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I’Ltrlier studies of the mechanism of carbon formation on nickel are reviewed. A complex 

dependence of rate upon temperature is observed in many systems. Different explanations for 
the existence of a rate maximum and ml apparent negative act,ivat,ion energy are discussed. 

The observations are shown to be best explained in terms of adsorpt,ion eflects, although other 

effect.s may influence the magnitude of the observed activat,ion energy. Another aspect of the 
mechanism is the method of transportation of met.al particles with the surface of the growing 

carbon. Temperature driven dissolution-precipitat,ion of carbon or surface migrat(ion of car- 

bonaceous species appear less probable than a nlechanism involving diffusion of carbon through 
nickel under a concentration gradient. 

I. INTRODUCTION 

I. Carbon Formation on Catalysts 

Increased demands on caMyst eficiency 
and on catalyst life have led, in recent 
years, to an intensification of interest in 
effects such as catalyst deactivation by 
poisoning or 1)~ sintering. One aspect, of the 
problem that has received attent,ion is the 
formation of carbon on transition metal- 
lxised catalysts, as a result of t,he fact t’hnt 
active catalysts, such as iron, cobalt and 
nickel, are also efficient at caMyzing the 
deposition of carbon. Thus, for example, 
the performance of nickel-lxxx1 catalyst’s 
for methanation (1) or steam reforming 
(2, 3) is known to lx influenced by carbon 
formation. Deactivation may be caused by 
a blockage of the nickel surface (4) or hy 
blockage of the pore mout,hs (5) whic.11 can 
also product physical l)rwkdon-n of the 
catalyst support. 

Similar problems arise with the industrial 
operation of some noncatalytic processes. 
Reactions such as the steam cracking of 
hydrocarbons are carried out’ at high tem- 
pcrat,ures (6), where reactor materials must 
hc constructed from nickel-based alloys. 
Carbon formation on t,he rtact,or wall can 
result in increased pressure drop and in 
froq~lent regenerations or early shutdown 
of the lT:wt~ol-. 

The degree of interest’ in the prohlcm is 
reflect,ed in the published literature (;‘-12). 
The morphology of carbon deposits has 
heen investigated in some detail, and ident)i- 
ficaation of well-ordered graphitic deposits 
(Y-9), of carbon whiskers (g-11), of non- 
orientsed deposits (8) and of various car- 
bides (12, 13) have a11 been reported. The 
kinetics of carbon deposition and of cnrhon 
gasification has received less attention, al- 
though several papers have dealt mitjh 
various aspects of the prol)lcm (,5, 8, Id). 
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FIG. 1. Carbon deposition from propylene com- 
plex temperature dependences. (- - -) Corrected for 
gasification. 

These studies reveal several unexpected 
trends, and it is the purpose of the present 
paper to focus attention on these results 
and to discuss the validity of alternative 
explanations that have been advanced. 

2. Basis of the Problem 

It is convenient, in this section, to use the 
formation of carbon during the pyrolysis 
of olefins over nickel foil as an example. 
Similar observations have been reported for 
other systems and these will be referred to 
where they are relevant. 

Studies of the kinetics of carbon forma- 
tion over nickel show that deposition from 
olefins is slow at the start of reaction (8,15). 
After a well-defined induction period, the 
rate of deposition accelerates to a constant 
and reproducible value, which shows a 
complex dependence on temperature (15). 
A typical plot of log rate of carbon deposi- 
tion from propylene vs reciprocal tempera- 
ture is shown in Fig. 1. 

The kinetics of the reaction also change 
with the apparent activation energy. At 
temperatures less than ca. %O”C, the ap- 
parent activation energy is 32 f 2 kcal/ 
mol for all olefins, and the reaction is zero 
order. Between ca. 550 and G50”C, the 
apparent activation energy is ca. -44 
kcal/mol and the reaction is first order both 
in hydrocarbon and in hydrogen. Above ca. 
65O”C, homogeneous carbon formation be- 
comes significant and kinetics appropriate 
to the gas phase pyrolysis of individual 
hydrocarbons are observed. 

