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Raney Nickel

Y. Soong, K. KRISHNA, AND P. BILOEN!

Department of Chemical and Petroleum Engineering, University of Pittsburgh,
Pittsburgh, Pennsylvania 15261

Received May 6, 1985; revised August 26, 1985

Abrupt changes in the reaction ambient from 2CO/H, to 3CO/H; are utilized to obtain transient-
kinetic information regarding the causes of activity decline in the methanation over Raney nickel.
From the responses we infer that the methanation proceeds via at least two parallel pathways. The
relative contribution of the two pathways changes with catalyst aging. The gradual development of
a less reactive carbonaceous overlayer alone is insufficient to explain the observations. We con-

clude that aging affects the nickel catalyst itself.

INTRODUCTION

In order to improve the stability of any
heterogeneous catalyst it is necessary to as-
sess the dominant aging mechanism(s). It is
desirable to develop tools that discriminate
between different aging processes such as:
reorganizations in the catalyst adlayer on
the one hand (for example, as occurring
upon genesis of site-blocking side prod-
ucts), and reorganization of the catalyst it-
self on the other hand (for example, as oc-
curring upon annealing, facetting or other
forms of surface restructuring). The single-
most utilized tool for studying catalyst
aging is steady-state kinetics; however,
steady-state kinetics lacks the ability to dis-
criminate between different aging mecha-
nisms.

To illustrate why steady-state Kinetics
has limited incisiveness it is useful to focus
on a single unidirectional elementary step
corresponding to the unimolecular transfor-
mation of A* into B*.

For this step, formally denoted by

ka
5> A* S B¥*— - - -
we have

TOFg = gf = kaba o)
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in which

TOFjg: the rate of formation of B* from
A*, expressed per surface-ex-
posed catalyst atom;

8,4 : the abundancy of A*, expressed
per surface-exposed catalyst
atom;

74 the lifetime of A* (s);

ks = 7a!: the reactivity (constant) of A*
(s7.

At best, steady-state measurements reveal
what happens during aging with the product
k - 6. This is because a TOF (cf. Eq. (1)) is
all that is measured. Assessing values for
the individual key parameters, £ and 6, is
beyond the realm of steady-state kinetics
(1, 2). Accordingly, a site-blocking process
primarily affecting # becomes indistinguish-
able from a surface-reconstruction process
primarily affecting .

Reactivities (k) and abundancies () of
surface intermediates do not correspond in
a one-to-one manner with model concepts
such as the intrinsic activity and abundancy
of active sites (3). Therefore, we do not
want to imply that changes in k& and 6 upon
aging translate necessarily in a one-to-one
manner into surface blocking and surface
reconstruction. However, k and 6 probably
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Fic. 1. Effect of aging on conversion (—) and TOF (-—-). Temperature and SV are kept constant

during aging. The lining out time is of the order of 120 h.

are the most fundamental kinetic parame-
ters which we can measure, even though
we have to resort to non-steady-state ki-
netic methods to measure them.

This study reports the behavioral
changes of a Raney nickel catalyst during
its first 320 h of exposure to hydrogen-lean
syngas, as observed with both steady-state
and non-steady-state methods. The activity
initially declines at a rate of approximately
0.2% per hour, before ‘‘lining out’ at ap-
proximately 68% of its initial value (Fig. 1).
This behavior is not unlike that observed in
other processes, such as catalytic reform-
ing (4). There is recent literature to help
assess what is occurring. Methanation pro-
ceeds via carbon-derived surface interme-
diates, CH, (5-7, 14). With prolonged time
on stream these species have the tendency
to accumulate (8), and to deteriorate into a
less reactive, hydrogen-poor overlayer (8-
10). For ruthenium and with hydrogenation
in hydrogen-only as the criterion, carbon
surface species of distinguishable reactivity
are already present after a 300-s exposure
to CO/H, (I11). This combined evidence
suggests that the following reaction se-
quence underlies the aging observed in Fig.
1:

CO,¢ —5 CH, =3 CH, -5 C graph.
| # |k
CHa(g) CHu(g)

SCHEME A

According to Scheme A the synthesis of
methane proceeds mainly via ‘‘soft car-
bon,”” CH,. This amorphous, hydrogen-
rich (8-10) surface species tends to deterio-
rate slowly (ky), and leads to a slow buildup
of less reactive carbon, CH,. The 120-h
line out period is the time needed to balance
the CH,-producing reaction (k,) by the
CH,-removal reaction (k;). A very small
part of CH, degrades into ‘‘irreactive’” car-
bon, Cyaphite. Very slow building up of this
terminal species causes the residual decline
after the 120-h lining out period.

