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Stepwise switches from a 2CO/H, to a “CO/H, feed and vice versa have been utilized to obtain
transient kinetic information without disturbing the steady-state catalysis. In the context of metha-
nation and Fischer-Tropsch catalysis it emerges that of the large carbidic overlayer which develops
only a small part belongs to reaction intermediates proper. Under the prevailing conditions the
fractional coverage in growing chains is low and, consequently, the chain growth relatively fast,
i.e., not rate-determining. Details in the relaxation behavior are suggestive of intermediates that are

carbidic in nature.

INTRODUCTION

For a rational comparison of the activi-
ties of different catalysts it is useful to use
turn-over numbers? (TONs), defined as re-
action rates per surface-exposed atom.
Whenever possible it would be very inform-
ative to go one step further and dissect the
overall TON into two factors:

TON = ¢ - iTON (1)
in which

_ (number of active sites)
(number of surface-exposed atoms)

s

the so-called Taylor fraction (7), and
iTON = the reaction rate per active site.

According to this equation, the overall ac-
tivity would be determined by two different
factors, viz. (a) the density of the active
sites (6;) and (b) the intrinsic activity of
these sites (i TON). Thus, it would be inter-
esting to investigate the effects of, for in-
stance, catalyst preparation methods, addi-
tion of promoters, and changes in reaction

! Present address: 1240 Benedum Hall, University
of Pittsburgh, Pittsburgh, Pennsylvania 15261.

2 The term turn-over number is being used for what,
according to a dimensional analysis, should be called
turn-over frequency.
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conditions on 4 and iTON separately. Note
that Eq. (1) assumes uniform activity (i.e.,
one value for iITON, and therefore for 6;),
which is an approximation. The quantities
8, and iTON are thus essentially model pa-
rameters, and related to this is the lack of
straightforward procedures to measure
them.

Procedures for arriving at estimates of
the parameters 6, and iTON in Eq. (1) in-
volve (a) absolute-rate-theory-based inter-
pretations of experimentally determined
pre-exponentials (2), (b) selective poison-
ing experiments (3), and (c¢) model-based
interpretations of transient kinetic experi-
ments (4, 5). It is on a particular version of
transient kinetics, applied in the context of
Fischer-Tropsch and methanation cataly-
sis, that we wish to report here.

In methanation and Fischer-Tropsch ca-
talysis CO is hydrogenated to methane and
higher hydrocarbons over transition-metal
catalysts such as Ni, Fe, Ru, and Co. Com-
pared to other transition-metal-catalyzed
hydrogenations, such as that of olefins to
paraffins, the attainable TONs are modest
only, i.e., typically of the order of 10-2-
10~! mole CO converted/surface-exposed
transition metal atom/second (6). Two re-
cent studies (7, 8) have addressed the ques-
tion of what limits the activity of Fischer—
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Tropsch catalysts, both using transient
kinetics. Utilizing different catalysts and
different methods the respective authors ar-
rived at contrary conclusions with regard to
the order of magnitude of the density of ac-
tive sites, viz. §; = 1 (7) versus 6, < 1 (8).
We reasoned that the rather drastic meth-
ods used in these two studies for generating
the transient could have caused side ef-
fects, such as the occurrence of irreversible
changes in either the adlayer (7) or in the
catalyst itself (8). We therefore concen-
trated on a method for generating the tran-
sient that leaves both the adlayer and the
catalyst essentially unperturbed.

In the present work we generate the tran-
sients by changing abruptly the isotopic
composition of the feed from 2CO/H, to
BCO/H, or vice versa. As we keep the
(12CO + BCO) partial pressure constant the
steady-state catalysis proceeds essentially
unperturbed, as testified by on-line GL.C.
The isotopic composition of the product,
however, has to adapt itself to the isotopic
composition of the feed. The perturbation
being an abrupt switch from 2CO/H, to
BCO/H;, the transient phenomenon in this
experiment is the relaxation of the product
from the old composition (**C,H,) to the
new one (C,H,). We measured this re-
sponse by on-line mass spectrometry (Fig.

Hp
!
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1), and obtained response (relaxation)
curves such as those shown in Fig. 2.

Happel (9), who previously called atten-
tion to the virtues of this method, applied it
to, among other reactions, the methanation
over nickel (10). In the Discussion we will
draw upon his method of interpreting the
data, and compare our methanation results
with his. We will show that under certain
restrictions the response time 7, the cover-
age in surface intermediates 6;, and the
TON are related as follows:

TON = 6 - 7! )

This formula bears a close resemblance to
Eq. (1). The important difference is that
Eq. (2) relates TON to the coverage in sur-
face intermediates (8;), whereas Eq. (1) re-
lates TON to the coverage in active sites
(6y).