The complex dependence of rate upon 
temperature is common to many such sys- 
tems. Similar curves have been observed 
for the pyrolysis of acetylene, ethylene, 
propylene, butene and butndiene over nickel 
(8, 15), with the maxima and minima oc- 
curring at approximately the same tem- 
peratures as in Fig. 1. Although the rates 
may be complicated by mass transfer 
limitations, Rostrup-Nielsen (5) and Figu- 
eirdo and Trimm (16) have also observed 
similar curves during the steam-reforming 
and pyrolysis of hydrocarbons on supported 
nickel catalysts. Derbyshire and Trimm 
(14 have also noted that the apparent 
activation energy of carbon formation 
changes from positive to negative with in- 
creasing temperature. These experiments, 
designed to investigate the pyrolysis of 
methane, ethane and ethylene over nickel 
foil, gave values of activation energy as 
quoted above, although the maximum in 
the curve was found to lie at significantly 
higher temperature (2800°C) (14). 

The amount of carbon deposited on the 
foil or catalyst at lower temperatures was 
found not to affect the rate of subsequent 
carbon formation, to high deposit weights 
(5, 8). Examination of the carbon showed 
that nickel crystallites were being trans- 
ported at the surface of the growing carbon 

(8). 
Similar observations have been reported 

for the formation of filamentous carbon on 
iron, cobalt, chromium (10) and nickel (17). 
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A common characteristic of all filaments 
was a particle of metal-based material at 
the growing end of the filament,. Trans- 
portat,ion of metal on t#he growing surface 
of the carbon thus appears to he a common 
feature of this type of deposition. 

In the present, paper, we focus at,tention 
on the change of the apparent energy of 
activ&on from positive to negative, and 
on the method of transportation of metal 
part,icles with the surface of the growing 
carbon. 

II. THE NEGATIVR APPARENT 
BCTIVATION ENERGY 

1. Gasijicntion of Carbon 

Perhaps the most obvious explanation of 
the negative activation energy is that hy- 
drogen, either produced in the reaction or 
added to the feed (li‘), is gasifying the 
deposit. As a result, detailed studies of the 
effect of hydrogen have been carried out 
(16). Although the gasification of carbon 
by hydrogen has been found to be signifi- 
cant only abovc cit. 55O”C, measurement 
of the kinetics of gasification shows that 
this cannot account, in toto, for t,he oh- 
served decrease in apparent activation 
energy. The kinetic equation obtained for 
the gasification, 

-d(c) 
-= 1; ( Ni arca} I {carbon) ’ ( Hz} ‘, (1) 

dt 

was used to show that the rate of carbon 
deposition was in no case altered by more 
than 5y0 as a result, of gasification by hy- 
drogen (Fig. 1, curve h). 

For conditions with steam present it 
might be argued in a similar way that 
steam is regasifying the carbon deposits. 
This has also hcen the basis of a model for 
the steam reforming process (IS). 

Experiments of Figueiredo (19) showed 
a retarding effect of steam on the rat,e of 
carbon formation, but the rate rem&cd 
constant with time in the presence of steam, 

although the surface of carbon accessible 
for t,hc gasification was increasing. Similar 
results mere obtained for the Boudouard 
reaction by ‘l’@t,trup (IS). Hydrogen and 
steam were found to retard t,hc rates hut 
not to affect8 the reaction order (zero with 
respect to time). Rloreo\-er, t#he addition 
of alkali did not, change the effect of steam. 
These results may dispose of t.he said mech- 
anism for st#eam reforming and t,hey indi- 
cate that! t,he maximum in coking rat,e with 
tcmpcraturc obser\red hy Rostrup-Nielsen 
(5) at conditions for st,eam reforming may 
hardly IK asc~rilwd to wgasificat,ion of 
carbon. 

2. cutn1y,st I’oi~sorl ir1g 

a. At first sight it would appear that the 
formation of carbon on nickel could poison 
the catalyst and cause the negative activa- 
tion energy observed. 

