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InBroduct lon

Steao refornlng of  nethane or nsptha ls  cur-
renl ly  a ooat  prac!1caL large-volutne eource of  hy-
drogen; however,  fucure sources nay lnclude ulddle
and hlgh pelro leuo dlst l l la tes end coal  l lqul f tca-
t lon products.  ProceEslng heavy hydrocarbon feed-
stocks ls  oore dl f f lcul t  due Eo the greater  ten-
dency for  carbon foul lng and the posslb l l l ry  of
sul fur  polsoning of  the refornlng catalyat .  At
SRI Incernat lonal ,  ee conducted an exper lnencal
research prograD (eupported 1n part  by the U.S.
Departoenc of Energy) ¡o exaolne lhe source and
react lon patheayE thaE lesd !o c¡rbon depoel t too
fn reforELng eacalyst  beds.

The foruet lon of  catalyet  carbon (1.e. ,  car-
bon conEact lng catalyt tcal ly  act fve eurfaceg as
opposed to hooogeneoua coodensat lon and pyrolyeis)
uas lhought to be a pr loary step leadlng Eo coke
foroat lon.  f le exan{ned the coodft tona that  favor
foruat lon of  catalyst  carbons and the reac!1v1ry
and srabl l l ty  of  such carbone. Carbon forued by
expoaure of  nodel  hydrocarbone¡ 8uch as ethylene
and acetylene, to nlckel and nobleroetal cata-
lyets,  was studled becauge under coklng condtt long
ethylene Eay coopo8e on a uole begfs as ¡r¡ch as
one-fh l rd of  lhe hydrocarbons preaent ln those
reglons of  che caBalyet  bed where carbon depoal-
t ton occurs.  In Ehe course of  these studles a
tenper¿lure progra¡¡olng technlque w¿s develoPed to
quant l teEfvely deterolne carbon deposl ts by thelr
character lgt fc react lv l ty  wl th hydrogen and dl lute
steaú fn hel lun.  Resul te for  a luofna-eupporte{
nlckel  catalysts have been prevtously reported. '

In th is paper tJe preseot the resul ts for  nobler
meEa l  ca l a l ys !9 .

Expertoental lleEhode

The react lv i ly  of  carbon deposlEs on re-
forolng catalyEts wae etudled f ' l ih  I  quartz Elcro-
reector  systeo uelng ghe leúperaturre,prograDoed
eurface reacElon (TPSR) technlque.  ^ ' '  Dur lng
TPSR, the rate of  gasl f lcat lon of  the carbon
deposlt (as deternlned by conclnuoua oeasurer¡ent
of  the ef f luent  gas coDposl t ion) rae recorded aE e
funct lon of  c lEe.  The dara ¿re tepresented by che
gael f icat lon rate veraus bed teuPerature as ln

conventlonal theroal analysls. TPSR analysls ¡tag
perforned fo l lowlng decooposl t lon under varLous

coodl t . lons of  expoeure teEPereEure'  exposure dura-
Elon and exposure gas (C0, C2t l4r  or  C2t l2)  for  boch
I  atu H2 and 0.03 atB I I2o ln He as Ehe Sasl fy lng
reac !an t .

TPSR of  Carbon DePoslred on Rh/Alror  by Crt lo
Expogure

TPSR exper loenis were perforned for  carbon

depost ted by C2l t2 exposure on a 5 wtZ Rh/A1203
cacalyst  by c2a2 exPosure ac var ioug leoPera-
¡ures.  L lke nlckel ,  the rhodlun catalyst  exhlb i -
ted a nr¡¡ber of  carbon scales dur lng TPSR (H2),

dependlng upon the ¡enpereture of C2ll2 exPoEure
(F t t .  f ) .  Bo th  ca ta l ya t s  f o ro  s1 ¡ l l a r  ca rbon
statea et  e levaged teoperaEure.  However,  geveral

lorr Eeüperacure cerbon icates on rhodlum were ob-
gerved folLowtng CZEZ erPoaure at 57? K. A

coopar lsoo I r1¡h the TPSR ( I l2)  resul tg for  the
Nf/A1203 cala lysts sugges!s the Presence of
f l lanént  carbon seace at  810 K t  10 K fo l lowlng
C2l l2 exposure at  573 K aod 773 K (wh19h, w*ould

có r i eepond  t o  r he  f i l aoen t  ca rbon  g l ace ¡ t r ' . J  on

Nt/A1203).  For C2l l2 exPoaure 8t  573 K,  the carbon

stateá aE 645 K and 460 K probably represent sur-
face (monolayer)  carbon states.
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Plgure 1.  TPSR wlth H2 of  carbon deposiced on 5

'gtr Rh/A1203 by expoaure to C2Az
(Exposure c io-e '  100 s)  .

