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1. INTRODUCTION 

This i s  a continuation of Catalytica 's  e f f o r t  to  assess various synthesis-gas 

generating techno1 ogies for  thei r appl icabi 1 i ty t o  fuel -cell  power genera t i  on. 
In a preceding report ,  we covered a broad spectrum of synga's technologies 
ranging from naphtha steam reforming to  residual o i l  and coal gasification 
processes i ~ a t a l y t i c a ,  1978). In th i s  report ,  we have focused on syngas 
generation from d i s t i l l a t e  fuel o i l  and reviewed the s ta tus  and the research 
and development needs of those emerging technologies which are  potentially 
applicable t o  fuel c e l l s .  

Electr ic  power generation by a ,phosphoric acid fuel ce l l  integrated with a 
naphtha reformer has reached the demonstration stage w i t h  the 4.8-MW u n i t  

soon to be completed a t  Consolidated Edison's plant i n  New York (Handley, 
1979). The naphtha-based plant i s  expected to  achieve a heat ra te  of 9300 
B t u / k w h  o r  be t te r  through i t s  40,000 hours of service.  In the meantime, 

' e f fo r t s  are continuing in order to  improve various aspects of the fuel-cell  
power plant. 

One of the current e f fo r t s  i s  t o  expand the fuel processor's capabili ty to  
process d i s t i l l a t e  fuels  as e f f ic ien t ly  as the naphtha reformer. A t  present, 
no commercial process i s  capable of reforming d i s t i  1 l a t e  fuels into synthesis 
gas. However, a number of companies are engaged in the development of such 
processes, and these processes are  discussed i n  t h i s  report. 

Case studies of a phosphoric acid fuel-cell  power plant based o n . d i s t i l l a t e  
fuel a re  p.resented. In one case, an autothermal reformer i s  featured as the 
fuel processor while i n  the other case, a combination of a high-temperature 

'steam reformer and an autothermal reformer i s  featured. The objective of the 
study i s  t o  estimate the range of hea't ra tes  obtainable when the autothermal 
reformer or the high-temperature steam reformer i s  integrated in the power plant. 



The phosphoric a c i d  f u e l  c e l l  to1  era tes  c e r t a i n  l e v e l s  o f  H2S and CO which a re  

common contaminants i n  t h e  synthesis  gas generated from d i s t i l l a t e  f u e l .  

E f f o r t s  a re  made t o  examine how much o f  these gases can be t o l e r a t e d  by the  

c e l l .  Since t h e  i n fo rma t ion  has an impor tan t  bear ing  on t h e  ex ten t  o f  syngas 

c lean ing  requ i red ,  t he  p e r t i n e n t  t e s t  r e s u l t s  a r e  reviewed i n  t h i s  r e p o r t .  

I t  i s  recognized t h a t  key problems c o n f r o n t i n g  t h e  development o f  t h e  

d i s t i l  l a t e  process are  c a t a l y s t  d e a c t i v a t i o n  by s u l f u r  and carbon format ion.  

A l i t e r a t u r e  rev iew presented i n  t he  appendix covers recent  s tud ies  address- 

i n g  these c r i t i c a l  areas o f  steam reforming.  The rev iew was made'by Professor  

Ca lv in  H. Bartholomew o f  Brigham Young U n i v e r s i t y .  



This  r e p o r t  reviews the  c u r r e n t  e f f o r t s  t o  develop d i s t i  1 l a t e  o i l  -steam 

' re fo rming processes and discusses the  a p p l i c a b i l i t y  o f  these processes f o r  

' i n t e g r a t i o n  w i t h  the f u e l  c e l l .  The development e f f o r t s  can be grouped 

i n t o  the  f o l l o w i n g  pro.cessing approaches: 

a High -temperature steam re forming (HTSR) 

a Autothermal re fo rming (ATR) 

a Autothermal g a s i f i c a t i o n  (AG) 

a U l t r a  d e s u l f u r i z a t i o n  fo l l owed  by steam re forming 

Su l fu r  i n  t he  feed i s  a key problem i n  the  process development. A m a j o r i t y  

o f  t he  developers consider  s u l f u r  as an unavoidable contaminant o f  d i s t i  1 l a t e  

f u e l  and are  a iming t o  cope w i t h  i t  by making the  process s u l f u r - t o l e r a n t .  

Average s u l f u r  i n  commercial d i s t i l l a t e  fuel  i s  i n  a 0.15-0.25 w t  % range. 

I n  t he  HTSR development, the calc ium aluminate c a t a l y s t  developed by Toyo 

Engineering represents the  s t a t e  o f  the  a r t .  This  c a t a l y s t  i s  unaf fec ted  

by s u l f u r  b u t  becomes a c t i v e  o n l y  a t  h ighe r  than normal re fo rming temperatures, 

e.g., above 9 0 0 ~ ~ .  This  i s  an economic concern s ince  a g rea te r  amount o f  f u e l  

i s  requ i red  by the furnace as the  re forming temperature i s  increased. Uni ted 

Technology (UTC), Engelhard, and J e t  Propu ls ion  Laboratory (JPL) a re  a l s o  

i nvo l ved  i n  the  HTSR research. 

The ATR o f  d i s t i l l a t e  fue l  i s  i n v e s t i g a t e d  by UTC and JPL. Soot f o rma t ion  i s  

a major problem as i t  causes r e a c t o r  p lugging.  I t  can form i n  the  feed 

preheater  where f u e l  i s  heated t o  about 1 4 0 0 " ~  and i n  t h e  c a t a l y s t  bed. Soot 

i n  the  preheater  i s  formed as a r e s u l t  of thermal c rack ing  and can be m i n i -  

mized by reducing the res idence t ime of hydrocarbons. For example, JPL noted 

a major d e c l i n e  i n  thermal c rack ing  when t h e  res idence t ime was reduced from 

6.6 t o  2.5 m i l l i seconds .  I n  t he  r e a c t o r ,  t he re  i s  always a p o t e n t i a l  o f  carbon 



formation as the  ATR i s  operated under f u e l - r i c h  cond i t i ons  ( low 02/C r a t e s ) .  

Therefore, an ATR c a t a l y s t  must be ab le  t o  gas i fy  carbon as soon as i t  i s  

formed. Furthermore, the  c a t a l y s t  must main ta in  the  g a s i f i c a t i o n  a c t i v i t y  i n  

t he  presence o f  s u l f u r .  Thus fa r ,  the  lowest  02/C r a t i o s  achieved i n  the  

ATR o f  d i s t i l l a t e  f u e l  o i l  a re  i n  a range o f  0.38 t o  0.40 mole of 09 pe r  atom 

of  carbon i n  the  feed. An immediate goal o f  c u r r e n t  research i s  t o  lower 

t h i s  r a t i o  t o  about 0.35 mole 02/atom C so t h a t  t h e  thermal e f f i c i ency  

approaches t h a t  of convent ional  steam reforming. 

The autothermal gasi  f i  cat i .on ( A G )  of d i  s t i  11 a t e  fue l  i s  be ing  i n v e s t i g a t e d  by 

Engel hard and Siemens AG. As i n  the  ATR, the  fue l  i s  c a t a l y t i c a l l y  g a s i f i e d  
u t i l i z i n g  the  heat  generated by i n  s i t u  p a r t i a l  combustion o f  feed, however, 

t he  goal o f  the.AG i s  t o  accomplish the  i n i t i a l  breakdown of the  feed i n t o  

l i g h t  gases and n o t  t o  achieve complete conversion t o  CO and H2. Engel ha rd ' s  

t e s t  r e s u l t s  i n d i c a t e  t h a t  a soo t - f ree  g a s i f i c a t i o n  o f  d i s t i l l a t e  f u e l  can be 

accomplished w i t h  the  02/C r a t i o s  as low as 0.3 mole 02/atom C and gas space 

v e l o c i t i e s  i n  a 100,000 hr- '  range. M o n o l i t h i c  c a t a l y s t s  con ta in ing  Rh, P t ,  and 

Pd showed good a c t i v i t i e s .  For the  f u e l - c e l l  i n t e g r a t i o n ,  a secondary re forming 

o f  t he  l i g h t  gases from the  AG s tep  i s  requ i red .  Engelhard i s  c u r r e n t l y  t e s t i n g  

a system i n  which the e f f l u e n t  from t h e  AG sec t i on  en te rs  t h e  steam-reforming 

sec t ion ,  a l l  housed i n  a s i n g l e  vessel .  

The AG process by Siemens employs a nonnoble metal c a t a l y s t  which i s  s u l f u r -  

r e s i s t a n t .  The process can gas i fy  d i s t i l l a t e  f u e l s  us ing  s u r p r i s i n g l y  low 02/C 

r a t i o s .  ' I n  a se r ies  o f  t e s t s ,  Siemens g a s i f i e d  a d iese l  f u e l  a t  an 02/C r a t i o  

of 0.125 mole/atorn. They i n d i c a t e  t h a t  the  space v e l o c i t y  i n  t h i s  t e s t  was about 

12 times l a r g e r  than t h a t  used i n  convent ional  steam reforming.  There was no 

s i g n  o f  soot  format ion;  however, t he  g a s i f i c a t i o n  convers ion was about 61%, 

and the  gaseous e f f l u e n t  conta ined h igh  concent ra t ions  of l i g h t  o l e f i n s .  

Unlike the  m a j o r i t y  o f  the  developers, Topsde uses a feed pret reatment  approach 

and has shown t h a t  when the l e v e l  o f  s u l f u r  i s  reduced t o  below 0.1 PPm, a , 

d i s t i l l a t e  f u e l  o i l  can be steam-reformed a t  cond i t i ons  very s i m i l a r  t o  those 

f o r  naphtha reforming.  The reduc t i on  i n  s u l f u r  content  i s  achieved i n  a two- 

stage hydrotreatment.  



To evaluate the  thermal e f f i c i e n c i e s  o f  a 5-MW dispersed f u e l - c e l l  power p l a n t ,  

we conducted case.s tud ies  t h a t  feature as the  f u e l  processor an ATR i n  one case 

and an HTSR combined w i t h  an ATR u n i t  i n  t he  o t h e r  case. :Jo. 2 f u e l  o i l  was useci 

as the  o n l y  energy' source f o r  the  power p l a n t .  I n  t he  case based on the  use o f  

t he  ATR u n i t  alone, the heat  r a t e  of the power p l a n t  was evaluated w i t h  respect  

. to  a i r - t o - f u e l  r a t i o s  and methane leakages i n  the  ATR e f f l u e n t .  The feed pre- 

hea t i ng  was assumed a t  1400'~. The r e s u l t s  f o r  a 5-MW p l a n t  a re  shown below: 

02/C r a t i o ,  CH4 i n  ATR E x i t  Heat r a t e ,  

moles 02/atorn C Ib-moles/hr ~ 0 1 %  Btu/ kwh 

The 02/C r a t i o  of 0.35 mole/atom represents an immediate goal o f  t he  

research e f f o r t s .  A t  t h i s  r a t i o ,  t he  power p l a n t  may achieve a heat  r a t e  of 

about 9500 Btu/kwh o r  b e t t e r ,  dependi.,ng on how f a r  t h e  ATR cata l .yst  can re form 

the  r e s i d u a l  methane. If t h e  Op/C r a t i o  can be reduced t o  0.30, a 9000-Btu/kwh 
heat  r a t e  becomes poss i b l  e . 

I n  the  case w i t h  HTSK/ATK, the  re forming temperature i n  t h e  HTSK was assumed 

a t  820°c, and a thermal e f f i c i e n c y  o f  71% was assumed f o r  the  reformer furnace. 

I n  the  ATR, an 02/C r a t i o  o f  0.18 mole b2/atom C was est imated t o  be su f -  

f i c i e n t  t o  re fo rm methane i n  the  HTSR e f f l u e n t .  A hea t  r a t e  o f  8930 Btu/kwh 

has been est imated f o r  t h i s  power p l a n t .  The r e s i d u a l  methane i n  the  ATR 

e f f l u e n t  was assumed as 1.70 l b  mole/hr (0.21 ~ 0 1 % ) .  



3. REVIEW OF TECHNOLOGIES 

A t  p resen t  no commercial processes a r e  capable o f  s team-reforming d i s t i l  l a t e  

or h e a v i e r  f u e l s .  However, a number of  companies a r e  engaged i n  t h e  development 

' o f  such a process.  I n  t h i s  sec t i on ,  t h e  s t a t u s  o f  these  development e f f o r t s  
i s  s.ummarized. Among t h e  a c t i v e  companies a re :  

Toyo Eng ineer ing  (Japan) 

u n i t e d  Technology Corp. (U . S  .) 

J e t  Propul  s i o n  Labora to ry  (U.S. ) 

Engel hard  (U . S  . ) 
Haldar  Topsde (Denmark) 

Siemens AG (Germany) 

M i t s u i  Toatsu (Japan) 

Others 

3.1 Toyo Engi n e e r i  n g  

The T o t a l  Hydrocarbon Re'formi ng (THR) process, a h i  gh-temperature s t e a m  r e -  

forming process be ing  developed by  Toyo Engineer ing,  i s  capable o f  g a s i f y i n g  

a wide range o f  hydrocarbons, i n c l u d i n g  crude o i l ,  a tmospher ic  and vacuum 

res idues ,  gas o i l s ,  naphtha, LPG, and n a t u r a l  gas. The p r i n c i p a l  c a t a l y s t ,  

c a l l e d  T-12, i s  a ca l c i um a lumina te  c o n s i s t i n g  of  CaO, 5 1  wt%; A1 0 48 wt%; 
2 3' 

SiU2 l e s s  t han  0.1 wt%; and Feu3, MgO, Na20 f o r  t h e  ba lance (Tomi ta ,  

1979). Among t h e  va r i ous  chemical  spec ies p o s s i b l e  i n  a CaO.Al203 s o l i d  system, 

t h e  most d e s i r a b l e  spec ies f o r  use as a c a t a l y s t  i s  12Ca0-7A1203. Other  

p o s s i b l e  s o l  i d  phases i n c l  ude Ca0.A1203 and 3Ca0 -A1203. Compared w i t h  these, 

12Ca0.7A1203 possesses s u p e r i o r  p r o p e r t i e s  as a c a t a l y s t ,  namely, good steam 

r e f o r m i n g  a c t i v i t y ,  r e s i s t a n c e  t o  carbon d e p o s i t i o n ,  and h i g h  mechanical 

s t r e n g t h  (Yoshida, 1977).  



To supplement t he  moderate steam-reforming a c t i v i t y  o f  t h e  T-12 c a t a l y s t ,  

Toyo a l s o  developed a high-temperature reforming c a t a l y s t  c a l l e d  T-48, which 

cons i s t s  of N i ,  CaO, and A1203. The CaO load ing  i s  sma l l e r  than i n  t he  T-12, 

b u t  much g rea te r  than i n  the  convent ional  Ni-based c a t a l y s t .  It i s  claimed 

t h a t  t he  h igh  CaO loadings minimize s p i n e l  fo rmat ion  between N i  and A1203. I t  

apparent ly  a1 so minimizes carbon fo rmat ion  (~ataZzj tkca,  1977). I n  t he  THR 

process, the  T-48 c a t a l y s t  bed i s  s i t u a t e d  downstream o f  t he  T-12 bed and 

completes the  re forming of t he  res idua l  l i g h t  hydrocarbons i n  t he  e f f l u e n t  

of the  T-12 sec t ion .  Despi te the  presence of Ni ,  T-48 i s  apparent ly  s u l f u r -  

t o l e r a n t  because i t  i s  operated a t  h igh  temperatures, u s u a l l y  above 9 0 0 ~ ~  

(1 650°F), and i n  the  presence of subs tan t i  a1 amounts o f  hydrogen. 

Table 3-1 l i s t s  t he  p r o p e r t i e s  of T-12 and T-48. Toyo i s  developing th ree  

types of THR f o r  syngas generat ion.  These are  descr ibed i n  Table 3-2. Toyo 

i n d i c a t e s  t h a t  a d i s t i l l a t e  o i l  can be complete ly  g a s i f i e d  w i t h o u t  carbon 

format ion by the  THR-HD process. The THR-R process w i t h  a spec ia l  feed 

a tomiza t ion  p r o v i s i o n  can a l s o  g a s i f y  r e s i d u a l  o i l s  con ta in ing  s u l f u r  and 

heavy metals. However, the r e s i d u a l  o i l  g a s i f i c a t i o n  r e s u l t s  i n  the fo rmat ion  

o f  soot,  3-5 w t % ,  which passes through the  c a t a l y s t  bed. Toyo notes t h a t  

heavy metals  i n  the  feed are found i n  the soot  and do n o t  p lug  the  r e a c t o r  

(Tomi t a  , 1979). 

For f u e l - c e l l  app l i ca t i ons ,  the THR-HD ve rs ion  i s  p e r t i n e n t .  I n  f a c t ,  Toyo 

i s  c u r r e n t l y  conduct ing a se r ies  o f  t e s t s  f o r  EPRI t o  i d e n t i f y  s u i t a b l e  

opera t ing  cond i t i ons  f o r  g a s i f y i n g  No. 2 f u e l  o i l .  Preceding these t e s t s ,  

C a t a l y t i c a  Associates and K i n e t i c s  Technology I n t e r n a t i o n a l  evaluated t h e  Toyo 

THR-HD as i n t e g r a t e d  i n  a 5-MW a c i d  f u e l - c e l l  power p l a n t  (Tio/Ushiba, 1979). 

The s tudy  inc luded c a l c u l a t i o n  o f  heat  and mass balances f o r  the  i n t e g r a t e d  

power' p l a n t ,  equipment s i z i n g ,  and c a p i t a l  and ope ra t i ng  c o s t  est imates.  The 

major f i n d i n g s  o f  t h i s  s tudy are  presented l a t e r  i n  t h i s  r e p o r t .  Table 3-3 

l i s t s  t he  THR-HD t e s t  da ta  (bench sca le ) ,  t h a t  served as the  design bas is  i n  

t he  study. I t  i s  c l e a r  f rom the  l i s t e d  product  gas composit ion t h a t  THR-HD 

cannot complete the  steam-reforming o f  a gas o i l  a t  temperatures below, say 



TABLE 3-1 

CATALYSTS FOR THR PROCESS 

T-12 T-48 

Cyl i n d e r  Raschig Ring Cyl i nder .Raschi g R i n g  

Crushing s t r e n g t h  (kg/cm2) 200 400 150  300 

Water absorpt ion ( ~ 0 1 % )  5 0 5 5 

P a r t i c l e  d e n s i t y  (g/cm3) 4 4 . 6  

Bulk d e n s i t y  (g/cm3) 1 . 3  1 . 4  

Chemical species Ca12A114033 
Ca3 A12 06 

Source : (T io /Ushi  ba , 1 979) 



Feedstock 

Natural  gas-naphtha 

Kerosene, gas o i l  

Vacuum gas o i l  

Cracked o i l  

Crude o i  1 , atom, residue 

Vacuum residue 

Source : (Tio/Ushi ba , 1979) 

TABLE 3-2 

THR Process Types 

Type 

THR-LH 

THR-HD 

THR-R 

Develo~mental  Status 

BasSc research compl eted 

Semi p i l o t  t e s t s  underway 

Basic research completed 

Semi p i l o t  t e s t s  underway 

P i l o t  t e s t  completed 



TABLE 3-3 

EXPERIMENTAL DATA OF GAS OIL REFORMING - THR-HD 

1) Gas O i l  S p e c i f i c a t i o n  

C/H 6.19 
Sul f u r  0.5 wt % 
S p e c i f i c  g r a v i t y  0.835 (1  5/4Oc) 
D i s t i l l a t i o n  

I BP 
50 vo l  % 
E P 

2) Reforming Data 

Temperature (OC) 950 900 850 900f 
Pressure Ord inary  Ord inary  Ordinary Ord inary  
S/C (mol es/atom) 2.99 2.99 2.99 3.04 

Composit ion 

H ( vo l  % )  64.89 63.50 59.24 68.91 
c 6 21 .16 19.08 17.00 19.10 
Co2 9.46 11.69 13.88 10.96 
CH4 4.41 5.29 6.46 0.96 
C2H4 ----- 0.36 3 .O1 ----- 

----- ----- 0.31 ----- 
0.08 0.08 0.10 0.07 

*Low Space  el o c i  ty Reformi ng .' 

Source: Toyo Engineering. 



9 0 0 ~ ~  (1  6 5 ~ ~ ~ ) .  For  example, t he  approaches t o  methane re forming equi  1 i br ium 

f o r  the  four  cases i n   able 3-3 have been est imated t o  be: 

Approach t o  Methane Reforminq E q u i l i b r i u m  

Temperature (OC) 950 . 900 850 900 ( low sv)  

AT, Equi 1 . approach (OC) 326 ' 293 282 215 

I n  the  above, some improvement i s  noted f o r  t he  low-space-veloc i ty  case. 

S t i l l ,  these approach temperatures a r e  an o rde r  o f  magnitude g rea te r  than the  

usual 25-50°c approaches a v a i l a b l e  i n  convent ional  naphtha reforming. 

3.2 Un i ted  Technoloqy Corporat ion 

UTC i s  w e l l  known f o r  i t s  naphtha re former  s p e c i f i c a l l y  developed f o r  use i n  

f u e l - c e l l  power p lan ts .  This  re fo rmer  i s  t he  h e a r t  o f  the  4.8-MW f u e l  c e l l  

u n i t  soon t o  be demonstrated i n  New York City. UTC i s  a l s o  developing 

d i s t i l  l a t e  fuel  reforming technology, bo th  high-temperature steam re forming 

and autothermal re fo rming (Houghtby e t  a1 . , 1978). 

3.2.1 UTC Naphtha Reformer 

The UTC naphtha reformer has h igh  thermal e f f i c i ency ,  f a s t  1 oad- fo l  low ing 

c a p a b i l i t y ,  r o u t i n e  shutdown and c o l d  s t a r t  c a p a b i l i t y ,  e tc . ,  which a re  

features n o t  found i n  convent ional reformers.  With some innova t i ve  modi f i c a t i o n s ,  

these unique features may be a p p l i c a b l e  t o  d i s t i l l a t e  reforming. The UTC 

reformer has been d i sc losed  by several  pa ten ts  (U.S. 4,071,330, 4,098,587, 

1,098,588, 4,090,589). 

F igure  3-1 describes the  f l o w  pa t te rns  around a g iven reformer tube i n  t he  

New York demonstrat ion u n i t .  The c a t a l y s t  i s  loaded i n  the  o u t e r  of t he  two 
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Fig.  3-1.  4.8-MW reformer tube (Olesen and Sederquist, 1979).  



annular  spaces c rea ted by th ree  concen t r i c  tubes. The i n n e r  space serves as 

the  passageway f o r  h o t  product  .gas.es. The main f u n c t i o n  o f  t he .  i.nnermost- 

tube, which i s  c losed a t  bo th  ends, i s  t o  support  t he  t u b u l a r  assembly and 

t o  main ta in  t h e  annular  dimensions. Hydrocarbon feed en te rs  a t  t he  base o f  

t he  tube s t r u c t u r e  and' r i s e s  through the  c a t a l y s t  bed. The c a t a l y s t  sec t i on  

. i s  heated by f l u e  gas t r a v e l l i n g  coun te rcu r ren t l y  and ou ts ide  o f  the  tube. 

.Mot reformed gases emerge a t  t h e  t o p  o f  t h e  c a t a l y s t  space and a r e  immediately 

d i r e c t e d  downward through the  annular  space j u s t  i n s i d e  the  c a t a l y s t . b e d .  I n  

t h i s  manner, waste heat  i n  t he  product  gases i s  t r a n s f e r r e d  across t h e  tube 

w a l l  and u t i l i z e d  i n  t h e  re forming zone. The compactness of the  u n i t  and 

the  e f f e c t i v e  use o f  heat  energy a re  the  two outs tand ing  fea tu res  o f  t he  UTC 

reformer.  Furthermore, the  tube bundle i s  encased i n  a sealed vessel which, 

i n  t he  case o f  the  New York u n i t ,  i s  p ressur ized t'o 50 p s i a  (Olesen and Sederquist,  

1979). Th i s  enhances the  compactness and the  thermal e f f i c i e n c y .  

The New York demonstrat ion u n i t  (F ig .  3-2), which contains 37 tubes i n  a s i n g l e  

vessel 112 i n .  i n  diameter and 138 i n .  t a l l ,  generates about 3.0 m i l l i o n  scf /d 

of Hz. The reformer tubes operate a t  an i n l e t  bed pressure o f  80 p s i a  and e x i t  

bed pressure o f  66 ps ia  w i t h  an ex te rna l  burner pressure o f  50 ps ia  (Olesen and 

Sederqui s t ,  1979). 

I n  t e s t s ,  UTC c a r r i e d  o u t  72 cyc les  o f  f u l l  ope ra t i on  - shutdown - c o o l i n g  t o  

room temperature - c o l d  s t a r t  t o  f u l l  opera t ing .  They repo r ted  no mechanical 

damage nor  any evidence o f  c a t a l y s t  d e a c t i v a t i o n  (OlGsen and Sederqui s t ,  1979). 

I n  t h e  New York demonstrat ion u n i t ,  the reformer i s  f i r e d  w i t h  the  f u e l  - c e l l  

purge gas. Thus, an increase i n  power demand increases the  feed r a t e ,  which 

i n  t u r n  produces a p ropo r t i ona te  increase i n  t he  volume o f  purge gas t o  the 

furnace as t h e  f u e l  c e l l  i s  c o n t r o l l e d  t o  consume a cons tant  percentage o f  

hydrogen i n  t h e  anode feed. It i s  repo r ted  t h a t  the  res idence t ime i n  the  

combined fue l -p rocess ing  and f u e l - c e l l  system i s  o n l y  about 5 sec. Th i s  

accounts f o r  the  extremely qu ick  response o f  the  UTC naphtha reformer.  I n  

t h e  h o t  standby mode o f  operat ion,  feed i s  requ i red  a t  about 15% o f  f u l l  load. 

Th is  i s  p r i m a r i l y  t o  ma in ta in  the  turbocompressor a t  an acceptable speed and 

AP. From t h i s  standby mode, the  u n i t  can achieve f u l l  ou tpu t  w i t h i n  15 sec.  

(Sederqui s t, 1978) . 
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Fig. 3-2.  4.8-MW reformer assembly (Olesen and Sederqui s t ,  1979).  



3.2.2 Autothermal Reforming o f  D i s t i l  l a t e  

I n  i t s  work on autothermal re fo rming (ATR) of d i s t i l l a t e  f u e l  (Houghtby e t  a l . ,  

1978; Be t t ,  1978, 1979), UTC has found t h a t  soot  fo rmat ion  i s  the 'most  

c r i t i c a l  f a c t o r  l i m i t i n g  the  thermal e f f i c i e n c y  o f  t h i s  mode o f  steam reforming.  

.To operate soot - f ree ,  an excess o f  feed must be combusted; t h e  amount o f  excess 

depends on several  key design var iab les ,  i n c l u d i n g  the  c a t a l y s t ,  preheat ing 

temperature, feed mixer  design, and steam-to-carbon r a t i o .  F igure  3-3 shows 

t h e  soot- forming c h a r a c t e r i s t i c s  o f  a UTC bench-scale u n i t .  I n  t h i s  c o r r e l a t i o n ,  

t h e  e x t e n t  o f  carbon fo rmat ion  i s  expressed i n  terms of  AP across the  r e a c t o r  

as t h e  02/C r a t i o  i s  var ied.  Feed preheat ing  was s e t  a t  a constant  temperature. 

The p l o t  shows, that  a l e s s  than 10% change i n  the  . a i r  feed r a t e  can cause 

s u f f i c i e n t  p r e c i p i t a t i o n  o f  soot  t o  double the  r e a c t o r  pressure-drop. 

Cur ren t ly ,  t h e  ATR development a t  UTC i s  centered around reducing the  02/C 

r a t i o .  As shown i n  Fig. 3-4, UTC has achieved the  value o f  0.4 mole/atom. 
Th i s  may be f u r t h e r  reduced by t h e  combination o f  a b e t t e r  r e a c t o r  design and 

a h igher  preheat ing temperature. UTC has s e t  t a r g e t  values as: 

02/C 0.35 mol e/a tom 

Preheat ing 1 4 0 0 ~ ~  (760'~)  

A h igher  p reheat ing  temperature would be des i rab le ,  b u t  d i s t i l l a t e  fuel a t  

temperatures approaching 1400 '~  i s  very  unstable.  Th is  requ i res  t h a t  t he  

hea t i ng  be done very q u i c k l y  w i t h  a p r e c i s e l y  c o n t r o l l e d  heat  f l u x .  

3.2.3 High-Temperature SteamReforming o f  D i s t i l l a t e  Fuel 

UTC has tes ted  steam-reforming o f  a No. 2 f u e l  o i l  d e s u l f u r i z e d  t o  100-200 ppm S .  

