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ABSTRACT 

I n  support o f  t he  Department of Energy (DOE) Fuel Ce l l  Prograa, aimed a t  oper- 
a t i n g  fuel  c e l l s  on middle d i s t i l l a t e  petroleum l i q u i d s  i n  the near term and 
c-I-derived hydrocarbon l i q u i d s  i n  the near future, experimental work has been 
conducted on improving the autothermal and steam r e f  jrmina processes. Auto- 
thermal reforming (ATR) tasks have been d i rec ted  towdrd understanding the 
d i f f e r e n t  mechanisms by which various fuel  canponent hydrocarbons (re1 ated t o  
both heavy petroleun and coal-derived 1 iqu ids)  are converted t o  hydrogen w i th -  
out forming carbon. Steam reforming tasks have been d i rected toward examina- 
t i o n  o f  monol i thic ca ta lys ts  w i t h  higher ava i lab le  ac t i ve  surface area and 
b e t t e r  thermal conduct iv i ty  than conventional p e l l e t  beds, making i t  possible 
t o  steam reform fue ls  heavier than naphtha without s a c r i f i c i n g  e f f i c i ency .  

Experimental ATR r e s u l t s  obtained i n  the previous phase of t h i s  work w i t h  
sul fur - f ree pure hydrocarbon 1 iqu ids  are summarized here. Catalyst types and 
conf igura t ion  used were the same as i n  e a r l i e r  t es t s  w i th  ho. 2 f ue l  o i l  t o  
f a c i l i t a t e  comparisons. Fuel o i l  has been found t o  form carbon i n  ATR a t  con- 
d i t i o n s  much mi lder  than those predicted by equi l ibr ium. Reactive di f ferences 
between pa ra f f i ns  and aromatics i n  ATR, and thus the foniiation o f  d i f f e r e n t  
carbon precusors, have been showr t o  be responsible fo r  the observed carbon 
formation cha rac te r i s t i cs  ( f ue l - !  p e c i f i c ) .  The types o f  carbon formed i n  t h e  
reformer were i d e n t i f i e d  by SEM and XRD analyses of ca ta lys t  samples and carbon 
deposits. Fran tes ts  w i th  both 1 i g h t  and heavy pa ra f f i ns  and aromatics, i t  i s  
concluded tha t  high b o i l i n g  po in t  hydrocarbons and polynuclear aromatics 
enhance.the propensity f o r  carbon formation i n  ATR. 

E f fec ts  of o l e f i n  (propylene) add i t i on  on the ATR performance of benzene are 
described i n  t h i s  report .  The amount o f  propylene tha t  can be added a t  the 
i n l e t  of the reforn~er before carbon begins t o  be fornled i s  higher than what can 
be added at locat ions w i th in  the steam reforming region o f  the bed, 

I n  ATR t e s t s  w i th  mixtures of pa ra f f i ns  and aromatics (n-tetraaecane and ben- 
zene) synergis t ic  e f f e c t s  on conversion cha rac te r i s t i cs  were i den t i f i ed .  Thus, 
the mixtures'  propensity fo r  carbon formation was intermediate between tha t  of 
the pure hydrocarbon component fue ls  under s i m i l a r  operat ing condit ions. 

4 

Comparisons of the No. 2 fuel o i l  data w i t h  the experimental resu l t s  fron t h i s  
work w i th  pure (and m i  xed) sul f u r - f  ree hydrocarbons ind ica te  tha t  the sul t u r  
content of the fuel nlay be the l i m i t i n g  fac tor  f o r  e f f i c i e n t  ATR operat ion, 
i.e., low oxygen-to-carbon r a t i o s  and low preheat temperature. Exploratory 
tes ts  w i th  sul fur-conta in ing pa ra f f i ns  and aromatics are described here i n  
which the conversion and degradation e f fec ts  of the su l fu r  add i t i ve  (thiophene) 
i n  ATR were exavined. A t  the low preheat temperatures and steam-to-carbon 
r a t i o s  used here, the f ront  par t  of the ca ta lys t  was deactivated by s u l f u r -  
ca ta l ys t  in te rac t ion ,  whi le the propensity f o r  carbon fornlation was enhanced. 

Steam reforming of hydrocarbons i n  conventional reformers i s  heat t rans fe r  
1 imited. Steam reforming tasks performed i n  t h i s  work have included per fo r -  
mance comparisons between conventional pel 1 et beds and honeycomb mono1 i t h  
cata lysts .  The same fuel ,  n-hexane, was used i n  a1 1 cases. hetai--supported 



monoliths werc examined i n  t h i s  phase of the work. These o f f e r  higher s t ruc-  
t u r a l  s tabi  1 i t y  than ceramic supports, which were found t o  d is in tegra te  under 
the steam reforming condit ions used i n  previous work i n  t h i s  laboratory. More- 
over, metal monol i ths o f f e r  the advantage o f  higher thermal conduct1 v i  ty. 

Data from two metal nonol i ths o f  d i f f e r e n t  ca ta lys t  (n i cke l )  loading have been 
compared t o  p e l l e t s  under same operating conditions. Improved heat t ransfer  
and be t te r  conversion e f f i c i enc ies  than f o r  the p e l l e t s  were obtained w i th  the 
metal monolith of the higher ca ta lys t  loading. txperimental resu l ts  are 
i nd i ca t i ve  of surface-gas in terac t  ion  throuyhout the length of the monol i ths. 



The authors g r a t e f u l l y  acknowledge the cont r ibu t ion  o f  Glen D. 
Smith and Clarence L. T u t t l e  i n  carry ing out the tes ts  described 
i n  t h i s  work. We a lso  wish t o  thank Stephen F. Dawson and 
Kuo-Hung Chen f o r  t h e i r  assistance. 

This work was conducted a t  the Je t  Propulsion Laboratory through 
NASA Task RD-152, Amendment 183, and was sponsored by the U.S. 
Department o f  Energy under Iriteragency Agreement DE-AI03-79ET1132ti- 1. 



PHECEGif& PACE E:.A!;X 1'49T FILMED 

TABLE OF CONTENTS 

PART I 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

EXPERIMENTAL . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 

Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . .  6 

Mater ia ls  . . . . . . . . . . . . . . . . . . . . . . . . . .  8 
(a) Fuels . . . . . . . . . . . . . . . . . . . . . .  8 
(b) Catalysts . . . . . . . . . . . . . . . . . . . .  8 

. . . . . . . . . . . . . . . . . . . . . .  RtSULTS AND DISCUSSION 11 

(A) Sumnary O f  Previous ATR Work With Pure Para f f i n i c  and 
Aromatic Hydrocarbons . . . . . . . . . . . . . . . .  12 

. . . . . . . . . . . . . . .  Carbon Formation i n  ATR 12 . . . . . . . . .  Locations and Types o f  Carbon i n  ATR 21 

( B )  A d d i t i ~ n  O f  Propylene To Benzene . . . . . . . . . . . .  27 

(C) ATH O f  Mixtures O f  Benzene And n.Tetradecane . . . . . .  37 

(D) ATR O f  Sulfur-Containing Para f f ins  And Aromatics . . . .  48 

. . . . . .  ATH o f  Thiophene-containing n-Tetradecane 50 . . . . . . . . .  ATR o f  Thiophene-containing Benzene 51 

CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69 

PART I 1  

. . . . . . . . . . . . . . . . . . . . . . . . . . .  INTRODUCTION 75 

Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . .  79 

Mater ia ls  . . . . . . . . . . . . . . . . . . . . . . . . . .  81 
(a) Fuels . . . . . . . . . . . . . . . . . . . . . .  81 
(b)  Catalysts . . . . . . . . . . . . . . . . . . . .  81 

. . . . . . . . . . . . . . . . . . . . . . . . . .  Procedure 85 



TABLE OF CONTENTS (Cont'd) 

PAGE . 

RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . . . . . .  86 

(A) Tests With The Metal Monol i th  I . . . . . . . . . . . .  86 

( B )  Tests Wit4 The G-90C P e l l e t  Ca ta lys t  . . . . . . . . . .  94 

. . . . . . . . . . . .  (C) Tests With The Metal Monol i th  I I 100 

SUHMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  115 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  120 



PART I 

AUTOTHERMAL REFORMING OF SULFUR-FREE 
AND SULFUR-CONTAINING HYDROCARBON LIQUIDS 



INTRODUCTION 

Autothermal reforming (ATR) o f f e r s  an advantagems a l t e r n a t i v e  t o  steam reform- 

i n g  f o r  hydrogen product ion f o r  f ue l  c e l l s  because o f  the  wider range of  f ue l s  

t h a t  can be converted. This process invo lves  the  combination o f  p a r t i a l  oxida- 

t i o n  and steam reforming of  a hydrocarbon fue l  t o  produce p r i n c i p a l l y  hydrogen 

and carbon monoxide as descr ibed i n  the  f o l l ow ing  react ions:  

CnHm + n/7 02 + nCO + m/2 H2 (1 ) 

CnHm + n H20 + nCO + ( n  + m/2) HE ( 2 )  

These react ions are fo l lowed by establishment o f  the  e q u i l i b r i a :  

CO + H20 z C02 + Hz 

CO + 3H2 CHq + H20 

Other '.han reactants '  preheat, no externa l  heat source i s  requi red since the  

exothermic reac t ion  1 p l u s  the  preheat sus ta in  the  endothermic reac t ion  2. 

I n  t h i s  work, the autothermal reforming o f  hydrocarbon l i q u i d s  has been consid- 

ered as a v iab le  route f o r  hydrogen generat ion for  f u ~ l  c e l l  power plants.  The 

p a r t i c u l a r  advantage t h a t  t h i s  process o f f e r s  i s  t o  expand the range o f  a p p l i -  

cable fue ls  t o  heavier petroleum-based and coal -der ived 1 iqu ids .  I n  compari- 

son, l i g h t  naphtha i s  the heav iest  f ue l  t h a t  can be cocverted t o  hydrogen w i t h -  

out carbon deposi t ion by convent ional  steam reforming, which i s  the process t o  



be used i n i t i a l l y  f o r  fuel  ce l l s .  The app l ica t ions  considered here demand a 

process w i th  high thermal e f f i c i ency ,  carbon-f ree operation, and high hydro- 

carbon conversion e f f i c i ency  as d ic ta ted  by equi l ibr ium. P a r t i a l  ox idat ion 

a1 one has lower thermal e f f i c i e n c y  than steam reforming. Carbon formation i n  

t h i s  process can be prevented e i t h e r  by increasing the a i r / f u e l  r a t i o  (i.e.. 

decreasing thermal e f f i c i ency )  o r  by adding stearr, (1-3), which a lso increases 

the hydrogen y i e l d  because o f  simultaneous steam reforming. 

The prevention o f  carbon fornrat;on i n  the ca ta l ys t  bed i s  one of the most 

important aspects o f  reformer operation. The fo l low ing carbon producing 

react ions are possible: 

2co + c + c o 2  (5) 

CO + Hz + C + h20 ( 6 )  

CH4 + C + 2 h 2  ( 7 )  

( - C H ~ - ) ~  + nC + n HZ (8)  

Under ce r ta in  condit ions i n  the mixture o f  CO, CU2, Hz, CH4 and H20, free 

carbon i s  thermodynamically possible. This carbon, produced according t o  reac- 

t i ons  5 and 6, i s  usual l y  re fe r red  t o  as thermodynamic carbon o r  Boudouard car- 

bon. Carbon can a lso be formed as a resu l t  o f  thermocracking o f  the fue l  

hydrocarbon used; the  o l e f  i n i c  compounds formed degrade t o  carbon very eas i l y  

g i v ing  an overa l l  react ion as set out i n  reac t ion  8. 

Using the p r i n c i p l e  o f  thermodynamic equi l ibr ium, i t  i s  possible t o  specify 

which chemical species w i l l  be present i n  the product gases o f  the autothermal 

reformer at equi l ibr ium. The computer program used here (4) i s  b s e d  on the 

minimizat ion o f  the Gibb's f ree  er,erqy ;lf the system (using graphite data f o r  

carbon), and i s  run under constant system enthalpy, H, and pressure, P, i.e., 



t r u l y  ad iaba t i c  condi t ions. I n  a l l  ca lcu la t ions ,  a pressure o f  1 atm was con- 

sidered, as t h i s  was approximately t he  pressure i n  t he  reac to r  system i n  our  

tes ts .  Also, i n  the  we l i  i nsu la ted  experimental reactor ,  CJ near ly  ad iaba t i c  

opera t ion  was achieved. 

The autothermal reformer i s  envis ioned as a fue l  processor t h a t  may have t o  

operate w i t h  su l f u r  i n  the  process stream, because the  s u l f u r  con~pounds (p r f n -  

c i p a l l y  th iophenic)  i n  d i s t i l l a t e  f ue l  o i l s  are not r e a d i l y  removed by t he  

comon!y used d e s u l f u r i z a t i o n  ~tethods f o r  na tu ra l  gas and naphtha. By combust- 

i n g  a po r t i on  o f  fue l  i ns i de  the c a t a l y s t  bed, h igher  c a t a l y s t  temperatures 

(1200"-1400°K) can be reached than i n  conventional steam reformers. At these 

h igher  temperatures, the  supported n i cke l  ca ta l ys t s  commercially used f o r  steam 

hydrocarbon reforming are an t i c i pa ted  t o  be l ess  suscept ib le  t o  s u l f u r  poisoq- 

i n g  because 3 f  reduced s t a b i l i t y  o f  the n icke l  s u l f i d e s  (as pred ic ted by 

thermodynamics ( 5 ) ) .  The s u l f u r  content o f  a f ue l  may a l so  change the  condi-  

t i o n s  f c r  carbon format ion on d given steam refoml ing ca ta lys t .  Hence, p a r t i c -  

u l a r  emphasis was necessary i n  d e l i n e a t i n g  t h i s  poss ib le  su l fur -carbon forma- 

t i o n  r e l a t i o n  by we1 l planned experiments. 

I n  a recent JPL repor t  t o  E P R I  ( 6 )  on autothermal reforming o f  No.2 f ue l  o i l ,  

the  condi t ions under which carboc format ion s ta r t ed  were shown t o  be much 

mi lder  than those p red ic ted  by the  e q u i l  ib r i : lm theory. Experimental r e s u l t s  by 

o ther  workers (7-9) a re  i n  agreement w i t h  the JPL data. Follow-on autothermal 

r e f o r m ~ n g  work a t  JPL has focused on i d e n t i f y i n g  the  causes f o r  the observed 

behav'or o f  N0.2 f ue l  o i l .  During t h i s  work, tasks have been d i rec ted  toward 

de l i nea t i ng  the conversion ~ P a r a c t e r i s t i c s  o f  i n d i v i d u a l  fue l  components 



(paraffins, aromatics, o le f ins ,  and s u l f u r  cmpounds) i n  the a u t o t h e m 1  

reformer. Since heavy d i s t i l l a t e  fue ls  are comprised cf  a mixture o f  d i f f e r e n t  

hydrocarbons covering a range o f  b o a l i n g  po in ts  fran about 350 t o  S50°K, the 

autothermal re foming of both l i g h t  and heavy compounds was studied. The same 

ca ta l ys t  types and conf igurat ion as i f i  e a r l i e r  t es t s  w i th  No.2 fuel o i l  uere 

used i n  these tests. Experimeatr: resu l t s  have teen published (10-12) on the  

ATR o f  model l i g h t  and heavy m r a f f i n s  (n-hexane, n-tetradecane) and aromatics 

(benzene, naphthalene). These resu l t s  have demonstrated tha t  d i f ferences i n  

chemical r e a c t i v i t y  and carbon-forming tendee~y i n  ATR are r e l a t a l  t o  the type 

o f  fuel  hydrocarbon used. Locations 2nd types of carbon i n  the autothermal 

reformer have been corre lated ni t h  intermediate react i on  species for  each 

hydrocarbon type. I n  addit ion, the effects of the operat ing parameters on 

react ion temperature and products, and carbon-forming tendency have been 

establ ished. 

I n  t h i s  repo,-t, the previously obtained information on carbon formation f ran  

indiv iduai  para f f ins  and aromatics i s  s u m r i z e d  t o  f a c i l i t a t e  comparisons w i t 1 1  

data col lected i n  the present phase of the experimental ATR work. New experi- 

mental resu l ts  reported herein ar-e f ran  three recent tasks: 

(a)  Addit ion o f  Propylene t o  Benzene. 

I n  thsse experiments, the inf luence o f  an o l e f i c  (propglene) on the ATR 

charac ter is t i cs  (conversion, carbon =ornation) o f  benzene was studied by 

i n j e c t i n g  propylene a t  d i  f f e ren t  ca ta lys t  bed locations. 



(b) ATR o f  Hfxtures o f  Paraffins asd Arwnatfcs. - 
These tes ts  were performed wi th  d i f f e r e n t  mixturec o f  n-tetradecane and 

benzene. Using s i m i l a r  operat ing condit ions t o  those used f o r  the pure 

i t~ i x tu re  contponents, data were co l lec ted  on the carbon formation charac- 

t e r i s t i c s  of these mixtures. 

(c) ATR o f  Sulfer-containing Paraff ins and Aranatics. 

Thiophene, a good model s u l f u r  compound f o r  heavy d i s t i l l a t e  fue ls  was 

used i n  these tes ts  i n  mixtures w i th  e i t h e r  n-tetradecane o r  benzene t o  

study the conversion and degradation e f f e c t s  o f  fue l  s u l f u r  on the cata- 

l ys t .  Reaction temperatures and products from the ATH o f  thiophene-cun- 

taminated n-tetradecane, and benzene are compared t o  those per ta in ing  t o  

each pure hydrocarbon. Possible r e l a t i o n  between the s u l f u r  content of a 

fuel and propensity f o r  carbon formation i s  discussed i n  view o f  the 

experimental data. 



Apparatus 

The design of the autothermal reforming system used i n  t h i s  work has k r !  

developed from previous tes ts  w i t h  No.2 fue l  o i l  (6) and pure hydrocarbons (10, 

11). Figure 1 shows a schematic o f  the autothermal reformer. Lhr ing opera- 

t ion,  preheated a i r  and s t e m  are mixed f i r s t ,  fol lowed by the i n j e c t i o n  o f  

vaporized fuel downstream of  ttii mixer. The three components are fu r the r  mixed 

i n  a h e l i c a l  sw i r l e r  j u s t  p r i o r  t o  the reactor  entrance. By micimizing the 

residence time o f  the fuel ins ide  the mixing tubes i n  t h i s  manner, the extent 

t o  which carbon-forming, cjas phase react ions proceed i s  l i m i t e d  and were held 

t o  zero i n  t h i s  system. The reactor i n l e t  i s  made o f  re f rac tory  i nsu la t i on  and 

has a conical shape t o  avoid stagnation areas and t o  probide uniform i n l e t  con- 

d i t ions.  External ly ,  the reactor  and a l l  feed l i n e s  are insulated t o  minimize 

heat losses. 

