
Evaluation of nickel tungsten catalysts for hydrodesulfurization
by Delmar Roy Henderson

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE in Chemical Engineering
Montana State University
© Copyright by Delmar Roy Henderson (1968)

Abstract:
Three catalysts of various compositions of nickel and tungsten on a silica-alumina support were
prepared and tested to determine their effectiveness as desulfurization catalysts on Mo. 2 Diesel fuel.
Comparisons were made with the commercial Houdry-C catalyst.

It was found that the three prepared catalysts and the Houdry-C were not significantly different. That
is, sulfur removal was the same for all catalysts. It was also found that the catalyst life was the same for
the prepared catalyst DR-3 as it was for Houdry-C.

Operating conditions were also evaluated and it was found that increasing temperature while operating
at a LHSV of 1.0 or less would be of no value. It was also found that increasing hydrogen flow beyond
5000 SCF/bbl did not increase sulfur removal.

Unless the feed stock were high in nitrogen (4) as well as sulfur, there appears to be no advantage in
using a nickel tungsten catalyst over the commercial Houdry-C. 
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ABSTRACT1-

Three  c a t a l y s t s  o f  v a r i o u s  c o m p o s i t i o n s  o f  n i c k e l  and t u n g s t e n  
on a s i l i c a - a l u m i n a  s u p p o r t  were p r e p a r e d  and t e s t e d  t o  d e t e r m i n e  
t h e i r  e f f e c t i v e n e s s  a s  d e s u l f u r i z a t i o n  c a t a l y s t s  on Mo. 2 D i e s e l  f u e l .  
Com par i sons  were made w i t h  t h e  comm erc ia l  Houdry-C c a t a l y s t .

I t  was found  t h a t  t h e  t h r e e  p r e p a r e d  c a t a l y s t s  and t h e  Houdry-C 
were n o t  s i g n i f i c a n t l y  d i f f e r e n t . T ha t  i s ,  s u l f u r  r em o v a l  was t h e  same 
f o r  a l l  c a t a l y s t s .  I t  was a l s o  found t h a t  t h e  c a t a l y s t  l i f e  was t h e  
same f o r  t h e  p r e p a r e d  c a t a l y s t  DR-3 a s  i t  was f o r  Houdry-C.

O p e r a t i n g  c o n d i t i o n s  were a l s o  e v a l u a t e d  and i t  was found  t h a t  
i n c r e a s i n g  t e m p e r a t u r e  w h i l e  o p e r a t i n g  a t  a LHSV o f  1 . 0  o r  l e s s  would 
be o f  no v a l u e .  I t  was a l s o  found  t h a t  i n c r e a s i n g  h yd rogen  f low  b e ­
yond 5000 SCF/bb l  d i d  no t  i n c r e a s e  s u l f u r  r e m o v a l .

U n l e s s  t h e  f e e d  s t o c k  were h i g h  i n  n i t r o g e n  (4 )  a s  w e l l  a s  
s u l f u r ,  t h e r e  a p p e a r s  t o  be no a d v a n t a g e  i n  u s i n g  a n i c k e l  t u n g s t e n  
c a t a l y s t  o v e r  t h e  c om m erc ia l  Houdry-C.
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I  INTRODUCTION 
*•

H y d r o d e s u l f u r i z a t i o n  o f  d i e s e l  f u e l  and o t h e r  f o s s i l  f u e l s  h a s  

b e e n  o f  c o n s i d e r a b l e  i n t e r e s t  t o  t h e  r e f i n e r  s i n c e  t h e  e a r l y  1 9 5 0 " s .

The p u r p o s e  o f  d e s u l f u r i z i n g  was p rompted  i n i t i a l l y  by bad o d o r s  i n  

t h e  f u e l  ( c u s to m e r  d i s s a t i s f a c t i o n )  and c o r r o s i o n  p ro b le m s  a s s o c i a t e d  

w i t h  equ ipm en t  t h a t  r e f i n e d  and bu rn ed  t h e  f u e l s .  However ,  t h e  r e d u c ­

t i o n  o f  s u l f u r  i n  f o s s i l  f u e l s  h a s  g a i n e d  i n t e r e s t  more r e c e n t l y  b e c au s e  

o f  two added  f a c t o r s :  a) s h o r t a g e  o f  e l e m e n t a l  s u l f u r  a v a i l a b l e  r e ­

s u l t i n g  i n  i n f l a t i o n a r y  p r i c e s  o f  t h e  s u l f u r ,  and b) t h e  i n c r e a s i n g  

e m pha s i s  on a i r  p o l u t i o n  and r e s u l t i n g  laws  t h a t  a r e  b e i n g  l e g i s l a t e d  

a n d / o r  e n f o r c e d  by s t a t e  b o d i e s .  L e g i s l a t i o n  i s  l i m i t i n g  t h e  amount 

of  s u l f u r  p e r m i s s i b l e  i n  t h e  bu rn ed  f u e l s  by s e t t i n g  c o n t r o l s  on t h e  

amoun ts  o f  s u l f u r  d i o x i d e  a l l o w a b l e  t o  be e m i t t e d  t o  t h e  a tm o s p h e r e .

By O c t o b e r  I ,  1969 ( 2 ) ,  t h e  New York S t a t e  A i r  P o l l u t i o n  Board h a s  s e t  

l i m i t s  on i n d u s t r i e s ,  r e s i d e n c e s ,  h o s p i t a l s ,  and s c h o o l s  w h ich  a l l o w  

0 . 2  pounds  o f  s u l f u r  p e r  m i l l i o n  Btu  g r o s s  h e a t  c o n t e n t .  T h i s  amounts 

t o  a b o u t  0 . 2 6  w e i g h t  p e r c e n t  s u l f u r  a l l o w a b l e  i n  f u e l  o i l .

Us ing  h y d ro g en  t o  t r e a t  r e f i n e r y  p r o d u c t s  i s  n o t  new. D ur ing  

t h e  e a r l y  p a r t  o f  t h e  c e n t u r y ,  I . G. F a r b e n i n d u s t r i e  ( I )  p i o n e e r e d  

s o l i d  f u e l  h y d r o g e n a t i o n ,  l a t e r  t h e  b a s i s  o f  H i t l e r ' s  o i l - f r o m - c o a l  

p rog ram .  E s s o - S t a n d a r d  O i l  Company had h i g h  p r e s s u r e  (3000  p s i g )  

h y d r o g e n a t i o n  and h y d r o c r a c k i n g  i n  o p e r a t i o n  a t  Ba ton  Rouge,  L o u i s i a n a  

and Bayway, New J e r s e y  d u r i n g  t h e  1 9 3 0 ' s .  F o l l o w i n g  World War I I ,

( p r e d o m i n a t e l y  i n  t h e  e a r l y  1950 ' s ) , h y d r o - t r e a t e r s  were  i n s t a l l e d  t o
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p r e t r e a t  t h e  f e e d  t o  r e f o r m e r s .  E x c e s s , s u l f u r ,  n i t r o g e n ,  a n d / o r  m e t a l s  

i n  c a t a l y t i c  r e f o r m e r  f e e d  s t o c k  s u p p r e s s e d  o r  p o i s o n e d  t h e  p l a t i n u m  

c a t a l y s t .  A l s o ,  t h e  s u l f u r  i n  t h e  f e e d s t o c k  would form i r o n  s u l f i d e  

s c a l e  t h a t  n o t  o n l y  p lu g g e d  t h e  r e a c t o r s  b u t  c a u se d  s e v e r e  m e t a l  l o s s .

The h yd rogen  s o u r c e  f o r  t h e s e  p r e t r e a t i n g  u n i t s  was o b t a i n e d  from t h e  

r e f o r m i n g  b y - p r o d u c t s .  A t y p i c a l  r e f o r m e r  r e a c t i o n  d e h y d r o g e n a t e s  

c y c lo h e x a n e  t o  b e nz ene  and h y d r o g e n .  The h y d r o g e n  i s  n o r m a l l y  bu rned  

o r  u s e d  i n  h y d r o g e n  p r o c e s s i n g  u n i t s .

O t h e r  r e a s o n s  t h a t  p rompted  r e f i n e r s  t o  t u r n  t o  h y d ro g en  t r e a t ­

in g  was t h a t  t h e  c o n v e n t i o n a l  t r e a t i n g  p r o c e s s e s  d i d n ’t  do t h e  j o b .  

P r o c e s s e s  such  a s  D o c t o r  t r e a t i n g  and c o p p e r  c h l o r i d e  s w e e te n i n g  o n l y  

c o n v e r t  m e r c a p t a n  s u l f u r  t o  a n o n - o d o r o u s  d i s u l f i d e  w i t h  t h e  t o t a l  s u l ­

f u r  c o n t e n t  o f  t h e  f e e d  r e m a i n i n g  t h e  same. Improvements  can  be made 

by h y d r o - t r e a t i n g  t h e r m a l l y  c r a c k e d  d i s t i l l a t e s  ( I )  which  a r e  d i f f i c u l t  

t o  m a r k e t  b e c a u s e  o f  p o o r  c o l o r  and s t a b i l i t y .  The h y d r o g e n  p r o c e s s  

w i l l  r e d u c e  s u l f u r ,  c a r b o n  r e s i d u e ,  and improve  t h e  c o l o r ,  o d o r ,  p h e n o l ,  

and n e u t r a l i z a t i o n  num bers .  The d i e s e l  o i l s  can  be made from t h e  c a t ­

a l y t i c  c r a c k e d  ga s  o i l s  by h y d r o - t r e a t i n g .  The p r o d u c t  r e s u l t s  i n  

b e t t e r  c e t a n e  and bromine  num bers ,  h i g h e r  g r a v i t y ,  improved  s t a b i l i t y  

and c o l o r ,  a s  w e l l  a s  r e d u c e d  s u l f u r  c o n t e n t ,  o l e f i n  c o n t e n t ,  and 

c a r b o n - t o - h y d ro g e n  r a t i o .

Not o n l y  d i e s e l  and m id d le  d i s t i l l a t e s  b e n e f i t  f rom h y d r o t r e a t i n g .  

C a t a l y t i c  c r a c k i n g  a l s o  b e n e f i t s  by c o n v e r t i n g  r e f r a c t o r y  s u l f u r  com­
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pounds and c o n j u g a t e d  a r o m a t i c s .  Most o f  t h e  c y c l i c  s u l f u r s  c o n c e n ­

t r a t e  i n  t h e  heavy  gas  o i l .  R e f r a c t o r y  c o n j u g a t e d  a r o m a t i c s  ( m u l t i -  

r i n g  compounds) i n  h e a vy  c y c l e  o i l  c r a c k  t o  coke when t h e  m a t e r i a l  i s  

r e c y c l e d  i n  t h e  r e a c t o r .  A s e l e c t i v e  p a r t i a l  h y d r o g e n a t i o n  of  t h e s e  

c o n j u g a t e d  compounds r e d u c e s  t h e  r e f r a c t o r i n e s s ,  r e s u l t i n g  i n  l e s s  

c o k e .  Because  t h e  c a p a c i t y  o f  most  c a t a l y t i c  c r a c k i n g  u n i t s . i s  l i m i t e d  

by  t h e  a b i l i t y  t o  b u r n  coke from c a t a l y s t  d u r i n g  r e g e n e r a t i o n ,  h y d r o ­

g e n a t i o n  o f  heavy  c y c l e  o i l  a l l o w s  s e v e r a l  p e r c e n t  more c a t a l y t i c  

g a s o l i n e  y i e l d  a t  t h e  maximum a l l o w a b l e  coke r a t e .



I I  PROCESS REACTIONS

Not o n l y  d e s u l f u r i z a t i o n  t a k e s  p l a c e  d u r i n g  h y d r o - t r e a t i n g .  