Poisoning effects have been reported in 
the literat’ure. For the decomposition of 
acet’ylenc on nickel, Baker et al. (17) ob- 
served that the growth of whisker-like 
carbon was preceded by formation of ap- 
parently amorphous carbon. If the excess 
of these deposits did not move away to 
form whisker-like carbon rapidly enough, 
the fraction of free nickel surface slowly 
decreased and thr nickel particle lost its 
activity. Again, in the stcnm reforming of 
naphtha at, low t,emperatures, as envisaged 
in adinbnt,ic reformers, gradual deactivation 
of the nickel surface has also been reported 
(4, 20, Z?I), apparently as a result, of the 
accumulation of polymer on the surface. 
The rate of deactivation appears to depend 
on the rclatirc rates of aging and gasifica- 
tion(21, 22). 

Although the mechanism of the dccom- 
position of hydrocarbons has not been es- 
tnhlishcd in detail, it is useful to discuss 
self-poisoning in general terms. The process 
must, involve the adsorption of hydrocarbon 
at a rat)c rl: the adsorhcd organic material 
may t,licn cithcr gasify hy further rc:&ion 
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FIG. 2. Carbon deposihn from propylene deac- 

tivation effects. 

(r2) or react to form nonencapsulating car- 
bon (r3) or encapsulating carbon (r4). The 
rate of self-poisoning is then expressed by 

l-4 = T-1 - 7.2 - 7.3. (2) 

The relative importance of the different 
reactions under different conditions of tem- 
perature and pressure would then explain 
the different rates of self-poisoning ob- 
served experimentally. 

Thus, for example, under steam reform- 
ing conditions for which r2 is high and r3 is 
normally zero, self-poisoning will be ob- 
served when r1 is greater than r2. The 
activation energy for adsorption (around 
10 kcal/mol) is less than the activation 
energy for hydrocracking on nickel (around 
40-60 kcal/mol). As a result, r2 should be- 
come equal to r1 as the temperature is in- 
creased, and self-poisoning will not occur. 
This reflects the situation in normal tubular 
reformers, where stable steam reforming 
can be carried out even under conditions 
where the deposition of carbon should be 
favored (3). 

In the studies of decomposition of pro- 
pylene, poisoning of the catalyst could 
occur, as shown by the results summarized 

in Fig. 2 (16). At low inlet hydrogen pres- 
sure, the decrease in rate with increasing 
temperature was found to adopt a curved 
plot (curve a: Fig. 2) : if the temperature 
was subsequently decreased, the plot be- 
came linear (curve b: Fig. 2). At relatively 
high hydrogen pressures, however, the plot 
was linear and reversible and paralleled 
line b. It would appear that, at low hydro- 
gen pressure, at least some of the nickel 
crystallites at the surface were being de- 
activated, presumably as a result of carbon 
encapsulation. High hydrogen pressures 
prevented such encapsulation and ensured 
reversibility of the plot. Even under these 
conditions, however, the negative activa- 
tion energy persisted, showing that the 
effect cannot be caused by poisoning by 
carbon. 

b. A less obvious possibility is that the 
catalyst could be poisoned by hydrogen, 
and there is some evidence that this could 
be so. Thus, for example, during studies of 
the hydrogen-induced sintering of nickel, 
the presence of various nickel hydrides has 
been established at temperatures between 
550 and 650°C ($3, 24). Assuming that the 
hydrides are poor catalysts for carbon pro- 
duction, and that their relative importance 
will increase with temperature (25), a de- 
crease in carbon formation would be ex- 
pected as the temperature is increased. 

Against this, on the other hand, is the 
observation that carbon formation rates in- 
crease with both the pressure of hydro- 
carbon and of hydrogen (8). Increased hy- 
drogen should lead to increased amounts of 
hydride and, by the arguments above, to 
decreased carbon formation. 

In the absence of quantitative informa- 
tion on kinetics of hydride formation, this 
seems to be unlikely to account for the 
negative apparent activation energy. 

3. Adsorption Effects 

It is evident (except for zero order reac- 
tions) that the rate on a catalytic surface, 
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which increases with temperature, is pnrt#ly 
compensated for by a decreasing coverage 
of reactants. Therefore, t’he rat’e may pass 
through a maximum when temperature is 
increased, and a negative apparent act,iva- 
tion energy is possible when the decline in 
surface concent’&ion of reactants wit#h in- 
creasing temperut’ure is so great that this 
more than offsets the increasing rate of t,he 
surface reaction. This phenomenon was 
originally observed in studies of hydrogena- 
tion of ethylene hy Zur Strassen (26), who 
suggested that a negative apparent nctiva- 
tion energy can be expected when t’he heat 
of adsorption is greater than the true ac- 
tivntion energy. Loho and Trimm (27) 
proposed that a similar effect may account 
for the negative apparent activation energy 
for carbon formation. 