The reactor (3.75 in. 1.0.). made from Inconel, was f i l l e d  t o  the top flange 

w i t h  ca ta lys t  pe l le ts .  The ca ta l ys t  bed conf igurz t ion  i s  depicted i n  Figa~re 1. 

O f  f-center, ax ia l  bed temperatures were recorded tL8 a c t r m e l  -alumel thermo- 

couple prcbe which traversed i vs ide  an 1nco:lel the~r,iowell. A t ravers ing 

Inconel gas probe was used t o  sample gaseous react i cn  products throughout the 

ca ta lys t  bed iength. This probe was f ree l y  moving ins ide  an Inconel tube which 

was closed at the end dnd perforated a t  2 in. in tervals .  Gas samples were 

analyzed by on- l ine gas analyzers f o r  Hz, CO, and C02, and w i th  two gas 

chromatographs, one w i th  a Flame Ion iza t ion  Detector ( F  I D )  f o r  hydrocarbons, 

and one w i th  a Flame Photometric Detector (FPD) f o r  s u l f u r  compounds. Pres- 

sures and pressure d i f f e r e n t i a l s  were monitored by pressure transducers, 

galloes, and marimeters. 

-6 - 
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Materials 

Fuels. Technical grade n-tetradecane, and pure grade benzene l i q u i d s  (a 

were used i n  these tests. The technical grade n-tetradecane (Humphrey 

Chem. Co.) consisted of 100% para f f ins ,  w i th  n-dodecane, branched hexade- 

cane, and branched tetradecane as the only t race impur i t ies.  The pure 

grade benzene (Ph i l  l i p s  Chem. Co.) consisted o f  99.5 vo i  .% benzene, and 

0.4% other aromatics. The propylene gas (99% +)  used as a f ~ e l  ddd i t i ve  

was purchased from Hatheson Co. High p u r i t y  (9% +) l i q u i d  thiephene was 

purchased from Eastman Kodak Co. 

(b) - C a a s t s  The autothermal reactor was packed wi th  three layers ot sup- 

ported n ickel  ca ta lys ts  as shown i n  Figure 1. I n  a l l  tests,  the top and 

bottom zones consisted o f  Norton NC-100 spheres and c y l i n d r i c a l  G-568 

tablets, respectively. The middle zone was packed e i t h e r  w i t h  I C I  46-1 

o r  I C I  46-4 Raschig rings. The physical and chemical charac ter is t i cs  o f  

these catalysts, coc;mercially used i n  steam reformers, are given i n  

Table I. 

The cata lys t  types and conf igurat ion used here were those found t o  be 

most e f f e c t i v e  i n  previous ATR tes ts  w i t h  No. 2 fuel  o i l  (6). The choice 

o f  ca ta lys t  was d ic tated by the requirements f o r  enhancing ATH operation, 

and comnercial a v a i l a b i l i t y .  Thus, i n  the f i r s t  zone a low a c t i v i t y  

ca ta l ys t  was used t o  e f fec t  a gradual increase i n  the reactants'  tempera- 

tu re  t o  the leve l  o f  subsequent main react ion temperature, and i n h i b i t  

carbon formation. The mechanism of heat t ransfer  i n  t h i s  segment i s  

mainly rad ia t ion  and conduction aided by some exothermal react ion. The 

Norton NC-100 ca ta l ys t  spheres were selected t o  mediate the i n i t i a l  
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oxidat ion react ion and help t o  i n h i b i t  precombustion as we1 1 as t o  act as 

a reactant d i s t r i bu to r .  These h igh ly  porous spheres f i l l  the  conical 

i n l e t  por t ion  o f  the bed t o  the top flange as shown i n  Figure 1, e l im i -  

nat ing voids tha t  enhance t i le  probabi 1 i t y  o f  precombustion. I n  the mid- 

d l e  zone, an ac t ive  ca ta lys t  capable o f  ox id iz ing  the bdrocarbons must 

be used. I n  t h i s  sect ion the  oxygen i s  completely reacted and l i m i t e d  

steam reforming i s  a lso nuintained. The I C I  46-1 cata lyst ,  which con- 

t a i n s  potassium as a soot-suppressant, was chosen i n i t i a l l y  i n  order t o  

reduce carbon formation during steam reforming. This ca ta l ys t  i s  i n  the 

form of Raschig r ings w i t h  a high void-to-surface r a t i o  tha t  a l l o m  for  

gas expansion i n  t h i s  region where the i n i t i a l  rapid react ion and temper- 

ature r i s e  take place. I n  experiments w i t h  aromatics, the middle zane 

was f i l l e d  w i th  I C I  46-4 Raschig r ings tha t  have geometry ident ica l  t o  

46-1 but lower n ickel  loading. This ca ta l ys t  was used t o  mediate the  

high heat release from the aromatic r i n g  oxidat ion reaction. F ina l ly ,  

the bot tan layer  o f  the  ca ta l ys t  bed should contain a h igh ly  act ive, 

steam r z f o n i  ng ca ta lys t  t o  convert the residual hydrocarbons and 

methatie. I n  t h i s  zone, the  G i rd le r  6-368 ca ta lys t  was used i n  the form 

o f  small c y l i n d r i c a l  pe l le ts .  As shoin i n  Table I, these p e l l e t s  had the 

highest n ickel  1 oading. 



RESULTS AND DISCUSSION 

A l l  au+-,nermal reforming tes ts  were run a t  atmospheric pressure and a t  mder-  

a te ly  high reactant preheat tenperature, Tp, w i th in  the range of  1000-115r)°F 

(800-900°K). This i s  the temperature recorded by thermocouple ho.13 o f  

Figure 1. A t  each condition, the gas hourly space veloci ty (G.H.S.V. o r  S.V. 

f o r  brev i ty )  was specified. This quanti ty i s  defined here as the volumetric 

flow rate of reactants (NTP) divided by the volume of  catalyst  corrected for 

void fract ion. 

For each fuel, the carbon fornation l i m i t  was sought as a function o f  the 

* 
steam-to-cilrbon, and oxygen-to-carbon, (OZIC)~,  molar ra t ios  

at  constant pressure and preheat temperature, and over a narrow range o f  space 

velocit ies. The (02/C)m, (SIC), ra t ios  are defined here as ra t ios  of  

moles o f  oxygen and steam respectively t o  atoms of  carbon i n  fuel based on 

hourly flow rates. A t  each (02/C), ra t io ,  the (SIC), r a t i o  was reduced 

stepwise u n t i l  carbon began t o  form wi th each condition maintained a t  a steady 

state for 4 t o  6 hours. The determination of carbon formation was detected by 

a continuous r i s e  i n  the bed d i f f e ren t i a l  pressure and (or)  carbonaceous depo- 

s i t s  (soot) on the f i l t e r  i n  the exhaust product sample :ine. These "accele- 

rated" carbon formation tests may not describe the precise conditions necessary 

t o  completely i n h i b i t  carbon f o r  extended periods of reaction. Thus, "carbon 

formation" i s  defined here as carbon forming a t  a rate s ign i f icant  enough t o  be 

measured i n  the time frame during which these tests were conducted. 

* To he, consistent wi th the majori ty of the reported fuel c e l l  work, the 
axygen-to-carbon r a t i o  i s  used here instead of the previously used 
air-to-carbon, (AIC),, molar rat io.  To convert from (02/C)m t o  
(AIC), mul t ip ly  the former by 4.773. 



(A) Surrary O f  Previcus ATR Work Uith Pure Paraffinic 

And A m t i c  Wrocarbons 

Carbon Fomation i n  ATR 

Experimental resul ts from autothermal reforming tests wi th several pa ra f f i n i c  

and aromatic hydrocarbon 1 iquids have recently been reported (10-12 j . These 

have shown c lear ly  that  reactive differences ex is t  between these two types of  

hydrocarbons which a f f ec t  t he i r  carbon formation character ist ics i n  the auto- 

thermal reformer. 

Carbon formation l i nes  were determined experimentally f o r  each fuel a t  s imi lar  

operating conditions. These l ines separate the carbon-free from the carbon- 

forming region i n  the (02/C), - (S/C), plane, i.e., they are the l oc i  of 

the minimum (SIC), r a t i o  before carbon formation begins f o r  a given set of  

the other operating parameters. I n  each case, the experimental carbon l i n e  was 

compared to  the theoretical one predicted by thermodynamic equi l ibr ium (gra- 

ph i te  free energies). The shape o f  the experimental carbon formation curves 

was found t o  be s imi lar  f o r  l i g h t  and heavy hydrocarbons of the same type. 

However, the heavy homologs of each series formed carbon i n  ATR a t  milder con- 

d i t i ons  than the l i g h t  ones. 

Unique carbon formation character ist ics pertaining t o  each hydrocarbon type 

were i den t i f i ed  ind icat ing d i f fe ren t  sens i t i v i t y  t o  the operating parameters, 

and possibly d i  f fe rent  carbon formation mechanisms. Typical carbon formation 

1 ines f o r  paraf f ins and aromatics are shown i n  Figures 2 and 3, respectively. 

For n-tetradecane, Figure 2, the experimental carbon formation l i n e  converges 

t o  the equi l ibr ium l i n e  a t  high (02/C)rn ra t ios ,  but diverges from i t  for  



ORlGlNAL PAGE IS 
OF POOR QUALrrY 

Figure 2.  Autothermal Reforming of n-Tetradecane . 
Carbon Formation Lines. 
AA: ICI 46-4 at  T = 1 0 0 0 ~ ~ .  
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0.: ICI 46-4 a t  T = 1 l . 5 0 ~ ~ .  
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0.: ICI h6-1 at T a 1 1 5 0 ~ ~ .  
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(02/C), values lower than about 0.33. On the other hand, the carbon forma- 

t i o n  l i nes  fo r  benzene, aqd benzene solut ions o f  naphthalene, Figure 3, diverge 

from equi l ibr ium a t  high (02/C)m rat ios,  and are almost para l le l  t o  the 

theoret ical  l ines a t  low (OZ/C), rat ios,  thus e x h i b i t ~ n q  a minimum. This 

minimun (SIC), value occurs a t  (OZ/C)m o f  about 0.36, and i s  a unique 

character ist ic  o f  the behavior o f  aromatics i n  ATR. 

The ef fec t  of  d i f ferent  reactant preheat temperatures on carbon formation i s  

depicted i n  Fiqure 2 for the ATH o f  n-tetradecane. The dotted and hatched 

curves i n  t h i s  figure were determined on the same catalyst  (w i th  I C I  46-4 i n  

the middle zone] fo; Tp = 1000°F (811°K) and l150°F (8Y°K), respectively. 

The carbon forming tendency was higher a t  lower reactant preheat temperatures. 

The ef fect  of d i f ferent  catalyst  types i n  the middle reactor zone i s  shown for 

n-tetradecane by the hatched and dashed curves o f  i - igure 2. For the same pre- 

heat temperature of 1 150°F (894"K), the experimental carbon l i t>e  corresponding 

t o  I C I  46-1 catalyst  i s  located closer t o  the equi l ibr ium l i n e  than f o r  I C I  

46-4, which does not contain potassium oxide as a soot-suppressant. 

Potential carbon precursors f o r  each hydrocarbon type i n  ATR were sought i n  

comparative studies of  axia l  bed temperature and reaction prof i les.  Both 

carbon-f ree and carbon-formi ng conditions were exawi ned. Figures 4 and 5 show 

typical  p lo ts  o f  axia l  bed temperatures and gas compositions, respectively, for 

benzene and n-tetradecane run under the same autothermal reforming operating 

conditions (carbon-forming). Bed tempersture p ro f i l es  are very d i f fe ren t  f o r  

the two hydrocarbons, while redction intermediates throughout the bed d i f f e r  i n  

amo~rnts only, not i n  type. The experimental resul ts p lot ted i n  Figures 4 and 5 

indicate the following: 
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Figure 5 .  Axial Bed Composition Profi les .  
--ATR of n-Tedradecane, IC1 46-1 
-ATR of Benzene, ICI 46-4 



(a) Two main reaction zones ex is t  f o r  arolaatics. The f i r s t ,  pa r t ia l  O~ idd-  

t i o n  o f  the fuel, takes place i n  a very n a r m  region well downstrean of 

the reactor in le t .  This i s  depicted by sharp-peaked axia l  bed tempera- 

ture p ro f i l es  wi th  zem i n i t i a l  slope. A complete absence o f  benzene 

cracking ( to  olef ins and acetylenes) a t  the in le t ,  and uery l im i ted  reac- 

t i o n  i n  the top catalyst  zone account for the slopes of the ascending 

port ion o f  the temperature p ro f i l e ,  and tk higher bed teniperatures cm- 

pared t o  n-tetradecane. I n  the ilnsediate v i c i n i t y  o f  the teaperature 

peak, hydrocarbons sur.1 as ethylene, acetylene and rsethane are rap id ly  

produced and reach a peak. The f i r s t  tm of these intermediate species 

are indicat ive o f  benzene cracking, d t i ch  however i s  very l imited, as was 

found by mass balance calculations. 

The second reaction zone f o r  aranatics involves the s t e m  reforming reac- 

t ion, which mainly begins upon completion o f  the  f i r s t  reaction (par t ia l  

oxidation), i n i t i a l l y  a t  high teraperatures, and then a t  lower tetnpera- 

tures i n  the lower h a l f  o f  the catalyst  bed. The slopes of the descend- 

ing (past the temperature peak) por t ion of the te~lperature p r o f i l e  f o r  

benzene i n  Figure 4 indicate that  s t e m  reforming o c c ~ r s  a t  a fast ra te  

close t o  the temperature peak ( large slope), but it i s  l imi ted i n  the 

las t  catalyst zone, where the temperature p r o f i l e  levels off. F r m  

Figure 5, we can see that  the p ro f i l es  of unconverted benzene and pro- 

duced methane are ccdlunensurate with temperature changes i n  t h i s  catalyst  

zone. Thus, the slope of the unccnverted benzene p r o f i l e  i s  decreasing 

through the length of  the :d downstream of  the temperature peak, whi le 

that  of methane i s  almost constant i n  t h i s  region, and s l i gh t l y  increas- 

ing towards the reformer ex i t .  UP the : . nand, cracking products 



disappear rapid ly and are no longer detected i n  gas samples taken from 

the lower end o f  the bed. Since carboll i s  being formed throughout the 

s t e m  reforming region of the bed (see below), and because the o le f ins  

and acetylene are neg l ig ib le  i n  the gas phase throughout the bed, the 

main carbon precursor appears t o  be the artnnatic molecule (benzene) it- 

self, Benzene may form carbon through dehydrogenation i n  the gas phase 

a t  the high temperatures preva i l ing i n  the v i c i n i t y  of  the t-rature 

peak. The ra te  of carbon fornation by t h i s  mechanism mqy exceed the ra te  

of carbon removal by gas i f i ca t ion  f o r  a given range of  temperature and 

l im i ted  s t e m  ava i lab i l i t y .  Further down the bed, a t  lower temperature, 

surface-bound carbon may be produced from oenzene-nickel in teract  ion. 

The fact  that  the methane concentration d i d  not decrease through the 

lower par t  o f  the bed seemed to  be unrelated t o  carbon formation, since 

it was a1 so observed undec carbon-free condi t ior  s. 

In  the case of  paraff ins, the same two reaction zones were i den t i f i ed  as 

f o r  the aromatics, i.e., pa r t i a l  oxidation and steam reforming. However, 

a t h i r d  zone, cracking t o  low molecular w i g h t  o le f ins  and paraffins, was 

very pronounced i n  the top part  o f  the catalyst  bed. This i s  portrayed 

by the temperature and reaction p ro f i l e s  of  Figures 4 and 5. These 

intermediate cracking products were aiready detectable a t  the bed i n l e t  

(up t o  25 vo1.X of the incoming n-tetradecane cracks a t  the i n l e t  ( l o ) ) ,  

and peaked jus t  upstream o f  the temperature peak location. I n  addit ion, 

a m a l l  amount of benzene was produced i n  the upper part of the bed 

ind icat ive  of  cyc l iza t ion reactions. The benzene p r o f i l e  also peaked 

j us t  p r i o r  t o  the temperature peak. because of  the endothermic cracking 

reactions, bed temperatures bere lower f o r  n-tetradecane than for benzene. 



Part ia l  oxidation was taking place throughout the front end of the bed i n  

tk case o f  n-tetradecane (paraffins being mch less refractory than 

aranatics), as indicated by larger i n i t i a l  slope of the n-tetradecane 

t-rature prof i 1 e. 

Similar to  the arosatics, the continuous drop i n  bed temperature begins 

immediately past the temperature peak, due t o  s tem reforming of the 

paraffins and olef ins just  produced. I n  the v i c in i t y  of the temperature 

peak, a t  the prevail ing high tenperatures, both gas phase and surface 

carbon f o m t i o n  may take place pr inc ipal ly  frm the olef ins abundant i n  

th i s  region of the bed since the benzene intermediate i s  present i n  neg- 

l i g i b l e  mounts. Figure 5 shows that the prof i les of the olef ins (and 

not the paraff ins) hawe the largest slope (highest rate of conversion) i n  

the bed. Close t o  the bed exit,  a1 1 species' p ro f i les  level off, indi-  

cating lor s tem reforming reaction rates. A t  the lclsr temperatures o f  

t h i s  region, the rate of carbon fornation by o le f in  degradation on the 

catalyst surface my exceed the rate of carbon renmval i f  there i s  not 

ermyh s tem available. 

It should be noted that the sarae readion intermediates have been 

detected i n  ATR either under carbon-f ree or carbon-forni ng conditions. 

The extent of cracking, however, was much higher under carbon-forming 

conditions, and resulted i n  lower steam-to-carbon rat ios i n  the region o f  

the bed downstream of the temperature peak. As we have discussed i n  a 

previous report ( l l ) ,  the rates of carbon formation are greatly affected 

by changing the (SIC), ratio, more so than by temperature changes. In  

tho following section, the locations for carbon formation i n  ATR are 



shown to  be wi th in the s t e m  reforming region of the bed a t  the operating 

conditions considered i n  t h i s  work. 