I n  one s e r i e s  of t e s t s ,  t he  feed was reformed a t  temperatures o f  15000F t o  

1 8 0 0 ~ ~ , ^  a WHSV o f  0.4 l b / l b - h r ,  and an H20/C r a t i o  o f  5 mole/atom. I n  the  bes t  

endurance run, a 99.9% hydrocarbon conversion was mainta ined f o r  410 h r  w i t h  

o n l y  50 ppm methane i n  the  e f f l uen t .  However, a steady accumulat ion o f  soot  was 
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revealed i n  terms of pressure-drop increases (King, 1977). Carbon fo rmat ion  

w i t h i n  t h e  pores of the  c a t a l y s t  caused the  c a t a l y s t  t o  powder (Houghtby e t  a l . ,  

1978). 

I n  high- temperature re forming t e s t s  (1900°~) ,  on the  same d e s u l f u r i z e d  No. 2 

o i l  and the  same WHSV and H20/C r a t i o ,  UTC found no c a t a l y s t  powdering, b u t  t he  

soot  t h a t  formed i n  the  preheat ing  zone plugged the  i n l e t  t o  t he  c a t a l y s t  bed. 

Subsequently, however, a t r a p  was i n s t a l l e d  ahead o f  t he  c a t a l y s t  bed, and 

carbon-free reforming was mainta ined f o r  190 hr. L a t e r  attempts t p  repeat  

t h i s  performance have f a i l e d .  UTC a t t r i b u t e s  the  f a i l u r e  t o  i ncons i s tenc ies  

i n  feed m ix ing  (Houghtby, 1978). 

3.3 J e t  Propu ls ion  Laboratory 

For autothermal re fo rming o f  a No. 2 o i l ,  JPL has cons t ruc ted  a 3-314-in. i . d .  

s t a i n l e s s  s t e e l  r e a c t o r  as shown i n  F ig .  3-5. . JPL found t h a t  successfu l  

g a s i f i c a t i o n  i s  dependent on ach iev ing  a h i g h  feed preheat ing i n  l e s s  than 

10 ms (Houseman, 1979). To accomplish t h i s ,  vaporized f u e l  a t  

7 0 0 ~ ~  i s  i n j e c t e d  i n t o  a m ix tu re  o f  a i r  and steam which i s  preheated t o  above 

1400°F. Before e n t e r i n g  the  c a t a l y s t  bed, t he  th ree  components a re  mixed as 

they f l o w  through a zone packed w i t h  h e l i c a l  c o i l s .  JPL achieved feed mix ing  

w i t h i n  3-7 ms. 

For t he  ATR of a No. 2 o i l  con ta in ing  0.35 w t %  s u l f u r  and 22 vo l% aromatics, 
JPL achieved a minimum 02/C r a t i o  o f  0.40 mole/atom (Houseman, 1979). The 

preheat temperature was 1400°F and H20/C r a t i o  was 3.0 moleslatom. For t h i s  run,  

JPL used th ree  commercial c a t a l y s t s  packed as shown i n  F ig .  3-6. Approximate 

composi t i o n s  o f  these c a t a l y s t s  are: 

Norton NC-100: 112- in .  sphere, 5-6% N i  on z i r c o n i a  

I C  I 46-1: 11116-in. 0.d. x  5116-in. l o n g  ho l low c y l . ,  17% N i ,  

7% K20, 7% Mg, 7.9% Ca on s i l i c a  alumina 

G i  r d l  e r  G56B: 118 - in .  x  118-in. t a b l e t s ,  24% Ni  on s i l i c a - f r e e  .alumir!z 



DRAIN 

Fig. 3-5. Schematic of JPL catalytic partial oxidation reactor A 
(Houseman, 1979). 
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I n  one comparative t e s t ,  JPL examined the  ex ten t  of thermal c rack ing  occu r r i ng  

i n  two preheaters. having d i f f e r e n t  residence t ime (Houseman, 1979). The r e s u l t s  

a r e  shown be1 ow : 

Preheater Residence time, 
d es i  qn ms Preheater e x i t ,  dry vol% 

'42 CO C02 HCgases - - -  
A 6.6 2.58 8.12 6.55 13.01 

O9 1 C = 0.40 ml e/atom, HpO/C = 3.0, GHSV = 7000 hr'i - 
~ f a i r  + steam) - 15200F 

The preh.eater A represents an o l d e r  design having a longer  residence time, w h i l e  

B i s  an improved ve rs ion  i n  which the  hydrocarbon preheat ing  space has been 

reduced t o  about 38% o f  A. I n  bo th  t e s t s ,  thermal c rack ing  i s  noted b u t  t o  a 

much g rea te r  e x t e n t  i n  A. JPL noted no soot  fo rmat ion  i n  both t e s t s .  They 

d i d  n o t  compare these two designs under soot- forming cond i t ions ;  t he re fo re ,  

i t  i s  d i f f i c u l t  t o  assess the  impact on soot- forming tendency o f  one design 

over  the  o ther .  

3 . 4  Engel hard ~ n d u s t ' r i e s  and Siemens AG 

Under DOE funding, Engelhard has been i n v e s t i g a t i n g  two types o f  c a t a l y t i c  

syngas generat ion from No. 2 fue l  o i l  (,Yarrington, 1979): 

Hydrogen-assisted steam re forming 

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  (autothermal g a s i f i c a t i o n )  

I n  hydrogen-assisted reforming,  r e c y c l e  Hz i s  mixed w i t h  hydrocarbon feed and 

steam. The o b j e c t i v e  here i s  t o  reduce the  poisoning e f f e c t  o f  s u l f u r  by 

having a s u f f i c i e n t  hydrogen p a r t i a l  pressure a t  the  i n l e t  t o  t he  reformer 

c a t a l y s t  bed. P re l im ina ry  t e s t  r e s u l t s  i n d i c a t e  coke fo rmat ion  t o  be an over-  

r i d i n g  problem. 



The most i n t e r e s t i n g  developments have been i n  the  c a t a l y t i c  p a r t i a l  ox ida t i on .  

The process may be more a p t l y  c a l l e d  autothermal g a s i f i c a t i o n  s ince the  feed i s  

p r i m a r i l y  gas i f i ed  t o  l i g h t  hydrocarbons and a  r e l a t i v e l y  smal l  e x t e n t  t o  CO 

and Hz. For t he  g a s i f i c a t i o n  of a  No. 2  o i l  con ta in ing  0.17% s u l f u r ,  Engelhard 

prepared a  c o r d i e r i t e  mono l i t h  c a t a l y s t  having P t ,  Pd, and Rh as a c t i v e  metals.  

The f o l l o w i n g  i s  one o f  t he  experiments obta ined w i t h  t h i s  c a t a l y s t :  

02/C r a t i o * :  

H20/C r a t i o :  

I n l e t  temperature: 

GHSV : 

Product composit ion, vo1% 

co 
co2 
C3 gases 

* A i r  was used 

A1 though the  data a re  incomplete, the  above t e s t  p o i n t s  o u t  t h a t  t he  process can 

achieve a  favorably low 02/C r a t i o  and operates under an extremely h igh  space 

v e l o c i t y .  Upon removal o f  t he  c a t a l y s t  a f t e r  t h e  t e s t ,  Engelhard noted some 

s ign  o f  soot  downstream o f  the  r e a c t o r  b u t  no carbon depos i ts  i n  the  mono l i t h  

c a t a l y s t .  

Ea r l  i e r ,  Siemens AG repo r ted  a  successful c a t a l y t i c  g a s i f i c a t i o n  of a  di,esel 

fue l  under a  very low 02/C r a t i o  and a  very h igh  space v e l o c i t y  ( ~ e n k e l ,  1977).  
I t may be i n t e r e s t i n g  t o  compare some o f  t he  t e s t  r e s u l t s  by t h i s  process w i t h  

the  Engelhard process. The f o l l o w i n g  i s  a  summary o f  one o f  t h e  t e s t s  con- 

ducted by Siemens. 



02/C ra t io :  

H20/C rat io: .  
Catalyst temperature: 
LHSV : 
Conversion : 
Product composition, vol% 

0.1 25 mol e/a tom 
0.44 mol e/a tom 
799'~ (1 470'~) 
32 hr' 
60.7 w t %  

The t e s t  was conducted using oxygen instead of a i r .  Space velocity i s  shown 
i n  terms of liquid charge rate .  Siemens indicates tha t  the feed ra te  used in 
the t e s t  i s  about 12 times larger  than the usual loading in conventional steam 
reformers. The 0;1/C ra t io  i s  extremely  lob^., and ye t  i t  i s  indicated tha t  soot 
was not formed. ;However, i t  i s  noted tha t  the gasification did not achieve a 
complete conversion and the product contained high concentrations of olef ins .  
A rather s ignif icant  amount of oxygen i n  the gas i f ie r  eff luent  i s  noted. 

The ca ta ly t ic  gasification processes by Engel hard and Siemens produce s ignif icant  
quantit ies of 1 ight hydrocarbon gases including olef ins .  For the fuel- cel l  
applications,  these gases must be steam-reformed in a secondary unit .  Engelhard 
i s  currently tes t ing candidate catalysts  for such a reforming step. To be 
ef fec t ive ,  the ca ta lys t  must be able to  withstand sulfur  and to  achieve a near- 
equilibrium conversion of the l ight  gases. 

3.5 Haldor Topsqle A/S 

Rostrup-Nielsen and Tottrup of Topsfie have recently studied steam reforming of 

d i s t i l  l a t e  fuel containing various concentrations of sulfur  (Rostrup-Nielsen, 1979). 



Described here are the resul ts  of three reforming experiments in which 
(1) 'a l i gh t  gas o i l  containing 20ppm sulfur  was reformed over a 

commercial nickel-based ca ta lys t ,  (2)  a heavy gas o i l  containing 6600 ppm 

sulfur  was reformed over a nonmetal ca ta lys t ,  and (3)  a No. 2 fuel o i l  con- 

taining 8500 .ppm sulfur  was hydrotreated in stages to  reduce sulfur  to  0.07 porn 
. . 

and was reformed over a commercial nickel-based catalyst .  

Of the three experiments, the third i s  the most interest ing.  Topsde has demon- 

s t rated that  a d i s t i l l a t e  fuel with an ultra-low sulfur  level can be reformed a t  
conditions applicable to  naphtha. 

3.5..1 Light Gas Oil with 20ppm Sulfur 

A l igh t  gas o i l  having a boiling range of 1 4 3 ° ~ / 3 1 4 0 ~  and containing 209pm 

sulfur  was reformed over Topsfie's commercial ca ta lys t  R K N R .  Table 3-4 describes 
the t e s t .  The R K N R  ca ta lys t  i s  a nickel ca ta lys t  having magnesia and alumina 

as the support and i s  widely used for  naphtha reforming. 

When the i n l e t  portion of catalyst  bed i s  poisoned by su l fur ,  the most severe 

poison fo r  a nickel-based reforming ca ta lys t ,  unconverted feed may pass to  the 

hotter part  of the bed, where coking may become c r i t i c a l  and the extent of 

thermal cracking may become signif icant .  

As shown in the table ,  good reforming ac t iv i ty  was maintained fo r  2 . 5  hr. 

However, the authors indicate tha t  by the third hour on stream, a breakthrough 

of feed was observed. The t e s t  was conducted a t  an e x i t  temperature of 660'~. 

This relat ively low reforming temperature was chosen in order to  minimize 

thermal cracking. The deactivation of a nickel ca ta lys t  by sulfur  however, 

i s  more severe a t  t h i s  lower temperature. 

Heavy Gas Oil with ,6600 ppm Sulfur 

One way of dealing with the problems of sulfur  i s  to  employ a ca ta lys t  that  i s  



TABLE 3-4 

Steam Reforming of  L i g h t  Gas O i l  (20 ppm) 

C a t a l y s t  

RKNR: 25% wt n i c k e l  on aluminalmagnesia;  s i l i c a  ~ 0 . 2  wt %, 
a l k a l i  meta ls  ~ 0 . 3  wt % 

Feed 

IBPIFBP 

Sul f u r  

Reforming c o n d i t i o n s  

Time from s t a r t  ( h r )  

H20/C (mol es la tom)  

H20/H2 (mol es lmol  e )  

LHSV , h r - l  

Pressure ( kg/cmZg ) 
0 0 T i n l e t / T e x i  t ( C /  C) 

Product gas 

C H ~ ( V O I  I ,  d r y  b a s i s )  

c2  - C6(vo1 % ¶  d r y  b a s i s )  

AT (approach),  CH4 r e fo rm ing  (OC) 

Source: Rost rup-Nie lsen,  1979 



n o t  a f f ec ted  by it, o r  t o  use a  n i c k e l - f r e e  c a t a l y s t .  Topsde t e s t e d  a  non- 

meta l  c a t a l y s t  i n . t h e  g a s i f i c a t i o n  o f  a  heavy gas o i l  c o n t a i n i n g  0.66 w t  X 

s u l f u r .  G a s i f i c a t i o n  was conducted a t  a  T in l e t  o f  5 6 0 ' ~  and a  Texit of  8 2 0 ~ ~ .  

The r e s u l t s  a r e  summarized i n  Tab le  3-5. 

The TopsBe HPK c a t a l y s t ,  a  K-Zr02, has a  tendency t o  l o s e  potass ium d u r i n g  

o p e r a t i o n  and as a  consequence, carbon d e p o s i t i o n  may i nc rease  (Andersen, 1975). 

To min im ize  t h i s  problem, a d d i t i o n  of  a  sma l l  q u a n t i t y  o f  an aqueous s o l u t i o n  o f  

potass ium s u l f a t e  i n t o  t he  feed  i s  recommended. However, even w i t h  a  cont inuous 

a d d i t i o n  o f  s a l t ,  t h e  c a t a l y s t  bed accumulates s u f f i c i e n t  s o o t  t o  r e q u i r e  r e -  

gene ra t i on  o f  t h e  c a t a l y s t .  The re fe rence  does n o t  i n d i c a t e  whether potass ium 

was added o r  how much carbon depos i t ed  d u r i n g  t h e  t e s t  r un  r e p o r t e d  i n  Table 3-3. 

As i n d i c a t e d ,  t h e  t e s t  l a s t e d  f o r  300 hours.  Con t ra r y  t o  t h e  e x i t  gas i n  t he  

steam re fo rm ing  o f  1  i g h t  o i l  ( da ta  i n  Table 3-4),  t h e  e x i t  gas i n  t h i s  case con- 

t a i n e d  about  20 v o l .  % o f  C2-C6 components. , A lso,  t h e  feed was n o t  comple te ly  

g a s i f i e d .  Topsfie does n o t  i n d i c a t e  whether t h e  y i e l d  da ta  rep resen t  average 

va lues o r  t he  r e s u l t  o f  a  s i n g l e  sample. 

The e x i t  temperature of 8 2 0 ' ~  i s  r a t h e r  low f o r  a  nonmeta.1 c a t a l y s t .  Th i s  i s  

r e f l e c t e d  i n  t h e  incomple te  convers ion.  I n  genera l ,  a  temperature o f  a t  l e a s t  

9 0 0 ~ ~  i s  r e q u i r e d  t o  comple te ly  g a s i f y  a  f u e l  o i l  over  a  nonmetal c a t a l y s t  

(Tomi t a ,  1976). 

3.5.3 Severe ly  Hyd ro t rea ted  No. 2  O i l  

A  t h i r d  a l t e r n a t i v e  s t u d i e d  by Topsfie was ul t ra-hydrodesul fur iza t ion  o f  a  

No. 2 f ue l  o i l ,  f o l l o w e d  by steam re fo rm ing  ove r  t h e  commercial naphtha re fo rm-  

i n g  c a t a l y s t  RKNR. A No. 2  f u e l  o i l  c o n t a i n i n g  0.85 w t  9 s u l f u r  was desu l f u r -  

i z e d  t o  l e s s  than  0.lppm by two-stage h y d r o t r e a t i n g .  Table 3-6 descr ibes  t he  

h y d r o t r e a t i n g  o p e r a t i o n  and steam re fo rm ing  of t he  h y d r o t r e a t e d  o i  I .  



TABLE 3-5 

G a s i f i c a t i o n  of  Heavy Gas O i ' l  

(Bench-scal e t e s t  w i t h  Topsae (nonmetal ) c d t a l y s t  HPK) 

Feedstock: HGO (.Oman crude ) 

TBP/FBP - 1 9 5 ° ~ / 4 0 5 0 ~ ,  0.66 w t  % S 

0.856 g/ml 

Process condi t i o n s  

T i n l  e t / T e x i  t 56OoC/82O0C 

H20 /C W,,, 

Dura t i on  

Product 

Dry  e x i t  gas 

( v o l  % )  

47.9 

1.6 

15.9 

14.8 

Y i e l d  

(w t  X o f  HC feed)  

7.5 

3.6 

54.8 

18.6 

Subto ta l  

C2H6 

C2H4 

C3H8 

C3H6 

C4-C6 

To ta l  

L i q u i d s  

* I n c l  . reac ted  H20. 



TABLE 3-6 

Two-Stage D e s u l f u r i z a t i o n  o f  No. 2 O i l  Fo l lowed by 

Steam Reformi ng over Commercial N i  C a t a l y s t '  

HYDRODESULFURIZATION 

MDS i 'n  two s tages o v e r  TopsBe c a t a l y s t  MAG-42 AHF 

LHSV = 1 , 98 kg/cm2g , 375O~ ,  0.5 I4m3/kg o i l  

Be fo re  HDS A f t e r  HDS 

S p e c i f i c  g r a v i t y ,  6 0 1 6 0 ~ ~  

OAPI 

C/H ( w t / w t )  

Aromat ics  (,vol % )  

D i s t i l l a t i o n ,  ASTM 

IBP 

50 v o l  % 

FB P 

S u l f u r  ( w t  ppm) 

N i t r o g e n  ( w t  ppm) 

STEAM REFORM1 NG 

Bench s c a l e  on RKNR c a t a l y s t  ( N i  on magnesia and a l um ina )  

D u r a t i o n :  240 h r  

H20/C 

H z - f l  OW 

Pressure 

Ti n l  e t I T e x i  t 

svc 1 

AT r e f .  e q u i l  . 
C,Hm i n  d r y  e x i t  gas 

3.7 moles/atom 

0.3 ~ m ~ / k g  o i l  

30 kg/cmZg 

5000C/680°C 

1400 vo l  / v o l  / h r  

< 5% 

< 0.01 v o l  % 

Source: (Ros t rup-N ie l  sen, 1979) 



As one would expect, q u i t e  severe cond i t i ons  are  requ i red  t o  achieve the  u l t r a -  

low su l fu r .  I t  can be seen t h a t  general chemical makeup o f  the  fuel o i l  has 

been affected by t h i s  opera t ion .  In . :o ther  words, a decrease i n  aromatics content ,  

a  decrease i n  g r a v i t y ,  and a decrease i n  IBP a l l  p o i n t  t o  t he  f a c t  t h a t  sub- 

s t a n t i a l  hydrocracking has occurred d u r i n g  d e s u l f u r i z a t i o n .  TopsBe does n o t  

r e p o r t  t he  l i g h t  gas make b u t  i n  such a h igh  s e v e r i t y  operat ion,  some fo rmat ion  

of C1-C4 gases i s  expected. 

The steam re forming repor ted  i n  Table 3-6 i s ,  i n  many respects, very s i m i l a r  t o  

corrunercial naphtha reforming.  The hydrogen r e c y c l e  i .s  h igher  by a f a c t o r  o f  

t h ree  than what i s  recommended f o r  naphtha (Topsqle, 1979), b u t  t h i s  i s  

expected fo r  a heavy o i l .  The most s u r p r i s i n q  aspect o f  t h e  opera t ion  
i s  t h a t  methane re forming i s  achieved very c lose  t o  the  e q u i l i b r i u m  a t  a r a t h e r  

low re forming temperature o f  680'~. 

By t h i s  t e s t ,  Topsfie has demonstrated t h a t  steam re forming o f  d i s t i l l a t e  o i l s  

can be accomplished w i t h  a convent ional  n i c k e l  c a t a l y s t  a t  cond i t i ons  very 

s i m i l a r  t o  those of naphtha reforming,  when the  feed s u l f u r  i s  reduced below 

0.lppm. As i n d i c a t e d  i n  Table 3-6, the  re forming t e s t  l a s t e d  240 hours, and, 

accord ing t o  one o f  the  authors, no c a t a l y s t  d e a c t i v a t i o n  nor  carbon fo rmat ion  

was observed du r ing  t h i s  t e s t  p e r i o d  (Rostrup-Nielsen, 1979). 

The importance o f  s u l f u r  removal i s  c l e a r  when the  re forming t e s t  on a gas o i l  

con ta in ing  2C:ppm s u l f u r  (Table 3-4) i s  compared w i t h  the  present  case (Table 3-6) .  

With the  same c a t a l y s t ' a n d  under very s i m i l a r  opera t ing  cond i t i ons ,  one run  was 

terminated a f t e r  3 hours because o f  s u l f u r  deac t i va t i on ,  w h i l e  the  o ther ,  w i t h  

a s u l f u r - f r e e  feed, cont inued t o  operate w i t h o u t  d e a c t i v a t i o n  f o r  the  d u r a t i o n  

o f  the t e s t ,  240 hours. 

3.6 M i t s u i  Toatsu Chemical 

Synthesis- gas generat ion from crude o i  1  o r  res idua l  feedstock con ta in ing  s u l  f u r  

i s  descr ibed i n  a pa ten t  assigned t o  M i t s u i  Toatsu (Mi t s u i  Toatsu, 1979). 



The r e a c t o r  c o n s i s t s  of a  t o p  c a t a l y s t  zone t o  g a s i f y  heavy hydrocarbons, and 

a bot tom c a t a l y s t  zone t o  steam-reform these  gases so t h a t  t h e  methane concen- 

t r a t i o n  i n  t he  p roduc t  i s  ve ry  low. The g a s i f i c a t i o n  i s  c a r r i e d  o u t  au to the rma l l y .  

The examples of  t h e  c a t a l y s t  t o  be used i n  t h e  f i r s t  zone a re :  ca l c i um a luminate,  

potass ium a luminate,  and sodium a luminate.  The main c o n s t i t u e n t  o f  t h e  c a t a l y s t  

f o r  t h e  second zone i s  chromium ox ide .  Other  components may be added t o  

chromia as a d i l u e n t  o r  t o  improve t h e  p h y s i c a l  p r o p e r t i e s .  

Table 3-7 descr ibes  t h e  t e s t  c a t a l y s t s  f o r  b o t h  zones. Var ious combinat ions o f  

these c a t a l y s t s  were used t o  generate syngas f rom Kuwai t  c rude o i l  and r e s i d u a l  

o i l s .  

Table 3-8 shows t h e  g a s i f i c a t i o n  o f  Kuwait  c rude a t  1 0 0 0 ~ ~  over  c a t a l y s t  A o r  B 

by  i t s e l f  o r  ove r  va r i ous  combinat ions o f  A w i t h  E. The o p e r a t i n g  c o n d i t i o n s  

were : 

Pressure 1 kg/cm2 

H20/C r a t i o :  1.5 mole/atom 

O2 s t o i c h i o m e t r i c  r a t i o :  0.295 

GHSV : 200 hr ' l  

The O2 s t o i c h i o m e t r i c  r a t i o  i s  d e f i n e d  as t h e  amount o f  02 f e d  d i v i d e d  by  t h e  

amount r e q u i r e d  f o r  complete combustion of t h e  feed hydrocarbon. The GHSV 

(gaseous h o u r l y  space v e l o c i t y )  was c a l c u l a t e d  on t h e  b a s i s  o f  gases a t  

s tandard c o n d i t i o n s  and on t h e  empty r e a c t o r  volume. From Table 3-8 i t  i s  c l e a r  

t h a t  t h e  t w o - c a t a l y s t  system i s  r e q u i r e d  i n  o r d e r  t o  ach ieve low methane s l i p .  

A lso ,  a  range o f  optimum volume r a t i o s  f o r  c a t a l y s t s  A and E i s  i n d i c a t e d .  

Soot f o r m a t i o n  amounted t o  about 0.3 w t  % o f  hydrocarbon feed, b u t  i t  was n o t  

r e t a i n e d  i n  t h e  c a t a l y s t  bed. 

Table 3-9 shows t h e  g a s i f i c a t i o n  o f  Kuwait  crude ove r  o t h e r  c a t a l y s t  combina- 

t i o n s .  Fo r  a l l  t e s t s ,  t h e  c a t a l y s t  volume r a t i o  was s e t  a t  25%/75%. The op- 

e r a t i n g  c o n d i t i o n s  were e s s e n t i a l l y  t h e  same as those i n  Table 3-5. Wi th  



TABLE 3-7 

Desc r i  p t i ' on  o f  G a s i f i c a t i o n  C a t a l y s t s  

Compressive 

s t r e n g t h  Gla t e r  

Des igna t i on  Composi t ion (w t  X )  (.kg/cm2) S t a b i l i t y  

F i r s t  Zone 

A 12Ca0-7A1203 & smal l  amount 3Ca0-7A1203 35 0 Good 

B KAl5O8 & smal l  amount K2A124037 300 Good 

C NaAl5o8 & smal l  amount Na~A124037 300 Good 

Second Zone 

D 

E 

F 

G 

H 

I 

J 

K 

L 

100% 

97%, MgO 

95%, A1203 

50X, A1 203 

25%, A1203 

95%, CaO 

97%, Zr02 

9590, NiO 

95%, coo 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Source: ( M i t s u i  Toatsu, 1979) 



TABLE 3-8 

~ a s i f i c a t i o n  o f  Kuwai t  Crude By F i t s u i  Toa tsu  Process 

Source: M i t s u i  Toatsu,  1979 

T e s t  No. 

C a t a l y s t  

Zone 1, v o l  "/, 

Zone 2, v o l  Z 
A 

1 .O 

1000 

1.5 

0.295 

200 

50.4 

26 .O 

17.0  

5.9 

0.1 

Trace 

0.6 

Plone 

0.40 

5 .O 

4 

A 
2 5 

E 
7 5 

1 .O 

1000 

1.5 

0.295 

200 

57.3 

28.5 

13.5 

0.00 

0 

0 

0.6 

None 

0.28 

5 .O 

5 

A 
7 5 

E 
2 5 

1 .O 

1000 

1.5 

0.295 

200 

57.1 

28.4 

13.5 

0.38 

0 

0 

0.6 

None 

0.30 

5 . O  

B 

1 .O 

1000 

1.5 

0.295 

200 

51 .6 

25.3 

17.2 

5.2 

0.08 

0 

0.6 

None 

0.52 

5 .O 

Pressure (kg/cm2) 

Temperature (OC, e x i t  ) 

H20/C (moles/atorn) 

02 s t o i c h .  r a t i o  

GHSV ( h r - l  ) 

Composi t ion (Z )  2 
C 0 

C02 

CH4 

C2H4 

\ 'zH6 

Hzs 

10 

E 
9 0 

1 .O 

1000 

1.5 

0.295 

200 

57.3 

25.5 

13.5 

0.00 

0 

0 

0.6 

Small 

0.30 

5 .O 

Soot 

On c a t a l y s t  

I n  e x i t  gas 
(wt  % HC feed)  

T e s t  p e r i o d  ( h r )  



TABLE 3-9 

G a s i f i c a t i o n  o f  Kuwait  Crude (-cont inued) 

Source: M i  t s u i  Toatsu, 1979 
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respec t  t o  methane s l i p  and soot  fo rmat ion ,  none 'of t he  combinations show i n  

t h i s  t a b l e  i s  b e t t e r  than t h a t  i n  t e s t  No. 4 i n  Table 3-8. Thus, t he  bes t  

c a t a l y s t  combinat ion among those t e s t e d  i s  : 

1 s t  zone: 25 volumes o f  c a t a l y s t  A ( ca l c i um aluminate)  

2nd zone: 75 volumes o f  c a t a l y s t  E (97% Cr203, 3% MgO) 

Table 3-10 shows l onge r  t e s t  runs w i t h  combinat ions o f  c a t a l y s t s  A/E and B/E. 

As feed, Kuwait crude, atmospheric r e s i d ,  and vacuum r e s i d  were used. For  t e s t  

Nos. 14 and 15, no oxygen i s  i n d i c a t e d  i n  t h e  feed; t he re fo re ,  t h e  g a s i f i c a t i o n  

was presumably c a r r i e d  o u t  i n  an e x t e r n a l l y  heated reac to r .  I t  i s  noted t h a t  

soot  fo rmat ion  i n  these two t e s t s  was cons iderab ly  lower than i n  t he  o t h e r  runs.  

This  i s  probably  because o f  the  use o f  a h ighe r  H20/C r a t i o ,  which reduced the  

CO concent ra t ion .  

Test  Nos. 15 and 18 are  10-day and 30-day runs , . respec t i ve l y .  Judging from 

t h e  soot  l e v e l  and methane leak  i n  t h e  produc t  gases, t he  c a t a l y s t s  appear t o  

have mainta ined good a c t i v i t i e s  du r i ng  the  t e s t .  

Test No. 14 represents t he  o n l y  r u n  made a t  950'~. I n  t h i s  30-hour run,  Kuwait 

crude was steam-reformed w i t h  o n l y  a t r a c e  o f  methane s l i p .  A lso  the  soo t  l e v e l  

was t h e  lowest  among a l l  t e s t s .  I n t e r e s t i n g l y ,  t h i s  r u n  was made a t  a h ighe r  

space v e l o c i t y  than were most o f  t h e  runs, b u t  t h i s  d i d  n o t  increase'  the  methane 

s l i p  no r  t he  soo t  l e v e l .  

