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ABSTRACT 

. Phase I o f  t h i s  i o n t r a t t ,  which i n v o l v e d  p r e l i m i n a r y  c a t a l y s t  
and' process eva) ua t ions  has been completed. A d e c i s i o n  has been made 
t o ' p u r s u e  t h e  autothermal re fo rming  process duri.ng t h e  remainder o f  
t h i s  c o n t r a c t  as t h e  most l i k e l y  process f o r  p roduc ing  hydrogen f o r  
f u e l  c e l l s  f o r  No. 2 o i l .  The bas i s  f o r  t h i s  d e c i s i o n  i s  presented 
i n  t h i s  r epo r t .  

Work on Phase I1  of t h i s  con t rac t ,  which i n v o l v e s  c a t a l y s t  pre-  
p a r a t i o n  and development, was s t a r t e d  d u r i n g  t h e  qua r te r .  As p a r t  o f  
an Engelhard c o s t  c o n t r i b u t i o n ,  c a t a l y s t  samples were prepared f o r  
p o t e n t i a l  use i n  t h e  steam reforming s e c t i o n  o f  t h e  ATR. These c a t a l y s t s ,  
a f t e r  steam t rea tment  a t  h i gh  temperatures, a r e  be ing  screened f o r  steam 
re fo rming  a c t i v i t y  us i ng ' e thane  as a  model compound. Those samples 
pass ing  t h i s  screening t e s t  w i l l  be eva lua ted  i n  an ATR c a t a l y s t  screen- 
i n g  u n i t  which was assembled d u r i n g  the qua r te r .  P r e l i m i n a r y  work on 
suppo r t i ng  s tud ies  was s t a r t e d  w i t h  the  use of  a  t he rmograv ime t r i c -  
apparatus t o  measure coke laydown us ing  e thy lene  as a  model compound. 



~ TECHNICAL SUMMARY 

Dur ing  t h i s  q u a r t e r  work commenced on Phase I 1  o f  t h e  c o n t r a c t ,  
which i n v o l  ves c a t a l y s t  p repa ra t i on  and development. C a t a l y s t s  f o r  
p o t e n t i a l  use i n  t he  steam re fo rming  s e c t i o n  of  an autothermal  r e -  
fo rming  process were prepared under Task 4 of t h i s  c o n t r a c t  as an 
Engelhard c o s t  c o n t r i b u t i o n .  Equipment t o  screen these samples was 
s e t  up i n  Task 5 (Screening and Cha rac te r i za t i on ) .  

Task 5.1A C a t a l y s t  Screening Using a M ic ro reac to r  

Ca ta l ys t s  prepared i n  Task 4 w i l l  be g iven  a p r e l i m i n a r y  scrsen- 
i n g  by measuring t he  a c t i v i t y  o f  t h e  sample f o r  t h e  steam re fo rm ing  
o f  ethane a f t e r  the  o r i g i n a l  c a t a l y s t  sample has been deac t i va ted  by 
t rea tment  i n  steam a t  1 700°F (927°C). 

I n  a base l i ne  run  w i t h  an empty tube, thermal decomposit ion o f  
ethane occured i n  the  presence of  steam a t  temperatures between 
1100-1200°F. 

.. ' 

A t e s t  was run  w i t h  th.e uncata lyzed Engel hard  p r o p r i e t a r y  s t a b i  1 i z e d  
alumina c a r r i e r ,  The hydrogen make, as measured by a Mine Sa fe ty  
Appl iance Thermatron hydrogen analyzer,. was s i m i l a r  t o  t h a t  o f  t h e  base l i ne  
run  w i t h  t h e  empty tube. 

Dur ing reduc t ion ,  hydrogen uptake over  Un i t ed  C a t a l y s t s '  G90C 
was g r e a t e r  than t h a t  over  Engelhard 's  SF-3B c a t a l y s t .  No hydrogen up- 
t ake  was measured on t he  uncata lyzed alumina suppor t .  

The wate r  t o  hydrogen r a t i o  du r i ng  steam d e a c t i v a t i o n  s t r o n g l y  a f f e c t s  
t h e  subsequent ly measured steam reforming a c t i v i t y  of  a n i c k e l  c a t a l y s t .  
Lower H20/H2 r a t i o s  d u r i n g  steam d e a c t i v a t i o n  f a v o r  h i g h e r  a c t i v i t i e s .  

Task 5.1B C a t a l y s t  Screening Using an ATR U n i t  
, ..-. 

An e x i s t i n g  Engel hard  c a t a l y s t  screening u n i t  has been m o d i f i e d  t o  
screen steam reforming c a t a l y s t s  i n  the autothermal re forming mode. I n  
t h i s  t e s t  r i g ,  vapor ized No. 2 o i l  i s  i n j e c t e d  through a nozz le  i n t o  a- - ,- - - .  - -  - 
h o t  stream c o n t a i n i n g  steam and a i r .  The m i x t u r e  i s  passed through a 
s t a t i c  m i xe r  t o  assure good b lend ing  and then i n t o  a m o n o l i t h i c  t ype  



c a t a l y s t  where p a r t i a l  o x i d a t i o n  o f  t he  No. 2 o i l  w i l l  occur.    he h o t  
r e a c t i o n  products  w i l l  then be reformed over  the  steam reforming c a t a l y s t  
under eva lua t i on .  The u n i t  i s  now ready f o r  t e s t  development. 

Task 7 Suppor t ing Stud ies on C a t a l y s t  Aging and L i k e l y  C a t a l y s t  

Deac t i va t i on  Mechanisms 

, 
Some p r e l i m i n a r y . w o r k  was s t a r t e d  us ing  a thermograv imet r i c  apparatus 

t o  s tudy  t he  cok ing  r a t e  of  e thy lene .  Ethy lene was se lec ted  as a model 
compound s i nce  l i g h t  o l e f i n i c  hydrocarbons were observed i n  t h e  p roduc t  
gas f rom t h e  CPO t e s t  r u n s . w i t h  No. 2 o i l .  

I n  a  base1 i n e  run, no coke was formed on t he  empty p l a t i n u m  sample 
h o l l e r  i n  t h e  apparatus a f t e r  1 hour  a t  500°C w i t h  100% ethy lene.  

The B.E.T. surface area of  t he  n o n - s t a b i l i z e d  alumina c a r r i e r  appeared 
t o  a f f e c t  coke laydown. Higher  B.E.T. su r f ace  areas were assoc ia ted  w i t h  
h i g h e r  coke format ion.  

An Engelhard s t a b i l i z e d  alumina c a r r i e r  showed approx imate ly  one 
h a l f  t h e  coke laydown as compared t o  the  u n s t a b i l i z e d  c a r r i e r  even 
though bo th  had equ i va len t  B.E.T. su r face  area. 



REVIEW BY TASKS 

A decision has been rnade t o  study autothermal reforming a s  a  promising 
process f o r ' r e i o r m i n g  i40. 2 o i l  and heavier  s tocks .  This dec i s ion  i s  
based in p a r t  on the technical  ana lys i s  and experimental observat ions  
made i n  Phase 1. This a n a l y s i s  i s  presented in t h i s  s e c t i o n .  The ATR 
r e a c t o r  t o  be used . i n  Task 5 t o  evalua te  c a t a l y s t s  w i l l  use a  monoli t h i c  
c a t a l y t i c  p a r t i a l  oxidat ion preheater  sec t ion  before the  steam reforming 
por t ion .  This choice i s  based on good performance noted a t  low 02/C,molar 
r a t i o s  wi t h  the  mono1 i  t h i c  type c a t a l y s t .  A1 so ,  i  t appears possi bl e  t o  
use even higher  molecular weight o i l s  i n  t h i s  type of p rehea t .  The r e a c t o r  
to  be used wi l l  a l s o  permit us t o  evalua te  h i g h  temperature steam reforming 
c a t a l y s t s  under condi t i o n s  of sever i  ty  expected 1 a t e r  i n  the  f u e l  processor .  

