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Abstract:
The purpose of this investigation was to determine the conditions and contact agents necessary to
reduce the content of Husky Humber 3 fuel oil from 2.1% sulfur to 0.5% sulfur or less.

At atmospheric pressure, the desulfurization effected during a two-hour period by chrome-alumina,
molybdena alumina, cobalt molybdate, acid activated aluminas and acid activated bauxite were
determined on 500 gram samples in a fixed bed reactor at temperatures from 418°C to 422°C space
velocities of 1. and hydrogen rates of 1.74 ft^3 S.T.P. per hr. Of these catalysts, the acid activated
bauxites gave the maximum desulfurization to 1.01% sulfur in the effluent. Consequent investigation
revealed that this was about the maximum obtainable with bauxite or HF activated bauxite« In a
pressure reactor, using 1000 grams of catalyst, desulfurization through destructive hydrogenation was
effected with both cobalt molybdate and molybdena-alumina. Desulfurization to less than 0.5 per cent
sulfur in the effluent is possible with both catalysts.

Desulfurization increases with greater pressures through 500 psig and with larger hydrogen to oil ratios
through 0.76 liters H2 S.T.P. per gram of oil. Regeneration by air oxidation decreases the activity of
both catalysts.

Destructive hydrogenation is the only method investigated which will continuously produce a product
less than O.5 percent sulfur. 
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■ABSTRACT

The purpose o f t h i s  in v e s t ig a t io n  was to  determ ine th e  c o n d itio n s  and 
c o n ta c t ag en ts  n ecessa ry  to  reduce  th e  c o n te n t o f  Husky Humber 3 fu e l  o i l  
from 2 0\% s u l fu r  to  Oe5^ s u lfu r  o r  le s s «

At atm ospheric  p re s s u re , th e  d e s u lf u r iz a t io n  e f fe c te d  du ring  a  two^hour 
p e rio d  by chrom e-alum ina,  molybdena a lum ina , c o b a lt  m olybdate$ a c id  a c t iv a te d  
alum inas and ac id ' a c t iv a te d  b a u x ite  were determ ined  on $00 gram samples in  a 
f ix e d  bed r e a c to r  a t  tem p era tu res  from AlS0C to  422°C space v e lo c i t i e s  o f  1® 
and hydrogen r a te s  o f  I 074 f t ^  S0T0P0 p er h r .  Of th e se  c a ta ly s t s ,  th e  a c id  
a c t iv a te d  b a u x ite s  gave th e  maximum d e s u l f u r iz a t io n  to  I »01% s u lfu r  in  th e  
e f f l u e n t , Consequent in v e s t ig a t io n  re v e a le d  th a t  t h i s  was about th e  maximum 
o b ta in a b le  w ith  b a u x ite  o r HF a c t iv a te d  b a u x ite .

In  a  p re ssu re  r e a c to r ,  u s in g  1000 grams o f c a t a l y s t , d e s u lf u r iz a t io n  
th rough d e s t r u c t iv e  hyd ro g en a tio n  was e f fe c te d  w ith  bo th  c o b a lt  m olybdate 
and m olybdena-alum ina, D e su lfu r iz a tio n  to  l e s s  th an  0 ,5  p e r cen t s u lfu r  
in  th e  e f f lu e n t  i s  p o s s ib le  w ith  bo th  c a t a ly s t s .

D e su lfu r iz a tio n  in c re a s e s  w ith  g re a te r  p re ssu re s  th rough  500 p s ig  and 
w ith  la r g e r  hydrogen to  o i l  r a t i o s  th rough  0 ,76  l i t e r s  Hg S0T0P0 p er gram 
o f  o i l o R eg enera tion  by a i r  o x id a tio n  d ec rea se s  th e  a c t i v i t y  o f  both c a t­
a ly s t s  O

D e s tru c tiv e  hydrogenation  i s  th e  on ly  method in v e s t ig a te d  which w i l l  
co n tin u o u s ly  produce a p roduct l e s s  th an  0 ,5  p e rcen t sulfur®



INTRODUCTION'

Because o f  i t s  d e le te r io u s  e f f e c t s  when p re sen t in  engine f u e ls ,  th e  

rem oval o f  s u lfu r  from petro leum  d i s t i l l a t e s  has re c e iv e d  co n sid e rab le  

a t t e n t io n  fo r  s e v e ra l  decad es . -Primary in t e r e s t  has c e n te re d  on th e  d e su l­

f u r iz a t io n  o f g a so lin e  because o f th e  g re a t  demand fo r i t s  use  as a motor 

f u e l .  However,' common methods fo r  th e  d e s u lf u r iz a t io n  o f  g a so lin e  a re  no t
I

a p p lic a b le  to  th e  h e a v ie r  d i s t i l l a t e s s m ain ly  because o f  th e  d if fe re n c e  in  5 

th e  ty p es  o f  s u l fu r  compounds p re s e n t . In  g e n e ra l th e  s u l fu r  p re sen t in  

h e a v ie r  d i s t i l l a t e s  i s  more predom inan tly  th io p h en ic  and hence n o t , re c ep - 

t i v e  to  b a u x ite  tre a tm e n t /  Also th e  co n v ersio n  o f - m ercaptans -to d is u l ­

f id e s  ■ i s  no t o f  any i n t e r e s t  in  th e ..p ro d u c tio n .’o f -h e a v ie r • d i s t i l l a t e s  s in c e

th e  p rim ary  problem i s  th e  re d u c tio n  o f s u l fu r  t o  s p e c if ie d  l i m i t s .

Because o f in c re a se d  u t i l i z a t i o n  o f  th e  d i s t i l l a t e s  h e a v ie r  than  gas­

o l in e ,  such as  d ie s e l  and j e t  engine f u e l s ,  a d d it io n a l  in c e n t iv e  i s  p laced  

on th e  developm ent o f  p ro cesses  capab le  o f  producing com m ercially  a low 

s u lfu r  p ro d u c t. The su p p ly  o f low s u lf u r  f u e l 'o i l s  a re  o f  p a r t ic u la r  im­

p o rtan ce  to  our n a t io n a l  d e fe n se , s in c e  a t  th e  high tem p era tu res  o f - j e t  

engine o p e ra tio n  t h e  o x id a tio n  compounds o f s u lfu r  w i l l  combipe w ith  th e  

en g in e  m eta l p roducing  weakness where s t r u c tu r a l  s tre n g th  i s  o f prime im­

p o rta n c e . ■

The purpose o f  t h i s  in v e s t ig a t io n  was to  d isco v e r th e  c o n tac t agen ts  

and p ro cesses  n ecessa ry  to  produce a f u e l  o i l  w ith a s u l fu r  con ten t l e s s  

th a n  0 . 5$ per c e n t .

A l i t e r a t u r e  su rvey  was conducted fo r  th e  purpose o f in d ic a t in g  suc­

c e s s f u l  -avenues o f  approach to  t h i s  d e s u lf u r iz a t io n  problem . The r e s u l t s



o f  t h i s  su rvey  show th a t  a preponderance o f  work has been d ire c te d  toward 

th e  d e s u lf u r iz a t io n  o f  g a so lin e s  and n a p th a s . Some o f th e  c o n ta c t ag en ts  

used  fo r  th e  d e s u lf u r iz a t io n  a re  as  fo llo w s : b a u x ite , le a d  alum ina, boron

phosphate on a lum ina ,■ ch a rco a l im pregnated w ith  a lk a l i ,-  aspheron  c la y s ,  and 

a c o b a lt  m olybdate c a ta ly s t*  Among th e  ag en ts  used f o r  s u l f u r  removal from 

h e a v ie r  d i s t i l l a t e s  a re  n ic k e l  on alum ina, copper and n ic k e l  on alum ina and 

c o b a lt molybdate*

I t  i s  expected  th a t  a com m ercially s u c c e ss fu l c o n ta c t d e s u lf u r iz a t io n  

ag en t w i l l  s a t i s f y  th e  fo llo w in g  c r i t e r i a :

Io  P r a c t ic a l  d e s u lf u r iz a t io n  below tem p era tu res  o f  in c ip ie n t  carbon 

to  carbon c ra c k in g ,

2 , Long c a ta ly s t  l i f e ,

3 o P r a c t ic a l  r e g e n e ra t io n ,

4 , Reasonable c o s t  and a v a i l a b i l i t y .

For a n a ly s is  o f th e  f i r s t  c r i t e r i o n  i t  shou ld  be p o in ted  o u t th a t  th e  bond 

energy  f o r  a carbon to  carbon bond ($ 8,6  i s  o n ly  s l i g h t l y  h ig h e r th a n

th a t  fo r  a  carbon to  s u l f u r  bond (54.$  I th u s  i t  would seem ev id en t

th a t  any therm al c rack in g  o f  th e  carbon to  s u lfu r  bond would be accompanied 

by c o n sid e ra b le  carbon to  carbon c ra c k in g . This f a c t  i s  s u b s ta n t ia te d  by 

d a ta  ( 6 ) on th e  th e rm al c rack ing  o f s u l f u r  -stocks where s e v e n ty -f iv e  p e rc en t

o f th e  s u l fu r  rem ained in  th e  re s id u e* ..A- d e s u lf u r iz a t io n  ag en t must be

s e le c t iv e  in  i t s  a c t io n  in  o rd e r to  e f f e c t •d e s u lf u r iz a t io n  w ith o u t degrad­

a t io n  o f th e  hydrocarbon m olecules o th e r  th a n  the  s u l fu r  co n ta in in g  m o lecu le , 

B iere  a re  two ty p es  o f  c o n ta c t ag en ts  which a re  o f  i n t e r e s t  in  e f f e c t ­

in g  t h i s  s e le c t iv e  d e s u l f u r iz a t io n .  One i s  th e  ty p e  o f c o n ta c t agen t which



o p e ra te s  th rough  th e  medium- o f  chem ical r e a c t io n ,  e « g ,: IiiO( 2 ) .  This type  

o f  c o n ta c t agen t has th e  -inheren t - d isadvan tage- ̂ of- d im in ish ing  a c t i v i t y  w ith  

d e s u lf u r iz a t io n  accom plished , and -thus f re q u e n t reg en era tio n , i s  requ ired*  

Another c la s s  o f  c o n ta c t ag en ts  e f fe c ts -  d e s u lf u r iz a t io n  th rough  a p rocess 

o f  d e s tr u c t iv e  h y d ro g en a tio n . Cawley and H a ll (3 ) d e s t r u c t iv e ly  hydrogenated 

th iophene arid phenyl m ercaptan with-a-molybdenum d is u l f id e  c a ta ly s t  a t  tw erity 

atm ospheres o f  p re s su re  to  produce hydrogen s u l f id e  -and -a hydrocarbon .

Byrns e t  a l  (2 ) re p o r te d  th e  d e s u lf u r iz a t io n  o f  g a so lin e  h igh  in  s u lfu r  w ith  

a cobalt-m olybdena-alxim ina c a ta ly s t .  The cho ice  o f c o n ta c t agen ts  to  be 

used  in  th e  d e s tr u c t iv e  hydrogenation  o f h igh  s u lfu r  s to ck s  must o f  n e c e s s i ty

(1 ) have a c t iv e  s u l f id e s  as - h y d ro g en a tio n  agen ts  (molybdenum, tung­

s te n  e t c . )

( 2 ) o r form u n s ta b le  -su lf id e s  which -y ie ld  a c t iv e  hydrogenation  ag en ts  

a t  th e  tem p era tu res  below in c ip ie n t  cracking*

(3 ) o r  hydrogenation  ag en ts  which do n o t form s u lf id e s  on co n tac t 

w ith  s u l f u r  b e a r in g  o i l .

