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EFFECT OF OPERATING VARIABLES ON HYDROGENATION

OF COTTONSEED OIL

CHAPTER I  

INTRODUCTION

The r a p id  ad van ce  o f  t h e  o i l  and f a t  t e c h n o lo g y  in  

t h e  p a s t  few  y e a r s  h a s en co u ra g ed  e v e r  in c r e a s in g  fundam en- | 

t a l  r e s e a r c h . H y d r o g e n a t i o n  a s  one o f  th e  m ost im p ortan t
i

p h a se s  o f  t h i s  in d u s tr y  h a s  lo n g  b een  perform ed  by m ethods  

d e v e lo p e d  p r im a r i ly  by e m p ir ic a l  m ean s. S i g n i f i c a n t  improve^ 

m en ts o f  com m ercia l h y d r o g e n a t io n  p r o b a b ly  c o u ld  be p o s s ib le  

i f  t h e  b a s ic  fu n d a m e n ta ls  o f  t h e  h y d r o g e n a tio n  r e a c t io n  were 

b e t t e r  u n d e r s to o d .

N a tu r a l ly  o c c u r r in g  v e g e t a b le  and a n im a l f a t s  or  

o i l s  c o n s i s t  p r e d o m in a n tly  o f  t r i g l y c e r i d e s .  T h ese  can  be 

c o n s id e r e d  t o  be form ed by t h e  c o n d e n s a t io n  o f  one m o le c u le  

o f  g l y c e r i n e  w ith  t h r e e  o f  f a t t y  a c id s  t o  y i e l d  one m o le c u le  

o f  t r i g l y c e r i d e  and t h r e e  o f  w a te r .  T h is  h y p o t h e t i c a l  r e 

a c t i o n  i s  i l l u s t r a t e d  a s  f o l l o w s :
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Ri» R2 and R3 a re  s t r a i g h t  c h a in  h yd rocarb on  r a d i c a l s  con

t a i n i n g  7 t o  21 carb on  a to m s , and t h e y  make up a g r e a t e r  

p o r t io n  o f  th e  t r i g l y c e r i d e  m o le c u le .  T r ig ly c e r id e s  found  

in  n a tu r e  a lw a y s  have some f a t t y  a c id  r a d i c a l s  t h a t  c o n ta in  

e t h y l e n ic  d o u b le  b o n d s . T hese d o u b le  bonds a re  f r e q u e n t ly  

th e  m ost r e a c t i v e  p o r t io n s  o f  th e  m o le c u le s .  B oth  th e  

c h e m ic a l and p h y s ic a l  p r o p e r t i e s  o f  th e  o i l s  and f a t s  are  

l a r g e l y  d e ter m in e d  by t h e  f a t t y  a c id s  t h a t  t h e y  c o n t a in .

The number o f  e t h y le n ic  d o u b le  bondp fou n d  i n  a f a t t y  a c id  

r a d ic a l  may be a s  h ig h  a s  fo u r  or  m ore. The le n g th  o f  th e  

f a t t y  a c id  r a d i c a l s  and th e  d e g r e e  o f  u n s a t u r a t io n  v a ry  

s i g n i f i c a n t l y  w ith  th e  so u r c e  o f  th e  o i l .  E th y le n ic  d ou b le  

bonds o f  n a t u r a l ly  o c c u r r in g  f a t t y  a c id s  a r e  a lm o st e x 

c l u s i v e l y  i n  th e  c i s  fo r m . Those f a t s  w ith  h ig h  d e g r e e s  o f  

u n s a tu r a t io n  a n d /o r  w ith  s h o r t  f a t t y  a c id  c h a in s  te n d  t o  

o c c u r  i n  t h e  l i q u i d  s t a t e .

V e g e ta b le  o r  a n im a l f a t s  and o i l s  a l l  c o n ta in  sm a ll  

am ounts o f  v a r io u s  s u b s ta n c e s  o th e r  th a n  t r i g l y c e r i d e s .

Some o f  t h e s e  s u b s ta n c e s  a r e  p a r t i a l l y  o r  c o m p le te ly  r e 

c o v er ed  from  th e  crude o i l s  d u r in g  r e f i n i n g  and h en ce  do n o t



a p p ea r  in  m ost m an u factu red  p r o d u c t s .  Among t h e s e  su b 

s t a n c e s  a r e  p h o s p h a t id e s ,  c a r b o h y d r a te s , and c e r t a i n  p r o te in  

d e g r a d a t io n  p r o d u c t s .  Of th o s e  s u b s ta n c e s  w h ich  rem ain  

th r o u g h  r e f i n i n g ,  some a r e  w ith o u t  pronounced  f l a v o r ,  odor  

or c o lo r ,  su ch  a s  s t e r o l s  and f a t t y  a l c o h o l s .  T h ese a re  

r e l a t i v e l y  i n e r t  from  a c h e m ic a l s ta n d p o in t ,  and t h e i r  p r e s 

e n ce  i s  n e i t h e r  o b j e c t io n a b le  n o r  d e s i r a b l e ,  in s o f a r  a s  most^ 

o f  th e  u s e s  o f  t h e  o i l s  a r e  c o n c e r n e d . H ow ever, c e r t a in  

o th e r  compounds may a f f e c t  th e  c h a r a c te r  o f  th e  o i l  c o n s id e r 

a b ly ,  ev en  th o u g h  th e y  a r e  p r e s e n t  o n ly  in  t r a c e s .  The 

c h a r a c t e r i s t i c  y e l lo w - r e d  c o lo r  o f  m ost f a t s  and o i l s  i s  

a t t r i b u t e d  t o  c a r t e n o id  p ig m e n ts ;  s t r u c t u r a l l y ,  t h e  c a r t e -  

n o id s  c o n s i s t  o f  h ig h ly  u n s a tu r a te d  h yd rocarb on  c h a in s ,  or  

i s o p r e n e  u n i t s  a rra n g ed  i n  v a r io u s  c y c l i c  and a c y c l i c  con

f i g u r a t i o n s .  The s u p e r io r  r e s i s t a n c e  t o  o x id a t iv e  d e t e r io r - I
i

a t i o n  o f  n a t u r a l  f a t s  and o i l s  o v e r  pure t r i g l y c e r i d e s  i s  

due t o  t h e i r  c o n te n t  o f  a n t io x id a n t s  su ch  a s  to c h o p h e r o ls  

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

and o i l s  h ave b een  e x p la in e d  e s s e n t i a l l y  by t h e i r  c o n te n t  o f  

h ig h  m o le c u la r  w e ig h t  k e t o n e s .  F a ts  and o i l s  a l s o  c o n ta in  

com ponents o f  n u t r i t i o n a l  s i g n i f i c a n c e ,  su ch  a s  f a t  s o lu b le  

v ita m in s  A, D and E , F a ts  and o i l s  may c o n t a in ,  ev en  a f t e r  

r e f i n i n g ,  t r a c e s  o f  p h osp h orou s from  t h e  p r e se n c e  o f  r e s id u a l  

p h o s p h a t id e s , and t r a c e s  o f  sodium  so a p s  l e f t  from  t h e  

a l k a l i  r e f i n i n g  p r o c e s s ,  j



The e a r l i e s t  work done on h y d r o g e n a t io n  was con 

d u c te d  i n  t h e  p e r io d  from  1897 t o  1905.^^ S a b a t i e r  s u c c e s s 

f u l l y  h y d r o g e n a te d  u n s a tu r a te d  o r g a n ic  s u b s ta n c e s  in  t h e  

v a p o r  p h ase  w ith o u t  undue s id e  r e a c t i o n s .  In  1 9 0 3 , Norman^^) 

p a te n te d  a p r o c e s s  f o r  t h e  l i q u i d  ph ase h y d r o g e n a tio n  o f  

f a t t y  a c i d s .  The t i t l e  t o  t h e  Norman p a te n t  was th e n  passed; 

t o  t h e  B r i t i s h  f ir m  o f  C r o s s f ie ld  and S o n s ,  In  1 9 0 9 , t h e  

P r o c to r  and Gamble Company a c q u ir e d  th e  r i g h t s  t o  t h e  C ross-i 

f i e l d  p a t e n t s .  In  1 9 1 1 , i t  p la c e d  i t s  h y d ro g e n a te d  c o t t o n -  | 

se e d  o i l  s h o r t e n in g ,  C r is c o ,  on th e  m a r k e t . The m a rk etin g  

o f  C r is c o  w as so  s u c c e s s f u l  t h a t  o th e r  A m erican m a n u fa c tu r e r s  

became i n t e r e s t e d .  L a te r  t h e  B u rch en a l p a t e n t u n d e r  

w hose c la im s  t h e  P r o c to r  and Gamble s h o r te n in g  was m an u fac- ; 

tu r e d  w as i n v a l id a t e d  by a c o u r t  d e c i s i o n ,  and t h e  m arket 

became open  f o r  th e  m a n u fa ctu re  o f  com p arab le  p r o d u c ts  by ! 

s im i la r  p r o c e s s e s .

