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Abstract:
The purpose of this investigation was to find the optimum conditions for regenerating, easily and
economically, a spent nickel desulfurization catalyst. Two main steps in the regeneration are the
oxidation of nickel sulfide to form nickel sulfate and wet chemical regeneration, i, e. precipitation of
nickel carbonate using sodium carbonate. The nickel carbonate is then dried and used as an active
desulfurization catalyst.

The oxidation step was investigated in a fluid oxidation unit to determine optimum conditions for
producing a soluble sulfate in the hope of eliminating the use of excessive amounts of sulfuric acid, A
sulfuric acid leach is used to sulfate all nickel not sulfated by oxidation. Optimum conditions for
oxidation were found to be a temperature of about 850°F and a contact time of one to two hours.

Aside from initial activity, the value of a nickel catalyst is determined by the extent of catalyst
utilization. Catalyst utilization, based on the percent of nickel converted to nickel sulfide, was
investigated by testing variously prepared catalysts in a comparison unit. The comparison unit was
designed so that various catalysts could be run under identical hydrofining conditions. Not only
conditions of hydrofining but also conditions of wet chemical regeneration of the catalyst affect the
extent of catalyst utilization, A study was made of catalyst utilization with respect to precipitation and
digestion conditions and the effect of entrained salt, A catalyst demonstrating maximum sulfiding was
precipitated when a slight excess of sodium carbonate was rapidly added to a solution of nickel sulfate,
with little or no time allowed for digestion. Slight traces of entrained salt appeared to be beneficial to
maximum catalyst utilization. 
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ABSTRACT

The p u rp o se  o f  t h i s  i n v e s t i g a t i o n  was t o  f i n d  th e  optim um  c o n d i t io n s  
f o r  r e g e n e r a t in g j ,  e a s i l y  an d  e c o n o m ic a l ly ,  a  s p e n t  n i c k e l  d e s u l f u r i z a t i o n  • 
c a t a l y s t .  Two m ain  s t e p s  i n  t h e  r e g e n e r a t io n  a r e  t h e  o x id a t io n  o f  n i c k e l  
s u l f i d e  t o  fo rm  n i c k e l  s u l f a t e  an d  w e t c h e m ic a l  r e g e n e r a t i o n ,  i ,  e .  p r e ­
c i p i t a t i o n  o f  n i c k e l  c a rb o n a te  u s in g  sod ium  c a r b o n a te .  The n i c k e l  c a rb o n ­
a t e  i s  th e n  d r i e d  and u s e d  a s  a n  a c t i v e  d e s u l f u r i z a t i o n  c a t a l y s t .

The o x id a t io n  s t e p  was i n v e s t i g a t e d  i n  a  f l u i d  o x i d a t io n  u n i t  t o  d e t e r ­
m ine optim um  c o n d i t io n s  f o r  p ro d u c in g  a  s o lu b l e  s u l f a t e  i n  th e  hope o f  
e l i m i n a t i n g  th e  u s e  o f  e x c e s s iv e  am ounts o f  s u l f u r i c  a c i d ,  A s u l f u r i c  a c id  
l e a c h  i s  u s e d  t o  s u l f a t e  a l l  n i c k e l  n o t  s u l f a t e d  b y  o x i d a t io n .  Optimum 
c o n d i t io n s  f o r  o x id a t io n  w ere  fo u n d  t o  be  a  t e m p e ra tu re  o f  a b o u t 850°F and 
a  c o n ta c t  t im e  o f  one  t o  tw o1 h o u rs ,,

A s id e  fro m  i n i t i a l  a c t i v i t y ,  t h e  v a lu e  o f  a  n i c k e l  c a t a l y s t  i s  d e t e r ­
m ined by  t h e  e x t e n t  o f  c a t a l y s t  u t i l i z a t i o n .  C a ta ly s t  u t i l i z a t i o n ,  b a se d  
on  t h e  p e r c e n t  o f  n i c k e l  c o n v e r te d  t o  n i c k e l  s u l f i d e ,  was i n v e s t i g a t e d  by  
t e s t i n g  v a r i o u s l y  p r e p a r e d  c a t a l y s t s  i n  a  co m p a riso n  u n i t ,  "The co m p ariso n  
u n i t  was d e s ig n e d  so  t h a t  v a r io u s  c a t a l y s t s  c o u ld  b e  rub. u n d e r  i d e n t i c a l  
h y d r o f in in g  c o n d i t i o n s .  N ot o n ly  c o n d i t io n s  o f  h y d r o f in in g  b u t  a l s o  con­
d i t i o n s  o f  w et c h e m ic a l r e g e n e r a t io n  o f  t h e  c a t a l y s t  a f f e c t  t h e  e x te n t  o f  
c a t a l y s t  u t i l i z a t i o n ,  A s tu d y  was made o f  c a t a l y s t  u t i l i z a t i o n  w i th  
r e s p e c t  t o  p r e c i p i t a t i o n  and d i g e s t i o n  c o n d i t io n s  and  t h e  e f f e c t  o f  en­
t r a i n e d  s a l t ,  A c a t a l y s t  d e m o n s t r a t in g ' maximum s u l f i d i n g  was p r e c i p i t a t e d  
when a  s l i g h t  e x c e s s  o f  sod ium  c a rb o n a te  was r a p i d l y  add ed  t o  a  s o l u t i o n  
o f  n i c k e l  s u l f a t e ,  w i th  l i t t l e  o r  bo  t im e  a llo w e d  f o r  d i g e s t i o n .  S l i g h t  
t r a c e s  o f  e n t r a i n e d •s a l t  a p p e a re d  t o  b e  b e n e f i c i a l  t o  maximum c a t a l y s t  
u t i l i z a t i o n .



HTRODUCTIOIT

The e v e r - in c r e a s i n g  demand f o r ' p e tro le u m  p r o d u c ts  and  t h e  d e p le t io n  

o f  h ig h  q u a l i t y 5 low  s u l f u r  c ru d e s  h a s  f o r c e d  r e f i n e r s  t o  r u n  m ore and 

m ore low  q u a l i t y ? h ig h  s u l f u r  C ru d e ss su ch  a s  th o s e  fo u n d  i n  t h e  Rocky 

M o u n ta in  a r e a s W est T e x a s s an d  C a l i f o r n i a ,  R e l a t i v e  volum es o f  h ig h  

s u l f u r  c ru d e  o i l  p ro d u c e d  i n  t h e  U n ite d  S t a t e s  h av e  in c r e a s e d  c o n s id e r ­

a b ly  o v e r  t h e  l a s t  s e v e r a l  y e a r s  ( 9 )»

I n c r e a s e d  u s e  o f  h ig h  s u l f u r  c ru d e s  h a s  c r e a t e d  a  s e r i o u s  p ro b lem  o f. 

d e s u l f u r i z a t i o n .  H igh s u l f u r  c o n te n t  i n  c ru d e  s to c k s  r e s u l t s  i n  p ro d u c ts  

t h a t  d e m o n s tra te  a h  o b j e c t io n a b l e  o d o r s c o r r o s iv e n e s s s and  p o o r  c o lo r  

s t a b i l i t y ,  A ls o s d i f f i c u l t i e s  hav e  a r i s e n  w ith  r e s p e c t  t o  s lu d g e  fo rm a tio n  

upon s to r a g e  o f  f u e l  o i l s  d e r iv e d  from  h i g h - s u l f u r  c ru d e s  ( l l ) ,

A c o n s id e r a b l e  num ber o f  m ethods a r e  a l r e a d y  i n  e x i s t e n c e  f o r  rem ov ing  

o r  c h a n g in g  th e  fo rm  o f  s u l f u r  compounds p r e s e n t  i n  p e tro le u m  d i s t i l l a t e s .  

T h e se s h o w ev ers a r e  u s e d  f o r  r e l a t i v e l y  lo w  c o n c e n t r a t io n s  o f  s u l f u r  com­

pounds p r e s e n t  i n  t h e  m ore r e a c t i v e  fo rm . H ig h - s u l f u r  c o n te n t s  i n  p e t r o ­

leum  s to c k s  a r e  u s u a l l y  due t o  t h e  p r e s e n c e  o f  th io p h e n e s  and  th io p h a n e s  

t h a t  c a n  b e  rem oved o n ly  b y  c a t a l y t i c  d e c o m p o s itio n  i n  th e  p r e s e n c e  o f  

h y d ro g e n  ( 2 ) ,

N ic k e l  compounds o r  f r e e  n i c k e l  i s  an  a c t i v e  c a t a l y s t  f o r  t h e  d e su lfu r-?

i z a t i o n  o f  h y d ro c a rb o n  d i s t i l l a t e s  i n  a  h y d ro g en  a tm o sp h e re  ( 6 ) ( ? ) »  The

n i c k e l  o r  n i c k e l  compounds' may b e  c a t a l y s t s  a c t i n g  t o  rem ove th e  s u l f u r  a s

h y d ro g e n  s u l f i d e  o r . may be. r e a g e n t s  r e s u l t i n g  i n  t h e  fo rm a tio n  o f  n i c k e l
*

s u l f i d e .  N ic k e l  o x id e  s u p p o r te d  oh  a lu m in a  o r  a  s i m i l a r  s u p p o r t  h a s  b e e n



u s e d  a s  a  c o n ta c t  a g e n t  f o r  rem ov ing  s u lfu r .c o m p o u n d s  fro m  l i g h t  p e tro le u m  

h y d ro c a rb o n s  w i th o u t  a f f e c t i n g  t h e  o l e f i n  c o n te n t  (&)<, F is c h b a c h  (4 )  h a s  

i n v e s t i g a t e d  t h e  p r e p a r a t i o n  o f  a  n i c k e l  o x id e  d e s u l f u r i z a t i o n  c a t a l y s t  

t h a t  ca n  b e  u s e d  t o  rem ove ev en  t h e  m ost r e f r a c t o r y  s u l f u r  compounds from , 

f u e l  o i l  w i th  l i t t l e  o r  no h y d ro g en  consum ption*  p ro d u c in g  a  p ro d u c t  o f  

im proved  a p p e a ra n c e *  b e t t e r  odor*  an d  g r e a t e r  s t a b i l i t y .

However* a s i d e  fro m  i n i t i a l  a c t i v i t y *  t h e  v a lu e  o f  a n y  c a t a l y s t  i s  

d e te rm in e d  by  two f a c t o r s : • t h e  e a s e  w i th  w h ich  th e  i n i t i a l  a c t i v i t y  can  

b e  r e s t o r e d  a f t e r  i t  h a s  d e c l in e d  d u r in g  u s e  and  t h e  num ber o f  t im e s  su ch  

r e g e n e r a t i o n  c a n  b e  a c c o m p lis h e d  b e f o r e  i t  i s  n e c e s s a r y  t o  d i s c a r d  th e  

c a t a l y s t *

The p u rp o se  o f  t h i s  i n v e s t i g a t i o n  was t o  d e te rm in e  t h e  optim um  con­

d i t i o n s  f o r  r e g e n e r a t in g *  e a s i l y  an d  e c o n o m ic a lly *  a  s p e n t  n i c k e l  c a rb o n a te  

d e s u l f u r i z a t i o n  c a t a l y s t .  The g e n e r a l  p ro c e d u re  o f  r e g e n e r a t io n  i s  t h e  

o x id a t io n  o f  s p e n t  n i c k e l  c a t a l y s t *  t h a t  i s  i n  t h e  fo rm  o f  n i c k e l  s u l f id e *  

fo rm in g  n i c k e l  s u l f a t e *  an d  th e n  th e  p r e c i p i t a t i o n  o f  n i c k e l  c a rb o n a te  from  

a  s o l u t i o n  o f  n i c k e l  s u l f a t e  and  sod ium  c a r b o n a te .  The n i c k e l  c a rb o n a te , 

ca n  th e n  b e  c a lc in e d  t o  n i c k e l  o x id e .  However* t h e  d e s u l f u r i z a t i o n  a c t i v i t y  

o f  n i c k e l  c a rb o n a te  i s  r e p o r t e d  a s  g r e a t e r  t h a n  t h a t  o f  t h e  c a lc in e d  o x id e  ( 4 ) ,

The c o n d i t io n s  o f  p r e c i p i t a t i o n  o f  n i c k e l  c a rb o n a te  n o t  o n ly  a f f e c t  i t s  

a c t i v i t y  b u t  a l s o  g r e a t l y  i n f lu e n c e  t h e  e a s e  w ith  w h ich  i t  c a n  a g a in  b e  r e ­

g e n e ra te d  a f t e r  u s e .  F o r  t h i s  re a s o n *  a  s tu d y  was made o f  t h e  c o n d i t io n s  

o f  r e g e n e r a t io n  t o  d e te rm in e  t h e  optim um  c o n d i t io n s  f o r .  p r e p a r in g  o r  r e g e n ­

e r a t i n g  a  n i c k e l  c a rb o n a te  c a t a l y s t  t h a t  c a n  a g a in  be  r e g e n e r a te d *  e a s i l y  

and  e c o n o m ic a lly *  a f t e r  i t s  a c t i v i t y  h a s  d e c l in e d  d u r in g  u s e , .



