
The catalytic hydrodesulfurization of fuel oils
by Howard C Hooper

A THESIS Submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree
of Master of Science in Chemical Engineering
Montana State University
© Copyright by Howard C Hooper (1954)

Abstract:
Desulfurization studies utilizing a No. 3 fuel oil and a vacuum heavy gas oil (from Husky Oil
Company, Cody, -Wyoming) containing 2.176 percent sulfur and 3.18 percent sulfur respectively were
carried out on Harshaw's (Harshaw Chemical Company) molybdenum oxide and cobalt molybdate
catalysts, -A critical hydrogen content (minimum amount of hydrogen present in a recycle gas
necessary to produce an oil containing less than 0.5 percent sulfur) for cobalt molybdate after 1568
hours of operation on No, 3 fuel oil was less than 40 volume percent hydrogen.

Cobalt molybdate and molybdenum oxide catalysts were compared as to activity and life, In every case
the cobalt molybdate catalyst proved superior to the molybdenum oxide catalyst, -Preliminary
desulfurization studies were made on a crude tower overhead containing 0,874 percent sulfur from
Continental Oil Company at Billings, Montana, The oil was desulfurized to less than 0,163 percent
sulfur during 128 hours of operations, The catalyst used was Harshaw’s Cobalt molybdate. The recycle
gas for desulfurization contained less than 35 volume percent hydrogen.

Two oils containing 0.600 percent sulfur and 1,28 percent sulfur from Farmers Union Central
Exchange at Laurel, Montana, were desulfurized with Union Oil Company’s cobalt molybdate 3/l6"
catalyst to less than 0,109 and 0.534 percent sulfur respectively. The recycle gas contained less than 18
volume percent hydrogen, -Data was collected on the effect of regeneration of an activated bauxite
(Cyclocel) catalyst after desulfurizing an oil blend containing' approximately 0,8 percent sulfur.
Regeneration decreased catalyst life, but seemed to increase the initial catalyst activity.

All research was carried out in bench scale equipment. 
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ABSTRACT

D e su lfu r iz a tio n  s tu d ie s  u t i l i z i n g  a  Ho. 3 fu e l  o i l  and a  vacuum heavy 
gas o i l  (from  Husky O il Company, Cody, -Wyoming) co n ta in in g  2.176 p e rc en t 
s u l fu r  and 3*18 p e rc en t s u l f u r  r e s p e c t iv e ly  were c a r r ie d  o u t on Harshaw1s 
( Harshaw Chemical Company) molybdenum oxide and c o b a lt m olybdate c a t a ly s t s .

-A c r i t i c a l  hydrogen c o n ten t (minimum amount o f  hydrogen p re se n t in  a 
re c y c le  gas n e c e ssa ry  to  produce an o i l  c o n ta in in g  l e s s  th an  0 .5  p e rcen t 
s u l fu r )  fo r  c o b a lt  m olybdate a f t e r  1568 hours o f  o p e ra tio n  on No. 3 fu e l  
o i l  was l e s s  th an  40 volume p e rc en t hydrogen.

■Cobalt m olybdate and molybdenum oxide c a ta ly s ts  were compared as to  
a c t i v i t y  and l i f e .  In  every  case th e  c o b a lt  m olybdate c a ta ly s t  proved 
s u p e r io r  to  th e  molybdenum oxide c a t a ly s t .

-P relim inary  d e s u lf u r iz a t io n  s tu d ie s  were made on a crude tow er over­
head c o n ta in in g  0 .874 p e rc e n t s u lfu r  from C o n tin en ta l O il Company a t  
B i l l in g s ,  Montana. The o i l  was d e su lfu r iz e d  to  l e s s  th a n  0.163 p e rcen t 
s u l f u r  du ring  128 hours o f  o p e ra t io n s . The c a ta ly s t  used was Harshaw?s 
Cqbalh m olybdate . The re c y c le  gas fo r  d e s u lf u r iz a t io n  co n ta in ed  l e s s  th an  
35 volume p e rc en t hydrogen.

Two o i l s  c o n ta in in g  0 .600 p e rcen t s u l f u r  and 1 .28  p e rc en t s u l fu r  from 
Farmers Union C e n tra l Exchange a t  L a u re l, Montana, were d e su lfu r iz e d  w ith  
Union O il Company’s c o b a lt  m olybdate 3 /16" c a ta ly s t  to  l e s s  th an  0.109 and
0 .534  p e rc e n t s u lfu r  r e s p e c t iv e ly .  The re c y c le  gas co n ta in ed  l e s s  than  18 
volume p e rc en t hydrogen.

-Data was c o l le c te d  on th e  e f f e c t  o f  re g e n e ra tio n  o f an a c t iv a te d  
b a u x ite  ( C y clo ce l) c a ta ly s t  a f t e r  d e s u lfu r iz in g  an o i l  b lend  co n ta in in g ' 
approx im ate ly  0 .8  p e rc e n t s u l f u r .  R eg enera tion  decreased  c a ta ly s t  l i f e ,  
bu t seemed to  in c re a se  th e  i n i t i a l  c a ta ly s t  a c t i v i t y .

A ll re s e a rc h  was c a r r ie d  ou t in  bench s c a le  equipment®



•INTRODUCTION

About 35 p e rc en t o f  a l l  crude in  th e  U nited  S ta te s  may be considered  

h igh  in  s u l f u r  (above 0„5 p e rc e n t)  w ith  n e a r ly  a l l  o f  th e  h igh  s u lfu r  crude 

coming from C a lifo rn ia  and West Texas, G ulf c o a s t crudes a re  usually 'low - 

in  s u l f u r , w h ile  th e  Mid C ontinen t a re a  has about 25 p e rc en t o f  i t s  pro­

d u c tio n  c l a s s i f i e d  as h igh  s u l f u r  crude ( l ) ,

S u lfu r  may occur in  petro leum  as f r e e  s u lfu r*  hydrogen s u lf id e *  m er- 

c a p ta n s , su lf id e s*  d is u lf id e s *  c y c lic  s u lf id e s*  and th iophenes (2 ) ,

E lem ental s u l f u r  and i t s  compounds in  petro leum  p ro d u c ts  a re  u n d e s ir­

a b le  in  th e  fo llo w in g  re sp e c ts ?

1 ,  Have u n d e s ira b le  odor

2 , Are c o rro s iv e  o r a re  p o te n t i a l ly  c o rro s iv e

3» Have poor c o lo r  s t a b i l i t y

4» Give o f f  a c r id  fumes when burned 

Many s u c c e s s fu l and economic p ro cesses  have been developed to  e i th e r  

remove o r co n v ert s u l f u r  compounds found in  l i g h t  d i s t i l l a t e s  to  le s s  

o b je c t io n a b le  fo rm s. G en e ra lly  th e s e  p ro cesses  a re  e i th e r  e x tr a c t iv e  o r  

a b so rp tiv e  and do n o t remove th e  more complex r e f r a c to r y  compounds found in  

.heav ier d i s t i l l a t e s .

Husky O il Company a t  Cody* Wyoming* i s  m anufacturing  petro leum  p ro d u c ts  

from a h igh s u l f u r  Wyoming (Mid C on tinen t) crude o il*  Husky’s No* 3 . fu e l  

o i l  c o n ta in s  between 2 .0  and 2 .2  w eight p e rc en t s u l f u r .

For th e  p a s t  fo u r  y e a rs  Husky O il Company has sponsored re se a rc h  

p r o je c ts  concerned w ith  red u c in g  th e  s u l f u r  co n ten t o f  t h e i r  No'. 3 fu e l  o i l



to  O05 w eigh t p e rcen t o r  l e s s .

The f i r s t  work was done by P . A, Haas in  1950-1951 ( 3 ) ,  He in v e s t i ­

g a ted  th e  use o f  n ic k e l  oxide as a c a ta ly s t  f o r  d e s u lf u r iz a t io n  o f  fu e l  o i l .  

V arious n ic k e l ox ide c a ta ly s t s  were t e s t e d  under s p e c if ie d  c o n d itio n s  o f  

te m p e ra tu re , space v e lo c i ty j  hydrogen r a t e ,  and o i l  re c y c lin g  in  a g la ss  

r e a c to r .

The r e s u l t s  o f  th e  s tu d y  were summarized as  fo llo w s t

I ,  D e su lfu r iz a tio n  was independent o f  tem pera tu re  
between 600-675°?«

I
2 o The n ic k e l  ox ide  c a ta ly s t  d e s u lfu r iz e s  as a 

chem ical re a g e n t ,

3 ,  In a c tiv e  forms o f  n ic k e l  o x id e  e x is te d ,

4» D e s u lfu r iz a tio n  depends d i r e c t l y  on t o t a l  c o n ta c t 
t im e , seem ingly  independent o f  w hether th e  tim e  was 
from one o r more p a sse s ,

5« Hydrogen r a t e  d id  n o t seem to  be a  c r i t i c a l  f a c to r  
excep t t h a t  h igh  r a t e s  reduced  th e  c o n tac t t im e ,

6 , O x idation  o f  n ic k e l  s u l f id e  w ith  a i r  produced n ic k e l  
s u l f a t e ,  which had no a c t i v i t y  as  a d e s u lf u r iz a t io n  
a g e n t,

7» N ickel oxide p repared  by decom position o f n ic k e l  
hydroxide and n ic k e l  carb o n ate  p re c ip i ta te d  from 
s o lu tio n s  cou ld  n o t be a c t iv a te d  w ith  a i r  o r  hydrogen 
to  produce a c t iv e  d e s u lf u r iz a t io n  c a ta ly s t s .

Working c o n c u rre n tly  w ith  Haas were J ,  W0 Coykendall (4 ) and 0 , J .

Koski ( 5 ) .

The in v e s t ig a t io n  by Coykendall was Concerned w ith  th e  d e s u lf u r iz a t io n  

a c t i v i t y  o f  a re g e n e ra te d  n ic k e l  ox ide c a t a l y s t .  His r e s u l t s  were th e  

fo llo w in g ;

I ,  A ctive  n ic k e l  oxide c a ta ly s t s  may be. p repared  by d is so lv in g  ■ 
sp en t c a ta ly s t  in  s u l f u r i c  a c id ,  p r e c ip i ta t in g  th e  c a rb o n a te .



and c a lc in in g  th e  p r e c ip i ta te  in  an a i r  s tream  in  th e  
neighborhood o f  8G0°Fe

2 . F resh  Harshaw (Harshaw Chemical Company) c a ta ly s t  co n ta in in g  
53*24 p e rc en t n ic k e l ,  4*47 p e rc e n t carbon , 17=34 p e rcen t 
s i l i c a ,  and 24=95 p e rc en t oxygen and Gwynn c a ta ly s t  c o n ta in in g  
38 ,44  p e rc e n t n ic k e l ,  2*22 p e rc en t carbon a s  g r a p h i te ,  0*15 
p e rcen t carbon as ca rb o n a te , 37 p e rcen t s i l i c a  and 22,19  
p e rc en t oxygen show a d ecrease  i n  a c t i v i t y  upon c a lc in in g  a t  
tem p era tu res  in  excess o f  IOOO0F6

v
3« M c k e l oxide a c ts  bo th  as a c a ta ly s t  and a chem ical re a g en t in  

d e s u lfu r iz in g  f u e l  o i l ,

Koski (5 ) made d e s u lf u r iz a t io n  s tu d ie s  a t  atm ospheric p re s su re  w ith  

th e  fo llo w in g  c a ta ly s t  in  500 gram sam ples:

I*  Chrome alum ina 

2» Molybdena alum ina 

3» C obalt m olybdate 

4* Acid a c t iv a te d  alum ina 

5* Acid a c t iv a te d  b a u x ite s

The c o n d itio n s  were 418-422°C,, space v e lo c i ty  o f  o n e , and hydrogen 

r a t e  o f  482 SCF/bbl o f  o i l .  Of th e se  c a ta ly s ts  th e  ac id  a c t iv a te d  baux­

i t e s  gave th e  maximum d e s u lf u r iz a t io n  o f  1 ,01  p e rc en t su lfu r*

In  a  p re s su re  r e a c to r  u s in g  1000 grams o f  c a ta ly s t ,  bo th  molybdena 

alum ina and c o b a lt  m olybdate gave a p roduct o i l  co n ta in in g  l e s s  th an  0 ,5  

p e rc en t su lfu r*

Koski s ta te d  th a t  w ith  molybdena alum ina th e  fo llo w in g  f a c to r s  a l l  

d ec rea sed  th e  s u lfu r  c o n te n t o f  th e  e f f lu e n t  o i l ;

