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Abst ract  

The r e s u l t s  o f  hydrocracking o f  coal  and petroleum o i l s  i n  s t a t i c  and ebu la t -  
i n g  bed reactors  are presented. The s t a t i c  bed system was found t o  be more 
e f f i c i e n t  a t  low space v e l o c i t i e s ,  wh i l e  the  e f f i c i e n c y  o f  bo th  the systems 
was almost the same a t  h igher  space v e l o c i t i e s  w i t h  respect t o  the y i e l d  o f  
naphtha. The gas o i l  and coal  o i l  hydrocracking s e v e r i t i e s ,  respect ive ly ,  
va r ied  f rom 0.03 t o  0.4 and 0.08 t o  0.45 i n  the case o f  the s t a t i c  bed system 
and 0.03 t o  0.31 and 0.07 t o  0.32 i n  the case o f  the e b u l a t i n g  bed system. 
The s t a t i c  bed system a f fec ted  more d e s u l f u r i z a t i o n ,  deni t rogenat ion,  and 
deoxyaenation a t  lower soace v e l o c i t i e s .  wh i l e  the ebu la t i ng  bed system was 
more e f f i c i e n t  a t  h ighe r  space v e l o c i t i e s .  The s t a t i c  bed system apnears t o  
be more s u i t a b l e  f o r  operat ions designed f o r  the product ion o f  naphtha and 
f o r  the complete removal o f  h e t e r o c y c l i c  compounds a 

I n t r o d u c t i o n  

Hydrocracking o f  f u e l  o i l s  i s  most ly  c a r r i e d  o u t  i n  s t a t i c  bed reac to r  systems 
which are very v e r s a t i l e  f o r  the processing o f  d i s t i l l a t e  o i l s .  They, however, 
pose some p r o b l e m  i n  the t reatment o f  heavy and res idua l  o i l s .  The res idua l  
o i l s  may g ive  r i s e  t o  excessive deposi ts i n  the bed lead ing  t o  c a t a l y s t  deac t i -  
vat ion,  reac to r  plugging, and pressure drop i n  the bed. This necess i ta tes 
f requent  regenerat ion and changing o f  the c a t a l y s t  which i s  an expensive and 
tedious problem. The heavy feed stocks can e a s t l y  be processed i n  an ebu la t -  
i n g  bed type o f  reac to r  system as incorporated i n  the H-o i l  process (1,  2 ) .  
I n  the e b u l a t i n g  bed system, the c a t a l y s t  bed expands i n  excess o f  the t r u e  
volume o f  the c a t a l y s t  and the c a t a l y s t  remains always i n  a s t a t e  o f  random 
motion caused by the v e l o c i t y  of t he  feed o i l ,  hydrogen, and some i n t e r n a l  
c i r c u l a t i o n  o f  the o i l .  This system has several  advantages and can be employed 
f o r  t he  processing o f  d i f f e r e n t  types o f  feed stocks ranging from vacuum r e s i -  
dues t o  l i g h t  gas o i l s  (3 ,  4). 
system has the  advantage o f  processing heavy and res idua l  o i l s  over the s t a t i c  
system, wh i l e  both the  systems can be employed f o r  t he  t reatment  o f  d i s t i l l a t e  
o i l s  o f  medium and low v i s c o s i t l e s  such as some gas o i l s  and coal  o i l s .  There 
are no data a v a i l a b l e  a t  t h i s  t ime i n  the  open l i t e r a t u r e  on the r e l a t i v e  
e f f i c i e n c i e s  o f  these two reac to r  systems f o r  t he  processing o f  e i t h e r  pe t ro -  
leum o r  coal  o i l  and is ,  therefore, d i f f i c u l t  t o  s e l e c t  t he  proper  system f o r  
p r a c t i c a l  adaptat jon.  This comnunication descr ibes the r e s u l t s  o f  our  i n v e s t i -  
gat ion on the eva lua t i on  o f  the r e l a t i v e  e f f i c i e n c i e s  o f  the s t a t i c  and ebu la t -  
i n g  bed reac to r  s y s t e m  i n  the hydrocracking o f  petroleum and coal  o i l  d i s -  
ti 1 l a t e s .  

It i s ,  thus, ev ident  t h a t  t he  ebu la t i ng  bed 
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Experimental 

Materials. 