The effect can easily be demonstrated for 
a reaction which is first order with respect 
to t,he adsorbed reactant’, A: 

This kinetic expression can change, with 
respect to the partial pressure of A, 
from zero order at low t)emperntures 
(Ke@IRT >> 1) to first order at high tem- 
peratures (KfYRT << 1). For a constant 
pressure of A (KPA = C), it can be shown 
that the rate has a maximum as funct,ion of 
temperature for Q > E at the t’emperature : 

T, = Q/Z2 log [ (l/‘C) (Q - E)/R]. (4) 

Rate expressions and T, equations for 
other situations are given in Table 1. Al- 
though a maximum is always observed, the 
criteria for the maximum and the equation 
for T, are seen to vary with the sequence 
in question. This makes quantitat’ive evalu- 
ations doubtful, if t,he mechanism has not 
been established. Moreover, it should be 
noted that, for all expressions, T, increases 
with the partial pressure of the reactant. 

It was mentioned earlier that cxperi- 
mental obscrvntions (8, 15) revealed that, 
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TABLF: 2 

Ci~lculation of ?‘, for Pyrolysis of Propylelte” 
llala frolrl (W) 

1’ WG I)% 
(at(m) (ah) ( x (;1O?fi) 

~‘w, (IO 

Ohsd Calc 

0.042 0.042 0.3616 810 810 

0.132 0.132 3.571 842 8.51 

0.067 0.933 12.81 867 876 

0.133 0.867 23.64 894 888 

T, = 
--&a, + E,m 

12 > 

( 1 
X 

log [(l/C) - (&w/&or) 1 ) ’ 
E PO3 = 32 kcal/mol, E,,,, = -44 kcal/mol; 

c= K.pc,n;pIr, = 2.05 x IO-‘“.pc,,n;pn,. 

the kinetics of carbon formation from 
pyrolysis of olefins is first order in hydro- 
carbon and hydrogen at high temperature 
and zero order at low temperature. This 
was also found for the pyrolysis of actylene 
(27). Empirically, this situation can be 
represented by the expression 

1 i- ~~~Q'RTp~,~,~p~2 

fc' . C,-&~g/RT 
= --- 

* (5) 
1 + Ce (E,ws--Enc..) / RT 

For C = K.P~,JI;P~T~, Eq. (5) is equiva- 
lent to Eq. (3). E,,, and A’,,, are the ob- 
served positive and negative activation 
energies, respectively. When assuming re- 
versible adsorption of the two gases an 
expression is derived as shown for case 4 
in Table 1. The maximum criterion may 
be fulfilled, since the sum of the values 
of adsorption, 58 kcal/mol for ethylene 
on nickel, 30 kcal/mol for hydrogen (28), is 
greater than that of the “true activation 

energy, ” 32 kcal/mol, observed in the region 
with zero order kinetics. The predicted 
value of the “apparent negative energy of 
activation,” -56 kcaljmol, is of the same 
order of size as the observed value for 
olefins, - 44 kcallmol. 

Difficulties arise, however, on consider- 
ing the Arrhenius plots for carbon forma- 
tion from, c.g., acetylene on nickel (27), 
where the slope of the plot would indicate 
a heat of adsorption of acetylene of the 
order of 200 kcal/mol, which is much too 
large. Recent measurements may, however, 
resolve this dilemma, as a result of the 
fact that it has been realized only recently 
that some deactivation of nickel may occur 
if the pressure of hydrogen is too low (see 
Fig. 2 above). Thus Dhe Arrhenius plot 
reflects not only the negative energy of 
activation, but also the deactivation of 
nickel, unless the experiment is performed 
at relatively high hydrogen pressures. Such 
measurements have been completed only 
for propylene (19), and give values corre- 
sponding to an acceptable value for the 
heat of adsorption. Verification of the ex- 
planation must await similar measurements 
with a wide variety of other hydrocarbons. 

