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A study of sodium promotion in Fischer—Tropsch synthesis:
electrochemical control of a ruthenium model catalyst
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Sodium supplied to the surface of aruthenium thin film catalyst by electro-pumping from a solid electrolyte (Na—3"-adlumina) strongly
aters the activity and selectivity of the latter in Fischer—Tropsch synthesis. Thus the range of utility of electrochemical promotion has
been broadened, this being the first application to a C—C bond forming reaction. The methanation rate is strongly suppressed resulting in a
marked increase in selectivity towards C,—C,4 hydrocarbons, accompanied by an increase in the akene: akane ratio. The results obtained
with this model system, including the “C, anomaly”, are in close agreement with those found for classicaly promoted conventional
dispersed catalysts. Alkali substantially increases the probability of chain growth and CO dissociation is not rate controlling; mechanistic

implications are discussed.
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1. Introduction

Electrochemical promotion (EP) is a unique method for
the in situ control of promoter concentration at the surface
of aworking metal catalyst [1]. Assuch, it may be used to
investigate reaction mechanisms and to guide the develop-
ment of classically promoted dispersed catalysts. Examples
of the former are provided by our earlier studies on the EP
of NO,, reduction over Pt and Cu [2-4], the selective hydro-
genation of acetylene over Pt [5] and the triply-promoted
epoxidation of ethylene over Ag [6]. Examples of the latter
include effective alkali-promoted catalysts for NO,, reduc-
tion under realistic (simulated exhaust) conditions [7]. The
EP technique entails electrochemical pumping of ions from
a solid electrolyte to the surface of a porous, catalyticaly
active meta film with which it is in contact. The catalyst
is at the same time the working electrode of a solid state
electrochemical cell. With Na—3"-alumina (aNa™ conduc-
tor) as the solid electrolyte, controlling the catalyst poten-
tial measured with respect to a reference electrode (Vir)
controls the sodium coverage (fna), work function and con-
sequently the reactive behaviour of the catalyst surface [8].

The present investigation of Fischer—Tropsch synthesis
(FTS) was undertaken with three principal objectives. First,
to broaden the applicability of EP in the study of hetero-
geneous catalysis. With one exception [5], al the earlier
work in this field has involved oxidation reactions, none
of it has involved C—C bond forming reactions. Second,
to investigate the effects of Na promotion on FTS with
a view to contributing to our understanding of the mech-
anism. Third, to establish whether such EP data are of
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relevance to the behaviour and understanding of classical
dispersed FTS catalysts.

The effective FTS catalysts are Ru, Fe, Co and Rh.
Ruthenium was chosen for this exploratory study at at-
mospheric pressure because it exhibitshigh intrinsic activity
for linear a-olefins production and because akali promo-
tion of conventional Ru FTS catalysts has already been
studied [9-13].

There is broad agreement with respect to the conse-
guences of akali promotion, athough the explanation of
these effects remains controversial. Ensemble effects [10],
electronic effects [11,12] and a decrease in the surface cov-
erage and in the mobility of H adatoms [13,14] have been
variously invoked, whereas Lahtinen and Somorjai [15]
proposed that the principal effect of K is to inhibit graphite
formation.

We conclude that CO dissociation is not rate limiting,
that alkali promotion increases the probability of chain
growth, and that electronic effects must play a significant
role in the promoted reaction.

2. Experimental

The Ru catalyst (working electrode, W) consisted of a
porous continuous thin film deposited by thermal decompo-
sition of asolution of Ruz(CO)12 in acetoneat 573 K inani-
trogen atmosphere on one face of a45 mmx 15 mmx 1 mm
wafer of a Na—3""-alumina solid electrolyte. Au reference
(R) and counter (C) electrodes were deposited on the other
face by Au sputtering in argon. The sample was suspended
in a quartz, atmospheric pressure well-mixed reactor with
all electrodes exposed to the reactant gas mixture. The
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system behaved as a single pellet, well-mixed reactor as
described and discussed elsewhere [16].