Some o f  t h e  o t h e r  p r o c e s s i n g  r e a c t i o n s  a r e  d e n i t r i f i c a t i o n ,  d e o x y ­

g e n a t i o n ,  o l e f i n  and d i o l e f i n  s a t u r a t i o n ,  and h y d r o c r a c k i n g .  T y p i c a l  

r e a c t i o n s  o f  t h e s e  compounds a r e :

D e s u l f u r i z a t i o n

CH3 -C H 2 -C H 2 -C H 2 -S H  + H2  — p-  CH3 -C H 2 -C H 2 -C H 3 +  H2 S 

B u t y l  m e r c a p t a n  Butane

HC ------  CH

HC CH
X  /

S

+ 4 H ,
C H g-C H 2 -C H 2 -C H 3

+

CH3 -CH  -  CH3

+ H3S

T h iophe ne CH3

Butane  and i som er

H
I

H
I

C C
^  \ /  \

C C CH R - C  C -  CH9 -CH-
I Il Il + SH 2  - —  I Il

HC CH CH HC CH
^  /  \  / %  /

C S C
I
H

H

+ H2S

B e n z o t h io p h e n e
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D e n i t r i f i c a t i o n

H

HC
I

HC
%

N

P y r i d i n e

CH^-CH2_CH2-CH2- CH3

+ + NHc

CH3-CH2-CH - CHg 

CHn

P e n t a n e  and i som er

HC
Il

HC

CH
Il
CH + 4H,

\  /  
N 
H

CH3 -CH2 -CH2 -CH3

CH3 -CH -  CH3
I

CHe

+ NHe

P y r r o l e

OH 
C

I
CH
Il
CH

+ H,

Zc
H

Benzene + H2O

P heno l
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H »2
C C

/  \ /  \
HC CH

I Il + £ O I H2C CH2
— I I

HC CH I I

^  / H0C CH0
C \  /
H C

H2

Benzene C yc lohexane

CH3
H y d r o c r a c k i n g  I

CH3 -CH2 -CH -  CH3

c I 0H22 + H2 -------+

CH3-CH2_CH2"CH2-CH3

n -Decane P e n t a n e  and i so m e r

The most  common i m p u r i t i e s  i n  t h e  f o s s i l  f u e l s  f rom r e f i n e r y  

s t r e a m s  a r e  s u l f u r  compounds f o l l o w e d  by n i t r o g e n  and oxygen .  Mer- 

c a p t a n s  a r e  more e a s i l y  r e a c t e d  t h a n  t h e  r e f r a c t o r y  c y c l i c  s u l f u r  com­

p o unds .  M e t a l s  suc h  a s  v a na d ium ,  a r s e n i c ,  and sodium a r e  removed,  

a p p a r e n t l y  by t h e  f o r m a t i o n  of  m e t a l  h y d r i d e s .

Hydrogen r e q u i r e d  f o r  t r e a t i n g  d i s t i l l a t e s ,  g a s o l i n e  e t c . , i s  

u s u a l l y  o b t a i n e d  from t h e  c a t a l y t i c  r e f o r m e r  o f f - g a s .  A t y p i c a l  r e ­

a c t i o n  o f  r e f o r m e r  s y s te m  i s :
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H2C --------  CH2 -  CH3

H2C CH9
\  /

2

Benzene + BH2



I l l  OBJECTIVES OF THE THESIS

The p u r p o s e  o f  t h i s  t h e s i s  was t o .  a p p l y  n i c k e l  and t u n g s t e n  

t o  a s u p p o r t  m a t e r i a l  ( s i l i c a - a l u m i n a ) , t h e r e b y  p r e p a r i n g  a c a t a l y s t  

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

N i c k e l  t u n g s t e n  c a t a l y s t s  have  been  u s e d  p r e v i o u s l y  by S h e l l  

Deve lopment  Company (3 )  f o r  t h e i r  v a p o r  phase  d e s u l f u r i z a t i o n  p r o c e s s .  

The c a t a l y s t  u sed  by S h e l l  c o n t a i n e d  a p p r o x i m a t e l y  7Q% n i c k e l  and 30% 

t u n g s t e n .  S h e l l  d i s c o n t i n u e d  t h e  u se  o f  t h i s  c a t a l y s t  i n  f a v o r  o f  a 

c o b a l t  molybenum c a t a l y s t .

I n  1965,  F a l k  (4 )  c om p le te d  a t h e s i s  on d e n i t r i f i c a t i o n  of  gas  

o i l s  u s i n g  a n i c k e l  t u n g s t e n  c a t a l y s t  on a s i l i c a - a l u m i n a  s u p p o r t .  

F a l k ' s  t h e s i s  i n d i c a t e d  t h a t  a c a t a l y s t  c o n t a i n i n g  7.5% n i c k e l  and 

15.1% t u n g s t e n  was an e f f e c t i v e  d e n i t r i f i c a t i o n  c a t a l y s t ,  b e i n g  more 

a c t i v e  t h a n  e x i s t i n g  com m erc ia l  c a t a l y s t s .  F a l k  a l s o  - i n s p e c t e d  t h e  

e f f e c t s  o f  d e s u l f u r i z a t i o n  i n  t h e  same r e p o r t .  F a l k ' s  work c e n t e r e d  

a round  gas  o i l s  f rom C a l i f o r n i a  c r u d e s  t h a t  were  r e l a t i v e l y  h i g h  in  

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

As an e x t e n s i o n  o f  F a l k ' s  i n v e s t i g a t i o n ,  i t  was p r o p o s e d  t h a t  a 

s t u d y  be made u s i n g  n i c k e l  t u n g s t e n  c a t a l y s t s  on a medium b o i l i n g  r a n g e  

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

P r i m a r y  o b j e c t i v e s  were e s t a b l i s h e d  a s  f o l l o w s :

I )  P r e p a r e  a c a t a l y s t  t h a t  c o n t a i n e d  an optimum amount  o f
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n i c k e l  and t u n g s t e n ;  t h a t  i s ,  o b t a i n  maximum s u l f u r  c o n v e r s i o n  w i t h  

t h e  opt imum amounts  o f  n i c k e l  and t u n g s t e n  on an a l u m i n u m - s i l i c o n  

o x id e  c a t a l y s t  s u p p o r t .

2) Compare t h e  opt imum c a t a l y s t  w i t h  a c o m m e r c i a l l y  u sed  h y d r o -  

t r e a t i n g  c a t a l y s t .

3) S e l e c t  opt imum o p e r a t i n g  c o n d i t i o n s  f o r  maximum d e s u l f u r i z a ­

t i o n  w i t h  p r e v i o u s l y  s e t  p r e s s u r e  l i m i t a t i o n .

4) Get  a 98% re m o v a l  o f  s u l f u r  f rom d i e s e l  f u e l s .

5) D e t e rm in e  d e a c t i v a t i o n  r a t e  of  t h e  d e v e lo p e d  c a t a l y s t  

compared w i t h  t h e  com m erc ia l  c a t a l y s t  by making  e x te n d e d  r u n s  on bo th  

c a t a l y s t s  o f  a p p r o x i m a t e l y  700 h o u r s .

6 ) E v a l u a t e  t h e  d e v e l o p e d  c a t a l y s t  on d i e s e l  f u e l s  of  v a r i o u s

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

7) D e te rm in e  t h e  o r d e r  and r e a c t i o n  r a t e  c o n s t a n t  f o r  t h e  

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



IV EQUIPMENT AND PROCEDURES 
' *

A. R e a c t o r

F i g u r e  2 shows a s c h e m a t i c  d i a g r a m  o f  t h e  equ ip m en t  used  i n  

t h e  p r o j e c t . The r e a c t o r  c o n s t r u c t i o n  i s  shown i n  more d e t a i l  i n  

F i g u r e  3. The r e a c t o r  c o n s i s t e d  o f  a p i e c e  o f  1 - i n c h  s c h e d u l e  80 ,

304 s t a i n l e s s  s t e e l  p i p e  a p p r o x i m a t e l y  34 i n c h e s  long  w i t h  a t h r e a d e d  

r em ovab le  p l u g  on t h e  b o t to m  f o r  c a t a l y s t  l o a d i n g .  The t o p  10-12  

i n c h e s  were f i l l e d  w i t h  alundum p e l l e t s  of  l / 4 - i n c h  s i z e .  Above t h e  

c a t a l y s t  a few i n c h e s  o f  l / 8 - i n c h  alundum p e l l e t s  were p l a c e d .  The 

c a t a l y s t  was mixed (60  cc o f  c a t a l y s t  w i t h  60 cc o f  l / 8 - i n c h  alundum 

p e l l e t s )  w i t h  t h e  l / 8 - i n c h  p e l l e t s  t o  make up a volume o f  120 c c .  

Below t h e  c a t a l y s t  b e d ,  l / 4 - i n c h  alundum p e l l e t s  were p l a c e d  and a 

s c r e e n  was i n s e r t e d  t o  p r e v e n t  t h e  c a t a l y s t  f rom f a l l i n g  i n t o  t h e  

o u t l e t  l i n e .  . -

B . T e m p e r a tu r e  Measurement

A l / 4 - i n c h  s t a i n l e s s  s t a i n l e s s  s t e e l  t h e r m o w e l l  was i n s e r t e d  

i n t o  t h e  t o p  and e x t e n d e d  most  of  t h e  way t h r o u g h  t h e  r e a c t o r .  Three  

c h ro m e 1 -a IumeI t h e r m o c o u p l e s  were  p l a c e d  a t  v a r i o u s  d i s t a n c e s  ( F i g u r e  

3). t h r o u g h  t h e  c a t a l y s t  b e d .  The t h r e e  c h ro m e 1 -a IumeI t h e r m o c o u p l e  

r e a d i n g s  were  r e c o r d e d  on a Leeds and N o r t h r o p  Micromax c o n t i n u o u s  r e  

c o r d e r .  An i r o n - c o n s t a n t a n  th e r m o c o u p l e  was a l s o  i n s t a l l e d  and t h e  

t e m p e r a t u r e  was checked  on a p o r t a b l e  p o t e n t i o m e t e r  a s  a c r o s s - c h e c k  

a g a i n s t  t h e  c o n t i n u o u s  r e c o r d e r .  T e m p e r a t u r e s  i n  t h e  r e a c t o r  were 

m a i n t a i n e d  by t h r e e  s e p a r a t e  V a f i a c s .  Ammeters were p r o v i d e d  on each
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c i r c u i t  t o  p r e v e n t  o v e r l o a d i n g  of  t h e  V a r i a c  and a l s o  t o  i n d i c a t e  

t h a t  t h e  e l e m en t  was h e a t i n g .

C . Hydrogen Flow

A Nupro m ic ro  c o n t r o l  v a l v e  was used t o  a d j u s t  h yd rogen  f low 

r a t e .  A p r e s s u r e  d r o p  o f  50 p s i g  was m a i n t a i n e d  a c r o s s  t h e  v a l v e  by 

s e t t i n g  a p r e s s u r e  r e g u l a t o r  on t h e  h y d rogen  c y l i n d e r .  A s i g h t - t h r o u g h  

r o t a m e t e r  was used  a s  a f low  i n d i c a t o r .  The r o t a m e t e r  was c a l i b r a t e d  

w i t h  a wet  t e s t  m e t e r  on h y d r o g e n  f low  w i t h  no o i l  i n  t h e  s y s te m .  Also,-  

h y d r o g e n  f low was checked  p e r i o d i c a l l y  d u r i n g  t h e  r u n  w i t h  t h e  wet  t e s t  

m e t e r  on t h e  e f f l u e n t  g a s .  W i t h in  t h e  a c c u r a c y  of  t h e  r o t a m e t e r  t h e  

d i f f e r e n c e  i n  i n l e t  and e f f l u e n t  gas  c o u ld  n o t  be d e t e c t e d .

D. P r e s s u r e

P r e s s u r e  was m a i n t a i n e d  on t h e . s y s t e m  by a Grove M i ty - M i t e  back­

p r e s s u r e  r e g u l a t o r .  P r e s s u r e  was r e c o r d e d  on a Foxboro  tw o - p e n  r e ­

c o r d e r  and c h a r t s  were  cha nged  d a i l y .

E . Pump i ng Ra te

A Lapp P u l s a f e e d e r  d i ap h ra m  pump was used  t o  m a i n t a i n  pumping 

r a t e  o f  o i l .  The f e e d  r a t e  was checked  by m e a s u r in g  t h e  r a t e  f rom a 

1000 cc  c a l i b r a t e d  r e s e r v o i r  and i n s t a n t a n e o u s  c h e ck s  were  made u s i n g  

a s t o p w a t c h  and a 50cc  c a l i b r a t e d  column.  A l s o ,  w e i g h t  b a l a n c e s  were 

made p e r i o d i c a l l y  d u r i n g  e x t e n d e d  r u n s  t o  o b t a i n  a y i e l d  b a l a n c e .
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F . Sampling  ^

Samples  were  t a k e n  p e r i o d i c a l l y  d u r i n g  t h e  r u n .  U s u a l l y ,  a f t e r ' 

t h e  u n i t  was l i n e d  o u t ,  s a m p le s  were t a k e n  a t  f o u r -  o r  e i g h t - h o u r  i n ­

t e r v a l s .  On t h e  e x t e n d e d  r u n ,  sam ples  were r e d u c e d  t o  12 and 24 hou r  

p e r i o d s .  To f a c i l i t a t e  s a m p l i n g ,  a s a m p l in g  d e v i c e  was i n s t a l l e d  on 

t h e  o u t l e t  o f  t h e  back  p r e s s u r e  v a l v e  ( F i g u r e  2 ) .  The s y s te m  c o n s i s t e d  

o f  two s o l e n o i d  v a l v e s  a c t u a t e d  by an o n - o f f  t i m e r .  The t i m e r  was s e t  

t o  t a k e  a sample  o f  a p p r o x i m a t e l y  60 t o  80 cc o f  o i l .  The t im e  f o r  

s a m p le s  was a p p r o x i m a t e l y  o n e . h o u r  d u r i n g  most  of  t h e  r u n s  s i n c e  t h e  

s p a c e  v e l o c i t y  was s e t  a t  a p p r o x i m a t e l y  60 cc  p e r  h o u r .

