are crosslinked. However,
they show clearly that there is an additional
polymerization due to oxygen-free units (ex
CH,Cl,_,) and that was also the main point
of interest. Even in the presence of CO, a
possible source of the frequently postulated
oxygen-containing intermediates of poly-
merization steps, the polymerization of
CH,-units is visible.

DISCUSSION

The study reported by this paper has
been very much inspired by the papers of
Yamamoto (24) and of Young and White-
sides (25) who showed that alkyl ligands of
Ni or Pt can be prolonged by one carbon by
reacting the complex with CH,Cl, in the so-
lution. Also the paper by Anderson and
McConkey (26) was of importance, since
this paper showed that higher hydrocar-
bons can be formed from CH,Cl, on Ti
films. However, the latter authors con-
cluded that in their case Ti was converted
into Ti-chloride, which acted then as a
Ziegler—-Natta polymerization catalyst of
the CH,-units. At variance with Anderson
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FiG. 4. Conversions in mixtures with hydrogen of (I)
CH,Cl,, (II) CO, and (III) CO/CH,Cl,, after 1 h at 483
K, with an unsupported Ni catalyst. The concentration
of products is plotted in arbitrary units. Enhancement
of C,, (in III) due to CH,Cl, should be noticed.
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and McConkey (26), we conclude that it is
not the chlorides but the metallic part of the
catalysts which is responsible for the hy-
drocarbon chain growth, so that the
CH,Cl,_,/H; reaction is analogous to the
Fischer-Tropsch synthesis of hydrocar-
bons.

We believe that the main point from the
results is sufficiently clear and supported
by all data, namely that polymerization of
oxygen-free units is possible under the con-
ditions at which also Fischer-Tropsch syn-
thesis can run and this polymerization is
observable also in the presence of CO and
concomitant with the chain growth of the
normal Fischer—Tropsch synthesis.

There are also some minor points to
which we would like to draw attention.
First, it is demonstrated that the electronic
structure of metal atoms is essential for
their propensity of catalyzing the hydrocar-
bon chain growth. Palladium and copper
are not very active in the Fischer-Tropsch
synthesis and this is not just due to the fact
that they do not dissociate CO. Even when
the CH,-units are supplied from CH,Cl,-,,
the chain growth rate is negligible.

Interesting is iron. It has been speculated
(27) that iron has a particularly high ten-
dency to form and to allow to react oxygen-
ated intermediates, in particular when it is
converted in part into carbides and oxides
by the contact with the CO/H, mixture.
While our results cannot lead to a conclu-
sion regarding the oxygenated intermedi-
ates, they show nevertheless that a chain
growth of hydrocarbons from oxygen free
units is possible, also on spent catalyst.

Chain growth evidently needs a certain
minimum concentration of the CH,-units.
This condition is most likely not fulfilled on
Ni—Cu or Ni-Pd alloys, as well as on Rh. A
substantial increase of the gas phase con-
centration of CH,Cl,_, improves a little the
selectivity S, , but the selectivity observed
in CO/H, mixture is never approached by
the CH,Cl,_,/H, mixtures. The known high
hydrogenation activity of Rh (12) is most
probably the reason for that, although the
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possibility that on Rh the oxygenated inter-
mediates play an important role cannot yet
be completely excluded.

A relation of a higher polymerization to a
lower hydrogenation activity can be also
seen from the comparison of Ni and Co.
The ratio of S,, selectivities for CHCl; and
CH,Cl,is 5.3 on Ni but only 1.4 on Co. This
means that CH; has on Ni about four times
higher probability than CH, to be inserted
than to be hydrogenated. CH,Cl, reacts
faster than CHCI; on Ni, but much faster on
Co. The total picture is as follows. The fur-
ther from CH; the state is, the higher the
chance to be polymerized, and this chance
is for CH, lower on Ni (a better hydrogena-
tion catalyst) than on Co.
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