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Recent  in terest  has been focused on the con-
rers ion of  heavy hydrocarbons to more amenable
feeds tocks ,  by  us ing  reac t i ons  such  as  hyd rogas i -
' i ca t i on  (1 ) ,  t he  py ro l ys i s  o f  hyd roca rbons  i n
the presence of  hydrogen.  Al though such react ' iors
nay  be  i ndus t r i a l l y  f eas ib le ,  t hey  t end  to  l ose
ef f ic iency as a resul t  o f  carbon format ion on the
.eac to r  wa l l s .  The  p resen t  s tud ies  we re  des igned
to invest igate th is  phenomenon in the context  of
. r yd rogas i f i ca t i on  o f  bu tane .

Expe r imen ts  we re  ca r r i ed  ou t  w i t h  a  f l ow
sys tem invo l v i ng  a  t ubu la r  reac to r  i n  wh i ch  me ta l r
l i ne rs  cou ld  be  p laced .  A  samp le  o f  coppe r  (an
:ner t  meta l )  was hung in the reactor  f rom one arm
:f  a C.  I  .  l ' lark  28 mi  crobal  ance.  A cont i  nuous
.ecord of  carbon format ion on the copper was ob-
:a ined ,  and  the  ex i t  gases  and  l i qu ids  we re  ana -' iysed gas chromatographicai  1y.

As  shown  i n  f i gu re  I ,  va r i a t j on  o f  t he  me ta l
i i ne r  had  a  s i gn ' i f i can t  e f f ec t  on  ca rbon  fo r -
na t j on  on  coppe r ,  i n fe r r i ng  t ha t  t he  me ta l  l i ne r
¡ f f ec ted  the  compos i t i on  o f  t he  gases  respons ib le
ror  carbon format ion on copper.  In  general  car-
¡on  fo rma t i on  i nvo l ved  an  i nduc t i on  p re iod ,
'o l lowed eventual ly  by a reproduc ' ib1e rate of
oepos i t i on  ( f i gu re  1  ) .  The  va r i a t i on  o f  gaseous ,
i i qu id  and  so l i d  p roduc ts  was  s tud ied  as  a
runc t i on  o f  ope ra t i ng  va r i ab les .  Typ i ca l  p l o t s
c f  y i e l ds  vs .  r es idence  t ime  a re  shown  i n
f i gu res  2  and  3 .
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Figure l .  Carbon deposit ion vs
net. l  l incr

But¡nc: 800 oC

The presence of the induction period supported
üre concept of carbon fonnation involving inter-
¡diates such as polycycl ic aromatics (2).
Assuming a simple first order reaction

o R H - I  I

the integrated kinetic expression would be
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where t  is  the res idence t ime.
I f  the jn termedia!e adsorbs and dehydrogenates

I + S I I S + H ,  2

and  th i s

Then the
predi  c t

I

I

reacts to g ive carbon

I S + c a r b o n + S  3

sequence of  react ions can be shown to
the  k ine t j cs ,  a t  t he  s teady  s ta te :
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Th is  equa t i on  may  be  tes ted  aga ins t . expe r i -

m e n t a l  r e s u l t s .  T h u s ,  f o r  e x a m p l e ,  i f  I R H ^ 1 ,
t  and  T  a re  he ld  cons tan t ,  t he  va r i a t i on  o f
carbon deposi t ion wi th hydrogen can be expected
to be

A +

áü 
= Al + A2lH2l c

Exoer imenta l  resu l ts^aqreed w j th  th is  p red ic t ion  ,
foi ' .A, = 500 mg-'cm-zmln, Ae = 62.5 mo' le percent- l
mg- lsü-Zr ¡ r .  S in i la r l ¡ r ,  thE var ja t ion  o f  carbon
deposit ' ion with butane concentrat ion should take
the form

, {+
lRHo l  ;ü  

=  A3+A4lRHol  d

Again experimental  resglt¡  agrged with th ' is . ,
predict ion for Ar = 200 Qgrcm¿min- ' ,  A¿ = 500 mgl
tm-zmin- l  mole fñact ion-r for lRHol expressed as
mole fract ion of butane in the feed.