It is evident that a calculation based on 
heats of adsorption measured at low tem- 
peratures is very doubtful. Thus, reversible 
adsorption of olefins and acetylene appears 
unlikely at the high temperatures in ques- 
t,ion and, probably, the mechanism should 
be described by a sequence of irreversible 
steps, as illustrated by case 4 in Table 1. 
However, a quantitative evaluation must 
await a better description of the mecha- 

nism, including an analysis of the function 
of hydrogen. 

One aspect of the formulas shown in 

Table 1 is confirmed by the data in Fig. 1 

(29). As predicted, the temperature maxi- 

mum, T,, moves to higher temperatures, 

when the partial pressures of propylene and 
hydrogen are increased. This effect is illus- 

trated in Table 2. Observed values of T, 
for pyrolysis of propylene are compared to 
values calculated from an expression de- 

rived from Eq. (5) : 

Tm = ( - Encg + El,,, I/’ 

{ fi[log (l/C) (- E,,,IE,,~,,) 1 I. (6) 
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Using T, = 810 K to calculate the con- 
stants to be used for calculation of T,,& for 
the other measurements, a fairly good agree- 
ment is apparent. 

4. Surface Nuclention rind Growth 

An alternative explanation of the nega- 
tive activation energy has been advanced 
for the growt’h of well ordered carbon on 
nickel surfaces (14). Deposits produced 
under carefully controlled conditions are 
laminar and graphitic, often consisting of 
islands of thicker graphit’e in a mat#rix of 
thinner, equally well ordered, graphite (14, 
3’0). These are suggest’ed to be formed from 
two mechanisms : the thinner material 
originates from a dissolution-precipitation 
mechanism, while the islands have been 
suggested to result from surface nucleation 
and growth of carbon. It can be shown 
that such a theory could predict a negative 
activation energy. 

Under these conditions, the formation of 
islands of graphite is related to the sequence 
of events : 

1. Atoms collide wit(h the surface and 
either adsorb or react. 

2. Adatoms may be mobile on the surface. 
3. ,Adatoms may either dissolve in the 

met’al or may cluster to form islands. 

4. Islands may grow by t,he addition of 
other adat’oms. 

Analysis of this type of process reveals 
that an overall negative activation energy 
for the growth of well ordered carbon could 
be possible for certain values of free ener- 
gies of the processes above (14). Quantita- 
tive assessment of the model is, however, 
impossible, since many of these free ener- 
gies are not known. In addition, the model 
cannot be applied to the growth of whisker- 
like carbon, in which metal particles are 
known to he transport’ed with the growing 
carbon (10, 11). Since the latter types of 
carbon are much more commonly produced, 

TABLE 3 

Euthalpies of Reactiou for CiLl.t)orI-FoI.IIIiIlR 
Renctious~ 

Renct.ion Aff” (tw~l/n~~l) ; temp (K) : 
- 

GO0 x00 1000 

CHa + c + 2II, +lY.!lo +20.x2 +21.43 
CzH2 + 2C + H, -53.9 --33.G -33.3 
CzH4 + 2C + H, -10.6 -!I.8 -7.2 
C,IIs --) 3c + 3H, -2 -0.7 -0.3 
CdHs + 4C + 4Hs 
Butene-1 +3.7 $5.1 +5.!)5 
cis-Butene-2 +5.82 t-7.48 +s.45 
trans-Butene-2 $G.38 $7.89 +8.73 
co + c + +oz +2&330 +21X12 +2&76X 
2co --f c + coz -43.34 -44.83 -40.42 

a Values based on grapt1it.e data. 

the model must be regarded, at best,, as 
being of limited applicability. 

As a result of these considerat’ions, the 
most plausible explanation of the negative 
:tctivat,ion energy would seem to be based 
on adsorption effects coupled with the 
minor influence of gasification and self- 
poisoning. It is now convenient to consider 
how this finding is affected by the possi- 
bilit,y of transportat,ion of metal by the 
growing carbon. 

III. TIIli: TRANSPORTATION OF NICKEL 

The movement of cat’alyst particles with 
growing carbon is a well-known phenome- 
non (8, 17). Two possible mechanisms 
have been proposed for t)he movement of 
a metal or a met,al carbide, and these may 
be discussed in turn. 

