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Coke formation in the hydrogenolysis of cyclopentane on Ni/Al,O, catalysts in the temperature
range 300-500°C was studied. A similar change in apparent activation energy for coking obtained
with catalysts presenting different surface states coincides with the appearance of filamentous
carbon on the catalyst surface. A definite carbon-to-surface nickel ratio seems to be necessary for
the nucleation of the filaments. Coked catalysts reveal different activities for hydrogenolysis and
hydrogenation reactions depending on the nature of the carbon deposit. The free-metal surface
area decreases by two orders of magnitude during coke deposition accompanying cyclopentane
hydrogenolysis. Nevertheless, as soon as the filamentous carbon appears on the catalyst, the nickel
recovers a significant part of its initial activity, which shows that the accessible fraction of metal

increases at the initial stage of the whisker formation.

INTRODUCTION

Deactivation of supported metal catalysts
by carbon or coke is a serious problem in
steam reforming and in other important
catalytic processes. The main causes of
loss in activity are (i) catalyst sintering, (ii)
poisoning by sulfur compounds present
in the hydrocarbon feedstock, and (iii) the
formation of surface carbonaceous resi-
dues. While the effect of sintering and poi-
soning are relatively well understood, com-
paratively little is known as yet about the
mechanisms by which carbon and/or coke
are deposited (I-3).

Barbier et al. (4, 5) have shown that the
rate of carbon deposition during cyclopen-
tane reaction on supported platinum cata-
lysts is proportional to the metallic surface
area active in the dehydrogenation reaction
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yielding cyclopentadiene. Hadj-Aissa (6)
has demonstrated that cyclopentane in an
inert atmosphere of nitrogen leads to heavy
coke deposits on Ni/Al,0,; compared with
noble metals (Pt, Ir, Rh, Ru, Re) in the tem-
perature range 400-500°C.

The general goal of this work is to study
the coke formation, by model molecules,
on catalysts with formulations varying from
basic Ni/Al,O, catalysts to complex multi-
component catalysts for steam reforming.
In this paper we investigate how surface
properties -and metal-support interactions
affect the rate and the nature of carbon spe-
cies deposited from cyclopentane. This mol-
ecule was chosen because it can give sig-
nificant coking rates at relatively low
temperatures. Coking experiments were
carried out here in a dry atmosphere. The
role of water together with the effects of
alkali doping will be analyzed in a later

paper.
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EXPERIMENTAL
Catalyst Preparation

Catalysts were prepared by an impregna-
tion technique. Eighty grams of Rhone
Poulenc SCS-79 8-alumina was immersed in
200 ml of aqueous solution of Ni(NO,), -
6H,0. The concentration of the solution was
adjusted in order to obtain either 2 or 10
wt% of nickel in the catalyst oxides.

Water was evaporated under reduced
pressure (13 kPa) and the precursor was
dried in air at 110°C for 16 h and subse-
quently heated at 1°C min~' in an air flow to
400°C: this operational sequence defines the
“‘standard’’ pretreatment. The total amount
of the 10% Ni catalyst was divided into two
parts, one of them being calcined in static air
at 700°C for 18 h in order to induce Ni-Al,0O,
interactions. These catalysts are referred to
as NiXACY, where X is the nickel content
and Y the calcination temperature (omitted
for catalysts under standard pretreatment).
Values of BET surface areafor each catalyst
are listed in Table 1.

Activation and Coking Reaction

Reduction of the catalyst and the subse-
quent coking reaction were performed in
situ in a conventional flow reactor consisting
of a Pyrex—glass tube (16 mm i.d.) in which
a sintered glass disk was welded to support
the catalyst. The temperature was measured
by a chromel-alumel thermocouple placed
inthe center of the catalyst bed. The catalyst
was first heated at 1°C min~' under flowing
hydrogen (26 ml g Ni~! s™!) to 500°C and
allowed to remain at that temperature for 10
h. Afterward, the catalyst was cooled to the