G. C a t a l y s t  P r e p a r a t i o n

The c a t a l y s t  u sed  i n  t h i s  c a s e  was a n i c k e l  t u n g s t e n  c a t a l y s t  

p r e p a r e d  by a p p l y i n g  t h e  t u n g s t e n  and n i c k e l  t o  t h e  s u r f a c e  o f  an 

aluminum o x i d e - s i l i c o n  o x i d e  b a s e .  The b a s e  m a t e r i a l  was Harshaw 1602-T 

l / 8 - i n c h  e x t r u d e d  p e l l e t s  c o n t a i n i n g  a p p r o x i m a t e l y  6% s i l i c o n  o x id e  and 

94% aluminum o x i d e .  S u r f a c e  a r e a ,  b u l k  d e n s i t y ,  and o t h e r  p e r t i n e n t  

d a t a  c o n c e r n i n g  t h e  s u p p o r t  a r e  shown i n  T a b l e  VI o f  t h e  a p p e n d i x .

The g e n e r a l  p r o c e d u r e  f o r  c a t a l y s t  p r e p a r a t i o n  was:

1) Dry and c a l c i n e  t h e  s u p p o r t  m a t e r i a l  f o r  24 t o  48 h o u r s  a t

9 0 0 ° F .

2) Make up a s a t u r a t e d  s o l u t i o n  o f  t u n g s t i c  a c i d  d i s s o l v e d  i n  

14-16% a que ous  ammonia.  I t  was found t h a t  t h e  s a t u r a t e d  s o l u t i o n  was 

a p p r o x i m a t e l y  0 . 0 1 6  gms t u n g s t i c  a c i d  p e r  cc  o f  aqueous  ammonia s o l u t i o n .
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The t u n g s t i c  a c i d  i s  r e l a t i v e l y  i n s o l u b l e  i n  most  s o l v e n t s .  A d d i t i o n  

o f  t h e  a c i d  was made s l o w l y  and t h e  m i x t u r e  was s t i r r e d  c o n s t a n t l y  w i t h  

a m a g n e t i c  s t i r r e r .  C a re  was e x e r c i s e d  t o  i n s u r e  a p r e s s u r e - t i g h t  s e a l  

t o  p r e v e n t  l o s s  o f  ammonia.  The s o l u t i o n  was a l s o  c o o le d  p e r i o d i c a l l y  

w h i l e  d i s s o l v i n g  t h e  t u n g s t i c  a c i d .

3) The c a l c i n e d  s u p p o r t  was t h e n  c o v e re d  w i t h  t h e  a m m o n i a - t u n g s t i c  

a c i d  s o l u t i o n  and p l a c e d  i n  a c o l d  w a t e r  b a t h  t o  p r e v e n t  ammonia b r e a k ­

o u t  and p r e c i p i t a t i o n  o f  t h e  t u n g s t i c  a c i d  on t h e  s u r f a c e  o f  t h e  c a t ­

a l y s t .  D u r ing  t h e  a d s o r p t i o n ,  c o n s i d e r a b l e  h e a t  i s  r e l e a s e d .  A f t e r  a 

p e r i o d  o f  two t o  f o u r  h o u r s  a s l i g h t  vacuum was p u l l e d  on t h e  sys tem

t o  draw a i r  o u t  o f  t h e  p o r o u s  s u r f a c e  o f  t h e  s u p p o r t  m a t e r i a l  and a l l o w  

f u r t h e r  a d s o r p t i o n  o f  t h e  t u n g s t i c  a c i d .  T h i s  was c o n t i n u e d  f o r  24 

h o u r s .  The r e m a i n i n g  s o l u t i o n  w a s ■f i l t e r e d  o f f  and t h e  s u p p o r t  and 

a d s o r b e d  t u n g s t i c  a c i d  was c a l c i n e d  a g a i n  f o r  24-48  h o u r s  a t  9 0 0 ° F .

The l i t e r a t u r e  i n d i c a t e d  t h a t  t u n g s t i c  a c i d  w i l l  be o x i d i z e d  t o  WO3 a t  

9 0 0 ° F . The w e i g h t  g a i n  ( as sum ed  as-WO3 ) i s  d e t e r m i n e d .  The p r o c e d u r e  

had t o  be  r e p e a t e d  t h r e e  t o  f o u r  t i m e s  t o  o b t a i n  16 t o  17% t u n g s t e n  on 

t h e  c a t a l y s t .

4) A s o l u t i o n  o f  n i c k e l o u s  n i t r a t e  was used  t o  a p p l y  t h e  n i c k e l  

t o  t h e  c a t a l y s t  s u p p o r t .  The c a t a l y s t  s u p p o r t  was c o v e re d  w i t h  a w a t e r  

s o l u t i o n  o f  ' n i c k e l o u s  n i t r a t e  and a s l i g h t  vacuum was p u l l e d  on t h e  

c o n t a i n e r  t o  w i th d ra w  a i r .  f rom t h e  s u p p o r t .  The " s o a k i n g "  was m ain ­

t a i n e d  f o r  24 h o u r s .  C a l c i n i n g  was r e p e a t e d  a t  900°F ,  a s  o u t l i n e d  i n

S t e p  3.
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The p r o c e d u r e  was t o  a p p l y  t u n g s t e n  f i r s t ,  f o l l o w e d  by n i c k e l .

I t  was found t h a t  t h e  ammonia s o l u t i o n  u sed  t o  d i s s o l v e  t h e  t u n g s t i c  

a c i d  would l e a c h  p a r t  o f  t h e  n i c k e l  o f f  t h e  s u p p o r t  i f  t h e  n i c k e l  was ' 

a p p l i e d  f i r s t .  T h i s  was e v i d e n t  f rom  t h e  f a m i l i a r  b l u e  s o l u t i o n  formed 

w i t h  a n ick e l - a m m o n ia  complex .  S i n c e  t h e  p r o m o te r  amount i s  e s t a b l i s h e d  

by s u b s e q u e n t  w e i g h t  i n c r e a s e s ,  t h e  amount  o f  n i c k e l  l e a c h e d  o f f  would 

no t  be known.

H. Chem ica l  A n a l y s i s

S u l f u r  a n a l y s i s  was p e r f o r m e d  u s i n g  t h e  lamp method ( ASTM D 157) 

( 1 0 ) .  A s i n g l e  s u l f u r  a n a l y s i s  was made on e a c h  sam p le .  S u f f i c i e n t  

s am p les  (may be c o n s i d e r e d  r e p l i c a t i o n s )  were  t a k e n  t o  i n s u r e  r e p e a t ­

a b i l i t y  of  t h e  t e s t i n g  p r o c e d u r e .  N i t r o g e n  was d e t e r m i n e d  by t h e  

m o d i f i e d  K j e l d a h l  method .

I .  S t a r t - u p  P r o c e d u r e

The r e a c t o r  and s y s t e m  were pu rged  w i t h  h y d ro g en  f o r  a p p r o x i ­

m a t e l y  30 m i n u t e s .  D u r in g  t h i s  same p e r i o d  t h e  t e m p e r a t u r e  o f  t h e  

r e a c t o r  was b r o u g h t  up t o  200 -SOO0F . A f t e r  p u r g i n g  a t  a t m o s p h e r i c  

p r e s s u r e ,  t h e  sy s te m  was p r e s s u r e d  up  t o  300 p s i g  by s e t t i n g  t h e  Grove 

back  p r e s s u r e  c o n t r o l  v a l v e .  Hydrogen f low  was c o n t i n u e d  a t  t h e  r a t e  

o f  1 . 5  -  2 . 0  SCH and t h e  t e m p e r a t u r e  o f  t h e  r e a c t o r  b r o u g h t  up t o  650°F 

a t  t h e  r a t e  o f  IOO-ISO0F p e r  h o u r .  Upon r e a c h i n g  650°F ,  t h e  sys tem  was 

checked  t h o r o u g h l y  f o r  l e a k s .  With t h e  sy s te m  a t  300 p s i g  and 65 0 °F , 

t h e  u n i t  was r e a d y  f o r  c a t a l y s t  s u l f i d i n g .
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C a t a l y s t  s u l f i d i n g  i n f o r m a t i o n  i n  t h e  l i t e r a t u r e  (5 )  i n d i c a t e s  

t h a t  t h e  s u l f i d e  form i s  t h e  c a t a l y s t - a c t i v e  fo rm .  F a l k  (4 )  a l s o  i n ­

d i c a t e d  t h a t  t h e  s u l f i d e  i s  t h e  a c t i v e  fo rm o f  t h e  n i c k e l  and t u n g s t e n  

c a t a l y s t .  The s u l f i d i n g  i s  a c c o m p l i s h e d  by p a s s i n g  a ga s  m i x t u r e  con­

t a i n i n g  20% h y d ro g en  s u l f i d e  and 80% h y d ro g en  o v e r  t h e  c a t a l y s t  bed .

The s u l f i d i n g  was m a i n t a i n e d  a t  a r a t e ,  o f  a SCF/hr  f o r  a p e r i o d  o f  4 -5  

h o u r s .  The t e m p e r a t u r e  was h e l d  a t  650°F w h i l e  s u l f i d i n g .  T h i s  p r o ­

c e d u r e  was u s e d  on a l l  r u n s  e x c e p t  No. 8 and on t h e  Harshaw c a t a l y s t  

4 4 0 IE which  was t h e  p r e s u l f i d e d  fo rm .  S u l f i d i n g  was c a r r i e d  o u t  a t  

300 p s i g  i n  a l l  c a s e s .

J .  F e e d s t o c k

F o r  t h e  g r e a t e r  p a r t  o f  t h i s  d e s u l f u r i z a t i o n  s t u d y ,  t h e  f e e d s t o c k  

was Number 2 d i e s e l  f u e l  c o n t a i n i n g  1 .6 6  w e i g h t  p e r c e n t  s u l f u r .  The 

f u e l  was o b t a i n e d  from t h e  Husky O i l  Company r e f i n e r y  a t  Cody, Wyoming. 

I n s p e c t i o n  d a t a  on t h e  f u e l s  a r e  shown i n  T a b l e  VII  of- t h e  a p p e n d i x .  

O t h e r  f u e l s  t e s t e d  were Number 2 d i e s e l  f rom C o n t i n e n t a l  O i l  Company 

a t  B i l l i n g s ,  Montana and Number 2 d i e s e l  f rom C a r ib o u  R e f i n i n g  Company 

a t  Cowley,  Wyoming.



V DISCUSSION AND INTERPRETATION OF RESULTS
k

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

A t o t a l  o f  t e n  r u n s  was made d u r i n g  t h e  p e r i o d  o f  t h e  r e s e a r c h .  

P r e l i m i n a r y  r u n s  were  made on Houdry-C and Harshaw 4 4 0 IE c a t a l y s t s  

t o  become f a m i l i a r  w i t h  t h e  e q u ipm e n t , e s t a b l i s h  o p e r a t i n g  t e c h n i q u e s ,  

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

B. P r e l i m i n a r y  Runs

The i n i t i a l  r un  was made u s i n g  Houdry-C c a t a l y s t .  T h i s  r u n  was 

c o n t i n u e d  f o r  30 h o u r s  and t h e n  s to p p e d  b e c a u s e  of  pump p r o b le m s .  

Pumping r a t e s  v a r i e d  d r a s t i c a l l y  and t h e  r e s u l t s  were deemed u s e l e s s .

