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Introducti on

Over the past trenty years there have been
nurnerous reports of the influence of retal and
metal oxide catalysts on the gaslficatlon of gra-
phi te in  var ious indiv idual  gases,  and ln a few
cases, these.studies have been extended to cover
the situatlon where a speclnnn ls, qeacted in
either wet oxygen or wet hydrogen.¡-J ln the
present investigatlon re have explored the conse-
quences of heating a mtal/ graphite system to
high temperatures in a wet hydrocarbon environ-
ment; conditions which might be expected to pro-
duce unpredictable events.

ExPeri mental

The specimens used for controlled atmosphere
electron microscopy experirmnts ¡{ere Prepared from
single crysta l  graphi te (T iconderoga,  New York
State) and contained sections which rere between
15 to 100 nm thick. Iron ras introduced onto the
graphite by evaporation of the nntal (99.99i
óurity) fron a tungEren fl lament at a residual
pressure of 5 x 10-' Torr. The conditlons were
chosen so as to produce a metal f i lm at least one
atom in average th ' ickness.

The reactant gases used in thls rork' ethane
and ethane/5f hydrogen, had stated Purit ies of
99.99f  (Scient i f ic  Gas Products)  and were used
ruithout further purif ication. Steam was added to
these gases by allowing them to flow through a
bubbler  conta in ing deionized water  nainta ined at
20oC; a procedure which created a gas/steam ratio
of about 40/1.

Resul ts

Hhen iron/graphite specirnens were heated in
1.0 Torr, ethane/stean nucleation of the evap-
orated mtal  f i lm into d iscrete par t ic les was
observed at 570oC. Catalytic attack of the graph-
'ite by the channeling rmde commnced at 715oC' and
this behavior becaÍE more prolif ic as the temPera-
ture was progressively  ra ised.

the propagation rate of all channels appeared
to increase in a systematic manner up to 975oC
and, provided that this temperature Yas not ex-
ceeded, subsequent temperature cycling did not

Produce any deviation from the expected be-
havior. However, at temperatures in excess of
975oC, par t lc les in  the range of  l0  to 30 nm grad-
ua l l y  l os t  t he i r  ac t l v i t y  and  the re  was  a  s i gn i f i -
cant reductlon ln the forward notion of larger
par t lc les.  An even more dramat ic  d is t inct ion in
partlcle behavlor was observed on rai sing the
tempe¡ature to l025oC. Under these conditions
some of  the smal lest  cata ' lyst  par t ic les (10-15 nm
dlan.) started to move in a reverse direction to
that  of  thei r  or ig inal  mot ion and st l l l  remained
within the channels they had created. This re-
verse motion was accompanied by deposition of
nater ia l  a t  the t ra i l ing faces of  the par t ic les so
that  ln  many cases i t  was d i f f icu l t  ' to  d iscern
where the tracks of the channels had been. tlhen
the tenperature u,as ra ised st i l l  h igher ,  the l im-
' i t i ng  s i ze  o f  pa r t i c l es  exh ib i t i ng  t h i s  behav io r
a lso lncreased,  so that  at  1100o par t ic les up to
30 nm in s ize fe l l  in to th is  category.  I f  the
tenperature was reduced to 925oC, then these par-
t ic les proceeded to reyerse d i rect lon once again
and create channels a long the or ig inal  t racks,
deplcted schemat lca l ly  in  F igure 1.

Examination of the rates of the forward and
reverse mot ions as a funct ion of  par t ic le  s ize and
tenperature reveal s major di fferences i n the
mechanisms of these two processes. The rate of
the reverse mot ion at  1 l .00oC as a funct ion ofa

1 ls an i  nversepart ic le  width shows that  there
dependence,  r  c  l /d .
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Figure l .  Cata ly t ic  reversal



. _.-$ the tenperature }úas raised, so the rate of
ln f l  I  t  ¡ng of  channels increased.  An Arrhenius
plot  of  the data obta ined f rom 14 nm diam. par t t -
c les under-going th is  phenomenon y ie lded an is :parent  act ivat ion ener$r  of  32.5 t  4  kcal .  moleLl(F igure 2) .  In  contrast ,  dur ing the forvaro mo-
t i on ,  t he - ra te -pa r t i c l e  s i ze  re lá t i onsh ip  f o l l owed
that previously reported for 4alalytic irydrogena_
t ion of  graphi te,  i .e . ,  r  d  dt ,4 añd t t re-apparent
activation_lene_rgy of this process was ZC.¡ t g
kca l .  np le - r  (F lgu re  2 ) .
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remains thermodynamical ly  s table up to the h ighest
ternperature used in the present study. If is,
! l" l?lo.:,^ extremely doub-tful rhat pháse changes
rn . l l -e  catatyst  account  for  the var ious obserüed
mod i f i ca t i ons  i n  pa r t i c l e  behav io r .  I t  i s  more
nKery tnat  these var ious events are the resul t  o f
a coripetlt ion between, t¡{o catalytic mechanisms;
hydrogenat ion of  graphi te and carb-on defos i t ion.

