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I .  INTRODUCTION 

During t h e  p a s t  decade, e f f o r t s  t o  reduce vehicu lar  p o l l u t a n t  
emission have included sugges t ions  f o r  t h e  removal of  lead from 
gasol ine  o r  f o r  use of a l t e r n a t i v e  f u e l s  such a s  H2 and low molecular 
weight hydrocarbons which a r e  known t o  have high octane va lues  and 

/ good burning c h a r a c t e r i s t i c s  ( L ) ,  (2).  Lead removal, which i s  a l ready  
I being implemented, raises t h e  octane requirement of t h e  f u e l .  The 

increased s e v e r i t y  requi red  i n  r e f i n i n g  t o  produce such high oc tane  
gaso l ine  decreases  t h e  gaso l ine  y i e l d  p e r  b a r r e l  of crude and, t he re -  
f o r e ,  increases  crude o i l  consumption and demands more r e f i n i n g  
capac i ty  i n  t h e  face  of  an impending energy crisis.  U s e  o f  low 
molecular weight hydrocarbons i s  d i f f i c u l t  t o  implement because of  
s a f e t y  hazards and lack  of nationwide s t o r a g e  and d i s t r i b u t i o n  systems 

The concept of a t t ach ing  a c a t a l y t i c  r e a c t o r  t o  an i n t e r n a l  

I d i sc losed  i n  a pa t en t  issued t o  Cook (2) i n  1940. Recent ly ,  it has 

f 
,I combustion engine conver t ing  l i q u i d  hydrocarbons t o  gaseous f u e l  was 

received some renewed a t t e n t i o n .  Newkirk e t  a 1  (2) descr ibed  t h e i r  
concept of an on-board product ion of CO2/H2 mixture by s t e a m  reforming 
of gaso l ine  fuel. A U.S. p a t e n t  was i ssued  t o  W. R. Grace Company i n  
1972 (4) on a mobile c a t a l y t i c  c racking  u n i t  i n  conjunct ion with a 
mobile i n t e r n a l  combustion engine.  I n  1973, Siemens Company (5) of  
Germany announced a " s p l i t t i n g  ca rbure to r "  which breaks up gaso l ine  
and r e l a t e d  f u e l s  i n t o  burnable  gases .  The j e t  propuls ion labora tory  
of  NASA (6) is  inves t iga t ing  t h e  concept of t h e  genera t ion  of hydrogen 
f o r  use a s  a n  a d d i t i v e  t o  gaso l ine  i n  i n t e r n a l  combustion engines.  

i' 

While l i t t l e  t echn ica l  d a t a  a r e  a v a i l a b l e ,  t h e s e  developments 
appear t o  represent  d i f f e r e n t  approaches of adapt ing e s t ab l i shed  
i n d u s t r i a l  c a t a l y t i c  processes  designed f o r  a narrow range of opera- 
t i n g  condi t ions  t o  moving veh ic l e s  which m u s t  opera te  from i d l i n g  t o  
f u l l  t h r o t t l e .  