The p r e s e n t  s t a t e  o f  h y d r o g e n a tio n  t e c h n iq u e s  h a s  

b een  d i s c u s s e d  by B a i l e y . T h e  l i q u i d  o i l  t o  be h y d ro 

g e n a te d  i s  c o n ta c te d  w ith  hyd rogen  g a s  i n  t h e  p r e s e n c e  o f  a 

c a t a l y s t .  C a t a ly s t s  u s e d  c o m m e rc ia lly  c o n s i s t  p r im a r i ly  o f  

n i c k e l ,  a lth o u g h  m inor am ounts o f  c o p p e r , alum inum , e t c . ,  

may be in c o r p o r a te d  w ith  t h e  n i c k e l  t o  a c t  a s  p r o m o te r s .  

Powdered c a t a l y s t s  a r e  n o r m a lly  u s e d , a t  l e a s t  i n  t h i s  

c o u n tr y , bu t m a ss iv e  c a t a l y s t s  a re  r e p o r t e d ly  u se d  i n  Europe  

and G reat B r i t a i n .



C a t a ly s t s  a r e  p r ep a red  by s p e c i a l  and o f t e n  h ig h ly  | 

s e c r e t  m eth o d s . The m e ta ls  a r e  f r e q u e n t ly  su p p o rted  on ! 

h ig h ly  p o r o u s , i n e r t ,  and r e f r a c t o r y  m a t e r ia ls  su ch  a s  

K ie s e lg u h r ,  A lth o u g h  t h e  c a t a l y s t s  d e c r e a s e  i n  a c t i v i t y  | 

w ith  u s e ,  d e a c t i v a t i o n  i s  s lo w , i n  m ost c a s e s ,  and a s i n g l e  

ch a rg e  o f  c a t a l y s t  can  be u se d  a number o f  t i m e s .

O p e r a tin g  c o n d i t io n s  f o r  com m ercia l h y d r o g e n a tio n  

v a r y  a p p r e c ia b ly  w ith  t h e  o i l  b e in g  h y d ro g en a ted  and th e  

f i n a l  d e s ir e d  p r o d u c t .  The ra n g e  o f  c o n d i t io n s  n o r m a lly  

fou n d  in  p r a c t i c e  a r e  a s  f o l l o w s :

T em perature -  100 t o  105°C
H ydrogen p r e s s u r e  -  a tm o sp h e r ic  t o  120  p s i a .
Amount o f  c a t a l y s t  -  0 ,0 3  t o  0 .2 5  p e r c e n t

M ost o f  t h e  n o n - g ly c e r id e  s u b s ta n c e s  p r e s e n t  n a tu 

r a l l y  in  f a t s  and o i l s  a r e  u n d e s ir a b le  and sh o u ld  be r e 

m oved , F re e  f a t t y  a c id s  and p h o sp h a tid e s  a r e  d e tr im e n ta lI  

t o  h y d r o g e n a t io n  a s  t h e y  te n d  t o  p o is o n  t h e  c a t a l y s t .  O ther  

s u b s ta n c e s  r e n d e r  t h e  o i l  dark  c o lo r e d ,  c a u se  i t  t o  foam or 

sm oke, or  a r e  p r e c i p i t a t e d  when t h e  o i l  i s  h e a te d  i n  s u b s e -  ; 

q u en t p r o c e s s in g  o p e r a t io n s .  The m ost im p o rta n t and g e n e r 

a l l y  p r a c t ic e d  m ethod o f  r e f i n i n g  i s  by t r e a t i n g  t h e  o i l  w ith  

an aq u eou s a l k a l i  s o l u t i o n  su ch  a s  c a u s t i c  s o d a , soda a s h ,  

o r  sodium  b ic a r b o n a t e .  A l k a l i  r e f i n i n g  r e s u l t s  in  an  a lm o st:  

c o m p le te  rem ova l o f  f r e e  f a t t y  a c i d s ,  w h ich  a r e  c o n v e r te d  

i n t o  o i l  i n s o lu b l e  s o a p s .  O th er  a c i d i c  s u b s ta n c e s  l ik e w is e  ! 

com bine w ith  th e  a l k a l i ,  and t h e r e  i s  some rem oval o f  im pu-

OHr-tJie—soap-üormed-in-the- -i



o p e r a t io n ,  P h o s p h a t id e s , p r o t e in s  or  p r o t e in  fr a g m e n ts , and  

gummy or  m u c ila g in o u s  s u b s ta n c e s  a l s o  a r e  rem oved s in c e  th e y  

become in s o lu b le  upon h y d r a t io n .  B le a c h in g  g e n e r a l ly  f o l -  . 

lo w s a l k a l i  r e f i n i n g  i n  o r d e r  t o  r ed u c e  th e  c o lo r  o f  th e  o i l .  

The m ost im p o r ta n t a d s o r b e n ts  u se d  in  b le a c h in g  f a t s  and 

o i l s  a re  b le a c h in g  e a r th  or  c la y s  and som etim es a m ix tu re  o f  

e i t h e r  one w ith  a c t i v a t e d  c a r b o n . F o llo w in g  r e f i n i n g  and  

b le a c h in g  th e  o i l  i s  som etim es e i t h e r  h y d ro g e n a te d  and th e n  [ 

steam  d e o d o r iz e d , or d e o d o r iz e d  and th e n  h y d r o g e n a te d . i

The h yd rogen  g a s  u se d  in  th e  p r o c e s s  o f  h y d r o g e n a t io n | 

must be o f  v e r y  h ig h  p u r i t y , G a s e o u s  su lp h u r  compounds | 

such a s  h yd rogen  s u l f i d e ,  carb on  d i s u l f i d e ,  s u lp h ir  d io x id e ,  

and carbon o x y s u l f id e  a r e  p o is o n s  f o r  n i c k e l  c a t a l y s t s .

These compounds a re  r a p id ly  a d so rb ed  by n i c k e l  c a t a l y s t s  and 

p o iso n  them  i r r e v e r s i b l y .  B e s id e s  t h e  s u l f u r  compounds men

t io n e d  a b o v e , carb on  m onoxide i s  a  c a t a l y s t  p o is o n  w hich  

c a u se s  t r o u b le  in  th e  h y d r o g e n a t io n  o f  o i l s  and f a t s .  Carbon 

m onoxide i s  a d so rb ed  more s lo w ly  th a n  a r e  th e  s u l f u r  com

pounds and p o is o n s  th e  c a t a l y s t  r e v e r s i b l y .

M ost o f  th e  p r e s e n t  com m ercia l h y d r o g e n a tio n  o f  o i l s

and f a t s  i s  co n d u cted  in  b a tch  e q u ip m e n t. A c co r d in g  t o  

B a ile y (^ )  a w e l l  d e s ig n e d  h y d r o g e n a t io n  r e a c to r  sh o u ld  p ro 

v id e  good m ix in g  o f  th e  h y d ro g en  and o i l ;  m ix in g  o f  th e  

c a t a l y s t - o i l  m ass i s  o f  l e s s  im p o r ta n c e . The b a tc h  h yd ro

g e n a t io n  p la n t s  i n  t h i s  c o u n tr y  u se  e s s e n t i a l l y  e i t h e r  " r e -  

c i r c u l a t i o n ” or "d ead-end"  s y s te m s . In  th e  r e c i r c u l a t i o n
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p r o c e s s ,  a g i t a t i o n  and d i s p e r s i o n  o f  t h e  h yd rogen  w it h in  th e '  

o i l  a r e  a c h ie v e d  by c o n t in u o u s ly  r e c y c l in g  h yd rogen  in  la rg e ;  

volum es th ro u g h  th e  r e a c t o r  w h ich  c o n t a in s  t h e  o i l  p lu s  d i s 

p e r se d  n i c k e l  c a t a l y s t .  The r e a c t o r s  h ave  c a p a c i t i e s  up t o  

4 0 ,0 0 0  pounds o f  o i l ,  and a r e  eq u ip p ed  w ith  h e a t in g  c o i l s .