Locations and Types o f  Carbon i n  ATR 

Information about the I s a t i o n s  o f  carbon deposition and types o f  carbon foraed 

i n  the catalyst  bed was obtained by examination o f  the bed af ter  carbon-forming 

conditions, and analyses of cataiyst  samples by Scanning Electron Hicroscopy 

(SEU), Thermal Gravimetric Analysis (TGA) and X-ray D i f f rac t ion  (XRD). 

For both para f f i n i c  and a r m t i c  hydrocarbons, cata lys t  from the front end of 

the bed always appeared free of carbon deposits and retained i t s  st ructural  

in tegr i ty .  No surface grown carbon was found on the catalyst  i n  t h i s  region 

where pa r t i a l  oxidation o f  the fuel mainly occurs. On the other hand, cata lys t  

from the iower ha l f  o f  the bed had an eroded appearance, and broken pieces and 

f ines were col lected f ran t h i s  region o f  the bed where steam reforming takes 

place. This physical breakdown of the catalyst  material can be a t t r ibuted to  

carbon formation inside the pores f c l  lowed by carbon removal 113) during the 

desooting process. Figures 6a and b show SEN photomicrographs of  the upper and 

lower half ,  respectively, o f  I C I  46-1 catalyst  used i n  the ATR of n-tetrade- 

Lane. heed;e-like carbon growths from a l l  d i rect ions inside the pores are seen 

i n  Figure 6b, while no carbon i s  seen i n  Figure 6a a t  the same magnification. 

The same catalyst  samples were also checked fo r  carbon by TGA, and the resul ts 

are i n  agreement wi th SEM. 

Surface grown carbon bas iden t i f i ed  by SEN on samples from the lower part of 

the catalyst  bed. Figure 7 shows a typ ica l  SEM photomicrograph o f  the surface 

of the lower end of I C I  46-1 catalyst  bed used i n  ATR of n-tetradecane under 







carbon-forni ng conditions. Tubular carbon whiskers are observed t h a t  appear t o  

have a n ickel  c r y s t a l l i t e  located a t  the  end. The diameter o f  the whisker i s  

very close t o  tha t  of the n ickel  c r y s t a l l i t e .  These observations are i n  agree- 

ment w i th  e a r l i e r  reports by Rostrup-Nielsen (14) on coking studies under steam 

reforming conditions. Further XRD analys is  o f  the ca ta lys t  samples tha t  showed 

evidence o f  surface g r o w  carbon indicated t h a t  graphite carbon was present. 

I n  add i t ion  t o  surface grown carbon, evidence of gas phase carbon formation was 

obtained from large amounts o f  soot (carbon f ines)  co l lec ted f ran  the i n t e r s t i -  

c ies between cata lys t  p a r t i c l e s  throughout the  lower two t h i r d s  o f  the ca ta l ys t  

bed. Heavy deposits o f  t h i s  type o f  carbon were i'ound on the cata lys t  sur- 

faces, but they d id  not appear t o  be surface-bo!!nd. The gas phase carbon, as 

found by XRD, consisted o f  a mixture o f  amorphous (non-crysta l l ine)  and graphi- 

t i c  carbon forms. The locat ions of gas phase carbon formation cannot be 

defined w i th  cer ta inty,  because carbon f ines found i n  the lower h a l f  of the bed 

could have or ig inated e i the r  there o r  upstream, and t ransferred down by the 

f lowing gases. It appears tha t  the most probable locat ion  f o r  t h i s  type o f  

carbon formation i s  around the temperature peak, where thermocracking o f  paraf- 

f ins  t o  o lef ins,  which can eas i ly  degrade t o  carbon, or  degradation of aroma- 

t i c s  t o  carbon proceed at  the fastest  rates. 

Differences between the types o f  carbon produced during the ATR o f  p a r a f f i n i c  

and aromatic hydrocarbons have not been quanti f ied. However, t ron  several 

examinations o f  the  cata lyst  bed a f t e r  operation a t  carbon-forming condit ions, 

gas phase carbon formation i n  ;he middle ca ta lys t  zone appeared t o  be more 

extensive f c r  aromatics than for paraf f ins.  Limited surface-bound carbon was 



detected i n  the middle catalyst  zone i n  the case of  aromatics. Further down- 

stream, i n  the lower catalyst  zone, surface grown carbon was detected w i th  

e i the r  hydrocarbon type. 

These resul ts indicate possible differences i n  the mechanisms o f  carbor, forma- 

t i o n  between paraf f ins and aromatics. AS discussed i n  the previous section, a t  

the high temperatures prevai l fng i n  the middle catalyst  zone, inunediately past 

the locat ion o f  complete oxygen consumption (temperature peak), paraf f ins  crack 

t o  olefins. These can then degrade t o  carbon e i ther  i n  the gas phase or on the 

catalyst/support surface a t  a rate exceeding that  o f  carbon removal (depending 

on the conditions). Thus, both types of carbon observed may have o l e f i n i c  

precursors. Aromatics, on the other hand, may form gds phase carbon a t  these 

high temperatures by f i ss ion  of the C-k bonds rather than the C-C bonds. This 

hypothesis i s  supported Sy (a) neg l ig ib le  amounts of reaction intermediates 

(olef ins, acetylenes) f ran aromatics as compared t o  considerable mounts of 

intermediates from cracking o f  paraf f ins  and (b) the character ist ic  "minimumn 

i n  the experimental carbon formation l i n e  f o r  aromatics, whereby an increase i n  

the (O?/C)m r a t i o  (i-e., a temperature incredse) has an adverse ef fect  on 

carbon formation, possibly ind icat ing the onset o f  gas phase benzene dehydro- 

genation t o  form caibon a t  a faster  rate than the sdrface reaction (w i th  

steam). Final ly ,  i n  the lower catalyst  zone, where s tea l  reforming takes place 

a t  continuously decreasing temperatures, the rates of surface carbon formation 

from ei ther  hydrocarbon type may exceed the steam reforming rates depending on 

the excess steam and tenperature avai lable i n  t h i s  part of the bed. A concise 

performance cornpari son o f  the au.:~therrnal reforming paraf f ins and aromatics i s  

given i n  Table I I. The nain character ist ics of each hydrocarbon type i n  ATR, 

as discussed above, are l i s t e d  i n  t h i s  table. 



TABLE I1 

ATR PERFORllAtlCE COMPARISON 
OF PARAFFINIC AND AROMATIC HVDROCARWWS 

t 

ATR 
VARIABLES 

I n l e t  React ions 

Ex i t  React ions 

Bed Temperature 
Pro f i l es  

Peak Temperatures 

lntermtrdiate 
Hydrocarbon Species 

Carbon Formation 
Conditions 

PAR AF F I NS 

Extensive cracking 

Steam r e f o m i  ng 

broad-peaked; s l  ow r i se  
and fa1 1 

Low 

Predominantly o lef  in ic ;  
low aromatic 

Low 02/C, low S/C; 
High molecular w i g h t  

AROMAT I C S 

No cracking 

Stem reforming slower 
than paraffins; 
methanation 

Sharp-peaked; zero slope 
a t  I n l e t  and e x i t  o f  bed 

liigher than paraf f ins 

Prcdmi nantly unconverted 
arcmatic; low olefins, 
acr?ty; ene 

High 02/C, low S/C; 
polynuclear aromatics 

Limited surface carbon 
growths 

Extensive gas phase 
carbon formation 

Surface Thrwg'.out 
carbon ] steam 

reformi ng zone 

Gas phase V ic in i t y  of 
carbon ] t e m y a t u r e  

Less extensive 

Carbon Types I Surface carbon growths 

Location o f  Carbon 
Depos i t s 

Catalyst Erosion 

(whiskers) 

Gas phase carbon 
( f ines  i n  voids) 

Surface Throughout 1 ca rbon steam reforming 
zone 

Gas phase V i c i n i t y  of  
carbon ) tex;;rature 

Consideraole 



JB) Addition O f  Propylene To Benzene 

I n  t h i s  work, a new series o f  tes ts  wi th benzene were run i n  the autothermal 

reformer i n  which the ef fects o f  o l e f i n  addi t ion on reaction products and 

carbon formation were studied. Propylene, one of  the main reaction interme- 

diates i n  the autothermal reforming of  paraf f ins (10-12) was the o l e f i n  used i n  

these tests. The baseline operating conditions wi th pure benzene were chosen 

i n  the carbon-free region. The amount and locat ion o f  propylene in jec t ion  i n t o  

the 6-eformer were varied, thereby permitt ing the i den t i f i ca t i on  o f  the reaction 

zone most prone t o  carbon formation under the chosen operating conditions. 

Tests CP-183 through 190 were run i n  the ATR reactor on the same catalyst  bed. 

This was composed o f  the usual upper and lower zone catalysts, NC-100 and 

G-566, respectively, while i n  the middle zone the I C I  46-4 catalyst  was used. 

The reactants' preheat temperature, Tp, was kept a t  1050°F, and the 

(02/C), and (SIC), rat ios,  based on benzene only, were 0.33 and 0.80, 

respecti vely . Carbon-f ree operati  on fo r  benzene neat was expected f o r  these 

conditions based on previous data ( l o ) ,  and t h i s  was ver i f i ed  i n  tests CP-183, 

184. As can be seen i n  Figure 3, however, t h i s  data point l i e s  close t o  the 

experimental l y  determined carbon formation l i n e  f o r  benzene, so that  wi th 

rather small perturbations on the operating conditions, carbon deposition may 

take place. Propylene gas was added a t  various bed locations at  flowrates of  

0.02, 0.045, 0.20 and 0.40 ib/hr. Because of  the low flowrates of propylene 

added, the space veloci ty i n  a1 1 runs remained approximately the same a t  9500 

hr - l .  



Table I 11  summarizes the data col lected from these runs, and Table 111-a shows 

longi tudinal  bed temperatures f o r  each tes t  run. Also shown i n  Table 111 are 

baseline data from tests  CP-183, 184, which were run wi th pure benzene without 

carbon formation. The dry gas product analysis from the pure benzene tes ts  

showed a t o t a l  o f  900 ppm hydrocarbons, o f  which 700 ppm were CH4 and 20p ppn 

were unconverted benzene. I n  tes ts  CP-185 through 187, and i n  CP-189-1, propy- 

lene was in jected through the access tube of  TC-18 (located 1/2 inch below the 

reactor i n l e t ,  Figure 1) i n  progressively higher ar~~ounts from 0.02 t o  0.40 

lb/hr. The t o t a l  hydrocarbon content of the product gases i n  CP-189-1 (wi th  

0.4 lb/hr  propylene addi t l on )  was increased t o  4500 ppm, of which 4200 ppm was 

CH4 and 3300 ppm benzene. I n  a1 1 cases, no unconverted propylene was detected 

i n  the product gases, and the operation remained carbon-free. As can be seen 

from Table 111-a, bed temperatures were lower when propylene was injected a t  

the i n l e t  of the catalyst  bed, mainly because the propylene was added a t  room 

temperature, but i n  part because of  changes i n  the (02/C)m and (SIC), 

r a t i os  effected by the propylene addition, Thus, (02/C)m and (SIC), 

ra t ios  o f  5.33 and 0.80 respectively f o r  6 lb/hr  flow of benzene, became 0.31 

and 0.76 respectively upon addit ion of 0.4 l b l h r  propylene. 

Following these tests, propylene was injected a t  eight inches below the reactor 

i n l e t  using the gas probe access tube. h i  t h  0.20 1 b/hr propylene addition, 

t es t  CP-188-1, unconverted propylene was detected i n  the exhaust gases, but tne 

reactor could s t i l l  be operated i n  the carbon-free region. However, when the 

f lowrate o f  propylene was raised t o  0.40 lb/hr, i n jec t ion  a t  t h i s  level led t o  

carbon formation i n  the bed ( tes ts  CP-188-3, 189-2). Carbon was detected by a 

sooty deposit i n  the sample 1 ine f i l t e r .  The recorded temperatures i n  t h i s  



TABLE I 1 1  

AUTOTHERMAL REFORMING O F  BENZEhE 

E f f e c t s  o f  Propylene Addi t ion on Conversion 



TABLE I 1 1  (Cont 'd)  

( 1 )  Prehest temperature, T.C.  No. 13 (F ig .  1 )  
(2) Maximum bed temperqature and l o c a t i o n  wi th  reference po int  a t  the reactor  i n l e t  
( 3 )  Mass f lowrate  o f  fue l  
( 4 )  Space v e l o c i t y  based on reactants '  flowrate: (NTP) 
(5) Gas sample probe l o c a t i o n  w i t h  reference point  a t  the reactor  i n l e t  



TABLE 1 1 1 - a  

AUTOTHERMAL REFORMING OF BENZENE 

E f f e c t s  o f  Vropylene Add i t i on  on B e d  Temperatures 

(I)  Preheat Teaperatore, T.C. No. 13 (Figure 1) 

TEST 

8 - 
(o,/C1,,, (SIC), 

0.33 

186 I 0.33 0.8 

0.8 

0.8 
I I 

19 

0.8 

188-1 
-2 
-3 

18p1 

(1) 

. 7~ 
OF 

0.33 
I I 

91 

0.33 

!070 

:061 

1CW 
I1 

I I 

1050 

S . V .  

hr-l 

19447 

9447 

W 7  . . 
11 

9W17 

BED TEMPERATURE, OF 

A t  (in. from Reactor Inlet)  r 

0 .5 

1068 

1060 

I 
1060 
1064 
1065 

1G49 

8 

1719 

1743 

1711 
1765 
1708 

1659 

7 

1744 

1757 

1733 
1764 
1723 

1646 

9 

1659 

1688 

1649 
1692 
1657 

1601 

3 

1283 

1277 

1230 
1222 
1217 

1195 

10 

15% 

1624 

1592 
1630 
1601 

lylo 

4 

l Z S i  

1270 

1267 
1275 
1247 

1194 

5 

1651 

1632 

16'37 
1630 
157. 

11 

1542 

1572 

1554 
1%1 
1557 

1494 

6 

1731 

1750 

1711 
1742 
1696 

1523 1426 

12 

1482 

l520 

1498 
1529 
1486 

1421 

15 

1451 

1487 

1446 
1465 
1420 

1350 

13 

1451 

1496 

1470 
1489 
1453 

1387 

14 

1443 

1138 

1453 
1476 
l 4 a  

1%? 



case -re higher than those corresponding t o  in jec t ion  a t  the i n l e t  (see Table 

- a )  Hobever, t h i s  d id  not prevent carbon formation. 

These results indicate that  o l e f i n  ( i n  t h i s  case, propylene) addi t ion t o  the 

reacting gas a'wture i n  ATR can cause carbon formation, only a f t e r  a ' c r i t i c a l "  

amount of the o l e f i n  has been reached. The important find in^ of t b i s  study i s  

that  t h i s  ' c r i t i ca l "  araount o f  propylene i s  higher if the in jec t ion  i s  made a t  

the reactor i n l e t  rather than a t  a level 8 inches downstream of the in le t .  I n  

other words, higher amounts of propylecle can be "tolerated* a t  the reactor 

in le t .  T4is means that  the re la t i ve  competition of  benzene and propylene for 

the avai lable oxygen a t  the f ront  end of  the reactor does not produce a carbon 

formation situation. This was also observed for in jec t ion  of propylene a t  

other points upstream of the main oxygen depletion zone, w4ich corresponds t o  

the bed temperature peak region. The extent of propylene/benzene-oxygen reac- 

t i on  i n  t h i s  region i s  su t f i c ien t  t o  convert an adequate amount o f  propylene 

and generate enough heat to  steam reform the ensuing 'carbon precursor" hydro- 

carbon species. The 8 inch in jec t ion  level ,  on the other hand, located about 1 

inch downstream of the temperature peak fo r  these runs, i s  i n  the region where 

s tem refcrming, unaided by oxygen, takes place. A reduction i n  the overal l  

value of the stem-to-carbon r a t i o  a t  t h i s  level can be crucial fo r  carbon 

formation (11). 

Figure 8 shows axia l  dry gas hydrocarbon p ro f i l es  fo r  tbe condi t ims of tests 

CP-183, 189-1, and 188-3 corresponding t o  neat benzene, and benzene + 0.4 lb /h r  

propylene injected at  the i n l e t  and the 8 inch level of the bed, respectively. 

The propylene content of the mixtures at  the 8 inch ; ~ v e l  was calculat fd b j  

solving the llass balance equations, khich were also used to  calculate the  
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Figure 8 .  Addition of Propylene t o  Benzene. Ef fec t  of  i n j e c t i o n  
locat ion  on a x i a l  bed hydrocarbon p r o f i l z s .  

ATR of CbH6 n e a t ,  test CP-183. 
, . , ATR of C6H6 w/C3H6 ( i n l e t  i n j e c t i o n ) ,  tesL CP-189-1. --- ATR of Ca6H6 w / C ~ H ~  (8" l e v e l  i n j e c t i o n ) ,  test CP-168-3. 
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(S/C)rnSi ra t ios  (where i = Benzene (B), Propylene (P), Hethane (N), o r  

Total Hydrocarbons (1)  a t  t h i s  level). The ordinate i n  Figure 8 gives moles o f  

each species per carbon atam i n  the fuel a t  the in le t .  The change of  slope o f  

the curves of  Figure 8 ( indicat ing ra te  changes) i l l u s t r a t e s  the e t fec t  o f  

propylene addit ion on benzene conversion and carbon formation. Y i th  0.4 Ib /h r  

propylene in jec t ion a t  the in le t ,  the benzene conversion i s  somewhat inhibited, 

and methdne goes up, while propylene disappears faster  than benzene. As shown 

i n  the bottom o f  Figure 8, the overal l  (S/C),,T r a t i o  a t  the 8 inch level 

i s  2.5 i n  t h i s  case, loner than the 3.6 value corresponding t o  the data f o r  

neat benzene. However, t h i s  r a t i o  i s  s t i l l  adequate t o  s t e m  reform "carbon 

precursors" that  might resu l t  from e i ther  propylene o r  benzene, and no carbon 

i s  detected e i ther  a t  t h i s  level o r  a t  the bed exi t .  With 0.4 lb /hr  propylene 

in jec t ion  a t  the 8 inch level, however, the  amount o f  unconverted benzene a t  

the e x i t  i s  fur ther increased, the rate o f  propylene conversion i s  low, and the 

methane content o f  the exhaust gases i s  lower than that  required f o r  complete 

carbon balance. Carbon detected i n  t h i s  case had been formed presumably i n  the 

par t  of  the bed downstresm of  the 8 inch level. The overal l  (S/C),,T 

r a t i o  a t  t h i s  level was calculated t o  be 2.2, a value not adequate t o  steam o f f  

the carbon formed. 