I n  summary, t h e  M i t s u i  Toatsu process descr ibed here has p o t e n t i a l  f o r  fue l  - 
c e l l  a p p l i c a t i o n  because: 

The c a t a l y s t s  can t o l e r a t e  very h igh  feed s u l f u r .  

The dual c a t a l y s t  system can achieve h i g h  re fo rming  convers ion 

w i t h  methane s l i p  l e s s  than 1%. 

e A very  smal l  amount o f  soo t  i s  formed, an average o f  about 0.5 

w t  % o f  hydrocarbon feed 

a The process has been demonstrated w i t h  Kuwait crude and i t s  

r e s i d u a l  o i l s .  



TABLE 3-10 

G a s i f i c a t i o n  o f  Kuwait Crude and Residual O i l s  (Cont inued) 

Source: M i t s u i  Toatsu, 1979 
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Test No. 14 

B 

E 

Crude 

6 

950 

3.8 

0 

900 

68.8 

17.0 

12.0 

0 

0.3 

0.3 . 

None 

0.05 

Ca ta l ys t  

Test p e r i o d  (h.r) 1 24 , / 240 

Zone 1, 25% 

14 

Zone 2, 75% 

3 0 / 30 / 720 

15 

A 

E ,' 

A t m  
Resid 

1 

1000 

3.8 

0 

300 

68.4 

17.9 

12.9 

0 

0.18 

0.42 

None 

0.10 

HC feed 

Pressure (kg/cm2) 

Temperature (OC) 

H20/C (mol eslatom) 

02 s t o i c h .  r a t i o  

GHSV (h r -1  ) 

Composit ion ( % )  2 

C 0 

C02 - 
N2 

CH4 

16 

A 

E 

A t m  
Resid 

9 

1000 

1 .O 

0.282 

1350 

53.0 

34.1 

12.1 

0 

0.2 

0.6 

None 

0.6 

So0 t 
On c a t a l y s t  

I n  e x i t  gas 
(wt  % HC feed) 

17 . 

A 

E 

Vac 
Resid 

5 0 

1000 

1.5 

0.305 

1350 

52.5 

34.5 

11.4 

0 

0.8 

0.9 

None 

1 .O 

18 

A 

E 

Vac 
Resid 

1 

1000 

1.5 

0.325 

200 

30.2 

14.6 

9.6 

45.0 

0 

0.6 

None 

0.8 



3.7 Waseda U n i v e r s i t y  , Tokyo 

K i  kuchi , e t  a1 . , t e s t e d  steam re forming of atmospheric and vacuum r e s i d  i n  

t he  presence o f  nickel-on-dolomi t e  c a t a l y s t s  i n  a f l u i d i z e d  r e a c t o r  ( ~ i  kuchi , 1979). 
The purpose o f  us ing  t h e  dolomi te support  was t o  d e s u l f u r i z e  by the  reac t i on :  

CaO + H2S + CaS + H20 (1  1 

Th is  lowers the  H2S concent ra t ion  so t h a t  po ison ing  of n i c k e l  by t h e  f o l l o w i n g  

r e a c t i o n  i s  minimized: 

Kikuchi ,  e t  a l . ,  found t h a t  the reac t i ons  ( 1 )  and ( 2 )  a re  r a p i d  enough t o  

approach equi 1 i b r i  um a t  9 0 0 ~ ~ .  

The c a t a l y s t  was prepared by f i r s t  c a l c i n i n g  dolomi t e  a t  7 0 0 ' ~  and then i m -  

pregnat ing i t  w i t h  a s o l u t i o n  o f  n i c k e l  n i t r a t e .  F i n a l l y ,  t he  impregnated 

do1 omi t e  was ca l c ined  a t  1 2 0 0 ~ ~ .  The 'composi t i  on o f  f i n i s h e d  c a t a l y s t  was : 

CaO 62.2% 

Milo 31.7% 

Si02 0.7% 

This c a t a l y s t  was used i n  a f l u i d i z e d  r e a c t o r  (42 mm i .d. x 400 mm) t o  gas i f y  var ious  

heavy o i l s .  The r e s u l t s  a re  shown i n  Table 3-11. The gas y i e l d  i n  the t a b l e  

represents conversion of feed carbon t o  gaseous compounds i n c l u d i n g  C O Y  C O Z Y  and 

Cl-Cq hydrocarbons. Atmospheric r e s i d u a l  feeds were almost t o t a l l y  gas i f ied ,  

b u t  about 4-10% o f  the vacuum res idues remained unconverted. This  i s  n o t  sur-  

p r i s i n g  s ince  g a s i f i c a t i o n  o f  r e s i d u a l  feed u s u a l l y  requ i res  temperatures above 

950°C (Tomi t a  and K i  tagawa , 1976). 



TABLE 3-11 

Gas i f i ca t ion  o f  Heavy Feeds 

Feed Oil 

Sul fur ,  w t  % 

Con carbon, w t  % 

Product gas volume ( l / g )  

Gas y i e l d  ( X )  
Gas composition (%) 

'l'2 
C 0 

Co2 

CH4 
'zH6 

'zH4 

H2S 
Desul f u r i  za t ion  (Z) 

Topped Residues Vacuum Residues 

Arabian I r an ian  Arabian Arabian 
Light Heavy Berr i  Light  Medium 

2.81 2.71 3.46 3.24 5.30 

7.8 10.7 14.9 17.7 18.3 

Reaction condi t ions :  Temperature = 9 0 0 ~ ~ ;  steam r a t i o  = 1.1 -1 .2 (H20 moles/ 

C mole) ; residence time = 0.38-0.42 s e c ;  product gas volume = 1 i t e r  per  gram 

feed o i l  ; gas y i e l d  = % conversion o f  feed carbon t o  gaseous compounds 

( C O ,  C02, and C1-C4 g a s e s ) .  

Source: Ki kuchi , 1979 



I n  the  g a s i f i c a t i o n  of Arabian l i g h t  topped crude, the  g a s i f i c a t i o n  a c t i v i t y  

s t a r t e d  t o  dec l i ne  a f t e r  4 hours on stream, corresponding t o  11.5% conversion 

o f  CaO t o  CaS. The a c t i v i t y  was measured i n  terms o f  product  gas volume per  

u n i t  weight of hydrocarbon feed. The dec l i ne  i n  a c t i v i t y  was a t t r i b u t e d  t o  

carbon deposi t ion,  as t h e  o r i g i n a l  a c t i v i t y  cou ld  be res to red  by t reatment  i n  

. f l ow ing  02. I t . i s  speculated t h a t  conversion of CaO t o  CaS enhances carbon 

format ion.  

I n  summary, t he  dolomite-supported n i c k e l  c a t a l y s t  can sus ta in  f r e s h  a c t i v i t y  

f o r  sho r t  per iods o f  t ime b u t  i t  i s  e a s i l y  coked. Th is  coking tendency increases 

as a small  f r a c t i o n  o f  CaO component i s  s u l f i d e d .  Th is  suggests t h a t  such a 

reforming c a t a l y s t  requ i res  f requent  regenerat ion.  The authors do n o t  exp lore  

the  method o f  regenerat ion. However, i t  should entai .1 the  key chemical 

reac t ions  o f  burn ing  o f  carbon and c a l c i n i n g  o f  CaS. Deac t i va t i on  o f  dolomite 

from repeated regenerat ion i s  w e l l  recognized i n  the  development o f  t he  C02 

acceptor process f o r  coal  g a s i f i c a t i o n  and the  f l u i d - b e d  coal combustion process. 
- 

For these reasons, the  steam reforming process using a n icke l -do lomi te  c a t a l y s t  

faces a formidable j o b  o f  overcoming process engineer ing and perhaps economic 

obstacles. 



4. CASE STUDIES 

A naphtha-based f u e l - c e l l  power p l a n t  can now achieve a heat  r a t e  o f  9300 
/ 

Btu/kwh o r  b e t t e r .  Thus, i n  o rde r  t o  be compet i t i ve ,  a d i s t i l l a t e  f u e l -  

based power p l a n t  i s  requ i red  t o  match t h i s  heat  r a t e .  I n  t h i s  sec t ion ,  

case s tud ies  o f  a phosphoric a c i d  f u e l - c e l l  power p l a n t  f e a t u r i n g  two promis ing 

d i s t i l l a t e  f u e l  reforming schemes are  presented. I n  one case, t h e  power p l a n t  

f ea tu res  an autothermal reformer. I n  another case, i t  fea tures  a combinat ion 

processing c o n s i s t i n g  o f  a high-temperature steam re forming fo l l owed  by an ATR 

step. The o b j e c t i v e  o f  t he  study i s  t o  p rov ide  a perspect ive  f o r  t h e , d i s t i l l a t e -  

based power p l a n t  t o  achieve the  t a r g e t  heat  r a t e  us ing  the  se lec ted  f u e l  

processors. 

The f i r s t  case study evaluates t h e  i n f l u e n c e  o f  key ATR parameters such as the  

02 / C  r a t i o ,  refarmi.ng conversion, and feed preheati.ng on the  heat  rate.. The 
energy and mass balance and c a l c u l a t i o n  o f  heat  r a t e  f o r  t he  whole power p l a n t  

were made f o r  two O2/C r a t i o g :  0.35 and 0.30 mole/atom. The feeh areheat ing 
was s e t  a t  1 4 0 0 ~ ~ .  As i n d i c a t e d  e a r l i e r ,  t he  ATR process can c u r r e n t l y  operate 

w i t h  the 02/C r a t i o s  i n  a range 0.39-0.41 mole/atom, and e f f o r t s  a r e  being 

made t o  achieve a near-term t a r g e t  o f  0.35. The lower value of 0.30 se lec ted  

i n  t he  study may be regarded as the  u l t i m a t e  ATR goal.  The study a l s o  examines 

the  s e n s i t i v i t y  o f  heat  r a t e  t o  changes i n  methane concent ra t ion  i n  the  ATR 
' 

e f f l u e n t .  The methane s l i p  i s  an , important parameter, s ince  the  fuel  c e l l  

cannot u t i l i z e  methane,whereas each a d d i t i o n a l  mole o f  methane reformed i n  the  

ATR makes f o u r  moles o f  hydrogen a v a i l a b l e  f o r  e l e c t r i c  conversion by the  f u e l  

c e l l .  

The second case study evaluates a high-temperature steam re forming w i t h  a 

secondary re forming (ATR) i n  an a c i d  - c e l l  power p l a n t .  Th is  i s  the  r e s u l t  o f  

a recen t  EPRI  p r o j e c t  i n  which C a t a l y t i c a  Associates and K i n e t i c s  Technology 

In te rnat iona1,w i th  the  cooperat ion o f  Toyo Engineering,evaluated the  Toyo's 

high-temperature steam re forming process as i n t e g r a t e d  w i t h  a phosphoric a c i d  

fuel  c e l l  (T io/Ushi  ba , 1979). 



The key parameter i n  t he  case study i s  t he  methane s l i p  f rom t h e  HTSR. 

The Toyo process tends t o  emi t  r a t h e r  s i g n i f i c a n t  methane s l i p .  As a means 
o f  ach iev ing  a h ighe r  methane conversion, the  study i n v e s t i g a t e d  an idea o f  

p l a c i n g  an autothermal reforming downstream o f  t h e  HTSR. 

4.1 A 5-MW Acid  Fuel-Cel l  .Power P l a n t  w i t h  ATR o f ,  No. 2 Fuel O i l  

4.1.1 Base Case (O7/C = 0.35) 

The process f l o w  of the  base-case power p l a n t  i s  shown i n  F igure  4-1. The 

o n l y  energy i n p u t  t o  t h i s  p l a n t  i s  t he  No. 2 f u e l  o i l  charged t o  the  ATR u n i t .  

Table 4-1 l i s t s  key design parameters. Mass balance i s  g iven i n  Table 4-2. 

No. 2 o i l  i s  heated t o  7 0 0 ' ~  i n  a f i r e d  heater ,  which a l s o  preheats the  ATR 

a i r  t o  1400°F. These two preheated streams a re  mixed w i t h  superheated steam a t  

1600°F a t  the ATR i n l e t .  The n e t  feed m ix tu re  i s  est imated t o  be a t  1 4 0 0 ~ ~ .  

I n  the  ATR u n i t ,  p a r t i a l  combustion o f  t he  f u e l  prov ides the  thermal energy 

needed t o  promote the  steam reforming. A t  an 02/C r a t i o  o f  0.35, t he  com- 
bus t i on  heat i s  more than enough t o  support  t h e  endothermic reforming reac t i ons .  

Thus, t h e  ATR e f f l u e n t  i s  h o t t e r  than the  i n l e t  stream. The methane s l i p  was 

a r b i t r a r i l y  chosen. 

The h o t  ATR e f f l u e n t  i s  used t o  superheat t he  ATR steam t o  1600°F (871 '~) .  

The remaining sens ib le  heat  i s  used t o  preheat. var ious process strcams. 

Cooled t o  662O~, the  ATR product  en ters  a h i g h  temperature s h i f t  r eac to r ,  

where t h e  CO content  i s  reduced t o  2%. Th is  r e s i d u a l  CO i s  f u r t h e r  s h i f t e d  

i n  a low-temperature s h i f t  r e a c t o r  t o  l e s s  than 0.5%. A f t e r  cor:densate 

recovery, the  gas stream i s  charged t o  the  anode compartments o f  t he  f u e l  

c e l l  , where 90% o f  t he  hydrogen i s e l  ec trochemi c a l  l y  consumed. 

The anode exhaust i s  a t  60 ps ia;  when preheated t o  10500F ( > 6 6 0 ~ ) ,  i t  i s  

capable of d r i v i n g  the  turboexpander (T-2), which i n .  t u r n  prov ides power f o r  

t he  ATR a i r  compressor (C-2). A f t e r  t he  power recovery, t he  anode exhaust 

i s  used as the  s o l e  fuel  i n  the f i r e d  heater  ( H - 1 ) .  
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Fig .  4-1. E-MW fue l  - c e l l  power p l a n t  w i t h  ATR of no. 2 f u e l  o i l  (OZ/C = 0.35 mole/atorn). 



TABLE 4-1 

Design Basis f o r  5-MW Power Plant  w i t h  ATR 

No. 2 Oil 

Feed r a t e  

Molecular formula 

Sul f u r  

Higher hea t ing  value 

Lower heat ing value 

ATR u n i t  

02/C r a t i o  

H2@/C r a t i o  

Feed preheat  

Methane i n  e f f l u e n t  

13.38 1 b moles/hr (189.7 ba r re l  s /day)  

'12.75~22.6 '  MW = 175.6 
0.2 w t  % 

19,700 Btu/l b 

18,200 Btu/l b 

0.35 mol e/a  tom 

3.0 

1400°F ( fue l  , a i r ,  and steam combi ned) 

0.33 vol % 

Fuel c e l l  

Cell vo l tage  0.65 v 
H2 u t i l i z a t i o n  90% 

O2 u t i l i z a t i o n  70% 

Cell temperature 375oF 

Waste heat  r e l e a s e  50,000 P t u / l  b mole H2 

DC-AC i n v e r t e r  l o s s  4% o f  gross  DC 



No. 2 o i l  

To ta l  

T,OF 

P,  p s i a  

TABLE 4-2 

5-MW Ac id  C e l l  Power P l a n t  

w i t h  ATR-Base Case (02/C = 0.35) 

Streams: l b  moles/hr  

Reformer ATR ATR ATR 
Feed A i r  Steam E x i t  

1 2 3 4 - 

275.59 

83.63 

83.49 

511.69 380.53 

3.48 

224.48 224.48 

59.66 

0.02 wt  % 140 ppm 

HT S h i f t  LT S h i f t  
E x i t  E x i t  

5 6 

140 ppm 140 ppm 

Anode 
Feed 

7 

356.10 

3.1 2 

164.00 

11.2 

3.48 

224.48 

192 ppm 

Anode Cathode Cathode 
E x i t  A i r  E x i t  

8 9 10 

35.61 

3 .1'2 

164 .OO 

11.2 320.74 

3.48 

224.48 861.86 861 .86 

229.10 68.73 

332 ppm 



The f i r e d  heater  (H-1) preheats the  feed o i l  and the  o ~ y g e n ~ c o n t a i n i n g  streams, 

such as ATR a i r ,  cathode exhaust, and furnace a i r .  Major power-consuming items 

a r e  the  cathode a i r  compressor (C-1 , 846 bhp), ATR a i r  compressor (C-2, 370 bhp) 

and mi sce l  1 aneous process d r i v e s  (C-3, 107 bhp) . As shown i n  F igu re  4-1 , these 

power requirements are  a l l  met by e i t h e r  the  process stream turboexpander o r  a 

'steam tu rb ine .  Thus, a l l  the  e l e c t r i c i t y  generated by the. f u e l  c e l l  i s  exported. 

I n  summary, t he  descr ibed power p l a n t  consumes 2,351 I b s / h r  o r  190 bar re ls /day  

o f  No. 2 f u e l  o i l  and i n  t u r n  generates 5.07MW o f  DC e l e c t r i c i t y .  With a 4% 

l o s s  i n  t h e  DC-AC i n v e r t e r ,  a n e t  4.87!1W o f  AC i s  exported. The heat  r a t e ,  

based on the  n e t  AC and the  h igher  hea t i ng  value o f  t he  f u e l  o i l ,  i s  9,513Btu/kwh. 

4.1.2 S e n s i t i v i t y  o f  Heat Rate t o  Methane Leakage 

Since autothermal re fo rming of s u l f u r - c o n t a i n i n g  fue l  o i l  i s  n o t  y e t  we11 under- 

stood, parameters such as preheat temperature and methane s l i p  f o r  t he  base case 

were.assumed. The methane s l i p  was assumed a t  3.48 Ib-moles/hr o r  0.33 vo l .  %. 

I n  terms o f  methane reforming r e a c t i o n :  

t he  assumed methane s l i p  represents an e q u i l i b r i u m  approach temperature o f  

3 8 0 ° ~  (193 '~) .  Th is  approach i s  an order  o f  magnitude g rea te r  than what i s  

achievable i n  convent ional  naphtha reforming.  On the  o the r  hand, p r e l i m i n a r y  

t e s t  data i n d i c a t e  t h a t  an approach temperature o f  as h i g h  as 5 8 0 ' ~  (304%) 

may have t o  be a n t i c i p a t e d  when methane re forming i s  attempted i n  t he  presence 

of s u l f u r  (Tio/Ushi ba, 1979).  

We evaluated the  s e n s i t i v i t y  o f  the  base case heat  r a t e  aga ins t  methane s l i p s  

a t  2.48, 1.48, and 0.48 lb-mole/hr.  As shown i n  Table 4-3, f o r  each mole 

decrease i n  CH4 s l i p ,  the  heat  r a t e  improves by about 100 Btu/kwh. Thus, a t  

t he  lowest  assumed value of 0.48, the  heat  r a t e  i s  9,200 Btu/kwh. ' 



TABLE 4-3 

Heat Rate o f  A c i d  Power P l a n t  Wi th  

ATR Opera t ing  a t  0.35 Ho le  02/Atom C 

= S e n s i t i v i t y  w i t h  ATR Methane S l i p  

Approach t o  CH4 

CM4 i n  ATR E x i t ,  Reformi ng Equi 1 ; , Heat Rate, 

.I b-mol es /h r  OF(?C) B tu /  kwh 

3.48 (Base Case) 380 (193)  

2.48 344 (173) 

1.48 -290 (143)  

0.48 : I84 (84)  ' 

No te :  Base Case as represen ted  by F igure  4-1 and Tab le  4-2. 



One negat ive e f f e c t  o f  improved methane conversion i n  ATR , i s  t h e  decreased 

heat ing  value of the  anode exhaust. Since the  anode e f f l u e n t  i s  t he  on ly  

f u e l  source f o r  t he  f i r e d  heater  (H-1 ), a l a r g e  drop i n  hea t ing  value may 

c rea te  a heat  imbalance i n  some p a r t s  of the  i n t e g r a t e d  system. Th is  i s  

what happens when the  methane s l i p  i s  reduced t o  0.48 Ib-mole/hr, w h i l e  the  

h e a t  balance i s  s t i l l  feas ib le  a t  the  methane s l i p  above 1.48 lb-mole/hr.  

Compared w i t h  the  base case, about one m i l l i o n  Btu /hr  l e s s  heat  w i l l  be 

a v a i l a b l e  from the  combustion of anode gas. As a r e s u l t ,  t h e  feed preheat ing 

as shown i n  the  base c a s e ( f i g u r e  4 - i ) w i l l  no longer  be feas ib le ,  unless some 

a d d i t i o n a l  f u e l  i s  suppl ied. Also, because t h e  reforming r e a c t i o n  i s  endo- 

thermic, each a d d i t i o n a l  percent  o f  methane reformed decreases the ATR 

e f f l u e n t  temperature by about 15'~. 

4.1.3 Modi f ied  Base Case w i t h  O7/C = 0.30 

I n  the  f o l l o w i n g  case study, the  ATR u n i t  operates w i t h  an 02/C r a t i o  of . 

0.30. The feed preheat ing i s  the  same as i n  the  base case, 1 4 0 0 ~ ~ .  The 

H20/C r a t i o  i s  a l s o  the  same, 3 moles/atom. 

The process f l o w  diagram f o r  t h i s  modi f ied  power p l a n t  i s  shown i n  Figure 4-2. 

Table 4-4 shows the  mass balance. Compared w i t h  the  base case, the  major 

d i f f e rences  a re  as f o l  1 ows : 

ATR a i r  requirement i s  lower by about 14%; 

a ATR e f f l u e n t  temperature i s  lower. by abvut 230'~; 

ATR e f f l u e n t  can no longer  preheat  ATR steam t o  1 6 0 0 ~ ~ ;  

there fore ,  t he  f i n a l  heat ing  i s  done i n  f i r e d  heater .  

The remainder o f  the  system i s  e s s e n t i a l l y  the  same as i~ the'base case. 

As shown i n  F igure  4-2 and Table 4-4, t he  power p l a n t  consumes 2,249 l b / h r  o r  

182 b a r r e l s l d a y  o f  No. 2 o i l  and, as i n  the  base case, generates 4.87PlW o f  AC 

e l e c t r i c i t y  f o r  export .  The heat  r a t e  i.s 9,100 Btu/kwh, a 4.35: improvement 
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Fig. 4-2. 5-MW ac id  fue l -ce l l  power p l an t  w i t h  ATR of no. 2 fuel o i l  - modi f ied (02/C = 0.30 mole/atom). 



TABLE 4-4 

Reformer ATR 
Feed A i r  

1 2 - 

5-MW Ac id  Ce l l  Power P lan t  

w i t h  ATR-Modi f i e d  (02/C=0 .3) 

Streams : 1 b-mol es/hr 

ATR ATR 
Steam E x i t  

3 4 

280.85 

78.95 

80.92 

489.60 346.72 

3.34 

184.18 

HT S h i f t  LT S h i f t  
E x i t  E x i t  

5 6 

340.30 356.38 

19.50 3.42 

140.37 156.45 

287.27 271.19 

3.34 3.34 

184.18 184.18 

Anode 
Feed 
7 

Anode Cathode Cathode Furnace. Expor t  
E x i t  A i r  E x i t  A i r  Steam 

8 9 10 11 12 13 -- 
35.64 

3.42 

156.45 

10.52 320.74 340.21 

3.34 

184.18 861.86 861.86 108.46 

229.10 68.73 28.83 

No. 2 O i l  12.80 

Tota l  12.80 233.14 489.69 974.96 974.96 974.96 714.29 393.55 1090.96 1251.33 137.29 340.21 

OF 700 1400 . 1600 1522 7 68 442 325 375 325 375 

Psi  a 95 9 5 95 8 8 71 6 0 50 5 0 5 0 50 



over t h a t  i n  the  base case. The t a r g e t  value o f  9,000 Btu/kwh i s  n o t  achieved, 

even w i t h  the  o p t i m i s t i c  02/C r a t i o  chosen f o r  the  case. 

The key d i f ferences between t h i s  case and the  base case i s  t h a t  here l e s s  o f  

t h e  f u e l  i s  combusted i n  t he  ATR. On the  one hand, t h i s  leaves more hydrocarbon 

-feed t o  be reformed i n t o  hydrogen, which should r e s u l t  i n  a b e t t e r  heat  r a t e .  

On t h e  o t h e r  hand, t he  ATR e x i t  temperature i s  s i g n i f i c a n t l y  lower, because l ess  

heat  i s  generated by p a r t i a l  o x i d a t i o n  of  t he  feed. For  example, i n  the  base 

case, t he  ATR steam was preheated t o  1600 '~  by the  ATR e f f l u e n t ,  b u t  t h i s  i s  

n o t  f e a s i b l e  i n  the  present  case, as shown i n  F igure  4-2. The f i n a l  hea t i ng  

i s  done i n  a f i r e d  heater .  

The lower ATR e x i t  temperature a l s o  may adversely  a f f e c t  t he  re forming a c t i v i t y  

of t h e  ATR c a t a l y s t ,  s i nce  d e a c t i v a t i o n  of normal re fo rming c a t a l y s t  by s u l f u r  

increases w i t h  decreasing temperature. 

I n  t he  present  case, the  methane concent ra t ion  was a r b i t r a r i l y  s e t  a t  3.34 

lb-mole/hr (0.34 vo l  %) ,  very s i m i l a r  t o  tha' t  i n  the  base case. I n  terms o f  

methane re forming reac t i on ,  t h i s  concent ra t ion  corresponds t o  an approach 

temperature o f  200°F ( 9 3 O ~ ) ,  compared w i t h  3 8 0 ~ ~  ( 1 9 3 ~ ~ ' )  i n  t he  base case. 

Reducing the  02/C r a t i o  i n  ATR w i l l  impose r a t h e r  severe performance requ i re -  

ments on the  c a t a l y s t .  Perhaps such a high-performance ATR c a t a l y s t  as assumed 

i n  the  present  case study w i  11 emerge f rom t h e  c u r r e n t  developmental e f f o r t s .  

4.2 A 5-MW Acid-Cel l  Power P lan t  w i t h  HTSR/.ATR o f  a No. 2 Fuel O i l  

One o f  t he  near-term f u e l - o i  1 g a s i f i c a t i o n  technologies s u i t a b l e  f o r  f u e l  - c e l l  

i n t e g r a t i o n  i s  Toyo Engineer ing 's  To ta l  Hydrocarbon Reforming (THR) process, 

a form o f  high-temperature steam re forming (HTSR) (Be t t ,  1979; Houseman, 1979; 

Yarr ington,  1378). Recent ly,  C a t a l y t l c a  Associates and K i n e t i c s  Technology 

I n t e r n a t i o n a l ,  w i t h  the  cooperat ion o f  Toyo Engineering, evaluated the  THR 

process as i n t e g r a t e d  w i t h  a phosphoric a c i d  f u e l  c e l l  ( 4 ) .  The major f i n d i n g s  

of t h i s  s tudy a re  descr ibed below. 



The eva lua t i on  was based on a hypo the t i ca l  5-MW a c i d  f u e l  - c e l l  power p l a n t  w i t h  

the  THR process as the  pr imary fue l  processor t o  g a s i f y  a No. 2 f u e l  o i l .  The 
f u e l  processor a l s o  featured an autothermal re fo rming (ATR) s e c t i o n  downstream 

of t he  THR u n i t ,  t o  re fo rm the methane s l i p .  A t  the  present  s t a t e  o f  development, 
t h e  THR process cannot achieve a h i g h  methane convers ion a t  the  re forming con- 

' d i t i o n s  employed i n  the  study. Consequently, an unusua l ly  h i g h  concent ra t ion  o f  

methane e x i s t s  i n  the  THR e f f l u e n t a n d  the  power p l a n t  would have a poor heat  

ra te ,  i f  the  ATR u n i t  was not added. For example, t he  heat  r a t e  w i t h o u t  the  ATR 

u n i t  was est imated t o  be more than 10,000 Btu/kwh, whereas w i t h  t h e  ATR u n i t ,  

t he  system can p o t e n t i a l l y  achieve 9,000 Btu/kwh o r  b e t t e r ,  as i s  shown below. 

4.2.1 Process Desc r ip t i on  

A process f l o w  diagram fo r  t he  opt imized HTHR/ATR system i s  shown i n  F igure  4-3. 

The m a t e r i a l  balance associated w i t h  t h i s  case i s  shown i n  Table 4-5.  

The No. 2 f u e l  o i l  i s  mixed w i t h  superheated steam a t  8 0 4 ~ ~  (1480'~) and reformed 

by the  Toyo HTSR process. The product  gases e x i t  the reformer a t  820°C ( 1 5 . 0 8 ~ ~ ) '  

and 84.7 p s i a  and d i r e c t l y  e n t e r  the  ATR un i ' t .  A i r  t o  t h e  ATR u n i t  i s  preheated 

t o  5 2 0 ~ ~  (968'~) .  I n  the ATR u n i t ,  the  r e s i d u a l  methane e x i t i n g  the  pr imary 

reformer i s  reformed t o  increase t h e  n e t  H2/C0 content  o f  the  process stream. 