The present study provides data on the
coverage in active intermediates in the pro-
duction of methane and higher hydrocar-
bons (Fischer-Tropsch synthesis) over
nickel, cobalt, and ruthenium catalysts. It
emerges that these data allow conclusions
to be drawn regarding both the extent of
participation of the carbidic overlayer and
the rate of chain growth in the Fischer-
Tropsch reaction. Moreover, it emerges
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F1G. 1. Experimental configuration with input and output signals.
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Fic. 2. Primary data (a: repetitive mass spectrometer scans in the mass region 14-30) lead to

isotopic transients (b: A, e/m = 29, 3CO; O, e/m
15, 2CH; ex 2CH,).

that, unexpectedly, the relaxation data fur-
nish mechanistic information.

EXPERIMENTAL

Catalysts. (1) Unsupported cobalt was
prepared according to Ref. (/1), i.e., via
precipitation of cobalt(II) nitrate with con-
centrated ammonium hydroxide, followed
by calcination and temperature-pro-
grammed reduction in flowing hydrogen (10
liters Hy/g Co304/h, AT = 4°C/min up to
250°C; 5 h reduction at 250°C). According
to XRD the finished catalyst consisted of
hexagonal a-cobalt exclusively. It had a

= 28, 2CO; O, e/m = 17{

I3CH, ex"*CH,; _
OHexHO &M=

BET surface area of 10 m%g and a bulk den-
sity of 3.0 g/ml.

(2) Ni/SiO, (60%w) (Harshaw, 104T) was
reduced in flowing hydrogen for 2 h at
480°C. The nickel surface area, according
to Ref. (I0), was approximately 22 m?%g.
The catalyst bulk density was 1.1 g/ml. The
catalyst was ground and sieved to mesh
size 140-70, and diluted with SiC in a ratio
of 1:3.

(3) Ru/y-AlLO; (3%w) was prepared by
dry impregnation with RuCls. Reduction
was carried out in flowing hydrogen at
400°C for 2 h. The finished catalyst had a
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ruthenium surface area of 7.5 m*/g, as mea-
sured by oxygen chemisorption, and a bulk
density of 0.6 g/ml.

Equipment and procedure. The experi-
ments were carried out in a plug-flow reac-
tor, with a gas phase hold-up between feed
inlet and mass spectrometer of approxi-
mately 50 ml, and a catalyst bed of approxi-
mately 4 ml. Gas phase hold-up times were
calculated from calibration experiments
with block pulses of helium. The helium re-
sponse as monitored at the reactor outlet
rose in approximately 14 s from the 20% to
the 80% level, and the symmetrical shape of
the response curve (Fig. 3) indicated back-
mixing effects to be essentially absent.

Isotope analyses were performed with a
quadrupole mass analyser, connected to
the reactor outlet via a low-pressure (P =
1073 bar) line (i.e., pumped capillary),
which effectively eliminated any hold-up
and back-mixing effects. The relaxation
curves were determined by repetitive scans
with the mass spectrometer, each scan en-
compassing either the mass regions 14-17
(CHy) plus 28-24 (CO) (repetition interval 7
s) or the mass region 39-47 (CsHe¢) (repeti-
tion interval 24 s). The latter mass region
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FiGg. 3. Relaxation curve: Ru-2. Time-on-stream:
4.0 h. TON-'-CH, = 200 s/(mol/surf. exp. at.).
TON-!-C; = 667 s/(mol/surf. exp. at.).

also contained minor contributions from
higher hydrocarbons.

RESULTS

Catalytic activities were determined with
on-line GLC, calibrated in order to obtain
absolute rates of production of CH, and
(C;Hg + C;Hg). A steady-state level of ac-
tivity was usually attained within 30 min.
Thereafter the activity decreased slowly.
Table 1 lists the activities (TONs) together
with the pertaining process conditions.

TABLE 1

Activities (Quoted as TON, i.e., Moles Product/Surface-Exposed Atom/s)

Cat.-exp. Time-on-stream TON TON
(h) (CHY) (CsHg + CyHp)
Ni-1 0.5 8§ x 10 8 x 1073
Ni-2 21.0 5 x 104 3.5 X 10-3
Ni-3 21.2 5 x 10+ 3.5 X 10~
Co-1 0.25 6.6 x 107} 9.7 x 104
Co-2 5.8 49 x 1073 6.5 X 1074
Co-3 6.0 49 x 1073 6.5 X 104
Ru-1 0.5 6.6 X 1073 2.1 x 1073
Ru-2 4.0 5.0 x 103 1.5 x 1073
Conditions CO/H, Total pressure GHSV Temperature
w/v) (bar) (1.1-'h™Y °C)
Ni 13 3 4000 215
Co 1/5 3 3000 215
Ru 1/5.6 3 2650 210

