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ABSTRACT 

Studies have been made of  the effect of  the nature of  the reactor surface on the 
gaseous, liquid and solid products of  hydrocarbon pyrolysis at  high temPeratures: 
This has necessitated the development of  a tubular and a jet-stirred reactor, which can 
be use~ together with a microbalance to record weight changes resulting from the 
formation of  carbon. 

The results show that there is a significant effect of  the nature of  the reactor 
sur face  o n  the  kinet ics  o f  f o r m a t i o n  o f  d i f fe ren t  p roduc t s .  Th i s  effect  t e n d s  t o  a p p r o a c h  

a common value as individual Surfaces become covered with carbon. If  carbon 
encaps~)ladon is prevented, for example by gasification by hydrogen, the particular 
effect of  an individual surface continues to influence the product s p e ~ a .  

I~I'RODUCTION 

The production of  useful petrochemicals by the gas phase pyrolysis of  various 
boiling point fractions of  crude oil is of  c, ousiderable industrial importance. Light 
fractions may be pyrolysed in the presence of  steam (steam cracking) to produce fight 
olefins and aromatics x, while pyrolysis of  heavier feedstocks.in the presence o f  
hydrogen (hydroffasifieation) leads to the production of  methane and of  aromatics z. 

One of  t h e m a j o r  problems in the operation Of the processes is that si~aificant 
amounts of  tar and carbon arc produced, resulting in reactor blockage over a period 
of  time_ The formation of th;~ "coke"  occurs both in the o-~s phase and on the metallic 
surfaces o f  the reactor, and the present studies were initiated in order to invest_i~te 
some aspects o f  this problem. ~ - ~ " = 

Measurements of  the kinetics o f  coke formation require a continuous record of  
weight uptake on a sample with time, and a microbalance Was used to obtain these. 
However. the nature of  the reaction is such_that-partlcular attention must.be paid to 
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the  design o f  the  reactor .  T w o  p rob lems  are  appa renL  First ,  it is necessary to  car ry  
o u t  the  react ion in the  presence o f  s team o r  o f n o x i o u s  gases such  as  h y d r o g e n  su lphide :  
these m u s t  be  kep t  av~xy f rom the  mic roba lance  head .  Secondly ,  in  o r d e r  to  s imula te  
industr ia l  condi t ions ,  it  is necessary to  w o r k  wi th  high convers ions  o f  reactant .  U n d e r  
these condi t ions ,  it  is necessary to  define, acoJrately ,  factors  such  as  o-~ flow pat_term, 

residence t imes a n d  ~ample a n d  o~as t empera tu res  3_ 
As a result  o f  these  cons idera t ions ,  t he  use o f  a mic roba lance  associa ted wi th  

two  types o f  reac tor  has  been developed.  In  o rde r  to  car ry  o u t  p re l iminary  exper iments ,  
a t ubu la r  intem-al reac tor  has been used,  w h i l e w f o r  m o r e  quan t i t a t ive  w o r k - - a  
well-mixed jet-s t i rred reac tor  (4) is m o r e  suitable.  T h e  d e v e l o p m e n t  o f  these  two  
~-stems is descr ibed in this paper ,  t oge the r  wi th  exper imenta l  results  ob ta ined  fo r  the  
pyrolysis  o f  hyd roca rbons  in the  absence  a n d  presence o f  hyd rogen  a n d  h y d r o s e n  
sulphide .  

EX P E I ~ , I ~ % " r A L  

All exper iments  were carr ied  o u t  us ing  a flow system in which  premixed  gases 
passed t h r o u g h  a reac tor  ma in t a ined  at  a k n o w n  t empe ra tu r e  ( + 0 . 2 c C )  to  a n  on- l ine  
chromatom-aph .  Reac to r  assemblies a re  descr ibed below:  a C.I .  M a r k  2B micro-  
balance was used to  record  weight  changes  in b o t h  systems.  