I*  P re ssu re  up t o  500 p s ig  

2* Tem perature up to  430°G

3« Hydrogen to  o i l  r a t i o  up to  750 SCF/bbl o i l



•The fo llo w in g  year*  1951-1952, R. J » ' F ischbach ( 6 ) ,  Be Le -Mxanro ( ? ) ,  

and Ke J e Green (B) con tinued  th e  work upon desx ilfxariza tion„

Re J e F ischbach ( 6 ) c a r r ie d  on th e  d e s u lf u r iz a t io n  s tu d ie s  concerned 

w ith  n ic k e l  o x id e e The s tu d y  was made o f  c a ta ly s t  a c t i v i t y  w ith  re sp e c t 

to  v a r io u s  p rocedures o f  sy n th eses  o f  n ic k e l  oxide C ataL yste A c a ta ly s t  

d r ie d  a t  room tem p eratu re  showed more a c t i v i t y  th an  one which i s  d r ie d  a t  

225°F o r c a lc in e d  a t  850°Fe

A ll n ic k e l  ox ide c a ta ly s t  s tu d ie d  re q u ire d  chem ical methods o f  r e ­

g e n e ra tio n  and d is p o sa l o f  th e  by-p roduct sodium s u l f a t e „ T h e .re g e n e ra tio n  

o f  such a  c a ta ly s t  i s  in h e re n t ly  uneconom ical and im p rac tic a l*

The work by Koski was con tinued  by  Munro (? )  and Green (B )e They 

in v e s t ig a te d  th e  fo llow ing  h y d ro d e su lfu r iz a tio n  c a ta ly s ts  s 

I e A c tiv a ted  b a u x ite  (e y e lo c e l)

2« Molybdena alum ina 

3 e C obalt m olybdate 

4«. Molybdenum s u l f id e  

5 o T ungstic  s u l f id e

A n ic k e l  ox ide c a ta ly s t  was b r i e f l y  s tu d ie d  a t  h y d ro d e su lfu r iz a tio n  

c o n d itio n s  (300-500  p s ig  hydrogen p re s s u re ,  375- 43O0G5 and space 

v e lo c i t i e s  o f  Oe75 to  1*3 gram o i l  per gram c a ta ly s t  p e r hour)*

C obalt m olybdate , molybdenum s u l f id e ,  and molybdena alum ina c a ta ly s ts  

produced o i l  c o n ta in in g  l e s s  th an  0*5 p e rc en t su lfu r*

At c o n d itio n s  o f  500 p s ig  and AlO0C molybdenum s u l f id e  c a ta ly s t  p ro ­

duced o i l  c o n ta in in g  l e s s  th a n  0*5 p e rc e n t s u l fu r  in  excess o f  2000 hoxirs 

w ith  space v e lo c i t i e s  in  th e  neighborhood o f  0*6*



Using a gas m ix tu re  o f  hydrogen and methane th ey  found th a t  o i l  con­

ta in in g  l e s s  th an  0 o5 p e rc en t s u l fu r  cou ld  be produced from, a  gas co n ta in ­

in g  45 p e rc en t methane and 55 p e rc en t hydrogen, w ith  space v e lo c i t i e s  l e s s

th an  0 .45 w h ile  u s in g  th e  molybdenum s u l f id e  c a ta ly s t .  This c a ta ly s t  was
• .

n o t a d v e rse ly  a f fe c te d  by re g e n e ra tio n  w ith  a i r ,  in  f a c t ,  th e  a c t i v i t y  

a f t e r  re g e n e ra tio n  was tw ice  th e  o r ig in a l  a c t i v i t y .  The a c t iv a te d  b a u x ite  

c a ta ly s t  s u c c e s s fu l ly  d e s u lfu r iz e d  a  No. I  f u e l  o i l  from 1 .09  p e rcen t 

s u l fu r  to  l e s s  th a n  0 .5  p e rc e n t s u l f u r  w h ile  d e s u lf u r iz a t io n  o f  No. 3 fu e l  

o i l  was u n su c c e ss fu l as th e  p roduct o i l  had from 1 .1  to  1 .9  p e rc en t s u lfu r  

in  100 hours o f  o p e ra tio n .

•With th e  knowledge th a t  pure hydrogen was n o t n e ce ssa ry  fo r  su c c e ss fu l 

d e s u l f u r i z a t i o n , .J .  R. H artw ig -(9 ) and F . 0 . S ilv ey  (10) d ire c te d  th e i r  

e f f o r t s  tow ard th e  use o f  an  e f f lu e n t  gas (89 .1  p e rcen t hydrogen, 3 .5  

p e rc e n t m ethane, 1*5 p e rc en t e th a n e , 2 .5  p e rc e n t p ropane, and 3 .5  p e rcen t 

p ropy lene) from a catfo rm ing  u n i t  f o r  a  d e s u lf u r iz a t io n  atm osphere.

H artw ig (9 ) s tu d ie d  th e  e f f e c t  o f  gas re c y c le  on d e s u lf u r iz a t io n  w ith  gas 

consum ption b e in g  th e  main o b je c t iv e .  The r e s u l t s  w ith  a molybdenum oxide 

c a ta ly s t  were 140 SCF/bbl o f  o i l  and 250-300 SCF/bbl o f  o i l  f o r  pure 

hydrogen gas and catfo rm ing  gas re s p e c tiv e ly ^

S ilv e y  (10). re p o r te d  th a t  bo th  c o b a lt  molybdate and molybdenum oxide 

gave s u c c e s s fu l d e s u lf u r iz a t io n  r e s u l t s  when used in  c o n ju n c tio n  w ith  

ca tfo rm ing  gas fo r  th e  d e s u lf u r iz a t io n  atm osphere.

The s tu d ie s  were c a r r ie d  o u t a t  500 p s ig  415°C and a l iq u id  space 

y e l i c i t y  o f  I .  The c o b a lt  m olybdate c a ta ly s t  showed a co n s id e ra b ly  h ig h e r 

a c t i v i t y  and lo n g e r c a t a ly s t  l i f e  th a n . th e  molybdenum oxide, c a t a l y s t „



\

A fte r 480 hours o f  c a ta ly s t  on stream  tim e , S ilv e y  found th a t  th e  c r i t i c a l  

hydrogen c o n ten t (minimum amount o f  hydrogen n ecessa ry  to  produce an o i l  

w ith  a s u l f u r  c o n ten t l e s s  than  0 ,5  p e rc e n t)  was approx im ate ly  83 p e rcen t 

by volume.

The d a ta  o b ta in ed  by Koski ( $ ) ,  Munro ( ? ) ,  and Green (8 ) p e rm itted  

developm ent o f  a  p ro cess  to  d e s u lfu r iz e  H usky's Ho. 3 f u e l  o i l .  Data by

Hartwig (9 ) and S ilv ey  (lO ) supplem ented by p rev ious d a ta ,  were th e  b a s is
I

f o r  th e  d esig n  o f  a d e s u lf u r iz a t io n  p la n t  c o n s tru c te d  a t  Cody, Wyoming.

The prim e purpose o f  t h i s  re s e a rc h  was to  con tinue  to  g a th e r  d a ta  so 

t h a t  a com parison may be made o f  Harshaw's  (Harshaw Chemical Company) 

molybdenum ox ide  c a t a l y s t ,  Ikirshaw 's c o b a lt  m olybdate, and Union O i l 's  

c o b a lt  m olybdate w ith  re g a rd s  to  c r i t i c a l  hydrogen c o n te n t , and c a ta ly s t  

a c t i v i t y  a f t e r  re p e a te d  re g e n e ra t io n s .

In  a d d it io n  to  t h i s  r e s e a rc h ,  p re lim in a ry  re se a rc h  was c a r r ie d  ou t on 

th e  d e s u lf u r iz a t io n  o f  o i l s  from th e  C o n tin en ta l O il Company r e f in e r y  

and th e  Farm ers Union C en tra l Exchange r e f in e r y  a t  B i l l in g s ,  and L a u re l, 

M ontana, r e s p e c t iv e ly .  The d e s u l f u r iz a t io n  atm osphere was to- be an

e f f lu e n t  w aste gas from each o f  th e  tw o ( r e f in e r ie s .  Conoco's o i l  fo r
* }

d e s u lf u r iz a t io n  s tu d ie s  was t h e i r  crude tow er overhead hav ing  a  g ra v ity  

Cf 4 3 .6 °  A .F .I .  a t  60°F, an I .B .P .  ( i n i t i a l  b o i l in g  p o in t)  o f  l3 8 0F, an 

E. Be (end p o in t)  o f  620oF , and c o n ta in in g  0 ,874 p e rcen t s u l f u r .  The 

d e s u lf u r iz a t io n  was to  be such th a t  th e  overhead d i s t i l l a t e  o f  350-375GF 

end p o in t would c o n ta in  n o t more 0 .1  w eigh t p e rcen t s u l f u r  w h ile  th a t  

p o r t io n  o f  th e  f r a c t io n  rem ain ing  would co n ta in  n o t more th an  0,25  p e rcen t 

s u l f u r ,  Conoco's gas f o r  th e  d e s u lf u r iz a t io n  atm osphere was made up o f



- 10 -

35»6 p e rc en t hydrogen, 9 .2  p e rcen t n i t ro g e n , 3 2 .0  p e rc en t m ethane, 7 .8  

p e rcen t e th y le n e , 10 .1  p e rc en t e th an e , and 5 .3  p e rcen t propane p lu s .

Farmers U nion 's  o i l s  were a No. I  b u rn e r o i l  and a  d ie s e l  f u e l .  The 

b u rn e r fu e l  had a g ra v i ty  o f  4 1 .4 °  A .P.-I. a t  60°F, an I .B .P .  o f  334°F, an 

E . P . o f  5340F , and a  s u l f u r  co n ten t o f  0 .600 w eight p e rc e n t .  The d ie s e l  

f u e l  had a  g ra v i ty  o f  3 4 .2 °  A .P .!„  a t  60°F, an I .B .P . o f  406oF , an E .P . o f  

606°F, and a s u l f u r  c o n ten t o f  1 .2 8  w eight p e rc e n t. The gas fo r  d e su lfu r ­

iz a t io n  was to  be s im ila r  to  w aste gas stream  o f f  from Farmers U nion 's 

c a ta ly t i c  c rack ing  u n i t .  This gas was made up o f  10 .5  p e rc en t hydrogen, 

13 .9  p e rc en t n i tro g e n , 27.9  p e rc en t m ethane, 15 .5  p e rc en t e th a n e , and th e  

rem aining gases b e ing  hydrogen s u l f id e ,  carbon d io x id e , carbon monoxide. 

Oxygen, e th y le n e , and some C y s and ' s .
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EQUIPMENT

A schem atic  flow  diagram  o f  th e  d e s u lf u r iz a t io n  u n i t  i s  i l l u s t r a t e d  

in  F ig u re  I ,  The u n i t  may be d iv id ed  in to  two p a r t s , th e  gas re c y c le  

s e c t io n  and th e  r e a c to r  and condenser se c tio n *  F igure  2 i s  a  d e ta i le d  

working drawing o f  th e  r e a c to r  and condenser s e c t io n ,

c The gas re c y c le  s e c t io n  c o n s is te d  o f  a  su rge v e s s e l ,  a  com pression 

v e s s e l ,  and a  feed  v e s s e l .  The surge and com pression v e s s e ls  were number 

two gas c y l in d e r s „ The feed  v e s s e l  was a  number one gas c y l in d e r .

The p ip in g  used  in  th e  u n i t  was l / 8- in c h  s t a i n le s s  s t e e l  h igh  p re s su re  

tu b in g  ex cep t fo r  th e  r e a c to r  s e c tio n  and th e  recom pression  o i l  l in e s  o f  

th e  gas re c y c le  system . The p ip in g  fo r  th e  r e a c to r  s e c t io n  i s  i l l u s t r a t e d  

in  F ig u re  2 . The p ip in g  fo r  th e  o i l  l i n e s  o f  th e  gas re c y c le  system  i s  

o f  l / 8- in c h  schedu le  40 b la ck  iro n  p ip e .

During th e  f i r s t  p a r t  o f  t h i s  r e s e a rc h , a  two c y lin d e r  Hills-M cCanna 

h ig h  p re s su re  p ro p o rtio n in g  pump was used  a s  th e  com pression pump. This 

pump had a  c a p a c ity  o f  fo u r  g a llo n s  per h o u r. The p re se n t pump i s  a Pesco 

■gear pump cap ab le  o f  pumping .2 .5  g a llo n s  p e r m inute co n tin u o u s ly  a t  1200 

p s ig ,

The r e a c to r  p re s su re  was m ain ta ined  a t  a  r e l a t i v e l y  co n s ta n t v a lue  by 

means o f  a M ason-Neilan sm all voltime a i r - t o - c lo s e  back p re s su re  v a lv e .