¢ Selectivity: molar ratio C;Hg/C:Hg = 1.
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The TONs, quoted in Table 1 as moles
produced per surface-exposed transition
metal atom per second, were obtained with
the help of surface-area data pertaining to
fresh catalysts. Comparative XRD data
from fresh and spent catalysts did not indi-
cate the occurrence of substantial sintering
or redispersion during the catalytic runs.
The TONs were generally in line which
what could be expected on the basis of
other kinetic studies (6, 7, 11).

Figures 3 to 8 give representative exam-
ples of the relaxation curves obtained using
on-line mass spectrometry. These curves
have been plotted as fractional isotopic
compositions versus time. For a '>CO/H; —
BCO/H, switch we give CO/total CO,
13CH4/t0tal CH4, and '3C3Hg/total C3Hg,
with the numerator changed from 13 to 12
for the reverse switch *CO/H; — 2CO/H,.
Horizontally we plot the time (seconds)
elapsed after switching from "*CO/H, to

BCO/H, or vice versa. The dashed helium
breakthrough curves are derived from sepa-
rate calibration experiments, except in the
case of Ru-2 (Fig. 3), where helium was
present as an internal standard. The delay
between helium and CO breakthrough, in-
terpreted as a chromatographic effect (4), is
discussed further below.
Above a Fischer-Tropsch chain growth
probability « = 0.5 we observe abrupt
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FiG. 4. Relaxation curve: Ni-1. Time-on-stream: 0.5
1250 s/(mol/surf. exp. at.). TON~!-
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FiG. 5. Relaxation curve: Ni-2. Time-on-stream:
21.0 h. TON-'-CH, = 2000 s/(mol/surf. exp. at.).
TON-!-C; = 28,500 s/(mol/surf. exp. at.).

changes in the shape of the relaxation
curves, which we attributed to distortion by
diffusion through a product adlayer. The
prevailing data have therefore been col-
lected at o = 0.5, using the H,/CO ratio for
adjusting the chain growth probability. The
constraint in « value resulted in a sensitiv-
ity limitation for the detection of higher hy-
drocarbons. Quantitative data are confined
to propene.

DISCUSSION

Aspects underlying the interpretation are
discussed in Section 1; a manageable proce-
dure for assessing the upper limits for cov-
erages in reactive intermediates is being de-
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FiG. 6. Relaxation curve: Ni-3. Time-on-stream:
21.2 h. TON"!-CH, = 2000 s/(mol/surf. exp. at.).
TON-!-C; = 28,500 s/(mol/surf. exp. at.).
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t,s

FiG. 7. Relaxation curve: Co-2. Time-on-stream: 5.8
h. TON-!-CH, = 202 s/(moV/surf. exp. at.). TON-'-C,
= 1547 s/(mol/surf. exp. at.).

vised. In Section 2 this procedure is applied
to our prevailing data.

1. Interpretation of Relaxation Data

la. Surface-intermediate concentrations
in the single-CSTR approximation. We
have followed and expanded upon the treat-
ment by Happel et al. (9, 10), in which the
relaxation response emerges as the surface
analog of the response of a continuous
stirred-tank reactor (CSTR). In this section
we confine ourselves to the case of a homo-
geneous catalyst surface, covered with only
a single type of reaction intermediate.

Let us consider (Fig. 9) an arbitrary area
of the catalyst surface, containing N, sur-

F-*c
1.0

0.5

Fic. 8. Relaxation curve: Co-3. Time-on-stream: 6.0
h. TON-'-CH, = 202 s/(mol/surf. exp. at.). TON~!-C,
= 1547 s/(moV/surf. exp. at.).

455

SINGLE POOL RESPONSE:

F=1_et

WITH:

N

T =0

Ni/Ng

RIN,

8

TON

FiG. 9. Single pool response.

face-exposed catalyst atoms. At steady
state this surface is covered with a pool of
N; surface intermediates, and produces R
product molecules per second. One particu-
lar kind of molecule in the feed contains
atoms of element E which, at t = ¢, are
replaced abruptly by an isotopic variant E',
A simplifying but nonessential assumption
is that E(E") is present in only one kind of
reactant molecule, and that all these reac-
tant molecules, as well as the surface inter-
mediates and product molecules, contain
only one atom E(E"). Further nontrivial re-
strictions are the following:

(a) There is no hold-up besides the one to
be considered explicitly. A switch from E
to E! in the feed at ¢t = 1, therefore implies
that each molecule entering the pool at ¢ =
t; contains E! instead of E, and that there is
no time delay between its leaving the pool
and appearing as a product molecule in the
gas phase at the reactor outlet.