. temperatures below 9750C, l t  is  probable
that  under the prese.nt  condi t lon l  the pr iva i l ing
! ! l lgn-gas react ion is  s team gasi f icat idn.  Abové
975oC, . t ie  composi t ion,of  the gas phi ie-undergoes
a ,slgn-if icant change due to tñe i 'ncrease in therare of  ethane <lecomposi t ion,  react ion ( l )

CzHa CzHq ' Hz ( 1)

As a conseguence, sufficient ethylene and hydrogen
are produced so that  the gasi f léat ion reaci ion- is
now controlled by catalytíc hydrogenation and the
concentrati on of unsaturated hydrocarbons i sra ised to a level  rhere a potent iá l ly  carbon de_posl t ing envi ronment  is  created wi tñ respect  to
sma l l  l r on  pa r t i c l es .

The ramif icat fons of  th is  s i tuat ion can best
be understood from a consideration of the manner
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with nntal particle size. The rate of tne cata-
lytic hydrogenation reaction increases with the
square of  the par t ic le  s izq,  which points to a
su¡face- contr-ol ' led process.4 ln contrast, the
rafe ot catalytic carbon formation reactión is
inversely  proport ional  to  the par t ic le  s ize,  sug-gest ing that  d i f fus ion of  carbon _ through tñe
part ic le  is  the rate l imi t ing step.5 Consistent
with this notion is the faci ttrdt the measured

Figure 2. Arrtrenius plots of the fomard and
reverse motion of small iron particles.

In a second series of experlments iron/graph_
ite specirnens were reacted in 1.0 

- 
Tbrr

ethane/sleam containing 5Í added hydrogen. In
th is  case,  the smal ler  par t ic les up to 30 nm
diam.,  cont inued to exhib i t  the forward and
reverse mot ion,  but  at  a s ignl f icant ly  h igher
temperature than the conditions stated for

by rhich the kinetics_ of catalytic hydrogenailon
of graphite and catalytic carb-on foimition uaru:Í..9Tll-i,t"--and catalytic carúon foimition vary

act lv l t lon e.nergy for  channel  reversal ,  32.5 kcal .rnolq ' ,  ls  ¡n c lose agree,nent  wiJh the value fordiffusion of carbon thrtugh .y-Fe.
::11!lnii :
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ethane/steam; channel ing act ion pers ls ted
975oC, and evidence of leverse ,mtion of
these par t ic les was observed at  1075"C.

Addition of a small anount of He to the GH.-
H20 mixture would be expected to enÉance ttre 
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ot the catalyilc hydrogenation of graphite at the
expense of the carbon formation próceis. Consis-
tent_wi th these arguments ¡ ras tha f ind inq that  in
I  (95f  C2H6-5¡  H2):  H20;  (40: l )  envi ronmeñt  h igher
temperaturés vlerd reqüired to induce the onset of
the channel reversal phenomenon.
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Di  scussi  on

The resul ts  of  th is  invest lgat ion provide an
excel lent  example of  how cata ly l t  par t ic le  s . lze
can have a profound effect on thó seiectivity of ireaction. l{hen iron/graphlte speclmens were
heated in ethane/steam to temperatüres of l025oC
or lt ig.her, a range of catalyit parilcle charac-
ter is t ics was observed.  Large pár t ic les 1r ló-ñmdiam.)  s lowed down in thei i  fór r rard channel ing
motion, a feature which became flpre pronounced as
the temperature was ra ised to l l00oC; ' in ternediate
s ized par t ic les (30 to 50 nm diam.)  lost  thei r
cata ly t ic .  g j l j r ' ! ty ;  and s¡nal t  par t t¿ les (<30 

-nm

0ram. )  exh ib i t ed  a  reve rsa l  i n  ca ta l y t i c  ác t i on ,
becoming cata lysts for  carbon depoi i t ion.  In
order to understand these features we m¿st first
consider the chenical state of the catalyst and
that of the ambient gas.

.  i lossbauer,spectroscopic s tudies of  i  ron/
graphi te sarnples, .  t reated in  1 atm. f lowing
ethane/steam (40:,1) at 900oC, indicate thar under
these condi t ions i ron is  present  as y_Fe,  which
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