This p re s su re  r e g u la to r  was c o n tro lle d  by a  F isher-W izard  p ro p o r tio n a l 

c o n t r o l le r .

C urren t was su p p lie d  to  th e  th r e e  r e a c to r  h e a tin g  c o i l s  by th re e  

1 2 0 -v o lt a u to tra n s fo rm e rs . Alundum b a l l s  were used as a  p re h e a t m edia.

The r e a c to r  tem p era tu re  was m easured w ith  iro n -c o n s ta n ta n  therm ocouples in
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co n ju n c tio n  w ith  a  Leeds-N orthrup in d ic a t in g  p o te n tio m e te r„

MATERIALS

C a ta ly s ts  fo r  t h i s  re s e a rc h  were Harshaw's  c o b a lt m olybdates Union 

O il Company's c o b a lt  m olybdate and Harshaw1 s molybdenum o x id e . The d a ta  

fo r  th e se  c a ta ly s ts  a re  p re sen ted  in  Table I*

O ils  from Husky O il Company, Cody, Wyoming5 C o n tin en ta l O il Company, 

B i l l in g s ,  Montana; and Farmers Union C en tra l Exchange, L a u re l, Montana, 

were used  in  th e  re s e a rc h  re p o r te d  h e re in .  In sp e c tio n  d a ta  fo r  th e se  o i l s  

can be found in  Table I I .

Gases used  in  th e  re c y c le  system  were th e  fo llow ing  fo u r :

1 . Methane

2 . . Catform ing gas

3 .  C o n tin en ta l O il Company w aste gas

k» Farmers Union C en tra l Exchange w aste gas

A ll gases were o b ta in ed  from The Matheson Company, E as t R u th e rfo rd , 

New J e r s e y .

The com position  o f  th e  catfo rm ing  gas was 89 .0  p e rc en t hydrogen,

3 .5  p e rc en t m ethane, 1 .5  p e rc en t e th an e , 2 .5  p e rcen t p ropane, and 3 .5  

p e rc en t p ro p y len e .

The com position o f  Conoco®s w aste gas was 35 .6  p e rc en t hydrogen, 9 .2  

p e rc e n t n i t ro g e n , 3 2 .0  p e rc en t m ethane, 7 .8  p e rcen t e th y le n e , 10.1  p e rc en t 

e th a n e , and 5.3  p e rc en t propane p lu s .

The com position o f  Farm ers U nion 's  w aste  g a s , w ith  m o d if ic a tio n , was 

18 .3  p e rc en t hydrogen, 24 .2  p e rc en t n i t ro g e n , 48.6  p e rc en t m ethane, 4 .2  

p e rc en t carbon monoxide, and 4 .7  p e rc e n t carbon d io x id e .



METHODS

The d e s u lf u r iz a t io n  u n i t  was pu t in to  o p e ra tio n  by ap p ly in g  e l e c t r i ­

c i t y  to  th e  h e a tin g  c o i l s .  During th e  h e a tin g -u p  p e r io d 3 gas flow  was 

s ta r te d  and th e  r e a c to r  p re s su re  was m ain ta ined  a t  th e  d e s ire d  o p e ra tin g

p re s su re  (500 p s ig  o r 800 p s ig ) „ When th e  c a ta ly s t  tem p era tu re  reached
)

320- 340° C th e  o i l  flow  was s ta r te d  and th e  space v e lo c i ty  was a d ju s te d  to  

th e  p roper r a t e .  Data was tak en  as soon as th e  o i l  flow  was s t a r t e d .

The p ro d u c t o i l  was c o l le c te d  in  and allow ed to  d r ip  s low ly  from th e  

s ig h t  g la s s  (se e  F igu re  I )  a t  th e  bottom  o f  th e  condenser. The product 

o i l  was c o l le c te d  in  a o n e - l i t e r  Erlenm eyer f la s k  where any d is so lv e d  

g ases could  f l a s h  o f f  to  pass on to  a c a u s t ic  sc rubber ( to  remove hydrogen 

s u l f id e )  and a gas m e te r. The o i l  sample was removed from th e  o n e - l i t e r  

f l a s k  once every  e ig h t  h o u rs . Analyses o f  each c o l le c te d  o i l  sample were 

made o f  th e  g ra v i ty  as °A .B .I . and s u l f u r  c o n ten t as w eight p e rc e p t. • The 

g ra v i ty  was checked by  a hydrom eter. The s u l f u r  a n a ly s is  o f  each sample 

was made by th e  lamp method (1 2 ) .

In  th e  o p e ra tio n  o f  th e  u n i t  th e  re c y c le  gas was m etered through th e  

feed  gas ro ta m e te r  (see  F igure  I )  to  th e  r e a c to r .  From th e  r e a c to r  th e  

gas passed  th rough  th e  condenser and back p re ssu re  v a lv e  and was c o lle c te d  

i n ' th e  surge and com pression v e s s e ls  up to  a  p re ssu re  o f  400 p s ig .  At t h i s  

p re s su re  th e  com pression v e s s e l  was i s o la te d  from th e  su rge  v e s s e l and the  

com pression pump s t a r t e d .  The pump fo rce d  o i l  in to  th e  com pression v e s s e l 

and th e  o i l  fo rc e d  th e  re c y c le  gas over in to  th e  feed  v e s s e l .  Compression 

was stopped when th e  gas p re s su re  in  th e  feed  c y lin d e r  reached  600 p s ig  o r 

when th e  o i l  appeared in  th e  s ig h t  g la s s  a t  th e  to p  o f th e  com pression

-13-
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c y l in d e r .  To com plete th e  com pression cy c le  th e  o i l  was d ra in ed  back to  

th e  com pression o i l  r e s e r v o i r  and makeup gas was added to  th e  com pression 

and surge v e s s e ls  to  b r in g  th e  p re ssu re  up to  an a r b i t r a r y  v a lu e  o f  250 

psigp  w hile  th e  feed  c y lin d e r  was a t  a p re s su re  o f  600 p s ig .

R ecycle gas sample's were tak en  from a b le e d -o f f  v a lv e  lo c a te d  on th e  

downstream s id e  o f  th e  back p re ssu re  v a lv e . The re c y c le  gas was c a u s tic  

sc rubbed , m etered , and c o lle c te d  in  e i g h t - l i t e r  g la s s  sample b o t t l e s .

-14-
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SAMPLE CALCULATIONS

T ypical Data From a S hort D uration  Rxm 

H0 Co Hooper9 A., H a rris  

FUH-3 January  27- 28 , 1954

O il? Husky No. 3 f u e l  o i l  2 9 ,7 °A .P ,I . and 2.176 % S .
R ecycle G as; Farmers Union "=̂ 17% Hg
C a ta ly s t:  100 grams (n o t re g e n e ra te d  from FUR-2)

Union O i l 's  C obalt Molybdate 3 / l6 "

Sample T o ta l Sample P ercen t Average L i te r s  STP L i te r s  STP
No. Hours Weight

Grams
S u lfu r C a ta ly s t 

Temp °C.
Makeup
Gas

B leedoff
Gas

I 8 749 0.945 416 83.5 18 .4
2 16 751 1 .180 411 91 .8 14.6
3 24 746 1 .210 414 55.6 15.3
4 32 791 1.275 416 55.6 18.9
5 40 ' .740

3777
' 1.260 416 60

346.5
14.6
81.8

O il in  3831 grams

C a lc u la tio n , o f  Average Space V e lo c ity

(3631 grams o i l  charged) - nc_ _ , ,,
(100 grams c a t a l y s t )(40  h r )  = Go957 Srams 0W S ram c a ta ly s t /h r

C a lc u la tio n  o f  Average Gas Consumption

T o ta l l i t e r s  STP makeup gas 346.5 
T o ta l l i t e r s  STP b le e d o f f  gas 81 .8  
T o ta l l i t e r s  STP consumed 264.7

(264 .7  l i t e r s  consumed) : lOOO grams ,  l i t e r s  consumed 
3831 grams o i l  in  k ilog ram  ~ k ilogram  o i l

. o i l  a t  29 .7°  A .P .I .  = 7.309 I b /g a l

69 .1  l i t e r s  /  I  ffe3 7.309 l b  42 .0  g a l 0.4536  kgm )
kgm I 28.316  l i t e r s  g a l  b b l lb  J

_ 69 .1  l i t e r s  f 4 .91  ft^-kgmA 
kgm ^ l i t e r s - b b l  / = 3 4 0  f t3 /b b l
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C a ic u la tio n  o f  Weight P e rcen t Loss o f  O il

Charge o i l  383I  grams
E f f lu e n t o i l  3777 grams

54 grams

.54
3831 1 .41#

C a lc u la tio n  o f  Grams o f  S u lfu r  Removed p e r Kilogram o f  Charge O il 

(Sample No, 2)

751Charge o i l
0.9859

O rig in a l S c o n ten t 
F in a l S co n ten t

761 grams

2.176 # 
1.180 %

(7 6 1 )(0 ,0 2 1 7 6 )-(7 6 l ) (0.01180)1000 gm 
761 grams kgm

= 9 .6  grams S/kgm charge o i l

(2 .176 -1 .180 )10



-17-
DISCUSSION OF RESULTS

As. s ta te d  b e fo re , th e  purpose o f  t h i s  re se a rc h  was to  con tinue  to  

g a th e r  d a ta  so th a t  a com parison could  be made o f  Harshaw1S molybdenum 

oxide c a t a l y s t ,  Harshaw1 s c o b a lt  m olybdate, and Union O i l 's  c o b a lt  m olybdate 

w ith  reg a rd  to  c r i t i c a l  hydrogen co n ten t and c a ta ly s t  a c t i v i t y  a f t e r  r e p e a t­

ed re g e n e ra t io n s „

In  a d d it io n  to  t h i s  work, some p re lim in a ry  re s e a rc h  was c a r r ie d  ou t on 

th e  d e s u lf u r iz a t io n  o f f u e l  o i l s  from th e  C o n tin en ta l O il Company r e f in e r y  

a t  B i l l in g s ,  Montana, and th e  Farmers Union C en tra l Exchange r e f in e r y  a t  

L a u re l, Montana.

The ex p erim en ta l ru n  to  o b ta in  d a ta  on th e  c r i t i c a l  hydrogen c o n ten t 

fo r  Harshaw1s c o b a lt  m olybdate c a t a l y s t ,  d e s ig n a te d  Co-Mo-0201-T-3/1 6 u 

(see  Table I  f o r  c o m p o sitio n ), was c o b a lt  m olybdate Run GMR-20 This run  

fo llow ed c o b a lt  molybdate Run CMR-I (10) w ith o u t re g e n e ra tio n  o r shutdown? 

co n sequen tly  th e  t o t a l  hours o f  p roducing  s p e c i f ic a t io n  o i l  o r  o f  success­

f u l  d e s u lf u r iz a t io n  ( s u l f u r  c o n ten t l e s s  th a n  0 .5  w eight p e rc en t o f 

e f f lu e n t  o i l )  a re  th o se  t o t a l  hours on stream  fo r  Run CMR-I,  864 h o u rs , 

p lu s  th e  hours o f  Run CMR-2, 704 h o u rs , g iv in g  a t o t a l  o f  1568 h o u rs . The 

c o n d itio n s  fo r  t h i s  ru n  a re  a  tem p era tu re  o f  415°C, a  space v e lo c i ty  o f  

1 .0  and a  gas re c y c le  r a t e  o f  7500 f t ^ / b b l .  .

The d a ta  c o l le c te d  from CMR-2 a re  ta b u la te d  in  Tables I I I  and 17 and 

i l l u s t r a t e d  in  F ig u res  3 and 4«

Table V i s  a  ta b u la t io n  o f  d a ta  o f  every  f i f t h  o i l  sample from Run 

CMR-I (1 0 ) . This d a ta  i s  i l l u s t r a t e d  in  F igu re  5» F igu re  5 i l l u s t r a t e s  

t h a t  th e  c a ta ly s t  was n o t r a p id ly  lo s in g  i t s  a c t i v i t y ,  in d ic a t in g  th a t  th e



c a ta ly s t  was in  a  r e l a t i v e l y  stablfe s t a t e .  With t h i s  knowledge th e n , th e  

degree o f  d e s u lf u r iz a t io n  would depend to  a g re a te r  e x te n t on th e  amount 

o f  hydrogen p re s e n t in  th e  re c y c le  gas th an  on th e  r e l a t i v e  a c t i v i t y  o f  th e  

c a ta ly s t  and a c r i t i c a l  hydrogen gas d e te rm in a tio n  would be more re p re se n t­

a t iv e  o f  th e  minimum amount o f  hydrogen n e ce ssa ry  in  a  re c y c le  gas .to  

produce s p e c i f ic a t io n  o i l .