(b) The surface reaction is unidirectional,
i.e., atoms of the marker element E(E') en-
ter on the left-hand and leave only on the
right-hand side (cf. Fig. 9 with Fig. 11).

{c) The rate of mixing in the pool is fast
compared with the rate of change in its iso-
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topic composition (CSTR approximation).
Designating the isotopic composition of
the pool by

__Ng___Ne
FO =N N Na~ N, @)
we have at t > ¢
dNEI _
()= ® @
and
dNEl
( dt )0[][ = R ) F(t)’ (5)
Therefore
dNEl _ dNEl _ dNEI
dt _( dt )m ( dt )out
=R-[1—-F(@®] (5a)

with dNg1 = N,dF (cf. Eq. (3)) and dF =
—d(1 — F). This leads to

R e A N YOG
which upon integration yields
F(=1— et (7
with
T = % @®)

The sequence (3)—(8) is characteristic of
any CSTR problem. However, a result
characteristic of a surface reaction origi-
nates when we divide both the numerator
and the denominator of Eq. (8) by Nj, the
number of surface-exposed catalyst atoms:

_N/N, 6
"~ RIN,  TON’
in which 6; is the fractional coverage in sur-

face intermediates.
Equation (9) can be rewritten as

TON =6;- 77! (10) = (2)

which has the same form as Eq. (1), albeit
with different quantities on the right-hand
side.

&)

T
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Under restriction (a) the isotopic compo-
sition of the pool, F(¢), is identical to what
is measured at the reactor outlet by the
mass spectrometer. It follows that under
constraints (a)-(c) the relaxation curve
monitored by mass spectrometer is a purely
exponential one (cf. Eq. (7)), i.e., a curve
fully characterized by one parameter, viz.
the relaxation time 7. According to Eq. (9)
we are able to calculate from 7 the coverage
in surface intermediates, 6;, provided that
we have, from independent measurements,
a value for the reaction rate per surface-
exposed atom (TON).

1b. A method for dealing with series of
reaction steps. The single-CSTR (pool) ap-
proximation of the preceding paragraph
represents the case of a catalyst surface
covered with only one type of surface inter-
mediate. It supposes a sequence

A(g) = Xauss — B(g)

whereas a substantial fraction of surface re-
actions involves more than one (kinetically
significant) surface intermediate, with a
simple sequence:

A(g) —> Xads — Yads i B(g)

already corresponding to two pools of sur-
face intermediates, X,4s and Y,qs, connected
as CSTRs in series. With N pools one ex-
pects response curves characterized by N
(relaxation) constants instead of one. It
therefore is not surprising that the curves
actually measured (Figs. 3-8) deviated
from the purely exponential one, character-
ized by a single relaxation time (Eq. (7)).
Thanks to the linear nature of F(f)-deter-
mining equations such as Eq. (6) (R indepen-
dent of F (¥)) it is possible to obtain analytical
solutions for complex cases. Specific exam-
ples have been given by Happel et al., who
have also discussed the problem relating to
ambiguity in the choice of an appropriate
model (9, 10).

In order to deal with some of the un-
known aspects of the reaction sequence,
confining ourselves to a sequence of an un-
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FiG. 10. Effect of dividing a pool of fixed size into
subpools: «(F = 0.5) increases.

known number, N, of ¢lementary reaction
steps in series, we propose the following
procedure. We consider a fixed coverage,
6;, in surface intermediates, divided into an
unknown number, N, of different pools.
The analog is a CSTR of fixed volume,
staged into N compartments. What is being
considered then is the effect of staging on
the hold-up time. For reasons of simplicity,
although this is not essential for the conclu-
sions to be reached, we take the N compart-
ments to be of equal volume. With the
boundary condition that the ‘‘total CSTR
volume is constant’’ the response is a func-
tion of two variables only, viz. N and Vg
R. For the two limiting cases N = 1 and N
= o (ideal plug flow) the response is shown
in Fig. 10. Analytical solutions for general
N are available (12), and from inspection of
(13) and Fig. 10 it emerges that

Fn(®) = Fi() for F; = 0.5.

This result is equivalent to the statement
that staging delays the initial phase of the
mixing in a CSTR, and is not confined to
stages of an equal volume. We therefore
conclude that the effect of the presence of
several instead of one pool of intermediates
(or series of reaction steps) amounts to an
increase of t, beyond the value given by the
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same number of surface species present in
one pool.

