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INTRODUCTION 

I n t e n s i v e  i n v e s t i g a t i o n  has been underway f o r  some time i n  t h e  l a b o r a t o r i e s  of 
Conso l ida t ion  Coal C o .  of v a r i o u s  c a t a l y t i c  s y s t e m s  f o r  t h e  hydrocracking o f  c o a l  
" e x t r a c t "  t o  d i s t i l l a t e  o i l s .  The e x t r a c t i o n  p rocess  and i ts  i n t e g r a t i o n  wi th  
subsequent hydrocracking o p e r a t i o n s  i s  desc r ibed  i n  s e v e r a l  r ecen t  p a t e n t s .  ('1 

Contact  c a t a l y s t s  f o r  hydrocracking o f  t h e  e x t r a c t  have been e x t e n s i v e l y  in -  
v e s t i g a t e d  i n  our  l a b o r a t o r i e s  b o t h  i n  batch and i n  s m a l l  continuous hydrocracking 
u n i t s .  The hydrocracking of coa l  e x t r a c t  u s ing  a con tac t  c a t a l y s t  i n  a three-phase 
f l u i d i z e d  system w i l l  be demonstrated on a 50 barrel /day p i l o t  p l a n t  now be ing  con- 
s t r u c t e d  a t  Cresap, W. Va. 

S u l f u r - r e s i s t a n t  c a t a l y s t s  of t h e  hydrofining type  have given t h e  most sa t is-  
f a c t o r y  r e s u l t s .  
and C o  on alumina g e l  s u p p o r t .  B e s t  r e s u l t s  a r e  obtained with large-pore alumina 
s u p p o r t s .  

These u s u a l l y  comprise a combination of t h e  s u l f i d e s  of M o ,  N i  

Rapid and e f f i c i e n t  hydrogenolysis  o f  t h e  coal e x t r a c t  i s  e f f e c t e d  a t  tempera- 
t u r e s  i n  t h e  range o f  800-825'F and at  conversion l e v e l s  up t o  about 60%. 

The hydrogenated n o n - d i s t i l l a b l e  r e s idue  from t h i s  ope ra t ion ,  however, i s  much 
more r e f r a c t o r y  than t h e  f e e d  e x t r a c t ,  and can b e  converted a t  p r a c t i c a l  rates only 
by r a i s i n g  t h e  o p e r a t i n g  t empera tu re .  Although t h i s  is p r a c t i c a l  t o  do, t h e  y i e l d  
of t h e  more valuable  l i q u i d  p roduc t s  i s  lowered s i n c e  t h e  gas y i e l d  rises w i t h  in- 
c r e a s i n g  ope ra t ing  t empera tu res .  

The l i m i t i n g  k i n e t i c  f a c t o r  i n  t h e  u s e  of t h e  "hydrofining" t y p e  c a t a l y s t  is 
t h e i r  very low c rack ing  a c t i v i t y .  

Dual func t ion  c o n t a c t  c a t a l y s t s  promoted by t h e  u s e  of a c i d i c  c rack ing  agents  
were i n v e s t i g a t e d  t o  de te rmine  i f  t hey  would be u s e f u l  i n  conversion of t h e  hydro 
r e s i d u e .  A s  t h e  work t o  be r e p o r t e d  below shows, t h i s  type o f  c a t a l y s t  does not  
a c t u a l l y  g ive  improved performance s i n c e  t h e  a c i d  s i tes  are r a p i d l y  poisoned by t h e  
n i t r o g e n  con ten t  of t h e  f e e d .  

A t t e n t i o n  was t h e r e f o r e  tu rned  t o  t h e  development of a fused  metal  h a l i d e  
c a t a l y s t  system. 

The use  of massive q u a n t i t i e s  o f  t h e  c a t a l y s t  w a s  found t o  be d e s i r a b l e  not  
on ly  t o  develop t h e  maximum hydrocracking a c t i v i t y  bu t  t o  "overwhelm" any n i t r o g e n  
po i sons  i n  t h e  f eeds tock .  Fused s a l t s  were emphasized s ince  t h e  p rocess  under 
development v i s u a l i z e s  cont inuous c i r c u l a t i o n  o f  m e l t  between hydrocracking and a 
r e g e n e r a t i o n  o p e r a t i o n  where t h e  n i t rogen  poisons would be removed. 

The development of t h e  massive fused  s a l t  c a t a l y s t  system was i n i t i a t e d  by a 
s t u d y  o f  t h e i r  a c t i v i t y  i n  comparison with c o n t a c t  c a t a l y s t s  i n  t h e  hydrocracking 
of hydro r e s i d u e  and a model polynuclear  hydrocarbon: pyrene, 
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, A voluminous l i t e r a t u r e  e x i s t s  on t h e  u s e  of metal h a l i d e  c a t a l y s t s  i n  t h e  
hydrocracking of coal  and c o a l  t a r .  
duced d i r e c t l y  a s  such but i n  a l l  l i k e l i h o o d  w a s  genera ted  i n  p a r t  i n  s i t u  by 
r e a c t i o n  of a halogen promoter wi th  t h e  f r e e  metal or with a metal s a l t .  

I n  many cases, t h e  metal  h a l i d e  was not i n t r o -  

E x c e l l e n t  review and a r e  a v a i l a b l e  summarizing t h i s  
work so t h a t  t h e r e  i s  no need t o  e x t e n s i v e l y  d i s c u s s  t h e  o r i g i n a l  r e f e r e n c e s .  

I n  a l l  of t h i s  work r e l a t i v e l y  smal l  amounts of c a t a l y s t ,  i.e., less than  5 w t . $  
of t h e  f e e d  and g e n e r a l l y  of t h e  or e r  of 1 w t .  $ or less were employed. 
t h e s e  c o n d i t i o n s  most i n v e s t i g a t ~ r s f ~ ~ , " ,  ' O )  agree  t h a t  halogen promoted t i n  c a t a l y s t s  
are t h e  m o s t  a c t i v e  of t h i s  class. The s u p e r i o r i t y  of t i n  c a t a l y s t s o v e r z i n c  c a t a l y s t s  
whenused  i n  smal l  c o n c e n t r a t i o n s  i s  f u r t h e r  i l l u s t r a t e d  by t h e  f a c t  t h a t  t h e r e  have 
been no commercial c o a l  hydrogenat ion o p e r a t i o n s  us ing  z i n c  c a t a l y s t  whi le  t h e r e  were 
commercial o p e r a t i o n s  i n  both  and Germany(") which used t i n  c a t a l y s t s .  

ob ta ined  wi th  I$ nickelous chlor ide(")  c a t a l y s t  when proper  methods of d i s t r i b u t i o n  
of t h e  c a t a l y s t  on t h e  s u b s t r a t e  were used.  

Under 

I n  a d d i t i o n ,  e x c e l l e n t  r e s u l t s  equal  or s u p e r i o r  t o  t h o s e  wi th  ZnC1, have been 

The above o r d e r  of a c t i v i t y  has  no r e l a t i o n s h i p  t o  t h e  c racking  a c t i v i t y  of t h e s e  
c a t a l y s t s .  
f a i r l y  good c a t a l y t i c  a c t i v i t y  for most F r i e d e l  C r a f t s  t y p e  r e a c t i o n s  such a s  poly- 
mer iza t ion  of o l e f i n s ,  a l k y l a t i o n  of aromatic  compounds wi th  o l e f i n s ,  etc. I t  a l s o  
is  w e l l  known as a c racking  catalyst  and has  been used, f o r  example, f o r  t h e  cata- 
l y t i c  c racking  of s h a l e  o i l .  ( 6 )  

Zinc c h l o r i d e  i s  w e l l  known as a L e w i s  a c i d  type  c a t a l y s t ( 3 )  which has 

SLtannous c h l o r i d e ,  however, is  not w e l l  known a s  an a c t i v e  Lewis a c i d  al though 
i t  does have e l e c t r o n  accept ing  p r o p e r t i e s  as evidenced by i t s  formation of ammoniate 
complexes such a s  SgC1,.NH3. I t  is  r e p o r t e d  t o  have some c a t a l y t i c  a c t i v i t y  of t h e  
F r i e d e l  C r a f t s  type  f o r  r e a c t i o n s  such as t h e  polymer iza t ion  of c e r t a i n  unsa tura ted  
compounds such a s  v i n y l  e thers , (")  and t h e  a c e t y l a t i o n  of o l e f i n s ,  i .e . ,  r e a c t i o n  of 
a c e t i c  anhydride with 2,4,4- t r i rnethyl  pentene-l . ( ' )  
regarded  as a very weak F r i e d e l  C r a f t s  t y p e  c a t a l y s t  wi th  very l i t t l e  cracking  
a c t i v i t y  as compared wi th  ZnC1,. 