The gas oil was prepared from a mixed base petroleum crude and '  the coal o i l  was 
obtained by the carbonization of a high vola t i le ,  bituminous coal from Utah a t  
650°C i n  a laboratory oven (Table I ) .  
su l f ides  of nickel and tungsten on silica-alumina in  1/16th-inch s i ze  pe l le t s  
was used as the  hydrocracking ca ta lys t .  

A dual-functional ca ta lys t  containing 

Equipment. 

The s t a t i c  bed reactor system (Figure 1 )  contained a tubular 316-stainless s tee l  
reactor o f  0.75-inch diameter and  40-inch length. 
1 s t  was used in the reactor.  
37 contained a reactor o f  3-inch internal dlameter and  9-inch height 
ebulation o f  the ca t a lys t  was mainly caused by a magnetic drive s t i r r e r  of 1800 
r . p . m .  The to t a l  volume of the ca t a lys t  bed was 500 C . C  and 250 c + c  o f  the 
ca t a lys t  was used f o r  the experimental work. 

Hydrocracking procedure. 

One hundred c . c  of the cata- 
The ebulating bed reactor system (Figures 2 and 

The 

Both systems were f i r s t  flushed and pressurized with hydrogen and heated t o  the 
reaction temperature, The pressure was then adjusted t o  the experimental value 
and the oil was fed a t  the desired ra te .  
carried out a t  a constant pressure of 2000 p .s . i .  and the hydrogen t o  o i l  feed 
r a t i o  was maintained a t  about 1000. 
reaction temperature o f  450°C unless otherwise mentioned. The values of space 
ve loc i t ies  varied i n  the range of. 210% and were rounded o f f .  I n  the  case of 
the s t a t i c  bed reactor,  the experiments were carried out a t  1 t o  6 space 
ve loc i t ies  ( V .  of oil /hr. /V. of c a t a l y s t ) ,  I n  the ebulating bed reactor system, 
experiments were carrie'd out a t  2 ,5  t o  6 space velocit ies and the results were 
extrapolated down t o  1-space velocity. Experiments .could n o t  be carried out a t  
space ve loc i t ies  lower than 2.5 due to practical  d i f f i c u l t i e s ,  I n  t h i s  system, 
the  ca ta lys t  (250 c . c )  expands t o  a to ta l  volume o f  500 c % c  (ca t a lys t  bed 
volume) and, hence, the space ve loc i t ies  were calculated on the basis of 500 
c . c  of t h e  ca t a lys t  volume. The product was cooled i n  the condenser and the  
l i q u i d  product was co l lec ted  in the separator.  
some uncondensed o i l  was passed through an ac t ive  carbon tower t o  adsorb the  
o i l  and a gas meter t o  measure the rate and  t o t a l  volume passed. The l i q u i d  
product was d i s t i l l e d  and the fraction boiling u p ' t o  200'C was designated as 
naphtha and the residue as middle d i s t i l l a t e .  
from the total  gas and i t s  composition. 
pass operations. The r a t i o  of n a p h t h a  plus gas t o  the feed i s  designated as 
cracking severity.  

The hydrocracking reactions were 

The data presented were obtained a t  a 

The gaseous product containing 

The yield o f  gas was calculated 

The analyses of the products were done by standard methods. 

A l l  products were obtained i n  single 

Results and Discussion 

I 

f 

Selection o f  a su i t ab le  processing system mainly depends upon the type o f .  feed 
stock t o  be processed and the nature of products desired. 
pated development of . synthe t ic  o i l  industry in the near fu ture ,  feed stocks 
widely varying in  physical and chemical properties wi 1 1  be available and 