Quantitative analysis of the reaction products was car-
ried out by on-line gas chromatography (Shimadzu-14B,
Porapak-N, flame ionisation detector) and the detector was
calibrated using standards of known concentration. Reac-
tants were pure CO (Distillers MG) and pure H; (Distillers
MG) and were fed to the reactor by mass flow controllers
(Brooks 5850 TR). A galvanostat—potentiostat (lonic Sys-
tems) was used to maintain a difference potential between
the working and reference el ectrodes (potentiostatic mode).
All experiments were carried out in potentiostatic mode
by following the effect of catalyst potential (1iyr, meas-
ured with respect to the reference electrode) on the re-
action rates. Decreasing the catalyst potential below the
value corresponding to the electrochemically clean surface
(400 mV) resulted in electro-pumping of Nato the Ru sur-
face, thereby increasing fna. Our previous work showed
that O, increased linearly with decreasing Viyr from zero
to a maximum of ~0.06 monolayers over the range of cat-
alyst potential used here [8].

3. Results

CO was hydrogenated to hydrocarbons over the Ru EP
model catalyst at 473 K and 1 bar total pressure. Lin-
ear alkenes and akanes of carbon number up to 4 were
the only products. Figure 1 shows steady-state (poten-
tiostatic) rate data for hydrocarbon production as a func-
tion of catalyst potential (Viyr) for inlet gas composition
Po(CO) = 25.33 kPa, Po(Hz) = 76 kPa (Hz:CO = 3)
Reaction rates are expressed as molecules of product per
second. It is apparent that all rates decrease with increas-
ing fna (decreasing Viwr). Figure 2 shows the dependence
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Figure 1. Effect of catalyst potential (Viyr) on the reaction rates of the

formation of products. Note that the CH,4 production rate is represented

on the right axes. Conditions: P(CO) = 25.33 kPa, P(H,) = 76 kPa,
T =473 K.

of product selectivity on catalyst potential, where selectivity
is defined as
T

erj'

where r; is the rate of formation of the product i. Fig-
ure 2 shows that the selectivity towards ethene, propene and
1-butene production increases while the selectivity towards
methane and ethane formation decreases with increasing
Ona (decreasing Viyr). The catalytic response of the system
was reproducible and reversible with respect to the catalyst
potential, i.e., returning Viyr to its original value restored
the original values of the reaction rates.

It is apparent from figures 1 and 2 that while the effect
of akali is to reduce the rates of all catalytic reactions,
the rates of formation of the higher alkenes are reduced
less than the rates of formation of methane and ethane.
The result is an increase in selectivity towards the higher
alkenes. These results are presented numericaly in ta
ble 1 which shows the relative changes in reaction rates
and in selectivity for methane, ethene, ethane, propene and
1-butene as one proceeds from the alkali-free ruthenium
catalyst to the optimally promoted ruthenium catalyst. It
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Figure 2. Effect of catalyst potential (Viyr) on the product selectivity.

Note that the selectivity towards methane production is represented on

the right axes. Conditions: P(CO) = 25.33 kPa, P(Hy) = 76 kPa,
T = 473 K.

Table 1
Changes in rate Ar and selectivity (AS) between
clean and optimally promoted catalyst divided by
the unpromoted rate (rg) and unpromoted selectiv-

ity (Sp), respectively.
Ar [ro (%)

AS/So (%)

Methane —59 -8
Ethene —-38 40
Ethane —72 -33
Propene —38 40
1-butene -25 70
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Figure 3. Experimental molecular distribution of the reaction products

obtained at different catalyst potential. The solid lines represent the (theo-

retical) Anderson—Flory—Schulz distribution for a stepwise polymerisation

of methylenes. n(z) is the molar fraction of molecules having carbon
number 7.

is clear that the formation of higher alkenes is favoured
by sodium promotion, a result that will be discussed be-
low.

The Anderson—Flory—Schulz distribution for the FTS re-
action yield [17] is given by

n(i) = n(1)a’ ™, 2

where i indicates the carbon number, o the chain growth
probability and n(i) the molar fraction of linear products
with carbon number i (i.e., n(1) is the molar fraction of
C, product). This relation implies a polymerisation reac-
tion that proceeds via addition of a single carbon monomer
with « independent of the carbon number of the growing
species. Equation (2) predicts a linear relationship between
In[n(:)/n(1)] and i — 1, whence « can be obtained from the
slope.