The s econd  r u n  was a g a i n  made w i t h  Houdry-C c a t a l y s t T h e  p u r ­

pose  o f  t h i s  r u n  was t o  c o l l e c t  d a t a  on t h e  v a r i o u s  o p e r a t i n g  e f f e c t s  

suc h  a s  t e m p e r a t u r e  and s p a c e  v e l o c i t y .  Da ta  w e r e . a l s o  c o l l e c t e d  on 

Harshaw 4401-E p r e s u l f i d e d  n i c k e l  t u n g s t e n  c a t a l y s t .  P r e s s u r e  was a l s o  

o b s e r v e d  a s  a v a r i a b l e .

C . O p e r a t i n g  V a r i a b l e s

I )  LHSV ( l i q u i d  h o u r l y  s p a c e  v e l o c i t y ) .  F i g u r e  4 shows t h e  

e f f e c t  o f  LHSV on s u l f u r  c o n v e r s i o n  a t  two d i f f e r e n t  t e m p e r a t u r e  l e v e l s  

The r e s u l t s  were  a s  e x p e c t e d ;  t h a t  i s ,  c o n v e r s i o n  i n c r e a s e d  w i t h  i n ­

c r e a s e d  t e m p e r a t u r e  and d e c r e a s e d  w i t h  i n c r e a s e d  LHSV. The d a t a  i n ­

d i c a t e  t h a t  l i t t l e  can  be g a i n e d  by i n c r e a s i n g  t h e  t e m p e r a t u r e  a t  LHSV 

o f  1 . 0  o r  l e s s . Should  i n c r e a s e d  u n i t  c a p a c i t y  be d e s i r e d  a t  c o n s t a n t  

s u l f u r  c o n v e r s i o n ,  an i n c r e a s e  i n  LHSV accom panied  by an i n c r e a s e  In
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t e m p e r a t u r e  would a c c o m p l i s h  t h e  j o b .  However ,  i n c r e a s i n g  t h e  t e m ­

p e r a t u r e  a l s o  i n d u c e s  c r a c k i n g ,  r e s u l t i n g  i n  more gas  make ( l e s s  s a l e ­

a b l e .  p r o d u c t ) . T h i s  can  be o b s e r v e d  on t h e  ga s  a n a l y s i s  d a t a  ( T a b le  

XVII) and t h e  ASTM d i s t i l l a t i o n .  The d i s t i l l a t i o n  o f  p r o d u c t  o b t a i n e d  

w h i l e  o p e r a t i n g  a t  770°F ( F i g u r e  5) shows a lower  b o i l i n g  p o i n t  d i s t i l ­

l a t i o n  c u rv e  and a h i g h e r  API g r a v i t y .

From F i g u r e  4 t h e  LHSV c o n v e r s i o n  d a t a  i n d i c a t e  t h a t  t h e  Harshaw 

4 4 0 IE c a t a l y s t  would n o t  be a v e r y  e f f e c t i v e  c a t a l y s t  f o r  d e s u l f u r i z a ­

t i o n .  T h i s  c a t a l y s t  i s  a n i c k e l  t u n g s t e n  t y p e  on a s u p p o r t  m a t e r i a l  

c o n t a i n i n g  a h i g h  p e r c e n t a g e  o f  s i l i c a .

The Houdry-C d a t a  show a somewhat b e t t e r  c o n v e r s i o n  a t  LHSV 

g r e a t e r  t h a n  1 .0  t h a n  doe s  t h e  p r e p a r e d  DR-3 c a t a l y s t .

2)  T e m p e r a t u r e . F i g u r e  6 shows t h e  e f f e c t  o f  t e m p e r a t u r e  on 

s u l f u r  c o n v e r s i o n .  As e x p e c t e d ,  t h e  c o n v e r s i o n  i n c r e a s e s  w i t h  i n c r e a s e d  

t e m p e r a t u r e . .  The d a t a  f o r  d e t e r m i n i n g  t h e  t e m p e r a t u r e  e f f e c t  were c o l ­

l e c t e d  u s i n g  a LHSV of  1 . 0 ,  h yd rogen  f low o f  3550 S C F /b b l ,  p r e s s u r e  o f  

300 p s i g ,  and p r e p a r e d  c a t a l y s t  DR-3. (S e e  T a b l e  X I I I  of  a p p e n d i x . )

A f i r s t  d e g r e e  c u rv e  was f i t t e d  t o  t h e  d a t a  by t h e  method of  l e a s t  

s q u a r e s .

3) Hydrogen F lo w . The e f f e c t  o f  h y d ro g en  f low  i s  shown on 

F i g u r e  7 .  O t h e r  v a r i a b l e s  were  h e l d  c o n s t a n t  a t  t h e  f o l l o w i n g  v a l u e s :  

LHSV - -  1 . 0 ,  t e m p e r a t u r e  - -  700°F ,  and p r e s s u r e  — 300 p s i g .  Houdry-C
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c a t a l y s t  was u s e d  t o  make t h i s  e v a l u a t i o n .  A second  d e g r e e  c u rv e  was 

f i t t e d  t o  t h e  d a t a .  The r e s u l t s  a r e  i n  ag re e m e n t  w i t h  F a l k  (4 )  and 

Whitcomb ( 6 ) .  The c o n v e r s i o n  i n c r e a s e s  w i t h  i n c r e a s e d  h y d rogen  f low 

o u t  t o  a p p r o x i m a t e l y  5000 S C F /bb l ,  Above 5000 S C F /bb l ,  t h e  c a t a l y s t  

a c t i v i t y  may be  c o n s i d e r e d  i n d e p e n d e n t  of  h y d r o g e n  f lo w .

A h yd rogen  f low r a t e  o f  3500-4000 SCF/bb l  was u se d  f o r  most  o f  

t h e  i n v e s t i g a t i o n s .  The c a t a l y s t  l i f e  s t u d i e s  were made u s i n g  a f low 

o f  7000 S C F /bb l .  '

4) P r e s s u r e . As e x p e c t e d ,  t h e  s u l f u r  c o n v e r s i o n  i n c r e a s e d  w i t h  

i n c r e a s i n g  p r e s s u r e  ( F i g u r e  8 ) .  Harshaw 440TE c a t a l y s t  was used  d u r ­

in g  t h i s  t e s t  r u n .  • P r e s s u r e s  o f  300 ,  650 ,  and 1000 p s i g  were s e l e c t e d  

t o  c o l l e c t  d a t a .

The p r e s s u r e  f o r  a l l  r e m a i n i n g  r u n s  was s e t  a t  300 p s i g .  S e l e c  

t i o n  o f  300 p s ig .  was b a s e d  on t h e  a v a i l a b i l i t y  of  h y d r o g e n  a t  t h i s  

p r e s s u r e  f rom r e f o r m e r  u n i t s  i n  most  r e f i n e r i e s .

D . Ca t a l y s t  E v a l u a t i o n s

............Three" c a t a l y s t s '  w e r e . p r e p a r e d " u s i n g  v a r y i n g  amounts  o f  n i c k e l

and t u n g s t e n  a p p l i e d  t o  H a r s h a w ' s 1602-T s u p p o r t  m a t e r i a l .  The c a t ­

a l y s t  c o m p o s i t i o n s  a r e  shown i n  t h e  f o l l o w i n g  T a b l e :
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C a t a l y s t  No. % N i c k e l  % T u n g s t e n

16 .65
16 .65  
5 . 8 5

Runs Numbers 5 ,  6 , and 8 ( T a b l e s  XI,  X I I ,  and XIV of  append ix )  

were e v a l u a t i o n s  o f  t h e  t h r e e  p r e p a r e d  c a t a l y s t s .  The r e s u l t s  of  con­

v e r s i o n  v e r s u s  t im e  a r e  shown on F i g u r e s  9 ,  10 ,  and 11.  Run No. 8 was 

p r e s u l f i d e d  f o r  o n e - h a l f  t h e  normal  s u l f i d i n g  p e r i o d .  The r e s u l t s  a r e  

q u i t e  e v i d e n t ;  t h e  c o n v e r s i o n  s t a r t s  a t  95.65% and i n c r e a s e s  t o  abou t  

97.0% d u r i n g  t h e  f i r s t  40 h o u r s . The p e r i o d  o f  40 h o u r s  t o  103 ho u r s  

g i v e s  a mean c o n v e r s i o n  o f  97.223% w i t h  v e r y  l i t t l e  change  i n  t h e  s lo p e  

o f  t h e  l i n e .  T h i s  p o r t i o n  of  t h e  ru n  was u s e d  t o  compare w i t h  Runs 5 

and 6 .

TABLE I .  Prepared C atalyst Compositions

DR-I 1 .5 7  
DR-2 10 .20  
DR-3 7 . 3 0

C o n v e r s i o n  ha s  been  c o r r e c t e d  f o r  t e m p e r a t u r e  and h y d ro g en  f low 

t o  t h e  b a s e  c o n d i t i o n s  o f  700°F and 4000 S C F /b b l .  Da ta  shown on F i g u r e s  

6 and 7 were u sed  t o  e s t a b l i s h  a c o r r e c t i o n  f a c t o r  f o r  t h e  t e m p e r a t u r e  ■ 

and h y d r o g e n  f l o w .

T a b l e  I I  ( below) shows t h e  c o m p a r i s o n s  o f  t h e  t h r e e  c a t a l y s t s . 

T a b l e  I I I  ( be low )  g i v e s  an a n a l y s i s  o f  v a r i a n c e  f o r  t h e  w e i g h t  p e r c e n t  ■ 

s u l f u r  i n  t h e  p r o d u c t  o i l  f o r  t h e  t h r e e  d i f f e r e n t  c a t a l y s t s .
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TABLE I I .  Sulfur Conversion for Prepared C atalysts

Mean C o n v e r s io n
C a t a l y s t  No. U n c o r r e c t e d C o r r e c t e d Hg F low T e m p e r a tu r e

DR-I 9 7 .5 4 1 9 7 . 4 6 2 3878 706
DR- 2 9 6 .8 6 9 9 6 .6 7 5 4103 710
DR-3 9 7 .2 2 6 9 7 . 1 9 4 3897 703

TABLE I I I .  A n a l y s i s  o f  V a r i a n c e  on P r e p a r e d  C a t a l y s t s

S o u r c e  o f V a r i a t i o n ' d f
Sums o f  
S q u a r e s

Mean Sums
o f  S q u a r e s  F D e c i s i o n

D i f f e r e n t C a t a l y s t s 2
#*

7 .0095 3 .5 0 0 4 7  ’ 3 . 5  A ccep t*
w i t h i n  ( e r r o r ) 41 4 1 .3 0 6 3 1 .00747

T o t a l 43 48 .3158

^ T e s t e d  a t  1.0% l e v e l  F 2 /4 1  d f  = 5 .1 8  
**Sums o f  s q u a r e s  x 0 .0 0 1

I t  i s  h y p o t h e s i z e d  t h a t  t h e  w e i g h t  p e r c e n t  f rom a l l  t h r e e  p r e ­

p a r e d  c a t a l y s t s  i s  t h e  same.  From t h e  A n a l y s i s  o f  V a r i a n c e  ( T a b le  I I I ) ,  

we a c c e p t  t h e  h y p o t h e s i s  s i n c e  t h e  e x p e r i m e n t a l  F was found  t o  be  l e s s  

t h a n  t h e  F a r r i v e d  a t  f rom s t a t i s t i c a l  t a b l e s  ( 1 2 ) .  The t e s t  (F) can 

be i n t e r p r e t e d  t o  mean t h a t  a v a l u e  o f  F a s  l a r g e  o r  l a r g e r  t h a n  5 . 1 8  

w i l l  o c c u r  o n l y  one t i m e  o u t  o f  100 a s  a r e s u l t  o f  chance  s a m p l ing  e r r o r s  

i f  t h e  h y p o t h e s i s  i s  t r u e .  I n  t h i s  c a s e ,  t h e  h y p o t h e s i s  i s  t r u e ;  t h a t  

i s ,  a l l  t h e  sample w e i g h t  p e r c e n t  s u l f u r  may be c o n s i d e r e d  t h e  same.
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E . C a t a l y s t  L i f e  Com pari sons

S i n c e  c a t a l y s t  d e a c t i v a t i o n  i s  v e r y  i m p o r t a n t  when making a 

c a t a l y s t  s e l e c t i o n ,  i t  was d e s i r a b l e  t o  o b t a i n  some t y p e  o f  compar­

a b l e  r e s u l t s  w i t h  t h e  com m erc ia l  c a t a l y s t . ■ A l i t e r a t u r e  s t u d y  was 

made t o  d e t e r m i n e  i f  t h e r e  were any p u b l i s h e d  d a t a  a v a i l a b l e  on t h e  

l i f e  of  Houdry-C c a t a l y s t .  The s e a r c h  r e v e a l e d  some d a t a  on c o b a l t  

molybdenum ( s i m i l a r  t o  Houdry-C) i n  t e r m s  o f  b b l / l b ,  b u t  gave  no i n ­

d i c a t i o n  o f  t h e  c o n v e r s i o n  a t  t h e  b e g i n n i n g  and t h e  end .