The product  gases f rom the  ATR u n i t  a re  cooled by exchanging h e a t . w i t h  o the r  

process streams and then pass through two-stage CO s h i f t  conver ters t o  maximize 

t h e  hydroger~ content  'in t h i s  stream. The condensate i s  recovered be fo re  the  

stream i s  charged t o  the f u e l  c e l l .  

In t he  anode compartment of the fuel  c e l l ,  90% o f  the  hydrogen i n  the  feed 

stream i s  converted t o  e l e c t r i c i t y  a t  a c e l l  vo l tage of 0.65. 

The anode exhaust, a t  l y l 0 c  (375'~) and 50 ps ia ,  i s  subsequently heated t o  538O~ 

( 1 0 0 0 ~ ~ )  by heat  exchanging w i t h  t h e  ATR product  stream, and i s  then expanded 

through a turboexpander, T-2. Here, 189 kW o f  power i s  recovered. The e x i t  

stream f rom T-2 i s  heated t o  450°C ( 8 4 ~ ~ ~ )  and burned i n  the  reformer furnace. 



Fig. 4-3. Process flow diagram for a 5-MW acid-cell power plant, HTSRIATR.  



TABLE 4-5 

A 5-MH Acid  C e l l  Power P lant ,  HTSR/ATR 

Steam Flows (1  b-moles/hr) 

Reformer 
Feed Fuel 

Component 1 2 - 

SH4 

O2 
No. 2 O i l  11.42 1.12 

Tota l  11.42 1.12 

Super- 
heated Reformer ATR 
Steam E x i t  A i r  

3 4 5 - 

ATR 
E x i t  

6 - 

HT 
S h i f t  
E x i t  

7 

LT 
S h i f t  
E x i t  

8 

Net 
Anode Anode Conden- Cathode Cathode Conden- Steam Export  
Feed E x i t  sate  Feed E x i t  sate BFH Make Steam 

9 10 11 12 13 14 15 16 17 ------ ---  

Exchangers E-1 E-2 E-3 E-4 E-5 E-6 E-7 E-8 E-9 E-10 E-11 E-12 CE-I CE-2 CE-3 CE-4 

Duty, l o 6  8 t u I h r  2.75 1.47 0.30 0.95 0.12 1.50 0.93 1.08 0.87 15.9 3.73 6.98 0.60 1.60 2.21 0.21 



The cathode a i r  i s  supplied by compressor C-1. I t  i s  preheated t o  163 '~ (325'~) 
by an exchanger i n  the convection section of the reformer furnace and i s  charged 
to  the cathode, where 70% of the 02 i s  consumed to  support the overall electrode 
reaction (H2 + 'r02 + H20). The water produced i s  carried out i n  the cathode 
e x i t  stream. To recover power from t h i s  stream, i t  i s  preheated t o  321°c (610°~)  
'and expanded through T-1. This provides j u s t  enough power to  compress the 
cathode a i r .  

The fuel cell  converts a net 320.74 lb-molelhr of hydrogen, and generates about 
16 million B t u l h r  of waste heat. In the present scheme, th i s  heat i s  u t i l ized  
to  generate 100-psig saturated steam. As shown in the diagram, part  of th is  
steam i s  superheated in E-1 and used for  reforming. The steam flow ra te  suffers 
some pressure drop as i t  flows from the fuel cel l  to  the reformer i n l e t .  

Total plant power requirements include two a i r  compressors, which need a combined 
power of 805 kW, and miscellaneous power consumers such as the furnace a i r  
blower and the induced d ra f t  fan, which use about 33 kW. 

To meet the power requirements, two turboexpanders supply a to ta l  of 820 kW, 

which leaves a surplus of 15 kW a f t e r  supplying the power fo r  both a i r  compressors. 
I t  was assumed tha t  t h i s  surplus power could be used to  meet par t  of the misc- 
ellaneous requirements, and the balance (%I8 kW) would be met by a steam turbine 
using a small portion of the export steam. The amount of this steam needed to 
generate 18 kW shaft  power i s  estimated a t  about 340 lb/hr. 

In summary, Lt~e system has been designed such tha t  a l l  e l ec t r i c i ty  generated by 

the fuel cel l  i s  exported, with the exception of the inverter losses,  which amount 
to  4% of the gross DC output. This leaves a net AC export of 4,866 kW. To 
generate th i s  amount of e l ec t r i c i ty  the system consumes a to ta l  12.54 lb-mole/hr 

of No. 2 fuel o i l ,  or i n  terms of i t s  heating value, 43.38 million Btulhr. 

Thus, the heat ra te  of th i s  power plant i s  8,930 B t u l k w h .  

4.2.2 Feedstock and U t i l i t i e s  Consumption 

For operatio! a t  100% o f  deslgn capacity to  produce 3.2 x lo6 scf Id  of HE 

the following consumptions are anticipated: 
5 2 



Fuel o i l  No. 2 feedstock (x106 Btu /hr  HHV) 39.60 

Fuel o i l  No; 2 f u e l  (x106 B tu /h r  HHV) 3.86 
Fuel c e l l  off-gas (x106 B tu /h r  HHV) 5.51 
B o i l e r  feed water ( I b / h r )  9,145 

Inst rument  a i r  (scf /h)  3,500 

N2 f o r  i n i t i a l  s t a r t - u p  (scf1.h) 42,000 

The product ion  a n t i c i p a t e d  i s  as f o l l o w s :  

Fuel c e l l  f u e l  (x106 Btu /hr  HHV) 

M.P. steam expor t  ( I b / h r )  

B o i l e r  blowdown (.l,b/hr) 

The ' ove ra l l  heat  r a t e "  = (39 '60 + 3.86)106 = 8,930 Btu/kwh 4,866 

4.2.3 Discussion 

Whether o r  n o t  the  power p l a n t  w i l l  perform as descr ibed here hinges s t r o n g l y  

on how accu ra te l y  t he  performance of the Toyo reformer has been pred ic ted .  

Among the  u n i t s  i n  the  power p lan t ,  t h i s  i s  t he  o n l y  u n i t  whose performance i s  

n o t  w e l l  understood. The r e s u l t s  of bench-scale t e s t s  publ ished by Toyo Engin- 

ee r ing  show t h a t  a s t r a i g h t  crude o i l  o r  even a vacuum residuum can be complete ly  

g a s i f i e d  by t h i s  process; therefore,  a No. 2 o i l  should present  no problems. 

An impor tan t  concern i n  t he  design o f  t he  combined HTSR/ATR system i s  t he  

temperature a t  which complete g a s i f i c a t i o n  i s  achieved. 

Many o f  Toyo's t e s t s  were made a t  temperatures above 9 0 0 ~ ~  (1652'~) ; even a t  

these h igh  temperatures, t he  product  composit ions a re  such t h a t  t he  corresponding 

e q u i l i b r i u m  temperature i s  fa r  below the  ac tua l  reformer e x i t  temperature. I n  

o t h e r  words, t o  achieve a p r a c t i c a l  reforming conversion, e i t h e r  a l a r g e  volume 
- 

of c a t a l y s t  may have t o  be used o r  t he  reformer may have t o  be operated a t  a 

h igher  temperature. 



I 

In the detailed plant scheme presented in th is  report, the HTSR was designed 

with an e x i t  temperature of 820'~ (1508'~). The heat rate  for  th is  plant was 
calculated to  be 8,930 B t u / k w h ,  a reasonably good ra te  for the first-generation 

fuel-cell  system. I t  remains t o  be seen whether the assumed reforming ternper- 

a ture will be high enough to provide a reasonable conversion of the No. 2 

fuel o i l .  I f  a higher reformer temperature i s  required, the heat ra te  will be 

higher than 9,000 B t u / k w h ,  since a higher reformer temperature requires a 

greater amount of fuel for  the reformer furnace. 



5. EFFECTS OF H3S AND CO ON PHOSPHORIC ACID FUEL CELL 

The phosphoric a c i d  fue l  c e l l  t o l e r a t e s  c e r t a i n  l e v e l s  o f  H2S and CO which a re  

comnon contaminants i n  the  syn thes is  gas generated by t h e  d i s t i l l a t e  o i l  r e -  

fo rming descr ibed i n  t h i s  repo r t .  J u s t  how much o f  these gases can be t o l e r a t e d  

by t he  c e l l  i s  an impor tan t  cons ide ra t i on  from the  s tandpo in t  o f  system o p t i -  

m iza t ion .  Experimental r e s u l t s  so f a r  a r e  n o t  conclus ive.  One i n t e r e s t i n g  

i n d i c a t i o n  i s  t h a t  t he re  may be a synergism i n  the  d e a c t i v a t i n g  e f f e c t s  o f  

H2S and CO on the  c e l l .  

Un i ted  Technology has run  a long-term t e s t  t o  determine the  c e l l  t o le rance  t o  

H2S and CO. One c e l l  was run  f o r  more than 2,400 hours w i t h  130 t o  200 ppm 

H2S i n  the anode feed (King, 1977). This  i s  shown i n  F igure 5-1. As i t  can he 
seen, t he  c e l l  operated normal ly  f o r  up t o  900 hours w i t h  anode gas con ta in ing  

CO and H2S. UTC noted t h a t  the c e l l  performance was res to red  by removing C O  

o r  H2S, o r  by r a i s i n g  the  c e l l  temperature. For example, F igure  5-1 shows t h a t  

a severe deday t h a t  occurred a f t e r  %650 hours was res to red  by removi.ng CO whi , le  t h e  

f l o w  o f  H2S was maintained. UTC does n o t  i n d i c a t e  how much CO was present  

be fore  the  performance decay. As f a r  as cou ld  be determined by e lect rochemical  

measurements and t ransmiss ion microscopy, t he  anode showed no permanent damages 

from the  t e s t .  

I n  an e a r l i e r  UTC t e s t  i n  which the anode gas conta ined 500 ppm H2S, t h e r e  was 

l e s s  than 1% performance l o s s  (King, 1976). 

A t  a more fundamental l e v e l ,  Binder,  e t  a l . ,  (1969) found t h a t  H2S i s  more 

s t r o n g l y  adsorbed on P t  than CO i s .  I n t e r e s t i n g l y ,  when a P t  e lec t rode  was 

covered w i t h  S, i t s  anodic o x i d a t i o n  of CO t o  C02 was much f a s t e r  than t h a t  of 

t he  same e lec t rode  w i t h o u t  S coverage. Binder ,  e t  a l . ,  a l s o  noted t h a t  under 

open-c i r cu i t  cond i t i ons  the  s h i f t  r eac t i on :  
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occurred a t  a  h igh  r a t e  on P t  covered w i t h  S, whereas on pure Pt ,  the  r e a c t i o n  

was very slow. The measurement was made a t  90°c and i n  3N H2S04. Table 5- 1  - 
l i s t s  t he  r e s u l t s  of t h i s  t e s t .  Since the  e q u i l i b r i u m  o f  t he  s h i f t  r e a c t i o n  a t  

90°c l i e s  e n t i r e l y  on the  s i d e  of C02 + Hz, the  r e s u l t s  imp ly  t h a t  t he  s h i f t  

r e a c t i o n  was fa r  from being a t  e q u i l i b r i u m .  S t i l l ,  i t  i s  i n t e r e s t i n g  t o  note 

t h e  d i f f e rence  i n  H2 generat ion between pure P t  and S-covered Pt; 1.3% o f  feed 

CO was converted t o  Hz i n  the case of pure P t ,  compared w i t h  12% i n  the  case of 

the  S-covered Pt.  

Stonehart  and Ross (1975) measured potent iodynamica l ly  the  competing adsorp t ion  

of CO and Hz on a  P t  e lec t rode  i n  1 4  H2S04 and showed t h a t  CO i s  much more 

s t r o n g l y  adsorbed than Hz. This  i s  i n  agreement w i t h  t h e i r  prev ious f i n d i n g s  

t h a t  H atoms on P t  can be d isp laced by adsorp t ion  of C O Y  w h i l e  displacement 

of adsorbed CO by gaseous Hz does n o t  occur. These authors note that., i n  an 

aqueous e lec t ) -o l y te ,  CO chemisorbed on P t  i s  n o t  ox id i zed  t o  C02 because the 

r e v e r s i b l e  hydrogen i o n i z a t i o n  : 

even on the  few P t  s i t e s  ava i l ab le ,  i s  so r a p i d  t h a t  the  sur face p o t e n t i a l  o f  

t he  c a t a l y s t  i s  c o n t r o l l e d  by t h i s  r e a c t i o n  and i s  maintained a t  a  value below 

the  o x i d a t i o n  p o t e n t i a l  o f  CO. These references do n o t  p rov ide  enough c lues  t o  

e x p l a i n  the  .abrupt c e l l  performance decays observed i n  t he  UTC t e s t .  Never- 

the less ,  they  i n d i c a t e  t h a t  adsorp t ion  o f  H2S o r  CO on P t  i s  q u i t e  f a s t  and 

t h a t ,  i f  these i m p u r i t i e s  are  present  i n  s u f f i c i e n t  q u a n t i t i e s  i n  the  anode gas, 

t h e i r  sur face  coverages may reach e q u i l i b r i u m  w i t h i n  a  mat te r  o f  h n ~ ~ r a ,  For 

example, i t  can be est imated t h a t ,  a t  200 ppm H2S, the  hou r l y  f low o f  anode gas 

conta ins a  number o f  H2S molecules t h a t  i s  about equal t o  the  number o f  t he  

surface P t  atoms i n  the  anode c e l l .  I n  t h i s  respect ,  the  behavior  of t he  UTC 

t e s t  c e l l ,  which inc luded per iods  o f  steady opera t ion  l a s t i n g  300-900 hours 

fo l lowed by r a p i d  decays, cannot be expla ined i n  terms o f  competing sur face . 

coverages by CO and H2S Instead, the  decays a re  l i k e l y  t o  have been the  

r e s u l t s  o f  secondary e f fec ts .  To answer what these secondary e f f e c t s  a r e  

requ i res ,  f i r s t  of a l l ,  unders tan j ing  o f  i n t e r p l a y s  o f  adsorbed species e x i s t i n g  

on the e lec t rode  surface. A grea t  deal of work i s  needed i n  t h i s  area. 



TABLE 5-1 

Gas Composition (vo l  .%I Before  and A f t e r  S h i f t  

Reac t ion  of  CO w i t h  H20 on Pla t inum E l e c t r o d e s  Under 

Open-Ci r c u i  t C o n d i t i o n s  i n  3N_ H2S04 a t  90°C 

Gas O u t l e t  a f t e r  
Gas I n l e t  S h i f t  Reac t ion  

co co2 C02 C 0  

W i t h  su l  f u r  a d s o r b a t e  100 -- 
50 50 

1 0  90 

Without s u l f u r  a d s o r b a t e  100 -- 1 . 3  1 . 3  97.4 
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I .  INTRODUCTION 

Poisoning of supported metal catalysts  by sulfur  compounds poses serious 
problems in a  number of important processes, including steam reforming of 
'sulfur-containing fuels.  Sulfur apparently bonds strongly to  metal surfaces, 
substant ial ly  reducing the i r  ca ta ly t ic  ac t iv i ty .  Even a t  sulfur  impurity levels 
of only a  few ppm, ca ta lys t  l i f e  may be reduced to  only a  few months or  weeks. 
Because of the essent ial ly  i r reversible  adsorption of sulfur  compounds on 
metals, regeneration i s  usually impossible or impractical. 

In s p i t e  of i t s  industrial  importance, sulfur  poisoning has received only 
moderate at tent ion i n  previous sc i en t i f i c  investigations and i n  the l i t e ra tu re .  
The most recent comprehensive review of the l i t e ra tu re  dealing w i t h  poisoning 

of metals was Maxsted i n  1951 (1 ).  Madon and Shaw ( 2 )  reviewed the pre-1970 
l i t e ra tu re  on the e f fec ts  of sulfur  i n  Fischer-Tropsch synthesis; some of th i s  
information i s  applicable to  other reactions, including steam reforming. 

In t h i s  section, we brief ly  review the more recent l i t e ra tu re  dealing w i t h  

sulfur  poisoning of metals, 'with the purpose of highlighting areas i n  which 
s ignif icant  contributions have been made or could be made. The discussion i s  
focused on several fundamental questions tha t  emphasize the present lack of 
understanding and the need for  fur ther  research: 

a What i s  the nature of sulfur-metal bonding on surfaces? 
How i s  i t  affected by illeta1 cr.yst;all i t e  s l z e ,  metal-support 
interact ions,  and metal or  metal oxide promoters? 

a How strong are  surface metal-sulfur bonds? Under what con- 
di t ions of temperature and par t ia l  pressure do sulfur  compounds 

adsorb reversibly? 
a What i s  the mechanism of su l fur  poisoning in steam reforming and 

related reactions? Is  i t  possible to  predict ca ta lys t  l i f e  on 

the basis of such mechanisms or models? 
Is  i t  possible to  regenerate sul fur-poisoned catajysts?  



11.  THE NATURE OF METAL-SULFUR BONDS 

Because sulfur  has a lower electronegativity than oxygen ( 3 ) ,  metal sulf ides  ~ 

tend t o  be much more covalent than metal oxides; indeed,the sulf ides  occur 
often as  nonstoichiometric phases, some w i t h  semimetallic behavior. 'Only the 
more electropositive elements, alkalies,and alkaline ear ths  form sulf ides  tha t  
appear t o  be mainly ionic. Maxsted (1 ) suggested tha t  su l fu r .  compounds chemi- 
sorb on t ransi t ion metals by forming bonds in which previously unshared 
electrons i n  the sulfur  atom are shared i n  the d-orbitals of the metal. 
According to  Kishi and Roberts (4)  this diminishes the potent ial  bf the metal 
surface for  back-bonding other molecules. That nonionic metal-sulfur bonding 
occurs on t ransi t ion metal surfaces i s  suggested by recent ab i n i t i o  calcu- 
lations (5 ,  6)  showing the net charge t ransfer  between nickel and sulfur  in 
two-dimensional sulf ides  to  be 0.4 to  0.6 electron per sulfur  atom. Such 
theoretical calculations appear to  have considerable promise i n  revealing 
more about surface metal-sulfur bonds. 

The thermodynami c properties of bul k metal sulf ides  are  f a i r l y  we1 1 documented 
(7-13). The nickel-sulfur system, for  example, shows many phase t ransi t ions 
and bulk phases, a t  h i g h  temperatures and large concentrations of H2S (7-10). 
Data from Rosenquist in Figure A-1 show tha t ,  a t  temperatures of ca ta ly t ic  
in te res t  (400-600°C), nickel ex is t s  i n  the metall ic s t a t e  only a t  PH s/PH values 

2 2 
of to  and below. A t  higher H2S concentrations, the bulk sulf ide Ni3S? 
i s  formed. Similar behavior i s  observed for  iron-, cobalt-, and other metal- 
sulfur  systems of ca ta ly t ic  in te res t .  Thus, in steam reforming of fuels  of 
high sulfur  content, H2S concentrations may be high enough t o  cause bulk sulf ide 
formation i n  the metal catalyst .  Generally the levels of H2S encountered in 
processing of low sulfur  fuels  are  in the ppm range; therefore, surface, ra ther  
than bulk, sulf ides  are formed. 

Among the metals commonly used as ca ta lys ts ,  Co, Fe, N i ,  P t ,  Rh,  and Ru have 
low f ree  energies of formation of the i r  bulk sulf ides ,  indicating that  re lat ively 

large gas-phase H2S concentrations are  necessary to  maintain the bu1 k sulfides of 



Fig .  A-1.  Equi 1 i br ium p a r t i a l  pressure of H2S vs r e c i p r o c a l  temperature. 

A-3 

0 Unsupported N i  (Ref. 27) 

, 2- 0 3% Ni/AI2O3 (Ref. 27) 

0 16% N i ,  0.5% Pt/A1203 (Ref. 27) 

a 10% NilMgO-A120, (Ref. 19) 

V N i  F o i l  (Ref. 21) 

o 5% Ni/A1203 (0  = 0.6) (Ref. 28) 
I 

N i  Sponge (8  - 0.8) (Ref. 28) 

OpenSymbols 8 = 0 . 5 0  
Closed Symbols 8 = 0.80 

-. 

0 - 

-10 - 

-12 

-14 

\ \ -85K JImoI 

\ 
- \ \ 

\ v25 KJ/mol 

\-I65 KJ/mol 
I I I I I 

0 a 5  1.0 1.5 2.0 2.5 3.0 
RECIPROCAL TEMPERATURE x 1000 (K 'I) 



these metals. Sulf ides of metals such as C r ,  Mn, Mo, Re, T i ,  V, W ,  Zn, 

and Z r  have much higher free energies o f  formation. This suggests t h a t  

sul fur-poisoning of one metal may be reduced by a l l o y i n g  i t  w i t h  another 

metal having a higher f r e e  energy of formation o f  the bu lk  su l f i de .  I n -  

deed, C r  (14) and Mo (15) impart su l fu r  resistance t o  N i  . 



111. ADSORPTION OF SULFUR COMPOUNDS ON METALS 

A. Nickel 
1. Stabi l i ty  of Adsorbed Sulfur 
Nickel has been the most commonly studied metal fo r  su l fur  

adsorption, and H2S the most studied sulfur  compound. Previous ad- 
sorption studies on polycrystalline films, powders, and supported 
nickel (16-29), and more recent studies on single crystal  nickel (30-42), 
provide a great deal of insight into the fundamental mechanisms of surface 
nickel-sulfur compound interactions and of poisoning. 

A number of ear ly studies (5, 20, 27-29, 32, 33) suggest 
t ha t  the surface nickel-sulfur bond i s  more s table  than the bulk nickel.- 
sulfur  bond. I f  so, the heat of adsorption should be larger  than the 
heats of formation fo r  bulk phases. In recent, def in i t ive  investigations,  
Oliphant e t  a l .  (27) and McCarty e t  a l .  (28) obtained heats of H2S 
adsorption on polycrystalline Ni powders and on supported N i  from desorp- 
t ion isosteres  and adsorption isosteres, respectively. Their two se t s  of 
data agree remarkably well, as shown i n  Table A - 1 .  Since,according to  
these data,the heats of adsorption for  H2S on various forms of nickel may 
range from 130-160 kJ/mole, the enthalpy of adsorption i s  55-85 kJ/mole 
more exothermic than i s  the enthalpy of formation of Ni3S2 of 75 kJ/mole. 

The extent to  which H2S adsorption on Ni is  reversible a t  various 
temperatures and concentrations, although a subject of obvious importance 
in regard to poisoning, has received only modest experimental scrutiny 

(19, 21, 27-29). Nevertheless, equi 1 i brium adsorption and desorption iso- 
therms a t  various temperatures (19, 27, 29) and isosteres  (28) from these 
studies have established the concentrations a t  which less  than saturation 
coverage i s  observed for  a given temperature. For example, the isotherms 
of 01 iphant e t  a1 . (27) i n  Figure A-2  reveal tha t ,  i n  the temperature range 

of 450-500°c, 1 ess than saturation coverage (i .e. ,  reversible adsorption) 
occurs on the Ni surface only a t  concentrations less  than 1-2 ppm H2S. 



TABLE A-1 

Experimental Heats of H2S Adsorpt ion on Metals 

Compared w i t h   eats of Formation f o r  Bul k Su l f i des  

Tern ., Crys ta l  1 ographi c -AHa a 

( 0 8  
h~~~ 

Metal plane (k~/mo?e S) Met hod Ref. (kJ/rnole S) 

114 Isotherms 54 
122 i n  H2S/H2 
139 

Fe 850 Po lyc rys ta l  188 Isotherms 63 150 (FeS) 
i n  H2S/H2 

? 
ul Mo 1050-1150 (110) 2 15 Desorpt ion 5 1 180 (Mo2S3) 

N i 450-500 Polycrys t a l  134 Desorpt ion 27 75 (Ni3S2) 
450-500 16% Ni/A1 203 150 

450-500 Sponge 144 Ads. i sos t e r e  28 
450-500 5% Ni/A1 203 143 

169 Desorpt ion 72,73 138 (PtS) 
198 

a ~ e r  mole o f  H2S. 

b ~ e r  mole o f  S; corresponding t o  (x/y)M + 1/2 S2 = ( l / y )  M,Sy. 





The incredible  s t ab i  1 i t y  of adsorbed su l fu r  i s  f u r t he r  demonstrated i n  

Figure A - 1 ,  i n  which most of the  ea r ly  equilibrium adsorption data fo r  
N i  (19, 21, 27, 28) a r e  represented on a s ing le  p lo t  of i n  (PHZS/PH2)  

as  a function of reciprocal temperature. The so l i d  l i n e  corresponds 
t o  the equilibrium data reported by Rosenqvist (7 )  f o r  formation of Ni3Sq 
( i n  the  temperature range 400 t o  535'~). On the  basis  of equation 

AGO = RT In ( P  / P  ) = H - TAS 

the  slope of t h i s  l i n e  i s  A H I R ,  where A H  = -75 kJ/mole and the  in te rcep t  
i s  a -AS/R.  The dashed l i n e s  i n  F igg re  A - 1  represent equilibrium l i n e s  
f o r  chemisorbed su l fu r  w i t h  heats of adsorption of 85, 125, and 165 kJ!mole, 
assuming formation of NijSp ( i  e . ,  the  same in te rcep t  a s  the  so l i d  l i n e  f o r  

NijS2). Thus, according t o  these data ,  the  enthalpy of adsorption of H2S on 
N i  i s  50-100 kqmole more exothermic than the  enthalpy of formation of NijS2, 
depending on temperature and coverage. I t  i s  a l so  apparent t h a t  the  absolute 
value of the  heat increases w i t h  decreasing coverage and t h a t  the  equi 1 ibrium 
par t i a l  pressure of H2S increases with increasing temperature. 

From these data i n  Figure A - 1  i t  i s  a l so  possible t o  est imate the equilibrium 
pa r t i a l  pressure of H2S a t  any given temperature f o r  f ract ional  coverages 
ranging from 0.5 t o  0.8. For instance,  a t  450 '~  and 0 = 0.5, the values of 

P ~ 2 ~ ' P ~ 2  range from about t o  lo-'. In other  words, half  coverage obtains ' 

a t  1 t o  10 ppb H2S, a concentration range a t  t he  lower l i m i t  of our present 
analyt ical  capabi 1 i ty!  A t  the  same temperature (450'~) almost complete 
coverage (0  = 0.9) obtains a t  values of P /P of t o  (0.01 t o  

''2s "2 
1 ppm) o r  i n  o ther  words, a t  the  H2S concentratrons encountered i n  many 
c a t a l y t i c  processes a f t e r  the  gas has been processed t o  remove su l fu r  compounds. 



In view of the  s t a b i l i t y  of adsorbed sutfur on N i ,  i t  would be des i rab le  
t o  f i n d  modifiers (supports o r  add i t ives )  t h a t  would e i t h e r  ( a )  change 
nickel ' s su l fur  adsorption proper t ies  i n  the  d i rec t ion  of g rea te r  reversi  - 
bi 1 i t y  and/or (b)  would enhance i ts  sul fur adsorptive capacity substan t i  - 
a l l y .  Only two invest igat ions  thus f a r  have d i r e c t l y  explored these possi- 
b i l i t i e s .  Oliphant e t  a1 . (27) found t h a t  P t -  and Co-promoted Wi/A1203 
evidenced s l i g h t l y  lower H2S adsorptive capac i t i es  than did Ni/A1203 t h a t  
was not promoted (see  Figure A-2), although the adsorption isotherms f o r  
the  bimetal l ics  indicated about the  same degree of r e v e r s i b i l i t y  as  did those 

fo r  Ni/A1203. Fowler and Bartholomew (29) found a s i gn i f i c an t l y  g rea te r  su l -  
f u r  adsorption capacity fo r  Mo-promoted Ni/A1203 than f o r  nonpromoted Ni/ 

A1203, although the adsorption of H2S on the  Mo ca t a ly s t s  was about a s  strong 
as t h a t  on Ni/A1203. Thus, these invest igators  were not successful i n  pro- 
moting more revers ible  adsorption of H2S on N i ;  however,the discovery of 
enhanced adsorption capacity i n  Ni/Mo ca t a ly s t s  i s  s i gn i f i c an t .  Further 
invest igat ion of the  e f f e c t s  of metal and oxide promoters on adsorption 
proper t ies  of H2S on Ni and other  metals i s  an important area deserving fur-  
t he r  a t t en t ion .  