I t  h a s  b e e n  s t a t e d  t h a t  n i c k e l  o r  n i c k e l  compounds may d e s u l f u r i z e  a s  

a  t r u e  c a t a l y s t  i n  t h e  p r e s e n c e  o f  h y d ro g e n , o r  a s  a  c h e m ic a l r e a g e n t  w i th  

t h e  fo rm a tio n  o f  n i c k e l  s u l f i d e .  H ow ever, t h e  n i c k e l  compounds u s e d  i n  

t h i s  i n v e s t i g a t i o n  w i l l  be  r e f e r r e d  t o  a s  c a t a l y s t s ,  w i th  t h e  i m p l ic a t i o n  

t h a t  t h e y  may o r  may n o t  change  c h e m ic a l ly  w h i le  d e s u l f u r i z i n g .
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OXIDATIOET

The f i r s t  s t e p  i n  t h e  r e g e n e r a t io n  o f  a  s p e n t  n i c k e l  c a r b o n a te .c a t a l y s t  

i s  t h e  o x i d a t io n  o f  n i c k e l  S n i f i d e 5 fo rm in g  n i c k e l  s u l f a t e ,  w i th  an  oxygen 

c o n ta in in g  g a s .  The econom ics o f  t h e  r e g e n e r a t io n  i s  b a s e d  t o  sdtiie e x te n t  

oh  t h e  o x id a t io n  s t e p .  V a r ia b le s  i n f l u e n c i n g  o x id a t io n  a r e  e v a lu a te d  oh  th e  

b a s i s  o f  t h e  p e r c e n t  o f  t o t a l  s u l f u r  c o n v e r te d  t o  a  s o lu b le  s u l f a t e .  The

r e m a in in g  s u l f u r  w ould  b e  i n  t h e  fo rm  o f  a  s u l f i d e  an d  a  b a s i c  s u l f a t e .
! '

KTickel t h a t  i s  n o t  i n  t h e  fo rm  o f  e i t h e r  a  s u l f a t e  o r  a  s u l f i d e  w ould be  p r e ­

d o m in a te ly  ah  o x id e .  T h is  in c lu d e s  a l l  n i c k e l  w h ich  was n o t  c o n v e r te d  t o  

a  s u l f i d e  i n  t h e  h y d r o f in in g  o p e r a t io n  and a l l  n i c k e l  o x id e  o b ta in e d  from  

t h e  o x i d a t io n  o f  t h e  s u l f i d e  o r  fro m  t h e  d e c o m p o s it io n  o f  t h e  s u l f a t e .  T hese  

n i c k e l  o x id e s  a r e  n o t  a c t i v e  d e s u l f u r i z a t i o n  a g e n ts  an d  a r e  t h e  l e a s t  d e ­

s i r a b l e  fro m  an  econom ic s ta n d p o in t  b e c a u s e  s u l f u r i c  a c id  w i l l  b e  r e q u i r e d  

t o  c o m p le te  t h e  s u l f a t i o n .  The b a s i c  s u l f a t e  i s  p r e f e r a b l e  t o  t h e  o x id e ,  

b u t  a g a in  s u l f u r i c  a c id  w i l l  b e  u s e d ,  j u s t  t o  d i s s o l v e  t h i s  s u l f a t e .  T h u s , 

t h e  o x id a t io n  s t e p  was i n v e s t i g a t e d  -to d e te rm in e  th e  optim um  c o n d i t io n s  f o r  

p ro d u c in g  a  s o lu b l e  s u l f a t e .  The v a r i a b l e s  i n v e s t i g a t e d  w ere  c o n ta c t  t im e  

and  t e m p e r a tu r e .



APPARATUS AND EQUIPMENT

A f l u i d  o x id a t io n  u n i t  was c o n s t r u c te d  t o  o x id iz e  s p e n t  n i c k e l  c a rb o n ­

a t e  c a t a l y s t .  The u n i t  was c o n s t r u c te d  from  s ta n d a r d  p ip e  n i p p l e s ,  r e d u c in g  

c o u p l in g s ,  and b u s h in g s ,  a s  shown i n  F ig u r e  4» • The u n i t  was a b o u t 4Q in c h e s
k

lo n g  w ith  a  maximum d ia m e te r  o f . 3 in c h e s  a n d  a  minimum d ia m e te r  o f  I  in c h ,

A h e a t in g  c o i l  w i th  r e s i s t a n c e  o f  H O  ohms an d  a  maximum o u tp u t  o f  440 w a t t s  

a t  220 v o l t s  was u s e d  on th e  u p p e r  p a r t  o f  t h e  .u n i t ,  and a  22 ohm, 110- v o l t ,  

and  550- w a t t  c o i l  w as u s e d  on  t h e  lo w e r  p a r t  o f  t h e  u n i t .

An a i r  p r e h e a t e r ,  c o n s i s t i n g  o f  a  m e ta l  r e a c t o r ,  24 in c h e s  lo n g  and.

3 in c h e s  i n  d ia m e te r ,  f i l l e d  w ith  s t e e l  b a l l s ,  was u s e d .  Two 5 5 0 -w a tt 

h e a t in g  c o i l s  and one  440- w a t t  c o i l  w ere  used, t o  h e a t  th e  p r e h e a t e r .

B o th  t h e  f l u i d  u n i t  and p r e h e a t e r  w ere  h e a v i l y  i n s u l a t e d  w ith  m ag n esia  

i n s u l a t i o n  m a t e r i a l .  The h e a t in g  c o i l s  w ere  c o n t r o l l e d  b y  nP o w e r s ta t"  a u to -  

t r a n s f o r m e r s ,  and  i r o n - c o h s t a n t a n  th e rm o c o u p le s  w ere  u s e d  w i th  a  p o t e n t io ­

m e te r  t o  m easu re  t e m p e r a tu r e s .
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. PROCEDURE

At t h e  s t a r t  o f  a  ru n ,, t h e  r e a c t o r  an d  p r e h e a te r  w ere  h e a te d  t o  j u s t  

b e lo w  t h e  d e s i r e d  t e m p e r a tu r e .  Then t h e  a i r  f lo w  was tu r n e d  on and  a d - , 

j u s t e d  t o  t h e  d e s i r e d  r a t e .  When th e  r e a c t o r  and p r e h e a te r  h a d  r e a c h e d  

th e  o p e r a t in g  t e m p e r a tu r e ,  t h e  a i r  f lo w  was t u r n e d  o f f  an d  s p e n t  c a t a l y s t  

was c h a rg e d  i n  th ro u g h  t h e  to p  o f  t h e  r e a c t o r . Then th e  a i r  f lo w  was 

tu r n e d  oh a g a i n ,  and  t h e  te m p e ra tu re  and th e  a i r  f lo w  r a t e  w e re  h e ld  con­

s t a n t  f o r  t h e  d u r a t i o n  o f  t h e  r u n .  When t h e  r u n  was c o m p le te d , t h e  a i r  

f lo w  and  P o w e r s ta ts  Tfere s h u t  o f f .  A f te r  t h e  f l u i d  r e a c t o r  had  c o o le d , 

t h e  b o tto m  c o n n e c t io n  was lo o s e n e d  an d  t h e  o x id iz e d  c a t a l y s t  was rem oved . 

T h is  c a t a l y s t  was th e n  a n a ly s e d  f o r  t o t a l  s u l f u r  and  s o lu b le  s u l f a t e .
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THERMODBTAEIC CALCULATIONS

I n  o r d e r  t o  h e lp  e x p la in  th e  m echanism  o f  th e  o x id a t io n  o f  n i c k e l  

s u l f i d e  <, a  therm odynam ic  i n v e s t i g a t i o n  o f  t h e  p r i n c i p a l  r e a c t i o n s  was 

m ade. A ls o , tw o  r e a c t i o n s  in v o lv in g  s te a m  and s u l f u r  d io x id e  a s  t h e  

o x id iz in g  a g e n t  w ere  s t u d i e d .  The v a lu e s  f o r 'A S and y&H a t  2$80K w ere 

u s e d , iia th e  fo l lo w in g  e q u a t i o n s : .

A F 2^d = AH-TAS

t NE A H
A S

The a c c u ra c y  d e s i r e d  d id  n o t  r e q u i r e  c a l c u l a t i o n s  t o  com p en sa te  f o r  

v a r i a t i o n s  i n  S and  A H p  w i th  te m p e ra tu re  „ A  F2^  s ta n d s  f o r  f r e e  e n e rg y

a t  298°K and  Tgp s ta n d s  f o r  t h e  te m p e ra tu re  o f  n e u t r a l  e q u i l ib r iu m .
L •' ' ■ • ■ " '

- '  '

I .  2 B S f s )  + 302 ( g )  ----->. 2N iO (s) + 2S02 (g )  - . '

A H p  2 ( - 2 0 .4 )  0  2 ( - $ 8 .4 )  ' 2 ( - t 0 . 9 2 )

S 2 ( 1 8 .0 )  3 ( 4 9 .0 3 )  2 ( 9 .2 )  2 ( 5 9 .2 4 )

A H =  - 2 1 7 .8 4  k c a l /m o le j  A S  = - 4 6 .2 1  E 0U3/m o le  

A F 298 -  - 204.1  k c a l /m o le  T ^  = 4400°C , ■

2 .  N iS (B ) + 202 (g )  — >  NiSO4 Cs)

A H p ' - 2 0 .4  ' 0 - 2 1 6 .0

S 1 8 .0  . 2 ( 4 9 .0 3 )  ' 2 3 .2

A H  = - 1 9 5 .6  k c a l /m o le  A S  = - 9 2 . ‘86 -E-.U ./m o le  

A  ^298 “  rol 6 ? f 9  k c a l /m o le  Tjjp = 1800° C



I

3 .  NiSG4 (S )  — >  N iO (s) + S03 (g )

AHp. - 216.0  , - 5 8 .4  - 104 . 2. '

S 23 .2  9 .2  63 .8

A H =  53»4 k c a l/m tile  A S  = 4 9 .8  E .U './m o le  

A F 2^g = 3 8 .7  k c a l /m o le  = SOO0 C

4 .  2 N iS (s )  + SSOgCg) + SO2 Cg) -— 9» 2N iO (s) + ZtSO3 Cg)

A Hf  2 ( - 2 0 .4 ) 2 ( -7 0 9 2 )  -0  2 ( - 5 8 .4 )  4 C -1 0 4 .2 )

S 3 ( 1 8 .0 )  2 ( 5 9 .2 4 )  5( 49 . 03 ) . 2 ( 9 .2 )  4 ( 63 . 8 )
I  ̂ "
A H =  -3 5 1 .0 6  k c a l /m o le  A S  = - 1 2 6 .0 3  E .U ./m o le

. . ■ '

A F29^  = - 3 1 3 .5  k c a l /m o le  Th e .'== 25O0°C '

5 .  N iS (s )  + H20 (g )  ■ NiO'Cs) + H2S (g )

A F f  - 2 0 .4  - 5 7 .8  - 5 8 .4  - 5 .3  .