THERMODYNAMIC APPROACH - 

A computer program ATR-1 ( in  APL) has been wr i t t en  t o  c a l c u l a t e  the  
thermodynamic composi t i o n  of the  reformer gases ,  t he  adi atjati  c  temperature 
and the thermal e f f i c i e n c y  o f  the  reformer. This program cons ide r s  the  
following chemical r eac t ions :  

- 

I/  c a t a l y t i c  p a r t i a l  oxida t ion  (CPO) : 

CnHm + 9 02 + n C O  + Hp (1 1 
I 
I I! steam reforming reac t ion  : 

methanation r eac t ion  

CO + 3H2 -+ , CH4 + Hz0 

water gas s h i f t  r eac t ion  

methane cracking reac t ion  



CO d i  s p r o p o r t i o n a t i  on r e a c t i o n  

B r i e f l y ,  f o r  a  g i v e n  s e t  o f  i n l e t  c o n d i t i o n s ,  i .e. f o r  a  g i v e n  temper- 
a tu re ,  p ressure ,  wa te r  t o  carbon r a t i o  and a i r  t o  f u e l  r a t i o ,  t h e  hydro-  
carbon i n  t h e  feed i s  f i r s t  p a r t i a l  l y  o x i d i z e d  c a t a l y t i c a l l y  a c c o r d i n g  
t o  r e a c t i o n .  (1) and, then, t h e  reamin ing  hydrocarbon i s  comp le te l y  con- 
v e r t e d  t o  carbon monoxide and hydrogen by r e a c t i o n  ( 2 ) .  The p r o d u c t  gas 
ob ta ined '  from these two r e a c t i o n s  i s  subsequent ly  used t o  c a l c u l a t e  t h e  
equ i  1  i b r i  um p r o d u c t  composi t i o n s  by search ing  f o r  a  s e t  o f  c o n c e n t r a t i o r ~ s  
f o r  each p r o d u c t  component t o  s a t i s f y  s imu l  taneous ly  t h e  equ i  1  i b r i  um 
cons tan ts  f o r  r e a c t i o n s  (3 )  and (4) .  I n  case t he  s e t  o f  equ i  1  i b r i  um 
c o n c e n t r a t i o n s  c a l c u l a t e d  f r om r e a c t i o n s  ( 3 )  and ( 4 )  i s  i n  t h e  carbon 
f o r m a t i o n  r e g i o n ,  a d d i t i o n a l  r e a c t i o n s  ( 5 )  and ( 6 )  a r e  i n c l u d e d  i n  t h e  
above e q u i l i b r i u m  c a l c u l a t i o n .  

I n  t h i s  computer program, o n l y  CHq, CO, C02, Hz, Hz0 and C a r e  cons idered  
as t h e  r e a c t i o n  p r o d u c t s  because t he  thermodynamic e q u i l i b r i u m  concen- 
t r a t i o n s  f o r  o t h e r  components i n  t h e  CHO system a r e  r e l a t i v e l y  sma l l .  
I n  o t h e r  words, f r om  t h e  f r e e  energy o f  format ion,  o n l y  t h e  above s i x  
components a r e  thermodynamical l y  cons idered  t o  be t h e  ma jo r  p roduc t s  
under ou r  exper imenta l  cond i t i ons ,wh i l e  a l l  o t h e r  components such as 
a l c o h o l s  and a ldyhydes a r e  m ino r  p roduc t s  and, thus,  can be neg lec ted ,  
Therefore,  f r om  t h e  thermodynamic p o i n t  o f  view, t h e  e q u i l i b r i u m  compos i t i on  
c a l c u l a t e d  f r om r e a c t i o n s  (3 )  and (6 )  a r e  a p p r o p r i a t e .  As shown i n  
Tab le  1, t h e  equ i  li br i um compos i t i ons  c a l c u l a t e d  f r om ATR-1 program agree 
w i t h  t he  da ta  p u b l i s h e d  i n  t h e  l i t e r a t u r e .  

: - 
From the  h e a t  balance, t h e  a d i a b a t i c  o x i d a t i o n  temperature a f t e r  r e a c t i o n  
( 1 )  can be c a l c u l a t e d  f r om t h e  hea t  r e l e a s e d  by t h i s  c a t a l y t i c  p a r t i a l  
ox ida t i ' on  (CPO) r e a c t i o n .  Furthermore, from the  h e a t  and mass ba lance 
ac ross  t f ie  re former ,  t f i e  f i n a l  e q u i l  i b r i um composi t i o n  and t he  a d i a b a t i c  
re fo rming  tempera tu re  can a l s o  be c a l c u l a t e d .  Once t h e  f i n a l  equ i  li br i um 
c o m ~ o s i t i o n  i s  ob ta ined ,  t he  r e fo rmer  thermal  e f f i c i e n c y  can be de te rmined  
f r o h  t he  f o l l o w i n g  equa t ion :  

(Lower Value of  Heat o f )  ( T o t a l  moles o f  C o t  ) 
combust ion o f  H  Reformer Thermal ~ f f i c i e n c y = ( ~ ~ ~ ~ ~  Value o f  kea of  H7 i n  ~ r o d u c t  qas 

( i<ol es o f  hydrocarbon)  
combus t i on o f  Hydro- 
carbon ) 

To genera te  hydrogen f r om hydrocarbons ( e x p e c i a l l y  from No. 2 o i  1  ) -by 
t h e  c a t a l y t i c  p a r t i a l  o x i d a t i o n  process,  a  s t o i c h i o m e t r i c  amount o f  
oxygen l's adml'tted i n t o  t f ie  , r e a c t o r ,  and a l l  hydrocarbons i n  t h e  feed 
w i ' l l  be comp le te l y  c n n v ~ r t . e d  t o  T.0 arid Hz acco rd i ng  t o  r 'eact jon ( I ) .  T h i s  
p r o d u c t  gas then  reaches thermodynamic equi  1 i 6 r i  um a c c o r d i n g  t o  r e a c t i o n s  
(3) and (4) ,  o r  acco rd i ng  t o  r e a c t i o n s  ( 3 )  t o  ( 6 )  if carbon f o r m a t i o n  . 

i s  favored under t h e  exper imenta l  condi  t i  ons. S ince  t h e  o x i d a t i o n  



. . 

reaction i s  cxotherm.ic,~ the '  r e ac to r  temperature wi 11 be higher than the 
i n l e t  feed temperature a'nd . . 'a1 so excess heat can be produced from t h i s  

. . process. 

For the hi i h  tempera.ture .steam reforming react ion,  a1 1 the hydrocarbons 
wil l  be converted to  CO and Hi according t o  react ion ( 2 ) .  The product 

. so obtained then reaches thermodyna1:lic equi 1 i brium according t o  equations 
(3). and (4) (o r  equations ,(a) t o  (6) i f  condition favors carbon formation). 
Since steam reforming i s  endothermic, a net  heat should be t rans fe r red  
i'nto the r eac to r  t o  maintain .the reactor  temperature above 16000F. 