However, i n  genera l ,  it must be 

There i s  l i t t l e  or no evidence l i k e w i s e  t h a t  n icke lous  c h l o r i d e  has  any subs- 
t a n t i a l  c racking  or F r i e d e l  C r a f t s  a c t i v i t y .  

Weller(18)  has  poin ted  out  t h a t  t h e r e  i s  s u f f i c i e n t  s u l f u r  i n  most of t h e  feed- 
s t o c k s  t o  decompose t h e  metal  h a l i d e s ,  i n  t h e  small q u a n t i t i e s  used, by t h e  r e a c t i o n  

MClz + H,S = MS + 2 €IC1 (1) 
and t h e r e f o r e  concludes t h a t  t h e  h a l i d e  i s  not t h e  t r u e  c a t a l y s t .  Rather  he proposes 
t h a t  t h e  c a t a l y s t  is  r e a l l y  a dual  f u n c t i o n  one i n  t h a t  t h e  HC1 i s  a s p l i t t i n g  or 
cracking  c a t a l y s t  while  t h e  t i n  a c t s  as a hydrogenat ing component t o  s t a b i l i z e  t h e  
r e a c t i v e  fragments  by r e a c t i o n  wi th  hydrogen. I n  t h i s  r e s p e c t ,  t h e  p o i n t  of view 
is  q u i t e  similar t o  t h e  commonly accepted  mechanism of t h e  a c t i o n  of  dual  func t ion  
c o n t a c t  c a t a l y s t s  used f o r  hydrocracking of petroleum feeds tocks .  I n  t h i s  l a t t e r  
case ,  t h e  r o l e  of t h e  hydrogenat ing metal i s  regarded(I3)  as one of prevent ion  of 
coke d e p o s i t s  by hydrogenation of h i g h l y  u n s a t u r a t e d  in te rmedia tes  formed by c a t a -  
l y t i c  c racking  on t h e  a c i d  s i t e s  of t h e  catalyst .  

The above theory i n  t h e  c a s e  of t i n ,  however, is  d i f f i c u l t  t o  accept  s i n c e  
t h e r e  a r e  no experimental  f a c t s  wi th  pure o r g a n i c  compounds which show t h a t  e i t h e r  
t i n  metal or t i n  s u l f i d e  p e r  s e  has  any s u b s t a n t i a l  hydrogenat ing a c t i v i t y .  

It may be, as a m a t t e r  of f a c t ,  
hydrogenolysis  of c o a l  i s  due t o  its 
decomposition by hydrogen s u l f i d e  as 

t h a t  t h e  unique p o s i t i o n  of t i n  c h l o r i d e  i n  t h e  
known b e t t e r  thermodynamic s t a b i l i t y  towards 
compared wi th  z i n c  c h l o r i d e ,  f o r  example, 
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Equil ibr ium cons tan t s  a t  7W°K f o r  r e a c t i o n  (1) of SnC1, and ZnC1, wi th  H2S were 
c a l c u l a t e d  from a v a i l a b l e  thermodynamic d a t a  with t h e  r e s u l t s  shown below: 

KM = P ~ H C ~ / P H , S  KZn = 400 KSn = 1 . 5  

I t  is thus c l e a r  t h a t  t i n  c h l o r i d e  i s  much more s t a b l e  than  z inc  c h l o r i d e  and 
t h a t  under equ iva len t  o p e r a t i n g  cond i t ions  with t h e  same q u a n t i t y  of promoter, e t c . ,  
t h a t  a much higher  pe rcen tage  of t h e  t i n  w i l l  be p re sen t  as t i n  c h l o r i d e .  

Wellex-,?") t h e  t r u e  c a t a l y s t  is  t h e  small  amount of undecomposed metal h a l i d e  and 
t h a t  no d u a l  func t ion  c a t a l y s i s  i s  involved.  

Th s, i t  appears p o s s i b l e  t h a t  i n  c o n t r a d i s t i n c t i o n  t o  t h e  op in ion  expressed by 

. .  

Another ob jec t  of t h e  p r e s e n t  i n v e s t i g a t i o n  t h e r e f o r e  w a s  t o  o b t a i n  a b e t t e r  
understanding of t h e  c a t a l y t i c  a c t i v i t y  of molten metal  h a l i d e s  i n  hydrocracking 
p rocesses .  A pure compound, i . e . ,  pyrene, was used t o  e l i m i n a t e  complications due t o  
t h e  i n t e r a c t i o n  of t h e  m e t a l  h a l i d e  with h e t e r o  atom i m p u r i t i e s  and a l s o  t o  s impl i fy  
a n a l y t i c a l  i n t e r p r e t a t i o n  of t h e  r e s u l t s .  Massive q u a n t i t i e s  were used t o  i n s u r e  t h e  
presence of a d e f i n i t e  molten h a l i d e  phase and because of t h e  g r e a t e r  c a t a l y t i c  
a c t i v i t y  when massive q u a n t i t i e s  are used. 

One o f  t he  po in t s  t h a t  w a s  f e l t  d e s i r a b l e  t o  c l a r i f y  was to what ex ten t  sa t is-  
f a c t o r y  ope ra t ion  and a c t i v a t i o n  of hydrogen could be achieved wi th  a molten h a l i d e  
ca t a lys t  without  t h e  a d d i t i o n  of a s e p a r a t e  hydrogenating component. The p r i o r  
hydrocracking l i t e r a t u r e  is  n o t  wholly c l e a r  on t h i s  p o i n t .  There are, however, some 
r e f e r e n c e s  which showed t h a t  A l C 1 ,  and FeC1,(lO) have d e f i n i t e  c a t a l y t i c  a c t i v i t y  f o r  
t h e  hydrocracking of naphthalene.  
t ha t .  no molten h a l i d e  w a s  l i k e l y  p re sen t  and r a t h e r  s eve re  cond i t ions ,  i . e . ,  460°C 
f o r  3 hours w e r e  employed. S i x t y  percent  conversion t o  s i n g l e  r i n g  aromatic  hydro- 
carbons w a s  reported.  

Only a small pe rcen t  of c a t a l y s t  was used such 

S i m i l a r  r e s u l t s  were o b t a i n e d  wi th  anthracene al though a lower y i e l d  of l o w  
b o i l i n g  aromatics  was o b t a i n e d .  

1 Winter and Free(" ) subsequen t ly  i n v e s t i g a t e d  t h e  hydrocracking of naphthalene,  
an th racene  and phenanthrene w i t h  FeC1, and AZC1, c a t a l y s t s  a t  hydrogen p res su res  of 
190-250 atms. and t empera tu res  i n  t h e  range o f  350-490OC. They observed t h e  forma- i 
t i o n  of s i g n i f i c a n t  q u a n t i t i e s  of p i t chy  condensat ion p roduc t s  as w e l l  a s  lower 
b o i l i n g  aromatic  l i q u i d s .  Again, small q u a n t i t i e s  of c a t a l y s t  were used. 