I t  was d e c i d e d  t h a t  7 0 0 - h o u r  r u n s  would be made on t h e  Houdry-  

C and t h e  p r e p a r e d  DR-3 c a t a l y s t s .  F i g u r e s  12 and 13 show t h e  r e s u l t s '  

o f  t h e  two r u n s .  D ur ing  t h e  r u n  on DR-3, d a t a  were c o l l e c t e d  ( i n t e r v a l  

be tw een  400-500  h o u r s )  on t h e  e f f e c t s  of  LHSV and t e m p e r a t u r e .  These  

d a t a  were u se d  i n  F i g u r e  4 and i n  t h e  d e t e r m i n a t i o n  o f  t h e  r e a c t i o n  

o r d e r  and r a t e .

F o r  t h e  e x t e n d e d  r u n  t h e  o p e r a t i n g  v a r i a b l e s  were s e t  a t :  LHSV

- -  1 . 0 ,  t e m p e r a t u r e  — TOO0F ,  p r e s s u r e  — 300 p s i g ,  and h y d ro g en  f low 

— 7000 S C F /b b l .  The c o m p a r a t i v e  r e s u l t ' s  o f  t h e  two r u n s  a r e  shown 

i n  T a b l e  IV, b e l o w . •

The s l o p e  o f  t h e  r e g r e s s i o n  l i n e  i n d i c a t e s  t h a t  t h e  d e a c t i v a t i o n  

r a t e  i s  s l i g h t l y  h i g h e r  on t h e  DR-3 c a t a l y s t  b u t  t h e  mean c o n v e r s i o n  i s  

h i g h e r  t h a n  t h e  Houdry-C.  In  v iew o f  t h e  s m a l l  d i f f e r e n c e s  i n  c o n v e r -  

s i o n  and r e g r e s s i o n  l i n e  s l o p e  i t  i s  c o n c lu d e d  t h a t  t h e r e . i s  no d i f f e r ­

ence  i n  d e a c t i v a t i o n  be tw e en  t h e  two c a t a l y s t s .
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TABLE IV. C atalyst Life Comparison: Houdry-C and DR-3.

C a t a l y s t DR-3 Houdry-C
Mean C o n v e r s io n 9 7 . 5 3 2 . 9 7 .3 4 7
S l o p e  R e g r e s s i o n  L ine 0 .3 0 9  x IO*3 0 . 1 5 2  x 10
P r o d u c t  Y i e ld  Wt % 9 2 . 8 3 9 5 . 1 2
API G r a v i t y 3 4 . 3 3 4 . 1

ASTM D i s t i l l a t i o n  
IBP 400 403
10# 474 475
30# 524 ■ 525
50# 554 553
70# 579 578
90# 615 612
EP 658 654

D u r i n g  t h e  e x t e n d e d  r u n ,  gas  s a m p le s  were  c o l l e c t e d  and a w e ig h t  

b a l a n c e  was t a k e n  p e r i o d i c a l l y .  A l s o ,  p r o d u c t  API g r a v i t y  and ASTM 

d i s t i l l a t i o n s  were o b s e r v e d .  These  d a t a  a r e  a l s o  shown i n  T a b l e  IV.

The ASTM d i s t i l l a t i o n  p l o t s  a r e  shown, i n  F i g u r e  5 .

The r e d u c e d  y i e l d  on DR-3 c a t a l y s t  and i n c r e a s e d  ga s  vo lumes  

i n d i c a t e d  t h a t  t h e  n i c k e l  t u n g s t e n  c a t a l y s t  may be c a u s i n g  more c r a c k ­

in g  t h a n  t h e  Houdry-C.  An a l t e r n a t e  p o s s i b i l i t y  i s  t h a t  t h e  6% s i l i c a  

i n  t h e  s u p p o r t  m a t e r i a l  ( Harshaw 1602-T) i n d u c e s  c r a c k i n g .  The a u t h o r ' s  

e x p e r i e n c e  w i t h  c a t a l y t i c  c r a c k i n g  c a t a l y s t s  s u b s t a n t i a t e s  t h i s  b e l i e f .  ' 

The use  o f  s i l i c a - a l u m i n a  m i x t u r e s  i n  l i e u  o f  a lumina  o n l y  c a t a l y s t  

y i e l d s  c o n s i d e r a b l y - m o r e  g a s o l i n e  ( l e s s  b o t to m s )  f rom c a t a l y t i c  c r a c k i n g  

u n i t s .
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F . R e s u l t s  o f  D e s u l f u r i z a t i o n  on O t h e r  F e e d s t o c k s

a) Cowley, Wyoming D i e s e l  F u e l . .Number '2  d i e s e l  f u e l  was o b ­

t a i n e d  from C a r ib o u  R e f i n i n g  Company a t  Cowley,  Wyoming. The s u l f u r  

c o n t e n t  was 1.97%. O t h e r  i n s p e c t i o n  d a t a  a r e  shown i n  T a b l e  V I I  of  

t h e  a p p e n d i x .

T h i s  f u e l  was c h a rg e d  t o  t h e  u n i t  a t  t h e  end o f  t h e  700 -h o u r  

c a t a l y s t  s t u d y  on DR-3.  The u n i t  was o p e r a t e d  a p p r o x i m a t e l y  50 h o u r s  

on t h i s  f u e l .  The r e s u l t s  a r e  shown below i n  T a b le  V.

b) C o n t i n e n t a l  O i l  D i e s e l  F u e l  f rom B i l l i n g s ,  Montana .

F o l l o w i n g  t h e  r u n  on Cowley f u e l ,  Number 2 d i e s e l  f u e l  f rom C o n t i n e n t a l  

O i l  Company was c h a rg e d  t o  t h e  u n i t .  T h i s  f u e l  c o n t a i n s  0.187% s u l f u r  

and h a s  b e e n  p r e v i o u s l y  h y d r o - t r e a t e d  by C o n t i n e n t a l .  O t h e r  i n s p e c ­

t i o n  d a t a  a r e  shown i n  T a b l e  V I I  of  t h e  a p p e n d i x . . The r e s u l t s  Cf t h i s  

r u n  a r e  a l s o  shown i n  T a b l e  V be low .

TABLE V. R e s u l t s  o f  D e s u l f u r i z a t i o n  o f  O t h e r  F e e d s .

Cowley C o n t i n e n t a l

% S u l f u r  i n  Feed 1 .97 0 . 1 8 7
% S u l f u r  i n  P r o d u c t 0 .0 4 3 9 0 .0 3 1 3

Mean C o n v e r s io n . 9 7 .7 7 8 3 . 3

S u l f u r  c o n v e r s i o n  on t h e  Cowley f u e l  was s a t i s f a c t o r y .  However

d e s u l f u r i z a t i o n  o f  t h e  C o n t i n e n t a l  f u e l  w a s n ' t  p a r t i c u l a r l y  s u c c e s s f u l .  

P o s s i b l y  t h e  r e a s o n  f o r  t h e  poor  r e s u l t s  i s  t h a t  t h e  . f u e l ,  h a v in g  been

p r e v i o u s l y  t r e a t e d ,  h a s  most  of  t h e  " e a s y  t o  remove" compounds m i s s in g ,  

l e a v i n g  t h e  more d i f f i c u l t  c y c l i c  compounds.  ■ .
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G. Thermodynamics and K i n e t i c s  o f  D e s u l f u r i z a t i o n

The r e a c t i o n  o f  s u l f u r  compounds t o  s a t u r a t e d  h y d r o c a r b o n s  and 

h y d r o g e n  s u l f i d e  ( s e e  S e c t i o n  I I )  i s  d i s c u s s e d  by M i t c h e l l  ( 5 ) .  The 

e q u i l i b r i u m  c o n s t a n t s  a r e  h i g h l y  p o s i t i v e  ( n e g a t i v e  A F ) f o r  t h e  r a n g e  

o f  250C t o  600°C. Green  (7 )  a l s o  e v a l u a t e d  t h e  t he rm odynam ics  f o r  

t h i o p h e n e  r e a c t e d  w i t h  h y d ro g en  t o  y i e l d  b u t a n e  and h y d ro g en  s u l f i d e .  

He showed a A F  o f  - 1 4 ,5 6 0  a t  375°C.  F o r  h y d r o d e s u l f u r i z a t i o n  of  

t h i o p h e n e ,  l o g  Ke ^ d e c r e a s e s  r a p i d l y  w i t h  i n c r e a s i n g  t e m p e r a t u r e  and

O
becomes n e g a t i v e  above 525 C. S i n c e  t h e  r e a c t i o n s  do no t  o c c u r  i n  t h e  

a b s e n c e  of  a c a t a l y s t  ( 5 ) ,  ( up  t o  SOO0C) ,  t h e y  must  be c o n t r o l l e d  by 

r a t e  p r o c e s s e s .

• Whitcomb ( 6 ) h a s  d e s c r i b e d  t h e  k i n e t i c s  o f  d e n i t r i f i c a t i o n  and 

d e s u l f u r i z a t i o n  i n  some d e t a i l .  A l s o ,  Rosenhe im er  ( 8 ) r e v i e w e d  t h e  

k i n e t i c s  of  d e n i t r i f i c a t i o n ,  d e s u l f u r i z a t i o n ,  and o l e f i n  s a t u r a t i o n .  

Based on i n f o r m a t i o n  from W hitcom b 's  t h e s i s  ( 6 ) ,  t h e  d e s u l f u r i z a t i o n  

r a t e  e q u a t i o n  was w r i t t e n  a s :

-  I g  =  Kg ( S ) a ( H) b ' ■

S i n c e  t h e  h y d r o g e n  f lo w  was m a i n t a i n e d  a t  4000 S C F/bb l  o r  above 

f o r  t h i s  s t u d y ,  t h e  (H) would be i n  e x c e s s  and would no t  e f f e c t  t h e  

r a t e  o f  r e a c t i o n .  The m o d i f i e d  r a t e  e q u a t i o n  can t h e n  be w r i t t e n :

- I s = K s(S) 3 

Ks = K;  (H )b ,where
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The pseudo  o r d e r  o f  t h e  r e a c t i o n  was found  by  p l o t t i n g  t h e  l o g  ( r s ) 

v e r s u s  l o g  ( S ) . ( r s ) was o b t a i n e d  by g r a p h i c a l l y  d i f f e r e n t i a t i n g  t h e  

c u rv e  o f  c o n v e r s i o n  v e r s u s  ( l /LHSV) a t  s e v e r a l  p o i n t s .  F i g u r e s  14 

and 15 show t h e  r e s p e c t i v e  c u r v e s .  The s l o p e  o f  log  ( r s ) v e r s u s  l o g  (S) 

g i v e s  t h e  pseudo r e a c t i o n  o r d e r .  F o r  t h i s  sys tem  t h e  o r d e r  was 1 . 6 7 .  

F i g u r e s  16 and 17 show t h e  d a t a  u s i n g  a r e a c t i o n  o r d e r  o f  I  and 2 f o r  

c a t a l y s t  DR-3 a t ' 7 0 0 ° F  and SOO0F . I t  i s  a p p a r e n t  t h a t  t h e  r e a c t i o n  

o r d e r  i s  s o m e th in g  h i g h e r  t h a n  I f rom t h e  p l o t  shown on F i g u r e  16. 

However , a second  o r d e r  c u rv e  ( F i g u r e  17) f i t s  t h e  d a t a  f a i r l y  w e l l  

f o r  d e s u l f u r i z a t i o n  a t  7 0 0 ° F . D e s u l f u r i z a t i o n  a t  SOO0F d o e s n ' t  a p p e a r  

t o  be s a t i s f i e d  by any  o f  t h e  o r d e r s  t e s t e d .  I t  i s  f e l t  t h a t  i n s u f f i t  

c i e n t  d a t a  a t  SOO0F was c o l l e c t e d  t o  j u s t i f y  e s t a b l i s h i n g  a r e a c t i o n  

o r d e r .

