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ABSTRACT: We studied CO hydrogenation over Co/
MgO (10/1) model catalysts using chemical transient
kinetics. Quantification of the time-dependent response
during fast changes of the gas flow composition enabled
the counting of surface amounts of carbon, oxygen, and
hydrogen from the onset of adsorption to the steady state
of the reaction and vice versa. Under the atmospheric
pressure conditions of the reaction, the total amount of
adsorbed species exceeded the monolayer limit on Co
metal. The time response in transients and back-transients
of gaseous reactants and products is in accordance with a
CO insertion mechanism. Furthermore, the Anderson—
Schulz—Flory chain lengthening probability is directly
proportional to the CO pressure, whereas no such
dependence is measured for the amounts of accumulating
or fading surface carbon.

he question of the microscopic mechanism of chain

lengthening in the catalytic production of hydrocarbons
from carbon monoxide and hydrogen is as old as the reaction
itself. Fischer and Tropsch, after first reporting on “synthol”
formation (a mixture of oxygenates as part of an “oily fraction”)
in the high-pressure process," considered several options until
they finally advocated a carbide-type mechanism on account of
atmospheric pressure data.” Within this mechanism, carbides
were assumed to react with hydrogen so as to provide surface
methylene which acts as a building group (or “monomer”) for
hydrocarbon formation via polymerization. These original
ideas, supported by additional experimental evidence in the
early 1980s,>”¢ have largely been retained up to the present,
where research aims at qualifying the very nature of the CH,,
species involved in C—C coupling’~'* or insertion into a
metal—alkyl bond."?

Several shortcomings of the original carbide-type mechanism,
in particular the difficulties in explaining both hydrocarbon and
oxygenate production, prompted several researchers to look for
alternatives. Historically, after the original considerations by
Fischer,"* work with *C-carbided iron catalysts in the group of
Emmett'® led to the alternative view that a C.H,0,
intermediate might actually be formed from molecular
hydrogen and CO without dissociation of the latter.'®'” The
stoichiometry of this intermediate has remained a matter of
debate up to the present.'® In any case, however, the C—O
bond has to be broken sooner or later so as to give way to the
formation of hydrocarbons. Considering “late” C—O bond
breaking, several mechanistic scenarios may be envisaged to
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produce the relevant monomers needed for chain lengthening.
For example, recent theoretical/experimental work has
provided evidence for the formation of a formyl- and
hydroxymethylene-type species as precursor of CH, monomer
formation." Similar suggestions were also previously made by
others on the basis of ener§etic considerations using density
functional theory (DFT).>**" Realizing that the hypothesis of a
high surface coverage of monomeric CH,, so as to ensure fast
chain growth relative to chain termination would possibly not
apply to real Fischer—Tropsch (FT) reaction conditions, Zhuo
et al. adopted the alternative view of a CO insertion mechanism
into a metal—carbon bond of surface RCH, thus forming
RCHCO.* Again, this implies a “late” C—O bond scission,
liberating R'CHj; hydrocarbons (after further hydrogenation of
RCHO surface aldehydes) while keeping CO in the adsorbed
state. More generally, CO insertion (i.e., alkyl shift) is a viable
mechanistic step in the homogeneous hydroformylation of
alkenes. This was first shown by Heck and Breslow more than
50 years ago.”> Nearly 10 years later, Pichler and Schulz**
adopted the new (at that time) achievements of coordination
chemistry to postulate adsorbed metal hydro-subcarbonyls (in
particular, HRu(CO),) to act as a pool for CO being inserted
into a metal—alkyl bond.

Whatever the suggested mechanism, a general feature of
many models seems to be a largely metallic surface during
reaction. The present paper aims to demonstrate the
importance of quantification and to consider “crowded” rather
than “empty” surfaces under atmospheric pressure conditions
of the FT reaction. Furthermore, experimental evidence will be
provided in favor of a CO insertion mechanism to be
responsible for chain lengthening and hydrocarbon production.
The experimental evidence for drawing such far-reaching
conclusions is based on studies using chemical transient
kinetics (CTK) which is a relaxation-type technique originally
developed by Wagner® and applied to heterogeneous catalysis
by Tamaru®® nearly 50 years ago.