I 

Another p e r t i n e n t  r e f e r e n c e  i s  t h a t  of Schmerling and Ipat ieff(")  who showed I 

t h a t  aqueous z i n c  c h l o r i d e  impregnated on alumina was an a c t i v e  c a t a l y s t  f o r  t h e  
hydrocracking of naphthalene.  

M a t e r i a l s  Used f 
Pyrene - Obtained from G e s e l l s c h a f t  Fur Teerverwertung MBB, m.p. = 149-15loC, 

i s  shown i n  T a b l e  I .  

hydrocracking a coa l  e x t r a c t  i n  a cont inuous f l u i d i z e d  bed u n i t  / 

r e p r e s e n t s  2 9 3  of t h e  e x t r a c t  f e d  and i s  f r e e  of material b o i l i n g  
below 400'C. 
bituminous coal from t h e  P i t t s b u r g h  Seam, I r e l a n d  Mine, with t e t r a l i n ,  
and amounted t o  57% of t h e  moisture-  and a sh - f r ee  coa l .  
p e r t i e s  of t h e  hydro r e s idue  are given i n  Table  I .  I 

b.p.  = 393.5OC, p u r i t y  = 98%. 

us ing  a n i c k e l  molybdate c a t a l y s t  desc r ibed  below. The r e s idue  I 

Typical  a n a l y s i s  of t ,he 'feedstock i 

Hydro Residue - The hydro r e s i d u e  used f o r  runs i n  Tab le  I11 was produced by 

The e x t r a c t  was ob ta ined  by e x t r a c t i n g  a high v o l a t i l e  

Some pro- 

Benzene - F i s c h e r  S c i e n t i f i c  Co .  C e r t i f i e d  Reagent, Thiophene-free.  
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C a t a l y  s t s 

Nickel  Molybdate on  Alumina - A commercial hydrof in ing  c a t a l y s t ,  conta in ing  
6.8% molybdenum, 3.8% nicke l ,  and 0.15 c o b a l t  supported on  alumina g e l .  
Un les s  otherwise noted,  t h i s  catalyst  w a s  p r e s u l f i d e d  w i t h  15% HaS - 85$ H, 
at  500'F. It  h a s  a s u r f a c e  area of 200 m"/g, a p o r o s i t y  of 775, and an 
average pore diameter  of 200 8. 
Fluor ided  Nickel  Molybdate on Alumina - The above s u l f i d e d  c a t a l y s t  which 
w a s  t r e a t e d  w i t h  4 mole percent  HF i n  n i t r o g e n  a t  300°C u n t i l  it consumed 
BF corresponding t o  10% of i t s  weight. 

Nickel  Molybdate on  Si l ica-Alumina - Act ive  metals corresponding t o  those  
i n  C a t a l y s t  No. 1 (6.8% Mo, 3.8% N i ,  and 0.1$ Co) w e r e  l o c a l l y  impregnated 
on Houdry S-90, a, 12 .55  alumina c r a c k i n g  c a t a l y s t  w i t h  a sur faceoarea  of 
430 da/g, a p o r o s i t y  of 65$, and an average pore diameter  of 70  A. 

Zinc Chlor ide  - F i s h e r  S c i e n t i f i c  C o .  C e r t i f i e d  Reagent, var ious  lots  96.2 
t o  98.8% pure,  d r i e d  b e f o r e  use  by h e a t i n g  i n  a vacuum a t  1 1 0 O C .  
t h i s  t rea tment ,  it conta ined  1 to  1.5% water  and up t o  1.85 ZnO. 

A f t e r  

Stannous Chlor ide  - F i s h e r  S c i e n t i f i c  Co.  C e r t i f i e d  Reagent, SnC12.2 HaO, 
h e a t e d  b e f o r e  u s e  at 150'12 and 1 Znm Hg p r e s s u r e  f o r  2 hours  t o  remove water .  

Aluminum Bromide - F i s h e r  S c i e n t i f i c  Co. C e r t i f i e d  Reagent, Anhydrous, 
99% pure.  

Nickel  Molybdate C a t a l y s t  Impregnated w i t h  Zinc Chlor ide  - A s o l u t i o n  of 
z i n c  c h l o r i d e  i n  methyl e t h y l  ketone was used t o  impregnate C a t a l y s t  No. 1 
fol lowing  t h e  procedure used by Innes for determining c a t a l y s t  porosi ty . ( ' j  
The s o l v e n t  was removed by h e a t i n g  a t  6OoC and atmospheric  p r e s s u r e  over- 
n i g h t ,  fol lowed by t w o  hours  a t  200OC and 1 nun Hg p r e s s u r e .  The f i n a l  
c a t a l y s t  conta ined  19$ z i n c  c h l o r i d e .  

Zinc Chlor ide  on  Alumina - American Cyanamid gamma alumina s t a b i l i z e d  wi th  
2% s i l i c a  was impregnated w i t h  19% z i n c  c h l o r i d e  by t h e  same procedure as  
f o r  C a t a l y s t  No. 7 .  The alumina had a s u r f a c e  area of over  225 m2/g, and 
an average pore diameter  of 80-100 8 .  

Mixtures  - Runs 2 and 3 were made wi th  mixtures  of C a t a l y s t  No. 1 and a 
s a l t  c a t a l y s t .  These were added s e p a r a t e l y  t o  t h e  au toc lave .  

Equipment 

Cata log  No. 40-2150 rocking  au toc lave .  The normal rocking  motion of 36 cyc les / sec .  
about  t h e  a x i s  of t h e  au toc lave  w a s  found t o  g i v e  good c a t a l y s t  mixing only i f  t h e  
c a t a l y s t  was 35x65 mesh or f i n e r .  I n  o r d e r  to  tes t  c a t a l y s t s  of 1/16-inch diameter 
such as were be ing  used on  cont inuous u n i t s ,  t h e  au toc lave  and f u r n a c e  were mounted 
on t h e  end of a 12-inch arm, so t h a t  a shaking motion r e s u l t e d  r a t h e r  than  rocking. 
The au toc lave  w a s  d r i v e n  at 8 6  cyc les / sec .  through an angle  of 30° a t  t h e  end of t h e  
12-inch l e v e r  arm a s  shown i n  F igure  No. 1. 

The b a s i c  u n i t  f o r  t h e  hydrocracking tests was an American Instrument  Co., 

Other  f e a t u r e s  of t h e  tes t  u n i t  a r e  ev ident  from Figure  No. 1. Hydrogen c a n  
b e  f r e q u e n t l y  added t o  t h e  au toc lave  dur ing  t h e  run  t o  main ta in  p r e s s u r e .  Hydrogen 
consumption i s  measured d i r e c t l y  by t h e  change i n  p r e s s u r e  on t h e  300 m l  accumulator. 
The accumulator is i s o l a t e d  from t h e  compressor dur ing  a run and a p r e c i s i o n  Heise 
gauge i n d i c a t e s  t h e  p r e s s u r e  t o  f 10 p s i .  
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Procedure f o r  Hydrocracking T e s t s  

The 300 m l  au toc lave  i s  weighed and 50 grams of f e e d  p l u s  t h e  r e q u i r e d  weight of 
c a t a l y s t  added. The a u t o c l a v e  i s  t h e n . c l o s e d ,  evacuated through valve V-2, and 
p r e s s u r e  t e s t e d  with 1000-1500 p s i g  of hydrogen from t h e  accumulator.  Heating is  
then commenced with V - 3  c l o s e d .  