F o r  t h e  r e a c t i o n  o r d e r  o f  1 . 6 7 ,  t h e  r a t e  e q u a t i o n  i n  t h e  i n t e r -  

g r a t e d  fo rm i s :

= Kg

y i e l d e d  .a s t r a i g h t  l i n e ,  i n ­

d i c a t i n g  t h a t  t h e  r e a c t i o n  o r d e r  i s  c o r r e c t .  The a c t i v i t y  e n e r g y  was 

found  t o  be 7500 c a l / m o l  f rom F i g u r e  19. The f i n a l  fo rm o f  t h e  r a t e  

e q u a t i o n  i s :

1 . 5
.6 7

1 .5
.67

.67
A p l o t  o f  1 .5 /C g  ( F i g u r e  18) v e r s u s

-  Ts = 2.68 x IO  ̂ x e - ■7500/1.987(T) x ( s ) 1*67
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N o m e n c la tu re  u s e d :  

‘  r s

K S

(S)

(H)

C

T

r e a t i o n  r a t e  (wt% S ) ( c c - o i l ) / ( c c - c a t a l y s t ) ( h r )

r e a c t i o n  r a t e  c o n s t a n t
1 . 5 ( c c - o i l ) / ( h r ) ( c c - c a t a l y s t ) ( w t %  S)* 7

s u l f u r  c o n c e n t r a t i o n ,  wt%

h y d ro g en  c o n c e n t r a t i o n

s p a c e  t i m e ,  h r s

c o n c e n t r a t i o n

t e m p e r a t u r e



VI SUMMARY'AND CONCLUSIONS

a) F o r  t h e  t h r e e  c a t a l y s t  p r e p a r e d  and t e s t e d ,  t h e  p e r c e n t  

s u l f u r  rem o v a l  ( c o n v e r s io n )  a p p e a r s  t o  be in d e p e n d e n t  o f  p ro m o te r  

c o m p o s i t i o n .  B ased on t h i s  i n f o r m a t i o n ,  t h e  m ost e c o n o m ic a l  c a t a l y s t  

would have  minimum am ounts o f  n i c k e l  and t u n g s t e n  on t h e  s u p p o r t .

b) When t h e  p r e p a r e d  c a t a l y s t s  (a s s u m in g  no s i g n i f i c a n t  d i f ­

f e r e n c e  among p r e p a r e d  c a t a l y s t s )  a r e  compared t o  t h e  com m erica l  

Houdry-C c a t a l y s t , t h e r e  i s  no d i f f e r e n c e  i n  mean s u l f u r  c o n v e r s io n  

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

c) When a u n i t  ( h y d r o - t r e a t i n g )  i s  o p e r a t e d  a t  LHSV o f  1 .0  o r  

lo w e r ,  t h e r e  i s  no d i s t i n c t  a d v a n ta g e  i n  o p e r a t i n g  a t  a t e m p e r a t u r e  

h i g h e r  t h a n  7 0 0 -7 2 5 0F . A l s o ,  t h e r e  i s  no g a i n  i n  c o n v e r s io n  f o r  o p e r ­

a t i n g  w i t h  a hy d ro g en  r e c y c l e  r a t e  o f  h i g h e r  t h a n  5000 S C F /b b l .

d) The r e a c t i o n  o r d e r  o f  t h e  sy s tem  i s  1 .6 7  and t h e  r a t e  

e q u a t i o n  i s :

-  r , 2 .6 8  x 10 x e x (S ) 1*677 5 0 0 /1 .9 8 7 (1 )



VII RECOMENDAT IONS

When c o n s i d e r i n g  c a t a l y s t  f o r  d e s u l f u r i z a t i o n  t h e r e  a p p e a r s  t o  

be no a d v a n t a g e . i n  u s i n g  a n i c k e l  t u n g s t e n  c a t a l y s t  o v e r  t h e  Houdry-C 

( c o b a l t  m olybdenum ). Assuming t h a t  t h e  c a t a l y s t  l i f e  o f  b o th  a r e  t h e  

same, t h e  c o s t  o f  c o b a l t  molybdenum would c a r r y  a d i s t i n c t  a d v a n ta g e  

a s  i t s  c o s t  i s  $ 1 . 2 5 / l b  compared w i t h  t h e  c o s t  o f  a com parab le  n i c k e l  

t u n g s t e n  c a t a l y s t  a t  $ 2 . 7 3 / l b .

Shou ld  h y d r o - t r e a t i n g  be i n s t a l l e d  on c a t a l y t i c  c r a c k in g  o r  • 

h y d r o - c r a c k i n g  f e e d  p r e p a r a t i o n ,  t h e  n i c k e l  t u n g s t e n  c a t a l y s t  would 

show a d i s t i n c t  a d v a n ta g e  b e c a u s e  o f  i t s  s u p e r i o r  d e n i t r i f i c a t i o n  

q u a l i t i e s ,  a s  shown by F a l k  ( 4 ) .
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TABLE VI Properties of Catalyst and Support Material

C a t a l y s t  
o r  S u p p o r t

S u r f a c e  
A rea (M^/q)

P o re  VoI .  
( c c / q )

B ulk  D e n s i ty
( # / f t 3 )

P o re  D i a . 
(A0 )

S u p p o r t  Type 
and S iz e

*Houdry-C 310 t o  340 0 .4 5 53 55 l / 8 " a lu m in a  
e x t r u s i o n s

**Harshaw 
4 4 0 IE

212 0 .3 9 59 1/ 8 " s i l i c a -  
a lum ina  e x ­
t r u s i o n s

***Harshaw
A1-1602-T

210 t o  240 0 .4 8 52 - - l / 8 " s i l i c a -  
a lum ina  
t a b l e t s

I
COO

* C o n ta in s  3 .0  Wt% CoO and 1 5 .0  M0O3

** C o n ta in s  6 . 0  Wt% Ni and 1 9 .0  W on a s u p p o r t  o f  a p p r o x im a te ly  50% SiOg

S u p p o r t  m a t e r i a l  f o r  a l l  p r e p a r e d  c a t a l y s t s :  c o n t a i n s  a p p r o x im a te ly  6.0% SiOg■x-x-x-
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TABLE V I I .  I n s p e c t i o n  D a ta  o f  F e e d s to c k s

Feed  Husky #2 D i e s e l Cowley,- Wyo. D i e s e l Conoco D i e s e l

D e n s i t y ,  0API 3 1 .9 2 8 .7 33 .9

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

IBP 399 390 374
5% 456 437 419

10% 485 46 1 . 437
30% 540 492 482
5Q% 564 533 - 521
70% 586 577 543
90% 619 616 586
95% 644 644 608
EP 660 650 617

Ave. Mol. W t. ( C a l c . )
222 ' 205 200

C hem ica l  A n a ly s i s

S u l f u r ,  Wt% 1 .66 1 .9 7 . 0 .1 8 7
N i t r o g e n ,  ppm 350 - - - - - — -  -  —
A n i l i n e ,  P t . 148



TABLE VIII. Desulfurization Data from Run #2 Using Houdry-C Catalyst

Sample LHSV Temp Mean Temp P r e s s u r e Wt% S u l f u r % C o n v e rs io n Mean C o n v e rs io n

HC-I 1 .0 706 300 0 .0 2 0 5 9 7 .5 2
HC-2 695 0 .0 1 9 6 9 8 .2 2
HC-3 695 702 0 .0102 99 .39 *98 .58
HC-4 705 0 .0 1 1 6 99 .30
HC-5 710 0 .0225 9 8 .4 7

HC-6 2 .0 703 0 .0 4 3 9 7 .4 1
HC-7 703 703 0 .0 4 7 9 7 .1 7 9 7 .2 3
HC-8 703 0 .0 4 7 8 9 7 .1 2

HC-9 3 .0 0 .0 8 5 5 9 4 .8 5
HC-IO- 710

' 704
0 .0710 9 5 .7 2 9 5 .2 6

H C -Il  ■ 697 0 .0 7 9 5 9 5 .2 1

HC-12 
HC-I 3 '

798
785 792

C
0 .0 4 3 7
0 .0321

9 7 .3 7
9 8 .0 7 9 7 .7 2

HC-14  
HC-15

2 .0 804
790 797

I

0 .0 2 8 6  
0 .0 2 4 8  ■

98 .28
9 8 .5 1 9 8 .3 9

HC-16 
HC-17

1 .0 800
800

I

800

\

0 .0 2 3 6
0 .0314

98 .58
98 .11 9 8 .3 4

*The v a lu e  o f  9 7 .4 2  was u sed  i n  LHSV p l o t  ( F i g u r e  4 ) .  T h i s  v a lu e  i s  t h e  mean o f  
Houdry-C from  t h e  c a t a l y s t  l i f e  s tu d y .  >



TABLE IX. Desulfurization Data from Run #3 Using Harshaw 440IE Catalyst

Sample LHSV : . Temp Mean Temp P r e s s u r e Wt% S u l f u r % C o n v e rs io n Mean C o n v e rs io n

4 4 0 IE I 1 .0 700 300 0.080 9 5 .1 9
2 700 0.0875 9 4 .7 3
3 701. 0 .1 1 4 9 3 .1 4 9 1 .7 2
4 700. 0 .1 4 6 9 1 .2 0
5 704 0.152 90,84
6 2 .0 700 0 .2 6 7 83.92
7 704 • 0.262 84.22 ■

8 2 .8 08 700 0.298 . 8 2 .0 5
9 ---- 0 .3 1 6 8 1 .0 0

10 776 0.148 91.09
■ 11 805 0 .110 93.37

' 9 2 . 2 412 795 0 .1 1 9 92.83
13 800 0 .1 4 0 9 1 .6 7

14 . i.o 796 I' 0 .0 6 7 95.97
15 803 0 .0 6 8  - 9 5 .9 0
16 805 0.083 9 5 .0 0 9 5 .5 6

\



T/lBLE X. Desulfurization Data from Run #4 Using Harshaw 440IE Catalyst

Mean Wt % % Con-
Sample ■ LHSV Temp Temp S u l f u r v e r s i o n

4 4 0 IE
IA 1 .0 712 0 .0 5 9 7 9 6 .4 0
2A 698 0 .0 7 1 9 5 .7 2

3A 698 0 .1 2 9 5 9 2 .2 0
• 4A • 707. 0 .1 7 0 8 9 .7 6

5A 714 0 .1 6 6 90 .00
6a 714

705
0 .1 5 0 9 0 .9 6

I k 712 0 .1 5 7 9 0 .5 4
: 8a 0 .9 1 701 0 .1 6 0 9 0 .3 6

9A 0 .9 1 696 0 .1 9 0 8 8 .5 6
10A 1 .0 701 0 .1 3 6 9 1 .8 1

IlA 701 0 .1 1 2  . 9 3 .2 5
12A ' 700

701
0 .1 0 1 ' 9 3 .9 2

13A 703 0 .1 0 4 9 3 .7 3
14A 700 0 .1 3 4 9 1 .9 3
15A . 698 0 .0 9 6 9 4 .2 2

16A . 701 '0 .0 7 1 3 9 5 .7 0
17A 700 ' 0 .0 5 4 0 9 6 .7 4
ISA ■ 698 703

0 .0 5 2 9 6 .8 7
19A 702 6 .0 4 9 7 9 7 .0 0
20A 700 0 .0 5 5 9 6 .6 9
21A 706 0 .0 4 2 3 9 7 .4 5

Mean
Conv. P r e s s u r e

L in e  o u t
300

9 0 .5 2 4

650

9 3 .4 1

1000

9 6 .7 4

Hydrogen
Flow

3500
3500

3500
4200
4200
3900
4200
4500
4500
450Q

4000
4500
4500
3500
4100

5000
4700
4100
4500
4500
4500

I

£I



TABLE XI. D esulfurization Data-from Run #5 Using Prepared Catalyst DR-I

Mean Wt % % Con- Mean H ours on Hydrogen
Sample LHSV Temp - Temp S u l f u r v e r s i o n Conv, S tream P r e s s u r e Flow

IA . 1 .0 734 0 .0 3 1 8 9 8 .0 9 L in e  o u t 1 .5 300
IB 712 0 .0 3 4 3 9 7 .9 4 6 .0

IC 70.2 0 .0 3 8 4 9 7 .6 9 11 .5 3800
ID 707 0 .0 4 6 2 9 7 .2 2 14.5 3800
IE 703 0 .0 3 5 8 9 7 .8 4 18 .5 3550
IF 707 0 .0 3 0 3 9 8 .1 7 2 2 .5 3600
IG 712 0 .0 3 6 3 9 7 .8 3

97.541
28 .5 3800

IH 706 706 0 .0 6 0 9 6 .39 3 7 .5 4000
I I 701 0 .0454 9 7 .2 7 4 3 .0 3800
U 705 0 .0 3 4 5 9 7 .9 2 4 6 .5 4500
IK • 710 0 .0 4 1 5 9 7 .5 0 5 0 .0 4000