The in h e re n t d isad v an tag es  o f  th i s  p ro cess  a re  -the o p e ra t io n a l  c o s ts  a s s o c i­

a te d  w ith  p ro d u c tio n  and re c y c lin g  o f la rg e  volum es-of hydrogen in  com parison 

w ith  th e  volume o f o i l  t r e a te d .  S ince th e  -economy o f any p rocess fo r  d e su l­

f u r i z a t io n  i s  o f prim e im portance , i t  i s  im p era tive  t h a t  t h i s  in v e s t ig a t io n  

should  b eg in  w ith  th e  cheaper c o n tac t a g en ts  a t  th e  l e s s  expensive c o n d itio n s  

o f  o p era tio n *

An i n i t i a l  s tu d y  was made on th e  degree o f d e s u lf u r iz a t io n  p o ss ib le  

w ith  b a u x i te ,  a c id  gases w ith  b a u x ite ,  a c id  gases-w ith  a lum ina , and' m e ta l l ic  

compounds on a lum ina , a l l  a t  a tm ospheric  p ressu re*



A d d itio n a l work under su p er-a tm ospheric  c o n d itio n s  was done on b a u x ite  ? 

m olybdena-alum ina, and c o b a lt  m olybdate. The e f f e c t s  o f  p re s su re , .hydrogen 

to  o i l  r a t i o ,  space v e lo c i ty ,  tem pera tu re  and cycle  tim e were b r i e f ly  in ­

v e s t ig a te d  where th e  r e s u l t s  in d ic a te d  f r u i t f u l  s tu d y .

- 7 -



-S -

EQUIFHEHT, METHODS, MD MATERIALS 

EQUIPMENT

Three r e a c to r s  were used  in  t h i s  in v e s t ig a tio n *  Two were designed 

f o r  use a t  a tm ospheric  p re s su re  and one fo r  use a t  super atm ospheric  p re s ­

su re s  up to  n in e  hundred pounds per square  in c h .

Schem atic diagram s o f th e  r e a c to r s  and t h e i r  a u x i l ia r y  equipment a re  

shown in  F ig u res  I ,  2 and 3» In  g e n e ra l desig n  th e se  u n i t s  were id e n t i c a l .  

They were c o n s tru c te d  from s t e e l  p ip in g j h e a te d - e le c t r ic a l ly  and in s u la te d  

w ith  la y e r s  o f  a sb e s to s  ta p e  an d  magnesia'-mud. Thermowells were p laced  a t  

th re e - in c h  in te r v a l s  along th e  c a ta ly s t  b ed . The p re h e a t s e c t io n  c o n s is te d  

o f  e i th e r  iro n  b a l l s  o r  b e r l  s a d d le s , th e  form er being  more s u i ta b le  fo r  

good tem p era tu re  c o n tro l ,  b u t having th e  d isadvan tage  o f  producing poor c o lo r 

s t a b i l i t y  in  th e  p ro d u c t. The super a tm ospheric  r e a c to r ,  as- shown in  F ig­

u re  I ,  was c o n s tru c te d  w ith  a p a r t i c u la r  e f f o r t  fo r  s a f e ty  o f  o p e ra tio n . 

C re ce iiu s  (4 ) g iv e s  an e x c e l le n t  d e ta i le d  d e s c r ip t io n  o f th e  c o n s tru c tio n  

o f  t h i s  r e a c to r .  A u x ilia ry  equipment c o n s is te d  o f a c a l ib r a te d  manometer, 

Met t e s t  m e te rs , w a ter coo led  copper tu b e  condensers, hydrogen tanks w ith  

p re s su re  r e g u la to r s , re c e iv e r  f la s k s  and a l k a l i  s c ru b b e rs , I ro n -co n s ta n ta n  

therm ocouples were u sed  in  co n ju n c tio n  w ith  a Leads and N orthrup in d ic a t in g  

p o te n tio m e te r fo r  tem p era tu re  m easurem ent.



- 9 -

METHODS .

C ontro l and measurement o f  p ro cess  v a r ia b le s  were conducted as sum­

m arized in  th e  fo llo w in g  p a rag rap h s :

1 . Tem perature; Tem perature was c o n tro l le d  by a d ju s t in g  th e  in p u t

to  th e  Nichrome h e a tin g  elem ents w ith  au to -tran sfo rm ers>  Tem peratures were 

measured w ith  Iro n -c o n s ta n ta n  therm ocouples used in  c o n ju n c tio n  w ith  a Leeds 

and N orthrup in d ic a t in g  p o ten tio m e te r * Tem peratures were re a d  a t  f iv e  m inute 

in te r v a l s  and th e  a r i th m e tic  average fo r  every  sample p e rio d  re c o rd ed ,

2 , Hydrogen r a t e : The hydrogen r a t e  in  th e  a tm ospheric  p re s su re  runs

was c o n tro l le d  by a d ju s t in g  th e  re g u la to r  n eed le  v a lv e  and measured w ith  a 

c a l ib r a te d  manometer,  In  th e  super a tm ospheric  ru n s , hydrogen r a te  was 

measured w ith  a wet t e s t  m e te r . C on tro l o f  th e  hydrogen r a t e  was e x e rc ise d  

by a d ju s t in g  th e  r e g u la to r  o u t l e t  p re s su re  in  co n ju n c tio n  w ith  a need le  

v a lv e  a tta c h e d  to  th e  r e g u la to r  and th e  r e a c to r  e x i t  valve*  At th e  beg in— 

n ing  o f each ru n , th e  r e a c to r  was p re s su re iz e d  and th e  r e g u la to r  need le  

v a lv e  and r e a c to r  e x i t  v a lv e  a d ju s te d  so a s  to  g ive  th e  d e s ire d  r a t e  o f 

flow  w h ile  m a in ta in in g  th e  r e a c to r  a t  o p e ra tin g  p re s s u re , A runn ing  re c o rd  

was made o f  th e  volume o f e x i t  g ases (H^S f r e e )  and th e  hydrogen r a te  over 

each sample p e rio d  was determ ined  from th e s e  d a ta . A lthough a sm all amount 

o f  uncondensed hydrocarbon g ases may be in  th e  hydrogen and a  p o rtio n  o f 

th e  hydrogen consumed in  th e  h y d ro g en a tio n , i t  was c a lc u la te d  t h a t  th e se  

com pensating e r ro r s  would n o t in tro d u ce  a  t o t a l  e r ro r  o f  more th an  10 p e r­

c e n t in  th e  hydrogen r a t e .  - Because the--hydrogen r a t e  decreased  a f t e r  th e  

ru n  commenced due to  th e  in c re a s e  in  r e s i s ta n c e  o f th e  c a ta ly s t  bed and th e  

d e c rea s in g  o f  p re s su re  in  th e  hydrogen ta n k , i t  was im p o ssib le  to  f i x  ac­

c u r a te ly  th e  hydrogen r a t e  a t  th e  beg inn ing  o f th e  ru n .
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3 ,  Space v e lo c i ty : Space v e lo c i ty  was a l t e r e d  by pump ad justm en ts

and determ ined  a t  th e  end o f  each run  from c a lc u la t io n s  in v o lv in g  th e  w eight 

o f  o i l  charged5 th e  c a ta ly s t  ch arg e , and th e  on-stream  tim e*

4 9 -P ressu re : The r e a c to r  p re ssu re  d u rin g  su p er-a tm ospheric  runs was

c o n tro l le d  by manual -adjustm ent o f  th e  r e a c to r  e x i t  v a lve  in. co o rd in a tio n  

w ith  v i s u a l  o b se rv a tio n  o f  th e  r e a c to r  p re s su re  g ag e* •

The d e te rm in a tio n  o f th e  s u lfu r  c o n ten t o f  th e  p roduct and s to ck  o i l  

and th e  carbon laydown on th e  c a ta ly s t  was determ ined  in  th e  fo llo w in g  ways:

(1 ) S u lfu r  c o n te n t: S u lfu r c o n ten t o f  th e  in f lu e n t  and e f f lu e n t  o i l

was determ ined  by th e  lamp s u l f u r  method, ( I ) .  In  b r i e f ,  t h i s  

method in v o lv es  th e  com bustion o f  a  weighed sample o f  o i l  and th e  

a b so rp tio n  o f th e  s u l fu r  d io x id e  produced in  a known amount o f  base* 

The excess base  i s  determ ined by  t i t r a t i o n  w ith  a s u i ta b le  a c id  and 

in d ic a to r*

(2 ) Carbon laydown: Carbon laydown du rin g  -atm ospheric p re ssu re  was

determ ined by c a t a ly s t  w eight gain* This method i s  in h e re n tly  in  

e r r o r  due to  th e  lo s s  o f  m o is tu re  by  th e  c a ta ly s t  and th e  g a in  ip  

w eigh t due to  a d so rp tio n  o f o i l .  Though these- f a c to r s  a re  compen­

s a t in g  in  e f f e c t ,  th e  l a t t e r  i s  g e n e ra l ly  l a r g e r .  Carbon laydown 

du rin g  super a tm ospheric  ru n s  was determ ined by burn ing  th e  carbon 

o f f  th e  c a ta ly s t-b e lo w  600°C* The exhaust gases w ere m etered and 

analyzed  w ith  an o r s a t  fo r  CO, Og, and COg co n ten t*  Carbon laydown 

was c a lc u la te d  from th e  m eter re a d in g s  and carbon c o n ten t o f  th e  b u rn -  

o f f  gases a s  shown in  th e  sample c a lc u la t io n s » T his method te n d s  tp  

y ie ld  h ig h e r r e s u l t s  th an  a c tu a l  due to  th e  p re sen ce  o f adsorbed

H2S and o i l  on th e  c a ta ly s t  and th e  o x id a tio n  o f  th e  m e ta ll ic



s u lf id e s  to  m e ta l l ic  ox ides and s u l f u r  d io x id e » T his e r r o r  can be 

l im ite d  by c a r e fu l  blow down o f th e  c a ta ly s t  -with hydrogen a t  th e  end 

o f each run* I t  m ight be no ted  h e r e ■th a t  s te a m -s tr ip p in g  o f th e  b a u x ite  

c a ta ly s t  w ith o u t b u rn o ff  reduced  i t s  a c t i v i t y  presum ably due to  adsorbed 

w ater v a p o r« This phenomenon would perhaps no t e x h ib i t  i t s e l f  i f  burn­

o f f  was conducted a f t e r  s t r ip p in g ,  s in c e  i t  would ten d  to  remove th e  

adsorbed  w ater*

Materials

This s tu d y  was made e x c lu s iv e ly  on a commercial g rade o f  fu e l  o i l  

a v a i la b le  from th e  Husky O il Co. o f Cody, Wyoming. This p a r t i c u la r  d is ­

t i l l a t e  i s  known a s  Husky #3 f u e l  o i l  and has th e  fo llow ing  p ro p e r t ie s :

1 . B o ilin g  p o in t range (460-660oF)

2 . M ean-M olecular w eight (C a lc , o f  200)

3 .  S p e c if ic  g ra v i ty  0.8734

. 4 .  S u lfu r  c o n ten t 2.10%

5, A.S.TJM. D i s t i l l a t i o n  T a b le -I

A l i s t  o f  c a ta ly s t s  used in  t h i s  s tu d y , to g e th e r  w ith  id e n t i f i c a t io n  

codes and th e  m anufacturing  concern , i s  g iv en  in  Table I I .  This l i s t  

in c lu d e s  a  n ic k e l  b a u x ite  (P o ro ce l) w ith  n ic k e l  n i t r a t e  and decomposing th e  

n i t r a t e  a t  440°C in  a -stream  o f a i r .  The n ic k e l  was th en  reduced w ith

hydrogen



SAMPLE CALCULATIONS

The c a lc u la t io n s  invo lved  in  th e  d e te rm in a tio n  o f space v e lo c i ty ,  

hydrogen to  o i l  r a t i o ,  and carbon laydown a re  b e s t  dem onstrated  by th ose  

computed from ty p ic a l  ru n s . The fo llo w in g  i s  th e  d a ta  reco rd ed  on one such 

ru n .