Two features are characteristic of the
previous interpretation of Fig. 1.

(1) Aging is a process that affects the car-
bon-derived adlayer rather than the nickel-
based catalyst.

(2) The rate of lining out coincides with
the rate of attaining a steady-state level of
CH, (Scheme A). Therefore, the experi-
mentally observed lining out time of 120 h
(Fig. 1) signals a first-order rate constant,
k>, of the order k, = 135 h.
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F1G. 2. 2CO and 2CH, transients. The chromatographic separation of Ar and CO allows for the
calculation of the amount of CQO, adsorbed under steady-state reaction conditions.

During the period represented by Fig. 1
the feed is repeatedly switched from 12CO/
H, to 3CO/H,. This leads to a transient-
kinetic phenomena: the decay of the 12CH,
production, which is being compensated by
a concurrent increase in the *CH, produc-
tion (Fig. 5). As the isotopes '2C and 3C
have essentially identical chemical reactiv-
ity, these experiments provide transient-ki-
netic information without disrupting the on-
going surface chemistry. From the changes
in the transients accompanying the aging
we can obtain (k, 8) information. Although
this information does not provide a molecu-
larly detailed picture of the aging process it
does lead us to conclude with great cer-
tainty that the aging picture discussed in the
preceding paragraph and summarized in the
Scheme A is essentially incorrect.

EXPERIMENTAL

We employed Raney nickel with approxi-
mately 10 wt% aluminum. After a 12-h pre-
sintering and reduction period in flowing
hydrogen (SV = 6000 liters/liter/h) we ob-
tained a BET area around 60 m?g and a
surface-exposed nickel area, as measured
in situ with 2CO/*CO exchange, around 42
m?/g. These figures agree with the earlier
work of Anderson on low-aluminum Raney

nickel (12 ). The nonmetallic part of the sur-
face probably consists predominantly of
AlLOs (12).

Approximately 0.26 ml of mesh size 60—
100 Raney nickel is diluted 3 (v/v) with glass
beads and loaded into a %-in.-i.d. copper-
tube reactor. An upstream four-way valve
allows abrupt switching from 2CO (Ar-
trace) to BCO, or vice versa. Brooks mass
flow controllers and Tescom back-pressure
regulators ensure that partial pressures
are essentially unaffected by the isotope
switch. A trace amount of argon in the 2CO
stream serves as an internal time base. At
the prevailing SVs (around 1800 liters/liter/
h) the rise time of the boundary between
phases of different isotopic constitution is
approximately 10 s (Fig. 2).

On-line mass spectrometry is performed
by continuously sampling the reactor out-
let. A small part of the outlet stream is
routed via a 0.004-in.-i.d. heated capillary
and a Varian flow-by valve into an Extra
Nuclear Model 2750-50 quadrupole mass
spectrometer. In order to minimize mem-
ory effects, the stainless-steel spectrometer
housing is permanently heated. This cham-
ber is pumped by a 90-liter/s Leybold—He-
raeus turbomolecular pump.

To minimize interference from OH and O
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FiG. 3. The effect of aging on the amount of adsorbed CO.

fragments, the open electron-impact ionizer
operates at an impact energy of only 20 eV.
12CH, is determined at m = 15 and BCH, at
m = 17.

RESULTS

After reduction at 400°C for 12 h, the cat-
alyst is cooled down in flowing hydrogen to
110°C. CO is introduced, and the surface-
exposed metal area is measured via 2CQ/
BCO exchange (see below). The system is
then heated in H,/CO at a rate of 2°C/min
until reaching the reaction temperature
(210°C). All times on stream now quoted
are taken relatively to the point in time de-
fined by reaching reaction temperature,
210°C.