Gases  v-ere ob ta ined  f rom B.O.C. in the  highest  avai lable puri ty .  Meta l  foils 
were  ob ta ined  f rom Goodfe l Iow Meta ls  (4N pur i ty  o r  bet ter) :  before  use they  were  
reduced  in s i tu  with a n i t r o g e n - h y d r o g e n  mixture  ( to cons t an t  weight)  a t  the  t empera :  
tu re  to  be used in the  subsequen t  reaction.  

T h e  analysis  o f  eases was carr ied o u t  us ing an  on- l ine  £a~ c h r o m a t o g r a p h .  
H y d r o g e n  a n d  n i t rogen  were  separa ted  o n  a silica gel c o l u m n  a t  25cC a n d  detec ted  
wi th  a Sexvomex micro-katharometer_  Me thane .  e thane ,  e thylene,  p ropane ,  prop_vlene, 
bu tane ,  butenes,  bu tad iene ,  cyclohexene,  cyc lohexadiene  a n d  benzene,  were  separa ted  
wi th  an  act ivated a l u m i n a  c o l u m n  p ro  m'arnmed f rom 75 to  300°C  in a G . C . D .  Pye  
gas c h r o m a t o g r a p h  with dual  f lame-ionizat ion detector .  Aromat ics ,  f r o m  benzene  to  
3-4 benzapyrene ,  were separa ted  wi th  a glass c o l u m n  p a c k e d  wi th  3 %  OV-I  o n  G a s  
C h r o m  Q, 80-100 mesh,  p r o g r a m m e d  f rom 35 to  350°C in the  G . C . D .  gas  c h r o m a t o -  
gn'aph. 

MicrobaIance 
A l t h o u g h  the  C.I .  mic roba lance  is a s tu rdy  and  refiable ins t rument ,  i t  is 

n e c c ~ w y  to  pro tec t  the  head  m echan i sm  f rom corros ive  g a s ~  in t h e  reactor .  Th is  
was  achieved by  a c o m b i n a t i o n  o f  techniques.  

T o  ensure  tha t  the  balance h e a d  was k e p t  well away  f r o m  the  furnace ,  a long  
suspens ion  was used  for  the  sample .  This  consis ted  o f  a series o f  very  th in  silica fibres, 
h o o k e d  t o g ~ e r  a t  each  end .  to  give a total  length  o f  15 in_ (2 o r  3 sections).  

Th is  long  suspens ion  was h u n g  f r o m  one  a r m  o f  t he  mic roba lance  a n d  passed  
t h r o u g h  an  extension sect ion (Fig. 1) in which  were p laced  two  flow directors :  t he  
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Fig. 2_ Line dla~-am of the jet-stirred reactor. 
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location and  desL~a o f  these is sho~Ta in F i ~  I. A sample o f  silica o r  o f  metal ,  cut  in 
the shape o f  a rectangle (the foil), hung  on  the end  o f  the suspension inside the  

reactor.  
Th roughou t  the react ion a cons tant  s t ream o f  ni t rogen was passed f rom the  

balance head to the reactor  exit. I t  was necessary to  control  this flow accurate ly  in 
order  to avoid pseudo-wright  changes ¢mused by buoyancy  effects. With  the long 
suspension, the flow directors and the constant flow o f  nitrogen, no corrosion o f  the 
balance head was observed, even with hydrogen  sulphide in the  reactor.  

The  tubular  reac tor  
Several experiments  were carr ied ou t  with a tubular  reac tor  as shown in Fig. I.  

The  sample ~ . s  suspended at  a known  pos i t ion in  the  reac tor  by adjust ing the  length 
o f  the  suspension contac t  with the  wall d id  no t  occur  unless heavy caxbon deposits 

were formed.  I t  was possible to place a metal  l iner in the  reac tor  a t  the  posit ion shown 
by the b roken  lines in F i g  I. 