2. Adsorption Mechanisms 
The in te rac t ion  of H2S (and organic su l f i de s )  w i t h  metals may 

include a number of consecutive s teps :  revers ible  molecular adsorption of 
H2S, d i s soc ia t ion ,  reconstruction of the  metals surface t o  a two-dimensional 
metal su l f i de ,  and incorporation i n to  the  bulk ( a t  su f f i c i en t l y  high 

r a t i o s )  t o  form a three-dimensional metal su l f ide .  Unfortunately, 1 i t t l e  
o n a t i o n  i s  ava i lab le ,  especia l ly  of a quan t i t a t ive  nature,  regarding 

the  k ine t ics  of these various s teps  f o r  the nickel /sul fur  system. Apparently 

the  incorporation of su l fu r  in to  nickel a t  P = 1 atm occurs slowly a t  

room temperature, d i f fus ion through the su l f i de  1 ayer control 1 i ng the  r a t e  

(16).  Rates of adsorption of H2S on copper (28, 44, 45) a r e  very rapid ; 
the  high s t i ck ing  probabi l i ty  suggests t h a t  no ba r r i e r  t o  adsorption and 
dissocia t ion e x i s t s  un t i l  the  surface i s  sa turated.  Accordingly, su l fu r  
poisoning of metals i s  not l i ke ly  t o  be l imited by r a t e s  of adsorption and 
reaction on the  surface.  Thus, surface coverages of su l fu r  can be pre- 

dicted by equilibrium thermodynamics under most conditions of c a t a l y t i c  

i n t e r e s t ,  although the same i s  not true of bulk su l f i de  formation, f o r  which 



t he  r a t e  depends very  much on the  temperature and on the  p a r t i a l  pressure 

o f  H2S. I n  view o f  t h e  l a c k  o f  q u a n t i t a t i v e  data f o r  H2S adsorp t ion  and 

absorp t ion  r a t e s  on Group V I I I  metals, a d d i t i o n a l  research would be des i rab le .  

Most of t he  e a r l y  work (16-19, 21-29) suggests t h a t  HpS completely d i s -  

soc ia tes  on n i c k e l  surfaces, even below room temperature, a l though the re  

i s  obvious disagreement regarding the  number o f  n i c k e l  atoms per  s u l f u r  

atom. Saleh e t  a1 . (16) suggested a t h r e e - s i t e  mechanism i n  the  temperature 

range o f  80- 1 0 0 ~ ~  : 

H S H  
I l l  + - N i - N i - N i  + -Ni-Ni-Ni- 

whereas Den Besten and Selwood (17) i n f e r r e d  from magnetic measurements a t  

0-120'~ t h a t  H2S forms f o u r  bonds w i t h  the  n i c k e l  sur face:  

They a l s o  found t h a t ,  a t  h i g h  coverages, s u l f u r  d isp laces hydrogen from t h e  

surface. I n  a more recent  magnetic study o f  Ni/Si02, Ng and M a r t i n  (25, 26) 

a l s o  repor ted  t h a t  H2S adsorbs a t  room temperature,with i n i t i a l l y  f o u r  N i  

surface atoms being invo lved i n  the  bond formation f o r  every H2S molecule 

adsorbed; a.t P o f  1 atm, deeper l a y e r s  o f  N i  are subsequently attacked. 
H2S 

Rostrup-Nielsen (19) suggested a one-si t e  mechanism a t  h ighe r  temperatures 

( 5 5 0 - 6 . 5 0 ~ ~ )  : 

on the  bas is  o f  ob ta in ing  a value o f  1 f o r  t h e  power, n, i n  a Langmuir 

f i t  f o r  h i s  data. 01 iphant  e t  a1 . (27), on the  o the r  hand, obta ined Lang- 

mui r  exponents o f  2.9 and 2.7 f o r  N i  powder and 3% Ni/A1203, respec t i ve l y ,  

a t  450°c, cons is ten t  w i t h  a th ree -s i  t e  mechanism. The data o f  01 iphant  

e t  a l .  (27) are  considered t o  be more re1 i a b l e  than those o f  Rostrup-Nielsen 

(19), s ince t h e i r  desorp t ion  isotherms, each determined from a s i n g l e  

sample, evidence considerably l ess  s c a t t e r  than does Rostrup-Niel  sen's 



adsorption isotherm, each point of which corresponds t o  a different  
sample. Accordingly, the three-si t e  mechanism is  favored, a t  l eas t  a t  
high temperatures (400-600'~). 

Although infrared spectroscopy cannot provide d i rec t  information on 
metal-sulfur bonds, IR studies of the adsorption of sulfur  compounds on 
supported N i  (18, 25, 47) and evaporated N i  films (23, 48) have supplied 
limited indirect  mechanistic information. For example, the complete 
absence of S-H o r  C-S stretching frequencies when H2S and CS2 a re  adsorbed 
on Ni (23, 25) provides indirect  evidence fo r  the dissociative mechanism. 
Similarly,the absence of IR bonds fo r  methyl mercaptan adsorption on Ni 
(23) i s  likewise interpreted i n  terms of dissociation of C-S and S-H bonds, 
consistent w i t h  the observations of Saleh e t  a l .  (49) of metal su l f ide  for- 
mation,accompanied by evolution of hydrogen, methane, and dimethyl sulf ide.  
Mercaptans involving higher-molecul ar-weight hydrocarbons (23, 25, 47, 48) 
are generally believed to  adsorb a t  room temperature as mercaptide struc- 
tures ,  through dissociation of the H-S bond -- the C-C and C-S bonds re- 
maining in tac t .  Heating to  80°c, however, decomposes the mercaptide, w i t h  

formation of the corresponding olef in and a sulfided surface (48). IR 
data suggest t ha t  dimethyl sulf ide adsorbs nondissociatively a t  room temp- 
erature (49),  in accordance with the e a r l i e r  resu l t s  of Den Besten and 
Selwood (17 ) .  In the case of thiophene adsorption, the IR resu l t s  are  in- 
conclusive, as the spectra fo r  thiophene on Si02 and Ni/Si02 are  the same 

(25) 

3 .  SurSface Structures 
Significant advances during the past decade i n  surface-analysis 

techniques, such as low-energy electron diffract ion ( L E E D )  and Auger electron 
spectroscopy (AES), enable geometric s t ructures  of crystal  faces and 
adsorbed atoms t o  be determined. A number of recent surface studies (21, 
30-43) have provided useful information regarding s t ructures  of sulfur  
adsorbed on N 9 .  During the i n i t i a l  stages of sulfur  adsorption on clean 

N i  single-crystal surfaces, su l fur  atoms reside in high-coordination s i t e s ,  

i .e. ,  the atomic hollows of the surface (21, 30-33). For example, on a 

Ni (100) surface, sulfur  i s  adsorbed i n  an ordered layer w i t h  a ~ ( 2 x 2 )  over- 
layer,  with each sulfur  atom being bonded to  four N i  atoms, up t o  0 = 0.25, 



and from 8 = 0.25 t o  0.5, w i t h  a  ~ ( 2 x 2 )  over layer,  w i t h  each su l f u r  atom 

being bonded t o  two N i  atoms. The adsorpt ion o f  s u l f u r  on Ni (111) and 

N i ( l l 0 )  i s  apparent ly  more complicated (21, 31, 36-38); the evidence sug- 

gest's t h a t  su l fu r  res t ruc tures the n icke l  surface. For example, on 
c lean N i ( l l l ) ,  a  ~ ( 2 x 2 )  s t r uc tu re  was observed a t  8 c 0.25. A t  s l i g h t l y  

h igher coverages (0.25 < 8 c 0.33), the s t r uc tu re  changed t o  a  6 x R 

30' pat tern ,  w i t h  each s u l f u r  atom being bonded t o  three Ni atoms i n  three 

coord inat ion s i t es .  As the surface coverage o f  s u l f u r  increased beyond 

113 monolayer, the surface o f  the N i ( l l 1 )  was reor iented t o  a  (100) layer ,  

adsorbing more su l f u r .  Only surface Ni  atoms underwent rearrangement, the 

bu lk  mainta in ing i t s  (111) symmetry. It was found t h a t  su l f u r  i s  adsorbed 

on, and no t  incorporated i n t o ,  the  rearranged l aye r  of surface Ni atoms. 
Edmonds and co-workers (36-38) speculate t h a t  the strong Ni-S i n t e i a c t i o n  

weakens the bonding between the surface and the next  lower N i  layers,  there- 

by permi t t i ng  rearrangements o f  the surface N i  atoms. Indeed, the weaken- 

i n g  o f  Ni-Ni bonds i n  c l u s t e r  complexes by s u l f u r  l igands does occur (39). 

The change from fourfo ld t o  twofold coordinated su l fu r  bonding as a  func- 

t i o n  o f  increas ing s u l f u r  coverage impl ies  t h a t  the adatom-adatom i n t e r -  

act ions a re  s t rong enough t h a t  subsequent adsorpt ion requ i  res modi f ica t ion 

o f  the bonding o f  preadsorbed atoms. The f a c t  t h a t  the s u l f u r  must modify 

i t s  bonding t o  the N i  t o  a l l ow f u r t h e r  s u l f u r  adsorpt ion a lso  impl ies  t h a t  

as one covers the surface, st rong r e s t r a i n t s  are pu t  on f u r t h e r  adsorpt ion 

o f  any so r t .  

Since poisoning by s u l f u r  usual l y  involves complete coverage, the surface 

s t ruc tu res  under these cond i t ions are  o f  g rea t  i n t e r e s t .  For a l l  th ree 

low-index faces o f  N i ,  the  N i  sur face saturated w i t h  s u l f u r  corresponds t o  

one s u l f u r  atom f o r  every two surface Ni atoms, and has a  ~ ( 2 x 2 )  over layer 

s t ruc tu re .  A general conclusion i s  t h a t  the Ni-S bond lengths found on a l l  

s-urfaces are smaller than those occur r ing i n  s tab le  N i - S  bu lk  compounds (5, 

30, 32). This i s  f u r t h e r  evidence t h a t  adsorbed s u l f u r  i s  bonded t o  N i  more 

s t rong ly  than i s  s u l f u r  i n  a  bu lk  N i  su l f ide .  Indeed, A Hf i s  est imated t o  

be -240 kJ/mole f o r  s u l f u r  bonded i n  a  br idge pos i t i on  t o  Ni (5) ,  compared 

w i t h  -74 kJ/mole f o r  bu lk  Ni  su l f i de .  



4. Adsorpt ion Sto ich iomet r ies  

There i s  apparent ly  on l y  f a i r  agreement as t o  the  s to ich iomet ry  

of H2S adsorp t ion  on N i .  The reasons f o r  t h i s  a re  twofo ld :  (1)  t he  

s t o i c h i  ometry apparent ly  depends on sur face coverage, which i n  t u r n  de- 

pends on PHpS9 and (2)  the  s to ich iomet ry  va r ies  w i t h  temperature, as de- 

so rp t i on  of hydrogen occurs more r e a d i l y  w i t h  increas ing temperature, f r e e -  

i n g  s i t e s  f o r  s u l f u r  adsorpt ion.  

Evidence f o r  t h e  f i r s t  observat ion was discussed i n  t h e  previous subsection. 

Indeed, the  s tud ies  o f  s i n g l e - c r y s t a l  N i  , obtained f o r  t he  most p a r t  a t  

very low P values, show t h a t  t h e  number o f  s u l f u r  atoms adsorbed per  N i  
H2S 

surface atom (S/Nis) ranges from 0.25 t o  0.5. Based on adsorp t ion  s tud ies  

a t  h igh  P H ~ S  (10 ppm - 1 atm) on p o l y c r y s t a l l i n e  o r  supported N i ,  S / N i s  values 

range from 0.25 t o  0.33 a t  room temperature (16, 17, 25) t o  as h igh  as 0.75- 

1.0 a t  450-600'~ (19, 27, 29). A p r i ~ r i ,  i t  i s  reasonable t o  expect t h a t ,  

a t  most, about 0.6 t o  0.7 atom o f  s u l f u r  chemisorbs on a c lean N i  sur face i n  
2 view of t he  r e l a t i v e  areas o f  about 0.10 and 0.065 (nm) /atom fo r  S and N i  

atoms, respec t i ve l y .  

These apparent d iscrepancies can be resolved as fo l lows.  F i r s t ,  t he  values 

of S / N i s  of 0.25 and 0.33 (16, 17, 25) are  observed a t  t he  lower temperatures 

(-78 t o  25 '~)  because, hydrogen atoms from t h e  d i s s o c i a t i v e  chemisorpt ion o f  

H2S bond i r r e v e r s i b l y  w i t h  N i  s i t e s ,  and thereby prevent  f u r t h e r  s u l f u r  

adsorpt ion.  Since a t  h igher  temperatures t h e  chemisorpt ion o f  hydrogen i s  

r e v e r s i b l e ,  s u l f u r  atoms can cover most o r  a l l  o f  t he  N i  s i t e s ,  and thus 

h lgher S / N i s  r a t i o s  are  poss ib le .  

The near -un i t y  values o f  S / N i S  observed by Ol iphant  e t  a1 . (27) f o r  both 

supported and unsupported N i  on desorp t ion  a f t e r  s a t u r a t i o n  a t  25-30 ppm can 

be expla ined by a sur face recons t ruc t i on  a t  t h e  h igher  concent ra t ion  range. 

Accordingly , the  authors hypothesized tha t ,  a t  HpS concentrat ions l e s s  than 

10 ppm, atomic s u l f u r  i s  chemisorbed on the  N i  surface up t o  a coverage of 

S/NiS = 0.7-0.8, cons is ten t  w i t h  NigS2 s to ich iomet ry ;  however, s a t u r a t i o n  

a t  25-30 pprn w i t h  subsequent desorpt ion i s  accompanied by a recons t ruc t i on  

o f  the  sur face t o  a sur face s u l f i d e  of N i ,  cons is ten t  w i t h  N i S  s to ich iomet ry .  



This hypothesis i s  supported by the  observation of a hysteres is  e f f e c t  f o r  
adsorption and desorption,  characterized i n  pa r t  by a trend of increasing 
sa turat ion coverage w i t h  increasing H2S concentration fo r  s ing le  equilibrium 
adsorption points.  

B.  Other Metals 
The adsorption of H2S on Group V I I I  and Ib metals (50,51) and in  

par t i cu la r  on Ag (52-54), Cu (44, 45, 55-58), Fe (23 ,  50, 59-64), Mo (51, 

65-67), Ru (27, 68) ,  and P t  (51, 69-75) r e su l t s  i n  syrface  metal su l f ides  
having qua l i t a t i ve ly  s imi la r  s t ruc tures  and s t a b i l i t y  t o  those o f  N i .  Data 
showing t h a t  the  metal-sulfur bond a t  the  surface  is generally more s t a b l e  
than i n  the corresponding 5!~1 k metal su l f i de  a r e  summarized i n  Table A-1.  
Indeed, the heats of adsorption a r e  20-40% l a rge r  than the  heats of forma- 
t ion of the most s t a b l e  bulk su l f ides .  The data a l so  show t h a t  su l fu r  i s  
generally more strongly bonded on the more atomically rough metal planes.. 
Dissociat ive adsorption of H2S on metals (50, 59, 61, 68, 71, 74, 76) and 
res t ructur ing of the  metal surface by adsorbed su l fu r  (44, 45, 50, 51, 58, 
61, 62, 69, 70) a r e  a l so  general phenomena. Kinetic s tud ies  (44, 71) reveal ,  
i n  the  case of Cu and P t ,  two adsorption regimes; a t  8 < 0.5-0.6 the  ad- 
sorption occurs rapidly w i t h  a high s t i ck ing  coef f ic ien t .  However, a t  8 > 

0.6 the  adsorption occurs slowly w i t h  a low s t i ck ing  coef f ic ien t .  This 
i n t e r e s t i ng  behavior may r e s u l t  f rom surface reconstruction and/or a change 
i n  the  mechanism of adsorption involving more weakly bound and l e s s  dis- 

sociated species a t  high coverages. Further invest igat ion of this phenomenon 
would be worthwhile. Generally, fu r ther  invest igat ion of the  kinet ics  and 
thermodynamics of H2S adsorption on c a t a l y t i c  metals i s  needed. Since 
adsorption of H2S on Co, Pd, Rh ,  and Ru has received very l i t t l e  o r  no 
a t t en t i on ,  the  invest igat ion of these important c a t a l y t i c  metals should 
have a high. p r i o r i t y .  



I V .  EFFECTS OF SULFUR ON ADSORPTION OF OTHER MOLECULES 

C 
Since one of t h e  necessary steps i n  a heterogeneous r e a c t i o n  i s  the  adsorpt ion 

o f  one o r  more of t h e  reactants,  i n v e s t i g a t i o n  o f  t he  e f fec ts  of adsorbed s u l -  

f u r  on t h e  adsorp t ion  of o the r  molecules can reveal  a g rea t  deal about the  

po ison ing process. P a r t i c u l a r l y  the  ef fects o f  s u l f u r  poisoning on CO and Hz 

e . .  
adsorp t ion  on metals a re  of i n t e r e s t ,  n o t  o n l y  because these molecules p a r t i c i -  

pa te  i n  numerous reac t ions ,  b u t  i n  add i t i on ,  because they a re  used as 

s e l e c t i v e  t i t r a n t s  t o  measure metal surface area. 

A. N icke l  Cata lys ts  

1. E f f e c t s  on Hydrogen Adsorpt ion 

Results o f  previous i n v e s t i g a t i o n s  (15, 26b, 29, 77-84) 

show t h a t  hydrogen adsorp t ion  on n i c k e l  a t  room temperature i s  lowered by pre-  

adsorbed su l fu r .  Moreover, t h e  f r a c t i o n  by which hydrogen adsorp t ion  i s  re -  

duced i s  general l y  p ropor t i ona l  t o  t h e  f r a c t i o n a l  coverage o f  s u l f u r ,  a l  though 

some of t h e  data suggest a l a r g e r  than l i n e a r  reduc t ion  o f  metal sur face area 

w i t h  increas ing s u l f u r  coverage du r ing  the  i n i t i a l  stages o f  poisoning. This 

i s  i l l u s t r a t e d  by data i n  F igurc  A-3. Rendul ic and Winkler  (84) have shown 

a s i m i l a r  l i n e a r  decrease i n  the  i n i t i a l  s t i c k i n g  c o e f f i c i e n t  o f  hydrog'en w i t h  

increas ing s u l f u r  coverage. A t  maximum s u l f u r  coverage, t h e  s t i c k i n g  co- 

e f f i c i e n t  i s  v i r t u a l  l y  zera. Accordingly, Hz adsorp t ion  a t  2 5 ' ~  on p a r t i a l  l y  

sul fur-poisoned c a t a l y s t s  provides an accurate measure o f  t he  unpoisoned 

n i c k e l  surface. 

2. Effects on Carbon Monoxide Adsorpt ion 

The e f f e c t s  of s u l f u r  poisoning on the  adsorp t ion  of CO on 

n i c k e l  (23, 26, 48, 77-81, 83, 85-91) are  very complex; t h e  nature  o f  t he  

adsorbed species and the  adsorp t ion  s to ich iomet ry  vary  considerably w i t h  

changes i n  pressure, temperature, and s u l f u r  coverage. For example, I R  data 

(25) show t h a t  b r idged bonding i s  d imin ished and subcarbonyl bonding enhanced 

by s u l f u r .  Moreover, there  a re  s i g n i f i c a n t  di f ferences i n  the  behavior  o f  

supported and unsupported N i  (80, 83). I n  fac t ,  i n  the  case o f  supported 

n i c k e l  ca ta l ys ts ,  very s i g n i f i c a n t  increases i n  CO adsorp t ion  a r e  observed 

a t  -80 t o  2 5 ' ~  and moderate pressures (100-400 Tor r )  a f t e r  t reatment  w i t h  



Fig .  A-3. F r a c t i o n a l  H uptake vs H2S coverage i n  molecules 
o f  H2S p e r  n?ckel  su r f ace  atom. V N i  powder (INCO), 
0 1 4 - 1 6 2  Ni/A1203 washcoat/monol i th,  A 3 ,  8, 14, and 
23% Ni/A1 0 0 1 4 %  t4i/Al 0 , 8 3 %  N i / A 1 2 0 3 , 0 3 %  
N ~ / A I ~ O ~ . ~  3y0pen symbols2 35 o r  10 ppm H2S; c l osed  
symbols: 25 ppm H2S; 8 5 0  ppn H2S. 



H2S (77-81, 83), apparent ly  as a r e s u l t  o f  su l f u r - ca ta l yzed  Ni(CO)q 

fo rmat ion  (83, 92).  However, a t  low CO pressures ( l e s s  than 1 T o r r ) ,  

' s u l f u r  complete ly  i n h i b i t s  room-temperature CO adsorp t ion  a t  OS > 0.3 

(90). On the  o t h e r  hand, under high-temperature r e a c t i o n  cond i t i ons  rep-  

r e s e n t a t i v e  of  methanation ( 2 0 0 - 4 0 0 ~ ~ ,  1 atm, PCO = 5-10 kPa, H2/C0 = 3) ,  

d i s s o c i a t i v e  adsorp t ion  of CO occurs on a complete ly  poisoned Ni/A1203 

c a t a l y s t ,  t he  e x t e n t  of which i s  about 50% o f  t h a t  observed f o r  an un- 

poisoned c a t a l y s t  (91) .  These i n c r e d i b l e  d i f f e r e n c e s  i n  behavior  a t  

d i f f e r e n t  pressures and temperatures emphasize the  importance o f  i n v e s t i -  

g a t i n g  ef fects of su1fu.r poisoning under cond i t i ons  rep resen ta t i ve  o f  t h e  

p a r t i c u l a r  process o f  i n t e r e s t .  

3. E f fec ts  on Adsorpt ion o f  Other Mol.ecules 

Since s u l f u r  poisoning i s  known t o  modi fy  s e l e c t i v i t y  p r o p e r t i e s  

i n  a number of hydrocarbon reac t i ons ,  i n v e s t i g a t i o n  of the  e f f e c t s  o f  pre-  

adsorbed s u l f u r  on the  adsorp t ion  o f  o rgan ic  molecules on metal c a t a l y s t s  

may prov ide  the  bas is  f o r  understanding t h i s  behavior.  The o n l y  repo r ted  

research on hydrocarbons i s  t h a t  o f  Ng and M a r t i n  (26b) dea l i ng  w i t h  ace- 

t y l e n e  and benzene adsorp t ion  on p resu l f i ded  N i /S i02 .  The volumetr ic ,  

adsorpt ion,  and s a t u r a t i o n  magnet izat ion data f o r  these compounds reveal  

a more complex behavior  than t h a t  o f  e i t h e r  H2 o r  CO. Both acety lene and 

benzene adsorb on p r e s u l f i d e d  N i /S i02  a t  room temperature; these r e s u l t s  

suggest i n t e r a c t i o n s  o f  t he  hydrocarbons w i t h  deeper n i c k e l  l a y e r s .  

Perhaps the  most s i g n i f i c a n t  observa t ion  from t h i s  s tudy i s  t h a t  pread- 

sorbed H2S i n h i b i t s  t he  c rack ing  o f  hydrocarbons on n i c k e l .  

That o n l y  one i n v e s t i g a t i o n  (26b),  so f a r ,  has considered t h e  e f f e c t s  of 

sulfur,poisoning on the  adsorp t ion  of o rgan ic  molecules, and o n l y  one study 

(93), poisoning of t he  adso rp t i on  of O2 on n i c k e l ,  s t r o n g l y  suggests the  

need f o r  , f u r t h e r  research. A number o f  impor tan t  molecules a r e  suggested 

by cons ider ing  some o f  the  impor tan t  reac t i ons  i n  which n i c k e l  c a t a l y s t s  

a re  poisoned by s u l f u r ,  e.g., e thy lene (hydrogenerat ion)  , methane (steam 

reforming) ,  and c y c l  ohexane (hydrocracking)  . Moreover, t h e  study of 

poisoning o f  H2 and CO adsorp t ion  by var ious  s u l f u r  compounds should be 

of h i g h  p r i o r i t y  , s ince o n l y  one i n v e s t i g a t i o n  (25) has considered such 

e f f e c t s .  



B. Other Metals 

Re la t i ve l y  few studies (16, 67, 71, 77-79, 81, 84, 94-99) have 

examined the consequences o f  s u l f u r  poisoning on the adsorpt ion o f  o ther  

molecules on metals o ther  than N i .  Generally, i t  appears t h a t  adsorp- 

t i o n s  of hydrogen, oxygen, and CO are  prevented by adsorbed su l f u r .  For 

example, Bonze1 and Ku (71a) repor ted a decrease i n  the b ind ing energy of 

CO on the P t ( l l 0 )  surface w i t h  increas ing s u l f u r  coverage; a t  OS = 0.75, 

no CO was adsorbed. Bartholomew and co-workers (77-79, 81) reported t h a t  

hydrogen uptakes f o r  n i c ke l  b ime ta l l i c s  and ruthenium were genera l ly  de- 

creased i n  propor t ion t o  s u l f u r  coverage. Unfor tunately,  i n  most o f  the 

previous work, quan t i t a t i ve  re la t ionsh ips  between the coverage of su l fu r  

and decrease i n  adsorpt ion f o r  a given adsorbate were no t  obtained. Thus, 

determinat ion o f  the quan t i t a t i ve  e f fec ts  o f  s u l f u r  on adsorpt ion of 

reactants on metals i s  obviously a p o t e n t i a l l y  f r u i t f u l  area f o r  f u r t h e r  

research. 



V.  EFFECTS OF SULFUR ON ACTIVITY/SELECTIVITY 

PROPERTIES OF METALS DURING REACTION 

A. I n  Steam Reforming 

Conventional n i cke l  reforming ca ta lys ts  are  very sens i t i ve  t o  

poisoning by su l fu r  compounds, suf fer ing s i g n i f i c a n t  losses i n  a c t i v i t y  
'3 ' . a t  concentrat ions greater  than 1-20 mg S/m (100-105). Since organic 

sul f ides.  are present i n  conventional reforming feedstocks such as na tu ra l  

gas and naphtha a t  l e ve l s  as h igh as 300-500 ppm and a t  much higher l eve l s  
. . 

i n  heavy o i l s  and res ids  under considerat ion as po ten t i a l  feedstocks, de-. 

s u l f u r i z a t i o n  o f  the feed i s  essent ia l  before i t  i s  reacted over conven- 

t i o n a l  ca ta lys ts .  Organic su l fu r  compounds remaining i n  the feed a f t e r  

desul f u r i z a t i o n  are  r e a d i l y  hydrogenated t o  H2S under t y p i c a l  reforming 

condi t ions;  thus, i t  is. s u f f i c i e n t  t o  consider poisoning by H2S. 

Adsorption studies of H2S on n icke l  (summarized i n  Fig. A-1) i nd i ca te  

increasi,ng revers i  b i  l'i t y  o f  su l  fu r  adsorpt ion w i t h  increasing temperature. 

Since th,e reforming process i s  ca r r i ed  out  a t  h igh temperatures (400- 

850°c), poisoning by s u l f u r  should be somewhat revers ib le ;  indeed, the re-  

v e r s i b i l i t y  was demonstrated by Mor i ta  and Inoue (101-102), who found t h a t  

n i cke l  ca ta lys ts  regained i n i t i a l  a c t i v i t y  a f t e r  removal o f  su l fu r  com- 

pounds i n  the feed. A t  any given temperature, there  was a threshold con- 

cen t ra t ion  below which no detectable poisoning was observed. 

Sul fur  thresh01 d concentrat ions determined by Mori t a  and Inoue (101-102) 

and o ther  workers (100-103) f o r  o u t l e t  temperatures o f  8 0 0 - 9 0 0 ~ ~  are l i s t e d  

i n  Table A-2 and compared w i t h  equ i l i b r i um  adsorpt ion data from Figure A - 1  

fo r  OS = 0.5. The agreement among experimental values, and o f  experimental 

values w i t h  pred ic ted values from Figure A - 1  a t  the same temperature, i s  

genera l ly  good, which suggests t h a t  the r e v e r s i b i l  i t y  o f  s u l f u r  poisoning 

dur ing reforming i s  a pred ic tab le  consequence o f  equ i l i b r ium adsorpt ion of 

H2S Accordingly, the poisoning e f f e c t  o f  s u l f u r  i n  reforming may be 

ascr ibed t o  b lock ing o f  the n icke l  surface. 