S 1 8 .0  4 5 .1 3  " 9 .2  49.15
■ ■

A H  = 1 4 .5  k c a l /m o le  S = - 4 .7 8  E .U ./m o le  

A f 298 = 1 5 .9  k c a l/m o le , The = -2750'°C

T h erm o d y n am ica lly  i t . i s  - p o s s ib le  t o  p ro d u c e  n i c k e l  o x id e  from  th e

o x i d a t io n  o f  n i c k e l  s u l f i d e . .  U n f o r tu n a t e l y ,  t h e  n i c k e l  o x id e  .form ed i s  n o t
\  ' ' . '  - - - - .  ' " . . '  ; 

a n  a c t i v e  d e s u l f u r i z a t i o n  a g e n t .  A ls o ,  t h e  co m p etin g  r e a c t i o n w i t h  th e

f o r m a t io n  o f  n i c k e l  s u l f a t e ,  h a s -  a  .s tro n g  te n d e n c y  t o  go u n d e r . th e .  c o n t r o l l e d

o x i d a t io n  c o n d i t io n s  t h a t  m ust b e  u s e d ; t o  p r o t e c t  t h e  c a t a l y h t  th e r m a l ly .

I t  i s  shown ( r e a c t i o n  3 )  t h a t  n i c k e l  s u l f a t e  w i l l  decom pose , fo rm in g

s u l f u r  t r i o x i d e ,  a t  a b o u t SOO0C. F r i e d r i c h  and  B r i c k i e  ( 5) s t a t e  t h a t

n i c k e l  s u l f a t e  w i l l  decom pose i n t o ■n i c k e l  o x id e  a t  8 4 0 °C,  t h e  d e c o m p o s itio n

- 1 1 -
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b e g in n in g  a t  a b o u t 700o C. The o x id e  fo rm ed  by  t h i s  r e a c t i o n  i s  a l s o .n o t  ah  

a c t i v e  d e s u l f u r i z a t i o n  c a t a l y s t *

From a  therm odynam ic  s t a n d p o i n t ,  a s  shown i n  r e a c t i o n  4 ,  t h e  p re s e n c e  

o f  s u l f u r  d io x id e  f a v o r s  t h e  o x id a t io n  o f  n i c k e l  s u l f i d e *  H ow ever, M ilb a u e r  

and  Tucek ( lO )  s t a t e  t h a t  n i c k e l  s u l f i d e  i n  t h e  p re s e n c e  o f .  s u l f u r  d io x id e  

y i e l d s  n i c k e l  s u l f a t e , b u t  a t  t h e  te m p e r a tu r e  w here t h e  s u l f a t e  te n d s  t o  d e ­

com pose.

The r e a c t i o n  in v o lv in g  t h e  o x id a t io n  o f  n i c k e l  s u l f i d e  w i th  s te a m  i s  

v e r y  u n f a v o r a b le  from  a  therm odynam ic  v ie w p o in t .  I t  h a s  b e e n  fo u n d  t h a t  

. th e  p e r c e n t  c o n v e rs io n  i s  low  a t  t e m p e ra tu re s  up  t o  l$0G °C o Even a t  1500o G, 

i t  d o e s  n o t  seem  t h e  r e a c t i o n  c o u ld  e v e r  becom e e c o n o m ic a l ly  sound  b e c a u s e  

o f  t h e  c o s t  o f  h e a t in g  w a te r  t o  su c h  a  h ig h  te m p e r a tu r e .



RESULTS
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As s t a t e d  b e f o r e 5 t h e  v a r i a b l e s  i n f l u e n c i n g  th e  o x id a t io n  o f  n i c k e l  

s u l f i d e  a r e  e v a lu a te d  on  th e  b a s i s  o f  th e  p e r c e n t  o f  t o t a l  s u l f u r  c o n v e r te d  

t o  s o lu b le  S u l f a t e e The r e s u l t s  o f  t h e  o x id a t io n  r u n s  ̂ a lo n g  w i th  th e  con­

d i t i o n s  u s e d ,  a r e  t a b u l a t e d  i n  T a b le  I e

E f f e c t  o f  T e m p era tu re  ' ■ -

F iv e  r u n s  w ere made t o  d e te rm in e  th e  optim um  te m p e ra tu re  f o r  o x id a t io n , .  

The r e s u l t s  o f  t h e s e  r u n s  h av e  b e e n  p l o t t e d  i n  F ig u re  I e The optim um  tem p­

e r a t u r e  i s  shown to  be a b o u t  8 5 0 °F e H ow ever, t h e  p e r c e n t  o f  t o t a l  s u l f u r  

i n  t h e  c a t a l y s t  sa m p le s  t h a t  had  b e e n  ru n  a t  650°F  was some t h r e e  t im e s  

t h a t  o f  t h e  o t h e r s .  T h is  t e n d s  t o  show  t h a t ,  w h i le  t h e  h ig h e r  t e m p e ra tu re s  

may f a v o r  s u l f a t i o n  ( r e a c t i o n  2 ) ,  th e y  a l s o  te n d  t o  b r in g  a b o u t  t h e  f o r ­

m a tio n  o f  th e  o x id e  ( r e a c t i o n  l )  o r  th e .  d e c o m p o s itio n  r e a c t i o n  o r  b o th .

T hese  l a t t e r  r e a c t i o n s  r e s u l t  i n  t h e  f o rm a t io n  o f  th e  u n d e s i r a b le  n i c k e l  

o x id e .  U n f o r tu n a t e ly ,  i n  o r d e r  t o  make th e  r e a c t i o n  r a t e  o f  s u l f a t i o n  

e c o n o m ic a l ly  f a v o r a b le ,  i t  i s  n e c e s s a r y  t o  u s e  a s  h ig h  a  t e m p e ra tu re  a s  

p o s s ib l e  w i th o u t  c a u s in g  e x c e s s iv e  d e c o m p o s i t io n . The i n d i c a t i o n s  a r e  t h a t  

t h e  optim um  te m p e ra tu re  i s  a b o u t  8 5 0 °F 6 

E f f e c t  o f  Time

Runs 1 -6  i l l u s t r a t e  t h e  e f f e c t  o f  r u n  t im e  on t h e  o x i d a t io n  o f  n i c k e l  

s u l f i d e .  The r e s u l t s  o f  t h e s e  ru n s  hav e  b e e n  p l o t t e d  i n  F ig u re  2 .  A g a in , ' 

t h e  c a t a l y s t  sam p le  ru n  f o r  o n e r-h a lf  h o u r  c o n ta in e d  t h r e e  t im e s  a s  much t o t a l  

s u l f u r  a s  t h e  o t h e r s ,  i n d i c a t i n g  t h e  te n d e n c y  f o r  th e  fo rm a tio n  o f  t h e  o x id e  

t o  p ro c e e d  a t  lo n g e r  c o n ta c t  t im e s .  The d e c r e a s in g  p e r c e n t  o f  s o lu b le  s u l f a t e  

i n  sa m p les  r u n  f o r  4  h o u rs  and  8 h o u rs  i n d i c a t e s  t h e  d e c o m p o s itio n  o f  n i c k e l
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s u l f a t e  a t  su ch  lo n g  c o n ta c t  t im e s .  The p e r c e n t  s o lu b le  s u l f a t e  fo rm ed  i s  

g r e a t e s t  b e tw een  I  and  2 h o u r s ,  a f t e r  w h ich  t h e  d e c o m p o s itio n  r e a c t i o n  

b e g in s  t o  p re d o m in a te .



MET CHEMICAL REGENERATION

The se co n d  s t e p  i n  t h e  r e g e n e r a t io n  o f  a  s p e n t  n i c k e l  c a rb o n a te  de­

s u l f u r i z a t i o n  c a t a l y s t  i s  t h e  w et c h e m ic a l c o n v e rs io n  o f  n i c k e l  s u l f a t e  

t o  n i c k e l  c a r b o n a te .  The n i c k e l  c a rb o n a te  i s  th e n  d r i e d  and  u se d  a s  an  

a c t i v e  d e s u l f u r i z a t i o n  c a t a l y s t .

The f i r s t  s t e p  i n  w et c h e m ic a l . r e g e n e r a t io n  i s  t h e  l e a c h in g  o f  s p e n t  

c a t a l y s t  w i th  s u l f u r i c  a c i d .  T h is  s t e p  i s . n e c e s s a r y  t o  s u l f a t e  a l l  n ic k e l ,  

t h a t  w as n o t  s u l f i d e d  i n  t h e  h y d r o f in in g  u n i t  and a l l  n i c k e l .o x id e  o b ta in e d  

fro m  t h e  o x id a t io n  o f  t h e  s u l f i d e  o r  from  t h e  d e c o m p o s itio n  o f  t h e  s u l f a t e .  

T h ese  n i c k e l  compounds r e a c t  m ole f o r  m ole w i th  s u l f u r i c  a c i d ,  and  a s  a  

■ c o n s e q u e n c e , l a r g e  am oun ts o f  a c id  w i l l  b e  n e c e s s a r y  i f  t h e  p e rc e n ta g e  o f  

n i c k e l  a s  n i c k e l  s u l f a t e  i s  lo w .

The se co n d  s t e p  i s  th e  p r e c i p i t a t i o n  o f  n i c k e l  c a r b o n a te .  H e re , th e  

s u l f a t e d  c a t a l y s t  i s  p u t  i n t o  s o l u t i o n  and  i s  m ixed w ith  a  s o l u t i o n  o f  

sod ium  c a rb o n a te  ( c a lc iu m  c a rb o n a te  can  a l s o  b e  u s e d )  fo rm in g  a •p r e c i p i t a t e  

o f  n i c k e l  c a r b o n a te .  The p r e c i p i t a t e  i s  th e n  f i l t e r e d  and  w ashed  w ith  w a te r  

W ashing i s  a  s im p le  t e c h n i c a l  o p e r a t io n  b u t  h a s  b een  found ' t o  b e  v e ry  im­

p o r t a n t  . T ra c e s  o f . sod ium  s u l f a t e  a r e  n o t  v e r y  d e t r im e n ta l  t o  t h e  i n i t i a l  

a c t i v i t y  o f  th e  c a t a l y s t ,  b u t  a p p r e c ia b l e  am ounts can  n o t  b e  t o l e r a t e d  ( 4 ) .  

A f te r  t h e  c a t a l y s t  h a s  b e e n  w ashed f r e e  o f  e n t r a in e d  s a l t ,  i t  i s  th e n  d r i e d  

and u s e d  a s  an  a c t i v e  c a t a l y s t .



EFFECT OF CATALYST UTILIZATION

D e s u l f u r i z a t i o n  w i th  a  n i c k e l  c a t a l y s t  i s  m a in ly  d e p e n d e n t on two 

d i f f e r e n t  co m p e tin g  r e a c t i o n s .