TABLE 1
BET Suiface Area (S) of the Catalysts

Catalyst Ni (wt%) S, (m? g™
Ni2AC 2.3 82
Nil0AC 8.81 75
Nil0AC700 10.41 49
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reaction temperature and hydrogen was re-
placed by the coking mixture consisting of
cyclopentane diluted with hydrogen or ni-
trogen. Experiments were carried out in the
temperature range 300-500°C with molar
flow rates of 0.0247 mol h™! for cyclopen-
tane, 0-0.494 mol h~! for hydrogen, and
0-0.0576 mol h~! for nitrogen and with a
catalyst weight of 0.05-0.3 g. Gases were
purified by passing through conventional
deoxo-zeolite traps. Cyclopentane of ana-
lytical grade containing less than 1% of 2,2-
dimethylbutane as main impurity was uti-
lized. Gaseous reaction products were ana-
lyzed by FID gas chromatography on a 25-m
capillary column of Al,O; (0.32 mm i.d., film
thickness 3 um) at 100°C with hydrogen as
carrier gas at a flow rate of 15 ml min~!.
For the transformation of cyclopentane
with hydrogen, two main reactions are pos-
tulated to occur, namely, the hydrogen-
olysis reaction (essentially to methane)

cyclo-CsH,, + SH, — 5CH,;
AH’]OOK = "346 kJ molh‘l (1)

and the coking reaction

cyclo-CsH,, — 5CH, + 10(1 — x/2)H,;
AH700K = + 192 kJ mOl_l (fOl‘x = O) (2)

Metal Surface and Metal Reduction
Measurements

Metal surface and metal reduction param-
eters were determined using a pulse chroma-
tographic system described elsewhere (7).
The catalyst was first reduced under the
above-described conditions and then purged
in flowing argon for 3 h at 500°C. Chemisorp-
tion of hydrogen was undertaken at room
temperature (pulses of 0.245 ml every min-
ute) to determine the irreversible hydrogen
uptake. After temperature-programmed de-
sorption at 4°C min~! in flowing argon up to
500°C, the oxygen uptake (pulses of 0.245
ml every minute) was measured at that tem-
perature. The amount of chemisorbed hy-
drogen was referred to the metal loading in
the quantity H./Ni; (atoms of H chemi-
sorbed/total nickel atoms). The degree of
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nickel reduction, %R, was evaluated from
the oxygen uptake capacity O, determined
at 500°C. Assuming that O/Nig = 1.1 (Nig
indicates reduced nickel), we obtain %R, =
90.9 O¢/Nir (7). Dispersity, %D, is esti-
mated from %D, = 222 H /O, which is in
good agreement with values resulting from
magnetic measurements (7). Finally, the
particle size was calculated from d. = 978/
%D, based on an equidistribution of the
low index faces {111}, {110}, and {100} at the
surface of the metallic particles.

Scanning Electron Microscopy (SEM)

Samples consisting of a few particles of
coked catalysts were fixed into a silver glue
spread on sample holders. A gold layer,
15-20 nm thick, was introduced by sputter-
ing pure gold at 13 Pa. These specimens
were studied in a JEOL 35 CF electron mi-
croscope.

Temperature-Programmed Oxidation

Samples of fresh coked catalyst were oxi-
dized under a flow of 2% oxygen in helium
at 7°C min~! in a pulse-chromatographic
system using a Porapak-Q column. The
quantity of carbon deposited was deduced
from the amount of CO, produced during
the temperature-programmed combustion
(5). Under our experimental conditions no
production of CO was detected.

RESULTS
Activation and Surface Properties

Table 2 shows that dispersity and metal
surface area, S,,, are strongly reduced with
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increasing temperature; this is due to a par-
tial formation of bulk aluminates by interac-
tion between nickel and aluminium oxide, as
confirmed by X-ray diffractometry. These
aluminates of spinel structure are hardly re-
duced in hydrogen at temperatures lower
than 800°C (8), which induces a significant
decrease of the oxygen uptake at 500°C. Av-
erage particle sizes deduced from chemi-
sorption data, d, are compared to those
estimated using Scherrer’s equation for
X-ray line broadening (hexagonal NiO (012)
reflexion) dy, in the last two columns of
Table 2. The difference between d. and d,
found for NilOQAC700 is attainable since its
Ni particles probably become polycrystal-
line after calcination at 700°C. Similar ef-
fects have been reported in the literature for
steam reforming (7).