Our data have been plotted according to this relation-
ship (figure 3). It can be seen that (i) the experimen-
tal distribution deviates from the Anderson—Fory—Schulz
distribution a C, and (ii) the calculated chain growth
probability increases with 6y, (decreasing Viwgr). Signif-
icant deviations from the Anderson—Flory—Schulz distrib-
ution are reported in the literature [18]. The C, anom-
aly found here is in very good agreement with the results
of Quyoum et al. [19] who reported exactly the same ef-
fect for FTS over Ru supported on SiO,. The C, anomaly
has been rationalised in terms of secondary reactions, in-
cluding (i) incorporation of ethene in growing chains [20],
(it) rapid readsorption of ethene [21] and (iii) hydrogenol-
ysis of ethene [21].

As noted above, figure 3 shows that the slope of the
distribution increases with increasing 6, (decreasing Viyr).
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Figure 4. Effect of catalyst potential (Viyr) on the probability of chain
growth. The error was calculated from the error in the linear regression
shown in figure 3.

10

ethena/rethane

r
»
T

400 200 0

Ve (MV)

-200 -400

Figure 5. Effect of catayst potentia (Viyr) on the olefin to paraffin ratio
for C, products.

Theimplications of this are made apparent in figure 4 where
the chain growth probability is plotted against catalyst po-
tential. It is evident that « increases with Oy, (decreas-
ing Vwr): the chain growth probability for the optimally
promoted catalyst is much greater than that for the unpro-
moted catalyst (—400 versus 400 mV). Figure 5 shows the
effect of catalyst potential on the alkene to alkane ratio
for C, products. Decreasing the catalyst potential, i.e.,
increasing Oy, causes an increase in the rate of produc-
tion of ethene relative to ethane, with a maximum increase
of 122%.
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4. Discussion

The effects of increased alkali loading on the reaction
may be summarised as follows:

(i) adecreasein all reaction rates,

(if) an increase in the selectivity towards longer hydrocar-
bons;

(iif) an increase in the chain growth probability;
(iv) an increase in the alkene to alkane ratio.

We may rationalise these observations in terms of a
model based on that proposed by Kellner and Bell [22,23],
modified to account for water formation via a sequence
of Langmuir—Hinshelwood steps rather than a single con-
certed Eley—Rideal step. Complexities introduced by possi-
ble alkene reincorporation [24] and chain branching do not
affect the overall validity of the argument.

The surface-catalysed polymerisation uses CH, mono-
mers, formed by hydrogenation of adsorbed CO in order to
produce hydrocarbons. Chain growth occurs by addition of
surface methylene species to adsorbed alkyl groups. These
alkyl groups can undergo -hydrogen abstraction to form
«a-olefins or hydrogen addition to form n-paraffins [25].

Figure 6 depictstheinitiation, growth and termination of
chains according to this mechanism. CO adsorbs (step 1)
and dissociates (step 2) whereas H; is assumed to adsorb
dissociatively (step 3). Adsorbed oxygen and hydrogen
react to form water (steps 4 and 5). Chain initiation oc-
curs when carbon adatoms react with hydrogen adatoms
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Figure 6. Proposed mechanism of hydrocarbon synthesis modified

from [22,23].

(steps 6, 7 and 8) to form CH, CH, (monomer) and CHgz
(chain initiator). Methane formation takes place when CH3
is hydrogenated (step 9). Chain growth occurs by inser-
tion of the monomer in a growing akyl species (steps 10
and 11). Termination occurs by [-hydrogen elimination
yielding an «-olefin (step 12) or by addition of hydrogen
to form an n-akane (step 13).

It is generally accepted that the rate-limiting step is C
hydrogenation rather than CO dissociation [22,26]. This
view is consistent with the fact that whereas akali metals
facilitate the dissociation of adsorbed CO, akali promotion
nevertheless decreases all rates in FTS. Therefore alkali
promotion data, such as those presented here, provide ad-
ditional evidence that the rate-limiting step cannot be CO
dissociation.

All the effects of sodium promotion ((i)—(iv) above) may
be understood by postulating that the effect of alkali istoin-
hibit the hydrogenation steps. If hydrogenationisrate limit-
ing, this would decrease all reaction rates (observation (i)).
Because methanation is more hydrogen demanding than the
FTS, the CH,4 rate is more strongly suppressed than those of
the higher hydrocarbons. This results in increased selectiv-
ity towards higher hydrocarbons, implying increased chain
growth probability (observations (ii) and (iii)). Finally,
since termination to form akanes involves consumption of
hydrogen adatoms (H,), whereas 3-hydrogen elimination
to form akenes generates H,, akali-induced decrease in
the hydrogenation rate should result in an increase of the
alkene/alkane ratio, as found (observation (iv)).