The h yd rogen  g a s  i s  b u b b led  a t  a p p r o x im a te ly  a tm o sp h e r ic  

p r e s s u r e s  th r o u g h  a d i s t r i b u t i o n  d e v ic e  i n  t h e  bottom  o f  th e  

r e a c t o r  and w ithd raw n from  t h e  head  sp a c e  by means o f  a 

b lo w e r . At th e  end o f  a  run  th e  h yd rogen  f lo w  i s  s to p p e d ,  

and th e  f i n i s h e d  ch a rg e  i s  pumped t o  a f i l t e r  p r e s s  w here  

t h e  c a t a l y s t  i s  rem oved . In  th e  d ea d -en d  h y d r o g e n a to r , . 

h yd rogen  g a s  i s  in tr o d u c e d  t o  t h e  o i l  th r o u g h  sp a r g in g  r in g s ,  

b u t i t  i s  n o t  r e c i r c u l a t e d .  The g a s  b u b b le s  up th r o u g h  th e  | 

o i l  and form s a p o c k e t  ab ove i t .  T h is  ty p e  o f  r e a c t o r  i s
I

a lw a y s  p r o v id e d  w ith  a m o to r -d r iv e n  a g i t a t o r ,  and i t  i s  

g e n e r a l ly  o p e r a te d  a t  p r e s s u r e s  s i g n i f i c a n t l y  above a tm o s

p h e r ic .  In  com m ercia l o p e r a t io n s ,  a  p o r t io n  o f  th e  g a s  in  

t h e  r e a c to r  i s  v e n te d  t o  rem ove g a s  p o i s o n s .  The d ea d -en d  

r e a c t o r  h o ld s  up t o  4 0 ,0 0 0  pounds o f  o i l  and i s  d e s ig n e d  f o r  

w orking p r e s s u r e s  o f  100 t o  I 50 p s i g .  C o i l s  a r e  p r o v id e d  

w it h in  t h e  v e s s e l  t o  m a in ta in  s u i t a b l e  te m p e r a tu r e  c o n t r o l  

u s in g  e i t h e r  steam  o r  w a te r .  In  b o th  t h e  r e c i r c u l a t i o n  and ; 

d ea d -en d  s y s te m s , t h e  c a t a l y s t  i s  f i n e l y  d iv id e d  n i c k e l  im 

p r e g n a ted  in  a f a t  and i s  m ark eted  a s  s o l i d  f l a k e s  g e n e r a l ly  

c o n ta in in g  ab ou t 25^  n i c k e l  by  w e ig h t .

__________ A c o n tin u o u s  h y d r o g e n a t io n  p r o c e s s  ha s  b e e n _______   j



ô
"" ' *"‘ ' X  ̂ ■ I ■ — - I . - - 1 I I I I — — ■ I I — ■ I  - - - - - -

r e p o r t e d ' 1 / i n  w h ich  t h e  c a t a l y s t  u se d  i s  n i c k e l  t u r n in g s  

e n c lo s e d  in  a c y l i n d r i c a l  ca g e  o f  m e ta l s c r e e n .  The c a g e s  

a r e  p la c e d  i n  c y l i n d e r s ,  th r o u g h  w h ich  t h e  o i l  i s  pumped 

w h ile  in  an  a tm osp h ere  o f  h y d r o g e n . A r e c e n t  s e r i e s  o f  

p a t e n t s  i s s u e d  t o  M i l l s  e t  a l ( 4 )  d e s c r ib e s  a c o n t in u o u s  

h y d r o g e n a t io n  a p p a r a tu s  u s in g  powder c a t a l y s t .  I n t e n s iv e  

a g i t a t i o n  and r e l a t i v e l y  h ig h  p r e s s u r e s  a r e  u se d  t o  a c h ie v e  

e x tr e m e ly  r a p id  h y d r o g e n a t io n  r a t e s .

F a t s  or  o i l s  w h ich  a r e  h y d ro g e n a te d  i n  t h i s  c o u n tr y  

i n  la r g e  q u a n t i t i e s  in c lu d e  c o t to n s e e d  o i l ,  so y a b ea n  o i l ,  

l i n s e e d  o i l ,  pean u t o i l ,  la r d , and t a l l o w s .  M ost o f  th e  

h y d ro g e n a te d  p r o d u c ts  a r e  u sed  in  s h o r t e n in g s  or o leo m a rg a 

r i n e ,  but c o n s id e r a b le  am ounts a r e  a l s o  u se d  in  t h e  so a p  in - i  

d u s t r y .  The u s e  o f  h y d ro g e n a te d  f a t s  h a s  p r o g r e s s e d  u n t i l  

m ost p r e s e n t  day s h o r t e n in g s  a r e  c o m p le te ly  o r  a lm o st  com

p l e t e l y  h y d r o g e n a te d . A d v a n ta g es  o f  t h e s e  h y d ro g e n a te d  

s h o r t e n in g s  a s  compared t o  u n h y d ro g en a ted  f a t s  a r e ,  b e t t e r  

od or and c o lo r  c h a r a c t e r i s t i c s ,  in c r e a s e d  a g e  and c o o k in g  

s t a b i l i t y ,  and more d e s i r a b l e  s o f t e n in g  and m e lt in g  tem p er 

a t u r e s .  The e s t im a te d  w o r ld  p r o d u c t io n  o f  c o t t o n s e e d  o i l  

p er  y e a r  i s  3 ,2 0 0  m i l l i o n  p o u n d s , and a good sh a r e  o f  i t  

i s  h y d r o g e n a te d .

A t y p i c a l  a n a l y s i s  f o r  t h e  f a t t y  a c id  r a d i c a l s  o f  

c o t t o n s e e d  o i l  i s  a s  f o l l o w s :



A cid  . Form ula ^ bv W eight

M y r iS t ic  ^14^20^2 0 , 5 5

P a lm it ic  C16H32O2 2 2 .9 0

S t e a r i c  Oi#H3&02 2 ,1 5

O le ic  ^18^34^2 2 4 .7 0

L in o l e i c  0igH 3202 4 9 .7 0

I t  i s  n o te d  t h a t  a l l  o f  t h e  u n s a tu r a t io n  o c c u r s  in  

th e  a c i d s .  The d o u b le  bond in  n o r m a lly  o c c u r r in g  o l e i c  

a c id  i s  a t  th e  9 :1 0  p o s i t i o n  and w ith  l i n o l e i c  a c id  i s  a t  

th e  9 :1 0  and 1 2 :1 3  p o s i t i o n s .  T h is  i s  shown a s  f o l l o w s .  

O le ic  A c id :
> t , I 1 ; I I  ̂ 1 I I ' \ 1 I I

—C“ C“*C“ C“”C**C'“C“ C“ G “ C“ G"C*“C”*C“ C~C*"C*" G^l^ .
I I  I I I I I 1 t  (  I I I I I ^ U n

L in o le i c  A cid :
I I 1

G —G —G —L - w - ^  ^ ^  V, w - w  X, X, '^ s . n uI f I I I I I I I I I I 1 ^OH
' ' I ' l l  I I I  I ' I I I ( ) 1

-G-G-G-G-G-C = G-G-G = G-G-G-G-G-G-G-G-G7

When c o t to n s e e d  o i l  i s  h y d r o g e n a te d , th e  h yd rogen  can  r e a c t  

a t  th e  9 :1 0  o r  1 2 :1 3  p o s i t i o n  o f  th e  l i n o l e i c  a c id  or  a t  t h e  

9 :1 0  p o s i t i o n  o f  th e  o l e i c  a c i d .  I f  t h e  r e a c t io n  o c c u r s  a t  

t h e  9 :1 0  p o s i t i o n  o f  t h e  l i n o l e i c  a c id ,  an iso m e r  o f  o l e i c  

a c id  i s  fo rm ed . I f  h yd rogen  r e a c t s  a t  t h e  1 2 :1 3  p o s i t i o n ,  

th e n  an o l e i c  a c id  i s  fo rm ed . The h y d r o g e n a t io n  o f  o l e i c  

a c id  p ro d u ces  s t e a r i c  a c i d .  The r e a c t i v i t y  o f  t h e s e  d o u b le  

bonds v a r ie s  w ith  o p e r a t in g  c o n d i t io n s .  I f  e i t h e r  o f  th e  

d o u b le  bonds on t h e  l i n o l e i c  a c id  h y d r o g e n a te s  b e fo r e  th e

9 :1 0  d o u b le  bond on t h e  o l e i c  a c i d ,  th e  h y d r o g e n a t io n  i s  |
I
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term ed  s e l e c t i v e .  S e l e c t i v i t y  i s  th e n  d e f in e d  a s  t h e  con 

v e r s io n  o f  l i n o l e i c  a c id  t o  o l e i c  a c id  p r e f e r e n t i a l l y  t o  t h e  

c o n v e r s io n  o f  o l e i c  a c id  t o  s t e a r i c  a c id .  I t  sh o u ld  be 

s t a t e d ,  h ow ever, t h a t  s e l e c t i v i t y  in  a c t u a l  h y d r o g e n a tio n  

p r o c e s s e s  i s  a r e l a t i v e  and n o t an a b s o lu te  v a lu e ,