For tfie autothermal reactor  system, oxygen below the stoichiometi r c  
amount i s  admitted i n to  the reactor  together with water in the feed.  
The hydrocarbon i s  f i r s t  oxi.di zed according t o  react ion (1 ) t o  produce 

! heat and, thus ,  r a i s e  the reac tan t  temperature above 1600°F. The 
remaining hydrocarbon wil l  be ad iaba t ica l ly  reacted with water t o  produce 
hydrogen according 'to react ions  ( 2 )  t o  (4)  (o r  react ion (2 )  t o  ( 6 )  i f  
condi t ions  favor carbon formation!. For t h i s  autothermal reac to r  system, 
the reac to r  temperature i s  maintained by the degree of oxidation reaction 
and a l so  by the i n l e t  preheat temperature. 

The ATR-1 computer program i s  used t o  i l l u s t r a t e  thermodynamically the 
thermal e f f i c i enc i e s  f o r  each of the above three  processes. 

Since propane has we1 1 d.efined thermodynamic proper t ies  as  compared to  No. 
2 oi 1 , i t  i s used here f o r  the atjove compari son. As. shown in 'Table 2, 
the reformer thermal e f f i c i enc i e s  a re  ca lcula ted according t o  experimental 
i n l e t  condit ions given in the same tab le .  The r e s u l t s  indicate  t h a t  the 
isothermal high temperature steam reforming has the  highest  thermal 
e f f i c iency  among the t h r e e ,  processes concerned, b u t  the net  heat  (224,274 
Btu/lb-mole) i s  required t o  keep the reac to r  isothermal.  For the  autothermal 
process, the thermal e f f i c iency  i s  higher than t h a t  of c a t a l y t i c  pa r t i a l  
oxidation process, Therefore, according t o  the thermodynamic ana lys i s  of 
thermal e f f i c i enc i e s  given here, the fuel processor designer should con- 
s i d e r  isothermal high temperature steam reforming f i r s t ,  the autothermal 
process second, and c a t a l y t i c  pa r t i a l  oxidatjon 1 a s t .  



TABLE 1 

EQUILIBRIUM COMPOSITION I N  CHO SYSTEM 
( I N  EQUILIBRIUM WITH SOLID CARBON ) % 

% COMPOSITION AT EQUILIBRIUM *' 

TEMP. PRESS H20/C . 02 Hz0 CH4 C02 . CO 'H 2 C '  . ' . .  

COMPONENT H I 0  0 F ATM FUEL . . 
, ROGRAM . : 

. .. .  . . 

1 * 3.0 3250 1 11.15 4.94 8.27 2 2 . 0 4  53.58 EXCESS 

I 

* 
' R. E. Baron, J. H. P o r t e r  and 0. H. Hammond I '  Chemical E q u i l i b r i a  i n  .CHO 
I 
, Systems". t h e  MIT Press  1976. 

** i M. J. S c h l a t t e r  R e p o r t  2, NTIS AD 456740 
I 

t 





As i l l u s t r a t e d  thermodynamica l ly  i n  t he  p rev ious  s e c t i o n ,  t he  thermal 
e f f i c i e n c i e s  f o r  each of  t h e  ' t f i ree processes cons ide red  have been 
analyzed, I n  t h i s  sect ion,. .  t he  advantages and d isadvantages f o r  each 
o f  t he  above t h r e e  processes. w i l l  6e analyzed f r om the  exper imenta l  
p o i n t  o f  view. 

. .. 

WSthout s p e c i a l  t rea tment ,  t h e  No. 2 o i l  n o r m a l l y  c o n t a i n s  approx- 
i m a t e l y  up t o  .0.5%, of  s u l f u r  compounds ( C a t a l y t i c a ,  F i n a l  Repor t  
EPRI  EM-570 September 1977). Since t h e  convent iona l  steam.reformi.nq 
c a t a l y s t  i s  a  suppor ted N i  c a t a l y s t ,  and s i n c e  t he  r e f o r m i n g  a c t i v i t y  
f o r  meta l1  i c  N i  i s  much h i g h e r  than t h a t  o f  NiS, t h e  r e f o r m e r  tem- 
pe ra tu re  must be kep t  above %17000F t o  m in im ize  t h e  f o r m a t i o n  o f  
NSS and, thus, ma in ta i n  a 'h igh  re fo rming  a c t i v i t y  f o r  a. g i ven  
c a t a l y s t .  Therefore,  j n  o r d e r  t o  do h i g h  temperature steam r e f o r -  
mlng, the  No. 2 o i l  i n  t he  feed  must be p r e - h ~ a t e d  t o  a  temperature 
above 1700°F. ,Howe.ver, i t  i s  known t h a t  Not 2 o i l  w i l l  be cracked 
when t he  p reheat  temperature reaches above %1200°F, and carbon w i l l  
be depos i ted  i n  t h i s  p rehea te r  due t o  these  c r a c k i n g  reac t i onSas  
w e l l  as due t o  t he  p o l y m e r i z a t i o n  o f  t h e  unsa tu ra ted  hydrocarbons 
compounds formed by ' c rack ing .  There fo re ,  carbon deposi  ti on can 
occur  i n  t he  p rehea te r '  be fo re  t h e  No. 2 o i l  reaches t h e  c a t a l y s t  
t n  t a c t  as o i  1  . v- 

To m in im ize  the carbon d e p o s i t i o n  i n  t h e  p rehea te r ,  t h e  res idence  
t ime as w e l l  as t he  h e a t i n g  r a t e  o f  t he  r e a c t a n t s  must be cons idered  
s imu l taneous ly .  The e f f e c t  o f  t h e  res idence  t ime  on t h e  p y r o l y s i s  
o f  n -pa ra f f i ns  i s  shown i n  t h e  f o l l o w i n g  ta'ble: 

RESIDENCE TIME FRACTIONAL C14 H30 
(SEC) CONVERSION 

A t c o ~ - d i ~ ~ g  Lo S t~u  6 Ross ( 7 l s t  Annual AlchE meet ing,  M'iaml Nov. 12, 
1978), t he  p y r o l y s i s  o f  n - p a r a f f i n s  -(C14H30) f o l l o w s  a  f i r s t  
o r d e r  k i n e t i c s  and t h e  r a t e  cons tan t  a t  ze ro  convers ion  ( a t  700°C) 
i s  6 .2  sec - l .  Disappearance of  t h e  p a r a f f i n  molecules i s  a  s t r o n g  
f t l ! ~ c t i ~ r !  of the r es i dence  t i q e .  To decrease t h e  res idence  t ime w h i l ~  



main ta i n i ng  the same o u t l e t .  p rehea t  temperature,  t h e  hea t  t r a n s f e r r e d  
through the tubes as w e l l  .as the v e l o c i t y  o f  r e a c t a n t  must be s imu l  taneous ly  . 

increased. Therefore,  factors-  such as res idence  t ime,  h e a t  f l u x ,  r e a c t a n t  
v e l o c i t y  and pres2ure drop. must 6e s imul  taneous ly  cons idered  i n  des ign ing  
a  preheater, . . . . 

I n  ou r  p rev ious  hydrogen a s s i s t e d  steam r e f o r m i n g  exper iments ,  a  conven t iona l  
typ6 o f  s p i r a l  p rehea te r  was ,used t o  p rehea t  t h e  r e a c t a n t s  from about  
8000F t o  1720°F. , B r i e f l y , .  the No. 2 o i l  a t  31o0F was f i r s t  hea ted  and 
then vapori-zed by t h e  p rehea t  m i x t u r e  o f  hydrogen and wa te r  ( a t  850°F) 
a t  t he  i n j e c t o r .  The r e a c t a n t  m i x t u r e  was .then passed t h rough  a  s p i r a l  
p rehea te r  w i t h  a  residenc'e t ime o f  0.14 sec..  I n  t h i s  s e t  up, t h e  
carbon d e p o s i t i o n  was'found i.n t he  p rehea te r  and t he  p ressu re  d rop  across 
t h e  r e a c t o r  was thus  incre.ased as the  t ime  on s t ream inc reased .  Therefore, 
the exper iments had t o  be te rmina ted  because o f  t h i s  carbon d e p o s i t i o n  
problem. 