TABLE XII. Desulfurization Data from Run #6 Using Prepared Catalyst DR-2

Mean Wt % % Con- Mean H ours on Hydrogen
Sample LHSV Temp Temp S u l f u r v e r s i o n Conv. S tre a m P r e s s u r e Flow

2A 1 .0 709 0 .0 3 1 2 9 8 .1 2 1 3 .5 300 4500
2B 707 0 .0 5 2 96 .87 18 .5 4500

' 2C . 703 0 .0 5 1 9 6 .9 3 2 3 .5 4250
2D 698 0 .0 6 4 9 6 .1 5  . 2 9 .5 3800
2E • 698 0 .0 6 2 96 .27 3 4 .5
2F 703 0 .0 4 8 2 9 7 .1 0 39 .5
2G . 707 0 .0 4 4 9 7 .3 5 4 3 .5
2H ,712 0 .0 5 1 9 6 .9 3 5 2 .5
21 709 0 .0 5 5 5 9 6 .6 6 5 7 .5
2J 0 .9 8 700 0 .0 6 3 9 6 .2 0 6 1 .5
2K 709 0 .0 6 7 9 5 .9 6 65 .5
2L 707 - —— - - - - - 7 0 .5

■ 2M 716 0 .0 3 5 5 . 9 7 .8 4 96 .869 75 .5
2N 1 .0 3 716 710 0 .0 5 0 8 96 .94 8 0 .5
20 716 0 .0 5 1 5 96 .90 84 .5
2P ' 712 0 .0 4 7  1 9 7 .1 7 8 8 .5
2Q , 712 0 .0 5 6 9 6 .6 3 9 2 .5
2R 716 0 .0 6 3 9 6 . # 9 7 .5 5100
2S . 725 0 .0 4 1 2 9 7 .5 2 103 .5
2T 725 0 .0 5 5 5 \  9 6 .6 b 109 .5



TABLE X III. D e su lfu r iz a tio n  Data from Run #7 Using Houdry-C C a ta ly st

Sample LHSV' Temp Mean Temp Wt% S u lfu r % C onversion Hydrogen Flow

3A 0 .9 9 698 — * ■ ■ ■ ■ ■■ ■  ■ 3700
SB 698 0 .0347 9 7 .9 1
SC 700 0 .0 3 5 97 .89
SD 698 0 .0 4 4 97 .35
SE 714 0 .0 2 6 7 98 .39
SE 716 0 .0 2 5 9 8 .49  .
SG 705 0 .0 4 0 97 .59
SH 716 0 .0 3 5 9 7 .8 9 3650
SI 1 .01  . 725 0 .0 5 3 9 6 .8 1
3J 710 0 .0 5 2 9 6 .8 7 3700
SK 709 0 .0 6 8 6 9 5 .8 7 4000
SL 1 .0 709 0 .0715 95 .69 . 4000
SM 714 0 .0 8 8 2 94 .69 3700
SN 716 708 . 0 .0 6 3 96 .20 3550
SO ' 702 0 .0893 9 4 .6 2 3100
SP 707 0 .0 9 3 7  ■ 9 4 .3 6  . ■ 1050

.SQ 700 0 .1 2 6  ■ 9 2 .4 1 900
SR 1.09 .701 - I 0 .1 4 8 9 1 .0 9 1050
SS 707 ■ 0 .1 1 8 92 .89
SI 706 0 .120 92 .77
SU 707 0 .1 2 2 .9 2 .6 5
SV 707 . 0 .1 0 5 93 .67 2200
SX 709 0 .0 9 0 5 94 .55
SY 698

\
0 .0 7 6 2 9 5 .4 1

■ SZ 698 0 .1 5 5 9 0 .6 6
SAA • 702 0 .0 6 4 9 6 .1 5 4550
SBB 707 0 .0 4 8 6 9 7 .0 7
SCC 701 0 .0 4 9 5 9 7 .0 2 5150
SDD 707 0 .0 3 7  ■ 9 7 .7 3 5000
SEE 716 0 .0 2 9 2 9 8 .2 4 5500
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TABLE XIV. * * D e s u l f u r i z a t i o n  D ata  from  Run #8 Using P re p a r e d
C a t a l y s t  DR-3.

Hydrogen Hours c
Sam ple LHSV Temp Wt% S u l f u r % C o n v e rs io n Flow S tream

8A 1 .015 672 . 0 .0 7 2 9 5 .6 5 3500 2
SB 680 0 .0 8 2 9 5 .0 5 8
SC 710 0 .0 8 1 5 9 5 .0 8 12
SD 716 0 .0 6 7 5 9 5 .9 3 18
SE 707 0 .0 5 2 7 9 6 .8 3 22
SF 703 0 .0 6 1 9 6 .5 2 26

*8G 700 0 .0 5 1 5 9 6 .9 0 4000. 31
SH 703 0 .0 4 2 8 9 7 .4 2 . 37
SI 703 0 .0 5 4 3 9 6 .7 3 44
SJ 700 0 .0 5 9 7 9 6 .4 1 48
SK . 698 0 .0 6 2 9 6 .2 7 3800 52
SL 701 0 .0 5 8 4  ' 9 6 .4 8 56 :
SM 707 0 .0 4 3 9 7 .4 1 61
SN 703 0 .0 4 1 4 9 5 .5 1 66
80 700 0 .0 3 1 9 8 .1 7 70
SP 700 0 .0 4 5 5 '9 7 . 2 6 4000 74
SQ 710 0 .0 3 0 ■ 9 8 .1 9 3650 ' 79
SR 709 0 .0 4 3 6 . 9 7 .4 6 84
SS 709 0 .0 3 8 9 9 7 .6 6 4000 ’ 90
SI 701 0 .0 4 4 5 9 7 .3 2 94
SU 700 0 .0 5 9 2 9 6 .4 4 98
SV 707 0 .0 6 3 9 6 .2 0 103
SW 702 . 0 .0 6 0 5 9 6 .3 5 -  3650 108

SX 716 0 .0 4 5 9 7 .2 9 4000 115 •
SY 731 0 .0 4 9 2 9 7 .0 8 119
SZ 737 0 .0 4 1 4 . 9 7 .5 0 121
SAA 765 0 .0 2 2 5 9 8 .6 4 126
SBB 752 ' 0 .0 4 8 7 9 7 .0 8 132
SCC 748 . 0 .0 4 7 4 . 9 7 .1 4 137
SDD 752 0 .0 4 1 9 7 .5 3  . 140
SEE 797 0 .0 3 1 9 8 .1 3 147
SFF 806 0 .0 2 5 7  ' 9 8 .4 5 . 150
SGG 801 0 .0 4 6 0 9 7 .2 3 153
SHH 797 0 .0 2 7 - 9 8 .3 7 155-
S I I 790 0 .0 4 2 5 9 7 .4 4 - 161
S J J 718 0 .0 4 4 7 9 7 .2 9 164
SKK ■ 669 0 .0 8 1 5 9 5 .0 8 168

*D ata  o f  sam p les  SG t o  8KK used  i n  d e t e r m i n i n g - t e m p e r a t u r e  e f f e c t  on 
c o n v e r s io n  f o r  F i g u r e  6

* * P r e s s u r e  h e ld  c o n s t a n t  a t  300 p s ig
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TABLE XV. D e s u l f u r i z a t i o n  D ata  from  Run #9 U sing  Houdry-C C a t a l y s t

Sample T e m p e ra tu re Wt% S u l f u r . % C o n v e r s io n Hours on S tream
9A
9B •706 0 .0 3 7 0 9 7 .7 7 17
9C 707 0 .0 4 8 5 9 7 .0 7 27
9D 706 0 .0 3 9 4 9 7 .6 3 335
9E 697 0 .0 4 2 9 7 .4 6 ,42
9F 706 0 .0462 9 7 .2 2 51
9G 713 0 .0 3 6 6 9 7 .8 0 59
9H 707 0 .0 3 1 8 9 8 .0 8 67
91 715 0 .0 3 7 8 9 7 .7 2  ■ 75
9 J 704 0 .0395 9 7 .6 2 83
9K 690 0 .0 3 9 2 9 7 .6 4 91
9L 698 0 .053 9 6 .8 0  ■ 99
9M 706 0 .0 5 5 2 9 6 .6 8  . 107
9 M 713 0 .0 4 6 9 7 .2 3 115
90 706 0 .0 3 5 7 97 .85 123
9P 711 0 .0 3 5 4 9 7 .8 6 131
9Q 698 0 .0 3 5 3 9 7 .8 8 139
9R 702 0 .0 4 9 5 9 7 .0 2 147
9S 715. 0.0535 9 6 .7 7 - 155
9T — — — W — W 163
9U 706 . 0 .0436 9 7 .3 7 171
9V 711 0 .0 3 0  • 9 8 .1 9 179
9W 706 0 .0 4 9 3 9 7 .0 3  . 187
9X 707 0 .0 4 5 7 -  9 7 .2 5 203
9Y 700 0 .0 4 2 9 7 .4 6 211
9Z 706 0 .0 5 4 8 9 6 .7 0 219
9AA — — — 0.0405 9 7 .5 6 227
9BB 704 0 .0380 9 7 .7 1 235
9CC 715 0 .0 5 1 9 6 .9 3 243
9DD 709 0 .0 5 1 5 9 6 .9 0 . 251
9EE 706 0 .0 4 4 2 9 7 .3 4 259
9F F ' 706 0 .0 4 4 5 9 7 .3 8 267
9GG — — — 0 .0 4 7 9 7 .1 7 275
9 HH 709 0 .0 4 4 7 9 7 .3 0 283
911 713 0 .0 4 7 3 9 7 .1 4 291
9 J J 704 0 .0 5 1 5 9 6 .9 0 299
9 KK 698 0 .0 4 7 9 7 .1 6 307
9LL 711 0 .0 5 6 9 6 .6 2 323
9MM • 706 0 .0 3 5 1 9 7 .8 8 331
9NN • — — — 0 .0 4 6 9 7 .2 2 343
900 706 0 .0 3 8 4 9 7 .5 0 355
9PP 707 0 .0 4 6 3  . 9 7 .2 1 367



i
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TABLE XV ( c o n t in u e d )

Sample T e m p era tu re Wt% S u l f u r  % C o n v e rs io n H ours  on S tream

9QQ • —  — — 0 .0 5 9 5 9 6 .4 2 379
9VV 701 0 .0 3 8 9 7 .7 1 403
9XX 700 0 .0 6 1 9 6 .3 3 415
9YY 707 0 .0 3 6 2 9 7 .8 2 427
9ZZ 706 0 .0 3 5 7 9 7 .8 5  . 439
9AAA 711 0 .0 4 5 7 9 7 .2 5 451
9BBB 713 0 .0 4 3 9 7 .4 0 475
9CCC 716 0 .0 5 6 9 6 .6 2 487
9DDD 707 0 .0 4 6 9 7 .2 3 499

9EEE 707 0 .0 4 6 9 7 .2 3 511
9FFF. 709 0 .0 3 8 3 9 7 .6 9 523
9GGG 713 0 .0 4 7 5 9 7 .1 4 535
9HHH 705 0 .0 4 4 6 9 7 .3 1 547
9 I I I 704 L in e  p lu g g e d ;  no sam ples.
9 J J J 700
9KKK 699 0 .0 3 6 1 9 7 .8 2 595
9LLL 707 0 .0 4 0 7 9 7 .5 5 - 607
9MMM 707 -- ---------- —  — —

9 NNN 707 0 .0 4 6 3 9 7 .2 2 631
9000 713 0 .0 3 9 0 9 7 .5 5 643
9QQQ ' 711 0 .0 3 9 1 9 7 .6 5  . 650
9RRR 711 0 .0 3 8 8 9 7 .6 8 655
9SSS 704 0 .0 4 4 2 9 7 .3 4 667
9TTT 705 0 .0 4 0 9 9 7 .5 4 679
9UUU 700 0 .0 4 3 0 9 7 .4 1 691

H ydrogen Flow c o n s t a n t a t  7000 SC F/bbl and P r e s s u r e a t  300 p s i g .
LHSV c o n s t a n t  a t  1 .0 0 .



“41-

TABLE XVI. D e s u l f u r i z a t i o n  D ata  from  Run #10 U sing  P re p a re d  
C a t a l y s t  DR-3.