Temperature Dependence of the Coke
Deposition

In Fig. 1 the amount of coke deposited
during the first hour of reaction is plotted
versus 1/7(K) for Ni2AC at H,/CPA = 0
(CPA is cyclopentane), for NilOAC at H,/
CPA = 1.75, and for Ni10AC700 at different
H,/CPA ratios. As soon as the temperature
or carbon content goes further than the point
marked B, there is, in all cases, an abrupt
change in the apparent activation energy for
coke deposition (global carbon contents are
proportional to average rates of coke depo-
sition between 0 and 1 h). For Nil0AC700
the B-point shifts to higher temperatures
when the H,/CPA ratio is increased, even
though the carbon content at Ty remains
approximately the same. Comparatively,

TABLE 2

Metal Surface Parameters in the Reduced Catalysts at 500°C

Catalyst Nickel loading H¢/Nip %R %D S, (m?g™h dc (nm) dy (nm)
(mmol g~ 1)
Ni2AC 392 0.135 79 34 5.4 2.9 —
Nil0AC 1501 0.085 95 18 i1 5.4 6.0
Nil0AC700 1773 0.010 37 5.4 39 18.1 7.4
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F16G. 1. Temperature dependence of coke deposition on: Ni2AC: (+) Peps = 30kPa, Py, = 70 kPa,
H,/CPA = 0; Nil0AC: (O) Pcps = 36 kPa, Py, = 64 kPa, H,/CPA = 1.75; Nil0AC700: (k) Pcps =
30 kPa, Py, = 70 kPa, Hy/CPA = 0; (@) Pcps = 36 kPa, Py, = 64 kPa, Hy/CPA = L.75; () Pcps =

5 kPa, Py, = 95 kPa, Hy/CPA = 20.

Ni2 AC and Ni10AC allow more coke to be
formed before the rupture occurs. Below
the B-point all apparent activation energies
range from 20 to 80 kJ mol~!. The breaking
at B-point in the Arrhenius plot of Fig. 1 was
shown to correspond with the appearance
of filamentous carbon on the catalysts. This
is clear from SEM micrographs obtained
with catalyst samples coked below and
above the B-point, as seen in Fig. 2 for
Nil0AC. This was also observed with
Nil0AC700. However, filaments could not
be detected on coked samples of Ni2AC,
even at 500°C.

Reactivity of Coke Deposits

Freshly coked samples of the different
catalysts were characterized by tempera-
ture-programmed oxidation performed up to
900°C to burn completely the coke formed.

A series of TPO curves for reaction of the
coke deposited with oxygen, as a function of
coking temperature, are presented in Figs. 3
to 5. Three aspects appear to be common to
all catalysts:

(1) when coking is carried out under con-
ditions falling below the B-point (see Fig.
1), a reactive species (I) is formed with a
peak temperature, T,; = 350 + 20°C. This
species would correspond to carbon and/or
coke deposited on the nickel surface.

(2) When the experiments are performed
far above the B-point, a highly nonreactive
form (III) is observed at temperatures, T,y
= 650 = 50°C. Such a form is associated
with a graphitic carbon like that which forms
the outer shell of carbon filaments.

(3) Finally, under coking conditions fall-
ing just over the B-point a third species (II)
is determined with a peak temperature, T
= 450 = 20°C. This intermediate form is
believed to be formed by migration of car-
bon atoms from the metal to the support.

The II-type carbon is detected particu-
larly well for Ni2ZAC and Nil0AC700, both
catalysts having an important nickel-sup-
port interaction: This happened with Ni2AC
(in spite of its high dispersion) and with
Nil0AC700 as the consequence of the for-
mation of bulk aluminates, as was confirmed
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F16. 2. Electron micrographs of coked Nil0AC. (A) 1 h coking at 430°C, H,/CPA = 1.75. (B) 1 h
coking at 450°C, H,/CPA = 1.75.
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F1G. 3. TPO profiles of coke deposited on NilOAC at (A) 430°C, (B) 450°C, and (C) 460°C; H,/CPA =

1.75; reaction time = 1 h.

by X-ray analysis. However, for Nil0AC, a
partial superposition between types I and II
is observed.

Catalytic Activity in Hydrogenolysis

Even when temperature and H,/CPA ra-
tio were varied, the main product was, most
often, methane, demonstrating that cyclo-

HgC

pentane is irreversibly adsorbed and decom-
posed on nickel with a complete breakage
of carbon—carbon bonds (9). Table 3 shows
a typical chromatographic analysis of the
products. In comparison with platinum, the
yield in gaseous products of dehydrogena-
tion, i.e., cyclopentane, cyclopentadiene,
etc., is negligible. Figure 6 shows the total
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FiG. 4. TPO profiles of coke deposited on Nil0OAC700 at (A) 340°C, (B) 380°C, and (C) 420°C;