I n  Figure 9, a comparison s imi lar  to  that  of Figure 8 i s  depicted for tests 

CP-183, 188-1, and 188-3 corres~onding t o  neat benzene, and benzene plus 0.2 

lb /h r  and 0.4 lb/hr, respectively, of propylene. The propylene gds was in- 

jected a t  the 8 inch level i n  both CP-188-1 and 188-3. No carbon was observed 

i n  tes t  CP-188-1 (0.2 lb /h r  propylene addition). As can be seen from Figure 9, 

i n  the remaining 7 inches of the bed downstream of  the in jec t ion  point the ra te  

o f  benzene conversion decreases, and the rate of methane formation increases, 
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Figure 9 .  Addition of Propylene t o  Benzene. Ef fec t  of propylene 
flowrate on a x i a l  bed hydrocarbon p r o f i l e s .  

ATR o f  CgHg neat ,  t e s t  CP-183. 
- . - ATR of  C6Hg w/C3H6 (0 .2  lb /hr) ,  8" l e v e l  i n j e c t i o n ,  

t e s t  CP-188-1. 
,, ATR of C H u / C  H (0 .4  lb /hr) ,  8" l e v e l  i n j e c t i o n ,  

test ~ ~ - P 8 8 - 3 .  3  6 



& i l e  propylene i t s e l f  disappears very slowly. The overal l  (S/C),, 

r a t i o  a t  the 8 inch level  was calc~elated t o  be 2.7, as shoun i n  the bottom o f  

Figure 9. This (S/C),,J value appedrs t o  be high enough t o  s t e m  reform 

any carbon formed from e i ther  propylene o r  benzene. However. the (S/C),,,J 

r a t i o  a t  the 8 inch level  was 2.2 f o r  the case of 0.4 lb/hr  propylene in jec-  

t ion,  uhich was carbon-forming. As discussed above, t h i s  (S/C),,T value 

must be lower than the " c r i t i c a l "  one f o r  carbon-free operation a t  these condi- 

tions. 

While t h i s  data does not produce information about the mechanism o f  carbon for- 

laation i n  the bed, it de f i n i t e l y  shows tha t  the steam reforming region o f  the 

bed i s  the most prone t o  carbon formation. I n  support of  t h i s  i s  the above 

presented evidence that  a reduced (SIC), r a t i o  a t  the ATR i n l e t ,  created here 

by o l e f i n  addition, has less e f fec t  on carbon formation than a s imi lar  (S/C), 

reduction i n  the steam reforming par t  o f  the bed. Scanning elzctron microscope 

(SEM) examinations of  catalyst  samples used under carbon-forni ng condi t ions 

wi th  pure benzene or n-tetradecane fuels also support this. As discussed i n  

the previous section, surface carbon growths (mainly i n  the form o f  whiskers) 

were found on catalyst  samples taken from the steam reforming region of the 

reformer, while no surface carbon was found on the NC-100 o r  the top I C I  cata- 

lysts,  where oxygen i s  present. 



(C) ATR O f  Nlxtures O f  Benzene And n-Tetradecane 

Concluding the experimental studies o f  the a u t o t h e m l  reforming of  sul  f u r - f  ree 

hydrocarbon l iquids, a series of  tests wi th  a ixtures of  paraf f ins and aranatics 

were run i n  the r e f o m r .  The purpose was t o  determine what e f fec ts  aromatic 

and paraf f in ic  hydrocabon combinations have on catalyst  bed temperatures, 

intermediate reaction products, and carbon formation, as compared t o  the pure 

component hydrocarbon data . 

Mixtures of  benzene and n-tetradecane were used because of  the previous tes ts  

on them, indiv idual ly ,  and the ease o f  fol lowing the hydrocarbon intermediates. 

Two mixtures were prepared i n  M i c h  the molar r a t i o  of  n-tetradecane t o  

benzene, (T/B),, was set equal t o  2.0 and 0.5, respectively. Tests were run 

at  s imi lar  operating conditions as e a r l i e r  tes ts  wi th  each of the component 

fuels. Fresh catalysts were loaded i n  the reformer p r i o r  t o  the f i r s t  t es t  o f  

t h i s  series, I n  the middle cata lys t  zone, the I C I  46-1 catalyst  was used t o  

bet ter  control carbon formation. Tests CP-212 through 216 were run k i t h  the 

(T/B), = 2-0 mixture, while i n  tes ts  CP-217 through 221, the (T/B), = 0.5 

mixture was used. Table I Q  shows the operating conditions and sunanarizes the 

resul ts from these tests. Corresponding ax ia l  bed temperatures are shown i n  

Table IV-a. 

Carbon-foning conditions fo r  each mixture tested were determined and canpared 

t o  those fo r  the pure component hydrocarbons. These are depicted i n  Figure 10, 

i n  rrhich the carbon formation l ines determined fo r  the mixtures are p lo t ted 

along with carbon l ines f o r  neat benzene and n-tetradecane (see Figures 2 and 

3). Similar i n l e t  conditions, and the same catalyst  types were used wi th a l l  
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TABLE I V  ( C o n t ' d )  
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Figure 10. Autothermal Reforming of n-~etradecanel~enzene  Mixtures. 
Carbon Formation Lines. 
0 : n-Tetradecane (C14):30) , neat 
V I: Benzene solution (C14H30/C6H6 = 2 ,  molar basis)  
O*:  Benzene solution (C14H30/C6Hg = 0 .5 ,  molar bas is )  
0 : Benzene ( ~ 6 ~ ~ 1 ,  neat 

Open Symbols : Carbon-Free 
Closed Symbols: Carbon Forsation 



fuels with the exception o f  neat benzer-e, which had been tested wi th I C I  46-4 

catalyst i n  the middle ATR zone. 

The plots i n  Figure 10 c lea r l y  demonstrate that  a synergistic effect ex is ts  i n  

mixtures o f  benzeneln-tetradecane, whereby the carbon-formation 1 i ne of the 

mixture l i e s  between those of  the component hydrocarbons. I n  the case of the 

mixture (TIB), = 2.0, the para f f i n i c  character i s  prevai l ing; the carbon l i n e  

diverges from equil ibr ium at  low (02/C)m rat ios,  but not as much as the 

l i n e  fo r  pure n-tetradecane. The reverse i s  t rue fo r  the (TIB), = 0.5 

mixture, which has more o f  the aromatic character. This 1 ine diverges from 

equi l ibr ium a t  high (02/C)m rat ios,  but not as pronouncedly as the pure 

benzene l ine.  

To fur ther understand the causes of the observed synergi sm i n  benzeneln-tetra- 

decane mixtures, reaction bed products and temperatures during ATR o f  mixtures 

were compared t o  these fo r  the pure hydrocarbon components. Tables V and V-a 

show dry gas analys- and temperatures, respectively, from tests run a t  s im i la r  

operating conditions wi th the mixtures and each pure hydrocarbon component. 

These data comparisons have revealed the following: 

(a) Bed temperatures f o r  the mixtures were intermediate, i.e., they were 

lower than respective temperatures fo r  neat benzene and higher than those 

for  neat n-tetradecane. 

(b)  The presence of benzene i n  the benzenein-tetradecane mixtures appeared t o  

1 iu i t  :)re amount o f  intermediate hydrocarbons (pr imar i ly  low molecular 

weight o lef ins)  produced by cracking of n-tetradecane. As a resul t  of 



t h i s ,  carbon formation was suppressed a t  low ( O Z / C ) ~  r a t i o s  where the 

dev ia t ion  o f  the experimental from the theore t ica l  carbon formation l i n e  

was the la rges t  f o r  pure n-tetradecane (see Figure 2). The fac t  t ha t  tho 

benzenein-tet radecane mixtures had 1 ower prcpensity f o r  carbon formation 

than pure n-tetradecane a t  low (02/C)rn r a t i o s  maj be explained by the 

higher bed temperatures dur ing ATR o f  the mixtures. The ra te  o f  carbon 

removal by steam reforming may exceed the r a t e  o f  carbon formation ( v i a  

p a r a f f i n  cracking) a t  these temperatures, resu l t i ng  i n  no carbon deposi- 

t i o n  i n  the bed. 

(c)  The presence of n-~etradecane i 11 the benzeneln-tetradecane mixtures 

appeared t o  contro l  carbon formation from benzene a t  high (02/C)rn 

ra t i os ,  where the dev ia t ion  o f  the experimental from the theo re t i ca l  

carbon formation l i n e  was the la rges t  f o r  pure benzene (see Figure 3). 

This can be explained by the lower bed temperatures dur ing ATR o f  the  

mixtures, which were caused by the endothermic cracking react ions o f  

n-tetradecane. The ra te  o f  carbon formation v ia  dehydrogenation o f  t he  

benzene molecule would then be decreased because o f  lower temperatures. 

However, these temperatures are s t i l l  h igh enough f o r  steam reforming, so 

t h a t  the overa l l  e f f e c t  f o r  para f f in ic la romat ic  mixtures i n  ATR i s  a 

carbon removal r a t e  tha t  i s  f as te r  than i n  the case o f  the pure aromatic 

fuel a t  high (02/C)m ra t ios .  
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TABLE V-a 

C O M P A R I S O N  O F  ATR TEMPERATURES O B T A I Y E D  W I T H  BENZENE/N-TETRADECANE M I X T U R E S  

AND T H E I R  PURE HYDROCARBON COMPGNENTS 

r 
(1) 

S . V .  BED Tl9fPtUTVRE, OF 

/C) (S/C),, T~ A t  (in. from Ructar Inlet)  TtST rn2 In 
8 - "t hr-l 0.5 3 4 5 6 7 8 9 1 11 12 13 14 15 

L 

(1) Preheat Temperature, T.7. No. 1 3  (Pi-e 1 )  



(0) ATR Of Sulfur-Contalnl#g Paraffins And Ammatlcs 

I n  an e f t o r t  t o  delineate the previously observed (6) conversion chararter is-  

t i c s  and carbon-forming l im i ta t ions  ot No. 2 fuel o i l  i n  ATR, experimental work 

up t o  t h i s  point has focused on i den t i f y ing  the behavior of  individual fuel  

components i n  the a u t o t h c m l  reformer. Oifferences i n  the ATR r eac t i v i t y  o f  

sul fur- f ree paraf f ins  and aromatics have been found, and the e f fec ts  of the 

operating parameters on reaction intermediates, bed temperatures, and carbon 

format ion haw been determined. 

An overal l  p ic ture  o f  the carbon formation l ines f o r  the various su l fur - f ree 

hydrocarbons used under s imi lar  conditions i n  the autothermal reformer i s  shown 

i n  Figure 11. The ef fec ts  of chemical character, and molecular weight ( o r  

bo i l i ng  point)  on carbon fornwtion i n  ATE can be seen :ram t h i s  figure. Exper- 

imental data frcm the ATR o f  No. 2 fuei  o i l  (6) are also shown i n  Figure 11. 

This data cannot be used f o r  a quant i tat ive c q a r i s c n  o f  the fuel o i l  and pure 

hydrocarbon requirements f o r  carbon-free operation (sinc? a d i f fe ren t  catalyst  

(6) had been used i n  the low preheat (.\11150°F) tests w i th  ko. 2 fuel o i l ) .  

However, iran a qua l i ta t i ve  ccnnpdzison of the shape and locat ion of these 

curves, it appears that  the chemical c h a r a c i ~ r  (e.g., aromatic content) and the 

bo i l i ng  point e f fec ts  are not enough t o  explain the extremely pronounced pro- 

pensity of fuel o i l  for carbon formation i n  ATR. 

The No. 2 fuel  o i l  us& i n  the ea r l i e r  JPL work ( 6 )  consisted of a mixture of 

paraff ins (71% vol.!, aromatics (22% vol.), and o le f ins  (7% vol.). The sui fur  

content of that o i l  was 0.35% ut. As discussed i n  the previous section, 

triixtures o f  paraf f ins and aromatics exq ib i t  a synergism with respect t o  carbon 



Figure 11. ATR of Various Hydrocarbon Liquids. 
Experimental Carbon Formation Lines. 

C] : No. 2 Fuel O i l ,  Catalyst Configuratipn A (Ref. 6 ) .  
. V : Benzene (C6H6) Catalyst 
0 : Benzene/Naphthalene, (BIN), = 3.75 Configuration 
a : n-Hexane (C6H14) 
. A : n-Tetradecane (C14H39) 

Open Symbols : Carbon-Free 
Closed Symbols: Carbon Formation 



formation i n  ATH. Hence, the steam requirements fo r  carbon-free operation wi th  

No. 2 fuel o i l  should be l o w r  than those corresponding t o  i t s  heaviest a r m -  

t i c  components ( a t  high 02/C ra t ios )  or  i t s  heaviest paraf f in ic canponents 

( a t  low OZ/C rat ios) .  Obviously, what remains unanswered a t  t h i s  point i s  

the re la t i ve  importance o f  the su l fur  content o f  fuels wi th respect t o  carbon 

formation i n  ATR. I n  the following, resu l ts  frm preliminary tes ts  wi th  

thiophene-contaminated n-tetradecane and benzene are presented, This work was 

undertaken i n  order t o  study the conversion and degradation e f fec ts  of fuel 

sul fur  on the catalyst. It has been found that  No. 2 fuel o i l  can contain up 

t o  90% thiophenic su l fu r  compounds (15)-  Thus, thiophene i s  a good model 

sul fur  compound f o r  heavy d i s t i l l a t e  fuels. 

ATR o f  Thiophene-cmtai ning n-Tetradecane 

The e f fec t  o f  su l fur  i n  the ATR character ist ics of  paraffins was examined f i r s t  

by using n-tetradecane contaminated wi th  thiophene, 2000 ppmw (by weight). 

This amount o f  thiophene i s  equivalent t o  762 ppnw sulfur. Tests wi th t h i s  

mixture were run a t  s imi lar  conditions as ea r l i e r  ones f o r  n-tetradecane alone. 

These tests were performed t o  determine what e f fec t  the conversion o f  su l fu r  

compounds would have on the autothermal reformer temperatures, catalyst  

ac t i v i t y ,  intermediate reaction products, and carbon-forming tendency. 

Table V1 summarizes the experimental data col lected from tests wi th the 

n-tetradecane/thiophene mixture a t  three sets of  operating conditions, which 

were carbon-free for pure n-tetradecane (11)- A fresh catalyst  bed was loaded 

i n  the reactor p r i o r  t o  tes t  CP-222, and again p r i o r  t o  tes t  CP-229. As i n  

tes ts  wi th neat n-tetradecane, the I C I  ca ta lys t  used i n  the second catalyst  

zone was of the 46-1 type, which contains potassium oxide as a soot-suppres- 



TABLE V I  

ATR PERFORMANCE COMPARISON OF THIOPHENE-CONTAINING 

N-TETRAOECANE AND PURE N-TETRADECANE 

(5) 
GAS 

PROBE 

A' 
- l M k j f S  

I U T  
4 
6 

EXIT 

4 
6 
P 

4 
6 
8 

U l T  

4 
6 
8 

U I T  

(4) 
s*V*  

I 

lDUYl * 
<' 
Il 

9WB * 
* 

OPOB 
* .  

lam, 
(I 

. ( I  

n 

8 - 

C 
A 
R 

: 
- 

H) 

" 
I 

W * 
(I 

K) 

* 

KS * 

( o ~ / c ) ~  F u L  

1 
ORY GAS COMPOSITION, MOL % 

Cz 
('1 MAX. BED @) 

(~/r). 'P 'f 

i R  

160 

2% 

235 

I46 

t 

'4 

0.B 
0.98 
0.22 
0.a 

1.01 
OaOB 

404 

0.56 
0.06 
0113 

&@ 
0.02 . - 

0.24 
7.87 
18.08 
35.57 

4.50 
20.25 
ab.30 

6& 
a 7 8  
27.3 
31.54 

9.60 
25.49 
31.96 
32.76 

0.6 " 
" 

0.4 " 
" 

0.4 " 
" 

0.3 * 

f i T 8 y m W  

* 

R T ~ ~  

m- 
n 

" 
I 

Y 

~ T l f m & u a  . 

'3'6 

0.14 
0.02 
0.01 - 
0.13 
0 s  
0.01 

0.13 
0.01 
0.01 

o f i  - - - 

'S 

0.15 
0.3  
0.06 - 
0.20 
0.01 - 
0.a 
0.01 
OoOl 

all - - - 

'2'4 

0.51 
0.32 
0.23 
0.12 

0.23 - 
0.09 

0.1 - 
0#) 

0.99 
0.13 
0.09 
0.06 

1- 
la37 
1040 

* , m  

llQ2 
1131 
1124 

1U) 
1141 
1134 

W L P 7 0  

1066 
Uldl 
1w 

" l w I s g )  

a36 
I 

I 

.) 