One well-est’ablished mechanism of dif- 
fusion is the surface migration of adsorbed 
species, and it has been suggested that 
carbon fibers may grow behind a nickel 
crystallite by a similar mechanism (31). 
Thus, adsorpt,ion of a hydrocarbon on a 
clean metal surface may lead to the diffu- 
sion of these species across the surface to 
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the carbon-metal interface, where decom- 
position occurs to give growth of the fila- 
ment (82). Some support for this model 
may be obtained from studies of the 
Boudouard reaction by Grenga and Law- 
less (82), who observed that nucleation of 
carbon occurred on specific steps and 
kinks of the nickel surface. The role of 
specific surface sites was also suggested in 
studies of the interaction of ethylene with 
nickel (53). 

Alternatively, adsorption may be fol- 
lowed by decomposition and by diffusion 
of carbon to the growing fiber. 

It has been shown, however, by Massaro 
and Petersen (84 that the surface diffusion 
of carbon on nickel foil is negligibly small 
in the temperature range 350-700°C so it 
is fairly certain that the carbon transport 
does not take place through the surface 
diffusion of carbon atoms (85). 

It is much more difficult to reject the 
possibility of surface migration of hydro- 
carbon species, because kinetic data for 
such migrations are very sparse. Energies 
of activation have been measured for the 
hydrogenation of propylene over metal/ 
carbon molecular sieve catalysts, a reaction 
which is believed to be controlled by the 
surface diffusion of propylene on metal 

W), and the values observed (ca. 10 
kcal/mol) are much lower than values for 
carbon formation. In the absence of values 
for other hydrocarbons, no conclusions can 
be drawn as to the relative importance of 
the surface diffusion concept. 

2. Temperature Driven Dissolution-Precil,i- 
tation 

A mechanism for the transportation of 
catalyst particles at the surface of the 
growing carbon has been postulated (8, 10, 
17’) which depends on diffusion of carbon 
through the metal particle from the hotter 
leading face, on which hydrocarbon decom- 
position occurs, to the cooler trailing faces, 
at which carbon is deposited. There is con- 

siderable experimental evidence to support 
this mechanism. Thus, for example, the 
rate of carbon deposition, by decomposi- 
tion of olefins on nickel, is zero order at 
low temperature, and is associated with 
an activation energy of 32 & 2 kcal/mol 
(8), a value in close agreement with the 
activation energy (20 f 2 kcal/mol) for 
diffusion of carbon through nickel in the 
temperature range 350-700°C (34) plus the 
enthalpy of solution of carbon in nickel 
(w 10 kcal/mol) (3’7). 

Semiquantitative assessment of the tem- 
perature gradient across the metal particle 
has been reported for fiber growth from 
acetylene on nickel (27) and for the deposi- 
tion of heavier deposits of carbon on nickel 
(8). These calculations take, as their basis, 
the heat of reaction which can be liberated 
on decomposition of the hydrocarbon on the 
leading face of the particle. This heat is pos- 
tulated to set up the temperature difference 
that drives carbon diffusion. 

The basic difficulty with this approach 
emerges on consideration of other systems. 
Transportation of metal at the surface of 
the growing carbon has been observed with 
pyrolysis of many gases. If we examine the 
heat liberated from these compounds, inter- 
esting values emerge, as are summarized in 
Table 3. 

From Table 3 it is seen that the decom- 
position of several gases is, in fact, endo- 
thermic. Since these gases produce carbon 
deposits with nickel crystallites at the 
surface, diffusion of carbon through nickel 
driven by a temperature gradient cannot 
be accepted. 

It was suggested by Robertson (88) that 
the whisker growth in the endothermic 
methane decomposition should be ascribed 
to the exothermic decomposition of im- 
purities of higher hydrocarbons. Similar 
statements have been presented by Evans 
et nl. (39). The methane used by Robertson 
contained 0.6 ~01% CZ and 0.05 vol %C,. 
In the experiments reported by Rostrup- 
Nielsen (11) it was not possible to detect 
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higher hydrocarbons in the methane, which 
means contents less than 0.01 1701%. With 
a flow of 0.3 liter (ST!?) CHJhr, rates were 
measured of about 1 mg C,/min, correspond- 
ing to a conversion of approximat’ely 30%. 
On this basis the influence of impurities 
on the growth mechanism was excluded. 