This hypothesis i s  confirmed by the data o f  Rostrup-Nielsen (104, 105) 

l i s t e d  i n  Table A - 3 ,  showing the e f f e c t s  o f  s u l f u r  poisoning on the 



TABLE A-2 

S u l f u r  Thresho ld  ~ e v e l  sa i n  Steam Reforming, ppm 

* C a t a l y s t  e x i t  
C a t a l y s t  temp. , OC - Ref. Comments 

800 - 850 - 900 
14-25% N i  ( I C I )  0.7 3.5 18 103 F u l l  - s c a l e  re fo rm-  

i n g ;  c a t a l y s t  temp., 
400 t o  ToC 

4.4% N i  1.4 - - - - 101,102 Iso therma l  bed 
26% N i  3 11 - - 
Var ious N i  7  14 2 1 100 Exper imenta l  concen- 

c a t a l y s t s  t r a t i o n s  based on 
e q u i l i b r i u m  gas com- 
p o s i t i o n  f o r :  
CO + 3H2 r CH4 + H20 

Var ious N i  3  7  16 F i g . A - 1  PH /P v a l u e s f r o m  
c a t a l y s t s  2s HZ F i q .  A-1 based on ex- 

t r a p o l a t i o n  o f  equ i -  
l i b r i u m  adso rp t i on  
da ta  a t  eS = 0.5 f o r  
temperature shown. 

a ~ h r e s h o l d  concen t ra t i ons  below which t h e r e  i s  no measurable l o s s  o f  a c t i v =  
i t y  a t  t h e  temperature shown i n  ppm (VH S/VCH ) ;  0.7 ppm (V/V) = 1 mg s/m3 
(STP). 2  4 



TABLE A-3 

Inf luence o f  Su l fu r  Poisoning on Spec i f i c  A c t i v i t y  i n  
Steam Reforming o f  Ethane on 25% Ni/A1203Mg0 (500oC, 
31 atm, H20/C = 4)a 

Sul f u r  content Reaction rate,  Reac i o n  ra te ,  
i n  w t ,  ppm Sulfur coveraqe mole/g.h x 10 mol e/m 5 Ni .h x l o 3  

a ~ a t a  from Refs. 104 and 105. 



s p e c i f i c  a c t i v i t y  o f  25 w t  X Ni/Mg0A1203 i n  steam re forming o f  ethane a t  

5 0 0 ~ ~ .  The f a c t  t h a t  t h e  s p e c i f i c  a c t i v i t i e s  based on the  remaining n i c k e l  

sur face area a r e  reasonably constant  over  a wide range o f  s u l f u r  coverage 

i s  evidence t h a t  chemisorbed s u l f u r  poisons by b l o c k i n g  t h e  metal sur face 

f o r  adso rp t i on  of reac tan ts .  A t  a s u l f u r  coverage o f  1.0, t h e  r a t e  i s  low- 

ered by more than two orders of magnitude. Thus, t h e  ac tua l  t o le rance  o f  con- 
ven t i ona l  n i c k e l  c a t a l y s t s  toward s u l f u r  poisoning du r ing  steam re forming 

a t  5 0 0 ' ~  i s  very  low. 

Although the  above-discussed s tud ies  have def ined s u l f u r  po ison ing  t o l e r -  

ances f o r  convent ional  n i c k e l  c a t a l y s t s  used i n  steam re forming o f  n a t u r a l  

gas and nqhtha,  they have n o t  considered i n  s u f f i c i e n t  d e t a i l  t h e  k i n e t i c s  

of po ison ing  a t  above-threshold concent ra t ions  nor  t he  e f fec ts  of c a t a l y s t  

and/or gas composit ions on r a t e  o f  d e a c t i v a t i o n  and to le rance l e v e l .  Nor 

i s  t he re  any prev ious r e p o r t  on the  e f f e c t s  o f  s u l f u r  on product  d i s t r i b u -  

t i o n  ( i .e . ,  r e l a t i v e  r a t e s  o f  p roduct ion  of H2, CO, and CH4) i n  steam re -  

forming o f  hydrocarbons. Nevertheless, such s tud ies  have been conducted 

f o r  n i c k e l  and n i c k e l  b i m e t a l l i c  c a t a l y s t s  i n  methanation of CO (15, 29, 

82, 106), t he  reverse o f  methane steam reforming; t h e  r e s u l t s  suggest t h a t  

c a t a l y s t  and gas composit ions a r e  impor tan t  i n  determin ing r a t e s  of de- 

a c t i v a t i o n .  Moreover, s u l f u r  po ison ing '  s i g n i f i c a n t l y  changes product  s e l  ec- 

t i v i  ty i n  f a v o r  o f  hydrogen-poor products. 

A r e c e n t l y  announced Japanese process (107) f o r  high-temperature steam r e -  

forming of h i g h  -sul f u r  , heavy-hydrocarbon feedstocks (such as r e s i  ds ), based 

on Ni/Ca a luminate catalysts,demonstra.tes t h e  p o t e n t i a l  f o r  developing 

s u l  f u r - t o l e r a n t  c a t a l y s t s .  C e r t a i n l y ,  steam re forming o f  such high- su l  f u r ,  

h igh-cok ing  feedstocks w i  11. necess i ta te  development of a new c lass  o f  steam- 

re forming c a t a l y s t s .  The study o f  t h e i r  s u l f u r  t o le rance  should c o n s t i t u t e  
4 

an important ,  f r u i t f u l  area o f  research. 

B. General Poisoning Models 

R e a l i s t i c ,  accurate models o f  po ison ing  can serve two use fu l  pur-  

poses : (1) p rov ide  i n s i g h t s  i n t o  t h e  mechanisms o f  po ison ing  and (2)  enable 



p r e d i c t i o n  of poison d i s t r i b u t i o n  and c a t a l y s t  1 i f e .  Un fo r tuna te l y  

much o f  t h e  prev ious work a long t h i s  l i n e  has been based on unrea l -  

i s t i c  o r  inaccura te  emp i r i ca l  models w i t h  very  l i m i t e d  a p p l i c a t i o n .  

However, two r e c e n t l y  descr ibed models (104, 108) appear t o  have more 

general a p p l i c a t i o n  t o  po ison ing  processes, and s p e c i f i c a l l y , s u l f u r  

po ison ing  i n  steam reforming.  

Wise e t  a l .  (108) r e c e n t l y  proposed a t h e o r e t i c a l  model of s u l f u r - p o i s -  

oning k i n e t i c s  i n  an isothermal  f i x e d  bed, assuming k i n e t i c a l l y  con- 

t r o l l e d  po ison ing  cond i t ions .  I n  t h i s  model, the  po ison ing  i s  considered 

t o  be an i r r e v e r s i b l e  adsorp t ion  of a gaseous contaminant on nonporous, 

p a r t i c l e s  a t  a r a t e  ds/dt  = -kns, where k i s  t h e  d e a c t i v a t i o n  r a t e  con- 

s tan t ,  n  t he  poison concentrat ion,  and s t h e  poison s i t e  dens i t y .  Simul- 

taneous s o l u t i o n  of the  mass-balance and r a t e  equat'fons and i n t e g r a t i o n  

over  t h e  bed leads t o  expressions r e l a t i n g  o u t l e t  poison concent ra t ion  

and s i t e  dens i t y  t o  t ime:  

where ni and NL a r e  the  i n l e t  and o u t l e t  concent ra t ions  of poison, 

L/V i s  t he  space v e l o c i t y ,  and so i s  t he  i n i t i a l  s i t e  dens i t y .  By p l o t t i n g  

experimental  breakthrough concent ra t ions  i n  the  form o f  ln[ni/nL - IJ . 

as a f u n c t i o n  of t, the  values o f  t h e  r a t e  cons tant  k  and pc ison s i t e  

dens i t y  cdrl be deLewrirsed. Once k and s are  known f o r  s g ivcn  c a t a l y s t  

and process, i t  i s  poss ib le  t o  es t imate  c a t a l y s t  l i f e  f o r  d i f f e r e n t  space 

v e l o c i t i e s  and poison concent ra t ions .  

'artholomew and co-workers (29, 82) extended t h i s  model t o  c o r r e l a t e  a c t -  

i v i t y  as a f u n c t i o n  o f  t ime. L e t t i n g  a = s/so i n  Eq. A-6 s i m n l i f i c s  the  

equat ion  such t h a t  r a t e  constants can be obta ined from p l o t s  of l n [ ( l - a ) / a ]  

as a f u n c t i o n  o f  t ime. Fowler and Bartholonlew t29) ljsed t h i s  ex- 
tended model t o  determine r a t e  constants and s i t e  d e n s i t i e s  f o r  N i  and 

Ni-Mo c a t a l y s t s  du r ing  methanation i n  10 ppm H 2 S  They were then ab le  

t o  est imate c a t a l y s t  l i f c t i m c s  i n  t he  methanation process f o r  condit . inns 



of 1 ppm and a space velocity of 3,000 hr'l. For example, the process 
l ifetimes of 14% Ni/A1203 and 10% Ni/20% Mo/A120-Si02 catalysts  were 
estimated to  be 3 and 9 months, respectively, under these conditions. If  
activity-versus-time data could be generated fo r  steamreforming cat-  
a lys t s ,  i t  might be possible to  use t h i s  model to  estimate the i r  l i f e -  

times i n  the process, assuming tha t  temperature prof i,l&j and 
gradients through the reactor were taken into account. This model, 
however, i s  mainly useful for  estimating the time of approach to  equi l i -  
brium sulfur  coverage a t  the rela'tively large poison concentrations and 
low temperatures, character is t ic  of the i n l e t  to  a steamreforming 
reactor. However, the poisoning process would probably cause the temp- 
erature profi le  to  move gradually through the reactor w i t h  time a t  suf- 
f i c i en t ly  large i n l e t  concentrations of H2S. 

Because of the large temperature gradients in steam reforming and the 
s ignif icant  revers ib i l i ty  of H2S adsorption a t  the high temperatures 
representative of the ou t l e t  conditions (800-850°c), the  equi 1 i brium 
dis tr ibut ion of sulfur  i n  the catalyst  and part ic les  i s  of in te res t .  Rostrup- 

Niel sen (104), has demonstrated how equi 1 ibrium sulfur  coverage profi 1 es 
through a steam-reforming reactor can be estimated fo r  different  i n l e t  
sulfur  concentrations. His calculations assume tha t  chemisorption 
equilibrium i s  readily established and depends only on P /P and '42s "2 
temperature. Axial profi les  of hydrogen flow and temperature are  rep- 
resented by s t ra ight  l ines .  Unfortunately,his calculations assume an 

unreal is t ical ly  low value for  the heat of chemisorption for  HpS on nickel 
of 42 kJ/mole; moreover, i t  i s  evident tha t  poisoning influences the 
hydrogen and temperature profi les  over a period of time. Thus t h 6  

quantitative resu l t s  of Rostrup-Nielsen are  suspect. Qual i ta t ive ly ,  

however, they i l l u s t r a t e  how overall sulfur  coverages as a function of 
posi'tion i n  a fixed bed can be determined for  different  su l fur  concentra- 
t ions a t  any given time. Since sulfur  apparently poisons by blocking the 

s i t e s ,  i t  should be possible to  l ink the su l fur  profi les  to  changes in 
ac t iv i ty  as a function of concentration. 

In addition,the calculations of Rostrup-Nielsen consider the e f fec ts  of 



pore diffusion, the resu l t s  suggesting tha t  equilibrium coverage i s  
attained rapidly a t  the external surface of the ca ta lys t  pe l le t s  in the 
en t i re  bed; thus, the adsorption front  moving gradually through the 
bed i s  not as  sharp as i t  would be i n  the case of methanation a t  lower 
temperatures. This means that  a large b u t  short-term increase i n  the 
. in le t  sulfur  concentration in the feed could s ignif icant ly upset the 
en t i r e  process by causing a s ignif icant  increase i n  the coverage of the 
external pe l l e t  layer throughout the reactor bed. I t  a lso means tha t  
accumulation in the in te r ior  of the pe l l e t  i s  a slow process. Indeed, 
Rostrup-Nielsen estimates overall i n l e t  coverages for  typical catalysts  
i n  naphtl'ia reformi.ng for  an ammonia plant to  be 10 anti 70% of equilibrium 
coverage a f t e r  100 and 1,000 hours,respectively. 

The work of Rostrup-Nielsen i s  very informative, b u t  i t  also raises  a 
number of important questions. I t  i s  c lear  tha t  improvements could be 
made in his sulfur  coverage profiles by using more r e a l i s t i c  heats of 
adsorption fo r  nickel and by using more r e a l i s t i c  temperature and con- 
centration profi les  through the reactor. These more accurate data should 

be valuable i n  modelling the process a t  near-threshold concentrations of 
H 2 S  Thus, the questions of how sulfur  i s  actually dis t r ibuted i n  the 
catalyst  pe l le t s  and i n  the bed and how th i s  dis t r ibut ion changes as a 
function of time a t  various H2S concentrations merit fur ther  a t tent ion.  

Also, in the model by Wise and co-workers for  steam reforming, i t  m i g h t  
be worthwhile to  examine a modification i n  which pore diffusional res- 

istance i s  considered, so as to  account for  the slow deactivation of the 
pe l le t  in te r ior .  



V I .  REGENERATION OF CATALYSTS 

R e l a t i v e l y  few s tud ies  of regenera t i on .o f  sul fur-poisoned c a t a l y s t s  

have been repor ted  (44, 60, 104, 106, 109-115). Removal o f  s u l f u r  by 

o x i d a t i o n  w i t h  a i r ,  oxygen, o r  water (44, 106, 109-113, 115) o r  by 

high-temperature desorp t ion  i n  Hz (106, 114) have been proposed. Un- 

for tunate ly , t reatments i n  an o x i d i z i n g  environment and/or a t  h i g h  temp- 

e ra tu re  can cause severe thermal degradation o f  t y p i c a l  steam-reforming 

c a t a l y s t s .  Patents on t h e  sub jec t  have n o t  addressed these problems 

nor  t h e  r a t i o n a l e  f o r  such proposed procedures. 

I n  the  o n l y  previous, comprehensive study of regenera t i  on, Rostrup-Niel  sen 

(104, 110) found t h a t  s i g n f f i c a n t  removal of s u l f u r  was obta ined f o r  n i c k e l  

s teamreforming c a t a l y s t s  -- e i t h e r  unpromoted, o r  promoted w i t h  magnesium 

and calc ium -- on t reatment  i n  steam a t  temperatures above 700°c, whereas 

removal was n e g l i g i b l e  f o r  sodium- and potassium-promoted c a t a l y s t s .  Th is  

behavior suggests t h a t  promoters which b i n d  s u l f u r  s t r o n g l y  (such as K and 

Na) render the  c a t a l y s t  d i f f i c u l  t t o  regenerate. A1 though the  t reatment  

i n  steam ox id ized the  n i c k e l  a t  h i g h  temperatures, t he  r e s u l t s  i n d i c a t e  

t h a t  steam does n o t  i n f l uence  the  H2S chemisorpt ion equ i l i b r i um.  However, 

when steam and a i r  were used i n  regenerat ion,  s u l f a t e s  were formed; these 

were reduced back t o  H2S i n  the  subsequent reduct ion .  Bartholomew e t  a l .  

(106) observed s i m i l a r  behavior i n  regenerat ion of sul- fur-poisoned N i /  

A1203 i n  oxygen a t  250°c, fo l lowed by reduc t ion  a t  250 and 4 0 0 ~ ~ , r e s ~ e c -  

t i v e l y .  A moderate recovery o f  a c t i v i t y  was observed f o l  lowing reduc t ion  

a t  250'~; however, a f t e r  reduct ion  a t  400°c, t h e  c a t a l y s t  completely l o s t  

I t s  a c t i v i t y  again. Recent s tud ies  o f  t he  o x i d a t i o n  of s u l f u r  adsorbed 

on we l l -de f i ned  Cu (44) and N i  (93, 115) sur faces suggest t h a t  i t  may be 

poss ib le  t o  remove s u l f u r  as SO2 a t  very low p a r t i a l  pressur'es o f  02, 

thereby avo id ing  the  fo rmat ion  o f  s u l f a t e s  and t h e  subsequent repoisoning 

o f  the  c a t a l y s t  on re reduc t ion .  Considerably more research w i t h  both 

we l l -de f i ned  sur faces and supported metals should be encouraged i n  t h i s  

impor tant  area of regenerat ion by 02. 

The removal o f  s u l f u r  i n  e i t h e r  Hz o r  a su l fu r - f ree  reac tan t  mix ture  may 

a l s o  have p o t e n t i a l  as a regenerat ion technique i n  steam reforming. 



A1 though the r a t e  o f  desorption of H p S  i s  very slow a t  450-500'~ 

,(106), i t  should increase s i g n i f i c a n t l y  a t  higher temperatures 

( 8 0 0 - 9 0 0 ~ ~ )  as the adsorption becomes s i g n i f i c a n t l y  more reve rs i b l e  

(see Table A-2) .  This i s  apparently the basis o f  a patent  f o r  re-  

generation of sulfur-poisoned methanation ca ta lys ts  (114). O f  
course, t h i s  technique may no t  f i nd  general app l i ca t ion  because of 

reactor  system temperature r e s t r i c t i o n s  and/or ca ta l ys t  s i n t e r i n g  

problems. I t  does, however, m e r i t  add i t i ona l  i nves t iga t ion .  



VII. EXPERIMENTAL CONSIDERATIONS 

A1 though the discussion of previous work i l l  u s t k t e s  valuable techniques 
and approaches, not much has been said to  t h i s  point regarding the de ta i l s  

of experimental problems i n  the investigation of su l fur  poisoning. Most 
o f  the d i f f i c u l t i e s  occur because of:  ( a )  strong adsorption, which resul ts  
i n  nonuniform poisoning of the ca ta lys t ,  (b)  choice of apparatus materials 
t ha t  adsorb or  react w i t h  sulfur  compounas, or ( c )  choice of experimental 

conditions, such tha t  heaband mass-transport l imitations,disguise the true 

e f fec ts  of poisoning. 

Because sulfur  adsorbs so strongly and rapidly, i t  tends to  d is t r ibute  
w i t h  complete coverage a t  the entrance to  the bed '(108) and on the outside 
of ca ta lys t  par t ic les ,  i n  a manner typical of shell  poisoning (106). Hence, 
sulfur  i s  very nonuniformly distributed i n  a par t ia l ly  poisoned ca ta lys t ;  
some areas a re  completely poisoned and other areas a re  not poisoned a t  a l l .  
Thus, great care should be exercised i n  describing the surface coverage and 
experimental resu l t s  obtained for  a pa r t i a l ly  poisoned ca ta lys t .  For t h i s  
reas.on,it is safer  to  infer  e f fec ts  of poisoning from comparison between 
fresh catalysts  and completely poisoned catalysts .  I t  i s  a lso advisable 
to  avoid PHZS/PH2 values tha t  a re  large enough to cause bulk metal sulf ide 
formation, since th i s  introduces additional complications. Much of the . 

previous work i s  suspect for  t h i s  very reason. 

The choice of materials fo r  controlled atmosphere studies i s  crucial . 
Most metals adsorb, desorb, or  react w i t h  sulfur  compounds, depending on 
the experimental conditions. A t  very low P / P  values (<1 ppm), 

'42s H2 
desorption of H S from any metal, and adsorption/desorption 

b 0 ef fec ts  of Pyrex are  serious problems (.116). Quartz and Teflon are  the 
preferred materials a t  these low H2S concentrations (28, 116). 

Many of the previous investigations of the e f fec ts  of sulfur  poisoning on 
ca ta ly t ic  ac t iv i ty  were carried out a t  high conversions i n  a large bed of 

pel l e t s .  Unfortunately, the resulting nonuniform dis tr ibut ion of sulfur  
on the bed and catalyst  pe l le t s  combined w i t h  heatrand mass-transport 



l imitations fo r  the reaction to  disguise the t rue e f fec ts  of poisoni,ng. 
Fowler and Bartholomew (29) demonstrated tha t  under such conditions, re- 
action rates  over par t ia l ly  poisoned methanation catalysts  a re  about the 
same as for  the fresh catalysts  and tha t  the t rue e f fec ts  of poisoning 
on ac t iv i ty  and se lec t iv i ty  are  observed only under reaction-limited con- 
di t ions a t  low conversions. 

Experimental and theoretical surface-science techniques (12) have con- 
siderable potential f o r  investigating the nature of metal-sulfur bonds 
a t  the surface. Auger and LEED spectroscopies have already proven them- 
selves as useful techniques for  investigating the s t ructure of absorbed 
sulfur  on metals and such phenomena as surface reconstruction. One of 
the most promising tools for  investigating the e f fec ts  of sulfur  on metal 
c r y s t a l l i t e  s t ructure i n  real catalysts  i s  extended x-ray adsorption,fine- 
s t ructure spectroscopy (EXAFS) . 

Adsorptionjdesorption studies of H2S on supported and unsupported metals 
(27, 28) can now be carried out conveniently w i t h  th.e recent development 
of automated chromatographic analysis using flame photometric detectors 

with extremely high sens i t iv i ty  for  sulfur .  The desorption technique 
developed by 01 iphant e t  a1 . (27) appears t o  be the most accurate, conven- 
ient  technique fo r  generating adsorption isotherms. 

F i  t zhar r i s  and Katzer (116) have developed pyrexa and quartz CSTR reactors 
which enable convenient, d i rec t  study of sulfur-poisoning kinetics and 
ef fec ts  on ac t iv i ty  and se lec t iv i ty  during reaction on metal films (117- 

119) and mono1 i t h i  c catalysts  (120, 1 2 1 ) .  Barthol omew and co-workers 
(29, 122) have also developed quartz and pyrexa d i f fe rent ia l  fixed-bed 
reactors fo r  similar studies on ca ta lys t  powders, pe l l e t s ,  and monoliths. 

In addition t o  the careful choice of experimental conditions and reactor 
materials,  the choice of well-defined ca ta lys t  systems i s  important. In- 
vestigator-prepared ca ta lys ts ,  the physical and chemical properties of 
which have been carefully determined by a number of techniques,are pre- 
f erred. 



VIII. CONCLUSIONS AND RECOMMENDATIONS 

A.  Conclusions 

1. Metal-sulfur bonds a t  the surface a re  s ignif icant ly 
stronger than the corresponding metal-sulfur bonds i n  bulk metal sulf ides .  
Heats of H2S adsorption on metals are  20-409. larger  than heats of fonna- 
t ion of the bulk sulf ides .  

2. Adsorption of HpS on metals occurs dissociatively 
over a wide range of temperatures and coverage. D u r i n g  i n i t i a l  stages of 
H2S adsorption on nickel, sulfur  resides in the high coordination s i t e s ,  
with each sulfur  atom being bo-nded t o  3 o r  4 nickel atoms; however, as the 
sulfur  coverage i s  increased, the surface restructures ,  with each sulfur  
atom being bonded to  2 nickel atoms. Further restructuring of the surface 
and adsorption of sulfur  occurs a t  re lat ively h i g h  H2S concentrations and 
temperatures. 

3.  Sulfur poisons the adsorption of H Z  and CO on most 
metals; h.owever, CO adsorption on nickel may be increased a t  suf f ic ien t ly  
high pressures because of the formation of N i  (,C0)4. No data a re  available 
on the e f f ec t  of sulfur  on CH4 adsorption. 

4. Sulfur-poisoning threshold levels range from 1 to  
20 ppm H2S for  conventional steam-reforming ca ta lys ts ,  depending on the 
ou t l e t  temperature. The few available data suggest tha t  poisoning occurs 
by a simple blockage of the surface for  fur ther  adsorption of reactants.  
The poisoning process i s  somewhat reversible a t  high out le t  temperatures. 
Sulfur i s  dis t r ibuted mainly in the front  of the bed and on the outside 
of ca ta lys t  pe l le t s  a t  near-threshold sulfur  concentrations. 

B. Recommendations for  Further Work 

This discussion of previous work has focused on several funda- 
mental questions. Some of these questions could not be addressed because 
of the present lack of information. For example, how are metal-sulfur 

b.onds affected by metal crystal  1 i t e  s ize  and metal - s u p p ~ r t  interactions? 



Can sulfur-poisoned ca ta lys ts  be successfu l ly  regenerated? Since no 

reported i nves t i ga t i on  has considered adsorpt ion o f  HpS on Co, Pd, o r  

Ru, o r  the e f f e c t s  o f  su l f u r  poisoning on the adsorpt ion o f  methane, and 

s ince on ly  two studies.have considered the poisoning o f  ca ta lys ts  dur ing 

steam reforming, add i t i ona l  research i n  these areas i s  h i gh l y  recommended. 

Other s p e c i f i c  needs f o r  fu r the r  research were addressed a t  var ious 

appropr iate po in ts  e a r l i e r  i n  t h i s  sect ion.  
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INTRODUCTION 

Deact iva t ion  of supported metal c a t a l y s t s  by carbon o r  coke i s  a ser ious  

problem i n  steam reforming, methanation, and o the r  important  c a t a l y t i c  

processes. I t s  ef fects a re  genera l l y  t h r e e f o l d :  ( 1 )  f o u l i n g  o f  t he  metal 
surface, (2)  blockage of c a t a l y s t  pores and voids, and (3)  d i s i n t e g r a -  
t i o n  o f  t he  c a t a l y s t  support. Since l o s s  o f  c a t a l y t i c  a c t i v i t y  and physi -  

c a l  d e s t r u c t i o n  o f  t he  c a t a l y s t  by carbon deposi ts  can occur r a p i d l y  

( w i t h i n  hours o r  days), c o n t r o l  of these ef fects i s  o f  major techno log ica l  

and economic importance. 

The h igh  degree o f  i n t e r e s t  i n  these problems i s  ev ident  from t h e  f a i r l y  

extensive l i t e r a t u r e  dea l i ng  w i t h  carbon depos i t i on  and coke fo rmat ion  

on metals and metal ca ta l ys ts ,  summarized i n  recent  reviews (1-7).  Prog- 

ress i n  understanding carbon fo rmat ion  and needs f o r  f u r t h e r  research are  

documented reasonably w e l l  i n  t h e  most p e r t i n e n t  o f  these l i t e r a t u r e  sur-  

veys (5-7) .  Nevertheless, i t  i s  c l e a r  t h a t  some o l d  and even some new 

concepts regard ing carbon depos i t i on  need t o  be rev i sed  and/or updated 

i n  l i g h t  of even more recent  data. Moreover, new d i r e c t i o n s  of research 

have j u s t  r e c e n t l y  come t o  view. 

The purpose o f  t h i s  sec t i on  i s  t o  survey b r i e f l y  t h e  previous work w i t h  

carbon depos i t i on  on metals; emphasized a re  research areas i n  which s i g n i -  

f i c a n t  progress has been and/or cou ld  be made. As i n  the  sec t i on  on 

s u l f u r  poisoning, t h i s  d iscuss ion focuses on several  important ,  bas ic  

quest ions which should reveal  t he  present  s t a t e  o f  understanding and needs , 

f o r  f u r t h e r  i n v e s t i g a t i o n :  

1. What a r e  t h e  mechanisms by which carbon and coke a re  

deposited? What i s  the  ra te-determin ing  step? 



2. What a re  the chemical, physical, and morphological 
: properties of var3ous carbonaceous materials formed 

in the decomposition of CO and hydrocarbons on metals? 

3. How do ca ta lys t  and gas -phase compositions influence 
the r a t e  of carbon formation and the amount ultimately 
depos i ted? 

4. How do metal c r y s t a l l i t e  s i ze ,  surface s t ructure,  and 
metal-support interactions a f fec t  the ra te  of carbon 
formation and the nature of the species deposited? 

5. How can the unfavorable consequences of carbon deposition 
be avoided? Which methods of regeneration are  most 
practical and resu l t  i n  the l eas t  damage to catalysts?  

Because t h i s  document i s  directed a t  problems connected with steam reform- 
ing, the ensuing discussion in t h i s  section will emphasize work w i t h  nickel .- 
catalysts  and surfaces. 



CARBON AND COKE FORMATION 

A.  Morphology o f  Carbon and Coke 

The de f i n i t i ons  of carbon and coke are  somewhat a r b i t r a r y  and 

by convention r e l a t ed  t o  t h e i r  o r i g i n .  Carbon i s  a product o f  CO d i s -  

proport ionat ion,  wh i le  coke i s  produced by decomposition o r  condensation 

of hydrocarbon on metals. Nevertheless, actual  coke forms may vary 

from high-molecular-weight hydrocarbons such as condensed polyaromatics 

t o  carbons such as graphite, depending on the cond i t ions under which the 

coke was formed and aged (Figure B-1). Formation o f  carbon deposits 

v i a  CO (see F igure 8-2) may invo lve  the product ion and t ransformat ion 

o f  var ious carbon forms (8 ) ,  e.g., atomic (C,) , amorphous, vermicular  

(CB), bu lk  n i cke l  carbide (C ), and c r y s t a l l i n e ,  g raph i t i c  (Cc). the 
Y 

s t ruc tu res  and r e a c t i v i t i e s  o f  which a re  summarized i n  Table B-1.  Recent 

i nves t iga t ions  (9-21) o f  the s t r uc tu re  and bonding o f  carbon on we l l -  

def ined n icke l  surfaces by low-energy e lec t ron  d i f f r a c t i o n  (LEED) and 

Auger e lec t ron  spectroscopy (AES) conf i rm the  presence o f  " d i  spersed" 

o r  atomic carbon s tab le  below 325 '~  (sometimes re fer red t o  as a surface 

n icke l  carbide) and polymerized carbon s tab le  above 325'~. For example, 

Kel l e y  and ca-workers(21) inves t iga ted  the nature o f  dispersed carbon 

formed by d i ssoc i a t i on  o f  CO a t  325 '~  on N i  (100) using AES, concluding 

t h a t  the adsorbed carbon i s  "ca rb id i c "  i n  nature. This carbon was e a s i l y  

removed by hydrogen a t  the same temperature; however, on heat ing i n  

vacuum a t  s i g n i f i c a n t l y  h igher temperatures, the surface carbon apparently 

d i f f used  i n t o  the  bulk. However, decomposition o f  CO on the Ni  (100) 

c r ys ta l  a t  425'~ produced a carbon w i t h  an AES spectrum cha rac te r i s t i c  

o f  graph i te  forms. McCarty and Wise (8) have demonstrated t h a t  C, 

i s  converted t o C B  a t  temperatures above 325 '~  and CB t o  Cc a t  even 

higher temperatures, according t o  the scheme shown i n  Figu.rc 9-2. 