Within 0.5 h after coming on stream the
catalyst reaches maximum activity. The ac-
tivity initially declines at a rate of approxi-
mately 0.2%/h, but lines out after approxi-
mately 120 h on stream. The decline after
line-out is only approximately 0.7%/24 h
(Fig. 1).

When switching off 2CO and Ar simulta-
neously at the reactor inlet, the production
of 12CO at the reactor outlet continues after
that of Ar has ceased already (see Fig. 2 for
the effect at 210°C). This frontal-elution,
chromatographic separation of Ar and 2CO
is due to desorption in *CO/H, atmosphere

of an inventory 2CO,4, which is not paral-
leled by desorption of a reservoir of Ar,g (3,
13). This effect is routinely used to deter-
mine in situ the number of surface-exposed
nickel atoms. All 8 values and TOFs in this
paper are obtained by assuming a stoichi-
ometry CO,y/Ni = 1/1 for the fresh catalyst
at 110°C in a 1-bar atmosphere of H,/CO =
10/1. This assumption is verified by static
chemisorption at liquid-nitrogen tempera-
ture (15).

The chromatographic effect is also ob-
servable under reaction conditions (Fig. 2,
obtained at T = 210°C, H,/CO = 2), and we
calculate a CO coverage close to a mono-
layer. Moreover, the amount of chemi-
sorbed CO increases rather than decreases
with time on stream (Fig. 3). In separate
measurements we verify that under reac-
tion conditions CO does not chemisorb
onto surface carbon. Therefore, we con-
clude (from Fig. 3) that during aging the
surface-exposed metal area increases
rather than decreases, probably due to sur-
face roughening accompanying chemicor-
rosion.

During aging we regularly switch from
2CO/H, to BCO/H, and vice versa, in order
to observe the isotopic transients. We fol-
low and repeat a particular switching pat-
tern (Fig. 4), at 15- to 30-h intervals. A set
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Fi1G. 4. For a set of times on stream f; (f; = 0.5, 16, 40, 64, and 313 h) we followed a switching pattern
which produces isotopic transients starting at ¢, #; + 2000 s, #; + 4000 s, and £ + 4120 s.

of transients is shown in Figs. 5-6, and is
discussed below.

In response to the switch 2CO/H, —
BCO/H, at t = t; the 2CH, production de-
creases, and the PCH, production concur-
rently increases (Fig. 5). All ordinate values
are relative to their respective steady-state
values, Fucy, = Rucy/(Rizcy, + Ricny),
etc. It is evident that the transients obey

(1a)

On close examination the transients
starting at ¢ = ¢; + 2000 s (Fig. 5) are indis-
tinguishable from those starting at ¢t =
(with, of course, 2CH, and “CH, inter-
changed). They prove to be indistinguish-
able also upon curve deconvolution (cf.

Fuisey, + Froey, = 1.

Discussion). Figure 5 shows four essen-
tially identical transients, provided that we
transform the ‘‘upcoming” ones (with dF/
dt > 0) into downcoming ones via the trans-
formation

F*=1-F. (1b)

These four transients are averaged, and
plotted in Fig. 7 for each different time on
stream, t;. Figure 7 shows one of the main
findings of this study, that is, with aging a
tail develops in the transients.

The final pair of transients starts at t = f
+ 4120 s, with ¥CH,4 as the downcoming
transient. Because prior to the switch to
2CO/H; the catalyst has been exposed to
BCO/H, for only 120 s, 3CH, does start be-
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F16. 5. Normalized methane transients starting at point (1) (Fig. 4); t; = 25 h, (A) 2CH,, (+) BCH,
and starting at point (2) (Fig. 4); ;, = 25 h + 2000 s, (@) 2CH,, (O) *CH,.
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F1G. 6. Methane transients starting at point (3) (Fig. 4); #; = 25 h + 4120 s, (+) *CH,, (A) 2CH,.
Because previous exposure to *CO encompassed only 120 s the starting value of 2CH, is above zero,
and that of BCH, below unity. Normalized transients starting at point (3) (Fig. 4); (O) PCH,, (@)