- 1 2 -

V - I  O .K ., B.M ,, K ,0>, p . 8? J u ly  26, 1951

Run 70

C at, 1000 g r a s ,  Harshaws Cobalt-M oly, 
(Same a s  Run 69 No R egen,)

Bar 641.0  mmHg,

R eac to r P re s s ,  300 # / in ^

Time Samp. Samp,
# SMin, No. Wt. -

0-30 I 404 0,311
30-60 2 428 0.348
60-90 3 461 0.343
90-120 4 423 0.355

» 120-150 5 433 0.333
150-180 6 513 0.346

S . V. to  be c a lc .

Avg . L i te r s Temp.
Tempv C E x it Hg E x it  H,

400 2 2 2 - 24°C
399 393 24°C
408 - 605 24gC
403 798 24°C
404 980 24°C
400 1131 24°G

T o ta l e f f lu e n t  2662

O il charged 
O il ou t

2802 grams 
2662 grams

140 gramsT o ta l lo s s e s



C a lc u la tio n

UG X 100 
2802

Loss on Charge

= 5*0%

~ 1 3 “

B, C a lc u la tio n  o f  Space v e lo c i ty

2802 srm se o i l  charged A OQ1. grins ,  o i l
3 H rs6 (lOOO grams c a t . ) grm, c a t .

C a lc u la tio n  o f average s u l f u r in  e f f lu e n t

Wt6 sample # S Wt6 S u lfu r  in  E ff lu e n t

404 x  0,311 1.255
428 x  0,348 1,489
461 x  0,343 1 ,581
423 x  0,355 1,503
433 x  0.333 1.443
513 x  0 ,346 1 .775

9.046 grams

Avg6 S u lfu r in  e f f » = 2-sPA.6 grams S6 = 0 .340
2662 grams e f f .  '

De C a lc u la tio n  o f  Hydrogen to  o i l  r a t i o  Cavg6)

T6P6 H2O a t  24°G = 22 .4  nurn. -Hg6

P6P6 d ry  H2 = 641.0  — 22»4 -  618,6 m6m6 Hg6

618,6 C273)
760 x  273 +' 24 x  S S 'g m s .  o i l  = ° -302 L l t e r s

srm 6 o i l



S ince  re g e n e ra tio n  o f  th e  c a ta ly s t  on th e  ru n  from--which th e  p receed - 

ing  d a ta  were ta k en  i s  n o t w a rra n ted , th e  fo llo w in g  d a ta  were s u b s t i tu te d  

from an o th er r u n 0

D ata: (P lo t te d  F ig , 1A)

E 0 C a l c u l a t i o n  o f  B u r n - o f f

Time M inutes 5 15 30 60 90 120

L i te r s  E f f lu e n t 12 ,5 3 7 .5 75 H X
Jl O 225 300

by A nalysis

s
' 10 ,0 1 4 .7 15.1 13 .2 6 .0 1 .5

CO 3 .4 2 .3 2 .4 2 .5 1 .0 0

°2 0 .2 0 .5 0 ,5 1 .1 1 0 .0 15 .2

T o ta l CO + CO2 13 .4 1 7 .0 17.6 1 5 .7 7 .0 1 .5

(T o ta l V ol. E f f lu e n t  in  L i te r s  (CO2 + CO) by) _ ^ 0I  l i t e r s  
(g ra p h ic a l  in te g r a t io n  o f F ig , 1a )

Tem perature = 24°C V0P0HgO = 22 ,4  P r e s s , = 639

Wt, Carbon _ (6 3 9 -2 2 ,4 ) x  273 x  36 ,1  = 14 .4  grm s. Cbh
Burned o f f  ToO 273 + 24

*  C o rrec tio n  fo r  V,P» o f HgO n ecessa ry  s in c e  gases a re  m etered w ith

wet t e s t  m eter
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RESULTS MD DISCUSSION •

De s u l f u r iz a t io n  c h a r a c te r i s t i c s  o f  v a r io u s  c a ta ly s ts  a t  a tm ospheric 

p re s s u re *

Table I I I  and F ig u res  4 ,  $ , and 6 p re s e n t th e  - d e s u lf u r iz a t io n  char­

a c t e r i s t i c s  o f a c id  a c t iv a te d  b a u x ite 5 a c id  a c t iv a te d  a lum ina3 chrome- 

alum ina j m olybdena-alum ina# Harshaws c o b a lt  molybdate and Union O il Go* 

c o b a lt  m olybdate . These t e s t s  were conducted a t  a tm ospheric  p re s su re , a 

space v e lo c i ty  o f  1*083 grams o f o i l  p e r gram o f  c a ta ly s t  per hou r, average 

ru n  tem p era tu res  from 40? to  422°C, a  hydrogen r a te  o f  1*74 f t^  S,T*P» per 

h o u r, and an on stream  tim e o f two hours on f iv e  hundred gram samples o f th e  

c a ta ly s ts  as id e n t i f i e d  in  Table II*  A schem atic  diagram  o f  th e  ap p ara tu s  

i s  found in  F ig u re  3* The charged o i l ,  which i s  s ta n d a rd  -throughout t h i s  

s tu d y , co n ta in s  -2*10$-s u lfu r  * I t  may be n o ted  th a t  th e  m e ta l oxide-alum ina 

c a ta ly s t s  [F ig* 6 ) e x h ib it  a  c h a r a c te r i s t i c  d e c lin e  in  a c t i v i t y  w ith  on­

stream  time* As w ith  th e  work o f Haas ( $ ) ,  t h i s  i s  a p p a re n tly  due to  th e
i

fo rm ation  o f  m e ta ll ic - s u lf id e s -*  ■■ The -best d e s u lf u r iz a t io n  was ob ta ined  w ith  

m olybdena-alum ina which gave an average  e f f lu e n t  o f  1*08 p e r cen t su lfu r*

The a c id  a c t iv a te d  alum ina c a ta ly s t  exhibits--low- i n i t i a l  a c t i v i t y  w ith  

th e  HCL a c t iv a te d  alum ina y ie ld in g  th e  b e s t  r e s u l ts *  (F ig . $)* The a c id  

a c t iv a te d  b a u x ite  c a ta ly s t s  (F ig . 4 ) y ie ld  abou t-the-sam e o v e ra l l  r e s u l t  

w ith  th e  HF a c t iv a te d  b a u x ite  e x h ib i t in g - th e -h ig h e s t  i n i t i a l  a c t i v i t y  and 

th e  HCL a c t iv a te d  b a u x ite  th e  h ig h e s t - f in a l  a c t i v i t y .  BF3 a c t iv a te d  b a u x ite  

gave a  p roduct o f good c o lo r  s t a b i l i t y  w h ile  th e -o th e r s  d id  n o t .  The maxi­

mum o v e r a l l  d e s u lf u r iz a t io n  fo r  t h i s  group was -obtained w ith  ac id  a c t iv a te d  

b a u x i te ,  w ith  th e  e f f lu e n t  o i l  c o n ta in in g  an average o f 1*01 p er cen t s u l f u r  

f o r  th e  tw o-hour p e r io d .
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The r e la t io n s h ip  o f  ‘p re s su re , hydrogen r a t e ,  tem p era tu re  and space 

v e lo c i ty  to  d e s u lf u r iz a t io n  w ith  b a u x ite  *

The d a ta  r e l a t i v e  to  th e  e f f e c t  o f  hydrogen r a te  on th e  d e s u lf u r iz a t io n  

o f  t h i s  o i l  a t  a tm oshperic  p re s su re  may be found in  Table IVs For a p lo t  

o f  th e  r e s u l t s  o f  th e se  s ix  ru n s , r e f e r  to  F ig , 7» This p lo t  shows no d is T 

c e rn ab le  e f f e c t  o f hydrogen r a t e  from r a t e s  o f  zero to  1 ,7 4  f t ?  S0TePe p e r 

h o u r»

The r e la t io n s h ip s  e x is t in g  between tem p era tu re  and d e s u lf u r iz a t io n  w ith  

b a u x ite  c a ta ly s t  a t  space v e lo c i t i e s  o f 4 ,1  and I  gram o f o i l  p e r gram o f 

c a ta ly s t  per hour a re  p re sen te d  in  Table V and F ig , 8 , This p lo t  in d ic a te s  

t h a t  th e  same d e s u lf u r iz a t io n  can be o b ta in ed  a t  both space v e lo c i t ie s  in  

th e  v i c i n i t y  o f  440°C. S ince tem p era tu re  and c o n tac t tim e may be considered  

as a com posite v a r ia b le ,  i t  i s  odd th a t  a t  th e  -same tem p era tu re  two v a lues 

o f  c o n ta c t tim e should  y ie ld  th e  same r e s u l t  u n le ss  th e  r e a c t io n  went to  

com ple tion . Thus, i t  i s  in d ic a te d  th a t  about h a l f  th e  s u l f u r  p re sen t in  

th e  o i l  i s  r e c e p tiv e  to  b a u x ite  t r e a tm e n t ,■ The -maximum d e s u lf u r iz a t io n  ob­

ta in e d  was such  as to  y ie ld  a p roduct s l i g h t l y  over one p er cen t s u l f u r .

The e f f e c t  o f  space v e lo c i ty  on d e s u lf u r iz a t io n  w ith  a  HF a c tiv a te d  

b a u x ite  and w ith  b a u x ite  a lo n e  i s  g iven  in  Tables VI and V II , F ig , 9 g ra­

p h ic a l ly  p re se n ts  t h i s  r e l a t io n s h ip .  I t  may be n o te d , by in sp e c tio n  o f t h i s  

p l o t ,  t h a t  convergence o f  bo th  space v e lo c i ty  curves to  y ie ld  a p roduct o f 

s l i g h t l y  l e s s  th an  one per cen t s u l f u r  a t  ze ro  space v e lo c i ty  i s  in d ic a te d .

The space v e lo c i t i e s  range from 8 ,2  to  0 ,25  grams o f o i l  per gram of c a t ­

a ly s t  p e r h o u r. In  th e o ry , th e  d is c u s s io n  o f  th e  p reced ing  a p p lie s  h e re  a l s o .
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Maximum d e su lfu r iz a - tio n  should  be o b ta in ed  a t  th e  lo n g e s t c o n ta c t tim es o r
■ I

lo w est space v e l o c i t i e s . This i s  s u b s ta n t ia te d  by th e  r e s u l t s .