% Con- Hours on
Sample LHSV Temp. Wt% S u l f u r v e r s i o n S tream

IOA 1.00 695 0 .0 3 9 7 9 7 .6 1 6
IOB 695 0 .0 3 5 8 9 7 .8 4 18
IOC 695 0 .0 4 7 1 9 7 .1 6 30 '
IOD 697 0 .0 5 6 3 9 6 .6 1 42
IOE 650 0 .0 7 1 5 9 5 .7 0 54
IOF 702 0 .0 4 3 5 9 7 .3 8 66
IOG 697 0 .0 3 9 0 9 7 .6 5 78
IOH 709 0 .0 2 4 9 8 .5 5 90
101 703 0 .0 4 1 2 9 7 .5 2 102
IOJ 706 0 . 0 4 8 5 ' 9 7 .0 8 114
IOK 701 0 .0 3 5 2 9 7 .8 8 126
IOL 697 0 .0 3 8 5 9 7 .6 8 138
IOM 690 0 .0 3 3 7 9 8 .0 3 150
ION 702 0 .0 3 2 7 9 7 .5 3 162
100 702 . 0 .0 4 1 9 6 .5 3 174
IOP 703 0 .0 5 0 7 9 6 .9 4 - 186
IOQ 700 0 .0 4 7 2 9 7 .1 6 198
IOR 711 0 .0 3 7 8 9 7 .7 2 210
IOS 711 0 .0 3 4 2 9 7 .7 2 222
IOT • 695 0 .0 4 5 • 9 7 .2 8 234
IOU 697 0 .0 328_ 9 8 .0 3 246
IOV 709 -  — --- 258
IOW 697 0 .0 3 6 7  " 9 7 .8 0 270
IOX 706 282

* 10Y 733 0 .0 3 1  • 9 8 .1 3 294
IOZ 755 0 .0 1 3 4 99 .19 300

IOAA 752 0 .0 2 6 0 9 8 .3 4  . 306
IOBB 751 0 .0 2 5 0 9 8 .5 0 320
IOCC 741 0 .0 4 9 5 9 7 .0 2 322
IODD 775 0 .0 1 6 6 9 9 .0 0 332

IOEE 706 0 .0 3 8 4 . 9 7 .6 9 342
IOFF 702 0 .0 2 8 3 9 8 .3 1 356
IOGG 706 0 .0 3 9 5 9 7 .6 3 366
IOHH 706 0 .0 1 6 4 9 9 .1 0 380 .
IO II 709 0 .0 4 5 5 9 7 .2 6 390 '
IO JJ -  — — 0 .0 4 2 5 9 7 .4 4 404
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TABLE XVI ( c o n t in u e d )

% Con-
Sample LHSV Temp. Wt% Su lfur v e r s io n

IOKK 1 .7 5 698 0 .0 8 9 9 4 .6 5
IOLL 702 0 .0815 9 5 .0 8
IOMM 709 0 .0 6 1 5 9 6 .3 0
IONN 715 0 .0 7 8 5 9 5 .2 7
1000 800 0 .0 5 7 5 9 6 .5 4
IOPP 806 0 .0 2 5 8 98 .45
IOQQ 808 0 ,0 4 2 4 9 7 .4 4
IORR 806 0 .0 5 5 96 .68
lo s s 800 0 .0 4 6 97 .23
IOTT 3 .3 5 815 ” —— — ■ ■ ■
IOUU 810 0 .0 8 8 9 5 .7 0
IOVV 817 0 .100 9 3 .9 7
IOXX 3 .3 5 816. 0 .0 8 9 9 4 .65
IOYY 755 —--- — — —
IOZZ 730 0 .116- 9 3 .0 0
IOAAA 702 0 .1 8 7 8 8 .7 0
IOBBB 1 .0 2 702 0 .0 5 4 2 9 6 .7 4
IOCCC 700 . 0 .0 4 5 5 9 7 .2 5
IODDD 1.00 713 0 .0 6 2 96 .26
IOEEE 706 0 .0296 9 8 .2 2
IOFFF 700 -  — — — - — ,

IOGGG 680 0 .0 8 3  .. 9 5 .0 0
IOHHH 670 0 .0 8 1 5 9 5 .0 8
IO III 665 0 .1 0 2 9 3 .8 5
IOJJJ 700 0 .3 0 0 8 1 .9 0
IOKKK 717 - - - — — -
IOLLL 706 0 .0 2 6 6 9 8 .4 0
IOMMM 697 0 .0 5 6 9 9 6 .5 6
IONNN 697 0 .0 7 3 9 5 .6 0

H ours on 
S tream

524

596
620
644

H ydrogen Flow c o n s t a n t  a t  7000 S C F/bb l and P r e s s u r e  a t  300 p s ig  
*D ata  u se d  f o r  T em pera tu re ,  c o n v e r s io n  ( F ig u r e  6 ) and LHSV v e r s u s  

c o n v e r s i o n  ( F ig u r e  4)



Hg to Treater

D i e s e l
Feed

N.W. o r  CoMo 
C a t a l y s t

P t .
C a t a l y s tHo t o  F u e l

R eform er

T r e a t e r  D i e s e l
H y d r o - T r e a t e r

C om pressor  
f o r  R e c y c le s

Gas t o  
F u e l

Q

G a s o l in e

F i g u r e  I .  T y p ic a l  Com m ercial R efo rm er  and H y d r o - T re a t in g  Scheme.

43-



F
ee

d

R e c o rd e r

R o ta ­
m e te r

P r e s s u r e

P r e s s u r e

Sam pler
System

C y l in -

To Vent

F i g u r e  2 .  S c h e m a t ic  D iagram  o f  Equipment

P
re

ss
u

re
R

ec
or

de
r



- 4 5 -
—,__________ __________  Therm ow ell

Aluminum
Block

Alundum
P e l l e t s

P ip e  W all

C a t a l y s t
Bed

Nichrome
H e a t in g

C o i l

----- Alundum
P e l l e t s

I n s u l a t i o n

D e n o te s  Tem per­
a t u r e  R e c o rd in g  
L o c a t io n

' A

F i g u r e  3 .  R e a c to r  D e t a i l



S
u

lf
u

r 
C

on
ve

rs
io

n

O p e r a t i n g  C o n d i t i o n s :

P r e s s u r e  - -  300 p s ig  
H2 Flow - -  4000 SCF/bbl

Houdry C —

DR-3 - A ------------A -
4 4 0 IE — i

SOO0F 
70 O0 F

Space  V e l o c i t y  cc o i l / h r - c c - c a t a l y s t

Figure 4. Effect of LHSV on Sulfur Conversion.

46-



T
em

pe
ra

tu
re

<-47-

700 p-

UUO

600

500

400

3 0 0 -

' C a t a l y s t  D R - 3 -------- ----------- A ------
Temp 7000F

C a t a l y s t  DR-3 -------- q --------- q -------
Temp. 770°F

C a t a l y s t  _____ x ______ x ____
Houdry-C

700°F

O p e r a t in g  C o n d i t i o n s :
LHSV — 1 .0
Hg Flow - -  7000 SC F/bb l

10 20 30 40 50 60 70 80 90 100

P e r c e n t  D i s t i l l e d

F i g u r e  5 .  ASTM D i s t i l l a t i o n s  o f  Feed and P r o d u c t s .



S
u

lf
u

r 
C

on
ve

rs
io

n 
(R

em
ov

al
)

C a t a l y s t  — DR-3 
LHSV - -  1 .0  
P r e s s u r e  - -  300 p s ig  
H2 Flow - -  4000 SC F/bbl

T e m p e ra tu re ,  F

Figure 6. Temperature Effect on Sulfur Conversion



CO
•r~i0)
A<D
COo

(V
>
E
C Dcr:
MD 

(+ -, 
'— I
D

Cf)

1000 5000 10,000

H2 Flow SC F/bb l

Figure 7. Hydrogen Flow Effect on Sulfur Conversion.



S
u

lf
u

r 
C

on
ve

rs
io

n

100

90 -

80 -

70

O p e r a t in g  C o n d i t i o n s :  
C a t a l y s t  - -  440 IE 
LHSV — 1 .0
Temp - -  VOO0F
H2 Flow - -  4000 SC F/bbl

300 650 1000

P r e s s u r e ,  p s ig

F i g u r e  8 . E f f e c t  o f  P r e s s u r e  on S u l f u r  C o n v e r s io n .



%
 S

u
lf

u
r 

C
on

ve
rs

io
n

100

-o------- e ----------o ------------ o ------o _______ o_

90

85

O p e r a t in g  C o n d i t i o n s :

C a t a l y s t  - -  DR-I 
LHSV - -  1 .0  
Temp — VOO0F 
H2 Flow — 4000 SC F/bb l

I *i n

10 20 30 40 50

S tre a m  Hours

Figure 9. Conversion versus Time for Catalyst DR-I



%
 S

u
lf

u
r 

C
on

ve
rs

io
n

100

95 r~

(y
----- O - fo -------------- 0 —

O O

O
• O °-------O—O-----xq ~ Q --------- XD----------

O p e r a t in g  C o n d i t i o n s :
C a t a l y s t  — DR-2 
LHSV — 1 .0  
Temp - -  700°F 
H2 Flow - -  4000 SCF/bbl

85 r

Ii nr oI

20 40 60 80 100 120

S tre a m  H ours

Figure 10. Conversion versus Time for Catalyst DR-2.



%
 

S
u

lf
u

r 
C

on
ve

rs
io

n

100

O
95 -

90 -

85 -

G O

O
_ _ _ _ _ _ _ _ _ _ _ 0 l _ O ___

O q 0 O

O p e r a t in g  C o n d i t i o n s :

C a t a l y s t  - -  DR-3 
LHSV - -  1 .0  
Temp — VOO0F 
H2 Flow — 4000 SC F/bbl

\

— I-------------------- 1----------------------1______________I______________I_____________
20 40 60 80 100 120

S tream  H ours

Figure 11. Conversion versus Time for Catalyst DR-3.

-E
G

-



%
 S

u
lf

u
r 

C
on

ve
rs

io
n

100

■0 <3 ' Q ^ 0 © Q ©■ q © O 'q- ©—©—0—©—̂ —(5~&— —©--------—©■

O p e r a t in g  C o n d i t io n s :

C a t a l y s t  - -  Houdry-C 
LHSV — 1 .0  
Temp — 700°F 
H2 Flow - -  7000 SC F/bb l

_J____________ I____________ I____________ I____________ I____________ I_
100 200 300 400 500 600

■©— ©

4

700

S tre a m  H ours

Figure 12. Catalyst Life Study Using Houdry-C.

54-



100

_Q S __0 —0 O 0 0
0 O 0

9 5 -

cO•H0)
N0>

O
O
ND<4-«

r—4
3

OO

O p e r a t in g  C o n d i t i o n s :

C a t a l y s t  — DR-3 
LHSV - -  1 .0  
Temp - -  700°F 
H2 Flow - -  7000 SC F/bbl

O 100 200 300 400 500 600 700

S tre a m  Hours

F i g u r e  13 C a t a l y s t  L i f e  S tu d y  u s in g  DR-3



%
 S

u
lf

u
r 

C
on

ve
rs

io
n

O p e r a t i n g  C o n d i t i o n s :
C a t a l y s t  — DR-3 
Temp - -  700°F 
H2 Flow — 7000 SC F/bbl 
P r e s s u r e  - -  300 p s ig

0 *2 0 . 4  0 .6  0 . 8  1 .0

Space  Time ( l/LHSV)

Figure 14. Effect of Space Time on Sulfur Conversion.



R
ea

ct
io

n
 R

at
e

1000

100

10

/

O p e r a t in g  C o n d i t i o n s :
C a t a l y s t  — DR-3 
P r e s s u r e  — 300 p s ig  
Temp - -  700°F 
H2 Flow - -  7000 SC F/bbl

\

'I

I  _______________ I_________ I I I i i i i l _______________ I_________ i i I i i i i l _______________ I________ I i  I i i i i

0 .01  0 .1  1.0

S u l f u r  i n  P r o d u c t ,  Wt%

F i g u r e  15. P seudo  O rd e r  o f  R e a c t io n  o f  D e s u l f u r i z a t i o n  by 
D i f f e r e n t i a l  A n a l y s i s .

57-



lo
g 

lO
O

(l
-x

)

-58 -

O p e r a t i n g  C o n d i t i o n s :
C a t a l y s t  - -  DR-3 
P r e s s u r e  - -  300 p s i g  
H2 Flow - -  7000 SCF/bb l

Space Time ( l/LHSV)
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O p e r a t i n g  C o n d i t i o n s :
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F i g u r e  17 T e s t  Da ta  on Second Order  R e a c t i o n .
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