Our present method of data analysis is
based on the foregoing. We treat our data
as if they were generated by one pool: F =
1-exp[—t/7] and {F = 0.5) = 7/In 2. From
our relaxation curves we determine ¢, and
calculate

(11a)

We substitute the 7 value so obtained into
Eq. (10), the response for a single homoge-
neous pool, and obtain

*
TON-!

According to the foregoing 6 is an upper
limit for the total coverage, 6;, in surface
intermediates.

For a product molecule containing sev-
eral atoms of the marker element carbon
the 7, value should refer to that particular
moment in time at which the atomic con-
tent of the product in the ‘‘new’’ marker
has risen to 50%. With our data output be-
ing too slow to follow the rise and fall of
intermediates such as !3C,2C,H; and
BC,2CiHy we used an adopted definition
(cf. Results) in which 7, (Table 2) refers to
that instant at which 50% of the product
stream consists of molecules entirely built
from marker atoms of the new type (i.c.,
BC;H; for a switch 2CO/H, CO/H,). One
easily verifies that this procedure reinforces
the nature of 6 as being an upper limit.

Surface heterogeneity transforms Eq. (8)
into a more complicated one:

6r =

(cf. Eq. (10)). (11b)

TON = ; i (8a)
As the model analog is closer to that of
CSTRs connected in parallel than to that of
serial connection, the effects of surface he-
terogeneity are not covered by the above
procedure.

Ic. Reversible instead of unidirectional
steps. In the derivation of Eq. (8) we had to
confine ourselves to unidirectional reac-
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N; —— —  — = R:=R,-R.
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T:_Ni_
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Ni
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i

N:
Ct r= R FOR UNIDIRECTIONAL STEP (R_=0)

FiG. 11. Bidirectional step,

tions (cf. Section la). We reconsider the
derivation of Eq. (8) for the reversible step
(Fig. 11).

A(g) = Pu— Q.a — B(g).
We have (Fig. 11)

(d];/,E]>m =R, (cf. Eq. (4)

and

(dN El
dt

)Out =(R_-+R)-F@t)=R, " F(
(cf. Eq. (5))

and therefore

T = D (cf. Eq. (8))

R, (12)
which is equivalent to
T R_
0 = (TON-])(‘ * Te')
(cf. Eq. (9)). (13)

It follows that for pools such as P,y we may
underestimate the size by using eq. (9) in-
stead of (13). The size of such pools, further
designated as not being separated from the
feed (A(g)) by at least one unidirectional
step, is therefore not subject to the upper-
limit estimation obtained from Eq. (11b). In

the prevailing context of methanation and
Fischer-Tropsch synthesis CO,q consti-
tutes such a pool.

It is worth noting that the pool P is a
delaying element in the overall sequence of
steps (positive contribution to ). Its very
presence therefore reinforces the nature of
0 (Eq. (11b)) as being an upper limit for the
total coverage in intermediates which are
separated from the feed by at least one uni-
directional step.

1d. Chromatographic effects. In Figs. 3
and 7-8 we have taken the instant of
switching isotopes at the reactore inlet as ¢
= (). As we monitor the relaxation curves at

TABLE 2

ti, Values® from Relaxation Experiments

Cat.-exp. 1"-CO tin>-CH, 1 —CsHe
(s) (s) ()
Ni-1 52 71 122
Ni-2 53 186 —
Ni-3 36 106 —
Co-2 4 7 17
Co-3 3 6 11
Ru-1 19 14 —
Ru-2 32 19 30

7 Corrected for hold-up in the gas phase, i.e., t = 0
at breakthrough of helium at the reactor outlet.

b Defined as (% "“C in product equals 50).

¢ Defined as #(% "“C;H; in total C;Hg equals 50) for
2CO/H, — "*CO/H,.
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TABLE 3

Steady-State Coverage in CO of Working Catalysts,
Calculated from CO Retention (Chromatographic

Effect)
Parameter Catalysts
Ni/SiO; Co-precip. Ru/y-AlO3
CO retention time,
relative to He (s) 52 4 32
Adsorbed CO (ml g~1)7 13 .19 5.9
Adsorbed CO (ml g~1)* 8.2 3.7 2.8
(CO/metal) as determined
from the chromatographic
effect. 1.6 0.05 2.1

4 Calculated as retention time (s) X CO flow (ml g~! s™1)
b Calculated from independent dispersion data, when assuming (CO/
metal) = 1.

the reactor outlet we have corrected the
monitored values of ¢, for hold-up in the gas
phase (Table 2). In experiment Ru-2, for
example, we included a small amount of He
in the ‘“‘new’’ CO. The helium appears after
approximately 46 s at the reactor outlet
(Fig. 3), consistent with a gas phase volume
between reactor inlet and the mass spec-
trometer of some 46 ml and a flow rate of
about 1 ml/s at 3 bar. We observe F = 0.5
for CHyand C;Hgatr =65sand ¢t = 76 s,
respectively (Fig. 3), represented in Table 2
as 19 and 30 s, respectively.