A r e l i a b l e  m ethod f o r  m ea su r in g  p o ly u n s a tu r a te d  

a c i d s ,  i . e . ,  l i n o l e i c  and l i n o l e n i c ,  u s in g  th e  u l t r a v i o l e t  

s p e c tr a  was f i r s t  r e p o r te d  in  1945 by Sw ain e t  a l . ( 7 )  Con

s e q u e n t ly  h y d r o g e n a t io n  r e s u l t s  d e a l in g  w ith  s e l e c t i v i t y  

t h a t  w ere p r e s e n te d  p r io r  t o  t h a t  t im e  (Moore e t  a l , ( ^ )  

R ich a rd so n  e t  a l , ( ^ , 1 0 )  p h in g r a  e t  a l ^ l l )  and B a i le y f^ ^ )  and; 

c o -w o r k e r s )  may n o t be c o m p le te ly  r e l i a b l e .  T h is  may be 

v e r i f i e d  by some d i s c r e p a n c ie s  in  t h e  r e s u l t s  c o n c e r n in g  the; 

e f f e c t  o f  o p e r a t in g  v a r ia b le s  on s e l e c t i v i t y .  T h is  i s  

p a r t i c u la r ly  t r u e  in  r e g a r d  t o  th e  amount o f  c a t a l y s t  in  the! 

r e a c t i o n .  The r e s u l t s  seem  t o  i n d ic a t e  t h a t  in c r e a s e d  

te m p e r a tu r e , d e c r e a s e d  p r e s s u r e ,  o r  d e c r e a se d  a g i t a t i o n  i n 

c r e a s e s  s e l e c t i v i t y .

In  a l a t e r  i n v e s t i g a t i o n ,  B a i le y  and F i s h e r ( l 3 )  

s t u d ie d  th e  b e h a v io u r s  o f  t h e  more h ig h ly  u n s a tu r a te d  a c id s  

d u r in g  h y d r o g e n a t io n . F o r  t h e i r  i n v e s t i g a t i o n  t h e y  u sed  

c o t t o n s e e d  o i l ,  so y a b ea n  o i l ,  and l in s e e d  o i l .  They d e t e r 

m ined th e  c o n te n t s  o f  l i n o l e i c  and l i n o l e n i c  a c id s  u s in g  the: 

s p e c t r o s c o p ic  m ethod o f  M i t c h e l l ,  K r a y b i l l ,  and Z s c h e i l e ,

The p e r c e n ta g e s  o f  s a t u r a t e d  f a t t y  a c id s  w ere d e ter m in e d  by
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c o n d i t io n s  f o r  s e l e c t i v i t y ,  th e  r e l a t i v e  r e a c t i v i t i e s  o f  | 

o l e i c ,  l i n o l e i c ,  and l i n o l e n i c  a c id s  a r e  in  th e  r a t i o  o f  I 

1 : 2 0 : 4 0 .  In  a  n o n - s e l e c t i v e  h y d r o g e n a t io n , i t  was co n c lu d ed ;
I

t h a t  t h e  d i f f e r e n c e  in  r e a c t i v i t y  i s  much s m a l le r .  They
i

fo u n d  t h a t  i n  th e  h y d r o g e n a t io n  o f  c o t to n s e e d  o i l  t h e  r e l a -  ! 

t i v e  r e a c t i v i t i e s  o f  t h e  o l e i c  a c id  g ro u p s t o  t h e  l i n o l e i c  

a c id  g ro u p s v a r ie d  from  ab ou t 1 :5  t o  1 : 2 3 .

The m a n u fa c tu r e r s  o f  s h o r te n in g  and o le o m a r g a r in e
I

a r e  v e r y  i n t e r e s t e d  in  knowing o p e r a t in g  c o n d i t io n s  t h a t  

f a v o r  s e l e c t i v i t y .  I f  t h e  l i n o l e i c  a c id  grou p s a r e  c o n v e r te d  

i n t o  o l e i c  a c id  g r o u p s  w ith o u t t h e  fo r m a tio n  o f  s t e a r i c  a c id ,  

t h e  p r o d u c ts  o b ta in e d  w i l l  th e n  c o n s i s t  o f  th e  g l y c e r i d e s  o f
!

o l e i c  a c id  and s a t u r a t e d  f a t t y  a c id s  w h ich  were o r i g i n a l l y  i 

p r e s e n t  in  t h e  o i l  b e fo r e  h y d r o g e n a t io n . Due t o  t h e  a b se n c e | 

o f  h ig h ly  u n s a tu r a te d  f a t t y  a c i d s ,  t h e  p r o d u c ts  o b ta in e d  I 

w i l l  be c h a r a c t e r iz e d  by g r e a t e r  s t a b i l i t y  and a t  t h e  same | 

t im e  t h e  h o m o g e n e ity  w i l l  be im p r o v ed .

When h y d r o g e n a t io n  o c c u r s ,  some i s o - o l e i c  a c id  i s  | 

i n v a r ia b l y  fo rm e d . The term  i s o - o l e i c  a c id  i s  g e n e r a l ly  

u s e d  t o  d e s ig n a t e  t h e  t r a n s - i s o m e r  o f  o l e i c  a c i d s .  The 

o l e i c  a c id  can  i t s e l f  e x i s t  in  tw o  fo r m s .

CH3 (CH2 ) 7  -  C -  H 

HOOC -  (CH2 )? C -  H 

O le ic  a c id  ( c i s - f o r m )

CHo (CH2 ) 7  -  C -  H 
II

H -  C -  (CHg)? -  COOH 

E l a id i c  a c id  ( tr a n s - fo r m )
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The phenomenon o f  c i s - t r a n s  iso m e r ism  can be e x -  

p la in e d ^ ^ ^ ) by t h e  f a c t  t h a t  th e  in c lu s io n  o f  a d ou b le  bond  

i n  a m o le c u le  r e s u l t s  in  a r i g i d  s t r u c t u r e ,  such t h a t  i t  i s  

im p o s s ib le  f o r  one o f  th e  tw o atom s so  jo in e d  t o  r o t a t e  w ith  

r e s p e c t  t o  t h e  o t h e r .  I f  th e  tw o grou p s a t ta c h e d  t o  each  

u n s a tu r a te d  carb on  atom a re  d i f f e r e n t  from  each  o th e r  i t  

becom es p o s s i b l e  f o r  tw o d i f f e r e n t  g e o m e tr ic a l  form s o f  th e  

m o le c u le  t o  o c c u r . The iso m e r  in  w hich t h e  tw o grou p s a r e  

on th e  same s id e  i s  c a l l e d  t h e  c i s  form  and t h a t  in  w h ich  

th e y  a r e  on o p p o s ite  s i d e s ,  t h e  t r a n s  fo r m . The c i s  form  o f  

o l e i c  a c id  o c c u r s  g e n e r a l ly  in  n a tu r e , but th e  t r a n s  form  i s  

d e v e lo p e d  d u r in g  h y d r o g e n a t i o n . T h e  t r a n s  form  i s  t h e  

more s t a b le  and h a s  th e  h ig h e r  m e lt in g  p o i n t .  The e x a c t  

m echanism  o f  th e  fo r m a tio n  o f  i s o - o l e i c  a c id  h a s  n e v e r  been  

e x p la in e d .  I t  c o u ld  be form ed by h y d r o g e n a t io n  o f  l i n o l e i c  

a c id  o r  by i s o m e r iz a t io n  o f  c i s - o l e i c  a c id ;  a p p a r e n t ly  i t s  

fo r m a tio n  i s  due t o  b o th  r e a c t i o n s .

L i t t l e  d a ta  a re  a v a i la b l e  on th e  e f f e c t  o f  h y d ro g en a 

t i o n  o p e r a t in g  v a r ia b le s  on t h e  fo r m a tio n  o f  i s o - o l e i c  a c i d .