t lhen considering relat ively short  residence
t imes, equat ion a can be'expanded in a Taylor
ser ies to give'  considering on' ly the f i rst
power.

l l l  =  o l R t t o l t l r  e

Subst i tut ion in equat ion b for constant in let
compositions and temperature gives

A +
. t ü = A U + A U t  f

Appl icat ion to results such as those surmarised
in figures 2 and 3 gives good agreement except
at low tenperatures and vepy lovr rgsidence times.
At 900oC, AE = 200 sec ln9-rmin cm¿ and A5 = 50
Í19-r min Cm'.
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F igu re  2 .  E f f ec t  o f  r es jdence  t ime  on
gas phase products
T = 8 0 0 0 C
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3 .  E f fec t  o f  r es idence  t ime  on  the
fo rma t i on  o f  a roma t i cs  and
carbon.  T = 8000C
50% Butane: 50?á Hydrogen

A  Benzene
ó Na phtha I  ene
O To luene

Ca rbon
E thy lbenzene  +  Acenaph ihy lene
+  An th racene  +  Phenan th rene

Subs t i t u t ' i on  o f  equa t i on  f  i n  equa t i on  b  g i ves

k3k2k1 cr I RHo I t

nt't'rtr
wh. i ch  p red i c t s  a  comp l i ca ted  dependence  o f  r a te
upon temperature.  However,  i f  the rate of
ca rbon  fo rma t i on  i s  compared  i n  t he  p resence
and  absence  o f  hyd rogen  a t  d i f f e r i ng  t empera -
tu res ,  t h i s  equa t i on  can  be  reaa ranged  to  g i ve

where  A ;  i s  t he  p re -exponen t j a l  f ac to r  o f
r e a c t i o n  i .
Expe r imen ta l  r uns  we re  ca r r i ed  ou t  t o  s tudy
th i s  p red i c t i on ,  wh j ch  was  found  to  ho ld  ove r
T  =  8 0 0 - 9 5 0  0 c ,  w i t h  ( Z E . + E . + E , - E  o )  =  2 2 . 6
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K C a t / m o t e .

I t  i s  a l s o  p o s s i b l e  t o  e x t e n d  t h e  p r e -
d i c t i ons  o f  t he  mode l  t o  ' i nc lude  the  e f f ec t
o f  su r face .  vo l  ume  ra t i  o  (  f  i  gu re  4  )
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F igu re  4 .  Ca rbon  depos i t i on  as  a
func t i on  o f  S /V
- r = 3 s e c  T = B 0 0 o C
Butane 50i l :  Hvdronen 5nZ

At  l a rge  ra t i os ,  t he  mode l  p red i c t s  t ha t  t he
ra te  o f  ca rbon  fo rma t i on  shou ld  be  i nve rse l y
r e l a t e d  t o  t h e  s u r f a c e :  v o l u m e  r a t i o ,  i n  c l o s e
ag reemen t  w j t h  t he  expe r imen ta l  r esu l t s .

A l t hough  the  mode l  i s  obv ious l y  ve ry
s i m p l i f i e d ,  t h e  p r e d i c t i o n s  a r e  t h u s  s e e n  t o
be  i n  good  ag reemen t  w i t h  expe r imen ta l
r e s u l t s .  0 n  t h e  b a s i s  o f  r e s u l t s  s i m i l a r  t o
those  p resen ted  i n  f i gu res  2  and  3 ,  a t t emp ts
were  made  to  i den t i f y  t he  i n te rmed ja tes .
Th i s  showed  tha t  po l ycyc l i c  a roma t i cs  d id
appea r  t o  be  impor tan t ,  bu t  ' i t  was  no t
poss ib le  t o  cha rac te r j ze  t he  reac t i v i t y  o f
' i  n d  i v i d u a l  m o l e c u l e s .
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