2CH,. Compared to the transients measured at (1) a
selectively the content of short-living reservoirs’’).

low its steady-state value (Fig. 6). In order
to allow comparison with the other tran-
sients we also normalize the third pair of
transients (Fig. 6). This reveals that the
normalized *CH, transient observed after
120 s exposure to 3CO differs from that
observed after 2000 s exposure to 3CO.
This is another crucial finding. In Fig. 8 we
plot the (averaged) transients measured at ¢

nd (2) the tail is lacking (‘‘short exposure changes

Unlike the transients measured at 1 = £, and
t = t; + 2000 s, aging does not affect the
transients at t = f; + 4120 s.

A few additional experiments will be
mentioned in the Discussion section.

DISCUSSION

We start from the observation that the
““tails’’ present in the transients measured

=1t +4120s (t; = 0.5 h, 16 h, 40 h, etc.). att=fand ¢ = r; + 2000 s (cf. Figs. 5 and 6)
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FI1G. 7. As a result of the aging a tail develops

in transients measured at #; and 1, + 2000 s.
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Fi1G. 8. The transients measured at t; = t; + 4120 s, unlike those measured at #; and £ + 2000 s, do not

change upon aging.

are missing in the transients measured at ¢
= t; + 4120 s. This puts certain demands on
the reaction pathway(s).

Consider first a pathway covering the
catalyst with only one type of intermediate,
I*:

A(g) —> I"™* — B(g) 2

Assume that A, I™*, and B all contain one
carbon atom only. Further definitions nec-
essary for a treatment of the isotope tran-
sients are

Ni2(Ny3): the number of surface interme-
diates I, (i.e., containing a carbon atom
12C) (moles);

Ny

N + Ny’
the fractional isotopic composition of the
pool of N surface intermediates, [7%;

R: the reaction rate (moles).
A(g) in this treatment is to be identified
with CO(g), B(g) with CH,, and I™* with a
carbon-derived surface species. If we as-
sume that prior to ¢ = 0 the system is under
BCO/H,; for a long time, then

Fiu=1;, Fp=0 3
Ni3 = N; Nz =0. 4

At ¢ = 0 we switch from 13CO/H, to 2CO/H,
and for t > 0 we have

F, = with Flz(FIB) being

dN
= ~RFu s)
with
dNy; = d(N - Fi3) = NdF13. 6
We obtain
dFy 1 1
E__—(R/N)FB— TFB- (7)

R, N, and 7 in (7) all are Fs-independent
quantities. As 2CO and 3CO have virtually
identical chemical properties the change
from 3CO/H; to 2CO/H; does not produce
any change in reaction rate. Accordingly,

(7) integrates into
I3 t

Fp = (FIS)t=0e_; =e’. ®
According to Eq. (8) the 3C content of a
single homogeneous pool/reservoir of inter-
mediates will, in 2CO/H; atmosphere, de-
crease exponentially. The rate of decrease
will be faster for a smaller pool size (N) and
a larger exit stream (R):
r=Re. ©
Therefore, the relaxation constant 7 is a
characteristic property of the pool/reser-
voir of intermediates. A single homoge-
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neous pool (CSTR) relaxes with a single re-
laxation constant, 7.

We now consider transients from par-
tially exchanged systems, such as those
starting at point 3 in Fig. 4. Consider the
system to be sufficiently long under 2CO/
H, as characterized by Fj3 = 0 (t = 0). At ¢
= 0 we switch from 2CO/H, to *CO/H,,
and at t = Ar we switch back to 2CO/H; (cf.
to Fig. 4; t = 0 corresponds to t = ¢; + 4000
s in Fig. 4: t = At corresponds to ¢t = ; +
4120 s in Fig. 4). We have

Fs=0 (=0 (10
!
Fi=1—-¢e" 0=<t=<Ap
(11)
_at
Fs=1-c¢ T (r = Ap (12)
and
A umA)
Fs=(0—e¢ ! e T (t = Ap). (13)

From a comparison of (13) with (8) it fol-
lows that both a partially and completely
exchanged pool relax with a single relax-
ation constant, 7. After normalization the
partially and fully exchanged case become
indistinguishable. Experimentally, how-
ever, the partially exchanged case (Fig. 6)
is distinguishable from the more fully ex-
changed case (Fig. 5). This leads us to a

'>7'1"‘—E7'2— R

—+5i4> R

BR

C
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conclusion (3) that we are witnessing the
combined behavior of at least two pools of
surface intermediates.