Due t o  the an t i c i -  
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d i f f e ren t  types o f  processing systems may have t o  be employed f o r  t h e i r  t r e a t -  
ment It i s ,  there fore ,  necessary t o  consider the  d i f f e r e n t  types o f  reac to r  
systems ava i l ab le  and eva lua te  t h e i r  r e l a t i v e  e f f i c i e n c i e s  f o r  t he  processing 
of d i f f e ren t  feed stocks. A r e a l i s t i c  eva lua t i on  can on ly  be made by process- 
i n g  the  same feed stock under s i m i l a r  reac t i on  cond i t ions  i n  d i f f e r e n t  systems. 
The gas o i l  and the  coal o i l  used i n  t h i s  work were d i s t i l l a t e s  o f  medium v i s -  
c o s i t y  and can be e a s i l y  processed i n  e i t h e r  s t a t i c  o r  e b u l a t i n g  bed system 
w i thou t  problems, so t h a t  a reasonably good eva lua t ion  o f  the  two processing 
systems can be made. 
i n g  of gas o i l  (F igure  4) i l l u s t r a t e d  t h a t  both systems are almost equa l l y  
e f f i c i e n t  a t  space v e l o c i t i e s  g rea ter  than 4. 
amounts o f  naphtha and middle d i s t i l l a t e  a t  430" and 450'C. 
naphtha, however, was very low and va r ied  between 2 and 3%. 
exh ib i t ed  d i f f e r e n t  e f f i c i e n c i e s  a t  lower space v e l o c i t i e s  w i t h  respect t o  
the y i e l d s  o f  naphtha and middle d i s t i l l a t e ,  
and 4.0, the s t a t i c  system y i e l d e d  more naphtha and, correspondingly,  less  
middle d i s t i l l a t e  when compared t o  the ebu la t i ng  bed system 
n i f i c a n t  d i f f e rence  i n  the  y i e l d  o f  the  gaseous product.  The r e s u l t s  obtained 
under the  experimental cond i t ions  employed, i n d i c a t e  t h a t  t h e  s t a t i c  bed sys- 
tem i s  more s u i t a b l e  f o r  hydrocracking operat ions main ly  designed f o r  naphtha 
product ion,  w h i l e  bo th  systems are  equa l l y  s u i t a b l e  i f  middle d i s t i l l a t e  p ro -  
duc t ion  i s  desired. This i s  f u r t h e r  i l l u s t r a t e d  by the  s i m i l a r  data obtained 
i n  the  hydrocracking o f  a coal o i l  (F igure  5) which, however, y i e l d e d  r e l a t i v e l y  
more naphtha and less  gas. The l a t t e r  probably i s  due t o  the  d i f f e rences  i n  
the b o i l i n g  ranges and t h e  composit ion o f  the  two feed stocks.  The s t a t i c  bed 
system e x h i b i t e d  h ighe r  c rack ing  s e v e r i t i e s  when compared t o  the  ebu la t i ng  bed 
system a t  lower space v e l o c i t i e s  (F igure  6) .  The gas o i l  and coal o i l  hydro- 
c rack ing  s e v e r i t i e s ,  respec t i ve l y ,  va r ied  from 0.03 t o  0.4 and 0 08 t o  0.45 i n  
the case o f  the  s t a t i c  bed system and 0.03 t o  0 31 and 0.07 t o  0.32 i n  the case 
o f  t h e  ebu la t i ng  bed system. The r e s u l t s  i n d i c a t e  t h a t  the  produc t  d i s t r i b u -  
t i o n  obtained i n  the  s t a t i c  bed system i s  being i n f l uenced  very  much by the  
space v e l o c i t y ,  w h i l e  the  l a t t e r  i s  n o t  very c r i t i c a l  i n  t h e  case o f  the  ebu la t -  
i n g  bed system. I n  any system t h e  e f f i c i e n c y  o f  con tac t  between the  c a t a l y s t  
and the  reac tan ts  i s  ma in ly  a f f e c t e d  by the s i z e  o f  t he  c a t a l y s t  and the  
space ve loc i t y .  It appears t h a t  the  space v e l o c i t y  i s  a more c r i t i c a l  f a c t o r  
i n  the  opera t ion  o f  the  s t a t i c  bed system, wh i l e  the  s i z e  o f  the  c a t a l y s t  i s  
probably more c r i t i c a l  i n  the  case o f  t he  ebu la t i ng  bed system. 

The product d i s t r i b u t i o n  a t  d i f f e r e n t  l e v e l s  of naphtha fo rmat ion  (Figures 7 and 
8) i n d i c a t e s  t h a t  bo th  systems a f f e c t  t h e  product y i e l d s  i n  a s i m i l a r  manner. 
The ac tua l  q u a n t i t i e s ,  however, depend upon the  na ture  o f  t h e  feed stock. The 
p roper t i es  o f  the  naphtha and middle d i s t i l l a t e  produced by the two systems were 
found t o  be q u i t e  s i m i l a r  (Tables I 1  and 111) The coal  o i l  naphtha was, 
however, more aromat ic i n  na ture  than the  gas o i l  naphtha. The composit ion o f  
the gaseous produc t  was somewhat d i f f e r e n t  and the  s t a t i c  system product from 
gas o i l  contained more C hydrocarbons w h i l e  the  ebu la t i ng  system product con- 
ta ined  more C1 and C2 hy!rocarbons. The s t a t i c  system produc t  f rom coal o i l  
contained more C3 hydrocarbons, w h i l e  the  ebu la t i ng  system produc t  contained 
more C1 and C2 hydrocarbons. The produc t ion  of m r e  C1 and C2 gases i n  the 
ebu la t i ng  bed system i s  i n d i c a t i v e  o f  t he  occurrence o f  more thermal c rack ing  
reac t ions  i n  t h i s  system. 