Whereas the relaxation curves for CH,
and C;Hjg conform roughly to Eq. (7) with £,
= 46 s, the breakthrough curve for the
“new” CO behaves in an entirely differ-
ently way. It runs paraliel to the helium
curve, corresponding to v = 0, i.e., fast
equilibration CO(g) = CO(ads). However,
it lags behind the helium curve by approxi-
mately 30 s. We ascribe this to a chromato-
graphic effect (4) analogous to what hap-
pens in frontal analysis chromatography: it
takes a finite retention time (approximately
30 s) to displace “‘old CO-ads” by ‘‘new
CO-ads.”

In Table 3 we have listed values for CO/
Me, calculated by combining CO-retention
data with dispersion data. Whereas one ex-
pects to find CO/Me values close to 1.0 (14)
we find CO/Ni = 1.6 and CO/Ru = 2.1. In
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view of the accumulated uncertainties we
consider the agreement to be satisfactory.
The overall picture is consistent with high
CO coverage and fast CO exchange, as con-
cluded earlier (15). The value CO/Co =
0.05, however, is surprisingly low. Addi-
tional independent dispersion measure-
ments (XRD line broadening, SEM, and hy-
drogen chemisorption) all yielded values
between 10 and 20 m?/g, i.e., of the same
order of magnitude as found in the BET
measurement. We have no unambiguous
explanation for the low steady-state CO/Co
value emerging from the (small) chromato-
graphic effect.

Retention increases t, and therefore also
reinforces the upper-limit nature of 6. For
the limiting case 6; = 0 (i.e., 7 = 0) we
indicated schematically in Fig. 12 the effect
of CO retention on the product relaxation
curve. A comparison of Fig. 12 with Fig. 3
actually indicates a substantial part of the
At;—CH,, CsHy (relative to helium) to be
CO retention.

2. Analysis of Results

2a. Methanation. The relaxation curves
for methane (Figs. 3—-8) have been treated
according to the procedure outlined in Sec-
tion Ib: t, values (Table 2) have been con-
verted into 6 values via Eq. (11a,b). The
resulting 6 values vary between 0.04 and
0.14 (Table 4). According to the discussion

TABLE 4

Coverages in Reactive Intermediates Calculated
According to 6* = r*/(TON"Y) = Az/ln 2/(TON- D=

Cat.-exp. Time-on-stream  6*~CH, #*-C;H,
(h)

Ni-1 0.5 0.08 0.014

Ni-2 21.0 0.13 —_

Ni-3 21.2 0.08 -

Co-2 5.8 0.85 0.016

Co-3 6.0 0.04 0.010

Ru-1 0.5 0.13

Ru-2 4.0 0.14 0.06

<« TON-! and At, taken from Tables ! and 2, respec-
tively, with Ay, relative to helium.
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13,
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t

F1G. 12. Retention of CO due to exchange between
CO, and CO,4 produces delay between the He and CO
breakthrough curves, and introduces an additional in-
clination in the relaxation curves. The example is
given for 7cy, = 0.

in Sections 1b and 1c these values represent
upper limits for the total coverage in those
reaction intermediates which are separated
from the feed by at least one unidirectional
step.

With regard to unidirectionality we men-
tion that at prevailing low temperature and
low conversion the overall methanation re-
action is strictly unidirectional: R,/R_ >
105. It is therefore plausible that in the se-
quence of elementary steps there is at least
one which conforms to the unidirectionality
requirement posed by Eq. (13) (Section 1¢).
For the very location of such step(s) within
the sequence we must, however, refer to
additional evidence (we note in passing that
in this respect the Fischer-Tropsch reac-
tion lends itself much better to analysis; cf.
Section 2b). Particularly relevant are stud-
ies in which catalysts have been precovered
with (labeled) surface carbon and then sub-
jected to CO/H,. It was found (15, 16) that
the labeled carbon was transferred to prod-
uct (CH,) rather than to unconverted feed
(CO). This is indicative of a sequence in
which oxygen-ex-CO is being removed, ei-
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ther as CO, or as H,O, in an essentially
unidirectional step (1):

CO/H; E)’ CH,(+ CO,, H,O) % CH,4

The proposition that carbidic surface spe-
cies CH, (x = 0-3) are reaction intermedi-
ates in the methanation reaction proper has
also been advanced in several other recent
studies (17, 19, 23). We therefore propose
to identify 6;"—~CHj, (Table 4) with the upper
limit for the coverage in carbidic intermedi-
ate CH, (x = 0-3).