In  o rd e r to  determ ine th e  c r i t i c a l  hydrogen c o n te n t , methane was added 

to  th e  re c y c le  g a s . Gas samples were tak en  p e r io d ic a l ly  and an a ly ses  were 

made fo r  th e  v a rio u s  c o n s t i tu e n ts  o f  th e  re c y c le  g a s . A .ta b u la tio n  o f  th e  

d a ta  o b ta in ed  from gas sample an a ly ses  i s  in  Table Ii7.

F ig u res  3 and 4 in d ic a te  th a t  th e  c r i t i c a l  hydrogen c o n ten t fo r  

Harshawj S c o b a lt  m olybdate c a ta ly s t  d e s u lfu r iz in g  H usky's Ho. 3 f u e l  o i l  

(2 .176 p e rc en t s u l f u r )  a f t e r  1568 hours o f  o p e ra tio n  a t  415°C ., 1 .0  space 

v e lo c i ty  and a gas re c y c le  r a t e  o f  7500 f t 5 /b b l  i s  betw een 30 and 40 p e r­

cen t hydrogen. This i s  co n s id e ra b ly  le s s  th an  83 p e rc en t minimum fo r  a 

16 p e rcen t molybdenum, ox ide c a ta ly s t  a f t e r  480 hours o f  o p e ra tio n  and under 

th e  same co n d itio n s  (1 0 ) . From t h i s  com parison th e n , i t  may be concluded 

th a t  Harshaw1S c o b a lt  m olybdate i s  a s u p e r io r  c a ta ly s t  in  t h a t  i t  r e q u ire s  

l e s s  hydrogen to  f a c i l i t a t e  s u c e s s fu l  d e s u lf u r iz a t io n  o f  H usky 's No. 3 f u e l  

o i l .

The c a ta ly s t  a c t i v i t y  Runs CAR-1,2,3j4 were c a r r ie d  o u t ‘to  o b ta in  d a ta  

so th a t  a com parison w ith  re g a rd s  to  c a ta ly s t  a c t i v i t y ,  a f t e r  rep ea ted  

re g e n e ra tio n s  o f  H arshaw "s c a ta ly s ts  molybdenum oxide and c o b a lt m olybdate,
I

and Union O i l 's  c a ta ly s t  c o b a lt  m olybdate could  be made. The d a ta  fo r  

th e se  fo u r runs a re  ta b u la te d  in  T ables V I, V II, V II I ,  and IX.
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The c a ta ly s t  a c t i v i t y  Buns GAR—I  and 3 were s ta r te d  a t  a  tem pera tu re  

o f  4i5°C (779°F) fo r  24 h o u rs . The tem p era tu re  was then  in c re a se d  as 

fo llo w s s

Second 24-hour p e rio d  
T hird  24-hour p e rio d  
Fourth  24-hour p e rio d  
F i f th  24-hour p e rio d  
S ix th  24-hour p e rio d

425°C (797°F) 
435°C (815°F) 
445°C. (833°F) 
470°C (878°F) 
495°C (923°F)

A fte r th e  s ix th  24-hour p e rio d  th e  c a ta ly s t  was burned o f f .  The o i l

charge to  th e  r e a c to r  was Husky^s vacuum heavy gas o i l  w ith  a  s u lfu r  

c o n ten t o f  3*18 w eight p e rc e n t .  The space v e lo c i ty  and re c y c le  r a t e  was 

s e t  a t  1 .0  gram o f  o i l  p e r gram c a ta ly s t  p e r h o u r, and 7500 f t^ /b b l  o f  

o i l  r e s p e c t iv e ly .

Run CAR-1 was on Harshaw's  molybdenum oxide c a ta ly s t ,  d esig n a ted  

M o-0203-T -l/8". The ru n  was c a r r ie d  ou t as- o u t l in e  and a f t e r  th e  24-hour 

p e rio d  a t  495°C th e  c a ta ly s t  was burned o f f  (re g e n e ra te d ) and th e  s tudy  

was con tin u ed  as Run CAR-2 a t  a tem p era tu re  o f  495°0.. The s u lfu r  co n ten t 

o f  th e  e f f lu e n t  o i l  was g re a te r  th an  th a t  from th e  end o f  CAR-1. I t  was 

th en  concluded th a t, re g e n e ra t io n  had been  incom plete a t  b e s t ,  and a second 

re g e n e ra tio n  was s t a r t e d .  During th e  second re g e n e ra tio n , th e  c a ta ly s t  

reached  a tem p era tu re  o f  over 900° C5 consequen tly  a p o r tio n  o f  i t  was 

s in te r e d .

■Run CAR-3 i s  a c a ta ly g t  a c t i v i t y  s tu d y  o f  Union O i l 's  c a ta ly s t  c o b a lt 

m olybdate 3 / l 6 " .  .This s tu d y  was ru n  a t  th e  same co n d itio n s  o f  CAR-1.

A f te r  th e  s ix th  24-hour p e rio d  a t  495°C, th e  c a ta ly s t  was re g e n e ra te d  and 

Run CAR-4 was begun a t  4950C.

F ig u res  6 and 7 i l l u s t r a t e  th e  d a ta  tak en  from Runs CAR-1 and 3 .

1
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F ig u re  6 i l l u s t r a t e s  t h a t  Union Oil.' s c o b a lt  molybdate i s  a  more a c t iv e  '

I d e s u lf u r iz a t io n  c a ta ly s t  th a n  i s  the  molybdenum oxide* F ig u re  7 b e t te r

i l l u s t r a t e s  th a t  the  c o b a lt  molybdate c a ta ly s t  i s  a  su p e r io r  d e s u lf u r iz a t io n  

c a t a ly s t .  F igure  7 shows t h a t  th e  c o b a lt  c a ta ly s t  removes more s u lfu r  an d  

rem ains a c t iv e  lo n g e r th a n  does molybdenum oxide*

S tu d ies  would have been c a r r ie d  o u t on Harshawr s c o b a lt  m olybdate, b u t 

correspondence from th e  Harshaw Chemical Company s ta te d  th a t  t h e  two 

c a t a ly s t s ,  Harshawrs c o b a lt  m olybdate and Union O i l 's  c o b a lt  m olybdate, had 

th e  same com position*

With th e  knowledge th a t  d e s u lf u r iz a t io n  o f H usky's No* 3- fu e l  o i l  from 

2.176  w eight p e rc en t s u l f u r  to  l e s s  th a n  0*5 p e rc en t s u l f u r  i s  p o ss ib le  

Trdth H arshaw 's c o b a lt  m olybdate c a ta ly s t  and a  re c y c le  gas c o n ta in in g  l e s s  

th an  40 p e rcen t hydrogen, p re lim in a ry  re s e a rc h  was c a r r ie d  o u t on o i l s  from 

th e  C o n tin en ta l O il Company and Farmers Union C en tra l Exchange* The 

re c y c le  gas was to  be a w aste gas c o n ta in in g  hydrogen from each company's 

r e f in e r y .

The o i l  from Conoco's  r e f in e r y  a t  B i l l in g s ,  Montana, was a crude 

tow er overhead sample id e n t i f i e d  as No. Bi 987. The g ra v i ty  and s u lfu r  

c o n ten t o f  t h i s  o i l  was 43 .1  0A*B.I* and 0*874 p e rcen t s u l f u r  ( f o r  ASTM 

d i s t i l l a t i o n  d a ta  see  Table I I ) *

The w aste  gas s tream  from Conoco's r e f in e r y  was composed o f  35*6 

p e rc en t hydrogen, 9 .2  p e rc en t n i t r o g e n , 23*0 p e rcen t m ethane, 7*8 p e rcen t 

e th y le n e , 1 0 .1  p e rc en t e th a n e , 2 ,8  p e rc e n t p ropy lene , 2 .0  p e rcen t p ropane, 

and 0*5 p e rcen t bu tane p lu s .  y

The gas m ix tu re  used fo r  th e  d e s u lf u r iz a t io n  atm osphere was e s s e n t i a l -

(
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I y  th e  same as th e  above m ix tu re  except t h a t  th e  p ropy lene5 p ropane, and 

b u tan es  p lu s  were a l l  lumped to g e th e r  as 5«3 p e rc en t p lus*

The o i l  was to  be d e su lfu r iz e d  to  a  p o in t such th a t  an overhead 

d i s t i l l a t e  o f  350“375°F end p o in t would have a s u lfu r  co n ten t o f  n o t over 

0*1 p e rc e n t and th a t  o f  th e  rem ain ing  p o r t io n  o f th e  p roduct c o n ta in  n o t 

more th an  0*25 p e rc e n t su lfu r*

The d a ta  c o l le c te d  from re se a rc h  on Conoco !s o i l  i s  ta b u la te d  in

Table X and XI* The d a ta  may be summarized as  fo llo w s :

Average c a ta ly s t  tem p era tu re  = 77S°F (v ary in g  from 775-782°F) 
Average l iq u id  space v e lo c i ty  = 0,955 gm o il/g m  c a ta ly s t /h r

(v a rry in g  from 0*862 to  1 , 04)
R eac to r p re s su re  = 500 p s ig
Average gas re c y c le  r a t e  = 8700 f t ^ /b b l  o i l  (vary ing  from 7880

to  9600 f t3 /b b l )
I n i t i a l  hydrogen c o n te n t o f  re c y c le  gas = 35*6 volume p e rcen t 
F in a l  hydrogen c o n te n t o f  re c y c le  gas = le s s  th a n  30 p e rcen t 
T o ta l hours on stream  = 128 hours
Average re c y c le  gas consum ption = 250-300 f t^ /b b l  o i l  
O il y ie ld  = 95»4 w eigh t p e rcen t 
O il y ie ld  = 96 ,2  volume p e rcen t 
Charge o i l  p r o p e r t ie s ;

°A»P*I* = 43 ,1  a t  .60°F 
P e rcen t s u l f u r  = 0*874 

P roduct p ro p e r t ie s :
Com posite, 0AeP .I ,  = 43,5  
Composite, p e rc e n t s u l fu r  
Composite, I„B ,P , = 139°F 
F ra c tio n  b o i l in g  <365°F.

a  it n

if Ii <  Ii

F ra c tio n  b o i l in g  7365°F
I l  H y  Il

" it Ii

F ig u re  8 i l l u s t r a t e s  how d e s u lf u r iz a t io n  p ro g ressed  du ring  th e  Conoco 

ru n  as c a t a ly s t  on -stream  tim e in c reased*

Table X II i s  a ta b u la t io n  o f  a n a ly t ic a l  d a ta  o f a com posite sample o f  

th e  d e su lfu r iz e d  Conoco o i l .  The a n a ly t ic a l  work was done by C o n tin en ta l

a t  60°F 
= 0*124

36*5 w eight p e rcen t o f  p roduct
4 1 .0  volume p e rc en t o f  product 

0,037  p e rcen t s u lfu r
61,5  w eight p e rc en t o f  p roduct
59 .0  volume p e rc en t o f  product 

0 .19 p e rcen t s u l fu r
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O il Company p e rso n n e l a t  Ponca C ity , Oklahoma, This Table i s  included, w ith  

t h i s  th e s i s  fo r  re c o rd  purposes o n ly .

Runs FUR-1 and 2 a re  re se a rc h  on th e  d e s u lf u r iz a t io n  o f  Farmers Union 

C en tra l Exchange o i l  u t i l i z i n g  a w aste g a s , stream  from Farm ers U nion’s 

r e f in e r y  as th e  hydrogen source  n e ce ssa ry  f o r  a  d e s u lf u r iz a t io n  atm osphere. 