6 .  NiO + RSH + H2 -----% NiS + RH + H2O

7 .  NiS + H2 -----& N i '+  H2S

The f i r s t  r e a c t i o n  r e s u l t s  i n  t h e  f o r m a t io n  o f  n i c k e l  s u l f i d e . When a l l  

a v a i l a b l e  n i c k e l  i s  i n  t h e  fo rm  o f  a  s u l f i d e ,  r e a c t i o n  6 m ust end and  • 

r e a c t i o n  7 w i l l  p r e d o m in a te . H ow ever,  r e a c t i o n  7 w i l l  p ro c e e d  a t  a  r a t e  

o f  uneconom ic o p e r a t io n  and  t h e  c a t a l y s t  m ust b e  r e p l a c e d .

The c o m p o s i tio n  o f  s p e n t  c a t a l y s t  a t  t h e  b e g in n in g  o f  r e g e n e r a t io n  

i s  an  im p o r ta n t  f a c t o r .  Any u n s u l f id e d  n i c k e l  re m a in in g  r e p r e s e n t s  an  

econom ic l o s s ,  i n  t h a t  t h e  c a t a l y s t  was n o t  u s e d  t o  i t s  f u l l e s t  e x t e n t ,  

and  t h a t  i t  i n c r e a s e s  t h e  s u l f u r i c  a c id  c o n su m p tio n . As p r e v io u s ly  s t a t e d  

a l l  n i c k e l  t h a t  i s  n o t  s u l f i d e d  i n  t h e  h y d r o f in in g  u n i t  m ust b e  le a c h e d  

w i th  s u l f u r i c  a c i d .

N ot o n ly  t h e  c o n d i t io n s  o f  h y d r o f in in g  b u t  a l s o  t h e  m ethod  and  con­

d i t i o n s  o f  r e g e n e r a t in g  t h e  c a t a l y s t  w i l l  a f f e c t  t h e  e x te n t  o f  c a t a l y s t  

u t i l i z a t i o n .  F is c h b a c h  (4 )  h a s  r e p o r t e d  t h e  f a c t o r s  t h a t  i n f lu e n c e  t h e  

p r e c i p i t a t i o n  o f  an  a c t i v e  n i c k e l  d e s u l f u r i z a t i o n  c a t a l y s t ,  b u t  t h e s e  a r e  

n o t  n e c e s s a r i l y  t h e  f a c t o r s  t h a t  w i l l  i n f l u e n c e  t h e  p r e c i p i t a t i o n  o f  a 

c a t a l y s t  t h a t  c a n  b e  e a s i l y  and e c o n o m ic a l ly  r e g e n e r a t e d .  The a c t i v i t y  o f  

t h e  c a t a l y s t  i s  d e p e n d e n t upon  b o th  r e a c t i o n s  6 and  7 ,  w h i le  t h e  r e g e n e r ­

a t i o n  i s  d e p e n d e n t o n ly  upon  th e  e x te n t  o f  r e a c t i o n  6 .
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I t  w ould  seem  p r o b a b le  t h a t  a n y  h y d r o f in in g  c o n d i t io n s  t h a t  w ould  te n d  

t o  r e p r e s s  r e a c t i o n  7 w ould  i n c r e a s e  t h e  u l t i m a t e  p e r c e n t  o f  n i c k e l ' s u l f i d e d » 

The c o n d i t io n s  o f  p r e c i p i t a t i o n  t h a t  w i l l  p ro d u c e  a  c a t a l y s t  t h a t  w i l l  s u l ­

f i d e  t o  t h e  g r e a t e s t  e x te n t  a r e  n o t  e v id e n t  from  a  therm odynam ic  s ta n d p o in t  

an d  h av e  b e e n  i n v e s t i g a t e d .  C o n d itio n s , u s e d  f o r  p r e c i p i t a t i p n  a r e  shown i n  

T a b le  IV ; s o l u t i o n s  u s e d  f o r  p r e c i p i t a t i o n  a r e  d e s c r ib e d  i n  T a b le  I I I i

A n o th e r f a c t o r  w h ich  a f f e c t s  c a t a l y s t  u t i l i z a t i o n  i s  p u r e ly  p h y s i c a l .  

V ery  t i g h t l y  p e l l e t e d  c a t a l y s t  w i th o u t  a  p o ro u s  s u p p o r t  can  c o n ta i n  a c t i v e  

n i c k e l  compounds t h a t  c a n n o t b e  p h y s i c a l l y  r e a c h e d  t o  be  u t i l i z e d .  T h e re ­

f o r e ,  c a t a l y s t  d e n s i t y  m ust a l s o  b e  c o n t r o l l e d  b y  th e  c o n d i t io n s  o f  p r e c i p i ­

t a t i o n
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APPiffiATUS AND EQUIPMENT.

A c o m p a riso n  u n i t  was c o n s t r u c te d  t o  t e s t  v a r io u s ly -  p r e p a r e d  c a t a l y s t s 5 

t o  d e te rm in e  th e  c o n d i t io n s  o f  h y d r o f in in g  and  t h e  c o n d i t io n s  o f  c a t a l y s t  

p r e c i p i t a t i o n  t h a t  w i l l  a f f e c t  maximum c a t a l y s t  s u l f i d i n g .  A d iag ram  o f  

t h i s  u n i t  i s  shown i n  F ig u r e  5« The c o m p a riso n  u n i t ,  o r  c o m p a ra to r  a s  i t  

w i l l  b e  r e f e r r e d  t o ,  was d e s ig n e d  so  t h a t  v a r io u s  c a t a l y s t s  c o u ld  be ru n  

u n d e r  t h e  same h y d r o f in in g  c o n d it io n s ,-  g iv in g  a  b a s i s  f o r  com paring  th e  

r e s u l t s  o f  s u l f i d i n g .

The c o m p a ra to r  was made from  a  p i e c e  of- 25 mm P y re x  g l a s s  tu b in g  w ith  

a  w a te r - c o o le d  c o n d e n se r  w e ld ed  on t o  th e  b o tto m  fo rm in g  a  s o l i d  u n i t ,  a b o u t 

36  in c h e s  lo n g .  The t o p  o f  th e  tu b in g  was f i t t e d  w i th  t h e  fem a le  p o r t i o n  

o f  a  2 9 /4 2  g round  g l a s s  s ta n d a r d  t a p e r  j o i n t .  A 3 5 /2 5  g ro u n d  g l a s s  b a l l  

j o i n t  was s e a l e d  t o  t h e  b o tto m  o f  t h e  c o n d e n s e r .

H ea t was s u p p l i e d  t o  t h e  u n i t  w i th  a  5 5 0 -w a tt  h e a t in g  c o i l  c o n t r o l l e d  

by  a  P o w e r s ta t . A th e r m o w e ll ,  c o n s i s t i n g  o f  a  p ie c e  o f  6 mm P y re x  g l a s s  

tu b in g  s e a l e d  on one e n d , p r o je c te d  v e r t i c a l l y  i n t o  t h e  c a t a l y s t  b e d . • To 

m ea su re  t e m p e r a tu r e s ,  a n  i r o n - c o n s t a n t a n  th e rm o c o u p le  in s e r te d -  i n  th e  th e r m o - . 

w e l l  was c o n n e c te d  t o  a  p o t e n t io m e te r . The e n t i r e  u n i t  was wound w ith  

a s b e s t o s  t a p e  and  was c o v e re d  w i th  a  t h i c k  l a y e r  o f  m ag n e s ia  i n s u l a t i o n .

The c o m p a ra to r  u n i t  w as c o n n e c te d  b y  m eans o f  t h e  b a l l  j o i n t  t o  a  1000 

m l s e p a r a to r y  f u n n e l  u s e d  a s  a n  e f f l u e n t  o i l  r e s e r v o i r .  E x h a u s t g as  was 

p a s s e d  th ro u g h  an  i c e  c o n d e n se r  an d  a  cadmium c h lo r i d e  p r e c i p i t a t o r  t o  r e ­

move e n t r a in e d  l i q u i d s  an d  h y d ro g en  s u l f i d e .  ' A c h a rg e  o i l  r e s e r v o i r ,  con­

s i s t i n g  o f  a  500 m l s e p a r a to r y  f u n n e l ,  was c o n n e c te d 1 t o  a  b e llo w s  pump.



- 1 9 -

O i l  was pumped c o n t in u o u s ly  fro m  th e  r e s e r v o i r  t o  t h e  to p  o f  t h e  c o m p a ra to r„ 

H ydrogen was. in t r o d u c e d  i n t o  t h e  c o m p a ra to r  above  t h e  o i l  i n l e t .  H ydrogen 

r a t e ,  r e g u l a t e d  b y  a  n e e d le  v a lv e ,  was m ea su red  w ith  a  m e rc u ry  m anom eter

and  o r i f i c e
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MATERIALS AMD PROCEDURE

C harge o i l  u s e d  i n  t h i s  i n v e s t i g a t i o n  was a  s t r a i g h t - r u n *  c l e a r  f u e l  

o i l .  I n  a d d i t i o n ,  t h e  o i l  u s e d  i n  r u n s  7 and  S was san d  t r e a t e d .  The 

s u l f u r  c o n te n t  o f  t h e s e  c h a rg e  o i l s  v a r i e d  from  2 .0 9  t o  2 .2 0  p e r c e n t  by- 

w e ig h t .  I n s p e c t io n  d a ta  f o r  t h e  c h a rg e  o i l s  a r e  p r e s e n te d  i n  T a b le  I I .

To p r e p a r e  t h e  c o m p a ra to r  f o r  a  r u n ,  a b o u t  1 .0  gram  o f  p y re x  g l a s s  

w ool,, s e r v in g  m e re ly  a s  a  c a t a l y s t  s u p p o r t ,  was p la c e d  i n  t h e  c o m p a ra to r  

j u s t  b e lo w  t h e  th e rm o w e ll .  The c a t a l y s t  t o  b e  t e s t e d  f o r  maximum s u l f i d i n g  

was w eighed  and  m ixed  w i th  o n e - e ig h th  in c h  p o r c e l a i n  f i s h  s p in e s  and  was 

t h e n  c h a rg e d  t o  t h e  c o m p a ra to r . The f i s h  s p in e s  p re v e n te d  t h e  f i n e  c a t a l y s t  

from  c a k in g  an d  p lu g g in g  th e  u n i t .  A l a y e r  o f  o n e - q u a r te r  in c h  f i s h  s p in e s ,  

s e r v in g  a s  a  p r e h e a t  s e c t i o n  f o r  t h e  o i l ,  was p la c e d  on to p  o f  t h e  c a t a l y s t  

b e d .  The c h a rg e  o i l  r e s e r v o i r  was f i l l e d  w i th  o i l  t h a t  h ad  b e e n  p r e v io u s ly  

w e ig h e d . A l l  g round  g l a s s  j o i n t s  w ere g r e a s e d  an d  clam ped i n  p l a c e ,  and 

t h e  u n i t  was t h e n  r e a d y  f o r  o p e r a t i o n .