T h is  i s  m a in ly  b e c a u se  no r e l i a b l e  a n a l y t i c a l  m ethods were
( 12 )known u n t i l  r e c e n t l y .  B a i le y  and c o -w o r k e r s ' * p ro p o sed  a 

r u l e :  O p e ra tin g  c o n d it io n s  w h ich  fa v o r  s e l e c t i v i t y  a l s o

f a v o r  i s o - o l e i c  a c id  fo r m a t io n . They u s e d , h o w ev er , th e  un

r e l i a b l e  l e a d  s a l t  m ethod f o r  a n a l y s i s .  They r e p o r te d  t h a t  the 

in c r e a s e  o f  tem p era tu re  and in c r e a s e  o f  c a t a l y s t  c o n c e n tr a t io n  

■jfav o r s  t h e  fo r m a tio n  o f  i s o - o l e i c  a c id ,  w h ile  th e  in c r e a s e
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i n  p r e s s u r e  and t h e  im provem ent o f  a g i t a t i o n  lo w e r s  th e  f o r 

m a tio n  o f  i s o - o l e i c  a c id .  A r e l i a b l e  a n a l y t i c a l  m ethod f o r  

t h e  d e te r m in a t io n  o f  i s o - o l e i c  a c id  h a s  r e c e n t ly  b een  r e 

p o r te d  by Swern e t  al^^^^ u s in g  t h e  in f r a r e d  a b s o r p t io n  

s p e c t r a .  T h is  m ethod has n o t a s  y e t  b een  u se d  t o  s tu d y  t h e  

e f f e c t  o f  o p e r a t in g  v a r ia b le s  on i s o m e r iz a t io n  o f  a  commer

c i a l  o i l .

From a com m ercia l s ta n d p o in t  i t  i s  d e s i r a b l e  t o  have  

a  r e l a t i v e l y  r a p id  r a te  o f  h y d r o g e n a t io n  so t h a t  t h e  t im e  

t h e  o i l s  n eed  t o  be k ep t i n  t h e  r e a c t o r s  i s  h e ld  t o  a m in i

mum. The r a t e  o f  h y d r o g e n a tio n  i s  d e f in e d  a s  t h e  drop  o f  

i o d in e  v a lu e  p e r  u n it  t im e .  The io d in e  v a lu e  i s  a m easu re

ment o f  u n s a tu r a t io n  and i s  d e f in e d  a s  th e  number o f  grams 

o f  io d in e  a b so rb ed  p er  100 grams o f  f a t  sa m p le . In  g e n e r a l ,  

t h e  r a t e  o f  h y d r o g e n a tio n  i s  in c r e a s e d  by h ig h e r  tem p era 

t u r e s ,  p r e s s u r e s ,  c a t a l y s t  c o n c e n tr a t io n ,  and in t im a c y  o f  

c o n t a c t  ( i . e . ,  a g i t a t i o n ) .

H y d ro g en a tio n  can ta k e  p la c e  o n ly  a f t e r  h y d ro g e n , an  

u n s a tu r a te d  f a t t y  a c id  r a d i c a l ,  and t h e  a c t i v e  p o r t io n  o f  a  

m e t a l l i c  c a t a l y s t  have been  b ro u g h t t o g e t h e r .  In  t h e  ab 

s e n c e  o f  a c a t a l y s t  th e  r e a c t io n  i s  so  s lo w  th a t  t h e  c a t a 

l y s t  sh o u ld  be c o n s id e r e d  n o t o n ly  a r e a c t io n  a c c e l e r a t o r ,  

b u t f o r  a l l  p r a c t i c a l  p u r p o se s , an e s s e n t i a l  e le m en t o f  t h e  

r e a c t i n g  s y s te m .

B a i l e y ( l 7 )  e x p la in e d  t h a t  th e  h y d r o g e n a t io n  o f  o i l s  

in v o l v e s  t h e  f o l lo w in g  seq u en ce  o f  o p e r a t io n s :
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1 .  S o lu t io n  o f  h yd rogen  i n  th e  o i l .

2 .  A d so r p tio n  o f  d i s s o l v e d  h yd rogen  on th e  
c a t a l y s t .

3 .  P r io r  or  l a t e r  a d s o r p t io n  o f  u n s a tu r a te d  o i l  
on th e  c a t a l y s t .

4 .  R e a c t io n  t o  form  a n i c k e l - h y d r o g e n - o i l  co m p lex .

5 .  D e c o m p o sit io n  o f  th e  co m p lex , t o  y i e l d  h y d ro 
g e n a te d  o i l  and f r e e  r a d i c a l .

6 . D e so r p t io n  o f  t h e  h y d ro g e n a te d  o i l .

B a i l e y  u se d  l im i t e d  e x p e r im e n ta l d a ta  t o  e x p la in  t h i s  mech

a n is m , He h y d ro g e n a te d  s e v e r a l  o i l s  a t  c o n d i t io n s  c o n d u c iv e  

t o  e i t h e r  low  or  h ig h  s e l e c t i v i t y .  He th o u g h t  t h a t  th e  

s o l u t i o n  o f  h yd rogen  in  o i l  and th e  a d s o r p t io n  o f  u n s a tu r a te d  

o i l  on t h e  c a t a l y s t  were t h e  tw o s t e p s  w h ich  c o n t r o l l e d  th e  

r e a c t i o n  r a t e .  He s u g g e s te d  t h a t  in c r e a s e d  s e l e c t i v i t y  

c a u se d  by a l l  o p e r a t in g  v a r ia b le  ch a n g es w as r e la t e d  o n ly  t o  

d e c r e a s e d  c o n c e n tr a t io n s  o f  h yd rogen  in  th e  r e a c t io n  z o n e .

A r e c e n t  work on t h e  b a tc h  h y d r o g e n a t io n  o f  l i q u i d  

e t h y l  o l e a t e  t o  e t h y l  s t e a r a t e  h a s  b een  r e p o r te d  by Krane 

He i n v e s t i g a t e d  t h e  e f f e c t  o f  p r e s s u r e  from  1 .5  t o  6 . 2  

a tm o sp h e r e s , te m p e r a tu r e s  from  121 t o  2 0 0 °C , c a t a l y s t  con

c e n t r a t i o n  from  0 .1 9 9  t o  0 . 35 6 ^ by w e ig h t  o f  n i c k e l ,  and  

a g i t a t o r  sp e e d s  from  800 t o  2400 rpm . The e f f e c t  o f  t h e s e  

o p e r a t in g  v a r ia b le s  was s t u d ie d  on th e  v a r io u s  s t e p s  o f  th e  

h y d r o g e n a t io n  r e a c t i o n .  Krane s u g g e s t e d  t h e  f o l lo w in g  s te p sb

1 .  The s o l u t i o n  o f  h yd rogen  i n t o  t h e  l i q u i d  o i l .

2 .  T h e.m ass t r a n s f e r  o f  t h e  d i s s o l v e d  h yd rogen  from
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t h e  o i l  t o  th e  c a t a l y s t  s u r f a c e .

3 .  The c h e m is o r p tio n  o f  h yd rogen  on  t h e  c a t a l y s t  
s u r f a c e ,

4 .  The m ass t r a n s f e r  o f  e t h y l  o l e a t e  from  th e  b u lk  
l i q u i d  p h ase  in t o  t h e  p ore  s t r u c t u r e  o f  th e  
c a t a l y s t  and t o  th e  c a t a l y s t  s u r f a c e .

5 .  The s u r fa c e  r e a c t io n  b etw een  ch em iso rb ed  h yd ro
gen  and e t h y l  o l e a t e  on t h e  c a t a l y s t  s u r f a c e .

The d i f f e r e n c e  in  th e  m echanism s o f  B a i le y  and Krane 

i s  t h a t  B a i le y  ig n o r e s  th e  m ass t r a n s f e r  s t e p s ,  w h ile  Krane 

t h in k s  t h e r e  i s  no c h e m iso r p tio n  o f  e t h y l  o l e a t e  on th e  

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

t i o n s  c h a n g e , t h e  r e l a t i v e  im p o rta n ce  o f  t h e  d i f f e r e n t  r a te  

c o n t r o l l i n g  s t e p s  v a r y .  F or e x a m p le , a t  121°C  and 1 .6  a tm os

p h e r e s  t h e  s u r fa c e  r e a c t io n  v e l o c i t y  p o t e n t i a l  i s  t h e  most 

im p o r ta n t  f a c t o r  d e te r m in in g  th e  r a t e  o f  t h e  r e a c t i o n ,  w h ere

a s  a t  200°C  and 1 .6  a tm o sp h eres  t h e  m ass t r a n s f e r  p o t e n t i a l s  

o f  h y d ro g en  and e t h y l  o l e a t e  a r e  more im p o r ta n t . Above 

l6 0 ° C  t h e  c h e m is o r p t io n  o f  h y d ro g en  i s  no lo n g e r  an  a p p r e c i

a b le  f a c t o r  i n  d e te r m in in g  t h e  r e a c t i o n  r a t e .  I n c r e a s in g  

th e  h y d ro g en  p r e s s u r e  in c r e a s e s  t h e  r e l a t i v e  im p ortan ce  o f  

th e  m ass t r a n s f e r  o f  e t h y l  o l e a t e  a s  a  r a t e  d e te r m in in g  f a c 

t o r .  H ow ever, t h e r e  i s  no sh arp  t r a n s i t i o n  i n  t h e  r e l a t i v e  

im p o r ta n c e  o f  t h e  v a r io u s  r a t e  c o n t r o l l i n g  f a c t o r s ,  and a l l  

o f  them  m ust be ta k e n  i n t o  a c c o u n t t o  s a t i s f a c t o r i l y  d e s c r ib e  