To design a reactor system capable  of opera t ing  s a t i s f a c t o r i l y  
under f u l l  t h r o t t l e  condi t ions  r equ i r e s  e i t h e r  a l a r g e  r e a c t o r  or an 
unusual ly  a c t i v e  and e f f i c i e n t  c a t a l y s t .  A s tandard 300 cu. i n .  
automotive engine a t  f u l l  t h r o t t l e  consumes f u e l  a t  a r a t e  of about 
10 cc/sec.  If the r eac to r  w e r e  ope ra t ing  a t  1 - 2  LHSV (vol /vol /hr . ) ,  
i . e . ,  a t  t h e  throughput of an average i n d u s t r i a l  r e a c t o r ,  t h e  engine 
would r equ i r e  a c a t a l y s t  bed volume of 18-36 l i t e r s  (4 .8  - 9.5 g a l l o n s ) -  
f a r  l a r g e r  than t h e  ca rbure to r  it replaces. The necess i ty  of a mult i -  
r eac to r  system f o r  continuods opera t ion  p l u s  accessory devices  inc luding  
t h e  f u e l  p rehea te r ,  e t c . ,  would make t h e  system imprac t i ca l ly  bulky 
and t o o  slow to  w a r m  up. Therefore ,  a workable system c l e a r l y  depended 
on t h e  discovery o f  new c a t a l y s t s  of high a c t i v i t y .  To reduce t h e  s i z e  
of t h e  r eac to r  t o  t h a t  of a ca rbure to r ,  an increase  i n  c a t a l y t i c  
a c t i v i t y  by a f a c t o r  of a t  l e a s t  50-100 is necessary.  
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I n  add i t ion  t o  t h e  problem of t h e  c a t a l y t i c  r e a c t o r  volume, the 
l i f e  of the  c a t a l y s t  i s  a l s o  of c r i t i c a l  importance. Most i n d u s t r i a l  
c a t a l y s t s  r equ i r e  p e r i o d i c  ox ida t ive  regenera t ion  i n  a mat te r  of 
minutes a f t e r  ope ra t ion  t o  maintain t h e i r  e f f ec t iveness .  A c a t a l y t i c  
c racking  c a t a l y s t ,  such a s  t h a t  proposed i n  t h e  p a t e n t  i s sued  t o  
Grace (4) , r e q u i r e s  f r equen t  regenera t ion .  An example descr ibed i n  
t h i s  p a t e n t  s t a t e s  t h a t  wi th  a zeol i te -conta in ing  c a t a l y s t ,  2% of  the 
f u e l  was converted t o  coke i n  the  c a t a l y t i c  conver te r .  W e  e s t imate  
t h a t  under the  proposed opera t ing  cond i t ions ,  each volume of c a t a l y s t  
could process  no more than 1 0  volumes o f  f u e l  be fo re  s u f f i c i e n t  coke 
(20%) would have depos i ted  on the  c a t a l y s t  t o  d e a c t i v a t e  it. Thus, 
even i f  the  c a t a l y s t  were a c t i v e  enough t o  opera te  a t  100 LHSV,  no 
more than  6 minutes of continuous opera t ion  between oxida t ive  regen- 
e r a t i o n s  would be f e a s i b l e .  

I n  t h i s  paper  we  p re sen t  experimental  s t u d i e s  with a c a t a l y s t  
t h a t  overcomes many o f  t hese  l i m i t a t i o n s .  

11. EXPERIMENTAL 

1. Equipment 

To demonstrate t h e  performance of  the new c a t a l y s t  system, t h e  
c a t a l y t i c  r e a c t o r  was a t tached  t o  a s tandard  motor knock T e s t  Engine, 
Method IP44/60 (I), bypassing the  ca rbure to r .  Figure 1 shows a 
schematic  diagram of  t h e  c a t a l y t i c  u n i t .  The r e a c t o r  cons is ted  of 
t w o  3/4 inch O.D. x 1 8  inches s t a i n l e s s  s t e e l  cy l inde r s  mounted 
v e r t i c a l l y ,  one on t o p  of t h e  o t h e r ,  and connected i n  series. The 
t o p  chamber se rv ing  as the  p rehea te r  contained 82 cc of 3 nun diameter  
g l a s s  beads; t h e  c a t a l y s t  bed (5 inches long) i n  the  bottom chamber 
cons i s t ed  of 24 cc o f  20/30 mesh c a t n l y s t  mixed wi th  1 2  cc of 8/14 
mesh Vycor ch ips .  During thermal runs ,  Vycor ch ips  were s u b s t i t u t e d  
f o r  t h e  c a t a l y s t .  

Both cy l inde r s  were e l e c t r i c a l l y  heated.  Liquid f u e l  flow was 
metered with a ro tameter .  Ai r - fue l  r a t i o  w a s  monitored by Orsat 
a n a l y s i s  of the exhaus t .  