The P o w e rs ta t  was tu r n e d  o n , and  w h i le  t h e  c o m p ara to r was h e a t i n g ,  a 

s m a l l  am ount o f  h y d ro g en  was a llo w e d  t o  p a s s  th ro u g h  th e  u n i t .  When t h e ' 

d e s i r e d  te m p e ra tu re  had  b e e n  a t t a i n e d ,  t h e  pump, c a l i b r a t e d  t o  d e l i v e r  

a p p ro x im a te ly  420 gram s o f  o i l  p e r  h o u r ,  was tu r n e d  o n , and  t h e  hy d ro g en  

f lo w  was a d ju s t e d  t o  t h e  d e s i r e d  r a t e .  O i l  sam p les  w ere p e r i o d i c a l l y  w i th ­

draw n from  t h e  e f f l u e n t  o i l  r e s e r v o i r ,  w e ig h e d , and  a n a ly s e d  f o r  s u l f u r  

c o n t e n t .  •

At t h e  end  o f  t h e  d e s i r e d  ru n  t im e ,  th e .  pump and P o w e rs ta t  w ere  tu rn e d  

o f f ,  b u t  h y d ro g en  was. a llo w e d  t o  f lo w  th ro u g h  th e  u n i t  f o r  a  few  a d d i t i o n a l
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m in u te s  t o  rem ove a l l  o i l  f ro m  t h e  c a t a l y s t  b e d . A f te r  t h e  u n i t  had  c o o le d  

som ew hat5 i t s  e n t i r e  c o n te n t s  w ere  rem oved an d  w e ig h e d . The s p e n t  c a t a l y s t  

was th e n  a n a ly s e d  f o r  t h e  p e r c e n t  o f  t o t a l  n i c k e l  s u l f i d e .  O i l  re m a in in g  

i n  th e . e f f l u e n t  r e s e r v o i r  was rem oved and  a n a ly s e d .  ■

O i l  sam p les  t h a t  w ere  t o  b e  a n a ly s e d  w ere  g iv e n  a  c a u s t i c  wash t o  r e ­

move any  h y d ro g e n  s u l f i d e .  S u l f u r  c o n te n t  o f  t h e  o i l  was d e te rm in e d  by  th e  

c o n v e n t io n a l  l a m p - s u l f u r  m e th o d , a s  d e s c r ib e d  i n  t h e  A .S .T .M . M anual o f  

S ta n d a rd s  ( l ) .

I
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CALCULATIONS

A f te r  a  c a t a l y s t  sam p le  had  b een  r u n  i n  t h e  c o m p a ra to r  ̂ t h e  amount o f  

s u l f u r  rem oved fro m  t h e  o i l  was c a l c u l a t e d .  The am ount o f  n i c k e l  i n  th e  

c a t a l y s t  h ad  b e e n  d e te rm in e d  b y  a n a ly s i s  b e f o r e  i t  was r u n .  From th e s e  

tw o f i g u r e s  a  v a lu e  f o r  t h e  p e r c e n t  n i c k e l  a s  n i c k e l  s u l f i d e  was c a l c u l a t e d s 

b a s e d  on th e  s to i c h io m e t r i c  r e l a t i o n s h i p  b e tw e en  n i c k e l  and s u l f u r  i n  a  

m o n o s u lf id e .  T h is  s to i c h io m e t r i c  p e r c e n t  i s ,  i n  a l l  p r o b a b i l i t y ,  n o t  c o r r e c t  

f o r  t h e  fo l lo w in g  tw o r e a s o n s :  some o f  t h e  s u l f u r  was rem oved fro m  th e  o i l

a s  h y d r o g e n ' s u l f i d e ,  and  t h e  s u l f u r  t h a t  d id  fo rm  n i c k e l  s u l f i d e  c o u ld  hav e  

b e e n  c o n ta in e d  a s  a  p o l y s u l f i d e .

I n  o r d e r  t o  o b t a i n  a  m ore a c c u r a te  f i g u r e  f o r  p e r c e n t  n i c k e l  a s  n i c k e l  

s u l f i d e , e a c h  s p e n t  c a t a l y s t  was a n a ly s e d  f o r  t o t a l  n i c k e l  an d  t o t a l  s u l f u r . 

H ow ever, t h i s  f i g u r e  was a g a in  b a s e d  on a  m o n o s u lf id e .

U s in g  b o th  f i g u r e s  f o r  p e r c e n t  n i c k e l  s u l f i d e d ,  t h e  s u l f i d i n g  a b i l i t i e s  o f  

v a r i o u s l y  p r e c i p i t a t e d  c a t a l y s t s  w ere  com pared . Due t o  s u l f u r  rem oved a s  

h y d ro g e n  s u l f i d e  t h e  s to i c h i o m e t r i c  p e r c e n t  s h o u ld  be g r e a t e r  th a n  th e  

a n a l y t i c a l  p e r c e n t .  From t h i s  c o r r e l a t i o n ,  t h e  r e l a t i v e  " t r u e  c a t a l y t i c "  

a c t i v i t i e s  o f  t h e  v a r io u s  c a t a l y s t s  w ere  o b s e rv e d . A c a t a l y s t  t h a t  demon­

s t r a t e s  a  s to i c h io m e t r i c  p e r c e n t  t h a t  i s  much h ig h e r  t h a n  t h e  a n a l y t i c a l  

p e r c e n t  w ould  i n d i c a t e  t h a t  much o f  th e  s u l f u r  had  b e e n  rem oved .,.from t h e  o i l  

a s  h y d ro g en  s u l f i d e .  • ■

C a lc u la t i o n s  f o r  t h e  v a r io u s  r u n s  a r e  in c lu d e d  i n  T a b le  V I , a lo n g  

w ith  t h e  h y d r o f in in g  c o n d i t i o n s .  O i l  was w ith d ra w n  fro m  t h e  e f f l u e n t  r e s e r ­

v o i r  e v e ry  h o u r i n  t h e  f i r s t  8 ru n s  and  e v e ry  f o u r  h o u rs  in . r e m a in in g  r u n s .
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The w e ig h t o f  o i l  p a s s in g  th ro u g h  t h e . u n i t  d u r in g  each  t im e  i n t e r v a l  

b e tw een  sa m p le s  was c o r r e c t e d  t o  a c c o u n t f o r  l o s s e s  due to  c r a c k in g  w hich  

w ere  d iv id e d  a s  e q u a l l y  a s  p o s s ib l e  ,among t h e  t im e  i n t e r v a l s .  The w e ig h t 

o f  o i l  b e f o r e  c o r r e c t i o n  i s  t h e  t o t a l  e f f l u e n t  o i l ,  w h i le  t h e  w e ig h t o f  

o i l  a f t e r  c o r r e c t i o n  i s  t h e  t o t a l  o i l  c h a rg e d .  S pace  v e l o c i t y ,  r e p o r t e d  

a s  gram s o f  o i l  p e r  gram  o f  c a t a l y s t  p e r  h o u r ,  was b a s e d  on t h e  t o t a l  

c h a rg e  o i l .

The am ount o f  s u l f u r  rem oved d u r in g  e a c h  t im e  i n t e r v a l  was d e te rm in e d  

b y  m u l t ip ly in g  th e  w e ig h t  o f  o i l  a f t e r  c o r r e c t i o n  by  th e  d i f f e r e n c e  be tw een  

t h e - p e r c e n t  s u l f u r  i n  t h e  c h a rg e  o i l  and th e  p e r c e n t  s u l f u r  i n  t h e  e f f l u e n t  

o i l  fo r. t h a t  t im e  i n t e r v a l .  The p e r c e n t  n i c k e l  s u l f i d e d  was c a lc u l a t e d  

from  th e  t o t a l  gram s o f  s u l f u r  rem oved from  th e  o i l .  .

Many c a t a l y s t s  d e m o n s tra te  an  a p p a re n t  n i c k e l  s u l f i d e d  g r e a t e r  th a n  

100  p e r c e n t .  H ow ever, due t o  s u l f u r  rem oved a s  h y d ro g en  s u l f i d e  and th e  

m ethod  o f  c a l c u l a t i o n ,  i t  i s  p o s s ib l e  f o  h a v e  a n  a p p a re n t  p e r c e n t  g r e a t e r  

t h a n  100 p e r c e n t .
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RESULTS ■

As p r e v io u s ly  s t a t e d ,  t h e  v a r i a b l e s  o f  p r e c i p i t a t i n g  a  c a t a l y s t  t h a t  

c o u ld  b e  c o n v e r te d  a lm o s t e n t i r e l y  t o  n i c k e l  s u l f i d e  d u r in g  h y d r o f in in g  

w e re  i n v e s t i g a t e d .  A ls o ,  t h e  c o n d i t io n s  o f  h y d r o f in in g  c o n d u c iv e  t o  max­

imum s u l f i d i n g  w ere  i n v e s t i g a t e d .  The r e s u l t s  o f  t h e  c o m p a ra to r  ru n s  a r e  

t a b u l a t e d  i n  T a b le  V.

Run: Time

A sam p le  was ta k e n  e v e ry  h o u r  i n  t h e  f i r s t  8 ru n s  t o . d e te rm in e  t h e  

t im e  r e q u i r e d  t o  s u l f i d e  a  c a t a l y s t  t o  i t s  g r e a t e s t  e x t e n t .  As t h e  ru n  

p r o g r e s s e d ,  th e  s u l f u r  c o n te n t  o f  t h e  o i l  sa m p le s  g o t  s t e a d i l y  h i g h e r ,  un­

t i l  a f t e r  4  t o  8  h o u r s ,  t h e  s u l f u r  c o n te n t  o f  t h e  e f f l u e n t  o i l  was a s  h ig h  

a s  t h a t  o f  t h e  c h a rg e  o i l .  S in c e  s u l f u r  was no lo n g e r  b e in g  rem oved from  

t h e  o i l ,  t h e  c a t a l y s t  w as no lo n g e r  b e in g  s u l f i d e d .  I n  some r u n s ,  t h e  

s u l f u r  c o n te n t  o f  th e  e f f l u e n t  o i l  d id  n o t  g e t  a s  h ig h  a s  t h a t  o f  t h e  c h a rg e  

o i l ,  due t o  s u l f u r  rem oved a s  h y d ro g e n  s u l f i d e .  I n  F ig u re  3 ,  t im e  i n  h o u rs  

i s  p l o t t e d  a g a i n s t  s u l f u r  c o n te n t  o f  e f f l u e n t  o i l .  From t h e s e  d a t a ,  i t  was 

d e c id e d  t h a t  a  r u n  t im e  o f  e i g h t  h o u rs  was s u f f i c i e n t  t o  s u l f i d e  any  c a t a l y s t  

t o  c o m p le t io n .

E f f e c t  o f  T e m p e ra tu re

F our ru n s  w ere  made v a ry in g  t h e  te m p e ra tu re  fro m  525°F to  7 2 5 °F . The 

lo w e s t  t e m p e r a tu r e ,  5 2 5 °F , a p p e a re d  t o  f a v o r  fo rm a tio n  o f  n i c k e l  s u l f i d e .  

H ig h e r  t e m p e ra tu re s  a r e  m ore f a v o r a b le  f o r  t h e  rem o v a l o f  s u l f u r  a s  h y d ro g en  

s u l f i d e .  H ow ever, a t  725°F t h e  r e s u l t s  w ere  v e r y  p o o r  and  a p p r e c ia b l e  c ra c k ­

in g  was n o t i c e a b l e .
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E f f e c t  o f  H ydrogen  R a te

The e f f e c t  o f  h y d ro g e n  r a t e  was s tu d i e d  i n  r u n s  3 S 5 and  7» The lo w e s t  

h y d ro g en  r a t e  p ro v e d  t o  in d u c e  maximum s u l f i d i n g .  T h is  i s  p ro b a b ly  due t o  

t h e  f a c t  t h a t  a  h ig h e r  h y d ro g e n  r a t e  f a v o r s  t h e  rem o v a l o f  s u l f u r  a s  h y d ro ­

gen  s u l f i d e .  I n  f a c t ,  a n y  h y d r o f in in g  c o n d i t io n s  t h a t  w ould  f a v o r  rem oval, 

o f  s u l f u r ,  a s  h y d ro g en  s u l f i d e  w ould  n o t  b e  optim um  f o r  maximum c a t a l y s t  

s u l f i d i n g .