TPSR wl lh He of  Carbon Depoel ted on 5 wt l  Pc/Alr0r

Carbon deposl¡s on Pt /A1203 produced by expo-

aure to Czl l¿ exhibf ted s lgnl f lcant ly  louer reect l -

v i r y  du r l ñg 'TPSR u i t h  t t 2  (F lS .  2 ) .  Fo r  Pc lA1203 r

I tke Rh/A1203, exPoaure to c2l t4 at  lo l ,  _temPerature
(523 K) próduced Erro carbon staces r l lEh peak ter

peraturea at  610 K and 730 K dur lng TPSR u1¡h

H1. these carbon sEates are cooparable ln Eagnl-
t üde  t o  Ehe ' su r f ace  ca rbon  sEa tes  f o r  N l ,  bu l  aP -
pear et  -  LOO K hi .Sher tenPerature.  Becween 773 K

and l l73 K,  C2H4 exPosure produces bulk quanElEles

of  cerbon coóposed pr loar l ly  of  a carbon staEe

sl th a peak EenperaEure r¡h lch shl f ts  f ron 985 K to
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Flgure 2.  TPSR wtth H2 of  carbon depoel ted on 5
wcz P¡/Alroe by exposure to^ C2H¿
Part fa l  pr"-"s-rr re C2H6 -  1.1 x l0-J ad-u 

'

Exposufe t fne and' f l -o"  t . t "  -  100 s ac
ó . s  

" r 3 . " - 1 .

1125 K. Theee resul ts eré s lnLlar  to resul te for

the 6r ,  6 carbon staBes on Nt/Al2O3, s l thouth the
peak teoperaEures are 200 and 135 K hlgher '  t -

s  Pec t  fvely.

TPSR wtth l l r  of  C¿rbon D'epoel ted on Ru/AlrOe

In a l lo i ted nt¡nber of  exper luents e i th car-

bon depost t ton on Ru/A12O3 fo l lov lng exPosure to
C2t l4,  f l lanent  c¿rbon nas obeerved l r l th react tvLty
v-r j  s f iat lar  to that  of  N1/AI2O3.

Cr i t fcal  Steao-to-Cerbon Rat los

In a ser lea of  exper lEen!8 lhe cr l t lcal
(H,O/C) rat los nere úeaaured wl th C2H4 ae the

hyi l rocarbon for  the fo l lowing cacalyses:  pure Rh,
502 Rh + 501 Nt,  pure Nl ,  501 I r  + 5OZ Nl ,  and
pure I r  ( f lg.  3) .  These regul te do oot  shon greec

dl f ferencea for  ¡he t t ro/C rat lo wi th C2l l¿ bet t reen
var lour¡  catalyats.  Af l  sho¡t  a decl tn ln-g f r20/C ra-
r lo r ' l th lncreaslng teoperature '  that  lE '  l l20lC '

25  a r  773  K ,  H ,O /C  -  8  ac  873  K ,  and  H . ¡O IC  =  2  a t
973 K.  Betwee'n 973 K and 1073 K sooe-gcat ler  ln
the daCa r¿ea noted,  but  ¡ lost  catalysts had H2O/C

rat tos less than 3 Ln th ls ¡eopereEure rante.

Dl  scuesloo

At least aeven carboo staEes have been depo-

sl ted on Nl /A12O3 cataly8t .s and {dqnt l f ted by
¿helr  char¿cter l -st1c TPSR responses.r 'J  The dis-

t r lbut lon of  carbon ln che var loua staces dur lng
carbon foroatlon depended Prluarlly on the teoPer-

ature dur lng deposi t lon.