The product d i s t r i b u t i o n  data obtained i n  the  hydrocrack- 

They y i e l d e d  almost the  same 
The y i e l d  o f  
Both systems 

A t  space v e l o c i t i e s  between 1.0 

There was no s ig -  
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Removal o f  h e t e r o c y c l i c  compounds from f u e l  o i l s  i s  
o f  hydrocracking and the  ex ten t  of such hydroremova 
the  feed stocks, t he  c a t a l y s t ,  and the  experimental 

one o f  t he  major func t ions  

cond i t ions .  The type o f  
gas o i  1 hydrocracking, 
w i th  space v e l o c i t y  i n  the  

depends upon the  nature o f  

processing system may a l s o  have some in f l uence :  I n  
d e s u l f u r i z a t i o n  and den i t rogenat i  on va r ied  l i n e a r l y  
s t a t i c  bed system, w h i l e  i t  was n o t  t he  case i n  the  ebu la t ing  bed system where 
the  d e s u l f u r i z a t i o n  and den i t rogenat ion  l eve led  o f f  from a space v e l o c i t y  of 2 
and down (F igure  9) .  The s t a t i c  bed system was more e f f i c i e n t  f o r  t h e  removal 
o f  s u l f u r  and n i t r o g e n  compounds a t  lower space v e l o c i t i e s  rang ing  from 1 .O t o  
3.0, w h i l e  t he  e b u l a t i n g  bed system was more e f f e c t i v e  a t  h ighe r  space v e l o c i t i e s  
rang ing  from 4.0 t o  6.0: 
3 t o  4 space v e l o c i t i e s .  
83% were obtained i n  the  s t a t i c  bed system a t  a space v e l o c i t y  o f  1.0. I n  the  
case o f  the e b u a l t i n g  bed system, a maximum d e s u l f u r i z a t i o n  o f  about 75% and 
deni t rogenat ion o f  about 64% were obtained a t  a space v e l o c i t y  o f  2.0. A t  
space v e l o c i t i e s  lower  than 2, there  was no f u r t h e r  removal o f  s u l f u r  and 
n i t rogen  from t h e  gas o i l .  
very su i tab le  f o r  opera t ions  designed f o r  complete removal o f  s u l f u r  and n i t r o -  
gen from fuel  o i l s ,  though i t  can remove about 70 t o  80%, The obvious choice, 
then, w i l l  be t o  employ the  s t a t i c  bed system f o r  such operat ions,  
r e s u l t s  were ob ta ined i n  the  hydrocracking o f  the  coal o i l  (F igure  10) wherein 
maximum desu lPur i za t i on  and deni t rogenat ion  o f  97% and 87% were respec t i ve l y  
a f f e c t e d  by the  s t a t i c  system and about 82% and 72% by the  ebu la t i ng  bed system. 
Oxygen removal f rom coa l  o i l  a l s o  fo l lowed the  s a w  pa t te rn  as the removal o f  
s u l f u r  and n i t rogen .  The r a t e s  o f  hydrocracking o f  s u l f u r ,  n i t rogen,  and ' 
oxygen compounds o f  gas o i l  and coal  o i l  appear t o  be almost t he  same under 
cond i t ions  o f  h i g h  s e v e r i t i e s ,  i r r e s p e c t i v e  o f  t h e  type o f  processing system 
employed. The ra tes ,  however, were d i f f e r e n t  under less  severe c'ondit ions o f  
hydrocracking (F igu re  11). The ma te r ia l  balance obtained i n  the  two systems 
w i t h  gas o i l  and coal  o i l  i s  g iven  i n  Table I V .  A t o t a l  product recovery o f  
about 102 t o  103% was obtained, i n d i c a t i n g  2 t o  3% o f  hydrogen consumption i n  
t h e  process. The gas y i e l d  was approximated t o  about 0.5%. 
hydrogen su l f i de ,  ammonia, and water were ca l cu la ted  from the  ex ten t  o f  removal 
o f  s u l f u r ,  n i t rogen,  and oxygen du r ing  the  process. 