M ethod ' o f  A dding S o lu t io n s

R e l a t i o n s h i p  b e tw e en  maximum s u l f i d i n g  and  th e  m ethod o f  a d d in g  s o lu t i o n s  

i s  d e m o n s tra te d  i n  r u n s  1 0 ,  1 2 , 1 3 ,  and  1 4 . F o r two o f  t h e  r u n s ,  c a t a l y s t s  

w ere  p r e c i p i t a t e d  b y  a d d in g  n i c k e l  s u l f a t e  s o l u t i o n  t o  a  sod ium  c a rb o n a te  

s o l u t i o n ,  an d  f o r  t h e  o t h e r  tw o , c a t a l y s t s  w ere  p r e c i p i t a t e d  b y  a d d in g  c a r ­

b o n a te  t o  s u l f a t e .  , R e s u l t s  show t h a t  maximum s u l f i d i n g  i s  o b ta in e d  when 

t h e  c a t a l y s t  i s  p r e c i p i t a t e d  b y  a d d in g  c a rb o n a te  t o  s u l f a t e .  C o y k e n d a ll ( 3 )  

r e p o r t e d  t h a t  a  n i c k e l  c a t a l y s t  o f  h i g h e s t  a c t i v i t y  i s  o b ta in e d  when sodium  

c a rb o n a te  i s  added  t o  a  s u l f a t e  s o l u t i o n .

F is c h b a c h  (4 )  r e p o r t e d  a  d e f i n i t e  r e l a t i o n s h i p  b e tw e e n  t h e  m ethod o f  

a d d in g  s o l u t i o n s  and th e  p h y s ic a l  c h a r a c t e r i s t i c s  o f  t h e  r e s u l t a n t  c a t a l y s t .  

When th e  s u l f a t e  s o l u t i o n  was ad d ed  t o  a  c a rb o n a te  s o l u t i o n ,  t h e  c a t a l y s t  

was v e r y  g r a n u la r  and ' c o u ld  n o t  b e  e x tru d e d  i n t o  " n o o d le s ."  When th e  c a rb o n ­

a t e  was add ed  t o  a  s u l f a t e ,  t h e  c a t a l y s t  a p p e a re d  t o  be v e r y  f i n e l y  d iv id e d  

and  was r e a d i l y  e x t r u d a b le .  T h is  p h y s ic a l  c h a r a c t e r i s t i c  c o u ld  h e lp  t o  

e x p la in  why th e  l a t t e r  m ethod  a l s o  p ro d u c e s  a  c a t a l y s t  t h a t  w i l l  e x h i b i t  

maximum s u l f i d i n g .
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E f f e c t  off E x c e ss  C a rb o n a te

The e f f e c t  o f  p r e c i p i t a t i n g  by  u s in g  an  e x c e s s  o f  t h e  s to i c h io m e t r i c  

q u a n t i t y  o f  sod ium  c a rb o n a te  i s  d e m o n s tra te d  i n  ru n s  IO 5 I l 5 and  1 2 , The 

d a t a  i n d i c a t e  t h a t  maximum s u l f i d i n g  can  b e  o b ta in e d  w ith  a  c a t a l y s t  t h a t  

h a s -b e e n  p r e p a r e d  by  p r e c i p i t a t i n g  w i th  s to i c h io m e t r i c  q u a n t i t i e s  o f  c a rb o n ­

a t e  or. j u s t  a  s l i g h t  e x c e s s .  Ueno (1 2 )  r e p o r t e d  t h a t  n i c k e l  h y d ro g e n a tio n  

c a t a l y s t s  h av e  th e . g r e a t e s t  a c t i v i t y  when a  s l i g h t  e x c e s s  o f  sodium  c a rb o n ­

a t e  i s  u s e d .

P r e c i p i t a t i o n  an d  D ig e s t io n  . v

S e v e r a l  ru n s  w e re  made t o  d e te rm in e  th e  e f f e c t  o f  p r e c i p i t a t i o n  and  

d i g e s t i o n  c o n d i t io n s  on t h e  e x te n t  o f  s u l f i d i n g .  Sam ple P -3 1  was p r e c i p i ­

t a t e d  a t  71°F -  73°F and  was d i g e s t e d  a t  t h e  same t e m p e r a tu r e .  Sam ples 

P -3 0  and  P -3 7  w ere  p r e c i p i t a t e d  a t  188°F  -  192°F  and  206°F  -2 0 9 °F  r e s p e c t i v e l y  

an d  w ere  d i g e s t e d  a t  th e  same t e m p e r a tu r e s . R e s u l t s  o f  t h e  c o m p a ra to r  r u n s  

i n d i c a t e  t h a t  maximum s u l f i d i n g  i s  o b ta in e d  when th e . c a t a l y s t  i s  p r e c i p i ­

t a t e d  a t  t h e  lo w e r - t e m p e r a tu r e s .  Sam ple P -3 7  was p r e c i p i t a t e d  o v e r  a  t im e  

i n t e r v a l  o f  72 m in u te s 5 w h i le  P -43  was p r e c i p i t a t e d  o v e r  a  tim e, i n t e r v a l  o f  

-15 -m in u te s .  Sam ple P -3 7  was d ig e s t e d  f o r  60 m in u te s  an d  P -4 4  was n o t  d i ­

g e s te d  a t  a l l .  R e s u l t s  show t h a t  p r e c i p i t a t i o n  o v e r  a  s h o r t  - t im e . i n t e r v a l 5 

w i th  v e ry  l i t t l e  o r  no d i g e s t i o n ,  r e s u l t s  i n  a  c a t a l y s t  t h a t  w i l l  d e m o n s tra te  

maximum s u l f i d i n g .  T h u s5 t h e  optim um  c o n d i t io n s  o f  p r e c i p i t a t i o n  and d i -  

g e s t i o n  a p p e a r  t o  be  r a p i d . p r e c i p i t a t i o n  a t  room te m p e ra tu re , w ith , l i t t l e  

t im e  a llo w e d  f o r  d i g e s t i o n .

F is c h b a c h  (4 )  r e p o r t s  t h a t  g r e a t e r  a c t i v i t y  i s  o b ta in e d  from  a  n i c k e l  

c a t a l y s t  w h e n .p r e c i p i t a t i o n  i s  c a r r i e d  o u t  a t  th e  b o i l i n g  p o i n t  w i th
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a p p r e c ia b l e  t im e  a llo w e d  f o r  d i g e s t i o n .  A ls o ,  n i c k e l  c a rb o n a te  i s  i n s o l ­

u b le  i n  c o ld  w a t e r .  I f  p r e c i p i t a t i o n  and d i g e s t i o n  a r e  c a r r i e d - o u t a t  th e  

,b o i l i n g  p o i n t ,  t h e  am ount o f  n i c k e l  l o s t  i n  t h e  f i l t r a t e  w i l l  b e  m in im iz e d . 

E f f e c t  o f  E n t r a in e d  S a l t

Runs 1 7 ,  1 8 , and  22 i l l u s t r a t e  t h e  e f f e c t  o f  e n t r a in e d  s a l t  upon  c a t a ­

l y s t  s u l f i d i n g .  Sam ples P -3 9 -A , P -4 5 , and  P -37  w ere  w a te r  w ashed  Pnce w i th  

100  m l , ; , ' t h r e e  t im e s  w i th  100 m l . ,  and t h r e e  t im e s  w ith  340  m l . ,  r e s p e c t i v e l y ,  

f o l lo w in g  f i l t r a t i o n .  S u l f i d i n g  f i g u r e s  i n d i c a t e  t h a t  t h e  m ore th e  c a t a l y s t  

i s  w a sh e d , t h e  l e s s  i t  w i l l  s u l f i d e .  T h u s , i t  c o u ld  b e  c o n c lu d e d  t h a t  th e  

p r e s e n c e  o f  t r a c e s  o f  sod ium  s u l f a t e ,  a s  a n  e n t r a in e d  s a l t ,  i s  b e n e f i c i a l  

t o  maximum s u l f i d i n g .  H ow ever, an  a p p r e c ia b l e  am ount o f  e n t r a in e d  s a l t  i s  

e x tr e m e ly  d e t r i m e n ta l  t o  c a t a l y s t  a c t i v i t y  ( 4 ) «
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SUMt-IARY

The r e s u l t s  and c o n c lu s io n s  o f  t h i s  i n v e s t i g a t i o n  may b e  sum m arized 

a s  f o l l o w s :

I .  Optimum c o n d i t io n s  f o r  th e  o x id a t io n  o f  a  s p e n t  n i c k e l  c a t a l y s t <, 

b a s e d  on t h e  .p e rc e n t  s o lu b le  s u l f a t e  p ro d u c e d , a r e  a  te m p e ra tu re  

o f  a b o u t 850°F  and  a  c o n t a c t •tim e  o f  one t o  two h o u r s ,

2« H y d ro f in in g  c o n d i t io n s  c o n d u c iv e  t o  maximum c a t a l y s t  u t i l i z a t i o n  

a r e  a  r e l a t i v e l y  low  te m p e r a tu r e  o f  525°F and  a  r e l a t i v e l y  low  - 

h y d ro g en  r a t e .

3» Maximum s u l f i d i n g  i s  o b ta in e d  from  a  c a t a l y s t  p r e c i p i t a t e d  by  

a d d in g  a  s l i g h t  e x c e s s  o f  sod ium  c a rb o n a te  s o l u t i o n  t o  a  n i c k e l  

s u l f a t e  s o l u t i o n .

4 .  R a p id  p r e c i p i t a t i o n  a t  room  t e m p e r a tu r e ,  w i th  l i t t l e  o r  no 

d i g e s t i o n ,  r e s u l t s  i n  a  c a t a l y s t  t h a t  w i l l  d e m o n s tra te  maximum 

s u l f i d i n g .

5 .  A l a r g e  am ount o f  e n t r a in e d  s a l t  i s  e x tre m e ly  d e t r i m e n ta l  to  

c a t a l y s t  a c t i v i t y ,  b u t  t r a c e s  te n d  t o  p rom ote  maximum c a t a l y s t

u t i l i z a t i o n
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TABLE I
OXIDATION CONDITIONS AND RESULTS

Bun Tim e T e m p e ra tu re ■ P e r c e n t P e r c e n t
No. H r s . dp T o ta l

S u l f u r
S u l f u r  a s  
S o lu b le  S u l f a t e

I i 850 1 0 .1 8 .9 .1 4
2 I 850 3 .7 2 7 2 .8 5
3 2 850 3 .8 5 7 3 .2 5
4 3 850 3 .6 7 6 5 .6 7
5 4 850 3 .9 1 6 6 ,7 5
6 8 850 3 .8 8 6 0 .2 6
7 4 650 1 0 .8 9 3 6 .8 2
8 ■ 4 1150 3 .9 5 4 8 .8 3
9 2 644 9 .4 0 3 5 .9 0
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. TABLE IT
.INSPECTION DATA FOR CHARGE OIL

AeP eI 0 a t  60°F- 
S p e G r .
A verage  M oIe W te 
Brom ine No.
W t1 % S u l f u r  
W te % H ydrogen 
AeS 0TeM0 D i s t i l l a t i o n  

' I 0B0P 0
5$

10
20
30
40
50
60
70

x 80 •
90
95

E e P e 
R e c o v e red  
R e s id u e  
L oss

R e g u la r

30 .6
0 .8 7 2 9

222
7 .5 7

2 . 09- 2 .20
1 0 .9

425°F  "
504 
520 
536 
548 
558 
567 
575 
584 
594 
611 
625 
652

9 9 .0  %
0 .8  #

■. 0.2 %

Sand T re a te d

3 0 .5
0 .8 7 3 5

222
9 .24

: 2,20
1 0 .9

385°F
499
519
536
547
555
566
575
584
595
613
631
651

9 9 .0  % 
0.8  % 
0 .2  #
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• T A B L E 'III
SOLUTIONS USED IN CATALYST PRECIPITATION