The c a ta ly s t  used fo r  d e s u lf u r iz a t io n  was Union o i l s  c o b a lt  molybdate 3 /1 6 ” , 

The w aste gas co n ta in ed  10,5  p e rc en t hydrogen, 13 ,9  p e rc en t n i tro g e n , 

27 ,9  p e rc e n t m ethane, 15»5■p e rc en t e th a n e , and th e  rem ain ing  gases being  

hydrogen s u l f id e ,  carbon d io x id e j  carbon monoxide, oxygen, e th e y le n e , and 

some C3 's  and C^?s ,  This gas i s  to o  low in  hydrogen to  be o f  g re a t  va lue  

fo r  use  in  d e s u lf u r iz a t io n  so i t  was tho u g h t th a t  i f  t h i s  gas m ixture were 

p re s su r iz e d  to  800 p s ig ,  and cooled  to  l e s s  than  SO0F a l l  hydrocarbons 

h ig h e r th a n  and in c lu d in g  e thane  would be condensed and cou ld  be removed 

from th e  o th e r  g a se s . Removal o f  th e s e  hydrocarbons would b r in g  th e  hydro­

gen co n ten t up to  18,3  p e rc e n t and a t  a p re s su re  o f  800 p s ig  th e  p a r t i a l  

p re s su re  o f  th e  hydrogen would be about 146 p s ig ,  This compares to  the  

Conoco gas a t  500 p s ig  and 35 ,6  p e rc en t hydrogen, th e  p a r t i a l  p re s su re  o f  

which i s  abou t 1?8 p s ig .  From t h i s ,  th e n , th e  re c y c le  gas m ix tu re  used in  

d e s u lfu r iz in g  Farmers U nion’s o i l s  co n ta in ed  i n i t i a l l y  18 .3  p e rcen t hydro­

gen , 2 4 .2  p e rc en t n i t r o g e n , 48.6  p e rc en t m ethane, 4 .2  p e rc en t carbon 

monoxide, and 4 .7  p e rc en t carbon d io x id e .

The Farmers Union o i l s  th a t  were to  be d e su lfu r iz e d  co n ta in ed  0,600 

p e rc e n t s u l f u r  and 1 ,2 8  p e rc en t s u l f u r .  The d e s u lf u r iz a t io n  s tu d ie s  on 

th e se  o i l s  were l i s t e d  as  Farmers Union Run FUR-1 and 2 , r e s p e c t iv e ly .

Run FUR-3 i s  a  d e s u lf u r iz a t io n  o f  Husky’s No, 3 f u e l  o i l  u s in g  Farmers
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Union re c y c le  g a s . The d a ta  from FUR-I, 2 ,  and 3 a re  ta b u la te d  in  Tables 

X I I I 5 XIV5 XV5 and XVI. These runs were made c o n se c u tiv e ly  on th e  same 

c a ta ly s t  w ith o u t re g e n e ra tio n .

An a n a ly s is  o f  th e  re c y c le  gas f o r  hydrogen co n ten t was n o t p o s s ib le  

as th e  re c y c le  gas co n ta in ed  n itro g e n  and gas a n a ly s is  a re  made in  a  low 

tem p era tu re  m i c r o - s t i l l  w ith  th e  pot' and head b e in g  cooled  w ith  l iq u id  

n itro g e n  a t  i t s  b o i l in g  p o in t a t  640 mm Hg. B o ilin g  l iq u id  n itro g e n  a t  

a tm ospheric  p re s su re  cannot condense gaseous hydrogen o r  n i tro g e n  a t

a tm ospheric  p re s su re  and th e  gases come o f f  a s  a  m ix tu re . The r e s u l t s  o f
•) .

gas an a ly se s  p e r ta in in g  to  th e  Farmers Union s tu d ie s  a re  l i s t e d  in  Table 

XVI.

In  Farmers Union Run FUR-1 th e  s u l f u r  c o n ten t was reduced  from 0.600

p e rc en t s u l f u r  to  a v a ry in g  p e rc en t o f  0.062  to  0.109  p e rc en t s u lfu r  w ith

Union O i l 's  c a ta ly s t  c o b a lt  m olybdate 3 /16" during  93 hours o f  o p e ra tio n .

The c o n d itio n s  were as fo llo w s ;

Tem perature 4X5°C
P ressu re  800 p s ig
R ecycle r a t e  IO 5OOO and 6000 f t ^ /b b l

I t  should  be no ted  th a t  .when th e  re c y c le  r a t e  was changed from IO5OOO

f t^ /b b l  to  6000 f t ^ / b b l  th e  s u l f u r  c o n ten t v a r ie d  from a r e l a t i v e ly

c o n s ta n t v a lu e  o f  0 . 0?6 p e rc en t to  a r e l a t i v e l y  co n stan t v a lu e  o f 0.104

(see  Table X I I I ) 5 in d ic a t in g  th a t  d e s u lf u r iz a t io n  fo r  t h i s  run  was more

dependent on th e  number o f  hydrogen m olecules p re se n t p e r u n i t  o f  tim e th an

th e  c o n ta c t tim e  o f  th e  hydrogen m olecu le . This i s  u n d e rs tan d ab le  because

th e  re c y c le  gas i s  d e f ic ie n t  in  hydrogen and in c re a s in g  th e  v e lo c i ty  o f

th e  gas over th e  c a ta ly s t  bed would a lso  in c re a s e  th e  number o f  hydrogen
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atoms a v a i la b le  fo r  r e a c t io n  to  hydrogen s u l f id e  p e r u n i t  o f  tim e . F igu re  

9 i s  an i l l u s t r a t i o n  o f  how d e s u lf u r iz a t io n  p ro g ressed  d u ring  FhR-I as on 

stream  tim e in c re a se d .

The d e s u lf u r iz a t io n  s tu d y  on Farmers Union o i l  c o n ta in in g  1 .28  p e rc en t 

s u l fu r  was d e s ig n a ted  FUR-2. The d a ta  ta b u la te d  fo r  t h i s  run  i s  in  Table 

XIV. The t o t a l  tim e o f  th e  ru n  was 6$ h o u rs . D e su lfu r iz a tio n  was from 

1 .2 8  p e rcen t s u l fu r  in  th e  charge o i l  to  a  v a ry in g  value  from 0.421  to

0 .534 p e rcen t s u lfu r  in  th e  e f f lu e n t  o i l .  The com posite s u l f u r  p e rcen t 

be ing  about 0 . 47? p e rc en t s u l f u r .  In  o rd e r to  ach ieve  t h i s  d e s u lf u r iz a t io n  

i t  was n ecessa ry  to  r a i s e  th e  re c y c le  r a t e  from about 6000 f t ^ /b b l  fo r  th e  

f i r s t  h a l f  o f  th e  ru n  to  about 9000 f t ^ /b b l  fo r  th e  l a s t  p a r t  o f  th e  ru n . 

T his in d ic a te s  th a t  th e  hydrogen c o n ten t o f  th e  gas was r a p id ly  becoming 

le a n e r  as an in c re a se  o f  re c y c le  r a t e  from  6000 to  9000 f t ^ /b b l  d id  n o t 

even m a in ta in  th e  same deg ree  o f  d e s u lf u r iz a t io n  as  was encountered a t  th e  

f i r s t  p a r t  o f  th e  ru n . O ther th an  re c y c le  r a t e ,  FUR-2 was ru n  a t  th e  same 

c o n d itio n s  as FUR-1.

The ta b u la te d  d a ta  in  Table XV a re  from Farmers Union Run FUR-3. This 

ru n  fo llow ed  FUR-2 ,  and was o p e ra ted  a t  th e  same co n d itio n s  excep t th a t  th e  

charge o i l  was Husky’s No. 3 fu e l  o i l  (2 .176  p e rcen t s u l f u r ) .  The e f f lu e n t  

o i l  fo r  t h i s  ru n  co n ta in ed  from 0.945 to  1 ,275 p e rcen t s u l f u r .  C oncurrent­

l y  w ith  th e  p reced in g  re s e a rc h ,  a s tu d y  was made on d e s u lfu r iz in g  a b lend  

o f  H usky's kerosene d i s t i l l a t e  and l i g h t  gas o i l  w ith  an a c t iv a te d  b a u x ite  

c a ta ly s t  ( C yclocel Sb-2446=51) ■> The b lend  o i l  con ta in ed  about 0 ,8  p e rc en t 

s u l f u r . The p roduct co n ta in ed  le s s  th an  0 ,5  p e rcen t s u l f u r . The d a ta  

from t h i s  s tu d y  a re  l i s t e d  in  Tables XVII and X V III. The Run i s  d e sig n a ted
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LMR-I (from  Husky a t  L loydm inster9 Canada) . The d a ta  on th e  b lend  o i l  a re  

in  Table X V III. Table XIX co n ta in s  d a ta  from an A.S.T.M. d i s t i l l a t i o n  o f  

a  com posite sample o f  th e  d e su lfu r iz e d  o i l .

This d e s u lf u r iz a t io n  s tu d y  was ru n  a t  atm ospheric  p re s su re  and w ith  

no re c y c le  g a s . The c a ta ly s t  tem p era tu re  and space v e lo c i ty  was 400°C 

and I  gram o il/g ra m  c a ta ly s t /h o u r  r e s p e c t iv e ly .

Dfcen th e  s u l f u r  c o n ten t o f  th e  e f f lu e n t  o i l  reached  0 .5  p e rcen t 

s u l f u r ,  th e  u n i t  was sh u t down and th e  c a ta ly s t  was re g e n e ra te d  by a i r  

b u rn o f f . The. c a ta ly s t  was re g e n e ra te d  tw ic e , A p lo t  o f  th e  s u l fu r  r e ­

moved v e rsu s  th e  hours o f  o p e ra tio n  i s  i l l u s t r a t e d  in  F igu re  12 . Three 

curves a re  p lo t te d ,  th e  f i r s t  curve i s  d e s u lf u r iz a t io n  w ith  new. c a t a ly s t ,  

th e  l a s t  two curves a re  d e s u lf u r iz a t io n  w ith  reg en e ra ted  c a t a ly s t .  This 

graph i l l u s t r a t e s  t h a t  re g e n e ra tio n  does e f f e c t  c a ta ly s t  l i f e  between 

re g e n e ra t io n s . The i n i t i a l  a c t i v i t y  o f  th e  c a ta ly s t  in c re a se d  a f t e r  r e ­

g e n e ra tio n .
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SUMAEY

The r e s u l t s  o f  th e  re s e a rc h  re p o r te d  h e re in  may be summarized as 

fo llo w s ;

1 .  The c r i t i c a l  hydrogen co n ten t f o r  H arshaw 's c o b a lt  m olybdate 

c a t a l y s t ,  Co-M o-0201-T-3/l6",  d e s u lfu r iz in g  H usky's Noe 3 fu e l

o i l  ( 2*176 p e rc en t s u l f u r )  a f t e r  1$6S hours o f  o p e ra tio n  a t  41$oc, 

Space v e lo c i ty  o f  I eG and a gas re c y c le  r a t e  o f  7500 f t^ /b b l  i s  

between 30 and 40 volume p e rc e n t,

2 , H arshaw 's c o b a lt  m olybdate c a t a l y s t ,  Co-Mo-0201-T-3/1 6 n, i s  

su p e r io r  to  H arshaw 's molybdenum oxide c a t a ly s t ,  M o-0203-T-l/S", 

in  t h a t  i t  has a g re a te r  a c t i v i t y  and lo n g er c a ta ly s t  l i f e .

3 ,  A fte r 128 hours o n -s tream , an o i l  from C o n tin en ta l O il Company 

having  g ra v i ty  and s u l f u r  c o n ten t o f  43 «1 0Ai Pe-Ie and 0,874 p e r­

c en t s u l f u r  r e s p e c t iv e ly ,  was d e su lfu r iz e d  in  an atm osphere o f  

re c y c le  gas c o n ta in in g  l e s s  th an  35 p e rc en t hydrogen to  y ie ld  an 

e f f lu e n t  o i l  c o n ta in in g  0,142 p e rc e n t s u l f u r ,  'The co n d itio n s  o f  

d e s u lf u r iz a t io n  w ere as fo llo w s :

R eac to r p re s su re  = 500 p s ig
Average gas re c y c le  r a t e  = 8?00 f t^ /b b l  o i l  (vary ing  from

7880-9600 f t 3 /b b l )
Average c a ta ly s t  tem p era tu re  = 7.78 (v a ry in g  from 775-782°F)
Average space v e lo c i ty  = 0 ,955 gm o ll/gm  c a ta ly s t /H r . .

(v a ry in g  from 0,862  to  1 , 04)

4 . O ils  from Farmers Union C en tra l Exchange c o n ta in in g  0 ,600 and 

1 ,2 8  p e rc en t s u l f u r  were d e s u lfu r iz e d  in  a d e s u lf u r iz a t io n  

atm osphere c o n ta in in g  le s s  th an  18 p e rc en t hydrogen to  l e s s  th an  

0,109 and 0 ,534 p e rc en t s u l f u r  r e s p e c t iv e ly .  The t o t a l  hours o f
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d e s u lf u r iz a t io n  fo r  th e  o i l s  c o n ta in in g  0 .600 and 1*28 p e rcen t 

s u l f u r  were 93 and 65 hours re s p e c tiv e ly ,,

5 . R egenera tion  o f a c t iv a te d  b a u x ite  c a ta ly s t  ( C yclocel Sb-2446-51) 

decreased  th e  c a ta ly s t  l i f e ,  bu t seemed to  in c re a se  th e  i n i t i a l  

c a ta ly s t  a c t i v i t y .
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TABLE I

COMPOSITION AND IDENTIFICATION OF CATALYSTS WSED '

Run No. C a ta ly s t and 
Composition

I d e n t i f i c a t io n
Code

C a ta ly s t
M anufacturer

LMR-I Cy1CloGel 
100$ B auxite

. Sb-2446-51 P oro ce l Gorp.