The e f f i c i enc ies  were almost the same i n  t h e  range o f  
Maximum d e s u l f u r i z a t i o n  o f  96% and den i t rogenat ion  o f  

It appears t h a t  the  ebu la t i ng  bed system i s  n o t  

Analogous 

The y i e l d s  o f  
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Table I. Analys is  o f  t he  feed mater ia ls .  

Grav i t y  , "API 
Su l fu r ,  w t .  % 
FJitrogen, w t .  % 
Oxygen, w t .  % 
D i s t i l l a t i o n  data 

I.B.P., "C 
50% d i s t i l l a t e ,  O C  

F.B.P., "C 
Hydrocarbon types, vo l  . % 

(neu t ra l  o i  1 ) 
Aromatics t o l e f i n s  
Satura tes  

Coal o i l  
11.5 
0.84 
0.92 
6.84 

200 
30 5 
39 5 

68.0 
32.0 

Petroleum 
o i  1 
31.80 
0.94 
0.80 
- 

300 
340 
440 

29.0 
71,O 

I 

Table 11. P roper t i es  o f  products o f  gas o i l .  
Temperature: 450"C, pressure: 2000 p.s. i . ,  
sp. v e l . :  4.0 

Ebu la t ing  
Products S t a t i c  bed bed 

Aromatics, vo l .  X 31 .O 30.0 
Saturates,  vo l .  % 66.0 66.0 
O le f i ns ,  vo l .  % 3 0  4.0 
Su l fu r ,  w t .  % 0.14 0.21 
Nitrogen, w t .  % 0.18 0.26 

Aromatics t o l e f i n s ,  v o l ,  % 30.0 31 .O 
Saturates, v o l .  X 70.0 69.0 
D iese l  index 51 .O 50.0 

C1 10.0 15.0 
c2 12.0 14.0 

29.0 28.0 
49.6 43.0 

Naphtha 
I 

Middle d i s t i l l a t e  I 

Gas, v o l .  Z 

1 
c3 
c4 
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Table 111. Proper t i es  o f  products o f  coal  o i l .  
Temperature: 45OoC, pressure: 2000 p.s.i., 
sp. vel.: 4.0 

Products 
Naphtha 

Aromatics, vo l  . % 
Saturates, vo l  . % 
O le f i ns ,  vo l .  % 
Su l fu r ,  w t .  % 
Ni t rogen, w t .  % 

Acids, vo l .  % 
Bases, vol.  % 
Neutra l  o i l ,  vo l  . 4: 

Aromatics + o l e f i n s ,  vo l .  % 
Saturates, vo l .  % 
Diesel  index 

Middle d i s t i l l a t e  

Middle d i s t i  1 l a t e  ( n e u t r a l  ) 

Gas, vo l .  % 
C1 
c2 
c3 
c4 

S t a t i c  bed 

42.0 
54.0 

4.0 
0.11 
0.21 

8.5 
1 .o 

90.0 

61 .O 
39.0 
41 -0 

13.0 
15.0 
33.0 
39.0 

Ebulat ing 
bed 

44 .O 
53.0 

3.0 
0.13 
0.28 

11 .o 
1.7 

89 .O 

60,O 
40.0 
41 .O 

16.0 
19.0 
25 .O 
40.0 

Table I V .  M a t e r i a l  balance. 
Temperature: 450°C, pressure: 2000 p.s . i . ,  
sp. vel . :  4.0 

Product y i e l d ,  
ut. % 

S t a t i c  bed system Ebu la t i ng  bed system 
Gas - o i l  Coal o i r  Gas o i l  Coal o i l  

Naphtha 5.0 10.0 4.0 9.0 
M i  dd le d i s  t i 1 l a t e  96 .O 91 .o 97.0 92.0 
Gas 0.5 0.5 0.5 0.5 
Water - 1 .o - 1 .o 
Hydrogen s u l f i d e  . 0.5 0.5 0.5 0.5 
Amnoni a 0.5 0.5 0.5 0.5 