H,/CPA = 0; reaction time = 1 h.
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Fi1G. 5. TPO profiles of coke deposited on Ni2AC at (A) 340°C, (B) 460°C, and (C) 500°C; H,/CPA =

0; reaction time = 1 h.

conversion of cyclopentane at selected tem-
peratures above and below the breakpoint.
Attemperatures lower than T the consump-
tion of cyclopentane declines more or less
rapidly, depending on the hydrogen pres-
sure. On the contrary, at temperatures
above Ty, the initial diminution is followed
by a growth of conversion, all the experi-
ments producing a maximum at a given time.
This increment in conversion is ascribed to
the formation of whisker carbon. It is well-
documented that this type of carbon does
not deactivate the catalyst (10). Moreover,
we will see further that above the B-point,

TABLE 3

Typical Composition of Gaseous Products in Coking
Experiments (Nil0AC, 440°C, H,/CPA = 1.75)

Time on C; C, C;~C; CPA CPE* CPD¢
stream
(h)
0.07 21.3 0.09 0.03 78.4 0.21 0.02
0.92 6.9 0.06 0.03 92.8  0.20 0.03

“CPE indicates cyclopentene, CPD indicates cyclo-
pentadiene.

the catalyst recovers alarge part of its acces-
sible metal area. This effect is not observed
at the lower temperatures (below the
B-point) where filament formation would
not take place and a ‘‘coke’ of a different
nature deactivates the catalyst.

Change in the C/Nig Ratio during
Hydrogenolysis and Coking

In the previous analysis (Fig. 1) we found
that, for NilOAC700, the locus of the
B-point was influenced by the H,/CPA ratio.
Evidently the critical carbon content neces-
sary for the nucleation of carbon filaments
depends not only on catalytic activity but
also on the intrinsic rates of reactions (1)
and (2), as they present orders in hydrocar-
bon and/or hydrogen different from zero
(11, 12). Indeed, selectivities of both reac-
tions are clearly modified when Ty is ex-
ceeded, as seen from values given in Table
4 for Nil0AC700 at different H,/CPA ratios.

Accounting for the different values of car-
bon content found at Ty, in Fig. 7, the num-
ber of carbon atoms deposited by each sur-
face nickel atom, C/Ni,, is plotted against
the temperature. It is observed that except
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FiG. 6. Conversion of cyclopentane during coking experiments on Nil0AC700 (different H,/CPA

ratios) and Nil0AC (see Fig. 1).

TABLE 4

Selectivity for Hydrogenolysis of Cyclopentane
(CPA) and Coking for Nil0AC700 at Different H,/CPA
Ratios

H,/CPA Temperature TTG* S Sy
C) (%) (%) (%)

0 248 0.29 74 926

(Ty = 375°C) 339 0.27 9.0 91.0
378 047 25 75

1.75 398 7.1 0.2 998

(Ty = 437°C) 419 4.8 0.6 99.4

440 3.1 5.1 949
20 404 74 — 100
(Ty = 482°C) 470 88 — 100
495 94 1 99

4TTG, total conversion of CPA.
Sy, Sc, selectivities for the hydrogenolysis and the
coking reactions.

for Ni2AC, a value between 8 and 9 is al-
ways obtained before the break-point is de-
tected.

Change in the Free-Metallic Surface Area
during Hydrogenolysis and Coking

We have shown that, with increasing tem-
peratures, the C/Ni, ratio grew to a value of
8-9 and, after that, carbon filaments ap-
peared on the catalysts. It was interesting
to evaluate the free-metal surface area for
catalyst samples, with or without filaments.

Accordingly, catalytic activities for
hydrogenolysis of cyclopentane and hydro-
genation of benzene, which are typical ex-
amples of structure-sensitive and nonstruc-
ture-sensitive reactions, respectively, were
measured on Nil0AC700 coked below and
above the B-point. Figure 8 shows the pro-
gram followed. After normal reduction, a
primary hydrogenolysis of cyclopentane,
during which coke is deposited, is carried
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FiG. 7. Evolution of the C/Ni; ratio during hydrogenolysis and coking on: Ni2AC: (#) H,/CPA = 0;
Nil0AC: (O) Hy/CPA = 1.75; Nil0AC700: () H,/CPA = 0, (®) H,/CPA = 1.75, (O) H,/CPA = 20
(slopes above the B-point are based on data out of the limits of the diagram).

out at temperatures below and above the
B-point; then the catalyst is quenched, ei-
ther to 250°C to perform a secondary hydro-
genolysis or to 180°C to carry out the hydro-
genation of benzene. Both reactions were
checked; neither produced coke on a fresh
catalyst at these temperatures.