N ic k e l  S u l f a t e  S o lu t io n s
. * S

S o lu t io n  I n g r e d i e n t s  S p e c i f i c
Grams

C om m ercial
NiSO4

ml
-HgO

. G r a v i ty

A N L each ed  fro m  s p e n t  , ,
C a t a ly s t  w i th  HgSO4 -

1.2529
a t  2 8 .9 °C

B 858 2994 1 .1 4 5 8  
a t  24 .5 °C

C 843 1950 1.2060  
a t  23 . 90C

D 843 1950

E ' . ,8 4 3 1951

Sodium  C a rb o n a te  S o lu t io n s

S o lu t io n

A

Grams NagCOo p e r  gram  
o f  s o l u t i o n

OcI 860

B 0 ,2 3 0 0

c  0.2301

0.2298D



TABLE IV
CONDITIONS USED H  CATALYST PRECIPITATIONS

- - 'N iS O  J1 NaoCOg Added P r e c i p i t a t i o n D ig e s t io n W ater Wash
C a t , S o l fIi cc Gms S o l fn  cc Gms To S o l fIi Temp 0F Time Temp °F Time cc Nd. o f

M in. M ip ,, p e r W ashes
- Wash

P-25 A 125.0 2 1 .2 3 A 7 0 .0 1 5 .5 9 NagiCOg B o i l 70 B o i l 60 340 3
P -26 A 125.0 . 21.26 A 8 0 .0 1 7 .8 2 Na2COg B o il 80 B o i l 60 340 3

-P-27 A 125.0 2 1 .2 6 A 1 4 0 .0 3 1 .1 8 Na2GOg ( B o i l 80 B o i l  206 60 340 3
- ■ (207 -209

P -2 8 A - 125 .0 2 1 .2 6 A 7 2 .5 1 6 .1 5 NiSO. B o i l 72 B o i l 60 340 3
P -2 9 A 125.0 2 1 .2 6 "  A 1 4 5 .0 3 2 .2 9 NiSO,. ( B o i l  - -

4 (203-205 80 B o i l " 205 60 340 3
P -3 0 A 125.0 21.26 A 7 2 .5 1 6 .1 5 Na2 COg 1 8 8 -1 9 2 72 187-193 60 340 3
P -31 A 1 2 5 .0 2 1 .2 6 -A 7 2 .5 1 6 .1 5 Na2COq 71-73 72 74 60 340 3
P -3 7 B 1 3 6 .3 '1 9 .5 6 A 7 2 .5 1 6 .1 5 Na2COg ( B o i l  ' -

(2 0 6 -2 0 9 72 B o i l  207 60 340 3
P -3 9 - B 1 3 6 .3 1 9 .5 6 . A 7 2 .5 1 6 .1 5 NiSO4 ( B o i l

A . X (2 0 3 -2 0 4 72 - B o i l  205 60 100 I
P -42 B 1 3 6 .3 1 9 .9 4 A 7 2 .5 1 6 .1 5 Na2COg 7 6 .5 - 7 9 . 72 B o i l  205 60 340 3
P-43 B 1 3 6 .3 19.56 A 7 2 .5 1 6 .1 5 Na2COg ( B o i l

. . . (2 0 4 -2 0 6 15 B o i l  205 65 340 3
P -W B 1 3 6 .3 1 9 .5 6 A 7 2 .5 1 6 .1 5 Na2 CQg ( B o i l

(2 0 5 -2 0 8 72 — — 0 340 3
P -45 B 1 3 6 .3 1 9 .5 6 A 7 2 .5 1 6 .1 5 NiSQ4 ( B o i l

j ■T. (20A -206 72 B o i l  206 60 100 3
P -4 8 B 13& .3 1 9 .5 6 A 1 3 0 .0 2 8 .9 5 NiSO4 ( B o i l

(2 0 2 -2 0 7 '80 B o i l  207 60 340 3
P -5 5 - C 9 8 .7 1 9 ,4 9 A 6 5 .0 1 4 .4 8  S Im u l- ’ ( B o i l " '
' B ta n e o u s (200-205 72 B o i l  206 90 340 3
2 9 -3 P 2673 444»4 B&C 1180 3 3 5 .2 Na2COg B o i l 60 B o i l 60 1000 2
2 9 - 4 - (E - 2223 4 4 4 .4

5 (C 1 1 9 .7 23.64 D 1160 3 2 9 .3 NiSO4 B o i l 60 B o i l 60 1000 2
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TABLE 7
COMPARATOR RUN RESULTS

Run No. C a t a ly s t S to ic h io m e t r i c A p a ly b ic a l
P e r c e n t  S u l f id e d P e rc e n t  S u l f id e d

I . NiCOn
NiCOo

4 6 .6 — T

2 . 3 4 .7
3 . NiGO3 ' 4 7 .9  ■ mm ew

4 .
5 .

NiCOn' 
NiCO3

4 5 .2
5 5 .0

6 p .2  
62 »8

6 . . NiGO3 59.Q 6 7 .2
7 . 2 9 -4 3 5 .1 4 9 .8
8 . 2 9 -5 . 26 .0 42.2
9 . 29-3  . 111 59 .3

1 0 . . P -25  . 120 5 4 .8
1 1 . P-26 129 52.6
1 2 . P -2 7  . — 4 4 .2
1 3 .  • P -2 8 4 9 .8 4 5 .2
1 4 . P -29 8 2 .6 42 .8
1 5 . P -3 0 5 2 .7 4 4 .8
1 6 . • P -3 1 65.2 4 7 .2
1 7 . P -37 8 3 .7 4 5 .9
1 8 . P -39-A 115 6 2 .4
1 9 . P -42 8 7 .7 5 2 .3
2 0 . P-43  - H O 6 1 .7
2 1 . P -4 4 9 7 .2 4 9 .0
2 2 . P -45 140 5 4 .5
2 3 . P -4 8 128 5 7 .2
2 4 . . P -55-B 116 6 0 .5



TABLE VI
COMPARATOR RUN CONDITIONS AND CALCULATIONS

k, CD p
«8 w 0

O I ® e § I &
S • t g H < £ ^  -H •H •H -P

I I I . 1H ffi O I CC U. 0 0  0 COCD *H ,-O O 0) ^  & l lI I (d CO I j  6 CO • k  a H g q -P
O E-i m' S & n f co E-I S S - ^ o E ) Ph 03

I NiCOo 2 3 .5 62$ 1 7 .5 2 .4 6 0 2 .0 9 0 9 .8 7-I I 394.3 6 .7 401.0 1 .6 8 2 1 .6 3 6
2 405.4 6 .7 412.1 1 .9 4 8 . 0 .5 8 $
3 406.7 6 .7 ■ 413.4 2 .0 2 0 0 .2 8 9
4 402.6 6 .7 409.3 2 .0 9 0 0 .0 0 0
5 414.8 6 .7 4 2 1 .5 2 .0 9 0 0 .0 0 0
6 421.7 6 .7 4 2 8 .4 2 .0 9 0 0 .0 0 0
7 424.0 6 .8 4 3 0 .8 2.090 0 .0 0 0
8 ,3 7 1 .7 6 .8 3.78.5 2 .0 9 0 '0 .0 0 0

" • 3 2 4 1 .2 3 2 9 5 .0 2.510

2 NiCO3 2 3 .5 72$ 1 7 .3 2*46 d ^ B a s m B B w a m 2 .0 9 0 9 .8 ?
I 3 7 2 .6 5 .6 3 7 8 .2 1 .7 3 7 1 .3 3 5
2 3 9 9 .4 ■5.6 4 0 5 .0 1 .9 9 0 0.405
3 4 0 3 .7 5 .6 4 0 9 .3 2 .0 6 0 0.123
4 4 1 1 .1 5 .6 4 1 6 .7 2 .0 9 0 0.060
5 4 1 3 .6 5 i7 4 1 9 .3 2 .0 9 0 0 .0 0 0
6. 3 9 3 .3 5 .7 3 9 9 . 0 . 2 .0 9 0 .  0 .0 0 0
7 4 1 2 .8 5 .7 4 1 8 .5 2 .0 9 0 0 .0 0 0

280 6 .5 2 8 4 6 .0 " 1.863

3 NiCOc5 2 4 .0 525 17« 0 2 .4 6 O CM B ir-l. B a t e  iM 2 .0 9 0 1 0 .1 0
I 356.1 5 .7 3 6 1 .8 1 .7 0 2 1 .4 0 4
2 4 1 0 .2 ': 5 .7 4 1 5 .9 1 .905 ' 0 i7 6 9
3 '4 0 6 .3  - 5 .8 412.-1 1.99& 0 .3 7 9

_ 4 4 1 7 .8 6 .8 4 2 3 .6 • 2 .0 7 0 0 .0 8 5

IO
&

PL,

4 6 .6

3 4 .7

47.9

n
ic

k
el

 
su

lf
id

ed



TABLE V I ( c o n t in u e d )
C om parato r Run C o n d i t io n s  and  C a lc u la t io n s

iH

I

-P

I
S -

NiCOc

5 -O
H Ci 4 '

t S t ©

CD O

-£3.

Iti

.

£-

i E-i Si
O

a m co 3 ‘E-i

24 .0 525 1 7 .0 2 .4 6 5
6
7

NiCOq 2 4 .0  575 1 7 .1  2 .4 6

5 NiCO3 2 4 .0  525 1 7 .1 2.98

CO
© a -Sn he O'cM CJ © O

4 1 9 .1
402.6
4 0 7 .5

2819.6

0
1
2
3
4
5
6

0
1
2
3
4
5
6 
7

3 9 0 .3
3 0 5 .1
4 0 9 .2  
4 0 3 .6
4 1 8 .4  
4 1 0 .8

2 4 3 7 .4

3 7 1 .8
408.6
4 0 9 .2  
4 2 3 .0
4 0 5 .9  
3 9 9 .5
4 1 1 .3  

2 8 2 9 .3

I :

sCOCO
S

5 .8
5 .8
5 .8

4 .9
4 .9
4 .9
4 .9
5 .0
5 .0

5 .2
5 .2
5 .2
5 .2
5 .3
5 .3
5 .3

2860.0

3 9 5 .2
410.0
4 1 4 .1
4 0 8 .5
4 2 3 .4
4 1 5 .8

2 4 6 7 .0

3 7 7 .0
4 1 3 .8  
4 1 4 .4  
428.2 
411.2
4 0 4 .8
416.6

2 8 6 6 .0

&

2.090
1 .7 4 8
1,
2 , 

2, 
2( 
2,

9 7 0
010
035
070
090

2.140 
1.668 
1 .9 9 8  
2.050  

100 
120 
130 
140

2 .6 3 7

1 .3 5 2
0 .4 9 2
0 .3 3 1
0 .2 2 5
0 .0 8 5
0 .0 0 0
2 .4 8 5

1.780
0.588
0 .3 7 3
0 .1 7 1
0 .082
0.040
0 .000
3.034

cd ♦H •H -P
M O TJ 

Cl © CO
•H© © ,S

IS O -P -H- cti
Cl CO © yS  O ho Pk CO . CO Cl

4 2 4 ,9 2.090 0 .0 0 0 10.10
4 0 8 .4 2.090 0 .0 0 0
4 1 3 .3 2.090 0 .0 0 0

4 7 .9

10.10  45 .2

*

10.10 55.0
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TABLE VI ( c o n t in u e d )
COMPARATOR RlM CONDITIONS AND CALCULATIONS

6 NiCO3

£

24 .0  525

7 2 9 -4  6 .5  525

8 2 9 -5  8 .1  525

k
SO

I
l>  r*j•H0) O

Si

A
"cd0

1 7 .1

64.3 .