0.38 

0.38 
N 

II 

0.3 " 

m 

'sH6 

17-16 
1.31 
0.55 
0.07 

1.59 
0.13 
0.W 

0,516 
406 
0oOl 

l a  
0.09 
O#J 
&OA 

C02 

0.56 
8.52 
5.09 
4.74 

3.70 
3-40 
3.58 

4.86 
4.11 
3W 
2.47 

5.65 
2.01 
1.17 
0.99 

' 6  

0.16 
0.S 
0.06 
0.20 

0.13 - - 
- - - 
oa - - - 

H c ~  

43.72 
10.01 
5.30 
1.n 

2ag3 
10.95 
7.84 

L&lrl 
9.24 
7.Y 
2.20 

14XM 
3,s 
2.r) 
1 

Co 

0.48 
11.59 
17.a 
20.81 

12.50 
21.m 
22.03 

14.W 
a 9 7  
22.34 
24.14 

11.63 
22.M 
24.33 
25.20 

1719 
Inn 
1713 
172s 

2007 
aXP 
19QD 

Pir) 
ZCQ5 
2Rn 

1(Ipe 
1916 
lsez 

'6'6 

0.0) 
0.09 
0.B 
0.01 

0.13 
0.13 
&OD 

a16 
0.11 
OM) 

om 
0.01 
041 - 

CH4 

4.28 
2.a) 
2.00 
1.w 

3.95 
4 s  
4.11 

4.75 
4.53 
3& 

4.W 
2.45 
1.97 
1.55 

8 3  " 
" - 

7.0 * 
* 

6.1 * 

* 

4.7 

* 

C2H4 

21.13 
4.75 
2.17 
0.21 

Ik40 
5&6 
3.46 

1146 
4.43 
2.56 

7 . 8  
O a  
OJU 
do3 

7.50 

(I 

* 

7.20 

7.20 
(I 

(I 

8.2 
w 



TABLE V I  ( C o n t ' d )  

TEST 

CP - 

DRY GAS COMPOSIT ION, MOL % I 
A l 

l N C " E S  "2 

H) EXIT 32.24 

No IHLT - 
ra 4 0.22 
* 6 an 
n 8 1-49 
H) 10 23.97 
MI 12 28.B 
M 14 29.97 " EXIT 31 &9 

FU 4 7.33 
n 6 28.11 
M 8 32.49 * U11 35.40 

No 4 0.05 * 6 0.72 
W 8 1.54 

H) 10 27.10 
I4 12 30.00 
n 14 31.72 
No EXIT 33.57 

( 1 )  - ( 5 )  See Table 111 
* Gaseous hydrocarbons n o t  i n c l u d i n g  n- te t radecane 



sant. Data from tests wi th neat n-tetradecane run ea r l i e r  (11) a t  the same 

conditions are also shown i n  Table V I  f o r  comparison. The fol lowing observa- 

t ions were made during t h i s  series of autothermal reforming tests: 

(a) Temperatures wi th the mixture of n-tetradecane and thiophene were lower 

i n  the upper half o f  the bed and higher i n  the lorver ha l f  o f  the bed than 

respective temperatures wi th  neat n-tetradecane. Tne peak temperature 

wi th the mixture was recorded a t  least  3 inches below that  f o r  n-tetrade- 

cane, indicat ing that  the a c t i v i t y  of the front-end catalyst  was lower i n  

the presence of  sulfur. The value o f  the maximum temperature was higher 

by abcut 200°F i n  the case of the mixture, probably because fresh cata- 

l y s t  was used i n  both tests. Figure 12 shows axia l  bed temperature pro- 

f i l e s  f o r  n-tetradecane, neat and wi th thiophene a t  (02/C),,, = 0.36, 

(S/C), = 0.60. The p r o f i l e  f o r  the mixture corresponds t o  tes t  CP-223 

i n  which the maximum temper3tu1-e was recorded a t  9 inches below the reac- 

t o r  in le t .  However, the i n i t i a l  locat ion of the temperature peak f o r  

these conditions was a t  8 inches from the i n l e t  ( tes t  CP-229) ind icat ing 

that  the catalyst i n  the oxidation zone was rapidly being poisoned during 

exposure t o  the sul fur-containing fuel. 

(b) Uhile no carbon formation was detected wi th  the n-tetradecane/thiophene 

mixtures at  the conditions o f  Table V 1 ,  the amounts of intermediate reac- 

t i o n  products formed via cracking reactions were higher with the mixtures 

than wi th n-tetradecane. This was t rue  throughout the length ot the bed 

except a t  the f ront  4 t o  5 inches from the bed in le t .  Figure 13 depicts 

axia l  composition p ro f i l e s  corresponding t o  the temperature p ro f i l es  o f  
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2000 P = 1 atm' I I I I I 

T = 1100°F 
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. 

n-TETRADECANE 
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I 1 I I 

4 6 8 10 12 14 EXIT 
CAi'ACYST BED LENGTH, in. 

Figure 12. Autothermal Reforming of n-Tetradecane, neat 
with 2000 ppmw Thiophene. 
Axial Bed Temperature Profi?es. 



Figure 13. Autothermal Reforming of n-Tetradecane, neat 
and with 2000 ppmw Thiophene. 
Axial Bed Composition Prof i l e s .  



Figure 12. I n  both cases, i.e., n-tetradecane and the n-tetradecane/ 

thiophene mixture, the intermediate hydrocarbons peaked j u s t  upstream of 

the respect ive temperature peak. However, the concentrations o f  e thy l -  

ene, methane, benzene etc., were much higher o r  the mixture. I n  addi- 

t i on ,  the methane conversion i n  the steam reformins region o f  the bed was 

l imi ted,  and a higher methane leakage was measured a t  the bed e x i t  when 

the  mixture was used i n  ATK. 

(c )  Along w i t h  hydrocarbon analysis, gas samples from d i f f e r e n t  leve ls  o f  the 

ca ta l ys t  bed were analyzed f c r  s u l f u r  compounds by G.C. (FPD). I n  the 

p a r t i a l  ox ida t ion  region of the bed, uncoverted thiophene w s  the only 

sul fur-conta in ing species found i n  the gas phase. However, the amount of 

thiophene detected i n  t h i s  region was lower than a t  the reactor  i n l e t ,  

i nd i ca t i ng  tha t  s u l f u r  had reacted w i th  the catalyst/support and formed a 

s tab le  compound on the s o l i d  surface. Around the loca t ion  of the temper- 

ature peak, and fu r the r  down the bed ( i n  the steam reforming region), a 

h igher  r a t e  o f  thiophene conversion was observed, and other su l fu r  yro- 

ducts, namely H2S, COS and traces o f  CS2, appeared i n  the gas phase. 

Figure 14 shows ax ia l  p r o f i l e s  o f  H2S, COS and thiophene i n  the bed. 

Since a l l  s ~ l f u r  species were not  q u a n t i t a t i v e l y  analyzed, Figure 14 i s  

intended as a qua1 i t a t i v e  p l o t  only. Thus, an a r b i t r a r y  logar i thmic 

scale i s  used on the ordinate o f  Figure 14. The H2S p r o f i l e  was found 

t o  be almost f l a t  throughout the  6-568 ca ta l ys t  zone, and about two 

orders o f  magnitude higher than the COS, which peaked a t  the pos i t i on  o f  

the temperature peak, gradual ly decreasing thereaf ter .  



CATALYST BED LENGTH, in. 
Figure 14. Auto thermal Reforming of n-Tetradecane 

with 2000 ppm Thiophene. 
Gas Phase Axial Prof i l e s  o f  Sulfur Compounds. 



(d) Catalyst samples from d i  f f e ren t  bed locat ions were examined by SEM/EDAXo 

No surface carbon was detected i n  any o f  these samples. However, sul  ftrr 

was found (by EDAX) on the surface of a1 1 three types of ca ta lys ts  

(NC-100, I C I  46-1, 6-568) throughout the bed. Figure 15 shows a SEM 

photomicrograph o f  the surface o f  ICI 46-1 ca ta l ys t  taken from a loca,ion 

upstream o f  the maximum temperature region o f  the bed. A large par t  o f  

t h i s  surface i s  comprised o f  a c r y s t a l l i n e  mater ia l ,  perhaps inorganic 

sulfate. Quant i ta t i ve  s u l f u r  analys is  was not made here since the t o t a l  

run times o f  these ca ta lys ts  w i t h  the sul fur-conta in ing fuel  were not 

s u f f i c i e n t l y  long t o  make such an analysis zonclusive a t  t h i s  point.  

The above exploratory inves t iga t ion  o f  the e f fec ts  of fuel  s 3 l f u r  i n  the 

ATR o f  para f f ins  has indicated the fo l lowing:  

( i )  A t  the f ron t  end o f  the bed where p a r t i a l  ox idat ion of the fuel  

takes place, thiophene reacts w i t h  the ca ta lys t lsuppor t  surface 

and, presumably, fcrms some stable surface compound. Gases from 

t h i s  par t  o f  the bed contain no COS, i nd i ca t i ng  tha t  any COS pro- 

duced there i s  retained by the s o l i d  o r  rap id l y  reacted. During 

t h i s  process, ca ta l ys t  s i t e s  ac t i ve  f o r  the ox idat ion react ion o f  

the hydrocarbon fuel  are being dep? eted, temperatures are lower, 

and the loca t ion  o f  the temperature maxinum i s  sh i f t ed  down the bed, 

i nd i ca t i ng  ca ta lys t  deact ivat ion. It i s  i n te res t i ng  t o  note tha t  

it took less than 1 hour o f  run t ime for temperature p r o f i l e s  such 

as i n  Figure 12 t o  develop, i nd i ca t i ng  a more rapid loss i n  a c t i v i -  

t y  than when no s u l f u r  i s  present i n  the fuel. However, tempera- 

tu res  i n  t h i s  par t  o f  the bed appear t o  be high enough f o r  exten- 





sive steam cracking ( i n  the gas phase) and tt~ermocracking o f  the 

fuel on the catalyst/support surface !or i n  the gas phase) t o  take  

place, as was observed experimentally. 

( i i )  I n  the v i c i n i t y  o f  the temperature peak, carbonyl s u l f i d e  becomes 

measurable i n  the gas phase (see Figure 14), and peaks upstream of 

the temperature peak. I n  the same region, H2S i s  rap id l y  

i nc reas i~ i s  t o  a peak i n  p a r a l l e l  w i t h  more hydrogen produced from 

the  % i n  react ior~s. Further down the  bed, a lower amount o f  COS i s  

observed in  the gas phase, proba3!y because it hydrolyzes t o  H2S 

and/or reacts w i t h  the ca ta l ys t  surface. 

( i i i )  I n  the steam reforming regian of the bed, i n  the absence o f  oxygen, 

the  predminant s u l f u r  species i s  H2S. Temperatures i n  t h i s  

region, though decreasing, a m  very h igh  (see i i ~ u r e  12), s t e m  

I -forming can proceed a t  a fas t  rate, and there nay be enough 

hydrogcn ava i lab le  sn t ha t  any po ten t i a l  surtace s u l f i d e  of n i cke l  

becomes unstable (5).  The f l a t  H2S p r o f i l e  i n  t h i s  pa r t  o t  the 

bed (see Figure 14) i s  i nd i ca t i ve  of no or  very l i t t l e  H2S/solid 

in teract ion.  The su l fu r  laydown i n  the lower ena of the ca ta l ys t  

bed i d e n t i f i e d  by bEH/E3AX may be due t o  t ransients i n  the operat- 

ing  condit ions. To prove t h i s  point ,  hcnever, add i t iona l  exper i -  

ments under wel l  coiir;rolled condit ions are necessary. 

( i v ;  While no carbor, i-orn.::ion took place i n  the autothermal reformer a t  

the condit ians of Tablo V: , one m y  predict  (based on the amounts 

o f  i n t e r m d i a t e  hvs-oc~rbons i n  the gases) tha t  carbon would be 



fonned i n  the case of the n ix ture  by decreasing s l i gh t l y  the 

(S/C!, r a t i o  a t  the i n l e t ,  while leaving a l l  other paramete~s the 

same (11). The new conditions would s t i l l  be carbon-free f o r  the 

pure hydrocarbon, hence the propensity fo r  carbon format ion appears 

t 9  be higher for the sulfur-containing hydrocarbon, 

ATR o f  Thiophene-cmtaini ng Benzene 

Follcming tests wi th sulfur-containing paraffins, autothemat reforming tes is  

were performed wi th benzene i n  which 1750 ppmw thiophene (or  667 y p m  su l fu r )  

had been added i n  order t o  examine the effect of sulfur on the ATR characteris- 

t i c s  of  aromatic fuels. 

Tests CP-237 through 239 were run a t  (02/C), = 0.34, (SIC), = 0.80. 

Fresh catalyst  was loaded i n  the reactor p r i o r  t o  tes t  CP-237. In  the middle 

catalyst  zone, the 1CI 46-4 cata lys t  was used as i n  eh r l i e r  tes ts  wi;h neat 

benzene (10). I n  tests CP-241 through 243, the same operating conditions were 

used on a fresh batch of the same catalyst  types. Table V I I  swrmarizes the 

data col lected from these tests, and also 1 i s t s  data from an ea r l i e r  test ,  

CP-205, run with benzene f o r  comparison. 

Sulfur conversion (and deposition) i n  the upper part of  the catalyst bed 

affected bed temperatures i n  a s imi lar  way to  the case of n-tetradecane/thio- 

phene mixture. As show- i n  Figtrre 16, the axia l  temperature p r o f i l e  for ben- 

zene/thiophene was displaced by 4 incbes down the bed from that  corresponding 

t o  neat benzer~e. A higher peak temperature was observed wi th the mixture, 

probably due t o  i t s  proximity wi th  the ti-56B catalyst  which has d higher nickel 

loading than the  ICI 46-4 catalyst.  As with n-tetradecane, the su l fur  poison- 



TABLE V I  I 

ATR PERFORMANCE COI1PAR I S O N  O F  TH I O P H E N E - C O N T A I N I N G  BENZENE AND 
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i ng  o f  the front-end ca ta lys t  was rapid, pushing the temperature peak dam the 

bed i n  l a t e r  runs (Table V I I ) .  

Analysis o f  gas samples from various bed loca t ions  i s  given i n  Table V I I ,  and 

a x i a l  p r o f i l e s  f o r  CH4, C2H4, C3H6, and C6H6 a re  shown i n  Figure 1 7  f o r  

the condi t ions o f  Figure 16, Higher amounts o f  01efir.s and methane were pro- 

duced throughout the ca ta lys t  bed, and more unconverted benzene was detected i n  

the exhaust gases w i th  the benzene/thiophene n i x t u r e  than w i th  benzene alone. 

Carbon was f . ~ m d  uhen the mixture was used a t  these condit ions, which were 

carbon-free f o r  neat benzene ( t e s t  CP-203). Because a f  the higher amount of 

unconverted benzene and higher temC;i?ratures around the temperature peak region, 

the r a t e  o f  carbon formation there might have been enhanced, perhaps v ia  dehy- 

drogenation of the benzene molecule. 

(;as phace s u l f u r  products, H2S and COS, appeard  ear ly  i n  the bed during the 

ATR of  benzenelthiophene. Q u a l i t a t i v e  p l o t s  oG the ax ia l  bed p r o f i l e s  of these 

two compounds are shown i n  Figure 18. A f l a t  p r o f i l e  i s  observed f o r  H2S, 

wh i le  CCS peaks c lose t o  the loca t ion  o f  the temperature peak ( s i m i l a r  t o  t he  

p l o t s  o f  Figure 14). Thiophene could not be detected by the G.C. (FPD) i n  

these tes ts  because i t  was masked by benzene which had the same re ten t ion  t ime 

as thiophene i n  the Poropak Q S  column o f  the G.C. 

Another set o f  condi t ions w i th  benzene/thiophene were tested i n  tes ts  CP-240, 

242 and 244, w i th  ( i j 2 / C ) ,  = 0.29, (S/C), = 1.0 (Table VI I ) .  By comparing 

t h i s  data t o  t e s t  CP-61 (neat benzene) s i m i l a r  r e a c t i v i t y  can be seen concern- 

i ng  the e f fec t  o f  s u l f u r  on conversion e f f i c i ency  and propensity f o r  carbon 

formation i n  the ATR ~f aromatic hydrocarbons. 
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Post-examination o f  the ca ta lys ts  used a t  the condit ions o f  Figures 16-18 was 

performed by SEMIEDAX. A l l  ca ta lys t  samples had changed co lor  fran gra.y t o  

green during operation. Sulfur was found on the surface of a1 1 three ca ta l ys t  

types, ind ica t ing  tha t  su l fu r  had reacted w i th  the catalyst/support throughout 

the bed. Presumably a su l fa te  had been formed on the ca ta l ys t  surface i n  the 

p a r t i a l  ox idat ion region, Figure 19 shows a SEM photomicrograph o f  the top  ICI 

46-4 ca ta l ys t  surface on which c r y s t a l l i n e  material  i s  seen. This "sulfated" 

ca ta l ys t  was less ac t i ve  i n  ATR than the uncontaminated catalyst,  





I n  autothermal reforming work a t  JPL, a comparative study has been undertaken 

whereby d i  f f e r e n t  types o f  1 i q u i d  hydrocar')ons, addit ives, and mixtures thereof 

have been examined from the aspect o f  chenical r e a c t i v i t y  and carbon formation 

character is ' i ics i n  ATR. E f fec ts  o f  chang~ng several o f  the operat ing parame- 

t e r s  on the propensity f o r  carbon formation have been studied w i th  each hydro- 

carbon type. 

I n  experiments w i th  sul fu r - f ree  hydrocarbon l i qu ids ,  para? f i n s  and aromatics 

hcve been tested extensively i n  ATR t o  i d e n t i f y  possible reac t ive  d i f ferences 

o r  s i m i l a r i t i e s  tha t  could expla in ( a t  l eas t  i n  pa r t )  t h e  behavior o f  heavy 

fuels, e.g,, ho.2 fuel  o i l ,  which i s  mainly comprised o f  pa ra f f i ns  and aroma- 

t i cs .  I n  an e a r l i e r  experimental study o f  No.2 fue l  o i l  i n  ATR (6), t h i s  had 

been found t o  form carbon a t  oxygen/steam r a t i o s  much higher than those pre- 

d ic ted  by thermodynamic equi l ibr ium. I n  the work discussed here, the same 

ca ta lys t  types and conf igurat ion have been used as i n  the fuel  o i l  t e s t s  t o  

fac i  1 i t a t e  comparisons. 

Reactive di f ferences between pa ra f f i ns  and aromatics have been found i n  ATH. 

These were indicated by very d i f f e r e n t  bed temperature p r o f i l e s  obtained from 

each fuel type under sinii 1 ar  operat ing condit ions. Also, very d i f f e r e n t  exper- 

imental carbon formation 1 ines ( i n  the (02/C)m-(S/C)m plane) were deter- 

mined fo r  each tiydrocarbon. Thus, a t  low (S/C), r a t i o s ,  para f f ins  were more 

prone to  form carbon i f  the (02/C), r a t i o s  were low, whi le  high ( O Z / C ) ,  

r a t i o s  were unfavorable (carbon-forming) f o r  the aromatics a t  the sanle operat- 

i ng  conditions. 



Gaseous react ion products obtained from d i  f ferent  locations throughout the 

length of the catalyst  bed have been analyzed and compared f o r  n-tetradecane (a 

paraff in) and benzene (an aromatic). intermediate species (hydrocarbons) iden- 

t i f i e d  from each fuel type were d i f ferent  i n  a,-ounts, - not i n  types. However, 

the conversion p ro f i l es  o f  these intermediates along the bed and the respective 

bed temperatures pro f i  l es  are ind icat ive  o f  d i  f ferent  carbon formation mechani- 

sms operative for each hydrocarbon type i n  ATR. In  the case of n-tetradecane, 

considerable cracking t o  mainly o l e f i n i c  compounds takes place a t  the i n l e t  and 

throughout the par t ia l  oxidation region of the bed. These o le f ins  can easi ly 

degraae t o  carbon e i ther  i n  the gas phase (a t  the higher temperatures, >1500°F, 

close t o  the temperature p a k  locdtion), o r  on the catalyst/support surfaces a t  

high and intermediate temperatures. I n  the case o f  benzene, however, no i n l e t  

cracking, and very low amounts of o le f in ic  intermediates are produced i n  the 

f ront  end o f  the bed; the predominant species i s  unconverteo benzene throughout 

the bed. Benzene can degrade t o  carbon by dehydrogenation i n  the w s  phase a t  

the higher temperatures prevai l ing i n  the v i c i ~ i t y  of the temperature peak, 

which i s  200°F higher than f o r  n-tetradecane due t o  the ab5ence of  cracking. 