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

I n v e s t i g a t i o n s  o f  t h e  m echanism  o f  v a p o r  p h ase  h y d r o -
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g e n a t io n  o f  e t h y le n ic  d o u b le  bonds have b een  made w ith  

e t h y l e n e , p r o p y l e n e , a n d  i s o - o c t e n e s . C a t a l y s t s  

u sed  w ere c o p p e r -m a g n es ia  and n i c k e l .  In  th e  h y d r o g e n a t io n  

o f  i s o - o c t e n e s ,  known co m m e rc ia lly  a s  co d im er , th e  n i c k e l  

c a t a l y s t  was u sed  a t  s u f f i c i e n t l y  h ig h  m ass v e l o c i t y  t h a t  

d i f f u s i o n a l  g r a d ie n t s  w ere shown t o  be n e g l i g i b l e .  The f o l 

lo w in g  r a n g e s  o f  o p e r a t in g  v a r ia b le s  w ere in v e s t ig a t e d ;  

p r e s s u r e s  from  1 ,0  t o  3 ,5  a tm o sp h e re s , te m p e r a tu r e s  from  200  

t o  3 2 5 °C , and f e e d  c o m p o s it io n  from 10 t o  90 m ole p e r c e n t  o f
!

each  com p on en t. The m echanism  o f  th e  r e a c t io n  was e x p la in e d |  

by e i t h e r  a  r e a c t io n  b etw een  m o le c u la r ly  a d so rb ed  h y d ro g en  ; 

and a d so r b e d  cod im er w here th e  su r fa c e  r e a c t io n  was c o n -  | 

t r o l l i n g ,  o r  by a r e a c t i o n  b etw een  a t o m ic a l ly  a d so rb ed  hydro-p 

gen and a d so rb ed  cod im er where th e  s u r fa c e  r e a c t io n  was co n 

t r o l l i n g ,  The l i k e l i e s t  r a t e  c o n t r o l l in g  m echanism  f o r  t h e  

h y d r o g e n a tio n  o f  p r o p y le n e  on a 5 0 -5 0  m ole % co p p er -m a g n es ia  

b etw een  4 6 °  and ?6°C i s  t h e  su r fa c e  r e a c t io n  b etw een  a to m i

c a l l y  a d so r b e d  hyd rogen  and ad sorb ed  p r o p y le n e , A s im i la r  

m echanism  i s  p rop osed  f o r  th e  h y d r o g e n a t io n  o f  e t h y le n e .

Problem  S ta tem en t  

The f o r e g o in g  d i s c u s s io n s  o f  l i t e r a t u r e  su r v e y  i n d i 

c a te  t h a t  s e v e r a l  w o rk ers  have i n v e s t i g a t e d  th e  e f f e c t s  o f  

o p e r a t in g  v a r ia b le s  i n  h y d r o g e n a tio n  o f  f a t s  and o i l s .  How

e v e r ,  due t o  th e  la c k  o f  d ep en d a b le  a n a l y t i c a l  m eth o d s , 

t h e s e  i n v e s t i g a t i o n s  w e r e , in  many c a s e s ,  o f  an u n r e l ia b l e
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n a tu r e .  F u r th e rm o re , t h e y  w ere in  g e n e r a l  o n ly  q u a l i t a t i v e . j  

The p u rp ose  o f  t h i s  r e s e a r c h  was t o  o b ta in  q u a n t i t a t iv e  d a ta  

on th e  e f f e c t  o f  t e m p e r a tu r e , p r e s s u r e ,  amount o f  c a t a l y s t ,  

and a g i t a t i o n ,  on s e l e c t i v i t y ,  i s o - o l e i c  a c id  fo r m a t io n , and  

t h e  r a te  o f  h y d r o g e n a t io n , f o r  c o t t o n s e e d  o i l .  R e fin e d  and  

b le a c h e d  c o t t o n s e e d  o i l  w as t o  be h y d ro g en a ted  i n  a d ea d -en d  

r e a c t o r ,  u s in g  e l e c t r o l y t i c  h yd rogen  and com m ercia l n i c k e l  

c a t a l y s t .  The ran ge  o f  o p e r a t in g  v a r ia b le s  t o  be s t u d ie d  j

w ere a s  f o l l o w s :  T em perature 115 t o  160°C , p r e s s u r e  20 t o

140  p s i ,  c a t a l y s t  0 ,0 3  t o  0 ,1 5 ^  by w e ig h t ,  and a g i t a t i o n  !
I

from  550 t o  1760  rpm . The d a ta  w as c r i t i c a l l y  exam ined t o  

f i n d ,  i f  p o s s i b l e ,  what a r e  t h e  r a t e  c o n t r o l l in g  s t e p s  on 

t h e  r e a c t i o n .  A tte m p ts  w ere made t o  c o r r e la t e  t h e  d a ta  so  aè  

t o  q u a n t i t a t i v e l y  m easure s e l e c t i v i t y  and i s o m e r iz a t io n  and  

t o  d e te r m in e , i f  p o s s i b l e ,  th e  m echanism  o f  e a c h .



CHAPTER I I

DESCRIPTION OF EQUIPMENT AND MATERIALS USED

H y d r o g en a tio n  A p p aratu s  

The h y d r o g e n a t io n  ru n s w ere made i n  a s m a ll  la b o r a 

t o r y  d ead -en d  r e a c t o r .  The a sse m b le d  a p p a r a tu s  i s  shown 

s c h e m a t ic a l ly  in  F ig u r e  1 and p i c t o r i a l l y  in  F ig u r e  2 .  F ig 

u re  3 shows th e  d e t a i l s  o f  t h e  r e a c t o r  i t s e l f .

The r e a c t o r  s h e l l  (1 )  w as c o n s tr u c te d  from  a 5 in c h  I
1

p l a i n  carbon s t e e l  p ip e  t h a t  was 12 in c h e s  l o n g .  The bottom ; 

end o f  th e  s h e l l  was c lo s e d  by w e ld in g  t o  i t  a 3/^  in c h  

t h i c k  s t e e l  p l a t e .  A 400  p s i  s t e e l  s l i p - o n  f la n g e  was 

w eld ed  a t  t h e  to p  o f  t h e  s h e l l .  A 400  p s i  b l in d  f la n g e  was ■ 

p r o v id e d  t o  c lo s e  t h e  to p  o f  t h e  r e a c t o r .  G r a n ite  ty p e  g a s 

k e t s  w ere u sed  t o  o b t a in  a g a s  t i g h t  s e a l  a t  t h e  f l a n g e .

The r e a c t o r  was p o s i t i o n e d  and h e ld  i n s id e  a 10 3 / 4  in c h  

l e n g t h  o f  6 in c h  p ip e  ( 2 ) t h a t  was w eld ed  t o  th e  b a se  o f  th e  

a p p a r a tu s , A t h i n  l a y e r  o f  a s b e s t o s  p ap er  was wrapped  

around  t h i s  le n g t h  o f  p ip e  i n  o r d e r  t o  s e r v e  a s  an  i n s u l a t o r  

f o r  th e  n ichrom e w ir e  t h a t  was w rapped around i t .  T hree

le n g t h s  o f  1 .3 6  ohms p e r  f o o t  w ir e ,  e a ch  13 f e e t  lo n g ,  w ere ;
I

u sed  a s  h e a t e r s  (3 )  e a c h  w ith  a p p r o x im a te ly  750 w a tt  I
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F igu re 2 . I l l u s t r a t i o n  o f  H ydrogenation Apparatus
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c a p a c i t y ,  A c o a x ia l  t r a n s fo r m e r  was p r o v id e d  t o  r e g u la t e  

th e  v o l t a g e  t o  e a ch  h e a t e r .  A s b e s to s  p a p er  was wrapped  

around t h e  h e a t e r s ,  and a h e a v y  w a lle d  ( 3 /8  in c h  t h i c k )  a s 

b e s t o s  s h e l l  (1 1 )  was p o s i t i o n e d  around  t h e  p ip e .