When t h e  temperature  approaches t h e  area where r e a c t i o n  w i l l  begin ( c a .  3OO0C), 
V - 3  i s  opened and t h e  reactor p r e s s u r e  watched f o r  evidence of hydrogen consumption. 
Hydrogen i s  t h e r e a f t e r  s u p p l i e d  as 'needed i n  f r equen t  increments from t h e  accumulator 
u n t i l  t h e  f u l l  hydrogen p r e s s u r e  i s  reached when r e a c t i o n  temperature  i s  reached. 
T h e r e a f t e r ,  p re s su re  i s  maintained,  i f  necessary, ,  by more hydrogen a d d i t i o n s .  The 
r a t e  of temperature  r ise  i s  c o n t r o l l e d  t o  average 10°C/min. t o  375OC. From 375'C t o  
t h e  maximum temperature  r e q u i r e s  5 t o  15 minutes  depending upon t h e  temperature  used 
and t h e  e x t e n t  of t h e  exothermic r e a c t i o n  ob ta ined .  The temperature  i s  then  held a t  
t h e  d e s i r e d  l e v e l  f o r  a set t i m e  ( u s u a l l y  one hour) ,  and then  lowered r a p i d l y  t o  250°c 
v i a  an a i r  b l a s t .  A f t e r  r each ing  250°C, t h e  motion i s  stopped, valve V - 3 . i s  closed, 
and t h e  temperature  ma in ta ined  during depres su r ing  of t h e  1ine.s.  The l i n e  from t h e  
accumulator t o  t h e  a u t o c l v e  i s  disconnected a t  V - 3  and r ep laced  wi th  t h e  l i n e  (dashed) 
t o  t h e  recovery t r a i n .  The t r a i n  i s  evacuated through V-4, and t h e  con ten t s  b l ed  o f f  , 

through a dry- ice-acetone c o l d  t r a p ,  an Ascarite t r a p  t o  remove a c i d  gases ,  and i n t o  a 
gas  h o l d e r .  

Ana lys i s  o f  Hydrocracked P roduc t s  from Runs Using Zinc Chloride 

The gases  pas s ing  through t h e  co ld  t r a p  from t h e  250°C bleed-off are metered and 
analyzed on a molecular s e i v e  gas  chromatograph column (Linde 5A, Medium Grade).  The 
hydrogen gas  remaining a f t e r  t h e  run is s u b t r a c t e d  from t h a t  f ed  from t h e  accumulator 
t o  g i v e  t h e  overall  hydrogen consumption f o r  t h e  run. The v o l a t i l e  m a t e r i a l s  i n  the  
c o l d  t r a p  , a r e  b l ed  i n t o  an evacuated b o t t l e  by p l ac ing  t h e  c o l d  t r a p  i n  ice water  u n t i l  
t h e  Sample b o t t l e  reaches 1 atm. The c o l d  t r a p  is  t h e n  connected t o  an evacuated 
s t a i n l e s s  s t e e l  bomb immersed i n  dry- ice-acetone and t h e  o r i g i n a l  t r a p  allowed t o  rise 
t o  room temperature .  The v o l a t i l e  products  c o l l e c t e d  i n  t h e  glass sample b o t t l e  and 
t h e  s t a i n l e s s  bomb are subsequen t ly  analyzed f o r  C1 t o  C, hydrocarbons on a gas chroma- 
tograph (hexamethylphosphorarnide supported on Chromosorb W ) .  
remaining i n  the  o r i g i n a l  c o l d  t r a p  are sepa ra t ed  and analyzed.  

The l i g h t  o i l  and water 

The product remaining i n  t h e  au toc lave  a t  25OoC is  removed a f t e r  coo l ing  t o  room 
temperature ,  using a mix tu re  of o rgan ic  s o l v e n t  (carbon d i s u l f i d e  f o r  pyrene runs,  
benzene f o r  e x t r a c t  hydro r e s i d u e  runs )  and water. 
w i t h  water i n  a Waring B lende r  and f i l t e r e d  u n t i l  f r e e  of c h l o r i d e  ion .  The f i l t r a t e s  
are s e p a r a t e d  i n t o  water and o rgan ic  phases  and each washed u n t i l  water is f r e e  o f  
o r g a n i c s  and t h e  o rgan ic  phase  f r e e  of c h l o r i d e .  

The r e s i d u e  i s  r epea ted ly  washed 

The f i l t e r  cake from t h e  f i n a l  water wash i s  Soxhlet  e x t r a c t e d  wi th  methyl e t h y l  
ketone (MEK). 
d i s t i l l e d .  

The s o l u b l e  f r a c t i o n  i s  combined wi th  the  o rgan ic  f i l t r a t e  phase and 

The MEK-Insoluble m a t e r i a l  i n  t h e  Soxhlet  thimble inc ludes  z i n c  ox ide  and z i n c  
s u l f i d e  as  w e l l  as o r g a n i c  r e s i d u e .  The amounts of each are determined by a n a l y s i s .  

The procedures  f o r  t i n  c h l o r i d e  o r  combined c a t a l y s t  runs  fol lowed t h e  above 
format  with very minor m o d i f i c a t i o n s .  Where only a supported ca ta lys t  was involved, 
t h e  procedure s i m p l i f i e d  t o  p r e s s u r e  f i l t r a t i o n  (20 ps i ) ,  MEK e x t r a c t i o n  o f  t h e  cata-  
l y s t  and sampling of t h e  f i l t r a t e s .  

Product  Bo i l ing  Range 

B o i l i n g  ranges o f  t h e  pyrene p roduc t s  were determined by gas  chromatography using 
a s i l i c o n e  rubber  column at 170°C with flame i o n i z a t i o n  d e t e c t o r .  Th i s  pe rmi t t ed  Csz 
t o  be used as a s o l v e n t  f o r  s o l i d  f r a c t i o n s  without  i n t e r f e r e n c e .  A f a i r l y  simple 
p a t t e r n  o f  about 2 0  peaks r e s u l t e d .  



. Products from runs i n  which,hydro r e s i d u e  was f e d  were vacuum d i s t i l l e d  t o  g i v e  
t h e  d i s t i l l a t e  d i s t r i b u t i o n  because of t h e  more complicated n a t u r e  of  t h e  f e e d .  

Hydrogen consumption is determined d i r e c t l y  from hydrogen f e d  and recovered.  
Conversion is c a l c u l a t e d  by s u b t r a c t i n g  t h e  recovered r e s i d u e  (+40OoC) from t h e  
weight of f e e d  and d i v i d i n g  t h e  d i f f e r e n c e  by t h e  weight of f e e d .  

A measure of t h e  a s p h a l t i c  na ture  of extracts and hydro r e s i d u e  (Table I) i s  
given by s o l v e n t c f r a c t i o n a t i o n .  "Benzene-Insolubles" is t h e  f r a c t i o n  of e x t r a c t  i n -  
s o l u b l e  i n  benzene a t  its atmospheric  b o i l i n g  p o i n t  (Soxhlet  appara tus) .  "Asphaltenes" 
is t h e  benzene-soluble,  cyclohexane-insoluble  f r a c t i o n ,  determined by mixing one p a r t  
of benzene-soluble material wi th  n i n e  p a r t s  of benzene and 100 p a r t s  of cyclohexane, 
by weight, and f i l t e r i n g  a t  room tempera ture .  
i s  termed '*oil". 