Benzene-nickel in teract ion resul t ing i n  surface-bound carbon i s  a1 so possible 

throughout the steam reforming region of the reactor. 

Carbon types and locations of  carbon formation were i den t i f i ed  fo r  each sul fur-  

f ree fuel used i n  ATR. I n  a l l  cases, carbon wds a mixture of seemingly gas 

phase generated as well as surface-bound forms. TPe former was powder-l ike, 

f i l l i n g  catalyst  voids and not adhering to  the surface. The l a t t e r  kas f i l a -  

mentous carbon (whiskers growths) of the kind that  has been observed i n  the 

steam reforming, CO d i  sproport ionation, and methanation 1 i terature. As was 

found by XHD analyses, both types of carbon were (at  least  i n  par t )  graphit ic. 



With aromatics, gas phase carbon appeared t o  be the predominant type o f  carbon 

i n  the  I C I  ca ta lys t  zone, which exh ib i ted  l i m i t e d  erosion. With para f f ins ,  

however, considerable ca ta lys t  erosion was t yp i ca l  l y  observed i n  the I C I  zone. 

Carbon from t h i s  par t  o f  the bed c l e a r l y  consisted of a mixture o f  f i nes  and 

surface grown whiskers. On the l a s t  ca ta lys t  zone, 6-568, surface grown carbon 

was detected regardless of the hydrocarbon type, but considerable ca ta l ys t  d i s -  

i n teg ra t i on  ( f i nes )  was also observed i n  t h i s  zone. 

The described charac ter is t i cs  o f  n-tetradecane and benzene i n  ATR were the same 

f o r  t h e i r  honiol ogs, n-hexane and naphtha1 ene, respect ively.  The main conclu- 

sion here i s  that. the higher the n~olecular  weight, the higher the propensity 

f o r  carbon formation i n  ATR. The use o f  benzenelnaphthalene mixtures caused a 

more pronounced departure froin the equ i l ib r ium carbon 1 i ne  even a t  low (<0.36) 

(02/C), ra t ios ,  i nd i ca t i ve  ot a higher carbon-forming tendency of the poly- 

nuclear aromatic molecule (naphthalene). 

Intermediate species fran e i t h e r  aranat ics o r  pa ra f f i ns  i n  ATK have been found 

t o  vary i n  amounts only, - not i n  type, when comparing carbon-forming t o  carbon- 

f ree  condi t iors.  This probably ind icates tha t  a " c r i t i c a l "  amount of each car- 

bon precursor ( o l e f i n i c ,  aromatic) must be reached i n  the bed before the l oca l  

(SIC), r a t i o s  become too low f o r  carbon-free operation. It was previously 

(11) shown tha t  the propensity f o r  carbon formation i n  the s t e m  reforming 

region of the bed was more sensi t ive t o  changes i n  the loca l  (S/C), r a t i o s  

than t o  temperature for  the same other operat ing parameters. 

E f fec ts  o f  o l e f i n  (propylene) add i t i on  on the ATR performance o f  benzene have 

been described i n  t h i s  report. The "tolerance" o f  the system (i.e., ~ e s i s t a n c e  



t o  carbon formation) t o  propylene add i t ion  a t  the i n l e t  i s  higher than t o  

i n jec t i ons  a t  locat ions w i t h i n  the steam reforming region o f  the bed. P r o ~ y -  
*, 

lene add i t ion  i n h i b i t s  the conversion o f  benzene and enhancer methane droduc- 

t i o n  i n  the lower par t  o f  the bed. A f te r  a " c r i t i c a l "  amount o f  propylene i s  

in jec ted  i n  t h i s  resion, a reduct ion i n  the overa l l  iS/C), r a t i o  i s  effected 

such tha t  the carbon formation r a t e  becomes fas te r  than tha t  o f  carbon removal. 

From these tests,  however, i t  cannot be deduced tha t  propylene i t s e l f  i s  the 

carbon precursor. Higher amounts o f  unconverted benzene are now present i n  the 

bed which may degrade t o  carbon. To e luc ida te  the mechanism of carbon 

fo rma t i c i~~  i n  t h i s  case would requi re wel l  contro l led,  small scale experiments 

(e.g., l abe l i ng  experiments using carbon isotopes). 

When mixtures o f  pa ra f f i ns  and aromatics (n-tetradecane and benzene) were 

tested i n  the autothermal reformer under s im i l a r  condit ions as f o r  the pure 

hydrocarbon components, synergis t ic  e f fec ts  were ident i f ied .  Thus, bed temper- 

aturcc:  extent o f  cracking rcct ions,  and propensity f o r  carbon formation f o r  

the mixtures were intermediate between those o f  the component f ue l  s, n - t e t  rade- 

cane and benzene. 

Comparisons o f  the whole body o f  experimental ATR r e s u l t s  o f  su l f u r - f ree  pure 

hydrocarbons w i t h  No.2 fuel  o i l  (Figure 11) ind ica te  tha t  the dev ia t ion  o f  the  

carbon formation l i n e  o f  the l a t t e r  from those of the pure hydrocarbon iqu ids  

cannot be explained by molecular weight and chemical character (e.g., 

a romat ic i ty )  e f f e c t s  alone. It appears t h a t  the s u l f u r  content o f  No.2 Fuel 

o i l  (3000-5000 ppmw) may be the l i m i t i n g  fac tor  f o r  an e f f i c i e n t  ( low 3*/C 

and preheat temperature) ATR operation. Exploratory tes ts  were thus undert ... en 

i n  which the e f f e c t  of su l f u r  on the conversion cha rac te r i s t i cs  o f  pa ra f f i ns  



and aromatics i n  ATR was examined by using mix?!l:rb, o f  n-tetradecane and th io -  

phene (2000 ppmw) , and benzene and t h i  ophene (1 ,aU ppmw), respect i  vely. Thi o- 

phene was chosen as the su l fu r  add i t i ve  i n  these t e s t s ,  ' -.cause most of the  

fuel-bound s u l f u r  i n  No.2 fue l  o i l  i s  thiophenic. 

Data from the thiophene-containing hydrocarbons were s im i l a r  f o r  both hydro- 

carbon types (paraf f ins,  aromatics). Thus, the f r o n t  pa r t  o f  the bed rap id l y  

became poisoned, and temperature p r o f i l e  peaks were sh i f t ed  down the bed, 

whi le  react ion rzzes were inh ib i ted ,  as ind icated by l o w r  bed temperatures. 

Upon post-examination o f  ca ta l ys t  surfdces from t h i s  par t  o f  the bed, c r y s t a l -  

l i n e  material ,  possibly inorganic sulfates, was detected by SEN, and s u l f u r  was 

i d e n t i f i e d  by EDAX. The steam reforming region o f  . le bed operated under hcgh- 

e r  temperaturel (since the temperacure peak was s h i f t e d  down the bed). Gas 

analysis throughout the bed length showed enhdnced cracking rates of n-'etrade- 

cane, and l i m i t e d  conversion o f  benzene i n  the  presence o f  thiophene. These 

resu l t s  i nd i ca te  tha t  carbon formation would take place easier f o r  the su l fu r -  

contaminated than f o r  the su l fu r - f ree  fuels,  as was ac tua l ly  the case i n  one 

set of ~ p e r a t i n g  condit ions w i t h  the benzene/thiophi mixture. Catalyst from 

the steam reforming region o f  the bed a lso contained su l fu r ,  but i t was not 

possible t o  quan t i t a t i ve l y  determine i f  the su l fu r -ca ta lys t  i n te rac t i on  was 

lower there than i n  the p a r t i a l  ox iaat ion region uf the bed. 

Sul fur  species i d e n t i f i e d  by G.C. (FPD) i n  the gas phase include H2S (pre- 

d o m i ~ a n t l y )  and COS apart from unconverted thiophene. However, thiophene was 

the only su l fu r  species i n  the gas phase down t o  the v i c i n i t y  of the maximum 

temperature, where H2S and COS were f i r s t  detected. It appears tha t  stable 



surface compound(s) formed from the thicphene-cir* a l ys t  interact ion i n  the upper 

part of  the bed where oxygen i s  present, since thiophene was being clepleted 

and no other su l fur  canpouqd could be detected i n  the gas phase. On the other 

hand, the HpS - nickel intoract ion i n  the lawer part of  the bed appears t o  be 

1 ia i ted,  since the H2S p ro f i l e  i s  f l a t  through t h i s  part. The reason f o r  

t h i s  u~ay be that  higher bed temperatures and su f f i c ien t  hydrogen pressure there 

do not favor stable nickel sul f ide(s) .  The su l fur  detected (by EDAX) on cata- 

l y s t  salnples taken from tne lower part of the bed may be due t o  transients i n  

operation. 

These preliminary experimental resu l ts  from the ATR o f  sulfur-containing paraf- 

f ins and aromatics ,+pear t o  indicate the necessity for 3igher preheat tempera- 

tures i n  order to  c ' ter  the thermodynamic eql!ilibrium o f  the reactions i n  the 

f rant  part o f  the bed and avoid deactivatior,. This, howevei, may require 

increased m u n ' s  of  steam a t  the i n l e t  to control potential  carbon fomat;ion, 

which can occur from precombustion ( i n  the gas phase) of the fuel a t  very high 

inlet temperatures (~1400°F) .  Fctcre experiments should focus on examining t tw 

e f fec ts  of  these parameters (preheat, steam) on the ATR of sulfur-containing 

hydrocarbons ri t h  respect t o  conversion eff iciency .,nd propensity for carbon 

f o m t i o n .  Based on the outcome o f  t h i s  research, a r e a l i s t i c  rode1 can be 

constructed fo r  the autothermal refomtng of  'uels of  any canposition. 

hrecver ,  by carefbl l y  monitoring a1 1 reaction spec i~c  and apparent cata lys t  

ac--ivi -.ies i n  complementary catalyst  screening exp*rim,lts, it w i l l  be possible 

t o  determine the optimal catalyst  types acd configurations needed for  carbon- 

free ATR operation unJer high thermal ard c o ~ i ~ e r s i o n  eff iciencies. 



PART I 1  

STEM REFORHIS OF n - H E X M  OCI PELLET 
AND llOWOLITHIC CATALYST B€DS 

A Collparative Study on Ilprovements due to  Heat Transfer  



Steam reforming o f  desulfur ized heavy hydrocarbon fue l s  f o r  fue l  c e l l  appl ica-  

t i ons  o f  i n t e r e s t  t o  e l e c t r i c  u t  i 1 i t l e s  requi res  h igh ca ta l ys t  temperatures 

(1500-170U°F) and h igh steam-to-carbon r a t +  Since steam re fomi i lg  i s  endo- 

thermic, the heat must be trans te r red  throush the reactor  wa l ls  and throughout 

the ca ta l ys t  bed, The temperature required on the outside wal ls  o f  the  reac- 

t o r ,  therefsr e, i s  i n  excess of the temperature w i t h i n  the ca ta l ys t  bed, Pre- 

heat o f  the fuel  and steam p r i o r  t o  entry  i n t o  the ca ta l ys t  bed can provide a 

ce r ta in  amount of the enemy required, bu t  i s  l i m i t e d  t o  the p o i n t  a t  nhich 

steam-cracking o f  the fue l  (which can produce soot) occurs. Host of the reac- 

t i o n  energy reqbired, therefore, i s  supplied through the rezctor  walls. Steam 

reforming o f  heavier fuels,  which normally contain as much a5 0.3 -3.5 wt.% 

su l fur ,  without removing the su l fu r ,  would requi re even higher wal l  tempera- 

tures t h a ~  fo r  clean fue l s  t o  i n h i b i t  the poisoning of base metal cata lysts .  

However, as higher tecnperat~res are reached, the reactor  mater ia ls  become more 

expensive and less durable. I n  addit ion, the high temperatur? operat ion i s  

less e f f i c i e n t  because of the higher heat lass i n  t ke  exhaust yas. Thermal 

graaients t h r w g h  the ca ta lys t  bed from wall  to  czn te r l i ne  con t r i : , ~ te  t o  

s i n t e r i n g  or  poisoning o f  the ca ta lys t ,  p r t i c u l a r l y  d l l r i f l ~  a load- fa i  lowing 

t rans ien t  tha t  might be ant ic ipatea i n  actual f- el c e l l  use i r r  u t i l i t i e s .  



Honeycomb m n o l i  t h i c  supports for steam reforming catalysts appear pranising i n  

that  they have the potent ia l  of  improving radial  heat t ransfer  necessary t o  

reduce thermal gradients i n  the catalyst  bed. The connecting walls of  the 

monolith provide a continuum for superior heat transfer r e l a t i ve  t o  the poor 

heat transfer through edge and point contact present i n  a p e l l ? t  bed. k ' i th the 

amre uniform bed temperature of a monolith, the poss ib i l i t y  of hot spots and 

areas o f  nonreactive hol?s due t o  poor packing can be eliminated. The more 

uniform temperature also resu l ts  i n  a more uniform resction zone that  i s  easier 

t o  control. This i s  o f  par t icu lar  importance i n  avoiding soot formation i n  the 

catalyst  bed. Another important factor i s  that  because o f  bet ter  heat t ransfer  

properties, monol i ths are expected to "respond' fas ter  during transients i n  

fuel c e l l  load fo l lm ing .  As a resu l t  o f  bet ter  heat t ransfer  through the 

cata lys t  bed, less expensive wall material w i th  longer l i f e t ime  can be i rp le -  

wnted. Successful appl icat ion o f  monolithic catalysts t o  steam reformers 

could thus o f fe r  substantial energy savings i n  both steady state and transient 

operation. 

We have recently repcrted (11) on steam reformins tests of n-hexane on mono- 

1 i t h i c  catalyst  beds. A 20-inch long bed was loaded f i r s t  wi th a camercia l  

pe l l e t  steam reforming catalyst  (G-90C), and then wi th two Pi f ferent  honeycomb 

monoliths. In one case, the t o t a l  length o f  the bed was made up o f  ceramic 

monol i ths (Cordierfte) supporting nickel catalyst., m i l e  i n  a second case, a 

hybrid configuration was used having 8 inches o f  a metal r i n o l  i t h  support 

(Kanthal), also impregnated wi th nickel, followed by 12 inches of t9e same 

ceramic mno l  i t h  catalyst  as i n  the f i r s t  case. A washcoat o f  ?-alumina was 

used on both types of monoliths to provide a high surtace area f o r  the nickel 

catalyst. 



Comparative tes ts  between the  p e l l e t  and monol i th ic  beds were run a t  s i m i l a r  

operat ing condit ions (steam-to-carbon ra t i os ,  external  heat f l ux ,  i n l e t  tenper- 

atures and space ve loc i t ies ) .  Results f r a n  tes ts  w i t h  the ceramic monol i th 

have s h m  t h a t  the  Cord ie r i t e  support w i th  i t s  r -a lun ina  washcwt was not  

s tab le  when used throughout the length o f  the bed; a rap id  d i s in teg ra t i on  of 

t he  s o l i d  was observed a t  condi t ions comon t o  steam reformers. This i n s t a b i l -  

i t y  was probably due t o  breaking o f  the waskoat  (through phase changes and 

carbon formation), and subsequent ex t rac t i on  o f  the support s i l i c a  by steam a t  

t he  high temperatures of operation. 

I n  fo l low ing tests, the combinatiori o f  a metal honeycomb monol i th ( a t  the top 

o f  the bed) ana d ceramic monol i th ( a t  the bottom) was tested i n  the steam 

reformer. With t h i s  conf iovrat ion,  the shortcomings o f  using the Cordier i  t e  

monol i th exc lus ive ly  t h r o ~ g h o u t  the t o t a l  length o f  the bed were expected t o  be 

a1 lev ia ted  because the metal monol i th a t  the top would have b e t t e r  heat trans- 

f e r  ~ h ~ ~ a c t e r i s t i c s  and, tnus, be less  prone t o  carbon fo rn i t ion .  The 

Cord ie r i t e  m o n o l i ~ ~ i  a t  the end o f  the bed would canplete the steam reforming 

redcricr, w i tn  iower p r o b a b i l i t ~  o f  hydrothermal d i s i n t e g r a i i o n  due t o  loner  

amounts o f  steam present there. This "hybrid" monol i th was found t o  have 

bet te r  rad ia l  heat t rans fer  proper t ies than the pe l l e t s ,  and a s i m i l a r  conver- 

s ion ef f ic iency t o  tha t  of the pe l l e t s ,  i n i t i a l l y .  I n  l a t e r  tests ,  however, 

which fol lowed carbon formation i n  the bed (an3 i r r e v e r s i b l e  plugging of many 

rnonoli t h  c e l l s )  , the conversion cha rac te r i s t i cs  o f  the hybr id mop01 i t h  were 

changed. Intermediate hydrocarboqs (ethylene, propylene) were produced i n  

higher mounts, and tenperatures dropped because of higher e f fec t i ve  fl ocrates 

through unplugg2G ce l ls .  Carbon formation i n  the Cord ie r i t e  ~ 0 n o l i t h  fol lowed 

by long desooting periods caused the c m p l e t e  physical breakdown of por t ions of 



t h i s  monolith. The metal mno l  i t h  pieces, however, were retr ieved i n  good 

condition, even though many o f  t h e i r  c e l l s  had been plugged wi th carbon. 

I n  the work reported here, we have used ofily metal m n o l i  t h i c  supports, which 

appear t o  have bet ter  radia l  heat t ransfer  character ist ics i n  the s t e m  

reformer than conventional pel l e t  beds, and which ;ore d l  so found t o  be stable 

i n  our previous tests. Reaction temperatures 2nd products, and the propensity 

for carbon formation have been canpared between a colllrnercial catalyst pe l l e t  

(G-90C) bed and two d i f fe ren t  metal monolithic catalysts under s imi lar  

operating conditions. 



Apparatus 

The steam refomling system used i n  t h i s  work i s  simply a tubu lar  packed bed 

reactor  posit ioned ins ide  a three-zoned furnace. Figure 20 shows a schematic 

o f  t h i s  steam reforming system. Fuel i s  vaporized i n  an e l e c t r i c a l  heater and 

n ixed w i th  steam tha t  i s  a lso baporized and preheated by e l e c t r i c  heaters. The 

hot mixture i s  then fed dawn through the ca ta l ys t  bed. 