Studies by CTK consist of subjecting the catalyst to sudden
changes in the gas-phase chemical composition under
controlled flow conditions. For the CO hydrogenation over
Co/MgO studied here, first a flow of H, (using He as inert
reference) was initiated so as to establish a dynamic
adsorption/desorption equilibrium of H, at 230 °C. Next, the
H,+He gas mixture was abruptly replaced by a reactive
H,+CO/Ar flow while keeping constant the H, inlet flow as
well as the total flow rate (Figure 1). This switch from H,+He
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Figure 1. Outlet flows (molecules s™') during the build-up experiment
(T =230 °C, pyo; = Pay total volumetric flow rate Dy, = 40 cm® min™!,
and H,/CO = 3). The time marker for the build-up stage is set to zero
for the point in time at which Ar, i.e., COy,,, is first detected by the
MS. The inset provides a zoom into the early stages of the build-up

and allows identification of delay times.

to H,+CO/Ar defined the beginning of the build-up of the
reaction and led to the construction of the catalytically active
surface. The addition of a small quantity (5%) of argon
provided an inert reference for the characterization of the
reactor gas-phase response in the presence of a catalyst bed and
allowed the calculation of a theoretical CO response for the
hypothetical case of no CO chemisorption occurring (COg,, in
Figure 1). Switching back from steady-state H,+CO/Ar to
initial nonreactive H,+He initiated the back-transient and re-
established the initial dynamic adsorption/desorption equili-
brium of H,.

Turning to the build-up first, Figure 1 reveals major delay
times in the response to switching gases. All products lag
behind the Ar reference (rescaled to provide COy,,,).
Moreover, a significant delay time is seen for the measured
CO response. The inset in Figure 1 provides a zoom into the
early build-up and reveals this time delay to be ~18 s; ie,
during approximately 18 s, with reference to the COy,, onset,
the entire amount of CO entering the reactor is adsorbed on
the catalyst surface. We also see that CH, lags ~S s behind
COyeo Methane production subsequently runs through a
maximum, and CO appears at that very moment. Moreover,
chain lengthening essentially does not start before both the
occurrence of CO and the maximum in CH, production. This
observation provides a first indication for CO acting as the C,;
monomer in C,, formation. Furthermore, and in line with this
conclusion, the C,, hydrocarbons appear in sequence; ie.,
C,Hy is formed first, followed shortly by C;Hg and C,H,,.
Finally, we note that the start of CO, and H,O production is
time-correlated with the CO appearance, i.e, ~18 s after the
COyeo signal. A CO steady-state conversion of 29% (the
difference between measured CO and COy,, after ~500 s) is
measured, corresponding to a reaction rate of 0.94 molecule s™*
nm 2 of Co surface area (see SI) or a turnover frequency of
0.064 molecule s site™.

We mention here that the reported transient kinetic features
were the same in measurements with 10% CO conversion. It is
also interesting to note that similar build-up features were
observed in CTK studies with other types of catalysts, such as
mixed CoCuMg®” and Ni.*®

The back-transient results are plotted in Figure 2 as relative
outlet flows (by normalizing the absolute outlet flows to their
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Figure 2. Normalized outlet flows during back-transient (same
reaction conditions as in Figure 1). Inset: absolute outlet flows
(molecules s71).

steady-state values). As can be seen, switching from reactive
H,+CO/Ar to “scavenging” H,+He conditions causes the CO
outlet flow to drop exponentially with time. The CO and Ar
curves actually appear superimposed, meaning that the time
constants of removal from the reactor are very similar for both
of them. Figure 2 also shows that, once the CO inlet flow stops,
the C,, hydrocarbon (and CO,) production decreases very
quickly (after passing a short-term maximum of ~1.5 times
their steady-state values; see discussion below). Both the fast
Ar-akin removal of CO and the cessation of hydrocarbon chain
lengthening provide a second strong indication for weakly
adsorbing CO playing the role of the C; monomer.