OMR-2 C obalt M olybdate 
9 .5$  MoOo ‘
3 .0 $  CoOT .
5 .0 $ -SiO2 
2 . 0$ G raph ite  

80 .5$  Al2O3

Co-M o-0201-T-3/l6" Harshaw Chemical 
Company

Conoco-I C obalt Molybdate 
9 .5 $ -MoOo 
3 .0 $  CoO 
5 .0$  SiO2 
2 . 0$ G rap h ite  

80.5$ Al2O3

O0-M0-O20I -T -3 / 16" Harshaw Chemical 
Company

FUR-1,2 & 3 C obalt Molybdate

9 .5$  MoOo 
3 .0 $  CoO 
5 .0$  SiO2 
2cQffo G rap h ite  

80.5$ Al2O3

Union O il Co. Cobalt 
Molybdate 3 /16"

Harshaw Chemical 
Company

t

CAR-3 & 4 C obalt Molybdate

9 .5$  MoO3
3 . 0$ -CoG 
5.0$- SiO2 '
2 .0$  G raph ite  

80o5$ Al2O3

Union O il Co Cobalt 
M olybdate 3 /16"

Harshaw Chemical 
Company

CAR-1 & 2 Molybdenum Oxide 
16$ MoO3 
79$ Al2O3

5$ SiG2

MO-0203-T-1/8" 
l 60—A—2—I

Harshaw Chemical 
Company



TABLE I I
CHARGE OIL INSPECTION DATA

d0  toOs Cl IA
D esig n a tio n ; Ii S m

G ra v ity . -
oA.P6I e,  60°F; 30 .6

ASTM D is t i l l a t i o n

33 »0

0F, 640 mm Hg
I 0B0P.. 425 294

5 K 504 390
10 520 415
20 . 536 449
30 548 471
40 558 490
50 567 508
60 575 526
70 584 543
80 594 565
90 611 594
95 62$ 627

E0B0 652 649
Recovery, Vbl % 99.0 99.0
R esidue , Vol % 0 .8 0 .5
L oss, Vol % 6.2 0.5
Wt. I ' S . 2.176 0.9<

. • ■ti-P . -P Ctira co © CD Jfc--H •H tO toQ ■QO H $x- OO 0) OS CD O " , G am so SA C socti=?fc O=Sfc O=Sfc 0 %CS „ CO co O Jh
& O ft O ft O © ft

J  § s i § 5 #^  CO W CO O E-c CO

32.6 38.2 3 6 .8 43.6

294 252 300 . 138
403 308 351 ———
427 330 372 236
451 371 393
469 394 410
484 413 424 ■f—■—»
500 427 436 422
514 442 449 ■=**«■
530 459 460 ■riu.m p
550 475 *=•«=■
581 497 492 573
610 520 514
642 535 528 620
99.'^ 99.0 99.0

0.5 0.5 0.5
0.5 0.5 • 0.5
0.975 0.551 0.623  0 .874

ITOU
O

- H  CO

H
•H  • C • H  » I

iS iB w O
I A

CQ 1—I jr-\
I A

CQ 1—I rH
O  CQ 
Cd cd

cd © cdft O to M  «3 ra cd y ©

41.0 33.8 22.66

334 406 ,
359 470 #
372 490 8
389 503
402 515
415 524
427 532
442 540
457 550
475 558
500 566
520 574
534 606
99.0 99.0

I I
0 0
0.600 1.280 3 .18
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C a ta ly s t : CO“Mo"0201“ T“3 /1 6 11
IOO grams (un reg en era ted -fro m  CMR-I*)

P ressu res  $00 p s ig
O i i : Husky No. 3 f u e l  o i l ,  2 9 .7 °  A .P .I .  an^ 2.18% S
R ecycle Gass Catform ing gas (See Table IV)
Y ields 97.46 Weight % 3 3 .8  °A *P .I.

103 Volume % 0 .309 % S

*  R esearch by S ilv ey  (10)

TABLE III
TABULATED. DATA FROM COBALT' MOLYBDATE RUBL-CMR-Z

Samp T o ta l Cat Temp Space Vel Recycle Av Gas Y ield Product
No. Hours 0F Av. gms/gm/hr F t3 /b b l Consump Gms A .P .I .

F t3 /b b l O il

I 8 779 1.003 7150 0 779 35.4
2 16 779 1.032 7010 0 800 35.3
3 24 779 1.015 7060 80.9 787 3 5 .1
4 32 779 1.003 7150 186.5 777 35.2
5 40 777 1 .012 7080 318 786 3 5 .0
6 48 780 1.002 7200 253 778 35.2
7 56 777. 0.985 7270 329 765 35.1
8 64 779 1 .010 7100 362 783 35.6
9 72 779 0.984 7300 319 762 35.6

10 . 80 779 0.970 7400 336.2 753 35.7
11 88 783 0.996 7200 345 773 35.6
12 96 780 0.967 7450 310 750 35.7 -
13 104 779 0.967 7360 352 750 35.7
14 112 780 0.984 7300 354 763 35.6
15 120 779 0.980 7350 332 760 35.2
16 128 778 0.955 7520 321 ' 740 35.2
17 136 777 ■ 0.980 7330 298 760 35.2
18 144 770 1 .070 6795 313 830 34.8
19 152 780 0.973 7320 310 755 3 4 .8  -
20 160 779 0.990 7200 313 768 34.8
21 168 766 0.946 7660 294 734 34.3
22 176 780 0.972 7400 330 764 3 4 .4
23 184 780 1 .050 6990 313 814 34 .5
24 192 781 0.975 7400 310 757 34.5
25 200 781 I .013 7130 294 787 34 .5
26 208 779 1,004 7150 280 780 34.5
27 216 781 0.,975 7360 286 756 34
28 224 781 0.975 7420 279 756 34 .10
29 232 779 I .003 7150 273 779 34
30 240 781 0.980 7325 274 761 34.1
31 248 780 0.975 7375 264 757 34.2 .
32 256 . 779 1.016 7100 .279 788 34.1

Product 
% S

0.154 
0.143 
0.144 
0.145 

" 0.165 
0.148  
0.160 
0.157 
0 .208 

'  0.210 
0.220 
0.242 
0.238 
0.254 
0.312 
0.316 
0.348 
0.299 
0.302  
0 .314 
0 .314 
0.301  
0.286 
0.290 
0.288 
0 .314 
0.310 
0.292  
0.319 
0.337 
0.342 
0.333



TABLE I I I  (cont»d) '
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Samp T o ta l Cat Temp Space Vel R ecycle Av Gas Y ield Product Product
No. Hours °F Av 0 gms/gm/hr F t3 /b b l Consump Gms A.-P.I. $ S

F t^ /b b l O il

33 264 779 1.002 7180 268 777 34.2 0.322
34 272 781 0.990 7200 25.8 767 3 4 .1 0.298
35 280 779 1 .001 7120 270 776 34.2 0 .308
36 288 782 I . 010 7120 260 782 34.2 0.307
37 296 779 0.984 7250 261 762 3 4 .1 0.308
38 304 777 1.049 6840 269 813 33.9 0.346
39 312 781 1.021 7030 261 793 34.0 0.35540 320 779 1 .031 7000 265 800 3 4 .0 0.327
41 328 779 1.022 7020 26? 796 34.0 0.338
42 336 781 1.016 7070 259 789 33.8 0.312
43 344 777 1.005 7150 258 781 33.7 0.322
44 352 781 1.020 7040 251 794 33.8 0.323
45 . 360 781 1 .000 7190 250 775 33.7 0.332
46 368 780 0.990 7380 252 775 33.8 0.330
47 . 376 779 1 .020 7050 255 799 33.9 0.327
48 384 777 1 .012 7105 249 794 33 .9 0.332
49 392 779 1 .020 7005 246 798 34.0 0.318
50 400 778 1 .010 7110 243 791 3 3 .8 0.341
51 408 781 1.012 7100 240 794 33.9 0.297
52 416 779 1 .020 7050(- 240 . 799 33.9 0.295
53 424 778 0.992 7300 244 777 33 .8 0.320
54 432 777 1 .005 7200 247 788 33.8 0.296
55 440 779 0.985 7250 244 771 33.8 0.262
56 448 777 0.992 7240 243 778 33.9 0.288
57 456 780 0.978 7350 238 766 3 3 .8 0.279
58 464 780 0.962 7450 236 754 33 .9 0.248
59 472 776 1 .001 7160 231 785 33.8 0.255
60 480 778 0.988 7260 240 774 33.8 0.294
6 l 488 781 0.960 7460 241 752 33.9 0.273
62 496 778 1 .000 7200 • 244 784 33.9 0.292
63 504 779 0.991 7250 246 776 3 3 .8 0.280
64 512 780 0.988 7260 240 774 33.8 0.268

520 w-wee.*. Hauua 240 518 33.9 0.282
66 528 779 0 .88? 8160 236 691 3 4 .9 0.236
67 536 779 0.905 7810 235 704 35 0.233
68 544 778 0 .908 7780 230 707 34.9 0.233
69 552 779 0.959 7520 228 746 34 .9 0.251
70 560 779 1 .018 7080 225 792 34.7 0.256
Tl 568 779 1 .000 7210 229 779 34.5 0.269
72 576 781 1 .030 7040 "  , 228 . 801 . 34.6 0.272
73 584 777 I.O36 6980 ' ■228 806. 34.6 0.272
74 592 . 779 1.038 6950 A 224. 809 - 3 4 .6 . 0.284



TABLE III (cont'd)
Samp T o ta l Cat Temp Space Vel
No. Hours °F Av, gms/gm/hr

75 600 777 1 .012
76 608 778 I . 064
77 616 780 1.015
78 624 779 1 .050
79 632 781 1 .021
80 640 779 1.043
81 648 779 1 .022
82 656 778 1.022
93 664 779 1 .017
84 672 781 0.959
85 680 779 0.977
86 688 779 0 .967
8? 696 781 0.952
88 704 777 0.960

Av Gas Y ield Product Product
Consump Gms A .P .I , % S
F t3 /b b l O il

225 787 34.5 0.306
230 830 34.4 0.356
237 790 33.8 0.401
233 818 33.9 0.439
229 795 33.7 0.498
227 813 33.5 0.498
224 796 33.6 0 .500
224 797 33.7 0.517
222 792 33.6 0.547
222 746 33.7 0.500
220 760 3 3 .8 0.516
216 752 33.7 0.520
220 . 741 33.6 0 .514
220 748 33.7 0.586

R ecycle
F t3 /b b l

714Q
6770
7HO
6860 I
7060
6920
7050
7050
7520
7490
7690
7560
7560
7460
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Charge g a s :

Corresponding O il 
Sample No,

S ta r t
6

IS
64
76
79
82
$3

TABLE IV
GAS ANALYSES DATA FOR RUN CMR-2

Catform ing g a s , &)% Hg; 3>5% CHjlj 1*5% C2H6 ; 
2 .5 $  C3H8 ; 3 05$ Ĉ H6 (a n a ly s is  by Matheson Co,-)

Hour on C orresponding O il ' R ecycle Gas A nalysis
Stream Sample % S $  H2 % GH4 $ C2+

cttUta 0.153 84,1 13.3 2 .6
48 0 .148 66.9 3 1 .4 1 .7

144 0.295 4 9 .1 46 .9 3 .2
512 0 .268 51.2 40 .2 2:3
60S 0.356 49 3 8 .9 12 .1
632 0.498 3 5 .0 51.5 13.5
656 . 0 ,517 3 5 .0 56 .0  - 9 .0
664 0.547 39 .0 51 .0 10 .0
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TABLE V
TABULATED DATA FROM COBALT MOLYBDATE RUN CMR-]>

FOR FIGURE 3

Sample No* T o ta l % S u lfu r Grams S u lfu r
Hours In  E f f lu e n t Removed per

O il Kilogram
E ff lu e n t O il

I 8 0.156 20 .20
5 40 0.035 21.40

10 80 0 .098 22.22
15 120 0.087 20.90
20 160 0.102 20.72
25 200 0.078 20.85
30 240 0.079 21.00
35 280 0.062 21 .14
40 320 0*098 21.12
45 360 0.135 20.40
50 400 0.139 20.32
55 440 0.151 20.20
60 480 0.103 20.62
65 520 0.104 20.62
70 560 0.115 20.60
75 600 0.128 20.48
80 640 0.130 20.48
&5 680 0.080 20.97
90 720 0.062 20.87
95 760 0.089 20.87