Figure 9A gives one of several possible
two-pool models: two pools in series. Be-
low we prove that this configuration cannot
be responsible for the difference between
transients (1) and (2), at the one hand (Fig.
5), and transient (3) at the other (Fig. 6). We
start with both pools filled with >C. Upon
exposure to BCO/H; (+ = 0) we obtain for
pool 1 ({F):

t

Fy=1—-e . (14)

In a unidirectional pathway the behavior
of pool 1 is independent of that of pool 2,
and (14) therefore is identical to (11). 'Fy;
acts as the input function for the second
pool. A mass balance on pool 2 leads to (cf.
Appendix)

2 =] - Ti T
Fi3(t) 1 7_1 _Tze +Tl ‘Tze 2
(15)
Two features are noteworthy, i.e.,
IFi3(0) > 2Fu(t) (16)
and
<d2F,3) ~ 0
dt /=0 (a7

The features (16) and (17) arise essentially
from the same effect: pool 1 delays the en-
trance of 13C into pool 2.

b7 -+
7% Jen

Fit v

T o
1
oRR
2
D

L™ |

Fic. 9. Different configurations of two pools of intermediates.
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If we leave the system for a time At in
contact with 3CO/H,, and then switch back
to 12CO/H,, the partially exchanged pools
will relax as (r = Ar)

(=Y

Fs=0—-¢ "e ™ (182)
and
t~At
Fy = Tl 72 p e_( n )
» ()
[(72e " + (1 —e *™ 7/ )]e " ™
- — . (18b)

It emerges that

d*F;
( dt )I=At >0,

i.e., in 2CO/H, atmosphere the 3C content
of pool 2 initially increases before it de-
creases. In essence, this is the consequence
of the fact that C ex-13CO penetrates into
pool 1 before it penetrates into pool 2. This
leads to Eq. (16), and therefore to (19).

In the actual experiments we observe (cf.
Fig. 6)

(19

<d2F13

dt ):=ri+4120s <0. (20)

This leads us to reject the proposition that
the difference between the partially and
more fully relaxed transients derive from
the effect of two or more pools in series.
We conclude that the observed effects de-
rived from two or more pools in parallel.
For two independent reservoirs (Fig. 9B)
the combined relaxation is merely the sum
of that of the two constituents:
1 ‘f o _r—tz
BFt:l-&—oce1 T+a€ 2n

in which F, is the isotopic composition of
the completely mixed exit streams of the
two pools. For 7, > 7, an exponential decay
with a ‘‘tail’’ originates (/6), similar to the
responses observed at t = f; and t = ; +
2000 s (Fig. 7).

In order to find the behavior of a partially

SOONG, KRISHNA, AND BILOEN

exchanged system of two parallel reser-
voirs we start with both systems containing
12C exclusively (¢ = 0). After exposure to
BCO/H, for a period At we have
A
I—e™

BF, = 22)

and
At

™, (23)

13F2=1—€

Switching back to 2CO/H, at t = At leads to

_Ar _t~A1
BF = N1~ ") ygse ”
_a 1
tl-e?)grze n ] @4

with N a normalization factor.

It follows that an exposure At < 7, leads
to a suppression of the component exp(—(¢
— At)/1;) in the subsequent relaxation. What
happens for a sequence '*CO/H, — BCO/
H,(A?) - 2CO/H, is that the slowly relax-
ing reservoir does not fill appreciably with
B3C in the period At. Therefore it does not
produce a pronounced amount of 3C in the
subsequent >CO/H, stage: the “‘tail’’ is ab-
sent. This is what we observed experimen-
tally (Fig. 8).