The time-resolved hydrocarbon scavenging in back-transients
calls for a more rigorous inspection. The fact that all
hydrocarbons exhibit a maximum in Figure 2 before decreasing
suggests surface emptying to be a two-step process. The
maximum is, however, most pronounced for methane, meaning
that its surface precursor is the most abundant surface
intermediate (“masi”) among the precursors leading to
hydrocarbon formation. In fact, the CH, outlet flow reaches a
maximum of 4.5 times its steady-state value before decreasing.
This allows the simultaneous H, consumption to be attributed
mainly to CH, formation (approximately two H, molecules per
CH, molecule). Moreover, the masi can only contain one C
atom (and, most probably, oxygen as well; see below). To
explain the occurrence of a two-step process in hydrocarbon
formation during back-transients, it may be safely assumed that
the number of metallic surface sites first increases, thereby
raising the atomic hydrogen supply after H, dissociation. In the
second step, the reactive transient species react with hydrogen
to produce gaseous hydrocarbons with a common time
constant of ~26 s in a pseudo-first-order kinetic process. To
see this, the outlet flows are replotted on a logarithmic scale in
Figure 3. To provide a guide to the eye, we have underlined the
identical linear decay (time constant of ~26 s) for methane and
ethane removal (the decay times for C;Hg and C,H,,, while
being similar to those of methane and ethane, are subject to a
relatively large error of ~25%). As to Ar and CO, we find much
shorter times, 7,, = 8.2 s and 7co = 7.8 s.

Taking 7,, = 8.2 s, the reactor volume is obtained: 5.5 cm?
(total volumetric flow rate: 40 cm® min™ = 0.67 cm® s™!). On
the contrary, the time constants for hydrocarbons (~26 s) and
CO, (14.8 s) correspond to the combination of desorption
from the catalyst surface and removal from the reactor by gas-
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Figure 3. Outlet flows (molecules s™') during back-transient
(logarithmic scale). The extended tailing observed at long times is
due to limitations resulting from the pumping speed.

phase transport. Their values are consequently larger than those
of Ar and CO.

The propensity of a FT catalyst to produce long-chain
hydrocarbons is usually expressed in terms of the Anderson—
Schulz—Flory (ASF)*® chain lengthening probability a. In our
case, for the atmospheric FT reaction on a Co/MgO model
catalyst, @ = 0.2 at steady state of the reaction. This relatively
low value corresponds to a product spectrum of light
hydrocarbons, in accordance with observations originally
made by Fischer and Tropsch in 1926 and frequently
reproduced thereafter.

The quantification of the CTK data in terms of atomic
surface concentrations (“surface atom counting”; see SI)
provides further clues for assessing the chain lengthening
mechanism. Such counting is most straightforward for carbon
and oxygen atoms, as the catalyst is essentially free of these
species at the very instant of switching from hydrogen
adsorption to CO+H, reaction conditions (see Figure 1).
Therefore, surface carbon atom counting during the early build-
up phase (from t = 0 to 90 s) was used to establish Figure 4, in
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Figure 4. Evolution of a as a function of pco and surface atomic C
amounts during early stages of build-up.

which the ASF chain lengthening probability is plotted as a
function of both the accumulating surface carbon and the CO
gas-phase pressure. It is clearly seen that a is proportional to
pco (linear relationship), while no such dependence exists with
respect to the surface carbon amounts. Even if the surface
carbon species is associated with hydrogen atoms so as to form

adsorbed CH,, no linear dependence would result. This places
a third strong argument in favor of a CO insertion mechanism
to be in operation. On the basis of the obtained data, neither
C—C coupling nor CH, insertion actually appears likely
mechanisms for chain lengthening.