The r e a c to r  w as eq u ip p ed  w ith  an a g i t a t o r  s h a f t  ( 4 ) ,  

made o f  5 /1 6  in c h  d ia m e te r  p la in  carb on  s t e e l  rod w hich  

p a sse d  th r o u g h  t h e  m id d le  o f  t h e  b l in d  f l a n g e ,  A p r o p e l le r  

(5 )  was p o s i t io n e d  on t h e  rod  a p p r o x im a te ly  one in c h  from

th e  b ottom  o f  th e  r e a c t o r .  The p r o p e l l e r  was made o f  a  c i r - l
I

c u la r  (4  in c h  d ia m e te r )  s t a i n l e s s  s t e e l  p l a t e ,  1 / 4  in c h  

t h i c k .  F our n o tc h e s  w ere c u t i n  t h i s  p l a t e  90° a p a r t ,  and I

ea ch  s e c t i o n  was i n c l i n e d  a t  a  1 5 °  a n g l e .  The p r o p e l le r  was;
i

f a s t e n e d  t o  th e  rod  by a sc re w  embedded i n  i t s  b ottom  t i p ,

A s t u f f i n g  b ox  (6 )  was p r o v id e d  t o  p r e v e n t  gas le a k a g e  

around t h e  s h a f t .  The s t u f f i n g  box s h e l l  was made o f  b r a s s .  

The to p  p a r t  o f  i t  was h e x a g o n a l in  sh a p e , and t h e  b ottom  

p a r t  screw ed  i n s id e  t h e  b l in d  f la n g e  t o  a  depth  o f  around  1 

in c h ,  G ra p h ited  a s b e s t o s  was u sed  a s  t h e  p a c k in g , A sm a ll  

b a l l  b e a r in g  a t  th e  t o p  o f  th e  s t u f f i n g  b ox  a b sorb ed  m ost o f  

th e  l a t e r a l  s t r e s s  o f  t h e  a g i t a t o r  s h a f t .  In  o r d e r  t o  

m in im ize  b en d in g  o f  t h e  a g i t a t o r  s h a f t ,  a  su p p ort (7 )  was 

p r o v id e d . The su p p o rt was made o f  a  s t e e l  bar 1 / 4  in c h  

t h i c k  and 1 in c h  w ide and w as f a s t e n e d  t o  th e  r e a c t o r  by  

means o f  tw o s e t  sc r e w s  in  th e  b l in d  f l a n g e ,  A b a l l  b e a r in g  

was i n s t a l l e d  on th e  su p p o r t t o  p o s i t i o n  t h e  to p  o f  th e

th e  a g i t a t o r  s h a f t
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ab ou t 5 in c h e s  above th e  r e a c t o r .  Power from  a 1 /4  hip con

s t a n t  sp eed  (1 7 6 0  t o  17#0 rpm) e l e c t r i c  m otor (Ô) w as t r a n s 

m it te d  t o  t h e  p u l le y  by a V - b e l t . The m otor s h a f t  was 

p r o v id e d  w ith  a  v a r ia b le  d ia m e te r  p u l l e y ,  w h ich  a llo w e d  t h e  

sp eed  o f  th e  a g i t a t o r  t o  be v a r ie d .

Two o p e n in g s  were p r o v id e d  in  t h e  b l in d  f la n g e  fo r  

th e  e x i t  and e n tr a n c e  o f  a c o o l in g  c o i l  (9 )  made o f  I / 4  in c h  

lo w  carbon  s t e e l  t u b in g .  The c o i l  c o n s i s t e d  o f  tw o t u r n s ,  

e a ch  a p p r o x im a te ly  4 in c h e s  in  d ia m e te r , and i t  was p o s i 

t io n e d  ab ou t 1 / 2  in c h  above th e  a g i t a t o r  p r o p e l l e r .  The 

c o o l in g  c o i l  was c o n n e c te d  so  t h a t  e i t h e r  steam  or w a ter  

c o u ld  f lo w  th r o u g h  i t .  A t h i r d  o p en in g  i n  t h e  b l in d  f la n g e  : 

was p r o v id ed  f o r  a th erm o co u p le  w e l l  ( 1 0 ) w h ich  was made o f  

3 / 8  in c h  lo w  ca rb o n  s t e e l  tu b in g  w eld ed  sh u t  a t  th e  lo w e r  

e n d . The end o f  th e  tu b in g  was im m ersed i n  th e  r e a c to r  t o  

w it h in  abou t 2 in c h e s  above th e  b o tto m . An ir o n -c o n s ta n ta n  

th erm co u p le  and a  L eed s-N o rth ru p  p o te n t io m e te r  w ere u sed  t o  

m easure th e  te m p e r a tu r e  t o  w i t h in  O .50C. A fo u r th  o p en in g  ; 

i n  t h e  r e a c to r  f la n g e  was p r o v id e d  f o r  a sam ple draw -out o r  

h yd rogen  i n l e t  l i n e  ( 1 7 ) .  I t  w as c o n s t r u c te d  o f  s t e e l  and 

was imm ersed w i t h in  ab ou t 1 in c h  from  t h e  b ottom  o f  t h e  r e 

a c t o r .  A f i f t h  o p en in g  in  t h e  r e a c t o r  f la n g e  was p r o v id e d  

f o r  a c a l ib r a t e d  p r e s s u r e  gauge ( 1 2 ) .  The g a u g es u se d  

v a r ie d  in  ran ge  and w ere a s  f o l lo w s ;

(a )  0 t o  40 p s ig

----------------(Jbj— 0. t o  1 60 p s i ^  __________ ___________________ _
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( c )  0 t o  300  p s i g

The p r e s s u r e  b e in g  s t u d ie d  u s u a l ly  a p p ea red  c lo s e  t o  th e  

m id d le  o f  t h e  gauge d i a l .  A s a f e t y  v a lv e  (13)  w as c o n n e c te d  

t o  th e  r e a c to r  th r o u g h  th e  same l i n e  t h a t  su p p o rted  th e  

p r e s s u r e  g a u g e . T h is  s a f e t y  v a lv e  w as o f  t h e  s p r in g  ty p e  

and w as s e t  t o  open a t  a p r e s s u r e  o f  300  p s i g .  P r e ssu r e  

t e s t s  in d ic a t e d  i t  o p e r a te d  s a t i s f a c t o r i l y  a t  su ch  a p r e s 

s u r e .

A s i x t h  o p e n in g  in  th e  r e a c t o r  f la n g e  was p r o v id e d  

f o r  c a t a l y s t  in t r o d u c t io n .  The c a t a l y s t  r e s e r v o i r  was a  

1 / 2  X 4 in c h  n ip p le  w h ich  w as c o n n e c te d  a t  th e  t o p  o f  a 1 /2  

in c h  g lo b e  v a lv e  ( A ) .  The lo w e r  s id e  o f  t h e  v a lv e  opened  

th r o u g h  a n ip p le  t o  a f u n n e l  (1 4 ) p o s i t i o n e d  in s id e  a 1 /2  

in c h  c r o s s  ( 1 5 ) .  The lo w e r  s id e  o f  t h e  c r o s s  w as c o n n e c te d  

t o  a 1 /2  X 6 in c h  n ip p le  w h ich  screw ed  i n t o  th e  to p  o f  a  1 /2  

in c h  g lo b e  v a lv e  ( D ) .  The bottom  o f  t h i s  v a lv e  was connected  

by a 1 / 4  X 6 in c h  n ip p le  t o  t h e  s i x t h  o p e n in g  on th e  to p  

f l a n g e .  The c r o s s  ( 1 5 )  w as c o n n e c te d  on one s id e  t o  a p r e s -  

su re-vacu u m  gauge ( I 6 ) ,  a  v a lv e  ( B ) , and a Hyvac vacuum pump. 

The o th e r  s id e  o f  th e  c r o s s  ( 1 5 )  w as c o n n e c te d  t o  a v a lv e  

(C) w h ich  in  tu r n  w as c o n n e c te d  th r o u g h  v a lv e  (H) t o  th e  

h y d ro g en  r e g u la t o r  v a lv e  ( I )  and th e  h yd rogen  c y l in d e r  ( 1 9 ) .  

V a lv e  (F) opened  t o  t h e  sam ple r e c e i v e r  ( 1 Ô) .  V a lv e  (G) 

c o n n e c te d  th e  h yd rogen  su p p ly  com ing th r o u g h  v a lv e  (H) t o  

l i n e  ( 1 7 ) ,  t h e  l a t t e r  w as c o n n e c te d  t o  th e  f o u r th  o p en in g  in  

t h e  r e a c t o r  to p  by a I / 4  in c h  p ip e  a r ra n g e m en t.________________
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In  F ig u r e  2 ,  v a lv e s  f o r  steam  and w a te r , b y s ta n d  

v a l v e s ,  s w itc h e s , and c o - a x i a l  tr a n s fo r m e r s  ap p ear  on th e  

p a n e l b o a rd . T h ese  a r e  n o t shown in  F ig u re  1 .