5 1 .9

to (Z)

0  E) ■cH JL
<

Q)CT\
CO -s I

•H "0
I <d 0•H

•H OK O to to O to © ^
I CO e CO.

S g  I g yK CO E-* ^ 8 S c4 cd

1 .8 9 0 mnww 1 Wiiin ■■■■■■ 2 .1 4 0
I 4 1 1 .1 1 .3 4 1 2 .4 1 .7 3 2
2 4 0 0 .3 1 .3 4 0 1 .6 1 .9 7 2
3 4 0 7 .1 1 .4 4 0 8 .5 2 .0 5 5
4 4 2 2 .7 1 .4 4 2 4 .1 2 .0 7 0
5 4 0 2 .0 1 .4 4 0 3 .4 2 .1 1 0
6 4 1 0 .8 1 .4 4 1 2 .2 2 i l l 0
7 4 1 6 .4 1 .4 4 1 7 .8 2 . I 4O

2 8 7 0 .4 . 2 8 8 0 .0

1 .8 9 O __ 2 .2 0 0
I 4 0 2 .8 4*4 4 0 7 .2 2 .1 2 0
2 3 8 9 .5 4 .4 3 9 3 .9 ■ 2 .1 6 0
3 4 0 7 .1 4 .4 4 1 1 .5 2 .1 6 5
4 421.0 4 .4 4 2 5 .4 2 .2 0 0
5 4 1 4 .2 4 .4 4 1 8 .6 2 .2 0 0
6 4 2 4 .8 4 .4 4 2 9 .2 2 .2 0 0
7 4 2 3 .0 .4 .5 4 2 7 .5 2 .2 0 0
8 430.-2 4 .5 4 3 4 .7 2 .2 0 0

3 3 1 2 .6 3 3 4 8 .0

1 .8 9 O 2 .2 0 0
I 4 1 7 .1 2 .4 4 1 9 .5 2 .1 4 0
2 3 9 8 .7 2 .5 401.2 2 .1 6 0
3 4 1 8 ,0 2 .5 ' 4 2 0 .5 2 .1 7 0
4 424.3 2 .5 426,8 2 .1 9 0
5 411.3 2 .5 4 1 3 .8 2 .2 0 0

3 I
q•H -P 

£0

I t
q  -P 

•H cti 
S  0

10.10  59 .O
1 .6 8 2
0 .6 7 5
0 .3 4 7  •
0 .2 9 7
0 .1 2 1
0.124
0 .0 0 0 vL
3 .2 4 6 ?

— -  3 .2 9  3 5 .1
0 .3 2 6
0 .1 5 8
0 .1 4 4
0 .0 0 0
0 .0 0 0
0 .0 0 0
0 .0 0 0
0 .0 0 0
0.628

0.251
0.161
0.126
0 .0 4 3
0 .0 0 0

4 .1 0  2 6 .0
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-TABLE V I  ( c o n t i n u e d )
COMPARATOR RUN CONDITIONS AND CALCULATIONS

4

&

I
E-i

S 'O

■3>
0)Otti- Q
s a

is
OJO -P

EC CO

. CO

'B

ID

■I 0) .  
rQ •H •p

I
g

.rH
O

g

I
8
Wto
(3

I gCd *H 
-P O0

1O
I so Sn

P k  CO

1O

I i
CO Jh

=  i  
•H -P

i fq 43
Si O

IO
P-,

s  2 9 -5  a . l  525 51.9

9 2 9 -3  1 1 .7  525 3 5 .9

10 P-25  I 6 .4  525 24.8

11  P -2 6  1 5 .9  525 2 6 .9

1 2  P -2 7  1 7 .4  525 2 4 .3

1 .8 9 6 4 2 5 .1 .2 .5 427.6 2 .2 0 0 0 .0 0 0 4 .1 0 2 6 .0
7 4 2 3 .7 2 .5 426.2 , 2 .2 0 0 0 .0 0 0
8 4 2 9 .9 2 .5 4 3 2 .4 2 i2 0 0 0 .0 0 0

3 3 4 8 .1 .3 3 6 8 .0 0 .5 8 1

1 .8 9 O 2 .2 0 0 B - 5 .1 9 111
4 1658 11 1669 2 .0 7 3 2 .1 2 0
8 1681 11 1692 2 .1 4 0 1 .0 1 5

3339 3361 3 .1 3 5

1 .8 9 O 2 .2 0 0 7 .9 0 120
4 1634 20 1654 1 .9 7 9 3 .6 5 5
8 1582 21 16Q3. 2 .1 0 6 1 .5 0 7

3216 3257 5 .1 6 2

1 .8 9 O >■> — BB 2 .2 0 0 7 .9 3 120
4 1709 15- 1724. 1 .9 9 5 3 .5 3 2 -
8 1687 16 m 2 .0 8 0 2 .0 4 3

3396 3427 5 .5 7 5

1 .8 9 O 2 .2 0 0 7 .9 2
4 1649 24 1673 2 .1 3 0 1 .1 7 2
8 1685 25 1710 -T -  ;

3334 3383
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13

14

15

16

17

lb a,
S I

P -28  15»6 525

P -2 9  9 .8  525

P -3 0  1 7 .4  525

P -3 1  1 4 .8  525

P -3 7  1 3 .6  525

TABLE V I ( c o n t in u e d )
COMPARATOR RUN CONDITIONS AND CALCULATIONS

k
S0

g
0)0

1

£

«8O

27 .5

4 3 .7

24 .8

2 9 .1

3 1 .5

I  s, Sn <0 a
-0I ^  Q § I . Sn

< • 0 0 q ■ s, CM O & tj ^ y

I -P
H  'o  '

•p TJ 0} •ti .
-rl W •H—5 S ^  • S I  s t 9? pj^  ■ I  ̂0 I -P & I d  I  .3 -g

ts CO E-i 6  8 (X, CO CO &, S  O s  y

1 .8 9 0 ==•=-*•=* C=C=SCB 2.200 “ “ “  7 .93 4 9 .8
4 1523 9 1532 2 .0 9 3 1 ,6 3 8
8 i m z 10 1897 2 .1 7 3 0 .5 1 2

341P 3429 2 .1 5 0

1 .8 9 0 o r  .M_-» e=>ca Ca cc caa 2 .2 0 0 —  5 .03 8 2 .6
4 1644 8 1652 2 .1 0 0 1.652
8 - 8 1256 2 .1 6 5 0 .6 1 5

3392 3408 2 .2 6 ?

1 .8 9 0 GCea ca 2 .2 0 0 —  7 .9 0 5 2 .7
4 1729 5 1734 2 .1 2 0 1 .3 8 7

■ 8 . 1726 6 1Z22 2 .1 4 9 0 .8 8 3
3455 3466 2 .2 7 0

1 .8 9 O =3=3^ » » • -- •— 2 .2 0 0 ——— 6 .3 2 65.2
4 1729 6 1735 2 .1 0 5 1 .6 4 8
8 i m 7 1711 2 .1 6 5 0 .5 9 9

- - ' 3433 JhhS 2 .2 4 7

1 .8 9 0 ~ BOee 2 .2 0 0 — -  7 .3 1 8 3 .7
4 1669 3 ■ 1674 2 .0 7 9 2 .0 2 5
8 1743 6 1749 2 .1 2 5 1 .3 1 2

3412 3 4 % 3 .3 3 7

bs
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18 '

19

20

21

22

TABLE VI ( c o n t in u e d )
COMPARATOR RUN CONDITIONS AND CALCULATIONS

P-39-A

P -42

P-43

P -4 4

P-45

I
If

&

b,
SO

- t oO

M
t

• 4  »• 
i s  *Ph g o

il
 b

ef
or

e 
ra

ct
io

n
 g

ra
s.

&
ra<DCO o

il
 a

ft
er

 
re

ct
io

n

Ig &O Vt
Tf-

a &•H -Pat
■g

J
O

fp I ■ cl m h - CNH -9 j  s CO
G y  0 I ■ y  0 q -P

E-i CO QQ HTCQ H 13 O J s - O  hO P h CO CO Ph S  O P h

1 3 .5 525 31 .8 1 .8 9  0
■ 4 

B-
1692
1732
3424 .

6
6

1698
1%28
3436

2*200
1 .9 9 4 '
2.140

3 .5 0 0

4.543

7.25 115

1 5 .0 525 2 8 .3 1 .8 9  Q
4
8

1664
1694
3358

16
16

1680
1710
3390

2 .2 0 0
2 .0 5 1
2 .1 3 7

2.503
1 ^ 2 8
3 .5 8 1

7 .4 9 8 7 .7

14.1 525 3 0 .0 1 .8 9  0
4
8

1662
1 6 %

.335S

14
15

1676
IZQS
3385

2 .2 0 0
2 .0 0 9
2 .1 3 1

3 .2 0 0
1 .1 8 0
4 .3 8 0

7 .3 0 HO

14.3 525 25L 7 1 .8 9  0
4
8

1695
1688
3382

5
6

1700
1694
3394

2 .2 0 0
2 .0 5 5
2 .1 1 6

2 .4 6 5
Lm
3 .8 8 8

7 .3 4 9 7 .2

13.0 525 3:1.2 1 .8 9  0
4
8

1702
1729.
3431

13
13

1715
1742
3457

2 .2 0 0
1 .9 6 4
2 .1 1 1

4 .0 4 5
1 .5 5 0
5 .5 9 5

7 .3 4 140
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23 P-48. 12 .0  525

24 P -5 5 -B  13 .9  525

TABLE V I ( c o n t in u e d )
COMPARATOR RUN CONDITIONS AND CALCULATIONS

© m
U-

O ■ * CO
H M I cd JS §>

O I r-j -P d  ^
U) O tti 1d b © __ © O 0 0 ^ ^  08 n O

tI i i I ; t -P0 % I ts y y  I
£  I m cd E-i is o a ^ o Q ) PL, m CO k

3 3 .3 1.89 O 2.200
4 1686 10 1696 1 .9 9 5 3 .476
8 1726 11 1737 2.103 1 .6 8 5

3412 > 3433 5 . l 6 l

3 0 .9 1.89 O 2 .2 0 0
4 1664 10. 1674 2 .0 0 7 3 .2 3 1
8 i m 11 1764 2.120 • 1.412

3417 3438 4 .6 4 3

7 .3 8  123

7 .3 5

6
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F ig u r e  I .  E f f e c t  o f  T e m p e ra tu re  on  O x id a t io n
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TIME, HOURS

F ig u re  2 .  E f f e c t  o f  T i r e  on O x id a t io n
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a RUN NO. 2
o RUN NO. 3

TIME, HOURS

F ig u re  3 E f f e c t  o f  Run T in e  on C orapara to r Runs



-4 7

EXHAUST

1. THERMOWELLS
2. NEEDLE VALVE
3. ORIFICE AND MANOMETER
4. FLUID REACTOR
5. PREHEATER
6. STEEL BALLS
7. INSULATION

F ig u re  4 .  F lu id  O x id a tio n  U n it



—4?—

I. COMPARATOR UNIT 
2 INSULATION
3. IRON PIPE
4. THERMOWELL
5. CATALYST SUPPORT
6. WATER CONDENSER 
7 OIL RESERVOIRS
8. BELLOWS PUMP
9. ICE CONDENSER
10. H2 S ABSORBER

F ig u re  5 . C o n p a ra to r  U n it
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