A 2.5 inch  I.D. by 31.5 inch long Inconel reactor was used i n  a l l  tests.  Both 

end pieces are constructed w i t h  two mu1 t i p o r t  accesses for  thermocouple i n l e t s  

t o  the ca ta lys t  bed. The reactor  i s  mounted v e r t i c a l l y  ins ide  a hinged type 

35 kW k l l e n  furnace. Three-zone heat ing i s  provided by three i n d i v i d u a l l y  

cont ro l led  zones i n  the furnace. The furnace i s  29.5 inches long but the  

design of the furnace i s  such tha t  the top 2 inches and the  bottom 2.5 inches 

are unheated and contain i nsu la t i ng  material .  Thus, approximately the top 4 

inches of the reactor are a t  loner temperature than the main body o f  the 

furnace. For t h i s  reason, t h i s  area i s  not f i l l e d  w i th  cata lyst .  I n  t h i s  

phase of the work, the i n l e t  t o  the reactor  was made of re f rac tory  mater ia l  

w i th  a conccal shape t o  avoid stagnat ion areas and t o  provide uniform i n l e t  

condit ions. Pieces of multi-channel alumina sponge were used t o  fill the 

reactor i n l e t .  A l l  feed l ines,  heaters, etc., were insulated t o  minimize heat 

losses. 

Bed temperatures were m n i  tored by Inconel sheathed c h r m l  -alumel thermo- 

couples. I n  the tes ts  desi r ibed here the c a t a l j  ' bed was 8 inches long, so 

only sixteen thermocouple por ts  i n  the top flange were used. Figure 21 shows a 

schematic o f  t:e ca ta l ys t  bed and the posit izm of the imbedded thermocouples. 
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Addit ional thermocouples were used ex terna l ly  t o  monitor the reactor  wal l  

temperatures. Three gas probes (118 i nch  1.0.) were a lso i n s t a l l e d  through the  

top flange t o  sample gases from d i  f f e r e n t  bed locations. Gas samples were 

continuously analyzed fo r  hydrogen, carbon monoxide, carbon d iox ide and t o t a l  

hydrocarbons w i th  analyzers speci f i c  f o r  each gas. A HP-5830 gas chromatograph 

( F I D )  was a1 so used for  ind iv idua l  hydrocarbons i d e n t i f i c a t i o n  and analyses. 

Mater ia ls  

Fuel (a) - 
n-Hexane was the choice o f  hydrocarbon f o r  steam reforming, i n  par t  

because whatever i s  unconverted can be measured by the gas chromatograph. 

Technical grade was used f o r  economy reasons. The chemical composition 

o f  the technical grade n-hexane purchased from Phi 1 l i p s  Petroleum i s  as 

follows: 

Normal Hexane: 

k thy lcyc lopentane:  

3-methylpentane: 

2-methyl pentane: 

97.7% ( k i n  = 95-0%) 

2.1% 

0.2% 

t race  

(b) Catalysts 

Steam reforming tes ts  i n  t h i s  phase of the work were performed on cata- 

l y s t s  supported by metal monol i th and ceramic pel  le ts .  The mono1 i t h i c  

bed used was comprised of four, 2-inch long pieces, as shown i n  Figure 

21. These had a ioneycomb geometry (hexagonal :hannels) w i t h  a c e l l  

density o f  250 cel l s / in2 .  The monol i thic ca ta lys t  substrate was inade 
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from Kanthal (Fe-Cr-A1 a1 l oy )  which was washcoated w i t h  y-alum5 na, then 

impregnated w i th  n ickel .  The f i r s t  metal monol i th ( I )  used gas the same 

as the one used i n  e a r l i e r  t e s t s  (11) i n  series w i t h  the ceramic 

(Cordier i  t e )  monol i t h .  The composition of the  fou r  monol i t h i c  pieces as 

received i s  shown i n  Table V I I I .  

Fol lowing the ser ies o f  t es t s  on metal monol i th I, new steam reforming t e s t s  

were run using a conventional p e l l e t  ca ta lys t .  The comnercial G i r d l e r  6-90C 

c a t a l y s t  was used i n  the form o f  c y l i n d r i c a l  t a b l e t s  (114 i n  x 1/4 in) .  This 

i s  composed o f  n icke l  impregnated on a ceramic support ( ca l c iun  aluminate). 

The physical and chemical charac ter is t i cs  of t h i s  ca ta l ys t  are given i n  Table 

V l I I .  

Upon completion o f  the tes ts  w i th  the p e l l e t  ca ta l ys t  bed, a new metal sup- 

ported monol i th ic  ca ta l ys t  (11) was tested i n  the steam reformer. The same 

substrate was used as before (Kanthal ), washcoated w i th  y-alumina, but  i t s  

iapregnat ion w i th  n icke l  ca ta lys t  was done in-house. A f te r  the four monol i t h i c  

segments had been cut  t o  f i t  t i g h t l y  ins ide  the reactor  tube, they were impreg- 

nated w i th  n ickel .  The f i n a l  composition o f  each segment o f  the metal monol i th 

I 1  i s  shown i n  Table V I I I .  



TABLE V I I I  

PHVSIL., \. 1 CHEMICAL CHARACTERISTICS OF STEAM REFORMING TEST CATALYSTS 

4 

A. METAL MONOLITH 1 (4  pieces, 2 inches long each), as purchased: 

2 250 ce l  l s l i n  Kanthal supportlr-A1203 washcoat/NiO c a t a l y s t  

Weight, g (before c u t t i n g )  -- # l  #2 # 3 -- #4 

Bare Metal (Kanthal ) 177.4 171.8 171.9 172.4 

r- A1203 washcoat 9.76 10.31 9.63 10.50 

Ni 0 6.21 5.33 5.33 5.69 

7 - A12 % /Kanthal , % 5.5U 6.00 5.60 6.09 

h i  01A12 4 , % 63.63 51.70 55.35 54.19 
- --- 

B. GIROLER G-90C (114" x 114" c y l i n d r i c a l  tab les) ,  8- inch long bed 

Chemical Analysis, Gtt. % 

Ni 0 19.2 

Y - Al2U3 78.6 

CaO 2.0 

Si 0, 0.2 

C. METAL MONOLITH I I ( 4  pieces, 2 inches long each) impregnated in-house 

250 cel  l s / i n  Kanthal ~ u p p o r t h - A l ~ 0 ~  washcoat/NiO c a t a l y s t  

Weight, g ( a f t e r  c u t t i n g )  # 1 #2 -- # 3 #4 

Bare metal (Kanthal ) 123.08 131.95 137.47 129.33 

I 
7 - A l p 3  washcoat 8.24 7.92 7.83 8.53 

E c i  0 7.08 6,38 6.2U 5.97 

r- Al2U3/Kantha1, % 6.69 6.OfJ 5.7b 6.60 , 
I 

N i O / A I  0 , % 65.92 80.56 79.18 69.99 1 

----- --- A 



Procedure 

For s tar t -up o f  the steam reforming system, each zone o f  the  Mellen iurnace was 

heated t o  a spec i f ied  temperature so t h a t  a uniform temperature would be reach- 

ed along the outside reactor  wall. Hydrogen was introduced i n t o  the reactor  

and the n i t rogen flow, used as i n e r t  protect ion,  was shut o f f .  The hydrogen 

f low was mainiained during t h i s  heating per iod t o  reduce the  n icke l  cata lyst .  

The steam heaters were turned on, and a spec i f ied  water f low was heated avd 

dumped before enter ing the reactor  as shown i n  Figure 20. When the temperature 

o f  the steam coming out o f  the l a s t  steam heater was 1200°F, the steam was 

d iver ted  i n t o  the heated reactor. A f te r  the reactor  i n l e t  tenperature reached 

1000°F, the t race  h e a t v  a t  the reactor  i n l e t ,  and the fuel heater were turned 

on. Heated fuel  was gradual ly added t o  the steam, u n t i l  the speci f ied f low was 

reached. The fue l  temperature was maintained between 400°F and 550°F. The 

steam heaters were adjustad t~ mai .~ ta in  the r e a c t ~ r  i n l e t  a t  1000°F. 

During each test ,  reactant fl owrates, product compositions, ca ta l ys t  bed tem- 

peratures, and bed pressure drop were monitored. I n  a l l  tes ts ,  a f t e r  steady 

stace was established, temperatures were recorded and gas samples from the 

reactor e x i t  as wel l  as from each o f  the bed loca~. ions shown I n  Figure 21 were 

analyzed. Dry volume percentages of Hz, CO, C02 arb3 t o t a l  hydro car^, , 

were calculated from gas analyzer data. The d e t a i l t d  volume percentages and 

analyses of hydrocarbons were calculated f ron  S.C. ( F I D )  data. 

A pressure r i s e  during a run was an i nd i ca t i on  tha t  s o l i d  carbon was forming. 

I n  a r * l i t i on ,  carbon f ines  were sometimes detected i n  the probe condenser or I n  

the exhzl!st f i l t e r .  To desoot the bed, the reactor  i n l e t  temperature was 



raised t o  1200°F, and the stean flowrate was increased while the fuel was turn- 

ed down t o  around 0.5 1 b/hr, resu l t ing i n  a (S/C), r a t i o  of  about 5. The 

system was l e f t  a t  these conditions u n t i l  the C02 and Hz leve ls  i n  the ex- 

haust were stabi l ized, and the pressure drop through the bed was less than 5 

psig for approximately 1 hour. Following desooting, new tes t  parameters were 

set f o r  continued operation. A t  the end o f  operation, the system was shut down 

under nitrogen wi th steam shut-off being preceded by the fuel. 

RESULTS AND DISCUSSIOW 

(A) Tests Y i t h  The Hetal -01 i t h  I 

I n i t i a l l y ,  steam reforming tes ts  were performed on the metal monolith catalyst  I 

tha t  had been used i n  the hybrid monolith experiments ( i n  series wi th the cera- 

n~ic monolith segments). The composition o f  the monoliths used are shohn i n  

Table V I I I .  

Tests SR-208 through 226 were run wi th n-hexane using t h i s  8-inch long metal 

monolith bed a t  P = 1 atm, Tinlet = 1000°F, and f o r  ( S I C ) ,  ra t ios  of  2.5, 

3.0 and 3.5. External reactor wall temperatures o f  1500°F and 1700°F were usea 

wi th  nordinal reactants' space ve loc i t i ss  equal t o  2000 and 4000 hr-1. The 

nominal space veloci ty i s  defined here by: 

[rol. Flowrate of Reactants, f t3/hr ]  600F. 14.7 Dsia 
S.V. = 

Reactor Volume, ft3 



The reactor volume rather than the monolithic catalyst  volume i s  used i n  

t h i s  expression. I n  a l l  tests, the bed temperatures, product yields, and 

carbon-forming tendency were examined and compared wi th  data from pre- 

vious tests i n  which the 20-inch long hybrid m n o l i t h  or  pe l l e t  bed were 

used. The data from these tes ts  are slanrnarized i n  Table 1X. I n  order t o  

keep nominal space ve loc i t ies  the same as wi th  the longer beds used i n  

e a r l i e r  tes ts  (2.5 times longer), the flowrates (and, Itence, the flow 

ve loc i t ies)  used i n  the present study were 2.5 times lme r .  

I n  Figures 22 and 23, the dry gas bulune percentages o f  the various 

gaseous species are p lo t ted as a function a f  the catalyst  bed length for  

the short metal monolith, and the longer hybrid monolith and pe l l e t  bed. 

bigher amounts of t o t a l  hydrocarbons and lower amounts ot hydrogen and 

carbon monoxide were found a t  the level of probe 3 when the short metal 

monolith was used than for  the other two catalyst  beds, The amount of 

unconverted hexane a t  t h i s  level was lower wi th the metal monolith, while 

higher amounts of intermediates (ethylene, propylene, etc, ) and methane 

were produced i n  t h i s  case. This f inding indicates that  cracking reac- 

t ions i n  the gas phase rather than steam reforming on the catalyst  sur- 

fdce were taking place throughout the length of the monolith ce l l s  under 

these conditions. Since the conversion of the fuel a t  the ex i t  of the 8- 

inch long monolith i s  lower than that  a t  the corresponding point of the 

longer mono1 i t h  or the ne l le t  bed ( locat ion of gas probe 3 ) .  t h i s  means 

that  external mass transter l im i t a t i on  ex is ts  (d i f fus ion  of the reacting 

species from the gas phase t o  the catalyst  surface). A l l  operating con- 

d i t i ons  examined here were found to be mass transfer l imited. 
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Addit ional gas phase cracking took place downstream of the monol i th 

ca ta l ys t  i n  a l l  t e s t  runs. This can be seen i n  Table I X  from the d i f f e r -  

ent  gas composition between gas probe 3 and product samples. This gas 

phase cracking i s  caused by the h igh  temperatures p reva i l i ng  i n  the lower 

end of the reformer, which i s  also ins ide  the clam-shell furnace, Since 

cracking products (low molecular weight o l e f  ins )  are soot precursors, 

carbon was expected t o  form and deposit on the screen and the inner tube 

wal ls  close t o  the e x i t  of the reactor. Indeed, upon post- inspect ion of 

the monolith and the reactor  tube a t  the end o f  these tests,  a large 

amount o f  f l aky  carbon was found a t  the e x i t  o f  the reactor. Since the  

monol i th c e l l s  were not plugged w i t h  carbon, these soot deposits must 

have been produced i n  the gas phase dowrlstream o f  the monol i t h .  

As can be seen from the temperature p l o t s  o f  Figures 22 and 23, improved 

rad ia l  heat t rans fe r  (from reactor  wal l  t o  center l ine)  was observed w i t h  

the 8-inch long metal monclith. For the same length o f  ca ta l ys t  bed and 

same space ve loc i t ies ,  the temperature d i f f e r e n t i a l  from wal l  t o  

center l ine  i s  minimal f o r  the short metal monol i th throughout the length 

o f  the bed. The observed temperature di f ferences between p e l l e t  and 

metal monolith ca ta lys t  are eas i l y  understood. However, the d i f ference 

between the metal and the hybr id monol i th w i th  i den t i ca l  front. sect ions 

must be a t t r i b u t e d  t o  the lower gas flow ve loc i t y  i n  the former rather  

than i n  the l a t t e r  monol i t h .  

Operating a t  higher space v e l o c i t i e s  j e . ~ . ,  t es t s  SR-219 vs. SH-220) w i t h  

the short metal monol i t h  severely 1 ini ted  fuel  conversion t o  hydrogen. 

Higher mounts of o l e f i n i c  and pa ra f f i n i c  intermediates were produced, 



i nd ica t ing  t h a t  gas phase cracking react ions ra ther  than stean! reforming 

on the ca ta l ys t  surface here more predominant i n  t h i s  case than a t  low 

space veloc i t ies,  However, a t  higher space veloc i ty ,  the  mass d i f f u s i o n  

1 i m i  t a t  i on  should be reduced, thereby enhancing surface react ion and, 

hence, steam reforming, If, on the other  hand, the surface ca ta l ys t  i s  

not ac t ive  enough, then the  ac id i c  alumina washcoat would i n i t i a t e  crack- 

ing, p a r t i c u l a r l y  when good heat t rans fe r  i s  possible. 

I n  tes ts  SR-224 (or  225) and 226, which were run a t  i den t i ca l  operat ing 

condit ions as the e a r l i e r  t e s t s  SR-216 and 211 respect ively, a lower 

cata:yst a c t i v i t y  was observed by lower conversion t o  hydrogen and carbon 

monoxide. This may be due t o  gradual losses of washcoat (and n i cke l )  

from the monolith surface. The reactor was then opened f o r  inspect ion o f  

the  catalyst.  The multi-channel alumina i n  the conical reactor i n l e t  was 

found in tac t ,  and the major i ty  o f  c e l l s  i n  each o f  the four monol i th seg- 

ments appeared clean (open t o  f ree reactant flow). Small pieces from the 

center o f  each monol i th ic  segment were cut f o r  SEM examination. Cracks 

were found on the surface of these pieces and i n  several locat ions the 

washcoat was observed as is lands on the bare support (Kanthal) surface. 

I n  these cases i t  was possible t o  detect the bare support by a strong 

signal o f  i r o n  obtained by the  EDAX (Energy Dispersive Analysis o f  

X-rays) accessory o f  the e lectron microscope. Thus, the low a c t i v i t y  

observed when high space ve loc i t y  operations were conducted was due t o  

loss  i n  ca ta l ys t  a c t i v i t y ,  not reduced heat transfer.  



(B) Tests With The 6-90C Pel l e t  Cata lyst  

Fol lowing t e s t s  w i th  the used metal monolith, a f resh p e l l e t  ca ta lys t  bed 

was loaded and tested i n  the steam reformer. This was comprised of an 

8-inch long bed o f  G i r d l e r  6-90C p e l l e t s  (114 i n  x 1/4 i n  cyl inders),  t he  

same ca ta l ys t  as described i n  Table V I I I .  Tests were run a t  i den t i ca l  

condit ions as for t he  8-inch long metal m n o l  i t h  I, keeping the i n l e t  

conf igura t ion  and the thermocouple and gas probe locat ions the same as 

before (see Figure 21). Table X summarizes the data co l lec ted  from t e s t s  

on the pel l e t  bed. From these and the corresponding data o f  Table I X  f o r  

the  metal mono1 i t h  I, comparisons o f  bed temperatures and gas composition 

and product y ie lds  can be made between the p e l l e t  and monol i thic cata- 

l ys ts .  

Figures 24-26 show axi  a1 bed temperature prof i 1 es [center l  i ne, middle 

l i n e  (half-way between center l ine  and the wa l l )  and external wal l  temper- 

atures] f o r  the two ca ta lys ts  under the same operating condit ions. I n  

a1 1 cases, the temperature d i f f e r e n t i a l  between wal l  and e i t h e r  center- 

l i n e  or  middle l i n e  was lower f o r  the monol i th i n  the f i r s t  h a l f  of  the 

bed. This ind icates a po tent ia l  improvement o f  the reformer performance 

w i t h  a monol i th ca ta l ys t  a t  the i n l e t  where temperatures o f  the steam 

reforming ca ta lys t  are the lowest due t o  the ondothermicity o f  the reac- 

t i on .  