The f r a c t i o n  s o l u b l e  i n  t h i s  mixture  

RESULTS AND DISCUSSION 

Contact C a t a l y s t s  wi th  Cracking Promoters 

The f i r s t  approach used i n  a t tempt ing  t o  enhance t h e  c racking  a c t i v i t y  of  t h e  
contac t - type  catalyst  w a s  t o  add c r a c k i n g  promoters .  One method used  was t o  incorpo- 
rate t h e  promoters i n  t h e  contac t - type  catalysts e i t h e r  by impregnat ion wi th  z i n c  
c h l o r i d e  or by f l u o r i n a t i o n  i n  t h e  vapor phase wi th  anhydrous h y d r o f l u o r i c  a c i d .  
Another method employed was t o  impregnate t h e  hydrogenat ing meta ls  on  an a c t i v e  
s i l i ca-a lumina  c racking  c a t a l y s t  base .  S t i l l  another  method w a s  i n v e s t i g a t e d  i n  
which t h e  c racking  c a t a l y s t ,  i .e . ,  z i n c  c h l o r i d e  was not impregnated on t h e  support  
but  was simply added as a s e p a r a t e  component t o  t h e  au toc lave .  
c racking  c a t a l y s t  by i t s e l f ,  i .e . ,  z i n c  c h l o r i d e  impregnated on y-A120, was i n v e s t i -  
ga ted  w i t h o u t  t h e  a d d i t i o n  of hydrogenat ing metals. 
feeds tock  are summarized i n  Table  11. A l l  runs  were c a r r i e d  out  a t  s tandard ized  
c o n d i t i o n s ,  i .e. ,  a t o t a l  h o t  p r e s s u r e  of  4200 p s i g  and 1 hour  r e s i d e n c e  t i m e  at t h e  
o p e r a t i n g  temperature  of 427°C. 

F i n a l l y ,  t h e  use of a 

The a c t i v i t y  tests wi th  pyrene 

Runs 2 and 5 conta ined  t h e  same q u a n t i t y  of  z i n c  c h l o r i d e  i n  each case, t h e  only 
d i f f e r e n c e  be ing  t h a t  i n  t h e  former c a s e  t h e  z i n c  c h l o r i d e  w a s  added as  a s e p a r a t e  
component while  i n  t h e  l a t te r  case it was f i rs t  impregnated on t h e  n i c k e l  molybdate 
c a t a l y s t .  

No d e t a i l e d  s t r u c t u r a l  i n v e s t i g a t i o n  was made of t h e  products  of  t h e  r e a c t i o n .  
The b o i l i n g  ranges of Table  11, however, correspond roughly t o  t h e  fo l lowing  c l a s s e s  
of compounds as g iven  below: 

340 x 39OoC P a r t  i a1  1 y Hydrogenat e d Py renes  
280 x 34OoC Alkyla ted  and P a r t i a l l y  Hydrogenated Phenanthrenes 
200 x 28OOC Alkyla ted  and P a r t i a l l y  Hydrogenated Naphthalenes 
c5 x 200% Alkyl  Benzenes, S i n g l e  Ring Naphthenes and 

P a r a f f i n s  

I n  i n t e r p r e t i n g  r e s u l t s ,  it should be noted  t h a t  t h e  hydrocracked product  con- 
sists only  of products  b o i l i n g  below 34OOC. 
such t h a t  i n  almost a l l  c a s e s  very l i t t l e  remains completely unconverted.  

The pyrene i s  very r e a d i l y  hydrogenated 

I n  almost a l l  cases a n ' i n c r e a s e  i n  hydrocracking a c t i v i t y  was o b t a i n e d  by a d d i t i o n  
of t h e  c racking  promoter. 
d i s t i l l a t e  products  as w e l l  a s  a s u b s t a n t i a l  i n c r e a s e  i n  t h e  hydrogen consumption. A 
lone  except ion  was s tannous  c h l o r i d e .  
meta l  h a l i d e  w a s  more than  compensated f o r  by a decreased a c t i v i t y  of t h e  c o n t a c t  
c a t a l y s t .  The 1 , a t t e r  may be due t o  c o a t i n g  of t h e  c o n t a c t  c a t a l y s t  wi th  t h e  molten 
sal t .  Zinc c h l o r i d e ,  however, is such a s t r o n g  cracking  c a t a l y s t  that  it acts as  a 
n e t  promoter i n  s p i t e  of t h e  f a c t  t h a t  t h e  same type  of d e a c t i v a t i o n  by c o a t i n g  of t h e  

This  i s  evidenced by an i n c r e a s e  i n  t h e  y i e l d  of C, x 34OoC 

Here, t h e  very l o w  c racking  a c t i v i t y  of t h e  
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c o n t a c t  c a t a l y s t  i s  p o s s i b l e  h e r e  too .  A s  a mat te r  of f a c t ,  it appears t o  be s l i g h t l y  
more a c t i v e  when added s e p a r a t e l y  t h a n  when it i s  impregnated on t h e  c a t a l y s t  before  
use .  

I t  i s  i n t e r e s t i n g  t o  note  t h a t  ZnC1, on A1,0,, even without  t h e  hydrogenating 
meta ls ,  has  hydrocracking a c t i v i t y  a l though i t  i s  less t h a n  t h a t  of t h e  n i c k e l  molyb- 
d a t e  c a t a l y s t  by i t s e l f .  I t  a l s o  shows a r e l a t i v e l y  high coke y i e l d  which may poss ib ly  
be a t t r i b u t e d  t o  the  absence of hydrogenating m e t a l s .  I t  i s  c l e a r ,  however, as was 
shown by Schmerling and I p a t i e f f , ( " )  t h a t  z i n c  c h l o r i d e  even i n  t h e  absence of hydro- 
gena t ing  metals i s  capable  of a c t i v a t i n g  hydrogen f o r  t h e  hydrogenation and hydrocrack- 
i n g  of po lynuclear  aromatic  hydrocarbons.  

The a c t i v i t i e s  of t h e  o t h e r  two "dual f u n c t i o n  c a t a l y s t s "  i n v e s t i g a t e d ,  i . e . ,  
f l u o r i d e d  n i c k e l  molybdate and Co-Mo-Ni on a c racking  c a t a l y s t  base (Houdry S-90) a r e  
a l s o  h igher  than  t h a t  of t h e  n i c k e l  molybdate c a t a l y s t  and a r e  even s l i g h t l y  more 
a c t i v e  t h a n  t h e  z inc  c h l o r i d e  promoted c a t a l y s t s  f o r  t o t a l  conversion.  They produce, 
however, more middle range b o i l i n g  d i s t i l l a t e s  and less g a s o l i n e .  
C, x 20O0C d i s t i l l a t e  was 27.1$ of t h e  feed  i n  t h e  case  of t h e  z i n c  c h l o r i d e  c a t a l y s t  
and only 13.58 of t h e  f e e d  f o r  t h e  S-90 c a t a l y s t .  

The y i e l d  of 

Ammonia Tolerance of Promoted C a t a l y s t s  

The development of t h e  d u a l  f u n c t i o n  c a t a l y s t s  was aimed at t h e i r  use,  a s  men- 
t i o n e d  above, in the  hydrocracking of r e f r a c t o r y  r e s i d u e s  from t h e  hydrogenolysis  of 
c o a l  e x t r a c t .  These r e s i d u e s ,  a s  t h e  d a t a  given i n  Table  I show, c o n t a i n  s u b s t a n t i a l  
q u a n t i t i e s  of n i t r o g e n  of  t h e  o r d e r  of 1 w t .  8 o r  more. 
were t o  be of much u s e  i n  such an opera t ion ,  they must be r e l a t i v e l y  r e s i s t a n t  t o  
poisoning  by MI, and o t h e r  n i t r o g e n  bases  r e l e a s e d  during t h e  hydrocracking process .  

Therefore ,  i f  t h e s e  c a t a l y s t s  

The i n v e s t i g a t i o n  was t h e r e f o r e  d i r e c t e d  towards determining t h e  a c t i v i t y  of t h e s e  
c a t a l y s t s  as a f u n c t i o n  of t h e  p a r t i a l  p ressure  of MI, i n  t h e  gas  phase. I n  order  t o  
guide t h e  experimental  work, rough a b s o r p t i o n  isotherms f o r  MI, were determined f o r  
t w o  of t h e  above c a t a l y s t s ,  i .e . ,  ZnC1, on n i c k e l  molybdate and Co-Mo-Ni on S-90. 
These a r e  shown i n  F igure  2 .  