100 800 0.141 20.36
105 840 0.122 20.52
108 858 0.113 20.65

^'Research by Fe Ce • S ilv e y  (10)



C a ta ly s ts  Mo-02 Q3-T-1/G11 
/ lOO grams (new)

Pressure; 500 p sig
O ils Husky vacuum heavy gas o i l ,  3„18$ S
R ecycle g as: Catform ing gas (app ro x im ate ly  60.5# H9 )
Y ields 97 w eight % (sam ples 1-10 i n c l . )

96 w eight % (sam ples l l -13  in c l.- )
93 w eight % (sam ples 14-16  i n c l . )
89 weight % (samples 17-19 i n c l . )
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TABLE VI

TABULATED DATA FEGM CATALYST ACTIVITY RIM CAR-1

Samp T o ta l Cat Temp Space Vel Recycle Av Gas Y ield Product Product
No. Hours 0F Av. gms/gm/hr F tV b b l Consump 

' F tV b b l
Gms
O il

A .P .I . % S

I 7 777 0.815 8080 632 29 .9 1 .68
2 15 781 0.946 7980 125 734 2 6 .4 1 .54
3 23 777 0.906 3340 184 704 26 .1 1 .51
4 31 779 0.972 7780 167 • 754 26 .1 1 .48
5 39 ' 801 1.039 7320 175 806 26.6 1 .42
6 47 795 0.960 7820 184 745 26.6 1 .40
7 55 799 0.995 7620 189 773 26 .8 1.24
8 63 816 1.013 7470 246 786 27 .1 1.26
9 71 . 810 0.955 7930 248 741 26 .2 1.25

10 79 816 0.995 7570 253 773 2 5 .3 1 .39
11 8? 837 1 .077 7060 260 828 28 .0 I .27
12 95 830 0.984 7670 256 765 27.3 1 .3 7
13 103 335 ■— * - 248 ■ iiulmi 1 rm m  1 1 .6 8
14 111 379 1.013 7470 245 754 29 .0 1 .64
15 119 874 1.036 7310 248 770 28.1 1 .77
16 127 336 1.026 7360 248 763 28.6 1.-73
17 135 928 0.944 8030 236 679 3 1 # 1 .92
18 143 923 0.965 7820 235 695 2 9 .5 2.08
19 . 151 9 io 1.012 7470 226 729 2 9 .1 2.30
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C a ta ly s t : Mo-0203-T-l/B"
IOO grams (reg e n e ra te d  from CAR-1)

P re s su re : $00 p s ig
O i l : Husky vacuum heavy gas o i l ,  22 .7  0AePeI . ,  3.18% g .
R ecycle Gass Catform ing gas (app rox im ate ly  60.$% Ho)
Y ields 89 w eight %■

TABLE VlI
TABULATED DATA FROM CATALYST ACTIVITY RUN CAR-2

Samp T o ta l Cat Temp Space Vel Recycle Av Gas Y ield  Product
No. ■ Hours °F Av. gms/gm/hr F t^ /b b l  Consump Gms A .P .I .

F t3 /b b l O il

1
2 
3

8
16
24

Product 
% 8 .

936
921
919

0.940
0.998
0 .954

8380
7570
7930

670 29.4 2.$7
711 27 .7  2 .72
68 2 4 .4  —
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C a ta ly s ts  Union O il Co1Se C obalt M qlybdate -  3 /16" 
iOO grams (new)

P ressu res  500 p s ig
O il:  Husky vacuum heavy gas o i l ,  22 ,7  0AoP0I 0,  3 ,1 8  % Se
R ecycle Gas: Catform ing gas (app ro x im ate ly  60.5$ Hc,)
Y ields 97.5  w eight % ( samples 1 -12  incl,*)

97 .0  w eight % (sam ples 13-15 in c l,-)
96 w eight % (samples,- 16-18 in c l , .)
91 w eight % (sam ples 19-21 i n c l , )

TABLE VIIi
TABULATED DATA FROM CATALYST ACTIVITY RUM CAR-3

Samp T o ta l Cat Temp Space Vel Recycle Av Gas Y ield Product Produi
No, Hours 0F Av, gms/gm/hr F t3 /b b l Consump Gms A .P .I . % 8

F tV b b i O il

I 11 793.5 0,827 9160 283 646 29 .0 0.5752 19 643 = = » 262 407 28 .1 0.670
3 27 784 0.820 9220 208 640 2 9 .4 O.585
4 35 779 0.883 8550 2 l5 689 27 .7 0.796
5 43 777 , 0.903 8390 216 703 2 7 .4 0.871
6 51 774 0.871 8550 251 780 27 .2 0.990
7 59 796 1 .0 7570 295 782 27 .9 0.8958 67 796 0.983 7720 239 766 2 7 .8 0.875

. 9 75 800 0.975 7620 215 762 2 8 .0 0.850
10 83 814 0.993 7620 215 775 28 .6 0.844
11 91 813 0.993 a m  a 212 775 28 ,4 O.896
12 99 D ™ea eacac=» 7980 227 428 *5M=*C=e

13 107 831 0 .948 7980 225 736 28 .5 O.96O
14 115 834 0.930 8130 230 722 28 .$ 0.973
15 123 835 0.949 7980 220 734 28 .4 IoO l
16 131 880 0.939 8030 230 721 30.3 1 .15
17 139 879 0.936 8080 222 719 29.3 1 .28
18 147 878 0.932 8080 218 716 29.6 i .40
19 155 926 0.966 7830 2 l0 702 30 .5 1 .67
20 163 921 0.913 8280 203 664 29 .5 1 .99
2 l 171 921 0.958 7930 2 l0 684 28 .1 2.11



TABLE IX
TABULATED DATA FROM CATALYST ACTIVITY RUH CAR-4

C a ta ly s t : Union O il G o 's . C obalt M olybdate 3 /16"
, 100 grams (regenerated from CAR-3)

P re s su re ; 500 p s ig
G il;  Husky vacuum heavy gas o i l ,  22„7 0AePe-Ie,  3 .1 8  % Se
Recycle Gas: Catform ing gas (app rox im ate ly  60*5% Hg)
Y ie ld : 96.3 w eight %

Samp T o ta l Cat Temp Space Vel Recycle
Ft-3Zbbl

Av Gas Y ield Product P roduct
Ho. Hours °F Ave gms/gm/hr Cohsump

F t3 /b b l
Gms
O il

A .P .I . % S

0 , 6 900 1 .32
I 14 928 0.860 8460 0 687 30.5 1 .06
2 22 922 0.898 8090 32.2 719 29 .4 1 .29
3 30 f 917 G.915 7940 66.1 734 29.2 1.45
4 924 0.915 7950 130.6 733 28.8 1.64
5 46 920 0.920 7900 146.5 736 28.6 1.72
6 54 908 0.925 7880 167.4 740 27.5 1.92
7 62 924 0.891 8160 166.2 713 2 8 .4 2.08
8 70 919 0.933 7800 190.4 746 28.2 2 .28
9 78 920 0.925 7800 198 740 2 7 .7 2.43
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TABLE X
TABULATED DATA FBOM CONTINENTAL OIL RUN CONOCG-I

C atalyst-: Co-Mo-020l-T-3 /1 6 11
100 grams (new)

P re ssu re : $00 p s ig
O il: C o n tin en ta l O il Co’s ,  jsample No,, B i 987

43»1 0AePeI ,  and 0,874 % S, (See Table I I )
Recycle Gas: Conoco w aste gas (See. Table XI)
Y ie ld : 95»4 w eigh t %

Samp T o ta l Cat Temp Space Vel R ecycle 
gms/gm/hr F t^ /b b l

Av Gas Y ield P roduct Product
No, Hours °F Av,' Consump

F t3Zbbl
Gms. 
O il

AeP-,1, #  S

i 16 775 0,880 9330 290 673 44 .1 0,138
2 24 779 0.938 . 8880 243 720 43.6 0.140
3 32 ■ 775 0,927 8880 ' 209 708 43.8 0,146
4 40 780 0,875 ■9470 269 668 43.6 0,144
5 48 777 0,862 9600 294 659 43.3 0,129
6 56 775 0,888 9330 319 679 43.5 0,122
7 64 781 1 ,01 8900 345 . 772 4 3 .7 0.144
8 72 77& 1 ,0 2 8120 323 784 43.6 0.146
9 80 776 1 ,02 8120 302 784 43.6 0.142

10 88 780 0,972 856O 306 742 4 3 .7 0,138
11 .96 777 0.963 8560 306 735 43 .7 0.134
12 104 778 1.03 7970 305 786 4 3 .7 0.157
13 112 782 1 ,0 4 7880 278 798 4 4 .8 0.158
14 120 778 0.955 8600 259 730 4 5 .0 0.163
15 128 780 0.938 8800 239 715 44 .9 0.146



TABLE XI
GAS ANALYSES DATA FOR RUN CONOCO-

Corresponding Nature Hpe on % N2+H2 % E
O il Sample Noe Of

Sample
Stream

I Charge*
Gas

——— =”=■ 35«6

Vent
Gas

22 ='"= ——

5 Recycle
Gas

. 48 ” = 30 e 8

.11 Recycle
Gas

92 34*4

-x- Analyses by Matheson Company

-X-X- CHĵ  p lus higher compounds

^ ^2 % OH4 $ C2H4 ^ 02% % C2+ % C3+

9.2 32 .0 7.8 10.1 5.3

24.9 6 40.2 28.9

48 B””e“ 20 .4

65.6**



TABLE X II
ANALYTICAL DATA OF COMPOSITE SAMPLE FROM CONTINENTAL OIL' COMPANY rS 

DESULFURIZED CRUDE TOMER OVERHEAD OIL SAMPLE NO. Bi 937*

■gg
N  P d  O  Q1

B
il

li
ng

!
C

at
al

yt
:

D
es

ul
ft

u
S

tr
ai

gh
i

G
as

ol
im E-i

f  § 
h I

Sample No. 6547 6547
A A=I

G rav ity ,°A P I 43.6 69.9
D i s t i l l a t i o n ,  °F 

IBP 139 103
# 203 141

10# 234 152
20# 234 164
30# 332 172
40# 372 180
50# 409 187
60# 453 194
70# 433 201

' 30# 522 210
90# 566 . 223
95# 590 234
E .P . ’ - 612" 258
Recovery # 98.0 99.0
R esidue # 1 .0 0 .7

T o ta l S u lfu r Wt % 0.147- 0.03
M ercaptan Content

Wfc. % 0 .000? -

I 8 I I rSd ® h
CL m  O  CL
g & § ^  g ^  I

FQ O  g ,

O  f t O  f t O  f t - O  f t

S g f  O T S ?  & 'J e  © fi 0
S 1 S' O  P , O  A O  P 1

cxj > cn > VX |5 • P  CO cH  CDCO Cs O >

6547 6547 6547 6547 6547
A=2 A=3 A=4 A-5 A-A

52.2 44 .6 38.5 32.3 59.2

260 344 410 507 122
269 352 424 522 172
272 354 426 525 190
277 357 431 528 210
282 338 435 530 226
288 361 439 532 240
292 364 443 534 252
296 366 447 538 269
301 370 453 542 282
310 374 459 347 294
322 382 470 554 312
331 388 478 560 323
356 409 500 575 347'"

99.0 99.0 99.5 99.0 99.5
0 .7 0.8 9.5 1.0 0.5
0.003  0 .12  0.06 0 .28 0.003

- - — - — 0.004

toq ft .•H ©-P 4 Icd Tf -=5 -=Il © d CYft-

ft Y T I .
-S  0"M © ©NO VO iH rH© PQ tS.'fcQ.