The e f f e c t  o f  p re s su re  on d e s u lf u r iz a t io n  can be determ ined  from th e

r e s u l t s  o f  two ru n s  on f r e s h  b a u x ite  c a t a ly s t  a t  a tm ospheric  and 500 p s ig
■  .  ,  .  '  : i

a s  reco rd ed  in  Table V II I ,  The e f f e c t  o f  p re ssu re  i s  shown to  be on ly  

s l i g h t l y  n e g a tiv e . The im p lic a tio n  drawn from t h i s  f a c t  i s  t h a t  th e  p o r tio n  

o f th e  d e s u lf u r iz a t io n  ta k in g  p lace  under b a u x ite  tre a tm e n t i s  p r im a ri ly  o f  

an i r r e v e r s ib le  n a tu r e « The p a ren t hydrocarbon m olecule co n ta in in g  s u l fu r  

y ie ld s  a con d en sib le  p roduct in  th e  b o i l in g  p o in t range o f 196°F to  660°F 

and hydrogen s u l f id e  and o th e r  gaseous p ro d u c ts  n o t l iq u e f ie d  in  a w ater 

cooled  condenser«

I t  m ight be added t h a t  re c y c le  o f th e  o i l  reduced th e  s u l f u r  co n ten t 

to  a minimum o f s l i g h t l y  l e s s  th a n  one p e r c e n t .  This s u b s ta n t ia te s  th e  

d a ta  on space v e lo c i ty  v e rsu s  d e s u lf u r iz a t io n  (F ig , 9) where th e  e f f e c t  o f  

i n f i n i t e  c o n ta c t tim e o r zero  space v e lo c i ty  showed a  minimum o f  s l i g h t l y  

l e s s  th an  one p e rcen t s u lfu r  in  th e  e f f l u e n t .  Recycle o i l  w ith  a s u l fu r
I

c o n te n t o f 1 .1  p e r cen t was t r e a te d  w ith  a  n ic k e l  im pregnated b a u x ite  (8$ ) I
I

N ick e l) w ith  th e  r e s u l t  o f  on ly  0,022 grams o f s u lfu r  removed per gram of 

n ic k e l .  R eg enera tion  o f  t h i s  c a ta ly s t  by su cc e ss iv e  a i r  o x id a tio n  and r e ­

d u c tio n  w ith  hydrogen f a i l e d .  D e s u lfu r iz a tio n  was th e n  eq u a l to  th a t  ob­

ta in e d  by re c y c lin g  over b a u x i te .

A c o r r e la t io n  between d e s u lf u r iz a t io n  and per cen t t o t a l  lo s s  on o i l  

charged was com piled from th e  r e s u l t s  o f  17 runs on b a u x i te ,  a c id  a c t iv a te d  

b a u x i te s , and alum ina c a t a ly s t s .  (T able IX, F ig , 1 0 ) .  The runs were con­

ducted  a t  atm ospheric  p re s su re  over a  ran g e  o f space v e lo c i t i e s  o f  0 ,5  to  j

8 .2  grams o f o i l  per gram o f  c a ta ly s t  p e r h o u r , and tem p e ra tu re  ran g in g

!
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from 350° to  450°Ce I t  can be deduced th a t  d e s u lf u r iz a t io n  to  a  product 

„ o f  s l i g h t l y  over one p e rc en t s u l f u r  w i l l  in v o lv e  a t o t a l  l o s s ' o f  s l ig h t ly  

over 5 p e r cen t fo r  b a u x ite  and from 6 to  9 p e r cen t fo r  a c id  a c tiv a te d  

b a u x i te s » These lo s s e s  in c lu d e  carbon laydown and uncondensed gases .

B aux ite  in  s e v e ra l  tw o-hour runs shows no c a ta ly s t  w eight g a in  which was 

a measure o f  carbon laydown.

D e su lfu r iz a tio n  th rough d e s tr u c t iv e  hydrogenation  w ith  m olybdena-al- 

umina and c o b a lt m olybdate c a t a ly s t s .

The mechanism o f th e  e lim in a tio n  o f th e  s u lfu r  compounds no t re c e p tiv e  

to  b a u x ite  tre a tm e n t may be proved to  be one o f hyd ro g en a tio n » Through th e  

e x c lu s io n  o f hydrogen o r th e  hydrogenation  c a ta ly s t  d e s u lf u r iz a t io n  i s  

m arkedly d e c re a se d . (See Table V III)

The r e la t io n s h ip  e x is t in g  between d e s u lf u r iz a t io n  and tem peratu re  was 

o b ta in ed  from th e  d a ta  o f  th re e  runs on molybdena alum ina c a ta ly s t  and 

p lo t te d  in  F ig , 11 from th e  in fo rm atio n  in  Table Xe These were su b je c t to  

l im i ta t io n s  in  p r a c t ic a l  use  as a re fe re n c e  because o f th e  numerous f a c to r s  

a ffe c tin g -  r e s u l t s , These f a c to r s  w i l l  be d iscu ssed  l a t e r .  This curve was 

found u s e f u l5 however <, in  th e  d e c is io n  to  in v e s t ig a te  th e  e f f e c t s  o f o th e r  

p ro cess  v a r ia b le s  in  th e  neighborhood o f Zj-OO0C5 s in ce  a la r g e  in c re a se  in  

d e s u lf u r iz a t io n  i s  n o t in d ic a te d  w ith  in c re a s in g  te m p e ra tu re s . From g e n e ra l 

c o n s id e ra tio n s  5 a minima should  be o b ta in e d  in  th e  p lo t  o f  d e s u lf u r iz a t io n  

v s .  tem p era tu re  on an o v e ra l l  average o f long  p e rio d  ru n s 9 s in c e  th e  carbon 

laydown and consequent d e a c tiv a t io n  o f  th e  c a ta ly s t  w ould, a t  some p o in t ,  

be g re a te r  th an  th e  in c re a se d  d e s u lf u r iz a t io n  o b ta ined  by r a i s in g  th e  tem­

p e ra tu re .  S ince tem p era tu re  and hydrogen to  o i l  r a t i o  b o th  a f f e c t  carbon
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laydown as shown in  Table I l 5 h ig h e r tem p e ra tu res  m aybe used  in  co n ju n ctio n  

w ith  h ig h e r hydrogen to  o i l  r a t i o s  w ith o u t p ro h ib i t iv e  carbon laydown.

An in d ic a t io n  o f th e  e f f e c t  o f  p re s su re  on th e  d e s u lf u r iz a t io n  e f fe c te d  

w ith  a molybdena-alum ina c a ta ly s t  i s  shown in  Table X II and in  F igure 12»

The d a ta  was s e le c te d  from runs a f t e r  f iv e  and s ix  re g e n e ra tio n s  to  l im i t  

th e  e f f e c t  o f  re g e n e ra t io n . In sp e c tio n  o f F ig , 13 (Runs SO5 S l5 and 825 

Table X III )  s u b s ta n t ia te  th e  r e s u l t s  o f  F ig , 1 2 , s in ce  a g r e a te r  in c re a se  

in  d e s u lf u r iz a t io n  i s  r e a l iz e d  th a n  can be expected from th e  d if fe re n c e  in  

hydrogen to  o i l  r a t i o ,  A lso5 th e  d ed u ctio n  th a t  th e  mechanism i s  one o f 

hyd rogenation  i s  in  p a r t  s u b s ta n t ia te d  by th e  f a c t  th a t  in c re a se d  p re ssu re s  

g iv e  in c re a se d  d e s u l f u r iz a t io n ,  However5 from g e n e ra l c o n s id e ra t io n s , th e  

e f f e c t  o f  p re s su re  in c re a s e  should  a ls o  ten d  to  re v e rse  th e  e lim in a tio n  o f 

hydrogen s u l f id e  u n le ss  th e  r e a c t io n  i s  o f  an i r r e v e r s ib le  n a tu re .  The 

e f f e c t  o f  h ig h e r hydrogen to  o i l  r a t i o s  shou ld  tend  to  m inim ize t h i s  nega­

t i v e  e f f e c t  o f p re s s u re .

The e f f e c t  o f  hydrogen to  o i l  r a t i o s  upon d e s u lf u r iz a t io n  w ith  a m olyb- 

dena-alum ina and a  c o b a lt  m olybdate c a ta ly s t  i s  in d ic a te d  in  F ig , 135 which 

was p lo t te d  from th e  d a ta  o b ta in ed  from 14 ru n s  a t  tem p e ra tu res  in  th e  v ic ­

i n i t y  o f  400°G and space v e lo c i t i e s  from 0*764 to  I 6O ll grams o f o i l  per 

gram o f c a ta ly s t  per h o u r, a s  p re sen ted  in  Table X III* L ines a re  drawn 

th rough  th o se  p o in ts  which a re  b e s t  s u i te d  fo r  comparison w ith  re s p e c t to  

th e  number o f  re g e n e ra tio n s  on th e  c a t a ly s t  preced ing  th e  ru n ,  and th e  h i s ­

to r y  o f  th e  c a t a ly s t ,  "Wild" r e s u l t s  were o b ta in ed  from ru n s  80 , 81 , 82 

(T able X III )  u s in g  h igh  hydrogen to  o i l  r a t i o s .  This i s  a p p a re n tly  caused 

by th e  d if f e r e n c e  in  th e  h i s to r y  o f th e  c a t a l y s t ,  In  e lu c id a tio n  o f t h i s
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rem ark5 i t  must be p o in ted  o u t t h a t  th e  c a ta ly s t  which produced th e se  r e s u l t s  

(Runs 80 , 81, and 82 , Table X III)  was never exposed to  low hydrogen to  o i l  

r a t i o s  o r  tem p era tu res  in  excess o f  410 C» I t  may be th e o r iz e d  th a t  in  t h e  

ru n s  a t  low hydrogen to  o i l  r a t i o s  (Run $51 e tc * )  th e -fo rm a tio n  o f a  more 

a c t iv e  molybdenum su lp h id e  to o k  p lace*  S ince both  hydrogen to  o i l  r a t i o s  

and tem p era tu res  were d i f f e r e n t  fo r  th e  two t e s t s  on f re s h  molybdena—alum­

in a  c a ta ly s t  a t  300 p s ig ’ (Runs 57 and 86 ) Table X II I ,  th e  p re c is e  reason  fo r  

th e  v a r ia n c e  in  a c t i v i t y  i s  no t known* From th e  d a ta  on ru n s  60, 70, and 71 

Table X I I I ,  i t  shou ld  be n o ted  th a t  th e  c o b a lt  molybdate c a ta ly s t  e x h ib ite d  

a  p e rio d  o f in c re a se d  a c t i v i t y  du ring  th e  second th re e  hour run* This a lso  

may be a t t r ib u te d  to  th e  fo rm ation  o f  a h ig h ly  a c t iv e  molybdenum s u lf id e *

I f  t h i s  i s  t r u e ,  i t  would le n d  credence to  th e  assum ption t h a t  an a c t iv e  

molybdenum su lp h id e  i s  formed a t  abou t 400°C and a t  low hydrogen to  o i l  r a t io s *  