The r e s u l t s  a r e  a t  l e a s t  roughly c o r r e c t  s i n c e  t h e  350'C isotherm f o r  C a t a l y s t  
No. 7 approaches t h e  t h e o r e t i c a l  asymptot ic  value of 32 c c  NH3/gm. This  value cor res -  
ponds t o  t h e  a d d i t i o n  of 1 mole of NH, t o  1 mole of ZnC1,. 

Experiments were now conducted i n  which c o n t r o l l e d  amounts of NH, were added such 
t h a t  t h e  p a r t i a l  p ressure  of NH, could  be e s t i m a t e d  a f t e r  c o r r e c t i o n  f o r  t h e  amount 
absorbed on t h e  c a t a l y s t .  

The r e s u l t s  f o r  t h r e e  t y p e s  of c a t a l y s t s  a r e  summarized i n  Figure 3 where y i e l d s  
of d i s t i l l a t e s  are p l o t t e d  as  a f u n c t i o n  of NH, p r e s s u r e .  I t  i s  noted t h a t  even t h e  
n i c k e l  molybdate c a t a l y s t  by i t s e l f  s u f f e r s  a l o s s  of a c t i v i t y  on a d d i t i o n  of NH,. The 
S-90 c a t a l y s t  appears t o  be a b l e  t o  t o l e r a t e  somewhat l a r g e r  q u a n t i t i e s - o f  hi, than  t h e  
ZnC1,-impregnated c a t a l y s t  probably because t h e  a c i d i c  si tes a r e  weaker and are more 
r e a d i l y  d i s s o c i a t e d .  This  f a c t  is  ev ident  from t h e  absorp t ion  isotherms given i n  
F igure  2.  

Thus, t o  o b t a i n  a s u b s t a n t i a l  improvement i n  a c t i v i t y  over  t h e  n i c k e l  molybdate 
c a t a l y s t ,  t h e  NH, pressure  must be maintained below about 5 p s i  f o r  t h e  ZnC1, promoted 
c a t a l y s t  or s l i g h t l y  h i g h e r  for t h e  S-90 c a t a l y s t .  To achieve  such low p a r t i a l  pres-  
s u r e s  of MI, with  high n i t r o g e n  feeds tocks  would r e q u i r e ,  i n  g e n e r a l ,  i m p r a c t i c a l l y  
h igh  rates of hydrogen c i r c u l a t i o n .  Consider  a feeds tock ,  f o r  example, which r e l e a s e s  
1 w t .  $ n i t r o g e n  as  ammonia I n  a hydrocracking process  wherein t h e  hydrogen p a r t i a l  
p r e s s u r e  i s  maintained at  200 atms. 
160  SCF/lb f e e d  would be r e q u i r e d  i n  t h i s  c a s e  t o  main ta in  t h e  p a r t i a l  p r e s s u r e  of NH, 
below 5 p s i a  i n  t h e  o u t l e t  gas .  

A hydrogen c i r c u l a t i o n  r a t e  of g r e a t e r  t h a n  

\, 
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. Autoclave tests were run  w i t h  t h e  hydro r e s i d u e  i t s e l f  wherein t h e  5-90 catalyst 

I t  is seen  t h a t  t h e  h igh  n i t r o g e n  conten t  of t h e  f e e d s t o c k  a s  expected 
was compared w i t h  t h e  n i c k e l  molybdate c a t a l y s t .  The r e s u l t s  of t h e s e  tests a r e  shown 
i n  Table  111. 
has poisoned t h e  a c t i v i t y  of t h e  S-90 c a t a l y s t  such t h a t  it is  less a c t i v e  t h a n  t h e  
n i c k e l  molybdate. 

The a c t i v i t y  of f u s e d  z inc  c h l o r i d e  c a t a l y s t  i t s e l f  w i t h  no suppor t  or o t h e r  
a d d i t i v e  was t e s t e d  i n  massive q u a n t i t i e s  on t h i s  same feeds tock  w i t h  t h e  r e s u l t s  
shown i n  Table  111. I n  s p i t e  of t h e  fact  t h a t  a lower tempera ture  was used, t h e  molten 
z inc  c h l o r i d e  c a t a l y s t  more than  doubled t h e  conversion and hydrogen consumption. 
s e l e c t i v i t y  of t h e  process  as measured by t h e  q u a n t i t y  (C,-C,) x 100/conversion is also 
improved with , the  molten z i n c  c h l o r i d e  c a t a l y s t .  
c e n t  y i e l d  of methane, e thane  p l u s  propane. 

The 

C,-Cs here  r e f e r s  t o  t h e  weight per-  

V e r y  noteworthy, l ikewise ,  i s  t h e  high s e l e c t i v i t y  of t h e  process  f o r  product ion 
of g a s o l i n e .  
g a s o l i n e  range i n  t h e  c a s e  of t h e  ZnCl, c a t a l y s t ,  and only 52 p e r c e n t  i n  t h e  case of 
t h e  n i c k e l  molybdate c a t a l y s t .  

Ninety-one percent  of t h e  d i s t i l l a t e  o i l s  (b .p .  below 40O0C) b o i l  i n  t h e  

Another d i s t i n c t i v e  f e a t u r e  of c a t a l y s i s  wi th  massive q u a n t i t i e s  of z i n c  c h l o r i d e  
i s  t h e  h igh  ra t io  of is0 p a r a f f i n s  t o  n-paraf f ins  produced a s  evidenced by t h e  r a t i o  
of i sobutane  t o  n-butane of over  6/1. This  phenomenon i s  observed wi th  convent ional  
"dual func t ion"  hydrocracking c a t a l y s t s  when t h e  feeds tock  i s  f r e e  of n i t r o g e n  poisons.  
I n  t h i s  c a s e  t h e  same phenomenon i s  observed by "over whelming" t h e  n i t r o g e n  poisons 
w i t h  an excess  of c a t a l y s t .  

I n  c o n t r a d i s t i n c t i o n  runs 8 and 9 u s i n g  c o n t a c t  c a t a l y s t s  show a l o w  r a t i o  of is0 
t o  n-bptane i n d i c a t i n g  t h a t  t h e  a c i d  c racking  s i t e s  have been poisoned by t h e  n i t rogen  
b a s e s  i n  t h e  feeds tock .  

. These r e s u l t s  po in t  t o  t h e  clear s u p e r i o r i t y  of massive z i n c  c h l o r i d e  m e l t s  a s  a 
hydrocracking c a t a l y s t .  The development i s  proceeding wi th  t h e  c e n t r a l  concept of 
cont inuous ly  c i r c u l a t i n g  t h e  molten h a l i d e  c a t a l y s t  t o  a r e g e n e r a t i o n  s t e p  where t h e  
n i t r o g e n  poisons would be removed. Data on t h e  e f f e c t  of b a s i c  n i t r o g e n  on c a t a l y s t  
a c t i v i t y  w i l l  be given i n  a subsequent paper .  

A c t i v i t y  T e s t s  of Molten Hal ide C a t a l y s t s  with Pyrene Feedstock 

A series of f u r t h e r  tests were made wi th  pyrene feeds tock  t o  provide  more back- 
ground informat ion  f o r  development of t h e  molten h a l i d e  c a t a l y s t  s y s t e m .  Experiments 
were conducted to  f u r t h e r  c l a r i f y  t h e  e f f e c t  of t h e  q u a n t i t y  of c a t a l y s t  used, t h e  
e f f e c t  of t h e  a d d i t i o n  of c racking  and hydrogenation promoters a s  w e l l  as a comparison 
of t h e  a c t i v i t y  of f u s e d  z i n c  c h l o r i d e  wi th  o t h e r  molten h a l i d e  sa l t s .  The experi-  
mental  r e s u l t s  a r e  summarized i n  Table  I V .  