Several s tudies o f  carbon deposi t ion on n i cke l  powders, f o i l s ,  and s i ng l e  

c r y s t a l s  (5, 7 ,  22-30) show d i r e c t  evidence of low densi ' ty  f i lamentous 

(amorphous) and h igh d e n s i  ty ,  c r y s t a l  1 i n e  g raph i t i c  forms, such as p l a te -  

1 e t s  (30) observed a f t e r  treatment i n  carboniz ing atmospheres a t  temp- 

eratures above 550'~. I t  should be emphasized tha t ,  a t  h igh temperatures, 

amorphous carbons may convert t o  more g raph i t i c  forms i n  terms o f  t h e i r  



TABLE B-1 

S t r u c t u r a l  
t ype  

Forriis and R e a c t i v i  t i e s  o f  Carbon on N i cke l  

Temperature Peak temperature f o r  
Des iqna t ion  formed, O C  r e a c t i o n  w i t h  H O C  

2 L  Ref. 

1. Atomic (d ispersed,  C 
su r f ace  c a r b i d e )  CL 

2. Vermicu la r  (po lymer ic ,  
amorphous ) B 

a. F i laments 

b. F i be rs  

W 
c. Whi sk'ers 
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(Hydrocarbon) 

CnHm ( a )  -b C,(a) + H(a)  + CHx(a) + C H ( a )  + . ... + CnHZ 
2~ 

Cy(s) (metal  ca rb ide)  
c a b )  c B ( s )  -b Cc(s) (carbon)  

CH4(a)+ CH4(g) 

CH4 ( a )  + CH4 (g )  

condensed h i g h  mol . wt.  HC ( a )  --+Cy, C8, Cc + Hz ( g )  
(coke) c a r  on) 

F ig .  B - 1 .  Formation and t rans fo rmat ion  o f  coke on metal  su r faces  (a ,  g, and s  r e f e r  t o  
adsorbed, gaseous, and s o l i d  s ta tes ,  r e s p e c t i v e l y ;  gas-phase r e a c t i o n s  a r e  
n o t  cons idered) .  



CO ( a )  --b c, (a )  + 0 ( a )  

N i 3 C  ( s )  

F ig .  B-2. Formation, g a s i f i c a t i o n ,  and t r a n s -  
f o rma t i on  o f  carbon on n i c k e l  (a ,  g, 
and s  r e f e r  t o  adsorbed, gaseous, and 
s o l  i d  s t a t e s ,  r e s p e c t i v e l y ) .  



r e a c t i v i t y  and even c r y s t a l l i n i t y , w h i l e  r e ta i n i ng  t h e i r  ove ra l l  

vermicular s t r uc tu re  (7, 8, 21, 29). The k i n e t i c s  and mechanisms 

o f  formation and t ransformat ion w i l l  be discussed l a t e r  i n  t h i s  

sect ion.  

B. Thermodynami'cs 

1. Carbon 'Formation. Equ i l i b r ium ca lcu la t ions  

(4, 25, 31, 32) can be used t o  estimate. the amount o f  so l  i d  carbon 

i n  equi 1 i brium w i t h  gaseous C O Y  Hz, CH4, C02, and H2Q f o r  f i x e d  values 

of O/H r a t i o ,  temperature, and pressure i n  any reac t ion  system i n -  

vo lv ing  mainly these s i x  species, such as i n  methanation o r  steam 

reforming. Calculat ions are  t yp i ca l  l y  based on equ i l  i b r ium constants 

for  the f o l  lowing three independent react ions : 

CO + 3H2$ CH4 t H20 Methanation (A.H = -206 kJ/mole) (B-1) 

CO + H20.+ HZ + C02 S h i f t  (AH = -41 kJ/mole) (B-2) 

2CO+C t C02 Boudouard (AH = -172 kJ/mole (B-3) 

.Other carbon-forming react ions i nvo l v i ng  the s i x  species above, such as 

methane decompc~sition, CH4+C + 2H2, are  no t  independent s ince they re-  

sul  t from a combination o f  Reactions B-1, B-2, and B-3. From the above- 

described equ i l i b r ium ca lcu la t ions ,  i t  i s  possib le t o  p l o t  the in te r face  between 

carbon-forming and carbon-free regions on a C-H-0 ternary  diagram and 

th.us' est imate the carbon-forming po ten t i a l  fo r  given process cond i t ions.  

This i s  i , l l u s t r a t e d  4n Figure B-3, i n  which the equi ' l ibr ium carbon de.posi- 

t f o n  boundaries are shown f o r  amorphous (25, 31) and g raph i t i c  (33) carbons 

a t  450 '~  and 1.4 atm. Points A and B correspond t o  reactant  gas composi- 

t i ons  of HZO/CH4 = 0.1 and H20/CH4 = 2.0, respect ive ly .  Since p o i n t  A 

1 i e s  above th.e boundary 1 i'nes f o r  both carbons , there i s  a pred ic ted 

tende.ncy t o  deposi t  carbon. For the composition represented by Po in t  B, 

however, no deposi t ion o f  carbon i s  expected, as t h i s  p o i n t  i s  c l e a r l y  

below the bcvrrdary l i n e s  f o r  both carbons. I t  should be emphasized tha t ,  
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Fig.  B-3. E q u i l i b r i u m  C-H-0 diagram showing carbon isotherms a t  4 5 0 ' ~  and 
1.4 atm f o r  g r a p h i t e  and amorphous carbons. Po in t s  A and B co r -  
respond t o  composit ions o f  H  B/CH = 0.1 and H O/CH = 2.0, r e -  
s p e c t i v e l y .  P o i n t  A i s  i n  t ge  reg ion  above t h g  isotherms where 
carbon i s  p r e d i c t e d  t o  form. Carbon fo rmat ion  i s  n o t  expected 
a t  P o i n t  B  because i t  l i e s  below t h e  isotherms f o r  carbon forma- 
t i o n .  



although the presence of carbon i s  predicted f o r  composition A, f o r -  

mation may no t  ac tua l l y  occur unless the system i s  a t  equ i l ib r ium.  

Since near-equi 1 i brium condi t ions obta in  i n  methanation and steam- 

reforming react ions a t  400 and 850°c, respect ively,  ternary  diagrams 

such as Ficure B-3 are useful f o r  est imat ing the amount of carbon 

formed under these condit ions. Major deviati;ons from pred ic ted e q u i l i -  

brium isotherms may occur i f  the product gas contai:ns o ther  gaseous 

speci.es (e. g., C2+. hydrocarbons than the above-mentioned f i v e .  More- 

over, Rostrup-Ni'elsen (25) s ta tes t h a t  i n  steam reforming, coke may be 

formed because of poor ac t i ' v i ty  o r  s e l e c t i v i t y  of the ca ta l ys t  under 

steady-state condit ions, f o r  wh.i'ch the equ i l i b r ium compos.i t i o n  i s  pre- 

di.cted t o  form no carbon. I n  add i t ion,  i f  the surface temperature o f  

the ca ta l ys t  i s  h igher than t h a t  o f  the bu lk  gas, carbon could form on 

the ca ta l ys t  surface when no carbon formation i s  predicted on the basis 

of the bu lk  gas temperature (4) .  

W.halen (4 )  has discussed the e f f e c t s  of temperature, pressure, compasi t i on ,  

and carbon type on equ i l i b r ium carbon deposi t ion isotherms. The carbon- 

forming boundary i s  apparently more sens i t i ve  t o  carbon f r a c t i o n  than 

any other var iab le .  Addi t ion o f  water o r  hydrogen decreases. th.e pr0pe.n- 

s i t y  t o  form carbon. Formation of amorphous carbon from H2/C0 mi.xtures 

i.s more l i k e l y  t o  occur w i t h  increas ing ly  higher temperatures and pressures,. 

whereas formation o f  g raph i t i c  carbon from H20/CH4 mixtures i s  more 

l i k e l y  a t  low pressures and very high temperatures. Although formation of 

"nonideal" (.amorphous) carbon permits carbon-free operat ion over a wide 

range o f  compositions (see Figure B-3),  the dev ia t ion  o f  experimental ly 

obtained equi 1 i brium constants f o r  amorphous carbon from those f o r  graph- 

i t e  becomes small e r  w i t h  increasing temperature (25) as the amorphous 

carbon becomes more g raph i t i c .  1n - the range o f  400-600°c, however, the 

deviat ions from graphi te are s ign i f i can t ;  they a lso increase s i g n i f i c a n t l y  

w i t h  decreasing metal c rys ta l1  i t e  diameter. Rostrup-Nielsen (25) a t t r i -  

butes these deviat ions t o  the higher surface energy and s t r uc tu ra l  d i s -  

order o f  the small-Jiameter f i laments formed on small c r y s t a l l i t e s .  This 

geometrical e f f e c t  i s  consistent  w i t h  data obtained for  s i n g l e c r y s t a l  

n i cke l  ( 2 2 ,  23) and shows the strong in f luence of c r ys ta l  o r ien ta t ion .  

Indeed, carbon was formed i n  the Boudouard reac t ion  on N i ( l l 1 )  bu t  could 

no t  be detected on Ni(100) and (110)! That t h i s  e f f ec t  i s  mainly geometrical 



is  emphasized by the experimental observations of Rostrup-Nielsen (25), 
which show ca ta lys t  composition, supports, promoters, and a1 loys to  
have negligible i'nfluence on the thermodynamics of carbon formation. 
Nevertheless, the kinetics of carbon formati'on are  clear ly influenced 
by these factors ,  as will be demonstrated l a t e r  i n  t h i s  section. 

The practical appl ication of the above thermodynamic information to  
steam-reforming and methanation processes i s  i l l u s t r a t ed  as  follows. 
Since the equilibrium carbon formed i n  steam reforming a t  600-850'~ 
i s  mainly graphitic i n  terms of i t s  reac t iv i ty  (rather than s t ruc ture)  
and since typical steam-reforming catalysts  contain relat ively large 
metal par t ic les ,  thermodynamic data f o r  graphite a re  more applicable 
to  this process, par t icular ly a t  the reactor out le t .  On the other hand, 
the carbons formed i n  methanation (250-450'~) and a t  the steam-reformer 
i n l e t  (400-500'~) a re  clear ly amorphous, and the thermodynamic data show 
signif icant  deviations from graphite, especially i n  the case of well- 
dispersed methanation catalysts  having average c r y s t a l l i t e  diameters i n  

the range of 4-6 nm. 

2. Carbon Adsorption on Nickel. 
The binding energies of carbon atoms on various s ingle  

crystal  surfaces of N i ,  Pd, and P t  have been determined by Blakely and 
co-workers(l5-18, 34, 35) through LEED and AES studies of equi 1 i brium 
segregation of carbon dissolved i n  the metal. Some of the i r  resu l t s  are  

summarized in Figure B-4. Carbon i s  endothermically dissolved in N i  

w i t h  an energy of solution re la t ive  to  graphite of 41.8 kJ/rnole. Segregration 
of dispersed carbon to  the surface of Ni(100) i s  energetically favorable, 

and releases 40.2 kJ/mole. Since the dispersed carbon adsorbed on 

Ni(lO0) a t  low coverage has a heat of formation of only 1.6 kJ/mole 
re la t ive  to  graphite, i t  remains s tab le  a t  low coverages over a f a i r l y  
wide range of temperature. Segregation of dispersed carbon to the Ni(ll1) 

surface was n o t  observed by Blakely e t  a l . ,  presumably because the energy 
of adsorbed carbon on Ni (111) i s  greater than tha t  f o r  C dissolved i n  N i  ; 

t h i s  i s  i l l u s t r a t ed  i n  Figure B-4 by a dotted l ine  a t  an a rb i t ra ry  value 



above 41.8 kcal/mole. B lake ly  e t  a1 . have provided data f o r  carbon 

segregated t o  a number o f  o ther  stepped surfaces, showing the s tab i -  

l i ty of the dispersed , adsorb.ed carbon t o  be favorabl e re1 a t i v e  t o  

carbon dissolved i n  Ni .  Apparently the b ind ing of carbon atoms t o  step 

s i t e s  i s  st ronger than on smooth planes. The i r  r e s u l t s  a lso show (see 
Figure B-41 t h a t  d issolved carbon i s  unstable r e l a t i v e  t o  graphi te  on 

N i t l l l ) ,  su,ggesti.ng t h a t  formation o f  graph.ite 'occurs. preferen- 

t i a l l y  on the [Ill) surface. This may expla in  the ear l i . e r  observa-- 

t i o n s  by Leidheiser e t  a l .  (22, 23) o f  carbon formation on the ( . I l l )  

bu t  n o t  on th.e (100) and (110) faces o f  Ni .  .The facts t h a t  th.e ener- 
ge t i c s  of carbon adsorption vary w i t h  c r y s t a l l i t e  surface s,teps and 

planes and th i t  the energy of f i lamentous, amorphous carbon1 i s  ex- 

pecte.d t o  be higher than f o r  graphi te (see Figure B-4) may account i n  
p a r t  f o r  the deviat ions i n  equi l i .hr ium constants observed f o r  amorph.ous 

carhon relat i .ve.  to, graph.i te.. More research of th.i.s. k.i,nd wi th,  o ther  
catalysts., e,,g., promoted Ni:, Fe, and Co systems, would be valuable. 

I n  the sect ion deal ing with s u l f u r  poi,soning, evi.dence. f o r  a sulfur-.  

i.nduced reconstruct ion of the surface was documented. Can adsorhed 

carhon a lso cause rearrangement of the metal surface? Although very  
few data are ava i lab le  i n  t h i s  regard, they tend t o  support such a 

possi.bi.1 i ty .  For example, Thapl i y a l  and Blakely (18) provi.de evi.dence 

f o r  faceti.ng o f  stepped N i ( l l 1 )  planes by adsorhed graphi te t o  ( . l l l j  

and [110) planes a t  h,igh. carbon coverages. They conclude t h a t  adsorhed 
carbon enhances. the a t t r a c t i v e  in teract i .on among steps t o  cause facet-. 

ing. Su l fu r  adsorbates on the o ther  hand tend t o  i n h i b i t  step coales- 
cense on s i m i l a r  stepped surfaces o f  N i .  This d i f fe rence  i n  beh.avior 

may account fo r  the d i f f e r e n t  effects o f  carhon and s u l f u r  on a c t i v i t y /  

re1 ect i .v i  t y  proper t ies  i n  a number o f  reacti,ons . 

. . . , , .  

T7.e energy l eve l  shown f o r  amorphous carbon i.n Fi.gure B-11 i.s a r b i t r a r y .  

Although i t  c l e a r l y  has a higher energy than graph,ite, the actual  energy 
l eve l  depends on the vermicular s t ruc ture .  The energy l e y e l  probably 

i.ncreases w i t h  decreasing f i  lament diameter (see Ref. 25). 
B-11  
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C .  Kine t i cs  and Mechanisms 
. . 

1. Dispropor t ionat idn of Carbon 'Monoxide 

The s to ichiometry of CO d i  spropor t ionat ion af the Boudouard 

reacti'on i s  sh.own by Equation B-3. The forward reacti'on i :s  exothermic and 

i s  favored a t  temperatures below 700'~. Measurablerates .of carbon fir- 
mation occur i n  the presence o f  Co, Fe, and N i  ca ta l ys t s  above 350'~. Re- 

cent  investi 'gat ions (7, 36) i nd i ca te  the decreasing order of a c t i v i t y  t o  

be Fe, Co, and Ni, al though each metal has a d i f f e r e n t  optimum temperature 

of operat ion (7, 37). The form o f  carbon deposited depends on reac t ion  

condi t ions.  I n  the lower-temperature range, 350-600°c, f i lamentous car- 

bons predominate (7 ,  24, 25, 3 7 ) ,  whi le  a t  700 '~  and above, p l a t e l e t  grap- 

h i  t e  i s  observed (7, 30, 27, 38). 

The k i n e t i c s  o f  CO d i sp ropor t iona t ion  has received r e l a t i v e l y  l i t t l e  

a t ten t ion ;  i n  fac t ,  on ly  two comprehensive k i n e t i c  s tud ies  o f  N i  ca ta l ys t s  

(,both grav imet r ic )  have been reported (39-41) and t o  our knowledge,none 

o f  'o ther  metal ca ta lys ts .  TBtt rup (39) i nves t iga ted  the reac t ion  on Ni /  

n-A1203 i n  the temperature range o f  280-500'~; Gardner and Bartholomew 

(40, 411, on u-Alp03 -supported N i  and N i  b ime ta l l i c s  from 300 t o  450'~. 

I n  both inves t iga t ions ,  an induc t ion  per iod o f  0.5 t o  5 hours was observed, 

dur ing which no measurable weight increase occurred and a f t e r  which the 

r a t e  o f  carbon depos i t ion  passed through a maximum, reaching a steady s t a te  

w i t h i n  the next  1-2 hours (see Figure B-5). The r a t e  o f  carbon format ion 

i s  zero t o  f i r s t - o r d e r  i n  CO and q u i t e  sens i t i ve  t o  temperature, apparent 

a c t i v a t i o n  energies ranging from 100-130 kJ/mole. Gardner and Bartholomew 

found the s p e c i f i c  steady-state r a t e  o f  m u l t i l a y e r  f i lamentous carbon 

format ion (.on a N i - s i t e  bas is )  t o  be reasonably h igh bu t  nevertheless about 

one order o f  magnitude less  than f o r  methanation o f  CO under comparable 

condi t ions.  Recent data from Goodman e t  a1 . (42) i nd i ca te  t h a t  the tu rn -  

over number ( r a t e  per s i t e  per sec) fo r  format ion of atomic carbon on Ni(100) 

a t  coverages less  than a monolayer i s  about the same as f o r  methanation 

o f  CO; t h .e i r  reported a c t i v a t i o n  energy o f  105 kcal  i s  a l so  the same as f o r  

methanation, w i t h i n  experimental e r r o r .  Thus, the r a t e  o f  format ion of atomic 
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F ig .  B-5. Weight and weight d e r i v a t i v e  as a  f u n c t i o n  o f  t ime du r i ng  the  Boudouard 
r e a c t i o n  a t  648 K (PCO = 9.0 kPa and P  = 80.6 kPa). 
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carbon on Ni a t  low coverages i s  apparently s i g n i f i c a n t l y  greater than 

t h a t  o f  f i lamentous carbon formed i n  r e l a t i v e l y  massive quan t i t i es .  

A mechanism fo r  carbon formation on N i  cons is tent  w i t h  these previous 

studies i s  shown i n  Figure B-2. The rate-determining step a t  low cover- 

ages i s  presumably the d issoc ia t ion  of CO. The atomic carbon thus formed 

i s  transformed t o  a polymeric form Cg, according t o  k i n e t i c s  reported by 

McCarty and Wise (8). The proposed mechanism by which the f i laments  o f  

Cg are formed has been discussed i n  great  d e t a i l  by T r i m  (6) and by 
Baker and Har r i s  (7) .  B r i e f l y , i t  e n t a i l s  (a )  the d i sso lu t i on  o f  adsorbed 

carbon atoms i n  the metal c r ys ta l 1  i te, (b)  d i f fus ion through t h ~  metal , 
and (c)  p r e c i p i t a t i o n  o f  carbon atoms a t  the rear  of the metal p a r t i c l e  

t o  form a polymeric carbon f i lament. Thus, the metal p a r t i c l e  i s  l i f t e d  

off the support and i s  moved outward on top of the growing f i lament. This 

process continues u n t i  1 the metal p a r t i c l e  becomes encapsulated w i t h  i n a c t i v e  
carbon. The observed i n d u c t i ~ n  per iod f o r  f i lamentous carhon formation 

i s  explained by t h i s  mechanism; t h a t  i s ,  a ce r t a i n  induct ion per iod i s  re -  

quired for  d isso lu t ion,  p rec ip i t a t i on ,  and separation o f  the metal crys- 

t a l l i t e  from the support. 

The nature o f  th.e d r i v i n g  force and the ratedetermin. ing step f o r  th.e for-. 
na t i on  of carbon f i laments are matters. of some controversy. Rostrup-Nielsen 

and Trimn (5) s,u,ggest t h a t  the dr iv i ,ng force i s  a concentrat ion gradient  

o f  carhon (.atoms presumably) across th.e metal p a r t i c l e ,  the a c t i v i t y  o f  

carbon being lower a t  the growing f i lament/metal i n te r face .  Har r i s  and 

Baker (71 ,  on th.e other hand, argue t h a t  the reac t ion  i s  dr iven by the  temp- 

era ture  gradi.ent due t o  the exothermici ty o f  CO d issoc ia t ion.  Th.e ad- 

vantages and disadvantages of both mechanisms have been discussed a t  some 

length (:5, 671. Since some hydrocarbon decomposi t i 'on react ions.  are endo- 

th.enni.c, the actua l  process may requ i re  a combination o f  concentrat ion and 

temperature d r i v i n g  forces. 

\ 

The rate-determining step i n  formation o f  f i laments i s  bel ieved t o  be the 

di.ffusion of carbon through the metal, since the sun o f  the acti.vati.on 



energy f o r  d i f f u s i o n  o f  carbon through Ni  (43) o f  84 kJ/mole, p lus  the 

heat o f  so l u t i on  of carbon i n  N i  (44) o f  about 42 kJ/mole, i s  near the 

observed a c t i v a t i o n  energy for  carbon formation o f  130 kJ/mole. An 
a l t e rna t i ve  mechanism i s  surface migrat ion o f  adsorbed carbon atoms o r  

CO molecules t o  carbon f i lament/metal i n t e r f ace  (5, 45). However, s ince 
data from Massaro and Peterson (43) i nd i ca te  t h a t  surface d i f f us i on  on 

a N i  f o i l  i s  n e g l i g i b l y  small i n  the temperature range of 350-700°c, the 

concept o f  surface d i f f u s i o n  o f  carbon i t s e l f  may no t  be reasonable. Ex- 
perimental evidence f o r  a metal carbide intermediate (6, 7, 27) i n  car- 

bon formation supports. the bu lk  migrat ion model. 

2. Decomposition of'Fiydrocarbons. 

Trimn (6 )  and Baker and Har r i s  (71 have reviewed i n  

some d e t a i l  previous studies of the kineti 'cs and mechanisms o f  carbon 

formation from decomposition o f  various hydrocarbons on Co (46), Fe (46), 

and N i  (6, 46-51). Generally, ra tes  of formati.on o f  carbon decrease i n  

the' fo l l ow ing  order: acetylenes, o le f ins ,  pa ra f f i ns  (6, 51). For example, 

Rostrup-Nielsen (49) shows t h a t  dur ing steam reforming a t  500'~ (H20/C = 2), 
4 the coking r a t e  f o r  ethylene on Ni/MgO-A1203 i s  a f a c t o r  o f  10 greater 

than t h a t  f o r  n-butane and 200 times greater  than t h a t  f o r  n-heptane. Rates 

o f  carbon formation from benzene and toluene a r?  orders o f  magnitude, greater 

th.an t h a t  from CO (6) .  

K i ne t i c  data for  carbon formation on N i  ca ta lys ts  i n  the temperature range 

of 3 5 0 - 6 0 0 ~ ~  are summarized i n  Table 8-2. Reaction orders are  general ly  

zero f o r  both hydrocarbons and HZ, although the order f o r  hydrocarbons may 

increase t o  1-2 a t  temperatures above 650'~ (.6). Ac t i va t i on  energies f o r  

acetylene and o l e f i n  decomposition on N i  range from 125 t o  139 kJ/mole. 

Since these values o f  Eact are so very near those observed f o r  CO d ispro- 

por t ionat ion,  the same mechanism (formation of f i lamentous carbon) and 

rate-determining step ( i .e. ,  d i f f u s i o n  o f  carbon through the metal)  are  . 
bel ieved t o  operate (5-7). Indeed, the fi lamentous carbons formed by de- 

composition o f  these unsaturated hydrocarbons are very s i m i l a r  i n  s t ruc -  

t u r e  t o  those observed i n  CO d ispropor t ionat ion (5-7, 27, 29, 52). For 



TABLE 8-2 

Hydrocarbon 
aas 

C2H2, C2-C4 o l e f i n s  

To1 uene 

K i n e t i c  Parameters f o r  Steady-State Carbon 
Formation on Nickel-Containing Catalystsa 

Cata lys t  
Reaction orders 

RH - H -2 

Ni  f o i l  375-525 0 0 
Ni  /A1 203 350-450 0 0 
N i l k i e s e l  guhr 350-450 0 0 

Ref. - 
46-47 
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a ~ n  most o f  these experiments, s u f f i c i e n t  H, was present t o  prevent encapsulation. 
L 

b ~ n d e r  cond i t i ons  representa t ive  of steam reforming w i t h  H 0 = 2.0; n o t  r e a l l y  comparable 
w i t h  t h e  o the r  data because i t  inc ludes the  g a s i f i c a t i o n  trocess. 



decomposit ion of p a r a f f i n s  and l i g h t  aromatics on metals,  the  o v e r a l l  

r a t e  of carbon formation i s  slower (,than f o r  acetylenes and o l e f i n s )  

and i s  c o n t r o l  l e d  by the  r a t e  of surface r e a c t i o n  (6)  ; a c t i v a t i o n  ener- 

g ies  a re  a1 so l a r g e r  (see Table B-2). 

A1 though c a t a l y t i c  decompori t i o n  of methane t o  form f i l a m e n t a r y  car-  

bon has been repor ted  (25, 29, 53, 54b), Baker e t  a1 , r e p o r t  t h a t  t h e i r  

at tempts t o  produce i t  f rom v e r y  pure methane f a i l e d  (7, 55). Baker 

and H a r r i s  (7) suggest t h a t  hydrocarbon i m p u r i t i e s  and/or t he  p roduc t i on  

of unsaturated hydrocarbon products over  a l ong  t e s t  p e r i o d  may account 

f o r  the  prev ious observat ions of carbon f i l amen ts  f rom methane. They 

argue t h a t  s ince  methane decomposit ion i s  endothermic, t he re  i s  no 

temperature d r i v i n g  force t o  s u s t a i n  i t s  decomposit ion, unless oxygen 

o r  o t h e r  hydrocarbons a re  present .  I f  methane does n o t  form carbon, 

then the  carbon formed i n  steam re forming o f  methane must o r i g i n a t e  

from decomposit ion o f  CO formed by the  reverse methanation r e a c t i o n  

(Equation B-1). 

Beside the  formation of f i lamentous carbon and very  s i m i l a r  a c t i v a t i o n  

energies, t he re  a r e  several  o the r  c h a c t e r i s t i c s  of t h e  k i n e t i c s  o f  ca r -  

bon formation f rom hydrocarbons which appear t o  be general fea tures .  

One o f  these i s  t he  form o f  t he  weight-versus-t ime curve i l l u s t r a t e d  i n  

F igure B-5; t h i s  curve i s  f o r  CO d i s p r o p o r t i ~ n a t i o n ~ b u t  i t  i s  a l s o  a p p l i -  

cable t o  hydrocarbon decomposition, w i t h  perhaps one s l i g h t  m o d i f i c a t i o n .  

A f t e r  steady s t a t e  i s  reached, t h e  r a t e  o f  carbon fo rmat ion  may, a f t e r  

a p e r i o d  of time, drop o f f  because o f  widespread c r y s t a l l i t e  encaps.ula- 

t i o n ,  l end ing  an S shape t o  the  curve. Th i s  behavior ,  however, i s  u s u a l l y  

n o t  observed i f  a smal l  amount o f  e i t h e r  H2 o r  H20 i s  present .  

A second f e a t u r e  comnon t o  carbon fo rmat ion  from hydrocarbons i s  t he  

form o f  t he  Arrhenius p l o t  over a wide range o f  temperature, i l l u s t r a t e d  

by the  data f o r  1-butene on Ni  i n  F i y r e  B-6. A t  r e l a t i y e l y  low tempera- 

t u res  (100-550'~) t y p i c a l  Arrhenius behavior  i s  observed, w i t h  a c t i v a t i o n  

energies rang ing  f rom 100 t o  200 kJ/mole (see Table B-2). However, a t  

moderate temperatures (550-650°c), negat ive  temperature c o e f f i c i e n t s  a re  

observed, and f i n a l l y  a t  h igh  temperatures (above 650'~) p o s i t i v e  



Rec ip roca l  Temperature ( 1  /T )  K-I 

Fig .  B-6. The temperature dependence o f  carbon 
deposition on Ni foil. Butene-1 = 
100 T o r r ;  Hz = 25 T o r r  (Ref .  51 ) .  



temperature coe f f i c ien ts  are once riore observed (presumably because of 

th.e onset of cracking on the support and i n  the gas phaze).. The possib le 

basis f o r  the negative ac t i va t i on  energy a t  moderate temperatures hns 

been discussed i n  some detai.1 by Rostrup~.Ni.els:en and Tri.mn. Th.ey beli.eve 
tt i s  best  explafned by adsorpti.on e f fec ts ,  .t.e., a dec l ine  i n  surface 

concentrati.on o f  reactants w i t h  increasing temperature.. Although. these 
authors discount oth.er poss ih i  1 i t i e s  , most notably gas i f i ca t i on  o f  the. 

adsorbed carbon by W 2  o r  H20, o r  self-poisoning b y  a f i l m  o f  graph.i.te 

(.54al o r  polymer (56, 571, these are nevertheless a lso p laus ib le  expla- 
nations. 1;t i s  obvi'ous th.at more care fu l  research. i s  needed t o  s .e t t le  th. is  

controversy. 