In  th e o ry , th e  hydrogenation  shou ld  be determ ined  by hydrogen p re s su re  

alone* One may th en  wonder a t  th e  in c re a se d  d e s u lf u r iz a t io n  e f fe c te d  w ith  

h ig h e r hydrogen to  o i l  r a t io s *  This f a c t  i s  b e s t  ex p la in ed  by th e  ded u ctio n  

t h a t  th e  h y d ro genation  and e lim in a tio n  o f hydrogen s u l f id e  from  th e  p a re n t 

hydro—carbon m olecule i s  r e v e r s ib le  r e a c t io n  and th u s , th e  h ig h e r hydrogen 

to  o i l  r a t i o s  te n d  to  s h i f t  th e  e q u ilib r iu m  toward th e  p ro d u c tio n  o f th e  

hydrocarbon and hydrogen s u l f id e  by rem oving and d i lu t in g  th e  hydrogen s u l­

fid e*  S ince b a u x ite  w i l l  remove th a t  p o r t io n  o f th e  s u l f u r ,  i t  m ight be 

found f e a s ib le  to  b a u x ite  t r e a t  th e  o i l  p rev io u s  to  -hydrogenation  to  reduce  

th e  s u l fu r  compound c o n c e n tra tio n  and , consquen tly  red u ce  th e  hydrogen to  

o i l  r a t i o s  n e ce ssa ry  f o r  a g iven  d e s u lfu r iz a t io n *  A lso , th e  e f f ic ie n c y  o f 

th e  h yd rogenation  m ight be improved by c o n ce n tra tin g  th e  s u l f u r  b earin g
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p o rtio n  o f  th e  o i l  through so lv en t e x t r a c t io n  follow ed by b a u x ite  tre a tm e n t 

and h y d ro g en a tio n * '

The e f f e c t  o f  re g e n e ra tio n  by a i r  o x id a tio n  can be deduced from a s tu d y  

o f  Fig* 13o C obalt m olybdate, a f t e r  one re g e n e ra t io n , though v a s t ly  more 

a c t iv e  in  a f r e s h  c o n d itio n , approaches th e  a c t i v i t y  o f  m olybdena-alum ina„

The e f f e c t  o f  re g e n e ra tio n  on m olybdena-alum ina can be a sc e r ta in e d  by fo llo w ­

ing  th e  code g iven  on Fig* 13 . In  g e n e ra l ,  re g e n e ra tio n  d ecrea se s  th e  a c t i ­

v i t y  o f th e  c a t a l y s t .  '

The t o t a l  lo s s  on o i l  charged fo r  b o th  m olybdena-alum ina and c o b a lt 

m olybdate i s  in  th e  range o f  from 4*5 to  6 p er c e n t .  However, in  rev iew , 

th e  lo s s e s  w ith  b a u x ite  a lo n e , a re  a lso  in  t h i s  ra n g e .

The la b o ra to ry  d a ta  from which th e  p rev io u s  f ig u re s  and ta b le s  were 

compiled i s  p re sen te d  in  Table XIFe
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SUMMARY

One may j u s t l y  c r i t i c i z e  some o f th e  deductions and d is c u s s io n  p re ­

sen te d  in  th e  r e s u l t s  as n o t be ing  supported  by a s u f f i c i e n t  b u lk  o f data* 

These were in c lu d e d , however, w ith  th e  hope th a t  th ey  may be o f a s s is ta n c e  

to  th o se  who co n tin u e  th e  work upon t h i s  d e s u lf u r iz a t io n  problem*

Of th e  t e s t s  a t  a tm ospheric  p re ssu re  on a c id  a c t iv a te d  a lum ina , chrome- 

a lum ina , m olybdena-alum ina, c o b a lt  molybdate and a c id  t r e a te d  b a u x i te s ,  th e  

a c id  t r e a te d  b a u x ite s  gave th e  low est o v e r a l l  d e s u lf u r iz a t io n  fo r  th e  tw o- 

hour p e rio d  and were unique in  th e  f a c t  t h a t  a c t i v i t y  was f a i r l y  uniform  

th roughou t th e  t e s t .

D e s u lfu r iz a tio n  w ith  b a u x ite  o r .HF a c t iv a te d  b a u x ite  re a ch e s  a maximum 

where th e  e f f lu e n t  o i l  c o n ta in s  app ro x im ate ly  one p e rc en t s u l f u r .  A ttendan t 

lo s s e s  a re  5*2 p e rc e n t w ith  b a u x ite  and 6 to  9 p e rcen t fo r  HF and b a u x ite .  

Continuous d e s u lf u r iz a t io n  through d e s tr u c t iv e  hydrogenation  to  a product 

low er th a n  0 ,5  p e rc e n t s u l fu r  fo r  p e rio d s  in .e x c e s s  o f  n in e  hours a t  space 

v e lo c i t i e s  o f  one i s  p o s s ib le  w ith  bo th  c o b a lt  m olybdate and molybdena- 

a lu m in a , The re s p e c t iv e  hydrogen to  o i l  r a t i o s  and p re s su re s  a re  (8 ,3  l i t e r s  

H2 S0TeP . p er gram o f o i l  and 300 p s ig  fo r  c o b a lt  m olybdate) and (0 ,63  l i t e r s  

H2 SeTeP , per gram o f o i l  and 500 p s ig  fo r  m olybdena-alum ina). The e f f e c t  

o f  th e  fo llow ing- f a c to r s  on th e  s u l fu r  c o n ten t o f th e  e f f lu e n t  p roduct fo r  

a m olybdena-alum ina c a ta ly s t . - i s  summarized as  fo llo w s; 

p re s su re s  ■— d ecreasin g  th rough  500 p s ig  

tem p era tu res  — d ec rea sin g  th rough  430°C„
. _ -z- l i t e r s  HpS0T0P,

Hydrogen to  o i l  r a t io n  — d e c rea s in g  through 0 ,7b gram o f o i l
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re g e n e ra tio n  by an o x id a tio n  —  in c re a se s  

s u l f id in g  o f c a ta ly s t  — d e c rea se s  

The t o t a l  lo s s e s  on o i l  charged a re  a l l  in  th e  range o f  from 4»5 to  

8 p e r c e n t3

. In .c o n c lu s io n , d e s t r u c t iv e  hydrogenation  i s  th e  o n ly  p roces^  in v e s t i ­

g a ted  which w i l l  co n tin u o u s ly  produce an o i l  w ith  a s u lfu r  c o n ten t l e s s  tfyan 

0 o5 p e rc e n t«



« » 25”

LITERATURE CITED

(1 ) AeS6TeH, S tandards on Petro leum  P roducts  and L u b r ic a n ts , American 
S o c ie ty  f o r  T es tin g  M a te r ia ls  ̂ P h ila d e lp h ia , p« 272 ( l9 4 l )

(2 ) B yrns,  .A, C ,, B rad ley , .¥« E , ,  and. Lee, Me W6,  Lnde Eng* Chem6 
l i ,  1160 (1943)

(3 ) CawlSy,  C* Me,  and H a l l ,  Ce C6, . J e Soce Chem6 In d , 62 , 116-19 (1943)

(4 ) C re c e liu s ,  R6 L 6,  .M6 S6 T h e s is , Montana S ta te  C o llege , (1949)

( 5 ) Haas, P , ,  M6 S6 T h es is ; Montana S ta te  C o llege , (1951)

( 6 ) Sachanen, A6,  "C onversion o f  Petroleum " (T ex t)
R einhold  P u b lish in g  C o ,, Mew York, P6 216 2nd E d itio n  (1948)



ACKNOWLEDGMENT

The au th o r acknowledges w ith  thanks th e  c o u rte sy  o f th e  Husky O il 

Company o f  Cody, Wyoming, who sponsored th e  work on t h i s  problem  and fu rn ­

ish ed  th e  f u e l  o i l  used th roughou t th e  in v e s t ig a t io n .



* = 27—

APPENDIX

T able I

Table I I

Table I I I Data on D e su lfu r iz a tio n  C h a r a c te r is t ic s  o f

Table 17 D e su lfu r iz a tio n  v s .  Hydrogen R ate ( b a u x i t e ) «33

Table V D e s u lfu r iz a tio n  v s .  Tem perature ( b a u x i t e ) . . , , «»*33

Table VI D e su lfu r iz a tio n  v s .  Space V e lo c ity  ( b a u x i t e ) , 34

Table V II D e su lfu r iz a tio n  v s .  Space V e lo c ity  (HF and b a u x i t e ) . 34

Table V II I Data on th e  Eechanism  o f  D e s u lf u r iz a t io n . . . . . . . . . . . . . . . . . . * 3 5

Table IX

T able  X D e su lfu r iz a tio n  v s .  Tem perature ( m o l y b d e n a - a l u m i n a ) ,37

Table XI Carbon Laydown v s .  Tem perature and Hydrogen to  O il R a t i o . . . 37

Table X II D e su lfu r iz a tio n  v s .  P re ssu re  (m olybdena-alum ina). . . . . . . . .  *.38

Table X III  C o rre la tio n  o f  D e su lfu r iz a tio n  w ith  Hydrogen
tO Oxl RatXOn e t c «  • e * * e * * # e * » e e e » e » * » * * e * * * * * * ® * » * e * , e e e e e '

Table XIV A co m p ila tio n  o f  L ab o ra to ry  Data by  Run N u m b e r . . . . . . . ......... «40

F ig . I Diagram o f  hydrogenation  equipm ent fo r  supert-atm ospheric
WOrk* e o * e o a e * e e * * * e e * * » * * * * » * * * * » * * * * * * * * * * * * * * * * * * ********^3

F ig . 2 Diagram o f a tm ospheric  system  f o r  c a ta ly t ic  d e s u lf u r iz a t io n

F ig . 3 Diagrain f o r  continuous a c id  a c t iv a t io n  o f  c a t a l y s t . . . . . . . , . 5 5

F ig . K P lo t  o f  d e s u lf u r iz a t io n  v s .  o n -s tream  tim e fo r  a c id  
a c t iv a te d  b a u x ite  c a t a l y s t s . . , . . » . . # . . . . . . . . . . . » » . . » • • ♦ « « • » 5 6

F ig . 5 P lo t  o f  d e s u lf u r iz a t io n  v s .  on -stream  tim e fo r  
m e ta llic -o x id e -a lu m in a  c a ta ly s ts  and a c id  a c t iv a te d

F ig . 6 P lo t o f  d e s u lf u r iz a t io n  v s .  on -stream  tim e f o r  m e ta l l ic -  
oxide alum ina c a ta ly s ts  and c o b a l t  m olybdate c a t a l y s t s , 5 8



oceSdm

-F ig , 7 P lo t o f  hydrogen r a t e  v s - d e s u l f u r i z a t i o n  w ith  b a u x i te •«»»*,.59

Fig* 8 P lo t o f  tem p era tu re  v s .  d e s u lf u r iz a t io n  w ith  b a u x i t e . . . . . . . . . 6 0

Fig* 9 P lo t  o f  Space V e lo c ity  v s .  D e su lfu r iz a tio n  w ith
HF and b a u x i t e .  .................. «6l

Fig* 10 P lo t o f  % lo s s  on charge v s , d e s u l f u r i z a t i o n . ............................... . .6 2

.F ig . 11 P lo t o f  tem p era tu re  v s .  d e s u lf u r iz a t io n  w ith
m olybdena-alum ina. . . . . . . . . . . . . . . . . . . .  ................ • ........... . .» .6 3

Fig* 12 P lo t o f  R eac to r p re s su re  v s . d e s u lf u r iz a t io n  w ith
m olybdena-alum ina................»64

Fig* 13 P lo t  o f  hydrogen to  o i l  r a t i o  v s .  d e s u lf u r iz a t io n
w ith  m olybdena-alum ina and c o b a lt m olybdate. . . . . . . . . . . . . . . . . . 6 5