I t  i s  noted t h a t  when t h e  z i n c  c h l o r i d e  c a t a l y s t  i s  used i n  r e l a t i v e l y  small 
amounts ( i n  7 percent  by weight of t h e  pyrene f e d ,  Run ll), t h a t  t h e  a c t i v i t y  is q u i t e  
low. The main r e a c t i o n  appears  t o  be hydrogenat ion of pyrene t o  p a r t i a l l y  hydrogen- 
a t e d  pyrenes w i t h  some hydrocracking t o  l i g h t  d i s t i l l a t e s .  The e x t e n t  of hydrocracking 
is also much less than  when t h e  same amount of z i n c  c h l o r i d e  i s  used d i s p e r s e d  on a n  
alumina support  ( c f .  Run 7, Table 11). However, when massive q u a n t i t i e s  of z i n c  
c h l o r i d e  m e l t  are used, i .e . ,  Run 12, t h e  hydrocracking of pyrene proceeds very vigor-  
ous ly .  A much g r e a t e r  degree of hydrocracking is obta ined  t h a n  wi th  any of t h e  pro- 
moted c o n t a c t  c a t a l y s t s  d i scussed  above. The r e s u l t  i s  a l s o  q u i t e  s i m i l a r  t o  t h a t  
observed when massive q u a n t i t i e s  of z i n c  c h l o r i d e  m e l t  were used f o r  hydrocracking of 
e x t r a c t  r e s i d u e  ( c f .  Run 10, Table  111). 
butane (5.6/1) and h igh  p r o p o r t i o n  of g a s o l i n e  b o i l i n g  range l i q u i d ,  i .e . ,  91$, i n  t h e  
t o t a l  C, x 34OoC d i s t i l l a t e  is  aga in  observed.  

The c h a r a c t e r i s t i c  h igh  r a t i o  of is0 t o  n- 

The coke p l u s  t a r  y i e l d  was r a t h e r  high i n  Run 12, i .e. ,  7 .5$  of  t h e  f e e d  i n  s p i t e  
of t h e  r e l a t i v e l y  h igh  P r e s s u r e  employed. Runs 13 and 14 were conducted to determine 
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i f  t h e  a d d i t i o n  of hydrogenat ing components t o . t h e  m e l t ,  i . e . ,  SnC1, and ~ ~ 0 ,  would 
reduce t h e  coke p lus  t a r  y i e l d .  Stannous c h l o r i d e  i n  t h e  S m a l l  amounts used was 
completely i n e r t ,  i .e . ,  no d i f f e r e n c e  i n  r e s u l t s  i s  apparent  between Runs 12 and 13. 
Molybdic o x i d e  (Run 14) d i d  i n c r e a s e  the 'hydrogen  consumption and decrease  t h e  gas  
y i e l d  s l i g h t l y ,  but a c t u a l l y  caused  a n  i n c r e a s e  r a t h e r  t h a n  a decrease  i n  t a r  p l u s  
coke y i e l d .  

Runs 15 and 16 were conducted t o  determine what t h e  e f f e c t  o f  t h e  a d d i t i o n  of  
c racking  promoters. t o  t h e  m e l t  would be.  HC1 p o t e n t i a l l y  can f o r m  t h e  u n s t a b l e  
F r i e d e l . C r a f t s  a c i d  by t h e  r e a c t i o n ,  

HC1 + ZnC1, = Hf(ZnC1,-) 

whi le  water  can .undergo a s i m i l a r  r e a c t i o n ,  

H 2 0  + ZnC1, = H'(ZnC1,OH) - 

The o r i g i n a l  m e l t  w a s  n o t  completely anhydrous and u s u a l l y  conta ined  about 1 w t .  $J 
H,O. Thus, t h e  a d d i t i o n  of f u r t h e r  q u a n t i t i e s  of water can  i n c r e a s e  t h e  amount of  
a c i d i c  c racking  c a t a l y s t  by t h e  above r e a c t i o n .  

I t  i s  s e e n  t h a t  t h e  a d d i t i o n  of  HC1 is  unfavorable  i n  t h a t  i t  causes  a l a r g e  in-  
c r e a s e  i n  t h e  amount of coke. Water a d d i t i o n  on t h e  o t h e r  hand i n c r e a s e d  t h e  o v e r a l l  
hydrogen consumption w i t h  o n l y  a s l i g h t  i n c r e a s e  i n  t h e  amount of t a r  p l u s  coke. 

Run 17 was'conducted t o  de te rmine  whether massive q u a n t i t i e s  of s tannous c h l o r i d e  

The only process  observed 
melt would behave s i m i l a r l y  to z i n c  c h l o r i d e .  I t  i s  seen  t h a t  i t  i s  a very weak 
c a t a l y s t  and t h a t  p r a c t i c a l l y  no hydrocracking t a k e s  p l a c e .  
i s  hydrogenat ion t o  p a r t i a l l y  hydrogenated pyrenes.  I t  would appear  t h a t  t h e  r e l a t i v e l y  
good a c t i v i t y  of  t i n  c a t a l y s t s  f o r  hydrogenolysis  of  coal and c o a l  e x t r a c t  must i n  some 
way be  r e l a t e d  t o  t h e i r  a c t i v i t y  w i t h  respec t  t o  s c i s s i o n  of s p e c i f i c  weak bonds t h a t  
a r e  n o t  p r e s e n t  i n  pyrene or i t s  p a r t i a l l y  hydrogenated homologues. 

F i n a l l y ,  one experiment  (Run 18) w a s  conducted u s i n g  massive q u a n t i t i e s  of  an 
AlBr, m e l t .  Due t o  t h e  very h i g h  a c t i v i t y  of  t h i s  c a t a l y s t ,  it was not  p o s s i b l e  t o  
run a t  comparable c o n d i t i o n s  used  f o r  t h e  ZnCl, c a t a l y s t .  The experiment w a s  run a t  a 
much lower temperature ,  i .e . ,  300"C;  and a l o w e r  p ressure ,  i . e . ,  3000 p s i g .  A s  a 
m a t t e r  of f a c t  t h e  a b s o r p t i o n  of  hydrogen was i n i t i a l l y  so r a p i d  t h a t  t h e  p r e s s u r e  f e l l  
cons.iderably below 3000 p s i g  a t  f i r s t .  This  may b e  t h e  reason  f o r  t h e  f a i r l y - h i g h  
y i e l d  of t a r  obta ined .  

I t  i s  obvious, however, t h a t  AlBr, is  a much more a c t i v e  c a t a l y s t  t h a n  z i n c  
c h l o r i d e .  
t h e  f e e d  pyrene was almost completely degraded t o  low molecular  weight p a r a f f i n s  i n  
t h e  range of C1 t o  C,. 
showed t h e  composition g i v e n  below: 

The c o n d i t i o n s  chosen were t o o  s e v e r e  i n  t h a t ,  o u t s i d e  of t h e  tar  produced, 

r The C, x 150'C d i s t i l l a t e ,  as determined by gas  chromatography, 

I sopentane  
n-Pentane 
2,2-Dimethyl Butane 
2,3-Dimethyl Butane ) 

2-Methyl Pentane ) 
3-Methyl Pentane 
n-Hexane 
Met hy 1 Cy c lopent  ane 

T o t a l  
c7 + 

48.2 
18.2 
1.8 

8.2 

3.7 
2.5 
0 . 4  

18 .O 
100.0 
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The z i n c  c h l o r i d e  c a t a l y s t  i s  almost completely i n a c t i v e  f o r  hydrocracking of 
s i n g l e - r i n g  aromatic hydrocarbons as t h e  d a t a  of Table  V show where benzene is used as 
a model compound. This  is  one reason t h a t  high y i e l d s  of g a s o l i n e  b o i l i n g  range hydro- 
carbons are obta ined  wi th  z i n c  c h l o r i d e  m e l t  c a t a l y s t .  I n  o t h e r  words, t h e  hydro- 
c racking  process  is  suspended a f t e r  a romat ic  hydrocarbons b o i l i n g  i n  g a s o l i n e  range are 

aromatics ,  naphthenes and p a r a f f i n s  a r e  r e s i s t a n t  t o  f u r t h e r  hydrocracking by z i n c  
c h l o r i d e  c a t a l y s t .  