Calculated values of reaction rate and ac-

tivity for these reactions on fresh and coked
catalyst samples are compared in Table 5.
It is seen that while the reaction rate is dras-
tically reduced by the coke formed at 420°C
(below the B-point), nickel having formed
filamentous carbon still conserves a nonneg-
ligible level of activity. Indeed, the hydro-
genolysis of cyclopentane seems to be more

500_________/'

Te

180

Fi16. 8. Experimental sequence.
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TABLE 5

Activity of Coked Nil0AC700 in Structure-Sensitive and Nonstructure-Sensitive Reactions?

Catalyst Hydrogenolysis of CPA 250°C Hydrogenation of benzene at 180°C
Reaction rate Normalized activity Reaction rate Normalized activity
10 mol h~! g~! (coked/fresh) 10° mol h™! g~} (coked/fresh)
Fresh 15 1 41 1
Coked 1 h, 0.25 0.016 2.6 0.05
420°C
Coked 1 h, 2.5 0.16 13 0.32
480°C

4Activity values are calculated from CPA conversion,

affected, presumably owing to the disap-
pearance of specific active centers caused
by filament growth.

These results seem to show that the acces-
sible fraction of the nickel surface area first
decreases along with coke deposition and
then increases as soon as the filaments of
carbon begin to appear. '

DISCUSSION

The present study shows that cyclopen-
tane reacts on Ni/Al,O; yielding carbon and
methane, the latter being the main product
of hydrogenolysis. An abrupt change in the
apparent activation energy for coking
(B-point in Fig. 1) is proved to correspond to
a change in the morphology of the deposits
from surface or subsurface carbon to fila-
mentous carbon, as was observed by elec-
tron microscopy. The break-point appeared
to be affected by kinetic and other aspects,
i.e., temperature and partial pressures and
thermodynamic requirements; in other
words a definite concentration of carbon on
nickel (eight to nine carbon atoms per sur-
face nickel atom) is necessary for the fila-
ments of carbon to appear. Neither the parti-
cle size nor metal-support interactions
seem to affect the C/Ni, ratio at break-point
B. It has also been shown that filamentous
carbon leads to a higher residual activity in
hydrogenolysis compared to the more toxic
carbon deposited at temperatures lower
than 7. This higher activity is also evident

stabilized after 30 min on-stream.

in structure-insensitive reactions like hydro-
genation of benzene. These results show
that the free-metal surface area of nickel is
higher in the domain of filamentous carbon
than in the domain of low-temperature car-
bon formation. This increase in the free-
metal surface area may be the consequence
of a change in the rate-determining step (rds)
of the hydrogenolysis reaction, i.e., the rate
of the gasification of adsorbed hydrocarbon
fragments with hydrogen becomes higher
than the rate of hydrocarbon adsorption as
the temperature is raised (10). Neverthe-
less, this observation is concomitant with
the appearance of whisker carbon, inducing
us to think that the increase in the metal
accessibility is also due to a redistribution
of the carbon on the particle.

It has been reported earlier that metasta-
ble nickel carbides are involved in the de-
composition of hydrocarbons on nickel sur-
faces. Renshaw et al. (I13) observed the
formation of an intermediate carbide phase
prior to carbon formation at temperatures
as high as 550°C. Manning et al. (14) re-
ported that the actual equilibrium of carbon
formation on nickel requires higher concen-
trations of CO,, H,, and CH, than if one
assumed B-graphite were formed. They pro-
posed that carbon formation occurs via an
intermediate carbide which continuously
decomposes into graphite and nickel. Re-
cently, De Bokx et al. (15) have also ob-
served deviation from graphite equilibria in
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the carburization of silica-supported nickel
and iron catalysts by methane and carbon
monoxide. By thermomagnetic analysis,
these authors (16) studied both transient and
steady-state behavior in the carburization of
a nickel catalyst by methane under condi-
tions at which carbon filaments were
formed. Accounting for the initial decrease
in magnetization observed (75% of the initial
value) they assumed that high carbide con-
tents precede the nucleation of carbon.
They proposed that a bulk carbide is formed
at this stage. As the magnetization is par-
tially recovered after 18 h on stream they
designed experiments tending to examine
the steady-state carburization. By measur-
ing the reversible loss of magnetization pro-
duced during carburization~hydrogenation
cycles they concluded that a substoichio-
metric bulk carbide is present under condi-
tions of filament growth. In a recent paper,
Alstrup (I7) criticized the interpretation of
magnetic measurements carried out by De
Bokx and co-workers (15) in stating that the
loss of about 75% of the magnetic moment
in the nickel particles in the beginning of
their carburization experiments corre-
sponds not to the formation of bulk nickel
carbides, but to the passivation of the mo-
ments of the outer shells in the ‘‘induction
period”’ before the nucleation of the fila-
ment. Based on studies of interaction of
methane with single nickel surfaces, he hy-
pothesized the formation of a surface car-
bide which would form the source for car-
bon diffusion into the particle.