3. Concentration Driven Dissolution-Pre- 
cipitation 

With the negation of diffusion of carbon 
through metal driven by temperature, the 
only remaining driving force is concentra- 
tion. At first sight this appears unlikely, 
since it involves a concentration gradient 
across a particle in contact with carbon 
bearing gases on one side and with a gruph- 
itic whisker on the other (F’ig. 3a). Close 
examination, however, reveals that this 
model could be tenable. 

Considering, first, the metal-gas inter- 
face, Wada et al. (37) have shown that the 
activity of carbon in a mixed gas can he 
far higher than unity and, as a consequence, 
the solubility of carbon in nickel measured 
in a nickel-gas system can be much higher 
than that observed in a nickel-grnphit’e 
system (40). 

Secondly, experimental observations have 
established that, in general, crystals can 
grow quite satisfactorily from solutions of 
quite low supersaturation, as a result of 
growth initiated at a screw dislocation (41). 
As a result, if screw dislocation growth is 
important, supersaturation of the met’al by 
carbon need not occur. One characteristic 
of screw dislocation growth is the produc- 
tion of spiral growt,h patterns in the crystal 
formed (42). Such growth patterns have 
been observed by Baird et al. (9), by 
Robertson (38) and by Baker et al. (IO). 

Thus it would seem that concentration- 
driven diffusion of carbon through metal 
is a possible mechanism for whisker growth. 
In practice, the metal particle has been 
found to have a pear-shaped appearance 
(10, 11, 43) and the growt)h of whiskers 
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FIG. 3. Model of cnrbo~l tr2tnsportntion. 

should be considered in terms of Fig. 3b. 
Carbon growth should then involve a fast 
gas phase reaction leading to carbon atoms 
on the surface: these dissolve in the metal 
and precipitate out at a dislocat’ion at the 
rear of the particle to form a graphit’e 
whisker. This model would predict t’hat the 
rate of carbon format,ion should pass 
through an induction period and then in- 
crease linearly with time, following kinetics 
typical of carbon diffusion through metal. 
Experimental confirmation of these predic- 
tions has been reported (8, 11, 17, 44). 

It is possible to carry out some quantita- 
tive testing of the model, on the basis of 
the experimental observaGon that the lin- 
ear filament growth rate for 30 nm par- 
ticles of nickel at 600°C was about 75 
nm,/sec (Ii“). For a graphite density of 2.2 
g/cm”, this corresponds to a growth rate of 
16.5 pg/sec/cm’ 

Taking the concentration change AC 

through the nickel part(icle to be the dif- 
ference between the solubilities of carbon 
as determined by Lander et al. (40) and by 
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Wada et al. (ST), AC = 0.042 g/cm3 at 
600°C. If the diffusion of carbon is taken 
to be rate determining [diffusivity con- 
stant D = 3.4 X lo-lo cm2/sec at GOO”C 
(&)I, the effective diffusion length, L, can 
be calculated from the expression 

AC 
r = D--- 

L * 

This gives L - 9 nm, in reasonable agree- 
ment with 30 nm particles producing fila- 
ments consisting of a dense wall with a 
hollow channel along the axis [(17), Fig. 
3b-J. 

CONCLUSIONS 

1. The apparent negative activation en- 
ergy observed during the deposition of 
carbon on nickel is probably due, in the 
main, to effects caused by the relative 
magnitude of the energy of activation of 
reaction and the heats of adsorption of 
reactants. Under certain circumstances, 
gasification of carbon or encapsulation of 
nickel by carbon may influence the value 
observed to a small extent. 

2. Transportation of nickel at the sur- 
face of the growing carbon cannot be com- 
pletely explained in terms of temperature 
driven dissolution-precipitation. It seems 
unlikely that it results from surface migra- 
tion of carbonaceous species. The most 
probable explanation would seem to in- 
volve diffusion of carbon through the 
nickel under a concentration gradient, pre- 
cipitation occurring at a dislocation. 
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