1 produced. Other experiments showed t h a t  t h e  whole g a s o l i n e  f r a c t i o n  i n c l u d i n g  

, 

This  is not t r u e  of aluminum h a l i d e  c a t a l y s t s  s i n c e  i t  is c l e a r  t h a t  cont inued 
1 ' hydrocracking t o  produce predominantly propane and butanes  occurred  under t h e  condi- 

t i o n s  used.  The e f f e c t  of u s i n g  mi lder  o p e r a t i n g  c o n d i t i o n s  wi th  aluminum h a l i d e  
C a t a l y s t s  is  now being i n v e s t i g a t e d .  

', Mechanism of Hydrocracking wi th  Molten Hal ide C a t l y s t s  

The i n v e s t i g a t i o n  was not aimed at  s p e c i f i c a l l y  u n r a v e l l i n g  t h e  mechanism of t h e  
hydrocracking process  so t h a t  one can  only s p e c u l a t e  on t h i s  q u e s t i o n .  

The na ture  of t h e  a c t i v e  c a t a l y s t  i s  not c l e a r  bu t  is l i k e l y  a F r i e d e l  C r a f t s  
a c i d .  As s t a t e d  above, no precaut ions  were used t o  completely dehydrate  t h e  z i n c  
c h l o r i d e  m e l t s  used and they u s u a l l y  conta ined  about 1 w t .  '$ of water .  Thus, t h e  
a c t i v e  c a t a l y s t  may be t h e  a c i d  produced by i n t e r a c t i o n  of z i n c  c h l o r i d e  wi th  water  

ZnC1, + H,O = H+ (ZnC1,OH) - 

The f i r s t  s t e p  i n  hydrocracking i s  l i k e l y  t h e  a d d i t i o n  of t h e  F r i e d e l  C r a f t s  a c i d  
t o  t h e  l a b i l e  unsa tura ted  bond between t h e  9 and 10 carbon atoms of t h e  pyrene r i n g .  

-I 
P-c 

This  i s  s i m i l a r  t o  t h e  f i r s t  s t e p  i n  t h e  mechanism proposed by Schmer1ing(l5) and 
o t h e r s  f o r  a l k y l a t i o n  of i s o p a r a f f i n s  wi th  o l e f i n s  u s i n g  F r i e d e l  C r a f t s  c a t a l y s t s .  

The a romat ic -ca ta lys t  complex, w r i t t e n  a s  P C, can then  react w i t h  hydrogen t o  
regenera te  t h e  c a t a l y s t  and produce 9,lO-dehydropyrene as fol lows:  

This  b a s i c  mechanism f o r  hydrogenation can cont inue  f o r  f u r t h e r  a b s o r p t i o n  of  hydrogen, 
s c i s s i o n  r e a c t i o n s  l e a d i n g  t o  r i n g  opening and d ihydroa lkyla t ion ,  etc. 
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Experiments were c a r r i e d  ou t  t o  determine t h e  m i s c i b i l l t y  of ZnC1, and pyrene i n  
one ano the r .  Af t e r  mixing an equa l  weight of t h e  t w o  components a t  35OoC, no appreci-  
a b l e  s e p a r a t i o n  of phases  c o u l d  b e  d e t e c t e d  on s t and ing  f o r  one hour. Whether one is 
d e a l i n g  wi th  a t r u e  s o l u t i o n  or r e l a t i v e l y  s t a b l e  emulsions is  not c e r t a i n  a t  t h i s  
t i m e .  

The high dependence of r e a c t i o n  ra te  on c a t a l y s t  concen t r a t ion  would not be 
s u r p r i s i n g  i f  one i s  d e a l i n g  w i t h  a homogenous s o l u t i o n  of c a t a l y s t  and hydrocarbon 
r e a c t a n t .  

I t  i s  not c l e a r  at  p r e s e n t  whether t h e  r e s u l t s  r epor t ed  he re  a r e  unique t o  molten I 

h a l i d e  F r i ede l -Cra f t s  c a t a l y s t s .  I t  i s  p o s s i b l e  t h a t  s imi la r  r e s u l t s  can be obtained 
wi th  some l i q u i d  p r o t o n i c  a c i d s  such as phosphoric a c i d ,  hydro f luo r i c  ac id ,  hydroxy 
f l u o b o r i c  a c i d , . e t c . ,  once p rope r  cond i t ions  a r e  s e l e c t e d .  
p rog res s  t o  check t h e s e  p o s s i b i l i t i e s .  Prel iminary r e s u l t s  i n d i c a t e  t h a t  phosphoric . 
a c i d  i s  i n a c t i v e  f o r  hydrocracking of pyrene a t  3OO0C and 3000 p s i g  hot  p re s su re .  

Experiments a r e  now i n  
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TABLE I 

Analysis  of Feedstocks 

N 
0 
S 

Benzene-Insolubles 

Asphalt  enes  

oi 1 

Pyrene 

4.. 94 
94.87 
0.02 
0 .06  
0.11 

29% Residue (+400°C) 
from E x t r a c t  Hydrogenation 

6.82 
90.79 

1.17 
1.07 
0.15 

3 

30 

67 

1 
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TABLE I11 

Comparison of Contact C a t a l y s t s  wi th  ZnCla Melt f o r  
Hydrocracking of E x t r a c t  Hydro Residue 

T o t a l  P r e s s u r e  = 4200 p s i g  - Residence Time a t  Temperature = 60 min. 

8 10 - 9 - - Run No. 

C a t a l y s t  Co-Mo-Ni Sul f  i d e d  ZnC1, 
on S-90 Nickel Molybdate M e l t  

Temperature,  OC 441 441 

Catalyst /Feed,  W t  . R a t i o  0.3 0.3 

Y i e l d s ,  W t .  $ MAF Feed 
a 4  

C3H8 
C2H6 

iC4HI 0 

nC4H1 0 
C, x 15OoC D i s t .  
150 x 200OC D i s t .  
200 x 400OC D i s t .  
MFK-Sol. + 400OC Residue 
MEK-Insol. + 400°C Residue 

Conversion, W t .  $ Feed 

1.1 
1 . 2  
1.6 
0.2 
1 .o 
7 .O 
.I ; 7 

16.9 
67.5 

2.9 

29.6 

1.1 
1.2  
1.6 
0.1 
1 . 2  
9.1 
8.4 

1 6 . 1  
60.2 

2.4 

37.4 

H ,  Consumed, Wt. $ Feed 2.64 3.14 

(c,-c,) x 100/Conversion 13.4 10.5 

TABLE V 

Hydrocracking of Benzene wi th  Zinc Chlor ide  C a t a l y s t  

Temperature = 427OC - Residence Time a t  Temperature = 60 min. 
T o t a l  Hot P r e s s u r e  = 4200 p s i g  

427 

1 .OO 

1 . 2  
1 .5  
4.6 
5.0 
0.8 

52.5 
10.4 

6 . 3  
1 9 . 0  

3.4 

77.6 

6.85 

9.5 

Yie lds ,  W t  . $ of Benzene Feed 

- .04 
- .09 
- .92 
- .43  

nC4H1 0 .14 - .24 CSH12 
Other C 6 ' s  - .42 
Benzene - 99.00 
Total 101.28 

CH4 
C2H6 

C3H6 

- 

H, Consumed = 0.94 w t .  $ 
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