To f u r t h e r  reduce t h e  res idence  t i n e ,  the  v e l o c i t y  would have t o  be 
increase.d s t i  11 f u r t h e r .  E.ventual ly,  t he  p ressure  d rop  ~ o u l  d  become 
l i m i t i n g  even though i t  may be p o s s i b l e  t o  t r a n s f e r  h e a t  t o  t h e  gas a t  t he  
d e s i r e d  r a t e .  Th is  ana ' lys is  suggests t h a t  t h e  f i r e d  t u b u l a r  h e a t e r  i s  
p robab ly  n o t  s u i t a b l e  f o r  h i g h  temperature steam r e f o r m i n g  o f  No. 2 o i l .  
A d i a b a t i c  r e a c t o r s  %here ' t h e  o i l  i s  preheated r a p i d l y  by v e r y  h i g h  tem- 
pe ra tu re  steam i s  a  p o s s i 6 l e . a l  t e r n a t i v e  t o  t he  more conven t i ona l  f i r e d  
t ubu l  a'? r e a c t o r ;  

Severa l  exper iments  f o r  mtdera te  temperature (1 500 t o  1800 '~ )  and 
h i g h  temperature (1 9?0°F) steam r e f o r m i n g  have been t r i e d  a t  U n i t e d  
Technologies Corp. (UTC), and t he  carbon d e p o s i t i o n  i n  t h e i r  r e a c t o r  
system remains as a  s e r i o u s .  problem. I n  t h e i r  r e c e n t  r e p o r t ,  (December, 
1978) a  newly improved configuration, wh ich  i n c l u d e d  a  t r a p  t o  remove 
a1 1  t he  carbon formed upstream of t he  c a t a l y s t  bed, was r e p o r t e d  t o  
opera te  f o r  190 hours w i t h o u t  carbon foi-mation i n  t h e  c a t a l y s t  bed. 
However, the  carbon fo rmat ion  i n  t h e  p rehea t i ng  zone a p p a r e n t l y  has n o t  
been so lved  i n  t h e i r  exper imenta l  r i g ,  because a  carbon t r a p  was r e q u i r e d  
i n  t h e i r  improved c o n f i g u r a t i o n .  

Because ' o f  t h e  carbon d e p o s i t i o n  assoc ia ted  w i t h  t h e  p r e h e a t i n g  o f  No. 2 
o i l  the  h i g h  temperature steam r e f o r m i n g  shou ld  be d e f e r r e d  u n i  t l  a  method 
has been found t o  p reheat '  the  r e a c t a n t s  t o  above 1  700°F \.ri t h o u t  carbon 
f o rma t i on  i n  t he  p rehea te r .  A method proposed by Toyo ,c.nqineer i  ng, which 
p reheats  and p a r t i a l l y  re fo rms i n  an i n a c t i v e  bed o f  c a l c i u m  a lum ina te  
p e l l e t s ,  may be one method. f o r  s o l v i n g  t h i s  problem. 



. . 

(6) CATALYTIC PAR~IAC OXIDATION (CFO) - .  
. . 

The p a r t i a l  02- idat ion o f  'No. 2  o i l  was c a r r i e d  o u t  c a t a l y t i c a l l y  
i n  the  presence. o f .  steam o v e r .  Pt-Pd-Rhlmonol i t h i c  t ype  c a t a l y s t s .  A i r  
was used as t h e  s o u r c e ' o f  oxygen; The c a t a l y s t  was made as c y l i n d e r s  
1"  O.D. by 3 inches long;  t h r e e ' o f  these c y l i n d e r s  were used i n  t h e  9" 
l ong  ' reac to r  sec t ion .  Experimental  c o n d i t i o n s  f o r  t h r e e  runs w i t h  No. 2 
o i l  a re  l i s t e d  i n  Tab le  3. . . '  

. . 

Because o f  ana l y t i ca l . equ ipmen t  l i m i t a t i o n s ,  complete a n a l y s i s  o f  t h e  
p roduc t  gas was n o t  performed. However, these were e x p l o r a t o r y  runs made 
t o  determine process f e a s i b i l i t y .  From t h e  r e s u l t s  l i s t e d  i n  Table 3 i t  
i s  observed t h d t  p a r t i a l  o x i d a t i o n  d i d  occur  as evidenced by t h e  temperature 
r i s e  o f  about 530°C and by t h e  f o rma t i on  o f  hydrogen as measured by gas 

.chromatography. Not a l l  o f  t h e  o i l  was conver ted  t o  CO and H2 as i s  shown 
by t h e  presence o f  some hydrocarbons. These were measured as t o t a l  hydrocarbons 
by  a  f lame i o n  mon i t o r  and repo r ted  as propane. I n  Tab le  4, a comparison i s  
made between r e s u l t s  c a l c u l a t e d  f rom the  da ta  o f  Run 6  and a  h y p o t h e t i c a l  
c a l c u l a t i o n  f o r  t h e  p a r t i a l  o x i d a t i o n  (021C = 0.5) o f  -CH2-. The d r y  gas 
composi t ion f o r  t h i s  h y p o t h e t i c a l  case would be 50% N2, 25% H2 and 25% CO. 
F a i r  agreement i s  no ted  between t h e  h y p o t h e t i c a l  case and the.exper imenta1 
r e s u l t s  f r om Run 6. The presence o f  C02 and hydrocarbons i n  t h e  exper imenta l  
case i n d i c a t e  t h a t  t h e  equiva l .ent  hydrogen (HZ + CO) i s  somewhat loyrer than  
f o r  t h e  h y p o t h e t i c a l  p a r t i a l  o x i d a t i o n  case. 

Another impo r tan t  obse rva t i on  made d u r i n g  these e x p l o r a t o r y  runs  was 
t h a t  ' t h e  mono1 i t h i c  c a t a l y s t  was f ree  o f  carbon as observed when t h e  c a t a l y s t  
was unloaded. Thus, i t  appears p o s s i b l e  t o  opera te  t h e  CPO m o n o l i t h i c  u n i t  
w i t h o u t  carbon b lockage a t  O i / C  r a t i o s  as low as - 0.31. 

The c a t a l y t i c  p a r t i  a1 o x i d a t i o n  o f  D iese l  f u e l  has been r e p o r t e d  p rev ious l y .  
(Henkel, e t  a l . ,  presented a t  t h e  Fuel Process ing Meet ing i n  Pa lo  A l t o ,  
A p r i l  13, 1977). A  non-noble metal  p a r t i c u l a t e  c a t a l y s t  was used a t  021C 
r a t i o s  as low as 0.15 w i t h  r e s u l t s  as l i s t e d  i n  Table 5. An e q u i v a l e n t  
hydrogen concen t ra t i on  of  44.6% (Hz + CO) was measured a t  32 LHSV w i t h  about 
60% Diese l  f u e l  conversion. These r e s u l t s  a l s o  show t h a t  hea t  can be 
generated by t h e  CPO process and H2 and CO produced under condi t i .ons o f  low 
02/C r a t i o s .  

"?. 