The  j e t - s t i r r e d  r e a c t o r  . .  
E x p e r i m e n ~  were also carr ied  ou t  using a jet-st i rred reac'tor 4 as modif ied by 

I.C.L s. A line d iagram o f  the reac tor  is shown in Fig. 2. Premlxed gases were injec',~! 
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i n to  the  r e a c t o r  t h r o u g h  j e t  A a n d  lef t  the  r e a c t o r  a t  B.  T h e  r e a c t o r  was  c o n s t r u c t e d  o f  
qua r t z ,  v,-ith a r e m o v a b l e  ba se  p la te  C he ld  in  p o s i t i o n  b y  s p r i n g  l o a d e d  I n c o n e l  

c l amps :  n o  l eakage  w a s  o b s e r v e d  a c r o ~  this  flange. Th i s  f lange  w a s  nozcssa ry  in o r d e r  
t o  inser t  me ta l  finers, as  s h o w n  b y  the  b r o k e n  fines in F ig .  2. 

Fo i l s  were  c u t  in  a c i rcu la r  f o r m  a n d  were  s u s p e n d e d  ho r i zon ta l ly  in the  r e a c ~  

in a c r u c i f o r m  o f  th in  si l ica f ibre  hang ing  f r o m  the  m i c r o b a l a n c e  a r m  a t  D .  T l ~  
pos i t i on  o f  the  foil  was  f o u n d  t o  b e  i m p o r t a n t  (see/~tor)_  

A t  the  s t a r t  o f  an  expe r imen t ,  t he  foil a n d  l iner  we re  c u t  t o  size a n d  p l aced  in 
pos i t ion .  A c o n s t a n t  s t r e a m  o f  n i t rogen  (250 ml  va in -  ~) w a s  then  p a s s e d  t h r o u g h  the  

m i c r o b a l a n c e  h e a d  a t  D t o  the  ~ exi t  a t  B. T h e  f u r n a c e  was  then  ra i sed  in to  p o s i t i o n  
a n d  hea t ed  t o  the  des i red  t empe ra tu r e ,  w h e n  t h e  foi l  we igh t  was  b a l a n c e d  o f f  o n  the  

o t h e r  a r m  o f  the  mic roba l ance .  A f t e r  r educ ing  the  foil  a n d  the  liner,  t he  r e a c t o r  w a s  
r insed  wi th  n i t r o ~ n  a n d  the  r eac t an t s  we re  a d m i t t e d .  

T h e  p o s i t i o n  o f  the  c rad le  re la t ive  to  the  j e t  W~LS f o u n d  to  af fec t  t he  m e a s u r e -  

ments ,  a n d  this  ~ inves t iga ted  o v e r  a range  o f  t e m p e r a t u r e s  a n d  res idence  t imes.  
Typ ica l  resul ts  a re  p r e sen t ed  in Fig.  3, f r o m  which  it is seen tha t  t he  we igh t  changes  
a r e  i n d e p e n d e n t  o f  loca t ion ,  p r o v i d e d  tha t  t he  re la t ive  ver t ical  pos i t i ons  o f  the  j e t  a n d  
the  foil  a r e  n o t  m o r e  than  1.5 m m  apart_ 

Experimental results 
A typical  t race  o f  we igh t  u p t a k e  a~o~iust t ime  fo r  the  j e t - s t i r red  r e a c t o r  is s h o w n  

in Fig- 4.  A p a r t  f r o m  the  m a j o r  f luc tua t ion  c a u s e d  b y  o p e r a t i o n  o f  the  , a m p l e  va lve  o f  
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Fig. 3. T h e ~ o f t h e r m e o f c a r b o n  formation on therctativevettkalposit ionofjct  ~ d  foB. 
Jet-stirred reactor. Silica di~; Feed: pure propane, T ---- 840°0. -r = inlet residence time (~ec). 