- 2 9 -

Ai S1T1M. D i s t i l l a t i o n  Data

TABLE I

P ercen t Feed O il B auxite
T reated

HF
+

B auxite
Treatm ent

Molybdena
Alumina

Cobalt
Molybdate

F i r s t  drop 460°F 196°F 180°F 196°F 2l6°F
5^ 500 348 340 365 406

10 518 450 442 438 460
20 534 500 496 492 506
30 546 526 522 513 518
40 556 540 538 538 540
50 566 552 550 548 551
60 576 564 562 562 564
70 586 576 574 576 579
80 600 590 588 592 591
90 621 614 610 6l6 616

F in a l Temp. 660 662 660 658 66l

% Recovery 98 98 98 97 98.5
% S u lfu r 2 .04 1.055 1.025 0.465 0 .3 9
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C a ta ly s t

B aux ite  (P o ro ce l)
Alumina
Chrome-alumina
M olybdena-alumina
C obalt-m olybdate (H)
C obalt-m olybdate (U)
N ick el-B au x ite

TABLE I I  

CATALYSTS

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

SB -  2446 -  51 
Al -  0104 . T 1 /8  »
Cr -  0202T l / 8  "
Mo -  0602T 1 /8  "
Co -  Mo -  0201T 1 /8  "

Producer

P orocel Corp. 
Harshaw Chemical Co. 
Harshaw Chemical Co. 
Harshaw Chemical Co, 
Harshaw Chemical Co. 
Union O il Co.
Made in  L abora to ry
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DESULFURIZATION CHARACTERISTICS OF VARIOUS 
CATALYSTS AT ATMOSPHERIC PRESSURE

TABLE I I I

S.V. = 1.083 H- R ate  -  1 ,74
gram c a t .  h r .  ^ HR.

C a ta ly s t On-Stream Avg, % S u lfu r Avg. Temp, 
uC

Data From
500 Grams Time (Min) in  E f f lu e n t Run

B aux ite 0 - 3 0 0 .92 427
+ 30  -  60 0.99 410 #34

HF 60 -  90 1 .05 412
90 -  120 1.08 412

B aux ite 0 - 3 0 1 .03 425
+ 30 -  60 1 .03 408 #36

HCL 60 -  90 0.951 404
90 -  120 0 .95 405

B aux ite 0 - 3 0 1 .0 0 420
+ 30 -  60 1 .01 418 #51

BFo 60 -  90 1 .0 1 409J 90 -  120 1 .01 404

Molybdena- 0 - 3 0 0.83 411
#48Alumina 30 -  60 1 .01 414

90 -  120 1 .16 416

HCL 0 - 3 0 1.13 415
+ 30 -  60 1 .09 433 #37

Alumina 60 -  90 1 .14 427
90 -  120 1 .18 412

Alumina 0 - 3 0 1.36 425
#38+ 30 -  60 1.23 427

HF 60 -  90 1 .25 417
90 -  120 1.23 420

Chrome- 0 - 1 5 1 .12 405
Alumina 15 -  30 1 .19 413 #49

30 -  60 1 .24 414
90 -  120 1.315 407
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TABLE I I I  (C O N TIN U ED )

S.V. = 1.083

C a ta ly s t 
500 Grams

Harshaws
C obalt
M olybdate

Union O il
C obalt
M olybdate

DESULFURIZATION CHARACTERISTICS OF VARIOUS
CATALYSTS AT ATMOSPHERIC PRESSURE

grams o i l H0 R ate = 1 .74  f t3 S eTeP.
gram C at. h r . HR.

O n-S tream Avg. % S u lfu r  Avg, Temp. Data From
Time (Min) in  E f f lu e n t ^ c " Run

0 - 1 5 0.975 403
3 5 - 3 0 1.054 417 #56
30 -  60 1.102 415
60 -  90 1.115 412
90 -  120 1.282 416

0 - 1 5 0.813 391
15 -  30 0.892 398 #55
30 -  60 1 .174 412
60 -  90 1.197 418
90 -  120 1.307 418
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TABLE IV

DESULFURIZA TIO H  V S .  HYDROGEN RATE (B A U X IT E )

% S u lfu r Ho R ate Temp. 0C Space V e lo c ity Data From
In E f f lu e n t Ft3 S. T. 

Hr.
P. Grams O il 

Grams C a ta ly s t  Hr.
Run Sample

1 .06 0 412 1.08 40-2
1 .04 1 .74 404 1 .08 43-2
1.046 0.35 412 0.989 53-2
1.089 0 .7 0 412 0.991 54-2
1 .01 0 406 1 .08 41-1
1 .04 1 .7 4  404

TABLE V

DESULFURIZATION VS. TEMP.

1.08

(BAUXITE)

43-2

% S u lfu r  
In  E f f lu e n t

Temp. 0C. Ho R ate 
Ft3 S. T. P .

Hr.

Space Data From
V elo c ity  Run Sample

1.11 360 0 1.083 40-3
1 .07 400 1 .74 1.083  43-a v g .
1.075 412 0 .35 0.989 53-avg.
1 .11 417 0 .70 0.991 54-avg,
1.455 362 0 .70 4 .1  61-2
1.182 416 0 .70 4 .1  61-3
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t a b l e  V I

D ESULFURIZATION V S . SPACE VELOCITY (B A U X IT E )

% S u lfu r Space V e lo c ity Temp. R ate Average o f
In E f f lu e n t Grams O il  

Gram C a ta ly s t  Hr.
° c . Ft3 S .T .P .  

H r.
Run Sample

0.975 1 .0 7 416 1 .74 #3 1 -1 ,2 ,3
1.075 0.989 407 0 .35 53-avg
1 .11 0.991 417 0 .7 0 54-avg
1.122 4 .1 416 0 .7 0 #61-1,3
1.33 8 .2 407 0 .70 #62-avg

TABLE V II

DESULFURIZATION VS. SPACE VELOCITY (BAUXITE + HF)

% S u lfu r Space V e l ic i ty Temp. Ho R ate 
F t3 S .T .P . 

Hr.

Average o f
In  E f f lu e n t Grams O il 

Grams C a ta ly s t Hr.
°c Run Sample

1 .05 0.221 393 1 .1 #30-avg
1 .11 1 .07 407 1 .74 # 3 1 -4 ,5 ,6
1 .01 1.083 415 1 .74 #34-avg
1.296 3 .95 466 2 .5 #28-1 ,2 ,3
1.59 6 .98 451 2 .5 #28-4,5
1 .61 6 .7 7 394 2 .5 #27-avg



TABLE V I I I

data on determination of mechanism of desulfurization

catalyst GAS GAS LITERS S .T .P . % SULFUR REACTOR SPACE VEL. AVG. TEMP. AVG
USED OIL GRAM OIL H  EFFLUENT PRESSURE

PSIG
GRAMS OIL 
GRAMS CAT. HR.

£C OF
RUN

C obalt CE. 0.312 1.452 300 0.805 403 #76
Molybdate 4 0.302 0.340 300 0.934 402 #70

B auxite H2 0.268 1.220 500 1.156 399 #67
0.0927 1 .08 ATM 1.08 399 # 43

Molybdena H2 0.346 0.465 300 0.949 392 #58
Alumina None XXXXX 1.06 300 0.950 383 #60
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t a b l e  IX

DESULFURIZATION V S .  %_ LOSS ON CHARGE

% SULFUR 
IN EFFLUENT

% LOSS 
ON CHARGE

CATALYST RUN
NUMB]

1 .0 7 5.25 B aux ite #43
1 .11 4 .5 B aux ite #54
1 .16 2 .49 B aux ite #41
1 .2 3 .62 B auxite #44
1 .21 3 .7 2 B auxite #61
1 .31 2 . 8? B auxite #42
1.33 3 .3 2 B auxite #62
1 .01 5.92 B aux ite  + HF #34
1 .04 7.83 B aux ite  + HF #31
1 .05 8.38 B auxite  + HF #30
1.443 3 .8 1 B aux ite  + HF #28
1 .01 6.83 B aux ite  + BFo 

B aux ite  + BF^ 
HCl + Alumina

#52
1 .01 7.66 #51
1.13 7 .7 #37
1 .27 1.85 HF + Alumina #38
1 .02 8 .45 Molybdena Alumina #48
1.23 3 .15 Chrome-Alumina #49
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DESULFURIZATION VS. TEMPERATURE 
MOLYBDENA-ALUMIMA CATALYST

t a b l e  X

Temp. % S u lfu r Ho L i te r s  S .T .P . R eacto r Space V el. Data o f
OC In  E f f lu e n t 0~ Gram O il P re s s . Grams O il 

Gram C a ta ly s t Hr.
Run
Sample

322 1.379 0.168 300 0.945 59-4
333 1.304 0.201 300 0.945 59-1
340 1.337 0.1715 300 0.945 59-2
383 0.756 0.307 300 0.926 63-2
393 0.709 0.281 300 0.926 63-3
397 0.665 0 .280 300 0.926 63-4
404 0.656 0.271 300 0.926 63-5
432 0.568 0.198 300 0.927 57-avg
427 0.573 0.206 300 0.927 57-2
435 0 .594 0.177 300 0.927 57-3

^Carbon Laydown

TABLE XI

DATA ON CARBON LAYDOWN VS. TEMP.
HYDROGEN OIL RATIO

Tem perature Ho L i te r s  S .T .P . Run
On Charge OC 0 Gram O il Number

8 .3 432 0.198 #57
1.915 330 0.1775 #59
4 .37 383 0 #60
0.957 399 0.778 #64



. 3 »

DESULFURIZATION VS. PRESSURE MOLYBDENA ALUMINA

TABLE X I I

P ressu re % S u lfu r H0 L i te r s  S .T .P . R eactor Space V el. Data
PeSeI eA. In  E f f lu e n t 0~ Gram O il P re s s .

P .S .I .G .
Grams O il 
Grams C at.

Of
Hr. Run 

Samp]

12 .2 1.08 0.108 0 1.083 #60
312. 0.734 0.278 300 0.924 #64
$12. 0.583 0.244 $00 1.011 #66



TABLE X I I I

CORRELATION OF DESULFURIZATION WITH HYDROGEN TO O IL  RATIO AND E 1 T . C .