Because o f  t h e  h i g h  02/C r a t i o  o f  t h e  p a r t i a l  o x i d a t i o n  process I 

(02/C = 0.5),  excess hea t  . w i l l  be generated a long  w i t h  t h e  p roduc t i on  of 
H2 and CO f rom No. 2  o i l .  Th i s  hea t  o f  r e a c t i o n  can o n l y  be p a r t i a l l y  u t i l i z e d  j 
i n  p reheat ing  t h e  reac tan ts .  The b u l k  of  t h e  r e a c t i o n  hea t  can n o t  be- used - .- . . .. l 
and t he  anode ven t  gas . is  n o t  r e q u i r e d  f o r  hea t i ng  i n  t h i s  process. The j 



. . 

excess reaction heat and theanode vent gas ( a f t e r  combustion) could be 
used to  raise s t e y .  ' However, t h i s  may not be of val ue in some dispersed 
fuel cell  systems. Because. of . t h i s  re1 atively low thermal efficiency as 
compared to  the other process6s, a low prior i ty  should be assigned to the 
catalyt ic  partial  0xidatio.n . . process. 

. . 

  he high temperature steam reformi ng process has high thermal 
efficiency b u t  carbon i s  formed 'in the preheater due to  the rapid 
decomposition ?f No. 2 o i l  a t  i n l e t  temperatures above 1500°F. In the 
catalyt ic  partial  oxidation' process (02/C = 0.5) ,  the o i l  can be oxidized 
t o  produce heat as -well as CO + Hz, b u t  the thermal efficiency i s  low. 
Therefore, a compromise process i s  to  combine the above two processes 
by operating a CPO section in front of the'steam reforming section. In 
th i s  case, the CPO section will operate a t  02/C rat ios  below 0.5 with 
enough oxygen to  generate suff ic ient  heat to  preheat the reactant stream 
to  the high temperatures' required a t  the in l e t  of the adiabatic steam 
reforming section. Since the heat required for  steam reforming i s  generated 

' in -s i tu  by the part ia l  oxidation reaction, the process i s  called autothermal. 
. . 

In Phase I of th i s  contiact,  t h e  CPO process has experimentally been 
demonstrated to  be able to  ,produce heat as well as hydrogen and CO from 
No. 2 o i l  without soot formation inside the catalyst  bed, and the HASR 

.process i s  capable of reforming the No.2 oi l  and/or i t s  derived cracked 
hydrocarbon products into hydrogen and CO with some CHq leakage. Therefore, 
an ATR reactor can be designed to simulate the actual experimental conditions 
used previously for  each stage of the reaction. Based on th i s  design concept, 
a schematic flow diagram of an ATR fuel processor i s  shown in Figure 1. As 
shown in th i s  diagram, P't/Pd/monolith catalyst  i s  loaded in front of a 
traditional steam reforming catalyst  (a supported nickel ca ta lys t ) .  The 
design feed rates for  th is  processor correspond, to  a 02/C ra t io  of 0.3 and 
a H 2 O / C  ra t io  of 3.0, and the product gas would contain theoretically 
40 SCFH of H z ,  32 SCFH of CO and 36 SCFH of N2. 

. .. 



. . 

. 
c . . . . '  TABLE 3 

. . 
EXPERII-IENTAL RESULTS ON THE CATALYTIC 

. . 

. . PARTIAL OXIDATION OF NO. 2 OIL 

Run No., 

AIR, SCFH 

No. 2 OIL, m l l h r *  

WATER, m l / h r  

02/C, mol eslatorn 

H20/C, moles la tom 

Temp., O C  I n l e t  

'Temp. , "C   xi ta 

EXIT DRY GAS ANALYSIS: 

Hz, vo l  % (by GC) 

COq, vo l  % 

HC (as C3H8), V O ~  % 

21 0 ill 0 21 0 

1726 2441 2739 

13.5 

3.5 

Not measured 

* No. 2 o i l  d e n s i t y  = 0.841 g lm l ;  Formula C13.9H24.8, MW .= 192 
.::. . 

a Maximum temperature measured. 

? le isured by non -d i spe rs i ve  i n f r a - r e d  (NDIR) 

Measured by a f lame i o n  t o t a l  hydrocarbon ana l yze r  and repor ted. .  . . - . .. - .- - - 
as propane. 



CATALYST PARTIAL OXIDATION 
p-. 

COi-IPARISON BETWEEN HYPOTHETICAL AND EXPERIMENTAL 
RESULTS 

1 . . HYPOTHETICAL 
-CH2 - + .  1/2 O2 + C O +  Hz 

AIR C O N T A I N S  4 N 2 / 1  02 

, H2 

TOTAL 

2. EXPERIMENTAL (RUN 6) 

INLET EXIT 
 MOLE^% MOLES-- - -  % - 

EXIT GAS COMPOSITION 

02 0.3 
N2 48.3 ( B A L )  
CO 19.1 (.C BAL) 
H2 27.0 
co2 4.0 

HYPOTHETICAL 

* T o t a l  $ v d r o r ; ~ , r b n ~ ~  d!+srmi?n.d h-: I; ~ T P  ~ ~ : ~ ' . - . ~ r - * : - i - - . , . i  > .  ,.,,.- .. 



TABLE 5 

GASIFICATION - OF --- DIESEL - FUEL A BY CATALYTIC 

l i q u i d  H20/C a i  r - f u e l  
h o u r l y  equi  va- 
space 1 ence 
v e l o c i t y  r a t i o  

hr- '  mol /mol 

c a t a l y s t  I conversion I 
temp. 

gas composi t ion 

( a )  Henkel, ti. J., Kostka, H., and M i ~ h e l ,  A., "Autothermal G a s i f i c a t i o n  o f  
L i q u i d  Hydrocarbons by P a r t i a l  Ox ida t ion" ,  Presented a t  Fuel Processing 
Meeting, Palo A l t o ,  A p r i l  13, 1977. 



FIGURE '1 

PROPOSED FLOW SCHEME 

ATR FUEL PROCESSOR U N I T  -- 

L I Q U I D  FEED ' f 
(No.2 O I L  
654 m l / h r )  

CATALYST 
GASEOUS FEED 
(FOR START-UP] 

CATA1.Y S T  

DRY PRODUCT GAS GOAL: 
EXCHANGER 

.. - .- WATER 
H = 40 SCFH .. . ( 2 1 6 0  m l / h r .  ) 
~ 6 =  32 SCFH 
N2= 36 SCFH H20/C = 3.0 



A s i m i l a r  autothermal  r e a c t o r  des ign has been developed by BASF (V.P. 
Schmulder, Brenns to f f  - Chemie 46 ( 4 ) ,  23 (1965)).  The schematic f l o w  
diagram f o r  t h i s  process i s  shown i n  F igu re  2. Note t h a t  oxygen i s  used 
as an ox idan t  and a P t  c a t a l y s t  ( p e l l e t  t ype  c a t a l y s t )  i s  used i n  f r o n t  o f  
a  t r a d i t i o n a l  steam re fo rm ing  c a t a l y s t .  The purpose o f  t h i s  P t  c a t a l y s t  
i s  t o  " l i g h t  o f f "  t he  r e a c t i o n  a t  a  lower  temperature,  so t h a t  carbon form- 
a t i o n  can be prevented i n  t h e  re fo rm ing  c a t a l y s t  bed ( C a t a l y t i c a ,  EPRI F i n a l  
Report, EM-570, Oct. 1970). As shown i n  Table 6, gaso l i ne  can s u c c e s s f u l l y  
be reformed i n t o  syn thes is  gas ( i  .e., CO and Hz) a t  t h e  r e a c t o r  i n l e t  temp- 
e r a t u r e  o f  200°C, and t h e  e x i t  temperature o f  about S70°C. The p roduc t  gas 
con ta ins  about 87.1% o f  t o t a l  hydrogen and carbon monoxide. Therefore,  
t h i s  BASF autothermal process has s u c c e s s f u l l y  been used t o  generated H2 f ron  
gasnl i ne .  