]Fig .4 .  Typ i ca l  tract= o f  we igh t  upt:mlr*- ~ o ~ r ~ t  t ime .  Je t - s t i r r ed  r~t-¢ot~ ~ ,4;<.- F e e d :  p u r e  
lzropax~ T = g40°C, l"nl.t ~ t;me = 9__3 _~c__ 
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Fig .  5. Typica l  gas c h r o m a t o g r a p h i c  ~ o f  the  analysis  o f  heavy, tars.  C o n d i t i o n s  as  in  text .  

F ig .  6. Effect  o f  the  na tu re  o f  the  ~ o n  c a r b o n  f o r m a t i o n  o n  a foil .  T u b u l a r  reac tor .  C o p p e r  
sample  foi l .  ~ :  p u r e  bu tane ,  T ~ 800- 'C. O ,  si l ica l iner;  O ,  c o p p e r  liner;, _.A, nickel  l iaer ;  f '! ,  i r o n  
liner.  

the ~ chromato~m~aph, the t race is seen to be stable enough  to give a good  measure  
o f  the rate o f  weight uptake.  

Analysis o f  the  light gases was conventional .  Analysis  o f  the tar  products  gave 
a t r a ~  such as is shown in Fig. 5. 

RESULTS AND D I g C U ~ I O N  

Although these h igh- temperature  pyrolytic reactions axe known  to  proceed 
mainly th rough  a free-radical-chain react ion in the gas phase ~- 6, there  is some 
evidence that  the reactor  surface can influence the  p roduc t  sped . rum 7. AS • resH]t, the 
present  studies were intended to investigate this posm'bility by measur ing the  na ture  
and  kinetics o f  format ion  o f  o-a~eous, fiquid and  solid products  as a funct ion o f  reac tor  
surface= silica, copper ,  nickel and  i ron were used as test  surfaces. 

Perhaps the most  informat ive  experiments  were carr ied out  in the tubular  
reactor  using (a)  a silica l iner and  various foils and  Co) a copper  foil a n d  various liners. 
The  results, summar ised  in Fig. 6, show that ,  a l though the  na ture  o f  the foil does  no t  
have a large effect, the na ture  o f  the liner has a m a r k e d  effect on  the ra te  o f  ca rbon  
format ion .  As this is measured  by weighing the  foil, the na ture  o f  the l iner mus t  be 
affecting g-a~-pha.se reactions,  a t  l e ~ t  some  o f  which a r e r e s p o n s i b l e  for  ca rbon  
fo rmat ion  on  the foil. 

However ,  it is also k n o w n  tha t  ca rbon  fo rmat ion  will occur  on  the  liner a n d  the  
foil u n d e r  these condi t ions s. As  a result,  a n y  individual effect o f  a par t icular  mater ia l  
should  tend towards  a c o m m o n  value as the material  becomes encapsulated by  c a ~ m n .  
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Fig. 8. Transient concentrations o f  gas products. Tubular  reactor, Copper sample foil. Feed: 50% 
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Fig- 9. T ~ t  ~ t r a t i o n s  of  aromatic products. (a) Major products. Co) Minor prodm:ts. 

As  can  be  seen f rom Figs~ 7, 8, a n d  9, this  is indeed  the  case for  t he  p r o d u c t i o n  o fgases ,  
tars  a n d  ca rbon .  

I f  t h i s  c o n c e p t  i s  c o r r e c t ,  t h e n  t h e  n a t u r e  o f  t h e  m e t a l  l i n e r  w o u l d  b e  e x p e c t e d  

to  have  on ly  a small  effect o n  m e a s u r e m e n t s  carr ied o u t  in the  je t -s t i r red  r eac to r  
s ince this  system, by  defini t ion,  w orks  in  a nea r  s teady-s ta te  s i tua t ion  4. As  can  be  
seen f r o m  Fig_ 10, th;s is indeed  t he  s i tua t ion,  t tm ra te  o f  c a r b o n  f o r m a t i o n  fal l ing 
ag th~ reac tor  ages  (pointe  A.  B. C)  tO~L COngt~nt level f o r  a l H i n e ~  with t l ~  except ion  
o f  stainless steeL . : . . . 
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Fig. 10. Effect o f  the wall l iner  ~ on carbon formation in -the jet-stirred reactor. Feed:  pure 
propane,  T = 810"C~ Copper  sample foils. Points A,  B, C and D indicate the initial rate o f  de-. 
position w-ith the corresponding linex~ 