The l e f t  hand side o f  Figures 24-26 shows dry gas analyses (as obtained 

by gas chromatography) f o r  mid-bed and e x i t  (product) gas samples. The 

operat ing condit ions l i s t e d  i n  these f igures apply t o  both plots.  Higher 
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Figure 25. steam' Reforming of n-Hexane. Operating conditions are the same as in 
Fig. 2 4 ,  except that (S/C), 2 . 5 .  
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bdrogen y ie lds  were obtained and the amounts of hydrocarbon in temed i -  

ates and methane a t  the e x i t  of the p e l l e t  bed were extremely low. 

I n  comparison, these resu l t s  ind ica te  tha t  the m t a l  monolith ! had a 

lower overa l l  conversion e f f i c i e ~ c j  than the p e l l e t  bed o f  equal size. 

However. a one-, ;-one comparison between the two ca ta lys ts  cannot be 

made, because of t h e i r  non-canpat i b l e  n icke l  loading, dispersion, alld 

surface areas and the f l u i d  dynamics involved. I n  order f o r  ident ica l  

co~par isons of ca ta lys ts  w i th  respect t o  heat transfer,  ca ta lys t  loading, 

surface area, gas flows and re lated conditions, a more deta i led  charac- 

t e r i z a t i o n  o f  monol i thic ca ta lys ts  i s  necessary. 

JC) Tests With The - -- Monol i th I 1  

Fol lowing the pel  l e t  tests, react ive charac ter is t i cs  wem determined f o r  

the metal monolith 1 1 ,  which had been impregnated w i th  niche1 in-house 

t o  a loading higher than that  of metal monol i th I (Table V I I I ) .  Tests 

SR-280 throcgh 294 were run w i th  n-hexane on t h i s  new metal ~nono l i t h  at  

P = 1 atm, Tinlet = 100U°F, and fo r  (S/C), r a t i o s  of 3-5, 3.0, 2-5,  

2.0. and 1.5. Reactor wal l  temperatures T, o f  1500°F and 170Q°F, and 

nominal space ve loc i t i es  of 2000 and 4000 h r - l  were used. The data 

from 'ests w i th  the metal mono1 i t h  I I a r  + sumnar:zed i n  Table X I .  

I n i t i a l  t es ts  =re run a t  1, = 1700°F. In~proved he2t t rans ter  between 

reactor wal l  and ca ta lys t  bed was observed wi th  the metal monolith as 

comparea t 3  the pel le ts ,  p a r t i c u l a r l y  a t  the t o p  of the bed. 11,:s i s  
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shown by the axia l  bed temperature pro f i les  plot ted i n  Figures 27 and 28 

f o r  the metal monolith 11 and pe l le ts  at  Tw = 1700°F, S.V. = 2000 

h r - l ,  and (S/C),, = 2.5 and 2.0, respectively. Axial bed camposi- 

t i o n  p ro f i l e s  fo r  the same operating conditions are also shown i n  Figures 

27 and 28. Higher conversion o f  hexane t o  hydrogen and carbon monoxide 

was attained with the monolith, and the amounts of  methane and uncon- 

verted hexane were lower than f o r  the pe l le ts  throughout the bed and a t  

the ex i t .  Thus, t h i s  monolith bed appears t o  have a higher steam reform- 

ing a c t i v i t y  than the pel lets,  even though the actual space veloci ty i s  

approximately twice as high for the monolith (void f ract ionc70X) as f o r  

the pel l e t s  (void f r a c t i o n s  30%). This a c t i v i t y  difference could also be 

due i n  part t o  the higher nickel loading and perhaps the nickel disper- 

sion, because of the high surface alumina washcoat of the metal mno- 

1 i th.  

I n  tes t  SR-283 w i th  (S/C), = 1.5, carbon might have been formed i n  the 

upper h a l f  o f  the monolith. This was indicated by a gradual decline i n  

a c t i v i t y  observed :n following tests, but could not be confirmed a t  that  

point because there was no r i s e  i n  the pressure drop through the bed, and 

no carbon fines were found i n  the gas samples. Figure 29 shows axial 

temperature and composition p ro f i l es  for  Tw = 1500°F, (S/C), = 3.0, 

and S.V. = 2000 h r - I  ( t es t  SH-284). The monolith s t i l l  has a bet ter  

conversion e f f ic iency than the pel lets,  but, as can be seen from the 

hexane p ro f i l e ,  the unconverted hexane conling out of the upper two 

nionol i t h  segments i s  higher than that  corresponding t o  the same locat ion 

i n  the pe l l e t  bed. 
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PELLET BED -.- METAL MONOLITH II 

Figure  2 7 .  Steam Reforming o f  n-Hexane. Axial bed temperature and  compos i t i on  p r o f i l e s  f o r  
t h e  meta l  monol i th  11 and C-90C p e l l e t s  a t  TW = 1700°F. S . V .  = 2000 h r - l ,  and 

= 2 . 5 .  
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PROBE POSITION I N  BED, in, 

100 I I * ELLET BED 

(SIC)m * 3.0 
S.V. = 2000 
1, = 1rn0F 

50- 

c 
800 11? 1-112 3-114 5-114 7-112 
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Figure 29. Steam Reforming of n-Hexane. Axial bed temperature and composition profilas for 
the metal monolith 11 and G-90C pellets after carbop tormation had taken place 
in the monolith (test SR-284). 
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Start ing w i th  t es t  SR-285, the decline I n  monolith steam re fo r . i ng  ac t i -  

v i t y  became evident. Figure 30 depicts t h i s  f o r  the conditions o f  t e s t  

SR-286. Higher amounts o f  unconverted hexane throughout the bed are now 

observed f o r  the monol i th, and o l e f  i ns  (ethylene, propylene) appear i n  

the bed, ind icat ing high gas phase cracking rates. The amount o f  

methane, however, i s  much lower f o r  the monol i t h  :ban fo r  the pel lets,  so 

that  the percentage of t o t a l  hydrocarbons a t  the monolith e x i t  i s  lower. 

Radial heat t ransfer  rates f o r  the mon;! i t h  have remained higher a t  these 

conditions, and continued t o  do so i n  a l l  subsequent tests. 

The ef fec ts  o f  (SIC), ra t ios  and space veloci ty changes on the monolith 

performance were s imi lar  t o  those f o r  the 6-90C pe l l e t  bed. Thus, a t  

higher (S/C), rat ios,  the hexane conversion was higher, and lower 

methane was produced throughout the bed. Higher space veloci t ies,  

resulted i n  lower catalyst  temperatures and lower conversiorl eff iciency 

as can be seen from the data o f  Table X I .  Figure 31 compares the per- 

formance of metal monolith I 1  t o  the pel l e t  bed f o r  a space veloci ty of 

4000 hr- l .  The conparative heat t ransfer  character ist ics and steam 

reforming a c t i v i t y  o f  each of  these two catalysts follows the same trend 

as i n  the case of lower space velocit ies. 

Tests SR-293 and 294 were run at ident ical  conditions as the f i r s t  tes ts  

o f  the series, SR-280 and 281, respectively, t o  determine the ef fect  of 

the presumed carbon deposit; i n  the bed on the monolith ac t i v i t y .  Figure 

32 shows axia: bed temperature and composition p ro f i l es  fo r  the condi- 

t ions of tes ts  SR-281 and 294, run with the metal monolith before and 

(presunably) a f t e r  carbon formation had taken place. Lower bed tempera- 
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Figure 31. Steam Reforming of n-Hexane. Axial bed temperature and compoeitCon profiles for 
the metal monolith I1 and the G-90C pellets at the higher space velocity of 4000 hr'l. 
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Figure 32. Steam Reforming of n-Hexane. Performance comparison of the metal monolith 11 
before (test SR-281) and after (test SR-294) carbon formation in the bed. 



tures were observed f o r  the SR-294 tes t ,  which may be a t t r i b u t e d  t o  par- 

t i a l  carbon plugging o f  mono1 i t h i c  ce l l s .  This would force a l l  yas f low 

through fewer ce l l s ,  i.e., a lower volume o f  the ca ta l ys t  would be used 

f o r  react ion, space ve loc i t y  would be higher, and temperatures lower. 

For the  same reason, more gas phase react ions (cracking) would take 

place, and the monol i th would have a lower conversion e f f i c iency .  This  

i s  shown i n  the composition p r o f i l e s  of Figure 32. Ethylene i s  observed 

only f o r  t ? s t  SR-294, i n  which the methane content i s  a lso higher, wh i l e  

lower amounts o f  hydrogen and carbon monoxide are produced. Unconverted 

hexane coming out of the second mot, i t h  segment i s  much higher than 

before, but t h i s  rap id l y  decreases i n  the lower pa r t  o f  the bed, where 

i n i t i a l  a c t i v i t y  appears t o  be retained. 

Post-inspection o f  the monolith a f t e r  t e s t  SR-294 v e r i f i e d  the existence 

o f  carbon deposits i n  the upper h a l f  o f  the bed only, i n  agreement w i t h  

ind ica t ions  from the experimental data discussed above. Figure 33 shows 

p ic tu res  ( f r o n t  and bottom view) o f  the four  monol i th ic  segments a f t e r  

they were taken out o f  the reactor. The t h i r d  and four th  monoliths were 

clean throughout, except t ha t  black chunks of carbon were deposited on 

the top o f  the t h i r d  monolith. This carbon bad presumably been formed i n  

the gas phase i n  t h i s  region (vo id )  where the t h i n  Inconel spacer al lows 

f o r  gas mixing. The bottom o f  the four th  segment was clean, but  as tne 

pieces were be i r~g  pt;shed upwards t o  take them out o f  t l ~  rzdctor  tube, 

some so f t  carbon was f i l t e r e d  t o  the bottom, leavino the impr int  shown i n  

Figure 33. 









Stem reforming o f  hydrocarbons i s  an endothermic reaction whose t h e m 1  and 

conversion ef f ic iencies are l im i ted  by heat transfer from the reactor w a l l  I n t o  

and throughout the catalyst  bed. The heat t ransfer  l im i t a t i on  i s  believed t o  

be due, i n  part, t o  conduction which i s  affected by edge and point contact of 

the catalyst i n  a typical  packed bed and also by the insulat ing property o f  the 

catalyst  support tnaterial. Catalyst geometry i s  normally that  of  pe l le ts  o r  

Raschig r ings wi th dimensions compatible with a given reactor s ize (diameter, 

length) t o  provide optimal void-to-catalyst surface rat io. Optimization of  

t h i s  rat io,  for  the flows used, leads t o  control of  gas phase and surface reac- 

t ions and heat t ranster  via convection and conduction during tortuous path flow 

through the packed bed. 

Heat conductivity improvements by ceramic mono1 i t h i c  suoported catalysts i n  

conbust ior! and methanati on reactions have been demonstrated. I n  these exother- 

n~ i c  reactions, heat i s  conducted out more e f f i c i e n t l y  by monoliths than by 

packed beds. Application of  these types of catalysts t o  steam reforming, 

therefore, appeared t o  be advantageous for  transferr ing heat i n  the opposite 

direct ion, i.e., i n t o  the catalyst  bed. The i n i t i a l  purpose f o r  the experi- 

mental steam refominq work conducted i n  t h i s  contract was to  examine the 

effect of t h i s  novel approach t o  t rdnsferr ing heat i n t o  the catalyst  bed. 

With catalyst supports that have a honeycanb structure, heat t ransfer  by con- 

duction d i r ec t l y  from the walls through the bed i s  possible. The restriction 

due to edge and pctnt contact i s  r m v e d .  Monolith support material may be 

ceramic, which i s  re la t i ve ly  inexpensive yet insulating i n  nature, as compared 



t o  a metal support. The contact between a monol i th ic  support and the reactor  

wal l  can not be d i r e c t  when the monolith mater ia l  i s  ceramic but can be d i r e c t  

when the material  i s  metal. I n  both cases, however, un i fo rmi ty  throughout the  

ca ta lys t  bed i s  maintained v ia  the  in tegra l  support conf igurat ion. 

A fu r ther  considerat ion i n  comparing a honeycomb s t ruc ture  monol i th t o  p e l l e t s  

i s  i n  regard t o  the flow pattern, Passage of gases through the p e l l e t s  r e s u l t s  

i n  a tortuous mul t i -d i rec t iona l  flow, iv i th  z t yp i ca l  30% void f r a c t i o n  ri t h i n  a 

given reactor bed volume, Flow through a honeycolnb m n o l  i t h  cata lyst ,  on the 

c ther  hand, i s  a stream l i n e  flow, each channel serving as a "mini-reactor 

tube". The a v a i l a b i l i t y  o f  ca ta lys t  surface i s ,  therefore, d i f f e ren t  i n  these 

two ca ta l ys t  bed geonetries. 

The ca ta l ys t  support used i n  the i n i t i a l  t e s t s  was ceramic (Cord ier i te )  

possessing a coat ing o f  7-alumina. This "washcoat" provided a surface w i t h  

uniform porosi ty  and high area onto which the ca ta lys t  was suppcrted. Nickel 

ca ta lys t  on t h i s  support was found not t o  be an acceptable ca ta lys t  system 

because o f  high carbon production and subsequent erosion o f  ceramic support, 

p a r t i c u l a r l y  a t  the i n l e t  section. The s i l i c a  content o f  the Cord ier i te  nay 

a:so have contr ibuted t o  the s t ruc tura l  de ter io ra t ion  by hydrothermal leaching. 

Hhen heat t rans fe r  through the bed i s  high and the a c t i v i t y  or  a v a i l a o i l i t y  of 

the  ca ta l ys t  i s  low, gas phase as wel l  as surface carbon fornat ion could 

read i l y  take place when the void-to-swface r a t i o  i s  high. The spec i f i c  cause 

of carbon formation was not ascertained i n  the ceramic tests. 

The key experiments during t h i s  work were o i rec ted toward determining the  

re la t ionsh ips  between (1) locat ion  of carbon fornat ion w i t h i n  the ca ta l ys t  bed 



and ceramic support deteriorat ion, (2) metal rnonol i t h  and pel l e t  performance, 

and (3) catalyst loadings on metal mono1 i ths.  

I n  order t o  define uhether the i n l e t  area o f  the cata lys t  bed was responsible 

for the previously observed destruct ion of the Cordierite-supported nickel  

catalyst,  the i n l e t  section was replaced wi th mctal -supported nickel catalyst. 

The nickel loading and void f ract ion ( ~ 7 0 % )  were nearly the same. Results i n -  

dicated that  Cordieri t e  honeycomb mno l  i ths were not sui table f o r  steam reform- 

ing under the conditions tested, as evidenced by t h e i r  observed deter iorat ion 

when located i n  the bottom ha l f  o f  the reactor. Changes i n  nickel loading 

(act iv i ty ) ,  c e l l  density (void f ract ion),  and washcoat ac i d i t y  nqy have a l tered 

t h i s  conditjon, but these parameters were not investigated. 

Performances of metal monoliths wi th two d i f ferent  loadings of  nick61 were 

compared t o  pel lets. Temperature and product pro f i les  o f  metal monoliths w i th  

two d i f ferent  catalyst  loadings were necessary t o  determine whether catalyst  

loading (surface reaction) o r  void f rac t ion  (gas phase reaction) was responsi- 

b le  f o r  conversion. 

The conclusions based on canparing data, Table X I  I, from the two metal monolith 

catalysts are (1) higher catalyst  loading increases conversion, (2) lower cata- 

l y s t  loading increases methane production, and (3) changes i n  temperature and 

( S I C ) ,  r a t i o  are ref lected i n  conversion more apparently i n  the higher loaded 

catalyst. Since no carbon formed a t  (S/C),> 2.0, even when high temperatures 

were maintained due t o  high heat t ransfer  (and low conversion i n  the case o f  

the low a c t i v i t y  catalyst) ,  i t  appears that  gas phase carbon formation i s  not 

the major contr ibutor t o  carbon formation i n  the Cordier i te and hybrid bed 
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TABLE X I  I 

6AS COMPOSITION COMPARISONS FROn STEAM REFORNING 
OF N-HEXANE ON PELLETS AND TWO PETAL UOWOLITHS 

4 

(SIC). = 2.5, S.V. = 2000 hr-1 TI = 1000°F 

C6H14 L 

Ga s 
Species 

CH4 

C6H14 

Gas 
Probe 

11 2 
# 3 

#2 
# 3 

# *  
ly 3 

Pel lets 

T w = 1 5 ~ ~ 0 ~  1700°F 

(SIC), = 3.0, S.V. = 2000 hr-1 T i  = lOOO0F 

7.02 
2.78 

0.95 
0.42 

ktal Nonolith I 

15OO0F 1700°F 

2.21 
0.07 

0.30 
0.15 

Ga s 
Species 

CH4 

0.49 
0.11 

Hetal Monolith I 1  

1500°F 1700°F 

2.50 
2.05 

7.73 
1.42 

7.82 
1.20 

Metal Mono1 ith I 1  

-- 1500°F 1700°F 

0.03 - 

1.14 
0.92 

5.22 
0.16 

2.20 
2.03 

5.16 
0.17 

Ga s 
Probe 

# 2 
# 3  

0.87 
0.19 

0.60 
0.03 

0.17 
0. .I2 

0.46 
0.01 

0.29 
- 

4.44 1 2.01 

Pellets 

Tw=1500°~,17000F 

0.14 

Metal Mono1 ith I 

1500°F 1700°F 

5.53 
0.72 

- 

2.34 
2.12 

1.84 
0.05 

2.29 
2.16 



under s imi lar  cond:tions. 

The heat t ransfer  improvement i n  metal monoliths over pel l e t s  can spec i f i ca l l y  

be a t t r ibuted t o  the metal monol i t h  support when the re l a t i ve  conversions, a t  

constant wall temperatures, o f  metal monolith I 1  and pe l le ts  are compared, 

Table X I I .  Under the same S/C, S.V, and Ti conditions, the higher catalyst  

loaded monolith can be seen t o  provide higher conversion than pel lets. The 

comparison of t h e i r  respective product and thermal pro f i les ,  Figures 27 and 29, 

i l l u s t r a t e s  that  bed temperatures remain higher i n  the ear ly section o f  the 

metal monolith bed while also maintaining higher a c t i v i t y  than the pel l e t &  

catalyst.  Thus, enhancement of  heat t ransfer  wi th the metal monol i t h i c  support 

has been demonst rated, However, information regarding the ro l e  o f  f l u i d  dyna- 

mics, a v a i l a b i l i t y  of  catalyst  t o  reactants, and void f rac t ion  i s  s t i l l  inac, 

quate and must be obtained t o  completely define the range of advantages offered 

by metal nonol i t h i c  supported catalysts t o  steam reforming. 
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