Recent ly,  t he  success fu l  use o f  t h e  autothermal  r e a c t o r  system t o  
generate hydrogen f rom No. 2  o i l  has a l s o  been r e p o r t e d  by bo th  J e t  Pro- 
pu l  s i on  Labo ra to r i es  (JPL) and a l s o  U n i t e d  Technologies Corpora t ion  (UTC). 
(D.O.E. Workshop on Hydrocarbon Process ing and M ix i ng  and Scale Up. Problems, 
December 14, 1978, Washington, D. C.). Because o f  t h e i r  i n i t i a l  success 
i n  t h i s  process and a l s o  because o f  t h e  h i g h e r  thermal e f f i c i e n c y  assoc ia ted  
w i t h  t h i s  process as compared t o  t h a t  f o r  t h e  CPO process, t h e  autothermal  
re fo rmer  should f u r t h e r  be developed so t h a t ,  h o p e f u l l y ,  t he  o v e r a l l  thermal 
e f f i c i e n c y  can be opt imized.  The use o f , , t h e  m o n o l i t h i c  t ype  c a t a l y s t  i n  
t he  Engelhard des ign ho ldspromise o f  o p e r a t i o n  a t  l owe r  02/C molar  r a t i o s  
a t  low H20/C r a t i o s .  A lso,  as l o n g  as t h e  hydrocarbon s t ream can be vaporized, 
i t  can be f e d  t o  t h i s  system. Thus i t  may be poss ib le .  t o  use o i l s  heav ie r  

. . 
than No. 2  i n  t h i s  system. 

PHASE I 1  CATALYST PREPARATION AND DEVELOPMENT 

Task 5.1A C a t a l y s t  Screening Using - a f l i c r o r e a c t o r  

To d i f f e r e n t i a t e  t h e  re1  a t i v e  a c t i v i t y  o f  . ,catalysts prepared i n  
Task 4, a  sc reen ing  t e s t  was developed. A p ressure  m ic ro  r e a c t o r  (PMR) 
was designed t o  eva lua te  sample a c t i v i t y  f o r  steam re fo rm ing  ethane. 
Ca ta l ys t s  a re  reduced a t  932°F and steam aged a t  1700°F f o r  16 hours 
i n - s i  t u  p r i o r  t o  a c t i v i t y  measurements. Us ing s imp le  da ta  t rea tment ,  
r e l a t i v e  a c t i v i t y  can be c a l c u l a t e d  and t h e  most a c t i v e  c a t a l y s t s  f u r t h e r  
eva lua ted  i n  t h e  ATR u n i t  us i ng  No. 2  o i l .  

Ca ta l ys t s  charged i n  t h e  PMR r e a c t  w i t h  a  feed  q o n s i s t i n g  o f  10 vo l  % 
ethane, 2  v o l  % Hz and balance N2 which i s  mixed w i t h  steam. The r e a c t o r  
schematic i s  presented i n  F igu re  3 and t h e  ope ra t i ng  condi ' t ions a r e  g iven  
i n  Table 7. 

Dur ing  steam re fo rming  of hydrocarbons, carbon d e p o s i t i o n  occurs 
c a t a l y t i c a l l y  above 93Z°F and t h e r m a l l y  above 1 200°F. To eva lua te  t h e  
e f f ec t  of  t h e r m a l l y  decomposing ethane d u r i n g  a sc reen ing  run,  a  t e s t  was 
made us ing  an empty r e a c t o r  tube. Decomposit ion o f  t h e  eth,ane was moni tored 
by an inc rease  i n  hydrogen con ten t  of  t he  p roduc t  stream. (Note, a  hydrogen 
ana lyzer  was be ing  used d u r i n g  t h e  i n i t i a l  t e s t s  w h i l e  a  new chromatograph 
was be ing  ordered and s e t  up. Hydrogen cou ld  be produced e i t h e r  by t h e  
d i r e c t  thermal decomposit ion of ethane o r  by t h e  steam re fo rm ing  mechanism). 
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TABLE 6 

REFORMIFIG GASOLINE FEEDSTOCKS US I NG THE BASF AUTOTHERI.1AL 

REFORf+lIFIG PROCESS a 

1 2 

Gas01 i n e  C h a r a c t e r i s t i c s  

End p o i n t ,  OC 

C, w t .% 

H, w t . %  

S, wppm 

Aromat i cs ,  wt .% 

Naphthenes, w t .  % 

Densi  ty  a t  1 5 ' ~  

Feed Requirements f o r  1000 ~m~ CO + Hz 

Gaso l ine ,  kg  - 290 

Steam, kg 4 70 

02 - ,  Nm 3 220 

I/ C o n d i t i o n s  

Prehea t  tempera tu re ,  O C  

E x i t  t empera tu re ,  O C  

E x i t  Gas A n a l y s i s ,  mole  % 

C02 
C 0  

2  

CH4 

2 



FIGURE 3 

Pressure Microreactor Apparatus for Steam Reforming Ethane 



TABLE 7 

C2H6 STEAM REFORMING PROCEDURE 

A. START UP -- 

1 Purge w i t h  N2 a t  200cc/min 

2. Record system and e f f l u e n t  f low/pressure and Thermatron s e t  

B. REDUCTION - 4 HRS. 

1. N2 o f f ,  2% H2/N2 i n  a t  200cc/min. 

2. Repeat At2 

3. Leak Check 

4. Set hea t i ng  tape, VF (400-500°F), PHR (800°F), and 
RF (932°F) 

5. Repeat A-2 and 8-3 
Time t o  heat  and h o l d  a t  932°F i s  = 4 hours. 

- .  

C. STEAM A G I N G  - -- 

1. Switch on 100% H2 t u r n i n g  o f f  2% H2 + N2 

2. Pump on a t  1 .Occ/min. - a f t e r  l i q u i d  appears i n  condenser 
r e s e t  t o  0.5cc/min. - H20/H2 - 3.1 

3. Repeat A-2 and record  Hz0 r a t e  .* 

D. HIGH TEMP. STEAM AGING - 16 HRS. -- -- 

1. Set PHF (800°F) and RF (1700°F) 

2. Repeat B-3 and C-2 

3. Hold a t  1700°F ove rn igh t  

E. COOL DOWN ,.:. -- 

1. Set RF (400°F), PH (400°F) and Repeat C-2 

2. When RF reads 1000°F, t u r n  o f f . 1 0 0 %  Hz and swi tch  
on 22 Hz + N2 (200cc/111ir1) 

3. Set Pump t o  O.lcc/min. 



. . 
. . .  . . .  . .  

. .. 
. .  . TABLE 7 - con t --- 

. . 

. , .. 

INITIAL ACTIVITY.". . ,  . 
. . 

1. Turn 2F H2/N2 off; feed gas on at 160cc/mi n. 

2 .  Repeat C-2 and record effluen,t product via Thermatron 
and flow rate vi.a WTM 

. . 

G. Activity @ = 1900 ' .  hr-l 

1. Set PH (800"~) and RF (752°F) - equilibrate at temp. , 
Tor '1 /2 hour: 

I 1 2. Set RF (842°F) - equilibrate at temp. for 112 hr. 
I I 3. Set RF (932°F) - equilibrate at temp. for 112 hr. 