F'~. 1 I.  Effect o f  sulphidh~ on  [he uansient r~w~_ o f  carbon formation. Jct-stin-ed t e a p o t .  Iron 
sample dL~c~ Feed: pure propane, 7": 807~C. Residence t ime ----- 2 scc. O ,  ]No sulph~ding; I~,  samples 
sulphided b~ore  the start  o f  the reaction by  ~ _ ~ , e  o f  H~S. 
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Fig. 12- Effect o f  hydrogen on  the s t e a d y ~  r'aXe o f  carbon formation_ Tub-lffr  r eac~r ,  
sample foil. Feed: butane and hydrcnz~__~ mixtures. T ---- 800eC- Residence t ime ----- 1.66 sec. 

T h i s  o b s e r v a ~ o n  , ~ n  b e  ¢ ~ r i f i e d  b y  e x t e n d i n g  t h e  ~ ' ~ l m e n L  S i n c e  t ~ r b o n  

forw~tion on the foil depends on the nature of  the surface of  the finer, several effects 
may be expected.  Firstly, the behaviour  o f  a fresh surface s h o u l d  depend u p o n  its 
chemical composition. A s  a result, sulphiding, for example, would be expected to 
a f f e c t  c a r b o n  f o r r n ~ o n  d u r i n g  t h e  t r ~ n ~ e n t :  t h i s  h a s  b e e n  f o u n d  t o  b e  c o r r e c t  

Secondly ,  if  a surface does not become encapsulated with carbon ~ for any  
r e a s o n - - t h e n  c a r b o n  f o r m a t i o n  o n  t h e  fo i l  s h o u l d  c o n t i n u e  t o  b e  p a r t i c u l a r  t o  t h a t  

s u r f a z e .  T w o  g e n e r a l  c a s e s  c a n  b e  e n v i s a g e d .  I f  c a r b o n  d e p o s i t e d  o n  t h e  i m e r  is  



~ s i f i e d ,  fo r  example  by h y d r o g e n  9, s o  that  encapsu la t ion  does  n o t  occur ,  t hen  the  
par t icu lar  effect o f  the  surface s h o u l d  cont inue .  Measu remen t s  o f  t he  s teady-s ta te  
rate o f  c a r b o n  f o r m a t i o n  on  nickel  in the  presence o f  different  a m o u n t s  o f  h y d r o g e n  
( l i d  12) shows  tha t  this is indeed the  case. 

One  o the r  p h e n o m e n a  cou ld  ensure  tha t  a t  least s o m e  o f  a meta l  remains  active. 
I t  is know~a tha t  metal  can  migra te  t h rough  ca rbon  deposi t s  i f  the  cond i t ions  are  
suitableS: i f  this  happens ,  then  the  mlswating meta l  will r ema in  active a n d  will affect 
c a rbon  fo rmat ion .  Examina t ion  o f  the  deposi ts  f rom the  stainless-steel sampJe 
( F i g  10) by e lect ron p robe  microanalys is  indicates  tha t  meta l  migra t ion  cou ld  be  
responsible  for  this a n o m a l o u s  result ,  in tha t  significant a m o u n t s  o f  i ron  h a d  migra ted  
to  the  surface o f  the  carbon_ 

I t  wou ld  thus  a p p e a r  tha t  the  surface o f  the  reac tor  can  have  a significant 
effect o n  the  p r o d u c t  spec t rum ob ta ined  f rom pyrolyt ic  react ions.  A l t h o u g h  the  
relative effects o f  different  surfaces has  been establ ished,  the  abso lu te  effect o f  a c a r b o n  
surface requires  fu r ther  stud5'. 
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