2.  T e s t  Fuels  

Two types  of feeds tocks  were used: (1) an 86 research  octane 
(R+O) and 79.5 motor octane (M+O) reformate obta ined  from Mobil ' s  
Paulsboro Refinery conta in ing:  23.4 w t .  % n-pa ra f f in s ,  33.9% branched 
p a r a f f i n s ,  1 .2% o l e f i n s ,  1.0% naphthenes and 40.5% aromatics ,  and 
( 2 )  a Kuwait naphtha of  40.5 c l e a r  motor octane (M+O). 

111. RESULTS AND DISCUSSIONS 

(1) Upgrading of  a C5-400°F reformate 

The experiments w e r e  c a r r i e d  out  by charging t h e  l i q u i d  f u e l  
s t o r e d  i n  a p re s su r i zed  r e s e r v o i r  (4500 cc)  a t  38 cc/min. cont inuously 
for  about 2 hours  through the  c a t a l y t i c  conver te r  dur ing  which time 
the motor oc tane  number of t h e  r e a c t o r  e f f l u e n t  was determined every 
30 minutes. A t  t h e  end of 2 hours ,  t h e  r e a c t o r  was cooled t o  800°F 
w i t h  purge n i t rogen  whi le  t h e  f u e l  r e s e r v o i r  was being r e f i l l e d .  The 
experiment was then  repea ted .  Two c a t a l y s t s  w e r e  examined. V i 2 . n  a 
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new s t a b l e  z e o l i t e  c a t a l y s t  ( 1 2  gms)  and a commercial z e o l i t e  cracking 
c a t a l y s t  (16 g m s ) ,  which had previous ly  been aged f o r  2 hours  i n  a 
t e s t  descr ibed l a t e r .  The feed r a t e  corresponds t o  a weight hourly 
space v e l o c i t y  o f  140 and 93, r e spec t ive ly .  The r e a c t o r  was maintained 
a t  between 910 and 920OF. Octane r a t i n g  of  t he  r e a c t o r  e f f l u e n t  a s  a 
funct ion o f  the  cumulative on-stream t i m e  is  shown i n  Figure 2 .  During 
the  f i r s t  2 hours ,  t he  s t a b l e  z e o l i t e  r a i s e d  t h e  oc tane  number from 
the  thermal value of 79.6 t o  85 M+O. The octane dropped 2 numbers 
dur ing  t h e  next two hours and maintained above 82 M+O f o r  t he  next  
seven hours. The aged commercial z e o l i t e  c a t a l y s t ,  on t h e  o t h e r  hand, 
produced no apprec iab le  conversion under t h e  experimental  cond i t ions ,  
i . e . ,  a t  t h i s  high space ve loc i ty .  

( 2 )  

‘Af te r  1 2  hours of ope ra t ion  without  regenera t ion  us ing  reformate 

Upgrading of a C6-350 Kuwait naphtha 

a s  t he  feed ,  t h e  f u e l  was switched t o  the  low octane v i r g i n  naphtha 
and the  t e s t  continued over  t h e  aged s t a b l e  z e o l i t e  c a t a l y s t  f o r  an 
add i t iona l  two 2-hours runs before  t h e  experiment was terminated due 
t o  a mechanical malfunct ion.  The r e s u l t  of t he  naphtha test  is sum- 
marized i n  Figure 3. Shown i n  t h e  same f i g u r e  a r e  t h e  r e s u l t s  over a 
f r e s h  Durabead 8 c a t a l y s t  and the  thermal run. I t  is i n t e r e s t i n g  t o  
note  t h a t  a boost  of 2 2  motor octane numbers was r e g i s t e r e d  by the aged 
s t a b l e  z e o l i t e  c a t a l y s t  while  t he  f r e s h  commercial z e o l i t e  c racking  
c a t a l y s t  and the  thermal run recorded a ga in  of only 10 and 6 numbers, 
r e spec t ive ly  . 