Two recent studies of methanation over
nickel yielded an estimate of the coverage
in carbidic intermediates which is of the
same order of magnitude as what we report
here. Goodman et al. (18) did experiments
with nickel crystals and determined over-
layer coverages from AES. Happel et al.
(10) were the first to apply transient iso-
topic labeling, the method used in the
present study. Actually, for comparison,
we employed a supported nickel catalyst
closely similar to the one used by Happel ez
al. It should be noted that the syngas pres-
sure in our work (3 bar) substantially ex-
ceeds that used by Goodman et al. and
Happel et al. CO/H, ratios, however, are
similar.

Whereas there is satisfying agreement
with the results of Goodman et al. and Hap-
pel et al. we note that quite a number of
studies led to much higher values for the
coverage in carbidic species (17). These
studies share in essence a procedure in
which run-in catalysts at elevated tempera-
ture are being exposed to hydrogen in the
absence of CO. Methane and also higher
hydrocarbons are produced in such a pro-
cedure, and the large amounts of methane
are indicative of a reservoir of ‘‘reactive’
carbon with a size equivalent to 1-6 mono-
layers. This is also what we find at present,
when we expose the catalysts used in the
transient studies to pure hydrogen: the
amount of methane produced points to ‘‘re-
active’’ carbon well in excess of one mono-
layer amount (in exceptional cases, with
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nickel, up to equivalent of 46 monolayers),
whereas the isotopic transients point to an
amount of intermediates of the order of 0.1
of a monolayer only. It emerges that of the
large carbidic ‘‘overlayer’” which fre-
quently develops only a small part belongs
to intermediates proper.

Probably related to the foregoing is the
observation that the relaxation times in-
crease with increasing time-on-stream of
the catalysts, the phenomenon being most
pronounced with nickel (cf. Figs. 4 and 5).
Within the single pool formalism (Section
1b, Eq. (11)) this translates into a coverage
in reaction intermediates that increases
with time-on-stream. However, when we
impose two isotope changes shortly after
one another (12 — 13 — 12) on an aged
catalyst, we observe, surprisingly, two
transients exhibiting different values for ¢,
(called hereafter ‘‘asymmetry’’; cf. Figs. 5
and 6). This phenomenon is absent when
we conduct the same sequence with a fresh
catalyst. Within the single pool formalism
this result suggests that as a consequence of
the first transient experiment the coverage
in surface intermediates, as monitored with
the second transient, has dropped sud-
denly. As the transients do not disrupt the
steady-state catalysis (total CO pressure
constant, GLC trace stationary) this con-
clusion is untenable.

With regard to this asymmetry we notice
that:

(a) There is an asymmetry in the expo-
sure history of the catalysts as well, specifi-
cally after prolonged time-on-stream. This
asymmetry originates from the fact that,
except for short intervals, the catalyst ages
under 2CO/H, rather than under 13CO/H,.

(b) A single pool responds essentially
symmetrically: two subsequent transients
should exhibit identical = values, even
when the time interval between the two
transients is too short to allow for complete
relaxation of the pool (F = a(l — e ") in-
stead of F = (1 — e~ %) with a < 1).

We therefore conclude that a proper de-
scription of the ‘‘asymmetry phenomenon’’
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has to include two pools at least.

We propose the configuration depicted in
Fig. 13, with two pools positioned in paral-
lel. This configuration leads to an asymme-
try as observed in the present case (13)
when the time interval between two tran-
sients is too short to allow for relaxation of
pool II: at the start of transient 1, i.e., after
several hours of exposure to ?CO/H,, the
isotopic composition of pool I and II is
identical, whereas at the start of transient 2,
i.e., after 0.2 h exposure to 3CO/H,, their
isotopic compositions differ (Fy3; > Fj3 ).

We propose to identify reservoir 1 (Fig.
13) with the carbidic surface intermediates
proper, and to identify reservoir II with the
remainder of the carbidic ‘‘overlayer.”” To
explain our observations we then have to
assume that reservoir II develops only after
substantial time-on-stream of the catalyst.
This is consistent with e.g. the surface stud-
ies of Goodman et al. (18) and of Bonzel
and Krebs (19), in which it was concluded
that during actual catalysis amorphous re-
active carbon slowly deteriorates to form
less reactive graphitic carbon. That the
phenomenon is most pronounced with
nickel fits in with previous findings (20) that
nickel, compared to ruthenium and cobalt,
has a pronounced tendency to dissolve car-
bon and to form carbonaceous filaments.