In order to verify the above we measured
after 2 weeks on stream a series of tran-
sients in 2CO/H,, obtained after exposing
the catalyst to 3CO/H, for a period At
which varied between 120 and 1800 s. From
the responses (Fig. 10), it emerges that the 7
= 1000 s component (the ‘‘tail’’) in the re-
laxation pattern increases with increasing
exposure, At. This result confirms that we
are working with reservoirs positioned in
parallel rather than in series.

The other ‘‘two-reservoirs-in-parallel’”
models (Figs. 9C,D) give analytical solu-

tions:
? t

F=Ae™ + (1 — A)e (25)

which are indistinguishable from the solu-
tion given in Eq. (15) for model 9B (cf. Ap-
pendix). As the time (¢) and frequency (1/
At) responses are related to a one-to-one
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F1G. 10. The decay of BCH, varies with the time of preexposure (A?) to *CO/H,.

manner these models also cannot be distin-
guished by looking for variation in relax-
ation with varying exposure, i.e., by exper-
iments of the type depicted in Fig. 10. How-
ever, what models 9B-D all share is that at
least for part of the pathway from CO to
CH,, there are two parallel, independent
routes. We will focus on this feature, and
what it means in terms of processes under-
lying aging. In doing so we confine our-
selves to model 9B with its simple relations
(cf. Eq. (25) with Eq. (15) and Fig. 9B):

Te = T (26a)

TR = T2 (26[‘))
1

A= T a (26¢)

Qur conclusion, however, will also be valid
whenever Figs. 9C,D rather than Fig. 9B
describes the actual system.

The preceding analysis of the relaxation
of partially exchanged systems indicates
the following.

(1) We are dealing with at least two pools
of intermediates.

(2) These pools are positioned (partially)
in parallel rather than in a series.

(3) Such a parallel configuration leads to
a relaxation curve consisting of a sum of
two exponentials.

(4) The relative contribution of the com-

ponent with the shorter time constant can
be accentuated by measuring the relaxation
after short exchange times.
It follows that we should determine 7
(with, by definition, 7, < 7;) from the tran-
sients starting at ¢ = ; + 4120 s (cf. Fig. 4).
These transients are given in Fig. 8. From
inspection of Fig. 8 it emerges, and this is
one of the main findings in the present
study, that 7, is highly independent of cata-
lyst aging.

An unweighed least-square fit of Fig. 8

to
:

Ft)=(A-Be” +B (7
yields
=120 %205
and
B =0.05 = 0.1

with the values quoted as * being single
standard deviations. Component B has
been included to account for both unre-
solved low-frequency components and un-
certainty in separation of the signal from
the background.

With the value 7, = 120 s obtained from
the transients measured at 1 = t; + 4120 s,
we deconvoluted the transients measured
at ¢t = r;and r = t; + 2000 s into
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component to the total CH, make.

FO)=(A~-Be ™ +(1-A - B)e“f_'z

+ B. (28)

No trend of 7, with time on stream is dis-
cernible, and we obtain

7, = 850 + 200 s.

What is changing with time-on-stream,
however, are the relative contributions to
the total methane production of the 120-
and 850-s reservoir. Figure 11 gives the am-
plitudes of the 120- and 850-s components
(Eq. (28)) as a function of time on stream.
The 850 s component (the ‘‘tail”’) increases
at the expense of the 120 s component, and
lining out takes place parallel with that of
the activity (compare Fig. 11 with Fig. 1). It
is apparent that the initial decrease in TOF
and the development of a reservoir of inter-
mediates with reactivity k& = 1/850 s are
manifestations of the same lining out phe-
nomenon.?

In the introduction we considered as a
possible cause of the lining out phenome-
non the building up of less reactive carbon,

2 We mention that deconvolution of the tailing tran-
sients with both 7, and T, as fitting parameters leads to
considerably more noise than the procedure followed
at present, i.e., changing the preexposure time and
inferring 7, from the transients of the partially ex-
changed system.