In the present study, if the formation of a
bulk nickel carbide was, similarly, a re-
quired condition to start the growth of car-
bon filaments, we should expect to obtain
the break-point at the same value of C/Ni,
(that is, reduced nickel) rather than C/Ni;.
Assuming that the amount of reduced nickel
is not increased during the reaction, the re-
sults presented in Table 6 indicate that this
is not the case. On the contrary, this shows
that a definite state of the catalyst surface,
involving most probably a surface carbide as
well as multilayers of free carbon, is present

DUPREZ ET AL.

TABLE 6
C/Ni; versus C/Nig at the Break-Point
(B-Point)

Catalyst D% C/Ni, C/Ni,
Nil0AC 17.9 1.57 8.75
Nil0AC700 5.4 0.46 8.5
Ni2AC 34.0 3.74 11

during the induction period preceding the
nucleation of filaments. The migration of
part of that carbon to the nearest support
should not be disregarded.

It seems important, at this point, to em-
phasize the crystallographic specificity for
chemisorption and carbon formation, which
proceed preferentially on (100) and (110)
nickel faces (I8, 19) and for graphite segre-
gation, permitted on (111) and (311) faces
(20). All these processes, being sustained by
aresultant driving force (concentration and/
or temperature gradient) (19), provoke the
reconstruction of the particle, with some ac-
tion on its catalytic properties as seen for
hydrogenolysis and hydrogenation reac-
tions.

Well-Dispersed Ni2AC Catalyst

The higher value of C/Ni; before the
break-point, together with the lower appar-
ent activation energy above that point ob-
served for this catalyst, can be explained
by the smaller size of its particles (average
particle diameter, d = 3 nm) and this is in
agreement with the less abundant III species
observed for Ni2AC in Fig. 5. In fact it was
reported (/6) that a minimum diameter of
about 10 nm together with a high carbide
content is necessary for nucleation of car-
bon. Only then will a reduced fraction of
particles of the Ni2AC catalyst produce car-
bon filaments.

The intermediate carbon form II, with a
peak temperature of 450°C, is associated
with nickel-alumina interactions like forma-
tion of nonstoichiometric aluminates which
could lodge and stabilize carbon.
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Since the small particles are not able to
produce a filament, they remain attached to
the support and become easily encapsulated
by the growing carbon.

CONCLUSIONS

The studies show that two different do-
mains are found in the transformation of
cyclopentane on Ni/Al,O;: at low tempera-
ture a slow evolution of the coking rate with
simultaneous deactivation of the hydrogen-
olysis reaction is followed by a significant
acceleration of the coke deposition, charac-
terized by the appearance of carbon fila-
ments as soon as a certain temperature is
surpassed (B-point). The temperature of this
break-point essentially depends on hydro-
gen concentration which tends to retard the
appearance of the filaments. Nevertheless,
whiskers are developed only after a definite
carbon-to-surface nickel ratio (equal to 8-9)
is attained and for catalysts with an average
particle diameter of at least 6 nm.

In the low-temperature zone (below the
B-point) the accessible nickel area de-
creases by about two orders of magnitude.
When the temperature just exceeds Ty, the
accessible nickel area grows, achieving
roughly 30% of its initial value. This in-
crease in the accessible nickel area appears
to be linked to two different causes, namely,
a change in the rds of the hydrogenolysis
reaction and a redistribution of the surface
carbon required for nucleation of filamen-
tous carbon.

The formation of a surface carbide seems
to be involved during the induction period
after the nucleation of filaments. The rela-
tive excess of carbon determined at the
B-point is attributed to the formation of car-
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bon multilayers and migration of this carbon
to the adjacent support.
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