Finally we note that the classification of
what probably is a continuous distribution
in reactivity into two discrete pools (Fig.
13) is likely to be an oversimplification.
However, the relaxation experiments con-

R—— 1 o E—

Rl

Fi16. 13. Pool of surface intermediates (I) communi-
cating with additional reservoir (II).
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sistently indicate that of all carbidic species
present only a minority fraction effectively
participates in methane production. This is
one of the main findings in the present re-
laxation work.

2b. Fischer-Tropsch catalysis. Fischer—
Tropsch catalysis seems particularly ame-
nable to analysis by the prevailing method,
as the very chain length distribution in
product is indicative of ‘‘built-in’’ unidirec-
tionality. The product distribution in Fis-
cher-Tropsch reactions typically obeys
Schulz-Flory polymerization statistics:

Cn+l = a:
C. ’

in which C,, is the molar yield of hydrocar-
bons with n carbon atoms in their chain,
and o is a chain length-independent con-
stant. This indicates that the hydrocarbon
chains are being built in a series of indepen-
dently repeated steps (21)

a=1

(14)

+C Cn+1—ad

to: Cyoad /

@

(-a

C.(g
(15)

+C Cn+2—ad

o + At Cn+l~ad q-a

Cn+1(g)

Significant bidirectionality of the type
(16)

would lead to replacement of the kinetic
control (Eq. (14)) by thermodynamic con-
trol (22). When C,_.q is used to denote the
growing chain (surface intermediate) with n
carbon atoms it follows that forn = 2 C, is
separated from the feed (CO, CO,4,) by at
least (n — 1) unidirectional steps.
Concentrating on C;Hg it follows from
the foregoing and the discussion in Section
1b that 8~C3;Hg (Table 4) represents an up-
per limit for the combined coverage in
growing chains with two and three carbon

Cn—ad = Cn+1—ad
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atoms. According to Table 4 this coverage
amounts to a few percent at most. More-
over, as Eq. (14) also describes the chain
length distribution of the ad-species it fol-
lows by applying the sum rule for geometric
progressions:

Ca

1l -«

ZCn+ =

that the toral coverage in growing chains is
low too (at « < 0.5). Therefore, our results
fit with recent data of in situ ir (23), support
those of Kieffer (8) and do not support
those of Dautzenberg ef al. (7) (cf. Intro-
duction), albeit that the differences in cata-
lysts and in reaction conditions hamper a
strict comparison.

An analysis equivalent to the foregoing is
one in which one considers the quantity A¢
of Eq. (15). Owing to the unidirectionality
this quantity has a physical meaning,
namely, the time interval between two suc-
cessive chain growth steps. It follows that
an upper limit for A¢, Ar*, is given by:

(17)

Ar* = - C;He)/2. (18)
According to Table 2 upper limits for At
vary from 6 to 60 s, whereas (TONs)~! are
between 500 and 10,000 s (Table 1). It there-
fore emerges that chain growth proper is
not rate-determining in Fischer-Tropsch
synthesis. This inference which is equiva-
lent to the previous statement that the
“‘coverage in growing chains is low”’ is an-
other main conclusion from the prevailing
work.

Finally, it emerges that after a suffi-
ciently long time-on-stream (under 'CO/
H,) the cobalt catalyst exhibits asymmetry
in the propene relaxation (see Figs. 7 and
8). We refer to Fig. 13 and the accompany-
ing discussion in Section 2a and propose,
on the strength of this asymmetry, that the
reservoir containing the growing chains,
just like the reservoir containing the meth-
ane precursors, communicates with reser-
voir II. According to AES (18, 19) reser-
voir Il is carbidic in nature rather than filled
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with oxygenates. The observations are sug-
gestive of methane and higher hydrocar-
bons drawing from a common pool (i.e.,
reservoir I) of intermediates. This pool
probably is that of C, intermediates, and as
it communicates with the carbidic reservoir
II it is probably itself carbidic in nature. In
the context of Fischer-Tropsch synthesis
the C, intermediates are to be identified
with the building blocks adding to the grow-
ing chain (cf. Eq. (15)). The mechanism of
the Fischer—Tropsch reaction has been the
subject of a long-standing debate, centering
around the question of whether or not the
C,; building blocks contain oxygen (17). It
emerges that the present, kinetic, experi-
ments give, unexpectedly, independent
mechanistic evidence indicating that chain
growth in Fischer-Tropsch synthesis in-
volves carbidic CH, (probably CH;) build-
ing blocks.
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