CH,, balanced after approximately 120 h by
the removal reaction (k)

CO(g) al CH,-soft A CH,-hard X Ceraphite
I [
CHy(g) CH.4(g)

(A)

Because of what has been inferred about
reservoirs in series versus reservoirs in par-
allel (Fig. 9) we have to consider alterna-
tives such as

«. CH,-soft = CHy(g)

Co@_ (B)
¢ CH,-hard 5 CHy(»)
or
CO(g) 5 CH,-soft il CH.(g)
b e ©)
CH,-hard

These and similar schemes share that CH,-
hard gradually builds up, and that lining out
is caused by a CH,-removal reaction bal-
ancing the CH,-formation reaction. Lining
out occurs at an interval of the order of 120
h (Fig. 1). This implies that the formation/
removal reaction equilibrates in about 120
h, and further that CH,-hard itself has a
lifetime v of about 120 h. However, the
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FiG. 12. Methane production in pure H; signals a large reservoir of (dissolved) carbon.

transient experiments demonstrate CH,-
hard to have a lifetime of the order of 850 s.
This rules out all schemes such as A-C,
that feature buildup of CH,-hard as the
cause of the lining out.

Now we consider surface blocking by a
third type of carbon, say Cgraphite , €xhibiting
a7 = 120 h. The contribution of such car-
bon to the transients will vanish in the back-
ground. Actually, there is ample evidence
for a large pool of additional carbon (see
below). However, this pool apparently
does not block the surface. We infer this
from the following observations.

» The total CO, uptake increases with
time on stream (Fig. 3).

« The combined coverage fcy, + cn, in-
creases with time on stream, excluding sur-
face blocking to underlie the lining out.

Above, we eliminated a change in the re-
active and a change in the irreactive (i.e.,
merely surface blocking) overlayer as pri-
mary causes of the line out phenomenon.
Therefore, we conclude that rather than a
change in the adlayer, the line out reflects a
slow change in the catalytic properties of
the “‘nickel’’ itself.

We reached the previous conclusion
without making mechanistic assumptions
or drawing on any evidence but that pro-
vided by the transients. However, we can-

not proceed much beyond this point. We
subjected the aged catalyst at reaction tem-
perature to an exposure in pure hydrogen.
The following findings are evident.

(1) A carbon reservoir of over 10 mono-
layer equivalents appears (Fig. 12).

(2) The size of the reservoir (i.e., N), to-
gether with the rate of removal R in CO/H;
atmosphere (an upper limit can be calcu-
lated from the background in the transients)
signals carbon with a long lifetime:

N
TERE 10 h.

(3) The carbon removal restores the origi-
nal shape of the transients (Fig. 11).

(4) The regenerated catalyst has a metha-
nation activity and capacity for CO uptake
slightly above that of the fresh catalyst
(Figs. 1 and 3, respectively), and a TOF
which is almost identical to that of the fresh
catalyst.

Finding (1) indicates ‘‘dissolution’’ into the
Raney nickel of significant amounts of car-
bon. Consistency with the transient-kinetic
observations arises when we assume that
on a 120-h time scale the carbon uptake
proceeds to completion for one part of the
specimen, whereas the other part remains
essentially free of carbon. The 120- and
850-s transients then reflect catalysis over,



SOONG, KRISHNA, AND BILOEN

W
£
N

nnnnnn tivaly tha ““hAlaan®’ and rarlhan_~ran himandality in aithar tha ey
l\lal}\lvtlv\tly y LIV wvivali aAllu Lval vyuvilrmLvuLr Ulllluual Ly 1XX Wikliwl (S L v §

J
taining Raney nickel. The implied heteroge- morphology, or aluminum content.
neity of the fresh sample could derive from

APPENDIX

Mathematical Models
Model A (Fig. 9):

[—1\ -1

F =

e (2

Model B (Fig. 9):

Fepoe () v aree ()

Model C (Fig. 9):

F = Aexp( t) + - A)exp( t)

_ ,
“mrp\ et 8 (1 1)
T1

Tas T,S =

(B (LB R B (A ]
TN, N ) T U2 ) 27 py |

Model D (Fig. 9):

} [—1\ - - [— 1\
F = Aexp \T} + (1 — A)exp \E}

Ta T8 =

[N (I R
211 21, 27.+ 2\ T 0Ty T\T2
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