( 3 )  Shape Se lec t ive  Crackinq 

In  add i t ion  t o  t h e i r  exce l l en t  burning q u a l i t i e s ,  i . e . ,  non- 
p o l l u t i n g  combustion, l i g h t  hydrocarbons have volume b lending  octane 
r a t i n g s  ranged between 100 and 150 r e sea rch  c l e a r  numbers (R+O). Thus 
low octane l i q u i d s  such a s  v i r g i n  naphtha and mildly reformed reformate 
can be upgraded by p a r t i a l l y  convert ing them t o  l i g h t  hydrocarbons i n  
the  pre-engine conver te r ,  and feeding t h e  e n t i r e  r e a c t o r  e f f l u e n t  
d i r e c t l y  i n t o  the  engine. 

A t y p i c a l  d i s t r i b u t i o n  of  r eac t ion  products  i s  shown i n  Table I 
f o r  t h ree  samples c o l l e c t e d  when a blend of C6 hydrocarbons was passed 
over  t he  s t a b l e  z e o l i t e  c a t a l y s t  a t  1 atm. and 900OF. The r e s u l t s  
c l e a r l y  show t h a t  the  c a t a l y s t  exh ib i t ed  p r e f e r e n t i a l  shape s e l e c t i v e  
cracking i n  the  o rde r  of n- > monomethyl- > dimethyl -paraf f ins .  Thus 
isomers having t h e  lower octane r a t i n g s  are p r e f e r e n t i a l l y  cracked. 
The C4 minus cracked products  a r e  h ighly  o l e f i n i c  and some C 7 +  aromatics 
are. formed by secondary r eac t ions .  

The added advantage of shape s e l e c t i v e  cracking i n  t h e  o rde r  of 
octane r a t i n g  is i l l u s t r a t e d  by t h e  c racking  of a 61 r e sea rch  octane 
Udex r a f f i n a t e ,  a low octane product  from the  so lven t  e x t r a c t i o n  of 
aromatics  from a reformate. In  Figure 4 ,  curve 1 shows t h e  ca l cu la t ed  
octane number of t h e  r eac to r  e f f l u e n t  vs .  w t .  % l i q u i d  cracked t o  C4- 
l i g h t  hydrocarbons. To produce a 91 R+O f u e l ,  about 49% of  t h e  l i q u i d  
is cracked. Examination of t h e  composition of t h e  r a f f i n a t e  shows t h a t  
the  s t r a i g h t  chain p a r a f f i n s  having an average oc tane  r a t i n g  of  1 7  R+O 
represent  27% o f  the  l i qu id .  Curve 11 shows t h a t  when these  n-paraf f ins  
a r e  s e l e c t i v e l y  cracked,  t he  octane r a t i n g  of  t h e  f u e l  can be boosted 
t o  - 90 R+O with only 27% conversion. An i d e a l  shape s e l e c t i v e  cracking 

, 

i 
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would y i e ld  curve 111 which r ep resen t s  t h e  most e f f i c i e n t  rou te  of 
upgrading. The oc tane  r a t i n g  of t h e  f u e l  i s  boosted t o  100 R+O w i t h  
l e s s  than 40% conversion.  

\ (4 )  c a t a l y s t  l i f e  and s t a b i l i t y  toward ox ida t ive  regenerat ion 

Prel iminary d a t a  obta ined  i n  bench s c a l e  micro-reactor  (8) 
s t u d i e s  using t h e  reformate over  bo th  t h e  f r e s h  c a t a l y s t s  and the  
regenerated c a t a l y s t s  showed t h a t  t h e  c a t a l y s t  w a s  s t a b l e  toward a i r  
regenera t ion  and c a t a l y s t  a c t i v i t y  was r e s to red  a f t e r  regenerat ion.  
A t  100 WHSV, t h e  c a t a l y s t  appeared t o  have a use fu l  cyc le  l i f e  of 
about 7 hours ,  corresponding t o  process ing  700 pounds of  f u e l  pe r  
pound of c a t a l y s t .  A t  lower space v e l o c i t i e s ,  t h e  cyc le  l i f e  appeared 
t o  be much longer  than  7 hours ,  a l though t h e  amount of f u e l p r o c e s s e d  
over t he  same l eng th  of opera t ing  hours  was less than t h a t  a t  100 WHSV. 