Al l  the catalysts scudied exhlbl ted smal l  (up

to nonolayer)  carbon sca¡es fo l lowlng los
Eenperature exposure to C2H4. These che6lsorbed
carbon sEates are 1lkely reforulng loterredi-
ates.  Chenlsorbed carbon ls  foroed by the ab-

sorp! lon and rapld d issoclat lon of  C2H4 and 1s

removed aa CO by reaccion wl th eurface oxygen,

r¡h lch , .s  produced ln turn by dlssoclat lve ad-

so rp l l on  o f  H2O o r  CO.
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Fi .gure 3.  Cr l t fcal  gtear io-carbon raclo versus
teaperacure for  noble metal  and noble
roe ta l  8 l l oy  ca ta lYs t s .

Gael f lcaclon of  dense cacalyst  carboo shel ls
or  Eubea oay be stu i . Iar  to ca¿elyBlc gasl f lcat lon

of  e graphl te 6ubstrace by soal l  n lckel  part l -

c1es.  Dlrect  contro l led atmosphere electron E1-

croEcopy (CAEU) of  ntckel  cacalyzed hydrogasl f lca-
t lon of  crysla l l lne graphl te hae provided r¡aoy i rF
terest ing observat lo ls ,  abouE the naEure of  the
gae t f l ca t l on  p rocesg .o r '  The  n f cke l  c r ys ta l l l nes
sof ten and change shape as they 9!ar t  to 8a31fy
graphl te at  leúperatures wel l  belon the mel t ing
po in t  o f  n l cke l  ( -  f 000  K ) .  The  t n te rac t l on  o f
graphtce lowers lhe surface energy of  che nlckel
cryetal l lEes wl th d lauecers of  -  100 nn;  end aE
1075 K the nickel  d lsaolved ln lo the graphl te sub-
strate.  This oay explain why long f f la¡¡ents can
be gasl f led by oetal  crystel l l tes;  the "nert lng"

act lon of  the carbon keepe the netal  tn contacr
nl fh the f l lauent  even as gasl f lcat lon proceede.

1¡1th Eetal -carbon contrac!  aesured,  gael f icacton
proceeds as long as ¡he reactant  gas hae dl f fu-
s l .onal  accega to the crystal l i te.  Another impor-

taot  CAEU observat lon ls  chat  some nlckel  crystals
deact lvace at  g levated teoPerat .ure 1175 K and be-

cone lo¡ob1le.o Thfs phenonena waa actr lbuted lo
d l seo lu t l on  o f  ca rbon  l n t o  l he  n l cke l  c r ysca l l l t e s
and 1t8 eventual  preclp lcat lon as encapsulet lng
graphice plate lets,  s lo l lar  to observaEl 'ons on

sel l -def ined nlckel ,  p lat . lnum, and f ron sur-
f¿cee .

The raEes of  n lckel-caBalyzed gasl f lcaclon of
graphl¿e ate ln reasonable eccord l t l th our TPSR
resul ts for  the f l laoentous carbon gtate.  For.  the
6  ca rbon  s ta te ,  ou r  Eo  was  182  t  20  kJ 'mo l - t  l n
good agreement w{th thá resulcs of  publ ished value
22O !  40 kJ.mol- t .  Hydrogasl f lcal ioo of  Sraphtce
by placlnuu and lrldir¡ro 

-have 
also been lnvestl-

gated rrlEh cAEl'f condfLl.ons and Ehe resulLs shou
that  other ooble netals are lese act lve l l2 gasi f l -

cat lon cacalysts than nlckel .  Rates comparable to
nlckel  aE 1035 K requlre 190 and 95 K greater  tem-
pe ra tu re ,  r espec t l ve l y .
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Conclus lon

The resul ts of  the TPSR studies support  the

conclusLon that  the revers lb le deac! lvat lon of

meral  catalyscs dur lng hydrocarbon syuthesls at

lor¡  teEperature (550 K) ts due to forEaEloo of  a

carbonaceous f l lo .  Coking at  nodera¡e teoPerature
(800 K) durtng hydrocarboo reforolng 18 due to

rapld foroa¡lon of fllanentous carbon nhLch at

very htgh teoPerature (11'00 K) produces thlck

encapeulaEing laYera of  c¡rbon.
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