How does Na decrease the rate of the hydrogenation
steps? Broadly speaking, there are two possibilities. Alkali
may act to (i) reduce the availability of Hg, or (ii) modify
the intrinsic rate at which hydrogen addsto C adatoms. The
first of these could reflect an ensemble effect due to block-
ing of adsorption sites; it could also reflect an electronic
effect [27]. Both effects would act to decrease 6,y and their
relative importance cannot be decided on the basis of avail-
able results, both here and in the literature [10,13,14]. The
second possibility implies a change in metal—-C bonding,
as suggested by McClory et a. [10,12]. There is no di-
rect experimental evidence nor any theoretical support for
this (plausible) suggestion. Indirect evidence is provided
by vibrational spectroscopy data which show that on metal
surfaces electropositive and electronegetive co-adsorbates
decrease [28] and increase [11], respectively, the strength
of the C-O bond, implying a corresponding increase or de-
crease, respectively, in the metal—C bond strength. This
would be at least consistent with an alkali-induced reduc-
tion in the intrinsic hydrogenation rate.

In this connection the work of Okuhara et al. [11] is of
interest. They studied the effect of K and P on FTS over
alumina-supported ruthenium catalysts and found, in agree-
ment with our work and earlier reports, that K increased the
chain growth probability, decreased the reaction rate and in-
creased the olefin to paraffin ratio. They also showed that
P induced the opposite changes, i.e., decreased the chain
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growth probability, increased rate and decreased the alkene
to akane ratio.

This argues against ensemble effects being the sole cause
of alkali-increased chain growth in FTS. The strong im-
plication is that there are also significant electronic ef-
fects. We propose that such akali-induced electronic ef-
fects could very well include another contribution, consid-
ered also by Okuhara et a., though overlooked by others.
As noted above, co-adsorbed akalis increase the metal—-C
bond strength in chemisorbed CO. This is well established
experimentally [28] and well understood theoretically [29].
Thus under any given conditions of temperature and pres-
sure, alkalis should increase 6o at the expense of 0y, thus
providing another factor favouring both chain growth and
alkene production.

As noted above, in addition to increasing 6co akali also
promotes CO dissociation, thus increasing o and Oc. This
effect should act to decrease 6 even more. In this connec-
tion it is interesting to note that calculations by Baetzold
show that although hydrogenation is rate limiting in FTS,
the rate constant for CO dissociation determines hydrocar-
bon chain length: longer chains form if CO dissociation is
accelerated [30].

In summary, it seems likely that alkali promotion of
selectivity in FTS is the result of more than a single
effect. The availability of hydrogen adatoms and the
strength of the metal—-C bond could both be affected, though
we have no direct evidence for the latter. In addition,
akali-induced changes in 0co and its degree of dissoci-
ation, both well-documented effects, would also operate
in the direction necessary to cause the observed behav-
iour.

There is a close correspondence between our results and
those obtained with classically promoted dispersed Ru cat-
alysts. We conclude that the effects of alkali promotion in
FTS synthesis over Ru may be ascribed to modification of
the metal surface chemistry, as discussed above. To first
approximation, akali-induced modification of the support
or of the metal/support interaction appears not to be an
important issue. Having demonstrated the utility of EP in
the study of promoter effects in FTS carried out at 1 bar,
future work will be carried out at ~100 bar and comple-
mented by post-reaction electron spectroscopic studies of
surface species.

5. Conclusions

(1) Electrochemical promotion can be applied to C—C bond
forming reactions and is a useful mechanistic probe in
such systems.

(2) The EP behaviour of thin film Ru model catalysts in
FTSunder Na promotion closely parallelsthat of classi-
cally promoted dispersed catalysts. Activity, selectivity
and the C, anomaly are all reproduced. Support effects
are therefore not of prime importance.

(3) Na causes a substantial increase in chain growth prob-
ability reflected by increased selectivity toward higher
hydrocarbons. It also increases the akene: alkane ra-
tio.

(4) The effects of alkali promotion demonstrate that CO
dissociation is not rate limiting and that effects in ad-
dition to purely geometrical ones must be taken into
account. Such electronic effects may in part reflect al-
kali enhancement of CO chemisorption at the expense
of hydrogen chemisorption.
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