I V .  CONCLUSIONS 

! 

A highly a c t i v e ,  s t a b l e  and shape s e l e c t i v e  z e o l i t e  cracking 
c a t a l y s t  overcomes a major problem i n  t h e  app l i ca t ion  of  the concept 
of pre-engine convers ion  t o  a moving veh ic l e .  The c a t a l y s t  is a c t i v e  
enough t o  ope ra t e  a t  above 100 LHSV and 90O0F. The volume of a ca t a -  
l y s t  bed f o r  a 300 cu.  i n .  engine capable  o f  opera t ing  s a t i s f a c t o r i l y  
a t  f u l l  t h r o t t l e  would be less than 360 cc - a manageable volume from 
both s i z e  and warm-up cons ide ra t ions .  The c a t a l y s t  has the  capac i ty  
of process ing  more than  700 volumes of f u e l  p e r  volume of c a t a l y s t .  
For a 360 cc c a t a l y s t  bed,  t h i s  corresponds t o  process ing  66.5 ga l lons  
of f u e l  or  about a d r i v i n g  range of 800 t o  1000 m i l e s  before  a i r  
regenera t ion  would be necessary.  The c a t a l y s t  appears s t a b l e  toward 
oxida t ive  r egene ra t ion  and i t s  c a t a l y t i c  a c t i v i t y  can be f u l l y  res tored .  
Since the  r equ i r ed  volume of c a t a l y s t  bed i s  small  enough, segmented 
or  mul t ip l e  r e a c t o r s  could be used t o  accomplish cracking opera t ion  
and regenera t ion  a t  a l l  t i m e s .  
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Wt. % 
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Methane 
Ethane, Ethene 
Propane 
Propene 
Butanes 
Butenes 
2,2-Dimethylbutane 
2.3-Dimethylbutane 
2-Methylpentane 
Hexane, 1-hexene 
Benzene 
C7+ Aromatics 

R+O 

AON 

C4-% Conversion 

AON/%Conversion 

TABLE I 

Product Distribution at 90-’F 

WHSV % conversion 

55 

0.6 
3.3 
9.7 
7.0 
2.1 
3.1 
8.6 
5.4 
8.5 
6.9 
38.1 
6.7 

- 

96.8 

19.7 

25.8 

0.76 

100 

0.4 
2.5 
6.1 
5.8 
1.5 
2.6 
8.6 
5.4 
10.7 
10.4 
40.8 
5.1 

- 

92.0 

14.9 

18.9 

0.79 

100 - 55 - 200 - 

0.2 
0.8 
1.1 
3.6 
0.3 
2.0 
8.6 5.5 5.5 
5.4 0 .0  0.0 
11.7 37.0 20.7 
16.1 ’ 71.8 57.6 
44.4 19.8 14.1 
5.6 

84.5 

7.4 

8.0 

0.93 

200 - 

5.5 
0.0 
13.3 
34.3 
6.5 
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I PRESSIZED FUEL RESERVOIR 

2. ROTAMETER 

3. PREHEATER 

4. REACTOR 

5. EFFLUENT LINE TO INTAKE MANIFOLD 

6. THERMOWELLS 

7. THERMOCOUPLES 

8. NITROGEN 

9. FUEL LINE 
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Fig. 1 SCHEMATIC DIAGRAM OF UNIT 
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FIQ 2 EFFECT OF ON STREAM TIME ON OCTANE RATING -KNOCK TEST ENGINE 
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COMMERCIAL ZEOLITE CRACKING CATALYST 
50 - THERMAL 

+ - i k + - + 3 h F -  
ON STREAM TIME HR 

Fig 3 EFFECT OF ON STREAM TIME ON OCTANE RATING 
405 M t O  KUWAIT NAPHTH4 
915.F 95LHSV 
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Fig 4 OCTANE RATING VI CONVERSION LEVEL 