P- H CO

E-i

E-<COrf 
CO O
Is

E-i

i f OO i f !
Fh Sg CO %<U W l O I % @ @ B

Molybdena 0.198 0.568 432 0.927
Alumina 0.346 0.465 392 0.949

0.294 0.683 395 0.926
0.284 0.734 399 0.924
0.441 0.583 399 0.947
0.433 0.472 402 0.764
0.244 0.583 399 1,011
0.633 0.387 397 0.991
0.760 0.328 398 0.812

Harshaws 0.312 0.396 409 1.01
C obalt 0.302 0.340 402 0.934
M olybdate 0.326 0.398 404 0.954

0.517 0.363 405 0.943
0.192 0.530 405 0.951

CO I.
H  CO a  En M

§aE a CO H
a  W  Eh

I i l l I o  w  co  <

s i p i §

RE
AC

PS
IG Eh I sIIiSE cr\a :s M I

300 0 I O #57
300 I I O #58
300 4 3 O #63
300 5 3 O #64
300 0 3 O #80
500 6 3 O #65
500 6 3 I #66
500 0 3 I #82
500 0 3 O #81

300 0 3 O #69
300 0 3 I #70
300 0 3 2 #71
300 I 3 O #79
300 I 3 I #78



TABLE X IV

TABULATED RESULTS FOR RUHS

E-iEC
> S

g g H EL. §g I § g  • g

i i
E-H S

ICO

I <3 zla I <  a.
u  @ 
O E-I

d
O

0 -1 5 I 7 9 6 ,0 1 ,6 1 3 9 9 2 .5 8 47

H
R.

kO Eh S I
co PO CO <  M CO S e t i s  a
co cb d  cb

EH O
M O O  g

I s s  Iv iB g g

6 .2 C yclocel HF 6.77  Rxm d isco n tin u ed .
Gas Incom plete conden-

s a tio n  "Undersized"
condenser

28 0-20 I 611.2 1 .31  448.5 2 .5 3332 3 .8 1  C yclocel HF 3.95 C a ta ly s t same as
20-40 2 622 1 .28  481 2 .5 3.95 Run 27.
40-60 *3 629.4 470 2 .5 3.95 No crack ing
60-73 4 703.7 1 .51  468 2 .5 6.98 ev id en t a t  470° C
73-83 5 638.7 1 .67  435 2 .5 6.98

29 0-20 I 422 1.095 410 1.74 C yclocel HF
Gas 1.08 C at. check

30 0-30 I 25 .5 1.055 401 1 .1 361.0 8 .38  C yclocel HF
30-60 2 35.9 1.055 389 1 .1 361.0 Gas 0.221 E f f . o f h igh H2
60-110 3 68 .0 1 .04  383 1 .1 361.0 r a t e  checked

110-160 4 66.5 1 .0 4  991 1 .1 361.0
160-200 5 59.0 1 .045 387 1 .1 361.0
200-250 6 78.2 1.105 394 2 .5 361.0

?



TABLE X IV  (C O N TINU ED)

TABULATED RESULTS FOR RUNS

§

I
i i
EH S

O
O

fa
<  CO

&

8 8
EC

I 9
o

9U

&

<

I r i SM O O
<  • •
8 8 8

31 0-30 I 194.2 0.93 413 1 .74  1512
30-60 2 232 0 .94 422 1 .74
60-90 3 249.1 1.055 413 1 .74
90-120 4 233.2 1 .12 404 1 .74

120-150 5 254.9 1 .10 410 1 .74
150-175 6 229.2 1 .1 0 415 1 .74

32 0-30 I 191.5 1 .02 407 1.74
30-60 2 172,2 1.025 407

33 0-30 I 0 .84 396 1 .74

34 0-30 I 243.1 0.92 427 1 .74 1120
30-60 2 261.9 0 .99 410 1.74
60-90 3 271.9 1.05 412 1 .74
90-120 4 276.5 1 .08 412 1 .74

35 0-25 I 200 1 .00 427 1 .74 362.9
25-40 2 142 0 .96 423 1 .74

7.83 C yclocel None
None
None
HF
Gas
Same

1.07 Fresh  Cat 
10-30 mesh

C yclocel 
same as
31

HF 1.038
G asket leakage 
ru n  d isco n tin u ed

10-30
mesh
c y c lo c e l

HF
Gas 1.038 Run d isco n tin u ed

5.92 10-30
mesh
c y c lo c e l

HF
Gas

1.083 C at. same as 
Run 33

5.75 10-30
mesh
C yclocel

HF
Gas 1.083

R ecycle o i l  
o f  1 .1$  s u lfu r  
used fo r  feed  o i l



TABLE X IV  (C O N TINU ED)

TABULATED RESULTS FOR RUNS

3 S •

I
S g

g ^  ipq §2
I

g  .
O S

I
5
CO W

E- S  CO <  H cti I
. S

R
un

 N
< I I

C CO 
t iĈ  .

O
t i § 0 I s I l

g o o
<< • .CL, Cti Cti I

E- S CO O EH O TA O O u~\ CO O ti) Cti

36 0-30 I 204.7 1.03 425 1 .74 1083 17.9 10-30 HCL 1.083 Fresh c a t .
30-60 2 200.2 1.03 408 1 .74 mesh Gas
60-90 3 230.5 0 .90 404 1 .74 C yclocel J-
90-120 4 253.5 0.95 405 1 .74 r

37 0-30 I 216.5 1.13 415 1 .74 1083 7 .7 Alumina HCL 1.083 No coke on c a t .
30-60 2 249.5 1 .09 433
60-90 3 252.7 427 No crack ing
90-120 4 281.0 1.18 412 e v id en t as high 

as 434°C

33 0-30 I 239.5 1.36 425 1 .74 1073 1.85 Alumina HF 1.083
30-60 2 265 1.23 427 1 .74
60-90 3 232.5 1 .25 417 1 .74
90-120 4 301 1.23 420 1 .74

39 0-30 I 245 1.95 426 None 379 0 None None S te e l b a l l s  o f
30-60 2 264.8 1 .88 431 1.74 None p re -h e a t s e c tio n
60-100 3 368.9 1 .99 410 HF a lone  542 g rs . 

O iljAir
40 0-60 I 444.5 0.89 410 None 1421 11.2 C yclocel None 1.083

60-120 2 454.5 1.06 412 Run d isco n tin ed
120-160 3 273.0 1 .11 360 due to  blow out

Cause o f high 
lo s s



TABLE XTV
TABULATED RESULTS FOR RUNS

I-I -p *

R
un N
o.

Ti
m

e 
In

te
rv

z 
M

in
ut

es

Sa
m

pl
e 

N
o.

Sa
m

pl
e 

W
ei

gl
 

In
 g

ra
m

s

% 
S

ul
fu

r

£ .d  Ph 6O 0) O E-I

® Ph-P E-i CO

O
il

 C
ha

rg
e

% 
Lo

$s
 o

f 
C

ha
rg

e

C
at

al
ys

t 
50

0 
gr

am
s

A
ct

iv
at

ed
W

ith

Sp
ac

e 
V

el
. 

O
r.

 O
il

 
O

r.
 

C
at

. 
H

r

R
em

ar
ks

41 0-30 I 228.5 1 .01 406 None 1068 2.49 C yclocel None 1.083
30-60 2 271.5 1 .15 409 1.74
60-120 3 542.5 1.33 398 1 .74

42 0-30 I 218 1.125 408 1 .74 1620 2 .8 ? Same None 1.083
30-60 2 280 1.32 408 1 .74
60-120 3 530.5 1.39 408 1 .74

&120-180 4 555.0 1 .41 404 None 58? gm o f
c a ta ly s t  & coke 
removed

1

43 0-30 I 222 1 .08 396 1 .74 1344 5.25 C yclocel None 1.083
30-60 2 250.5 1 .04 404 1 .74 Fresh c a t .
60-120 3 518.5 400 1 .74

120-150 4 282.7 1 .09 400 1 .74

44 0—60 I 466.5 1.23 405 1 .74 1574 3 .62 Same None 1.083 C at. removed
60-120 2 542.0 1.19 401 1 .74 Wt. 527 gm.

120-180 3 510.5 1 .17 402 1.74

45 0-10 I 42 0 .30 393 1 .74 721 9 .9 NiNO3 None 1,083 C at. was 0.69
10-20 2 75 0 .61 394 on mols o f  NiNO3
20-30 3 84 0.79 396 Cyclocel absorbed in  500 gm of
30-40 4 82 0 .84 398 c y c lo c e l. C at. th en
40-50 5 80 394 heated  2 h r s .  a t  440°C
50-60 6 83 393 in  a i r  s tream , then
60-80 7 204 0 .95 391 reduced w ith  Hg 1.10%

S in  fe e d .



TABLE X H  (CONTINUED

TABULATED RESULTS FOR RUNS

o* 3 a?
« *0 H i

3  S <D o> I S to  CL, -P IH I CO Q> HC^ I S

dW i i ICO I
VL

.
<  g.
U  ffl O E-I dO

^  a
VL 6

3 5
<  is

I 0.0. I
co 6  6  t§

46 O-IO I 49 0.79 370 1 .74 735 4 .74 500 1.083 R ecycle o i l  in  a t
10-30 2 202 0 .97 395 c y c lo c e l 1.1% S u lfu r
30-55 3 223 433 N ickel im preg.
55-78 4 226. 5 0 .90 415 c y c lo c e l

r47 0-20 I 114 0 .81 412 1 .74 847.5 9.45 Same
20-40 2 172. 5 0 .97 415 (Run 45) 1*083 C at. reg en e ra ted
40-60 3 170.0 410 from Run 46 by burning
60-90 4 311. 0 1 .01 398 o f f  and re d u c tio n  w ith  

hydrogen. R ecycle o i l  
in  a t  1.1% S.

48 0-30 I 213 0.83 411 1 .74 1100 8.47 500 1.083
30-60 2 255 1 .01 414 moly-alum ina C at. w t. grm
60-90 3 253 415 = 20 gm.
90-120 4 286 1 .16 416

49 0-15 I 96 1 .12 405 1 .74 1016 3.15 500 1.083 No coke on c a t .
15-30 2 123 1 .19 413 chrome No c a t .  w t. ga in
30-60 3 247 1 .24 419 alum ina
60-90 4 250 412
90-120 5 268 1.315 407



TABLE XIV (CONTINUED) 

TABULATED RESULTS FOR RUNS

I
-p
S 0) . £Q> j i  ra Pw <H ^  ^ rO ©
o i
iClA

I • <D iH j j
3 & 5 6  gt. rrt (—•

> 3 - 3  a
-P d I? d <5

CM-P P

6 S 0 0
§ o* I l

CL
I n SO <D d -q I  td 8  g g nj • • S(H P P ®

«  S  EW 2 CO TA O Eh £C K 3 O O O irx -=C CO O C5 CU

50 0-15 I 97 1.79 413 1 .74 1011 1 .8  500 g r .
15-30 2 123 421 John M anville 1.083 No c a t .  vrt. g a in
30-60 3 230 1 .88 420 C at.
60-90 4 248 1 .9 0 418
90-120 5 275 414

j-
51 0-30 I 200 1 .0 420 1 .74 993 7.66  500 g r .  BF3

Vt
1 .08  Good c o lo r 1

30-60 2 229 418 C yclocel s t a b i l i t y  o f  product
60-90 3 236 1.01 409 fre s h
90-120 4 252 1 .01 404

52 0-30 I 158 0.97 413 1.74 542 6.83 500 g r . 0 .720 BF3 t r e a te d  o i l
30-60 2 179 413 c y c lo c e l in .  R esin formed was
60-90 3 168 1 .04

1.036

418 fre sh f i l t e r e d  o u t .  Good 
c o lo r s t a b i l i t y  o f

53 0-30 I 38 .2 402 0.35 197.7 10 .1  100 g r . 0 .989 product
30-60 2 43 .6 1.046 412 c y c lo c e l
60-90 3 46.1 1.105 408 No c a ta ly s t  w t.
90-120 4 51.9 1.112 407 g a in . P reh ea t s e c t ,  gained 

i s  b e r l  sad d les
54 0-30 I 79.2 1.076 423 0 .70 396.2 4 .5  200 g r . 0.991

30-55 2 81.2 1.089 412 f r e s h
55-90 3 109.6 1.104 421 c y c lo c e l C at. l o s t  3 .5  g r .
90-120 4 108.4 1 .17 412 in  w t. P reh ea t s e c t ,  gained

0 .5  g r .  Water o f f  c a t .  e s t .  
2 -5  grins.