Activity @ '= 10,000 hr-' 

4. Hold RF at 932°F and adjust pump to 0.54 cclmin. 
and feed gas flow rate to 833 cclmin. - equilibrate 

- : -  at temp. for 112 hr. 

I I 5. Set RF (842°F) - equilibrate at temp. for 112 hr. 

1 1 6. Set' RF '(752°F) - equilibrate at temp. for 112 hr. 

I H. PURGE 
I 

1. Turn feed gas off, 2% H2/N2 in ab 200cc/min. 

2. Repeat C-2 

i 1. - COOL - DOWN 
! 

1. Turn H20 pump off 

2. Set PHF (R.T.) and RF ( R . T . ) :  

3. Repeat C-2 .I! 

J. -- SHUT DOWN 

1. At RF (500°F) turn 2% H k2 off and N2 on at 200cc/min. 
2. Repeat A-2 

3 
3. At room temp. remove, weigh, and bottle sample. 



A f t e r  a1 l ow ing  bo th  ' the .preheater  and r e a c t o r  tubes t o  e q u i l i b r a t e  
a t  1000°F w i t h  f e e d  f l o ~ i n g ;  . the p reheate r  temperature was s l o w l y  inc reased  
i n  s teps o f  100°F. , 'At  1200°~F,.H2 con ten t  was measured on t h e  MSA Thermatron , 
Analyzer  s l i g h t l y  above . t h a t  i n  t h e  feed  gas. As shown i n  F igu re  4 t h e  
hydrogen con ten t  inc reased  wnt i  1  a t  a  temperature above 1300°F t h e  amount 
o f  hydrogen i n  t h e  p roduc t  s t ream exceeded t h e  upper l i m i t  o f  d e t e c t i o n  
(30%). A  sample 'analyzed by gas chromatography showed a  H2 con ten t  o f  
34 vo l  %, CO ' p l us  N2 a t  64 vo l ,  ,% ( these were n o t  separated on t h e  p a r t i c u l a r  . 
GC u n i t  usedl ,  0.3 vo l  % C02 .and 1.7 vo l  % C2 hydrocarbons. 

A f t e r  r unn ing  1.5 'hours .a t  1380°F, t h e  backpressure began t o  r i s e  i n  
t he  u n i t .  W i t h j n  t h r e e  hours, t h e  p reheate r  i n l e t  p ressure  equaled t h e  
d e l i v e r y  feed gas p ressure  accompanied w i t h  a  sharp decrease i n  p roduc t  gas 
f low.  A f t e r  s h u t t i n g  t h e  u n i t  down and coo l i ng ,  t h e  p rehea te r  c o i l  con ta ined  
s u f f i c i e n t  "coke" t o  ,complete ly  b l o c k  t h e  r e a c t a n t  f l ow.  

These r e s u l t s  l i m i t  t h e  maximum r e a c t o r  temperature t o  about 1200°F 
whereby no hydrogen w i l l  be made by t h e  thermal decomposit ion o f  ethane. 

A  sample o f  t he  noncata lyzed Engelhard s t a b i l i z e d  1/16" A1203 c a r r i e r  
(10984-19-3) was 1  oaded i n t o  t he  m ic ro reac to r  and sub jec ted  t o  r e d u c t i o n  and 
steam aging. The r e s u l t s  of  steam re fo rm ing  ethane a r e .  shov!n i n  F igu re  5. 
No apprec iab le  hydrogen make occured u n t i l  1150°F and a t  1200°F a  4% inc rease  
i n  hydrogen con ten t  ove r  feed  was measured. Comparison w i t h  t h e  empty tube  
run  a t  1200°F showed t h a t  t h e  c a r r i e r  produced s l i g h t l y  more hydrogen. Thus, 
t he  c a r r i e r  may have some c a t a l y t i c  a c t i v i t y .  

U n i t e d  C a t a l y s t ' s  G90C was eva lua ted  f o r  hi-gh-temperature steam re fo rm ing  
a c t i v i t y  of  No. 2  o i l  d u r i n g  Phase I. O f  t h e  seven c a t a l y s t s  t es ted ,  G90C 
was t h e  second most a c t i v e  and the .  h i qhes t  o f  a l l  t h e  commercial samples. 
(E. 1. SF-3 was t h e  most a c t i v e ) .  ~hu;  G90C was se lec ted  as a  b a s i l  i n e  commercial 
sample. 

G90C "as rece ived"  i s  i n  a  gray, 114" ceramic r i n g  form. To e l i m i n a t e  
t h e  p o s s i b i l i t y  o f  d i f f u s i o n  e f f ec t s  i n  t h e  m ic ro reac to r ,  G90C was crushed 
and a  s ieved  p o r t i o n  o f  -14 mesh/+25 mesh re ta i ned .  

The hydrogen con ten t  d u r i n g  reduc ing  G90C was moni tored.  As shown i n  
F igure  6, a f t e r  t h e  temperature reached 400°F hydrogen was removed f rom t h e  
reduc ing  gas stream reach ing .  a  l e v e l  of  0.5 volume pe rcen t  ( t h e  reduc ing  
gas m i x t u r e  con ta ins  approx imate ly  2.7 vo l  % Hz). The r e d u c t i o n  i s  a l lowed 
t o  con t inue  a t  932°F f o r  f o u r  hours.  Dur ing  t h i s  p e r i o d  t h e  H2 con ten t  
measured g r a d u a l l y  r e t u r n e d  t o  t h a t  i n  t h e  reduc ing  gas slream. Since t h e  
H2 l e v e l  d u r i n g  t h e  r e d u c t i o n  s t e p  over  t h e  noncata lyzed A1203 c a r r i e r  d i d  
n o t  change ( ~ i ~ u r e  7) ,  t h e  H2 uptake over  t h e  c a t a l y s t  i s  p robab ly  due t o  t h e  
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FIGURE 5 

Ethane Steam Reforming of  S tab i  1 i z e d  C a r r i e r  
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r educ t i on  o f  t he  fli.0' p resen t . ,   he amount o f  H2 uptake may be r e l a t e d  
t o  t h e  a v a i l a b l e  q i c k e l  surfa.ce area and t h e  ease which t h e  sample reduces. 

. . 
A f t e r  complet ing t h e . r e d u c t i o n  s tep ,  steam was i n t r oduced  i n t o  t h e  

r e a c t o r  and t he  temperature r a i s e d  s l o w l y  t o  1700°F. A f t e r  reach ing  
1700°F, t h e  sample was aged f o r  an a d d i t i o n a l  17 hours be fo re  c o o l i n g  t o  
800°F. The feed  m i x t u r e  wa.s .subst i tu ted f o r  t h e  reduc ing  gas and w i t h i n  
20 minutes t h e  hydrogen con ten t  o f  t he  p roduc t  gas s t ream reached 12%. 
The temperature was r e d u c e d ' t o  500°F and t h e  H2 con ten t  measured was 
e q u i v a l e n t  t o  t h e  feed gas. The r e a c t o r  temperature was then  r a i s e d  
s l o w l y  i n  100°F increments every  30 minutes and t h e  hydrogen con ten t  o f  
t h e  p roduc t  stream monitored. . These r e s u l t s  a re  shown i n  F igu re  8. 