W  f t

O Ph p
CO 4f\ ir\CD rH • • »•H eH Cs- CN &0 0  cd^  O VX IA O O V X  - Y PQ no >

6547 6547 6547
A=B A=C A—6

41 .4 35,8 29.1

352 421 i -
368 443 CoI
372 449
381 457
387 466
395 475
402 484 ■■■•ew

411 495
422 507
437 521
456 338 ew ewe-

468 549
494 565 * * * =

99.0 99.6
1 .0 1 .0
0 .04 0.16

«  Z

^ A n a ly tic a l work done by C o n tin en ta l O il Company, Ponca C ity , Oklahoma
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C atalyst; Union O il G o's. Cobalt Molybdate 3 /1 6 ,T
(P re v io u s ly  used fo r  S t a t i s t i c a l  Runs ( l l ) )

P re s su re ; 800 p s ig
O il: Farmers U n ion 's, 4 1 .0  0AePeI .  and 0.600. % S (See Table I I )
Recycle Gas: Farmers Union's waste gas (See Table XVl)
Y ie ld : 97«5 w eight % (e s tim a ted )

TABLE XIII
TABULATED DATA FROM FARMERS UNION RUN FUR-1

Samp T otal Cat Temp Space Vel Recycle Av Gas Y ield Product P roduct
No. Hours °F Av. gms/gm/Hr F t3 /b b l Consump

F t3 /b b l
Gms
O il

A .P .I . % 8

I 5 760
2 13 781.5 6.896 10030 223 663 41 .6 0.068
3 21 775.5 0 .915 9850 587 714 ‘41 .6 0.064
4 29 779 0.919 9800 566 716 41 .6 O.O65
5 37 780 0.940 9560 432 733 41 .6 0.062
6 45 778 0 .908 9900 444 • 708 41 .6 0.064
7 53 765.5 0 .908 9560 384 708 4 1 .4 0.080
8 6l 781 0.895 10130 323 698 41 .5 0.075
9 69 776 0.859 10530 297 . 669 41 .5 0.076

10 77 775.5 0.893 6500 103 697 4 1 .5  ■ 0.104
11 85 782.5 0 .958 6110 447 747 41*4 0.104
12 93 777 0.960 6110 374 748 4 1 .4 0.109



C atalyst; Union O il G o's. Cobalt Molybdate 3 /1 6 11
lOO grams (p rev io u sly  used for  FUR-1 
and S t a t i s t i c a l  Runs ( l l ) )

Pressure; 800 p slg
0 i l :  Farmers U n ion 's, 33»8 0AeP-.!. and I »280 % S6

(See Table I I )
R ecycle Gas; Firmers Union's w aste gas (See Table XVl) 
Y ie ld ; 97.5  w eight % (estim ated)

TABLE XI#
TABULATED DATA FROM FARMERS UNION RUN FUR-2

Sarap T o ta l Cat Temp Space Vel Recycle Av Gas Y ield Product Product
No. Hours 0F Av6 gms/gm/hr F t3 /b b l Consump

F t3 /b b l
Gms
O il

A6B6I 6 % S

I  , I 784.5 —mn. . ■ - 0.436
2 9 780 0.926 6460 500 722.3 3 5 .6 0.421

*3 17 748 0.848 7060 629 661.0 ; '34 .3 0.530
4 25 782 0.984 6100 497 767.0 35.3 0.450
5 33 777 0.959 9380 202 747.5 35.4 O.425
6 41 777 0.985 9140 137 769 35.1 0.470
7 49 767.5 0.994 8900 104 774.5 3 5 .0 0.508
8 57 779 0.988 9090 176 771 35.0 O.525
9 65 780 0.986 9120 234 769 3 5 .0 0.534,

^Sample 3 -  power o f f  Ig  h rs,.



C a ta ly s t ; Union O il Coi Se C obalt M olybdate 3/16".
lOO grams (p re v io u s ly  used  fo r  FUR I  & 2 
and S t a t i s t i c a l  Runs ( I l ) )

P re s su re : 800 p s lg
O il:  Husky No. 3 fu e l  o i l ,  29 . T 0A0EeI e and 2 .176 % S .
Recycle Gas: Farmers U nion 's  w aste gas (See Table XFI )
Y ie ld : 98.59 w eight % ■

TABLE XE.
TABULATED DATA FROM FARMERS UNION RUN FUR-3

Samp T o ta l Cat Temp Space Vel R ecycle Av Gas Y ie ld Product P roduct
No. Hours dF Av. gms/gm/hr F t3 /b b l Consump

F t3Zbbl
Gms
O il

A .P ..I. # S

*1 8 780 0.950 9460 420 , 749 31 .9 0.9452 16 772 0.952 9400 459 751 31 .5 1 .180
3 24 776.5 0.945 9500 393 746. 31.5 1.210
4 32 779.5 1 .002 8920 351 791.3 31.4 1.275
5 40 780 0.938 9520 340 740 3 1 .7 1.260

•“"Sample I  had sm all p e rcen tag e  o f  Farmers Union Fuel O il
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,TABLE XVI
GAS ANALYSES DATA FOR RUNS FUR-1, 2 , & 3

Charge Gas: U8.6% CH4 , 4 .2 #  CO, 4 .7 #  GO2, 18.3# H2 and 24.2# N2
(A nalysis  by Matheson Company)

N ature o f  Sample # n2+h2 # CH4 # G2E4 #  C2Ea #  C2F

Vent gas (77 h ou rs) 6 .7 7 .3 8 .7 64.6 1 2 .7

R ecycle gas a t  end 
FUR-2 & s t a r t  o f  FUR-3 28 .1 44 .5 rrumwn 26.3 __rr.

R ecycle gas a t  end 
o f  FUR-3 25.3 62 .1 12.6
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. . TABLE XVII
TABULATED DATA FROM LLOYDMIMSTER RUM LMR-I

C a ta ly s t :  C yclocel (a c t iv a te d  b a u x i te ) ,  Sb-2446-51
i.OO grams (new)

Pressure:: Atmospheric (1 2 ,4  p s ia )
R ecycle G as: None
Y ie ld : 98 ,5  w eight %

Samp T o ta l Cat Temp Space Vel Recycle Efflu­ Y ie ld Product Product
Mo, ' - Hours 0F Av, gms/gm/hr F t-V bbl en t Gap Gms A»P 01* % 8

F t3 /b b l O il

(O il: Husky b lend  3 4 .1  0AePeI . ,  0,850 S 0 (See Table XVII'I)

0
I

3
11 754 1.081 123 852 35.1 0.384

2 19 749 1 .110 131 875 3 4 .8 0.397
3 2? 751 0.948 129 747 3 4 .7 0.432
4 35 ; 762 0.989 67.2 778 34.6 0.449
5 43 753 0.945 47.5 744 34.6 0.459
6 51. 757 1*049 47.0 824 34 .5 0,502

(O il: Husky, b le n d , 3 4 ,0  ° A ,P ,I ,  and 0.783 # S .)
7 59 755 1.072 52*3 845 34 .5 0,425
B 67 755 1.052 32.6 829 34.5 0.420
9 75 753 1 .070 30.7 843 34.5 0.437

10 83 754 1 .0 1 8 28.3 802 34.5 0.442
11 91 753 1.025 28.3 808 34.5 P.453
12 99 747 1.005 25.4 793 34.3 0.455
13 107 743 1 ,010 24 ,0 795 34 .2 0.413
14 115 754 1.001 22 ,6 787 3 4 .4 0.470
15 123 746 1 .000 22 .0 788 3 4 .4 " 0.505

(O il: Husky, b le n d , 33 ,9  0AePeI 0 and 0.823 % S .)
16 131 752 1 ,010 22.6 795 3 4 .2 0 ,510
17 131 752 0.994 20.6 783 34.3 . O.522
18 REGENERATION
19 147 762 0.967 65.3 762 34.6 0.330
20 155 758 0.951 61.4 749 34.6 0.339
21 163 757 0,945 58.6 745 34.5 0,365
22 171 756 0.965 48 .0 759 34.5 0,362
23 179 760 0.970 46.5 764 34*4 0.390
24 187 756 0.932 42 .7 734 3 4 .4 0.380
25 195 753 0.929 32.6 732 34.5 0.400
26 203 752 0.947 37.9 . 745 3 4 .4 0.443

(O il: Husky, b lend ., 3 3 .8  qA »P,I, and 0,807 ^  S1. )
27 211 752 0.943 3 1 .2 744 34 .3 0 .467
28 219 .754 P.929 29.3 732 34.3 0.500
29 REGENERATION
30 227 752 0.973 36 .0  766 35 .0  0.347
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TABLE X Y H lcont *(3.)
TABULATED DATA FROM LLOYDMINSTER RUN LMR-I .

Samp T o ta l Cat Temp Space Vel R ecycle E f f lu -  Y ield  P roduct Product
Noo Hours 0F Ave gms/gm/hr F t-y b b l e n t Gas Gms AeP eI e % S

F t3 /b b l  O il

(O il: Husky, b le n d . 33.8  0AePeI e and 0 .807 % S.O
31 235 749 0.81? 95.0 643 34 .8 0.342
32 243 756 0.672 46 .6 528 34.8 0.354
33 251 750 0.595 32.6 468 3 4 .7 0.380
34 259 763 1.408 62 .0 1110 34.5 0.352
35 267, 751 0.990 57.0 779 34 .4 0.376
36 275 753 0.990 53.3 779 34 .4 0.372
37 283 756 1.158 45 .6 913 34.5 0.374
38 . 291 754 .. . • 1 .150 45.6 906 34.5 0.377

(O il: Husky, b le n d . 34.3 0AePeI . and 0.754 # Se-)
39 299 759 1.072 54.3 844 34.7 0.385
40 307 757 1.136 50.9 895 34.6 0.393
41 315 757 1 .094 38.9 862 34 .7 0.453
42 323 753 ' 1.189 22.6 936 34.6 0.478
43 331 752 6.769 13 .4 606 34.5 0.466
44 339 753 1 .178 13.9 928 3 4 .4 ■ 0.534
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TABLE m i l
OIL BLENDING DATA FOB LLGYDMINSTEB BUN LMB-I

E f f lu e n t Source of. Blend # By w t. ^  By -wt. G rav ity
O il Samp No. O il ,  Husky’s Samp 

No.
L0G0O0 K0 D. 0A0-P0I 0 

a t  60°F

1 -6  i n e l . LeG0O0 598 & K.D. 597 71.7 . 28 .3 3 4 .1
7-15 " L.G.O. 601 & K0D0 600 60 .7 39.3 3 4 .016-26  " L0G0O0 661 & K0D0 600 60.7 39.3 3 3 .9
27-38 " L.G.O. 601 & K0D0 600 60.7 39 .3 3 3 .8
39-44 » L.G.O. 601 &'K0Do 600 More K0D0 added to  

s t r e tc h  o i l  b lend
34 .3

and s t i l l  n o t v a ry  too  f a r  
from 0 ,8  % S in  blend*

TABLE XIK- '
TABULATED DATA FBOM LLOYDMINSTEB BUN LMB-I ■

A0S0TeM. D i s t i l l a t i o n  on LME-I Composite o f  E f f lu e n t O il 
(O il l e f t  a f t e r  sm all p o r tio n s  were removed f o r  a n a ly se s )

G ra v ity  °A.-P0I 0 a t  60°F 34 ,3

IBP 277°F
5 cc 362

10 380
20 404
30 425
40 442
50 460
60 471
70 488
80 514
90 548
95 582

E0P0 601
Becovered 9 #
Efesidue 1 .8
Loss . 0 .1

% S in
Blend
■Oil

0.850
0.733
0.823
0 .80?
0.754
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F igure 3 . P ercen t S u lfu r in  E ff lu e n t O il and P e rc m t 
Hydrogen in  Recycle Gas v s . O n-Strean Time fo r  Cobalt 
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S u lfu r C ontent in  E ff lu e n t O il fo r  C obalt Molybdate C a ta ly s t ,  
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F igure  6 . E f fe c t o f  C a ta ly s t Tem perature on D e su lfu r iz a tio n , Run CAR I  and 3 
Molybdenum Oxide C a ta ly s t ■ o Cobalt M olybdate = x
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F igure  7 . E f fe c t o f  On-Stream Time on S u lfu r  Removal, Run CAR I  and 3 
Molybdenum Oxide = o " Cobalt Molybdate -  x
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F igu re  8 , E f fe c t o f  On-Stream Time on S u lfu r Removal fo r  Cobalt 
M olybdate C a ta ly s t ,  Run C0N0C0-1
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F igure  9 . E ffe c t o f  On-Strearn Time on S u lfu r Removal 
fo r  C obalt Molybdate C a ta ly s t ,  Run FUR-1



M
A

M
S

 S
 #

£M
Q

V
£Q

 P
£

#
 K

fL
O

G
fiA

M
 

C
H

A
R

G
E

 O
ft

- 60-

HAORS ON STREAM

F igure 10 . E ffe c t o f  On-Stream Time on S u lfu r  
Removal f o r  C obalt Molybdate C a ta ly s t ,
Run FUR-2
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F igure  11 . E ffe c t o f  On-Stream Time on S u lfu r Removal 
fo r  C obalt M olybdate C a ta ly s t ,  Run FUR-3
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F igure 1 2 . E f fe c t o f  R egeneration  on S u lfu r  Renoval fo r  A ctivated  
B auxite ( C y clo ce l) C a ta ly s t ,  Run LKR-I
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