T A B L E D  (CONTINUED)

TABULATED RESULTS FOR RUNS

I

© i i S M

Ph© Eh 
■p  CO

-P
'g . 5

t> •
^  s*

I i § I  C
CO a

O  ©
Bh a CO CO -H TA O E-i

0-15 I 78.2 0.813 391 1 .74
15-30 2 117 0.892 398
30-60 3 235.3 1.174 412
60-90 4 263 1.197 418
90-120 5 235.7 1.307 418

0-15 I 100 0.975 403 1 .74
15-30 2 114 1.054 417
30-60 3 238.5 1.102 415
60-90 4 246 1.115 412
90-120 5 266 1.282 416

© L. H
r.

faO
& tQ -p g ©

pa
ce

 V
e]

 
r.

 O
il

 
r.

 
C

at
.

6 ro © m bo

JB

W CD -P

I s  . L
P O  P P© O  O -Hd

O t a .  0 O UN <  g CO O  O

1045 11.05 500 g r .
3 /16" c o b a lt 

molyb.
" Union O il Co"

1.046

1051 8 .2 500 g r .  
C obalt 
inolyb. 
(lia r shaw)

1.05



CATALYTIC DESULFURIZATION OF jf3 FUEL OIL

TABLE X IV  (C O N TINU ED )

6 O
g I c o °  & c o

*

fl $ ® <D S S bO * B ^  g ® S i b T e
© v

-P A y 5  & M g
©O +3 W H o A COhC

O ©~ . I1 1 I
CO

CO

TA
O § O EH KrxfH S g O H I

cd ® .
U i

0-15 I 124.5 0.357
0:573

427 3 .80 18.9 1000 g r . 0.927 300 633.7 76.8  g r . carbon
15-30 2 209:8 427 3 .19 molyb.
30-45 3 176.0 0.594 435 2.73 Alumina by burn-off
45-60 4 241.1 0.653 440 2.13 c a lc .

0-15 I 126.5 0.368 382 5.78 9 .6 2 .65 Molyb. 0.949 300 639.6
-O15-30 2 227.5 0.545 377 5.38 Alumina

30-45 3 224 0.420 401 5:22 T
45—60 4 208 0.486 406 5.53

0-15 I HO 1.304 333 3 .16 3 .81 1.915 Molyb. 0.945 300 636.7
15-30 2 214 1 .337 340 2 .7 0 Alumina
30-45 3 225 1.498 326 2.65
45-60 4 360 1.379 322 2.65

0-15 I 68 0.916 377 0 7 .8 4 .37 Molyb. 0.95 300 635.2
15-30 2 164 1.014 391 O Alumina
30-45 3 204 1.189 382 0
45-60 4 440 1.129 383 O

0-15 I 169 0.992 417 0.33 3.72 C yclocel 4 .1 Atm. 631.6
15-30 2 222 1.455 362 0.33 200 gms.
30-60 3 399 1.182 416 0.33



TABLE X IV  (C O NTINUED)

CATALYTIC DESULFURIZATION OF £3 FUEL OIL

i I CO

I i
-H
I  M S  <D rH

S  s 0 a> I I 0) • -P C to.. a)
o g  m I42 S 4> !>> 6

<D QXN
^  6 5 g4-> a. I > • 1Oj 6 0 "o

S o  1 1 I S C CO 0  0 CN • O C td S  cd O
cd <d <u •
P< O fnW S E-I si CO CO eH TA O EH K H E-i O Vlh4 O O H CO CB (L H

62 0-15 I 190 1.259 413 0.165 3 .32 C yclocel 8 .27  Atm.
15-30 2 211 1.393 400 0.165 100 gms
30-60 3 399 1.352 4 H 0.165

63 0-30 I 366 O.424 404 5.50 0.665 N. D. Molyb. 0.926  300
30-60 2 418 0.756 383 4 .73 Alumina
60-90 3 412 0.709 393 4 .34
90-120 4 436 0.665 397 4 .3 2

120-150 5 446 O.656 404 4 .17
150-180 6 589 0.812 393 4 .20

64 0-30 I 353 0.765 400 4 .5 0 5.87 0.957 Molyb. 0.924 300
30-60 2 468 0.653 398 4 .5 0 Alumina
60-90 3 424 0.772 392 4 .80
90-120 4 446 0.724 402 4 .43

120-150 5 430 0.730 401 4 .80
150-180 6 490 0.768 400 2.63

65 0-30 I 28? 0.401 404 5.41 4 .81 No Molyb, 0.764 500
30-60 2 232 0.309 406 5.63 Regen. Alumina
60-90 3 354 0.448 401 5.98
90-120 4 378 0.485 399 4 .83

120-150 5 413 0.581 401 5.73
150-180 6 519 0.503 404 5.43

<u

O M

636

639.6

640.3

640.9

toA)

4



TABLE X IY  (CONTINUED)
CATALYTIC DESULFURIZATION OF A  FUEL O IL

£ •
I—icd ra > 0) 0) «, § S W 2  g ^ 8  « o ^ q-P CO-HO COU -P a  A d t> = « 'I rH ^ bO Ss-S-S

m | g  S i

0) • CO tc

S i Ti
m

e
In

te
M

in
t a

I I  CCO "H
CO
TA O ® O H

<  CN e m H
-p $ & I J l a

i
Cti

66 0-30 I 413 0.614 399 3 .62 4 .4 No Molyb. 1 .011 500 637.1
30-60 2 464 0.524 406 3 .36 Regen, Alumina
60-90 3 409 0.649 393 4.26
90-120 4 647 0.548 398 4 .72

67 0-30 I 335 1.122 368 2.98 9 .51 No
30-60 2 600 1.319 335 2.98 Regen. C yclocel 1.033 500 639.1

68 0-30 I 413 1.167 407 5.83 5 .7 No C yclocel 1 .156 500 637.1
30-60 2 524 1.219 402 6 .17 Regen.
60-90 3 508 1.272 396 6.68
90-120 4 585 1.640 395 5.33 T

120-150 5 699 1.462 397 5.42

69 0-30 I 517 0.553 416 6,48 7.43 No C obalt
30-60 2 647 0.603 404 5.52 Regen. Molyb. 1 .01 300 638,2 Space V el.
60-90 3 318 0.241 415 4 .90 during t h i s
90-120 4 372 0.228 404 4 .9 7 run  v a r ie d  due

120-150 5 444 0.241 413 5.03 to pump. See sample vrt.
150-180 6 508 0.330 402 4 .6 0

70 0-30 I 404 0.311 400 5.53 5 .0 No C obalt 0.934 300 641
30-60 2 428 0.348 399 4 .27 Regen. Molyb.
60-90 3 461 0.343 408 5.28
90-120 4 423 0.355 403 4 .81

120-150 5 433 0.333 404 4.53
150-180 6 513 0.346 400 3 .77



TABLE XIV (CONTINUED) 
CATALYTIC DESULFURIZATION OF A  FUEL OIL

O +3 • H
Htd Co i> 0)

S
Q) ^  I  %o) a <h bfl Iti-S

CO C » ,O gM
-P CO >

U  -P d It £ £  A i Hb O Si-S-S

V3.1-4 0

H ^ 0)

R
un N
o.

Ti
m

e
In

te
M

in
u

ICO
O ®O H

Ph

=cnH
-P W f3 3 8

O H
I•CO

71 0-30 I 379 0.332 407 4.93 5.73 No Cobalt 0.954
30-60 2 407 0.477 403 3.73 Regen. Molyb.
60-90 3 488 0.462 404 3 .82
90-120 4 472 0.339 404 6.63

120-150 5 363 0.439 405 1.96
150-180 6 590 0.356 403 10.1

72 0-30 I 341 .0  0.0355 417 4 .7 5.34 Cobalt 0.849
30-60 2 414 .0  0.053 401 4.42 Molyb.
60-90 3 387 .0  0.0289 404 4 .32 No
90-120 4 424.5 0.0186 399 4 .52 Regen.

120-150 5 390.5  0.046 402 4 .07
150-180 6 452.5 -

2409.5
401 4 .2

73 0-30 I 444 0.0661 406 4 .87 Cobalt 1.058
30-60 2 504 0.0442 404 4 .8? Molyb.
60-90 3 468.5 0.0322 407 4.45 No
90-120 4 498 0.0296 403 4 .65 Regen.

120-150 5 493 0.0300 412 6.52
150-180 6 Lost 395 5 .1

74 0-30 I 489.5 0.0544 412 5 .1 8 .72 Cobalt 1.133
30-60 2 503.0 0.0511 421 5.02 Ffolyb .
60-90 3 558 0.043 406 4.36 No
90-120 4 521 396 3 .78 Regen.

120-150 5 540.5 - 405 4 .3
150-180 6 489.5 0.0453 404 3.52

3101.5

©CM

-PM-H

©E M
.Mffi

O M \  
Cd © e

O M

III© O ,0 
Cd (L H

300 640

300 642.7 #1 o i l

300 638.1 #1 o i l

300 640.8 #1 o i l

Ivn
?

R
em

ar
ks



TABLE X IV  ( GQNT P jB E D  )
CATALYTIC DESULFURIZATION OF & FUEL O IL

£ ^P ^
Id ro

0) I S • fl) 6 *  8 ©_ t  ® d Jsi •

H_
 R

al
 

I.
/m

ii i H b O

Ru
n

N
o.

Ti
m

e
In

te
M

in
t

I
CO

I  C
CO *H

CO

VL
O © O E-i

-P co <fl

75 0-30 I 450.5 0.265 389 5.85* 7.63
30-60 2 510.0 0.261 397 6.76
60-90 3 489.0 0.271 405 5.82
90-120 4 522.5 0.370 402 6.48

120-150 5 531.0 - 401 6 .3
150-180 6 456.7

2959.7
0.382 403 5.92

76 0-30 I 248 1.147 424 4.55* 7.28
30-60 2 346.5 1.442 396 4 .5 0
60-90 3 381.5 - 398 4 .12
90-120 4 403.5 1.602 400 3 .92

120-150 5 388.5 - 402 3 .33
150-180 6 472.0

2240.0
1.619 400 3 .6 0

77 0-30 I 368.5 1.196 404 3 .36* 2.87
30-60 2 469.5 1.282 401 3 .04
60-90 3 468.0 1 .198 401 2 .96
90-120 4 521.0

1827.0
1.196 404 2 .57

78 0-30 I 348 .0 0.534 409 3 .77 5.97
30-60 2 411.5 0.716 404 1 .57
60-90 3 456.0 0.627 404 2.53
90-120 4 496.5 0.464 405 4 .14

120-150 5 453.0 0.476 405 4 .30
150-180 6 521.5

2686.5
0.427 404 3 .38

a - P  Q
CO B

.O  S  h o t>a be
Jh O  .C H
Cd T J  O cd O

O  t>. - P  Q
Cd C cd O

V t i - 4  O O  1—I

I
0)O
&

CO

C obalt 1.066 
Molyb.

No.
Regen.

gas

Cobalt 0.805 
Molyb,

No
Regen.
CĤ  Gas

C obalt 0.942 
Molyb.

No Regen.
C% gas

C obalt 0.951
Molyb. 
R egenerated

&
-PO
s
to

OMN

£
0) O
A S

300

©Jh 0 ra3 60.  m toO CO

I l  i to
636.5  #1 o i l  CH,
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