A f t e r  t h e  l a s t  da ta  p o i n t ,  t h e  furnaces and feed  were t u rned  o f f  
-and t h e  system was a l l owed  t o  cool  i n  a  s t ream o f  d r y  reduc ing  gas 
(2.7 vo l  % Hz, balance N2). A t  room temperature t h e  system was purged 
w i t h  n i t r o g e n  and t h e  c a t a l y s t  removed f o r  postmortem a n a l y s i s .  The 
t e s t e d  sample was now l i g h t  gray-b lue and l o s t  about 5.3 pe rcen t  o f  i t s  
i n i  t i  a1 we igh t  w i t h o u t  any apparent vo l  ume change. 

~ n ~ e l h a r d ' s  SF-3B ( a  remake o f  t he  o r i g i n a l  Engelhard sample t e s t e d  
i n  Phase I which was l a b e l e d  SF-3A f o r  c l a r i t y )  was a l s o  screened i n  t h e  
PMR. The r e s u l t s  f o r  hydrogen p roduc t ion  by steam re fo rm ing  ethane a f t e r  
r e d u c t i o n  and steam ag ing  for' SF-3B are  s h ~ w n  i n  F igu re  9. The d i f f e r e n c e  
i n  a c t i v i t y  between SF-3B and G90C was n o t  expected s i nce  when t e s t e d  
f o r  HASR o f  No.2 o i l  (Phase I )  SF-3A was more a c t i v e  than G90C. 

SF-3B a f t e r  t e s t i n g  i n  t h e  PMR was b l u e  i n .  c o l o r  as compared t o  
t h e  b l a c k  c o l o r  o f  t h e  o r i g i n a l  sample and was a l s o  b l a c k  a f t e r  t e s t i n g  
i n  t he  HASR u n i t .  The b l u e  c o l o r a t i o n  of  n i c k e l  suppor ted on A1203 c a r r i e r s  
u s u a l l y  i s  assoc ia ted  w i t h  f o rma t i on  of a  n i c k e l  aluminum s p i n e l  which i s  
i n a c t i v e  f o r  steam reforming hydrocarbons. Since SF-3B con ta ins  a l a r g e r  
amount o f  t r a n s i t 7 o n a l  A1203 i n  t h e  c a r r i e r  than  G90C, more i n t e r a c t i o n  
between n i c k e l  and t h e  c a r r l e r  i s  expected thus a f f e c t i n g  t h e  a c t i v i t y  
o f  SF-3B more than G90C. 

O x i d i z i n g  atmospheres such as steam favor  t he  n i c k e l  ox i de  - A1203 
r e a c t i o n .  Hydrogen i s  added d u r i n g  steam ag ing  t o  p reven t  t h e  r e o x i d a t i o n  
of n i c k e l  and t h e  subsequent Ni0-A1203 i n t e r a c t i o n .  The water lhydrogen 
r a t i o  i s  c r i t i c a l  and i s  t y p i c a l l y  between 5 and 10 i n  commercial steam 
re fo rm ing  u n i t s .  F u r t h e r  t h e  H201H2 r a t i o  of  t he  e x i t  s t ream f rom t h e  
c a t a l y t i c  p a r t i a l  o x i d a t i o n  t e s t s  run  d u r i n g  Phase I ranges bet.ween 3-5. 
Since t.he f i r s t  stage i s  a .CPO c a t a l y s t  Bed, steam ag ing  a t  1700°F should 
be done a t  a  t y p i c a l  wa'terlhydrogen r a t i o  expected a t  t h e  ent rance t o  t he  
f i r s t  bed. 
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Changing t o  a 100% hydrogen reducing mixture from the  2.7 vol % H z ,  
balance N2 mixture decreased the  H20/H2 r a t i o  t o  3.1. Test  r e s u l t s  f o r  
G90C and SF-3B a f t e r  reduction and steam aging a t  a H20/H2 r a t i o  of 3.1 
a re  shown i n  Figure 10. The a c t i v i t y  f o r  both samples have improved 
compared with t h e  previous runs (H20/H2 = 115) and now both samples 
appear t o  be equivalent  in  a c t i v i t y .  Both samples t e s t e d  with the  lower 
H20/H2 r a t i o  were black a f t e r  being removed from t h e  microreactor .  

Task 5.1B Cata lys t  Screening -- Under ATR Conditions 

Unit 5 a t  Delancy S t r e e t  has been modified t o  screen c a t a l y s t s  in  
t h e  autothermal r e a c t o r  mode. The flow diagram i s  shown in Figure 11 
and t h e  d e t a i l  desc r ip t ion  of t h i s  system has been reported previously.  
During the  q u a r t e r  the  i n j e c t o r  was redesigned and constructed as .  shown 
i n  Figure 12. For t h i s  new i n j e c t o r ,  a 'vapor ized  No. 2 o i l  ( -  700°F) i s  
i n j ec ted  through a 0.04" ID hole i n t o  a hot a i r  and water stream (about 
1000°F). This fue l  i s  then passed through a s t a t i c  mi.xer t o  homogenize 
t h e  mixture. Af ter  the  s t a t i c  mixer, t h i s  homogenized feed i s  admitted 
i n t o  a monoli'thic c a t a l y s t ,  where p a r t i a l  oxidat ion of No. 2 o i l  with 
a i r  w i l l  occur over t h e  Pt/Pd/monolith c a t a l y s t .  As a r e s u l t  of t h i s  
oxidat ion r eac t ion ,  CO and Hz w i l l  be produced and t h e  temperature of t h e  
CPO product gases wi l l  be increased t o  a temperature above 1700°F. The 
remaining No. 2 o i l  and/or hydrocarbons (from cracking reac t ions )  w i  11 
f u r t h e r  be reformed i n t o  the  product gas over t r a d i t i o n a l  steam reforming 
c a t a l y s t s .  The loca t ion  of the  CPO and steam reforming c a t a l y s t s  i n s i d e  the  
r e a c t o r  i s  shown i n  Figure 5. 

Tes ts  with d i f f e r e n t  s t a r t  up procedures wi l l  soon be performed. 
I t  i s  intended t o  use propane o r  othe gaseous hydrocarbons t o  t r i g g e r  t h e  
i n i t i a l  p a r t i a l  oxidat ion r eac t ion ,  and the  H2 and CO produced from t h e  CPO 
u n i t  w i l l  be used t o  do , in  situ reduction of the downstream nickel c a t a l y s t .  
After  reduct ion ,  No. 2 o i l  w i l l  be admitted in place of t h e  propane used 
f o r  s t a r t -up .  
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Task 7 Supporting Studies 

Thermal coke formation determined gravimetri ca1 l y  (Perkin-Elmer 
Microbalance Model TGS-2) was investigated using dry ethylene t o  develop 
fundamental baseline data.  No detectable  coke laydown was measured on 
an empty P t  sample holder with flowing C2H4 u p  t o  600°C. Two nonstabil ized 
A1203 c a r r i e r s  with d i f f e r en t  B.E.T.  surface areas (194 vs 220m2/gm) were 
evaluated using ethylene and showed t h a t  the  higher surface  area material 
picked u p  a greater  amount of carbon a f t e r  1 hour a t  500°C. A proprietary 
E.I. s t ab i l i z ed  c a r r i e r  having a s imi la r  B . E . T .  surface  area as compared 
t o  the unstabil ized sample (197 vs. 194m2/~m) showed approximately 112 the 
arn~ilnt of coke laydown a f t e r  1 hour a t  500°C as shown i n  Figure 14. 

The above experiments, scoped out an extreme coke condit ion,  and s e t s  
the  s tage  f o r  use of a water sa tura ted synthet ic  feed gas stream which wil l  
approximate the composition of the  e x i t  stream from the  f i r s t  s tage  CPO 
unit .  



FIGURE 14 

Coking Studies v ia  Microbalance 
With C2H4 @ 500°C 