The experimental evidence of CO being the monomer
responsible for chain lengthening in FT at atmospheric pressure
raises questions about the nature and the formation mechanism
of the masi. Notwithstanding the instantaneous detection of
this masi being difficult, if not impossible, at this point in time,
CTK may provide clues and either support or discard the
various reaction models proposed in the literature. For reasons
mentioned above, we limit the discussion to models that
advocate a CO insertion mechanism. To do so, it is most
instructive to consider the surface coverage under operating
conditions. Respective data are obtained by evaluating the mass
balance and integrating the atomic surface flows for C, O, and
H atoms (see SI). Accordingly, the steady-state surface
coverage is characterized by ~7 C, ~10 O, and ~7.5 H
atoms nm 2 of BET surface area (Co+MgO, with Co/Mg = 10;
the hydrogen coverage does not take into account the initial
value, ~15 atoms nm™2, corresponding to the dynamic
adsorption—desorption equilibrium). These values suggest
that the monolayer capacity is exceeded (the “oversaturation”
is even more evident when scaling to Co only). Clearly,
different molecular species contributing to the counted atoms
may be present on the surface: CO, OH, H,0, CH,, formates,
etc. Subsurface Co states may also be occupied. The important
conclusion from these quantitative considerations is that the
catalytically active Co surface does not present metallic
properties under atmospheric CO+H, operating conditions.
The surface is rather “crowded” instead. While the coverage
information is rarely taken into account in mechanistic
considerations, it imposes boundary conditions for model
testing. More specifically, insertion of CO into a metal—
adsorbate bond (Me—H or metal—alkyl) is rather unlikely for
steric reasons. We recall that the experimental evidence from
our back-transients is compatible with insertion of weakly
adsorbed rather than chemisorbed CO. Adsorbed hydro-
subcarbonyls, HMe(CO),, suggested by Pichler and Schulz**
to play the role of a precursor pool for CO insertion, have to be
discarded for the same reason.

To further develop the CO insertion mechanism, it is
instructive to discuss the time-dependent build-up features of
Figure 1 in the light of the hydrogen-assisted CO activation
reported by Ojeda et al.'’ Quite generally, the increasing
hydrogen chemisorption after switching from H, adsorption to
CO+H, reaction conditions is in agreement with this scenario
so far as surface OH and CH groups are produced by
dissociation of a primary oxygen-containing complex. Our time-
dependent build-up studies demonstrate that no O-containing
species (i.e., water and carbon dioxide) are detected within 18 s
of switching the gas composition. Clearly, the catalytically
active phase is under construction during this time period, and
it is most likely that OH groups form then. In our opinion, the
O—H bond in surface hydroxyl could then be the target for CO
insertion. CH groups, on the other hand, undergo further
hydrogenation and may leave the catalyst as methane ~35 s after
initiating the build-up (without water production). Thus, a
sequence of CH, hydrogenation steps may explain the initially
high methane production; however, it does not when running
into the steady state of the reaction. The coincidence of the
early maximum in methane production and the CO appearance
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in the gas phase along with chain lengthening pleads for a
different scenario which, according to our view, could involve
the sustained formation of a formate-derived (or carboxylate-
akin, under chain lengthening conditions) complex™ that
undergoes further hydrogenation to alkoxy surface groups and,
finally, hydrocarbons (along with water and carbon dioxide).
We note that such a mechanism would enable the production
of paraffins as well as olefins and oxygenates within a “late”
kinetic branching.

In summary, we have provided several experimental clues in
favor of CO insertion to be responsible for chain lengthening in
CO hydrogenation to hydrocarbons: (1) Chain lengthening
occurs only when CO is present in the gas phase. (2) Since C,,
gaseous products appear in the sequence of their carbon
number, the chain lengthening process must involve a C;
monomer, which is the case for CO. (3) Chain lengthening
stops abruptly when CO is removed from the inlet flow during
back-transients. (4) The chain lengthening factor a exhibits a
linear relationship with pco during the early stage of the build-
up, while this is not the case for the atomic C (or CH,,) surface
coverage. The overall surface coverage of the investigated Co/
MgO catalyst is larger than the monolayer capacity. Time-
dependent build-up studies are in agreement with the scenario
of hydrogen-assisted CO activation forming O—H groups,"”
which could be considered as the target for CO insertion.
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