However, a more urgent need i.s the study of complex precursors from decom-, 

pos i t i on  of hydrocarbons wh.ich lead t o  coke and carhon formati,on. Be-. 
cause on ly  a few previous studies ( 7  ,. 58-61] have bee.n made, thi 's seems 

t o  be anoth.er area f o r  f u r t h e r  research. 

3 .  Effects. o f  Hydroqen 'and Wate.r 

The presence of e i t h e r  H2 o r  H20 can very substan-. 

t i a l  l y  reduce o r  e l  i.mi.na t e  a1 together the  formati,on o f  carbon o r  coke 

deposits i n  e i t h e r  meth.anati.on o r  steam reforming. The mechani.s.m by 

whi.ch th.i.s occurs 's simple. Adsorbed Hz o r  H20 reac t  with., and thus 

remove, atomic carbon andlor  coke precursors formed by d i  ~s.oci.ati:on of 

CO o r  decomposition of hydrocarbons t o  form CH4, CO, and Hz (18, 40., 41, 

491. I f  su f f i c i .en t  Hz o r  H20 i s  present, the surface residence time of 

acti.ve carbon forms and coke precursors w i l l  be short.  Th.us, th.e.re is. 

l i t t l e  transformati.on o f  these species t o  more i.na.ctive forms according 

t o  the schemes i n  Figures B-1 and B-2, and the formation of conde.nsed 

hydrocarbons and amorph.ous and, g raph i t i c  carhons i s  mini,mi:zed. Th.i s 
i.s we l l  i l l u s t r a t e d  by data from the studies o f  Gardner and Bartholomew 

(PO, 41) of carbon deposi t ion dur ing metbanation and from the i n v e s t i -  

gat ion of Rostrup-Niel sen (49) of coking under steam-reformi:ng condi - 
t ions .  



Gardner and Bartholomew (.40, 411 found tha t  massive formation of fi.la- 
mentous carbon did not occur over a period of 24 hours on a 14% Ni:/A1203 
catalyst  tested a t  temperatures. from 350 t o  450.'~ (.1 atmj i n  a ca,re-. 
fu l ly  purified mixture of N2-dfluted H2 and CO ( the H2/C0 rati.0 was 
varied from 0.5 to  3.0). However, i f  the H2/CQ r a t i o  was lowered to  less  
than 0.25, massive formation of carbon occurred w i t h i n  a few minutes; 
moreover, once in i t i a t ed ,  the deposition continued a t  re lat ively high 
ra tes ,  even a t  H2/C0 ra t ios  ranging up t o  4.0. Nevertheless, the over- 
a l l  r a t e  of carbon formation ( a f t e r  i n i t i a t i o n )  a t  400°c, H2/C0 = 3, was 

a factor  of 20 lower than tha t  under equivalent conditions in the ab- 
sence of H 2 ,  indicating substantial gasifi,cation of carbon intermediates 
even a f t e r  the deposition had begun (see Figure B-7). More important, 
however, these resul ts  demonstrate t h a t ,  if suf f ic ien t  Hz i s  present 
i n i t i a l l y  (and other gaseous impurities a re  absent) ,  carbon deposition 
does not occur, even over a long period of time and over a wide range 

of process condi.tions . 

Rostrup-Nielsen (491,- reported simi 1 a r  ob.servations i n  regard to  coking 
under steam-reforming conditions of 500°c, 1 atm, and H20/C = 1.3 t o  2.,0.. 

For example., h.e noted that  the res.i.dence time of coke. precursors is. 
greater and tha t  coking rates  a re  much larger i,n the absence of steam. 
His resu l t s  suggest tha t  th.e best steam-reformi.ng catalysts  are  acti.ve. 
for  adsorption o f  both hydrocarbons and steam, i , e . ,  achieve an even 
balance between rates of formati,on of coke precursors and garificati,on 
by adsorbed water. Catalysts with enhanced ab.i l i ty to  adsorb steam delay 
th.e formation of coke and also lower th.e r a t e  of formation once i t  i s  . 

i n i t i a t ed .  

Both s.tudies demonstrate the importance of investigating carbon-deposi- 
ti.on kinetics under redcti,on conditions i.n the presence of H p  and H20. 
Previous investi.gations in which th.e formation of carbon and coke and 
the i r  gasification were carried out separately have 1 i t t l e ,  general 
application t o  real reaction systems entai l ing both reactions,  because 
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the carbonaceous deposits a re  transformed to unreactiye and unrep- 
resentative carhon deposits. An important exception to  t h i s  was the 
temperature-programmed reaction study of McCarty and Wise (8), i n  
which representative carbon forms were carefully deposited a t  low coyer- 
ages and then quantitatively hydrogenated. The need for  additional 
quantitative studies of the formation and gasification of carbon and 
coke precursors and of carbon formation under reaction conditions can- 
not be overemphasized. 

4. Effects of Promoters and Poisons 

Promoters tha t  enhance the adsorption of H z  o r  H20 
and/or the ra te  of gas i f i ca t ionof  carbon or  coke by H 2  o r  H20 should, 

w i n  principle,minimize the deposition of carbon. Gardner and Bartholomew 
(40, 41)  found that  the ra te  of carbon deposition on Ni/A1203 i n  methana- 
tion was increased by addition of Mo and decreased by addition of P t  

(.see Table B-3). Rostrup-Niel sen (49) observed tha t  formation of coke 
i n  steam reforming was delayed and occurred a t  lower rates  on fJi catalysts  
promoted with a lka l i  o r  supported on MgO. This e f fec t  was at t r ibuted to  
enh.anced steam adsorption and more e f f i c i en t  gasification in the presence 
of these promoters. The bet ter  se lec t iv i ty  of urania-promoted catalysts. 
has also been related to  the a b i l i t y  of urania to  enhance steam ad-. 
sorption and, gasification (-62). Catalysts containing Ni-Cu, Co, and P t  

produced no coke b u t  a lso demonstrated negligible ac t iv i ty  in ethane re- 
forming, presumably because they did not dissociatively adsorb hydro- 
carbons (49).  Ru and Rh ca ta lys ts ,  however, showed very high reforming 
ac t iv i ty ,  while producing no coke. This was at t r ibuted to reduced mo- 
b i l i t y  and/or so lubi l i ty  of carbon i n  the metal which retards nucleation. 

Two poisons, S and Fe(.CO)5, are  known to a f fec t  the deposition of carhon 

in methanati,on and steam reforming, a1 though the precise nature of the i r  
influence i s  not c lear  from the somewhat scarce, contradictory l i t e r a t u r e  
on th i s  subject. 



TABLE B-3 

Turnover  Numbers f o r  Carbon Format ion o f  
Alumina-Supported Ni and N i  B i m e t a l l i c s  
d u r i n g  Methanat ion  (PT = 1 atm,  PCO = 0.09 
atm,  H ~ / C O  = 3 ) .  lc ( s - 1 )  x 103 

Average meta l  c r y s t a l  1 i t e  
C a t a l y s t ,  w t %  d i a m e t e r ,  nm 350°C 4 2 5 O C  



Ke l ley  e t  a l .  (21) observed deac t i va t i on  o f  a Ni( . l00)  c r y s t a l  f o r  

a methanation by ppm q u a n t i t i e s  o f  Fe(COl5 t h a t  deposited Fe on the  

surface, and by d i f f u s i o n  of S from the  bu lk  N i .  I'n bo th  cas,es, t he  

deact ivated surface was covered w i t h  a " g r a p h i t i c "  carbon a f t e r  th.e 

reac t i on .  Gardner and Bartholomew (40, 41) found t h a t  by c a r e f u l l y  

p u r i f y i n g  t h e  gases o f  Fe(C0)5 and S compounds, carbon fo rmat ion  on 

Ni/A1203 cou ld  be avoided over a wide range o f  methanation condi-. 

t i o n s .  Two recent  papers (63, 64) i nd fca te  t h a t  S enh.ances th.e t rans-  

formation of Ca t o  C@ on Ni/A1203, e i t h e r  by c a t a l y z i n g  t h e  a t o  @ 

t r a n s i t i o n  (63). o r  by prevent ing  the  di ,ss,ociat ive adzorpt fon o f  HZ, 

thereby poisoning hydrogenation of C, (64) and causing i t  t o  b u i l d  

up and polymerize. Thus S does n o t  completely prevent  d issoc ia t i .ve  

adsorp t ion  o f  CO i n  N i  bu t  r a t h e r  changes t h e  s .e lec t iv i . ty  i n  metha- 

n a t i o n  t o  hydrogen-poor products t h a t  coke and carbon the  surface. 

I n  apparent c o n t r a d i c t i o n  t o  the  r e s u l t s  obta ined under meth.anation 

cond i t ions  , Rostrup-Niel  s.en (49) repor ted  t h a t  carbon format ion d i d  

n o t  occur on a S-poisoned Ni/A1203-Mg0 c a t a l y s t  under steam -reformi.ng 

conditions.. This, he explained, was because of a blockage o f  t he  Ni. 

surface. A poss ib le  exp lanat ion  f o r  t h i s  apparent c o n t r a d i c i  t i o n  i s  

t h a t ,  whereas d i ssoc ia te  adsorpt ion o f  CO can take p lace on a S- 

poisoned Ni. surface, d i  ssoci  at i ,ve adsorp t ion  of hydrocarbons is. n o t  

possib le.  Add i t i ona l  research on how S a f fec ts  the  adsorpti.on of 

hydrocarbons acd depos.it ion o f  carbon sh.ould be encouraged.. 

5. E f fec ts  of Surface Str.ucture, p a r t i c l e . '  Si.ze, 

and Support 

E f f e c t s  of surface s t r u c t u r e  (.6, 22, 23, 30, 65-68) 

and metal c r y s t a l  1 i t e  s i z e  (7, 25, 40, 41, 69) on the  r a t e  o f  carbon 

formation have been observed i n  several  previous s tud ies .  Coke fo rmat ion  

occurs a t  d i f f e r e n t  r a t e s  on d i f f e r e n t  metal c r y s t a l  faces (:67, 68)., t he  

order  of a c t i v i t y  depending on the  ex ten t  of depos i t i on  (6). Formation 

o f  f i lamentous carbon i s  apparent ly  favored on the  (111)' steps and on 

the  (111) face o f  N i  (22, 23), and i n  general on rough surfaces (,66), 



and i t  i s  l e s s  favored on s i n g l e  c r y s t e l s  con ta in ing  no g r a i n  bound- 

a r i e s  (66). I nduc t ion  per iods a re  s h o r t e r  f o r  supported c a t a l y s t s  

r e l a t i v e  t o  f o i l s ,  suggest ing t h a t  n i c k e l  p a r t i c l e s  must be separated 
0 

from t h e  fo i , l s  fo r  measurable r a t e s  o f  carbon formation t o  occur. 

According t o  these data, t he  formati'on ' o f  carbon should be favored on 

small  p a r t i c l e s  having a hi'gher frequency o f  rough, planes,. and tndeed 

t h a t  i s  t h e  case (.25, 69). Data i n  Table B-3 (40, 41) sho.w'that t he  

carbon depos i t i on  r a t e  duri'ng methanatton i.s g reater  on smal le r  p a r t i -  

c l e s  o f  N i  on A l2Q3  Admit tedly t h i s  cou ld  be e i t h e r  a part i :c le-si ,ze 

e f fec t  o r  a support (metal - loading)  ef fect .  

The i n f l u e n c e  o f  metal-support in teract i 'ons on the  r a t e  of carbon 

formation has received very l f t t l e  attent i :on. F igueiredo and Trimm 

(.50b) found t h a t  A1203 and k iese lguhr  supports had l i t t l e  e f fec t  on 

the  r a t e  o f  carbon depos i t i on  f rom propylene (:see Table B-2) , except 

t h a t  hydrogen changed the  k i n e t i c s  fo r  th.e unsupported N i  bu t  had no 

e f f e c t  on th.e supported ca ta l ys ts .  I n  comparing the  formation o f  car-  

bon on Ni./Al 203 and Ni./Ti02, Bar tho l  omew, e t  a1 . (:70) found t h a t  the 

r a t e  of carbon formation from CQ or, Ni/Ti.Q2 was neg1igi:ble . . under con- 
d i t i o n s  f o r  which the  r a t e  was very s i g n i f i c a n t  on Ni/A1203. More- 

over, very l i t t l e  f i lamentous carbon was observed i n  e l e c t r o n  micro-  

graphs o f  Ni /T i02,  whereas copious amounts were observed i n  the  micro-  

graphs f o r  Ni'/A12Q3. Th is  r e s u l t  suggests t h a t  s t rong  metal-support 

i n t e r a c t i o n s  may s i g n i f i c a n t l y  lower the  r a t e  of carbon formation. 

I n  view of t h e  p o t e n t i a l  importance o f  these r e s u l t s ,  f u r the r  research 

i n t o  metal -support I n t e r a c t i o n s  should have a h igh  p r i o r i t y .  Since 

carbon depos i t i on  o f t e n  r e s u l t s  i n  a t rans fe r  of N i  p a r t i c l e s  from a 

ceramic t o  a carbon support, the  study o f  t he  p roper t i es  o f  N i  supported 

on high-surface-area f i lamentous carbon should a l s o  be o f  g r e a t  i n t e r e s t .  



A t  t h e  beginning o f  t h i s  sec t i on  we mentioned th ree  ways i n  which 

carbon deac t i  va.tes c a t a l y s t s .  The ex ten t  and nature  o f  d e a c t i v a t i o n  

by one o r  a combinati'on o f  these modes depends on reacti'on conditions-; 

temperature and H2/C0 o r  H20/C r a t i o s  a re  apparent ly  t h e  most c r i t i c a l  

factors.  For example, i n  steam re forming the re  i s  a c r i t i c a l  H20/C 

r a t i o  [ for  a g iven temperature and hydrocarbon feed), above which coking 

does n o t  occur (711. A t  low temperatures ( ~ 3 7 5 ' ~ )  condensed polymers, 

and a t  h igh  temperatures (>650°c) ,g raph i t i c  carbon encapsulate t h e  

metal surface (26, 72). However, i n  the  temperature range of 375 -650 '~~  

encapsulat ion of t he  metal does n o t  occur; thus,f i lamentous carbon 
formed i n  steam reforming a t  these temperatures does n o t  cause a l o s s  

of i n t r i n s i c  c a t a l y s t  a c t i v i t y  (26, 49, 71, 72). In fact ,  i t  may r e -  

s u l t  i n  increased s p e c i f i ; ~  a c t i v i t y  because of a red ispers ion  o f  t he  

Ni: on th.e carbon support (.26, 72). 

Nevertheless, formation of copious amounts of f i lamentous carbon can 

b r i n g  about o the r  forms o f  deac t i va t i on ,  namely p lugg ing o f  c a t a l y s t  

pores and r e a c t o r  voids (49, 711 and d e s t r u c t i o n  of c a t a l y s t  p e l l e t s  

(49, 71, 73). Rostrup-Nielsen concluded t h a t  pore mouth poisoning hy 

carhon was respons ib le  f o r  decreased a c t i v i t y  o f  reforming c a t a l y s t s  

tes ted i n  a p i l o t  p l a n t  (49).  If s u f f i c i e n t  carbon i s  a l lowed t o  

accumulate i n  the  pores, t he  s t rong carbon f i laments  can a c t u a l l y  break 

up c d t a l y s t  p e l l e t s  i n t o  a f i n e  powder (49 ,  71, 73). Carbon and cata-  

l y s t  powders can thereby p lug  the  voids and cause channeling, decreased 

conversion, and u l t i m a t e l y  p lugging o f  t h e  reformer tubes (49).  

One o the r  poss ib le  mode o f  d e a c t i v a t i o n  should be mentioned - namely 

fo rmat ion  o f  metal carb ides having lower a c t i v i t i e s  than the  metals.  

The importance o f  such carbides i s  s t i l l  open t o  quest ion. Coad and 

R i v i e r e  (-11) repor ted  t h a t  bu l k  metal carbides a re  unstable above 300°c, 

b u t  Loho (46) and Moayeri and Trimm (72) have i d e n t i f i e d  t h e i r  presence 



i n  catalysts  exposed t o  coking envi. ronments . Whether metal carbides 
are involved i n  filament growth, or are  formed during cooling or when 
filament growth has ceased, is also open to  question ('7). The role 
of metal carbides i s  c lear ly an area needing fur ther  i'nvestigation. 

Although a number of empirical power-law models including the Vaorhies 
Correlation (74) have been developed f o r  coking on cracking ca ta lys ts ,  
these models a re  n o t  applicable to  carbon deposition on the supported 
metal catalysts  used i n  methanation and steam reforming (49). There 
are  two fundamental differences between the two kinds of catalysts  which 
explain this: (1) the mechanism of carbon formation on metals involv- 
ing a l inear  weight increase w i t h  tlme (-see Figure 8-5) i s  d i f fe rent  
from that  on acid supports,and ( 2 )  the various types of carbon formed 
on metals may or  may not lower in t r ins i c  activi 'ty (e .g . ,  i n  steam re- 
f~ rming ,  amorph.ous Pi laments do not, and graphite films do). 

Even so, since carbon filaments plug and hreak u p  the ca ta lys ts ,  t he i r  
formation i s  undesirable. A re la t ive ly  si.mple model of carbon f i l a -  
ment formation would involve two kinetic parameters Prom gravimetric 
measurements under reaction conditions over a range of temperatures 
[e. g . ,  500-600'~) and reactant par t ia l  pressures : (1) induction time 
and ( 2 )  the zero-order ra te  constant t49). In addition, i f  the re- 

s u l t s  were to  be accurate, the e f fec ts  of heat and mass transport would 
need t o  be inputted to  a two-dimensional mode1,such as tha t  developed 
by Rostrup-Niel sen (71) for  steam reforming . 

Deactivation by graphite films a t  temperatures above 650'~ might be 
modelled w i t h  a general power-law ra te  expression according to  Leven- 
spiel  (175)., although the intrusion of cracking reactions i n  th.e gas 
phase and on th.e s,upport a t  very h.i:gh temperatures sdds cons.iderable. 
compl exi ty . 

The need for  rea l i , s t ic ,  accurate models of metal ca ta lys t  deactivation 

b.y carbon i:s apparent. 



IV. REGENERATION OF ; CATALYSTS 

I n  s p i t e  o f  f t s  ohvious importance, regeneratton o f  coked ca ta lys ts  

has received r e l a t i v e l y  minor s c i e n t i f i c  a t ten t ion .  Future require- 
ments f o r  processing heavy f ue l  s w i  11 undoubtedly s t imula te  more 

a c t i v i t y  i n  t h i s  area. Nevertheless, carbon deposition, 1 i ke su l fu r  

poisoning, i s  more e a s i l y  prevented than cured, because the "cure" 

e n t a i l s  process i n te r rup t i ons  and poss i6 le  damage t o  the ca ta lys t ,  

Thus, i t  i s  pre ferab le  i f  steam-reforming ca ta lys ts  can be developed 

which i n te r f e re  w i t h  the deposi t ion o f  carbon by- promoting the i m -  

mediate removal of coke precursors vi'a gas i f i ca t ion .  Once coked, 

however, the a l t e rna t i ves  f o r  removing the carhon are twofold: [I) 
gas i f i ca t i on  w i t h  H2 o r  H20 o r  2 )  con t ro l led  ox idat ion w i t h  oxygen 

o r  oxygen-containing compounds. 

Removal of coke by H2 of H.2Q has been reviewed tn some de ta t l  by 

Trimn (-6). Gas:ificati.on by steam o f  ccke (presumably Ce) deposited 

hy pyro lys is  o f  hydrocarbons on Ni: occurs a t  s fgn i f  i c a n t  ra tes between 

500 and 700°c, once the encapsulating mater ia l  has been removed. The 
rates. are comparable w i t h  those o f  th.e d i f fus ion o f  carbon th.rough 

Ni.,wb.i.cb suggests t h a t  the backdif fusion of carbon i s  rate-deter-  

mining. I n  accordance w i t h  ea r l  i ' e r  di.scussion, gasif  i.ca.ti.on ra tes are 

enhanced by a l k a l i  and o ther  oxide promoters. That the r a t e  o f  carbon 
gasi f icat i :on by steam a lso depends on the rea,c t i .v i ty  o f  carbon is :  con- 

firmed by Rostrup-Niel sen (49). He observed tha t '  f resh ly  formed f i b rous  
.carbon was eas i l y  removed by a large excess o f  steam (.presumably a t  

5 0 0 ~ ~ 1 ,  bu t  a f lake-1 i k e  coke produced i n  reforming over  a few hundred 

h.ours was no t  so removed. However, a few percent a i r  added t o  the 
steam above 450 '~  caused complete decoking a f  a l l  samples. 

Gas i f ica t ion o f  amorphous carhon by Hz i:s slower than w i t h  steam (6). 

The ratedetermi,ni,ng step appears t o  he a surface react ion of carhon 

and hydrogen atoms, rath.er th.an d i f f us ton  of carhon through. N i  (6, 76). 



The r a t e  o f  g a s i f i c a t i o n  apparently increases w i t h  increasing temper- 
a ture  up t o  about 700°c, above which the r a t e  decreases w i t h  i n -  

creasing temperature. Nashiyama and Tamai (77) have suggested t h a t  

the negative act iva t ion 'energy r e s u l t s  from the approach o f  the re-  

ac t ion  t o  equi l ibr ium, although the suggestion by Rewick e t  a l .  (78) 
of a thermal r es t ruc tu r i ng  sf carbon t o  a less ac t i ve  form i s  equal ly  

reasonable. 

The removal o f  coke from n icke l  w i t h  C02 a t  625Ochas a lso been reported 

(6, 79) .  As w i t h  H 2 , i t  a lso apparently e n t a i l s  d issoc ia t i ve  adsorp- 
t i o n  and a surface reac t ion  w i t h  carbon. 

Moel ler  and Bartholomew (.go) r ecen t l y  studied the oxygen regeneration 

of ni.cke1 methana t i ,on cata lys ts  deactivate.d under carbon-forming reac t ion  

conditi.ons a t  450'~. A m i l d  treatment i n  O2 a t  3 0 ~ ' ~  over a per iod of 

15-30. minutes. restored complete a c t i v i t y .  However, ch.emica1 analysis 

sh.owed a 7% loss  o f  n i cke l  followi,ng the re.generation treatme.nt, wh.i:cb 
ygges t s  t h a t  same of th.e n icke l  c r y s t a l l i t e s  were l o s t  from the ca ta l ys t  

as. the ca-rbon was burned o f f .  If i n  f a c t  Ni i s  l o s t ,  'the outlook f ~ r  

repeated regeneration i.n O2 i s  poor. 

A1 though the above mentioned studies es tab l i sh  t h a t  carbon removal by 
02, H20, Hz, and C02 i s  possible, the e f fec ts  o f  these exothermic o r  

high-temperature treatments on a metal surface area were, w i t h  only one 

exception, no t  determined. The need f o r  add i t i ona l  careful study of 
the effects of these treatments on metal and support surface areas and 

metal content i s  c lear .  



V .  EXPERIMENTAL CONSIDERATIONS 

Much of the previous carbon deposi t ion work may be subject  t o  question 

because (a) the gases were no t  ca re fu l l y  p u r i f i e d  o f  i r o n  carbonyl ,sul- 

f u r  compounds, and organic impur i t ies ,  a l l  o f  which a f f e c t  the r a t e  of 

carbon formation; (b)  condi t ions were poor ly  chosen i n  the case o f  mech- 

a n i s t i c  o r  deposi t ion studies (i.e., they included heatlmass-transport 

1  im i t a t i ons  o r  condi t ions not  representat ive of the process o f  i n t e r e s t )  ; 

and/or ( c )  ca ta l ys t  o r  surface proper t ies  (e.g., surface area and com- 

pos i t i on )  were no t  c a r e f u l l y  characterized before and a f t e r  formation 

o f  carbon. For example, i n  t h e i r  study o f  hexane steam reforming Be t t  

e t  a1 . (81) attempted t o  i d e n t i f y  the precursor t o  carbon formation by 

means o f  gas-phase analysis o f  products i n  an i n teg ra l  reactor  operat ing 

over the range o f  5~0-750 '~ ,  t o  which was fed laboratory-grade hexane 

(no fur ther  p u r i f i c a t i o n ) .  The ethylene ohseryed i n  the product, which 

they hypothesized t o  be a  carbon precursor, may have been formed by 

gas-phase cracking a t  750'~. Moreover, the carbon formed may have been 

due t o  o l e f i n  impur i t i es  i n  the hexane feed. Fortunately, these work- 

e rs  dfd exami'ne th.e fi lamentous carbon formed by e lec t ron microscopy. 

Electron microscopy, AES, LEED, and temperature-programmed react ion 

spectroscopy have proven themselves as very useful techniques f o r  i n -  

ves t iga t ing  the s t ruc tu re  and r e a c t i v i t y  o f  carbons on metals (6-8, 13, 

15-18, 21) .  Grayimetr ic analysis (5-7, 40, 41, 49) i s  invaluable i n  

the i nvcs t i gs t i on  o f  carbon deposi t ion and gasiQicat ion ra tes,  as i s  

the more special ized hut  very powerful technique of controlled-atmos- 

phere e lec t ron microscopy (.7). 

Promising techniques f o r  inves t iga t ing  coke precursors and character- 

i.zi;ng surface carbons include high-resol  u t i o n  ene,rgy loss,  inf rared,  

and Raman spectroscopy; fo r  the inves t iga t ion  of c a t a l y t i c  phases 

(.e. g . ,  carbides, small p a r t i c l e s )  con t ro l  led-atmosphere Moessbauer 

s.pectroscopy and EXAFS are recommended. The use of s ingle-pel  l e t  (82) , 



mixed-flow, recirculation, and single-pass differential reactors, 
coupled with careful gas-phase analysis, should facili'tate the identi- 
fication of coke and carbon precursors. Again ,  a s  mentioned in 
connection with sulfur poisoning, the careful choice of we1 1-defined 
catalyst systems and surfaces i s  critically important. 



* V I CONCLUSIONS AND RECOMMENDATI QNS 

Concl us i ons 

1. Carbons and cokes vary i n  t h e i r  s t r uc tu re  and 
r e a c t i v i t y .  Atomic carbon (Ca) formed by dlssociat i .ve adsorpt ion of 

CO and hydrocarbons i s  transformed t o  low-densi ty f i laments (.C ) and B 
t o  g raph i t i c  carbon (.Ccl a t  progressively higher temperatures. 

2. Filamentous carbon i s  formed i n  steam reforming 

by the decomposition o f  both CO and hydrocarbons. Apparently, the ra te -  

determining step i s  the d i f fus ion o f  atomic carbon through the metal 

c r y s t a l l i t e  t o  the back side, where i t  prec ip i ta tes  t o  form Cg f i laments. 

3 .  The presence of HZ and/or H20 i s  des i rab le  i n  

preventing carbon formatfon. A1 ka l  i , oxide promoters, and noble metals 

lower the deposi t ion r a t e  by enhancing adsorption of water, increasing 

the r a t e  of gas i f i ca t i on  by H2, o r  lowering the s o l u b i l i t y  of carbon i n  

the metal. 

4. Carbon depos.it ion i s  sens i t i ve  t o  surface s t ruc ture ,  

occurri.ng a t  faster  ra tes on small pa r t i c l es .  Strong me.ta1-support i n t e r -  

act ions may decrease carbon format i  on. 

5. . Removal o f  coke and carbon w i t h  steam and oxygen . 

appears. t o  be p rac t i ca l ;  however, the e f fec ts  on surface area and ca ta l ys t  

1 i f e  are unknown. 

B. Recommendations f o r  Further Work 

Several fundamental questions were presented a t  the beginning 

o f  t h i s  sect ion which we have attempted t o  address throughout t h i s  d i s -  

cussion o f  previous work. We attempted t o  i den t i f y  spec i f ic  needs; a lso 

add i t i ona l  questions were ra ised.  For example, what are the precursors 



i n  coke formation? Can s.trong metal-support interacti.ons. reduce 

carbon formation .on ni'ckel whi:le maintain ing h.igb ac t i v i . t y  f o r  

steam reforming? Some of the most promising areas for  future work 

are  i n  the study o f  deposi t ion and, gasi'f ication rates,  nohle-metal- 

promoted n icke l  ca ta lys ts  fo r  steam reforming , and th.e s t ruc tures 

and r e a c t i v i t i e s  of polymeri'c substances formed i n  coking dur ing 

react ion.  We a lso  agree w i t h  Baker (6) t h a t  addi:t ional research. 

i s  needed t o  understand the regi'on o f  negative temperature coef f t c i -  

ents and t o  determine the sto ichiometry of hydrocarbon decompositi.on 

react ions thrqugh. analysi's o f  gas -phase products. 
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