A n a ly t i c a l  Equipm ent and S u p p lie s  

I o d in e  V a lu e s

Io d in e  v a lu e s  were d e ter m in e d  u s in g  a p p r o x im a te ly  

0 ,2  N ¥ i j s  s o l u t i o n  o b ta in e d  from  F is h e r  S c i e n t i f i c  Company. 

S tan d ard  500 ml io d in e  f l a s k s  were u sed  f o r  t h e s e  d e ter m in a 

t i o n s  .

U l t r a v i o l e t  A n a ly s is

A m odel DU Beckman S e r .  2925 S p ec tro p h o to m e ter  manu

f a c t u r e d  by th e  N a t io n a l  T e c h n ic a l  L ab oratory  in  S ou th  Pasa-! 

d e n a , C a l i f o r n ia ,  was u se d  f o r  th e  q u a n t i t a t iv e  d e te r m in a 

t i o n  o f  l i n o l e i c  a c i d .  Q uartz c e l l s ,  0 .9 9 7  cm t h i c k ,  were 

u se d  t o  h o ld  th e  s a m p le s . A b so lu te  (100%) e t h y l  a l c o h o l  was 

u sed  a s  a s o lv e n t  f o r  t h e  f a t  s a m p le s .

I n fr a r e d  A n a ly s is

A P erk in -E lra er  I n fr a r e d  S p e c tr o m e te r , M odel 1 2 0 ,  

S e r i a l  4 3 1 , was u sed  f o r  t h e  q u a n t i t a t iv e  d e te r m in a t io n  o f  

t r a n s  i s o - o l e i c  a c i d .  A c e l l  w ith  sodium  c h lo r id e  c r y s t a l  

windows was u s e d .  The c e l l  t h i c k n e s s  was 0 .1  cm. The s o l 

v e n t  u sed  f o r  t h e  sa m p les  was r e a g e n t  grade ca rb o n  d i s u l 

p h id e  •
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M a te r ia ls  U sed  

The c o t t o n s e e d  o i l  u sed  f o r  th e  h y d r o g e n a tio n  ru n s

w as o b ta in e d  from  "M rs. T uckers* P ro d u c ts"  i n  Sherm an, T exasj
I

The o i l  w as r e f in e d  and b le a c h e d  and had an io d in e  v a lu e  o f  [ 

1 0 3 . 5 . I t  c o n s i s t e d  o f  47% l i n o l e i c  a c i d ,  27.45%  o l e i c  acid^  

and 2 5 . 55% s t e a r i c  a c i d .  The o i l  was s to r e d  i n  a  c o ld  room
V

a t  4 9 °  u n t i l  j u s t  b e fo r e  u s e .  The h yd rogen  g a s  u sed  w as o f  

t h e  e l e c t r o l y t i c  ty p e  and was 99.5%  p u r e . H ydrogen c y l in d e r s
I

w ere p u rch a sed  from  th e  N a t io n a l  C y lin d e r  Gas Company. The i  

c a t a l y s t  u sed  was R u fer t  n i c k e l  c a t a l y s t . I t  was o b ta in e d  

from  th e  Harshaw C hem ical Company and w as r e p o r te d  by t h e
I

v en d o r  t o  c o n ta in  2 4 . 45% n i c k e l .  !



CHAPTER I I I  

EXPERIMENTAL TECHNIQUES

O p era tio n  o f  t h e  H y d ro g en a tio n  Equipm ent 

B e fo r e  a h y d r o g e n a t io n  run w as s t a r t e d ,  th e  to p  o f  

t h e  r e a c t o r  was rem oved , and h o t (2 0 0 °F ) r e f in e d  c o t to n s e e d  

o i l  was added t o  t h e  r e a c t o r  t o  r in s e  out a l l  o ld  c a t a l y s t  

and o i l .  T h is  o i l  w as th e n  d r a in e d  by t ip p in g  th e  r e a c t o r ,  

and t h e  r e s i d u a l  o i l  was l i g h t l y  w ip ed  from  t h e  r e a c to r  w ith  

a c le a n  r a g .

The o i l  t o  be h y d ro g e n a te d  was w eigh ed  by means o f  a  

b a la n c e ,  a c c u r a te  t o  w i t h in  a  gram , A t o t a l  o f  1400 grams 

o f  r e f i n e d  c o t to n s e e d  o i l  w ere added t o  t h e  r e a c t o r .  T h is  

q u a n t i t y  was s u f f i c i e n t  t o  f i l l  t h e  r e a c t o r  ab ou t t w o - t h ir d s  

f u l l .  The to p  o f  t h e  r e a c t o r  was p o s i t i o n e d ,  b o l t e d ,  and | 

th e n  t i g h t e n e d .  An a s b e s t o s  g a sk e t  c o a te d  w ith  a t h i n  f i lm  ; 

o f  r e f in e d  c o t to n s e e d  o i l  was u sed  on th e  r e a c to r  t o  p r e v e n t | 

le a k a g e  a t  h ig h  p r e s s u r e s .  The r e a c t o r  w as p o s i t io n e d  i n -  I 

s id e  t h e  r e a c t o r  su p p o rt ( 2 ) .  The p u l l e y  on t h e  a g i t a t o r  : 

was c o n n e c te d  by m eans o f  a  V - b e l t  t o  th e  m otor (8 )  d r iv in g  1 

t h e  a g i t a t o r .  The o v erh ea d  su p p o rt (7 )  was i n s t a l l e d .  The 

r e a c t o r  was c o n n e c te d  t o  t h e  h yd rogen  su p p ly  l i n e  ( 1 7 ) ,  and
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t o  t h e  v a lv e  (F ) th r o u g h  v a lv e  ( C) ,  The r e a c t o r  w as a l s o  

c o n n e c te d  t o  t h e  c o o l in g  w a te r  l i n e  and t o  th e  vacuum so u rc e  

o f  th e  s y s te m . The th e rm o c o u p le  was in s e r t e d  in  i t s  w e l l .

The r e a c t o r  w as e v a c u a te d , and t h e  c o t t o n s e e d  o i l  

was d e a e r a te d  by a p p ly in g  a vacuum t o  t h e  sy s te m . In  o r d e r  

t o  do t h i s ,  v a l v e s  ( J ) ,  ( G) ,  ( F ) ,  ( E ) ,  and (A) were c lo s e d ,  

and a l l  o th e r  v a lv e s  w ere o p e n e d . The vacuum pump was th e n  

o p e r a te d , and t h e  p r e s s u r e  i n s id e  th e  r e a c t o r  dropped t o  

a p p r o x im a te ly  1" Hg a b s o l u t e ,  as in d ic a t e d  by th e  vacuum - 

p r e s s u r e  gau ge ( 1 6 ) .  T h is  p r e s s u r e  was m a in ta in e d  f o r  a  

p e r io d  o f  a p p r o x im a te ly  f i v e  m in u te s  t o  in s u r e  d e a e r a t io n  o f  

th e  o i l .  V a lv e s  (D) and (C) w ere c lo s e d ,  th e  vacuum pump 

was tu r n e d  o f f ,  and v a lv e  (J )  was o p e n e d . The p r e s su r e  

r e g u la t in g  v a lv e  ( I )  w as s e t  t o  r e g u la t e  th e  h yd rogen  p r e s 

su re  a b ou t 10  t o  20 p s i g .  b e lo w  t h a t  d e s ir e d  f o r  t h e  r u n . 

V a lv e s  (H) and (G) w ere o p e n e d , and th e  h yd rogen  f lo w  t o  

th e  r e a c t o r  w as s t a r t e d  th r o u g h  l i n e  1 7 .  Im m ed ia te ly  v a lv e  

(E) on th e  p r e s s u r e  gauge w as opened t o  i n d ic a t e  th e  p r e s 

su re  i n s id e  t h e  r e a c t o r .  A f t e r  th e  h yd rogen  i n  t h e  r e a c t o r  

r e a c h e d  t h e  d e s ir e d  p r e s s u r e ,  v a lv e s  (G) and (H) w ere  

c l o s e d .  The a g i t a t o r  (5 )  was now s t a r t e d ,  and th e  h e a t e r s

(3 )  w ere tu r n e d  o n . The sy s te m  was in s p e c t e d  f o r  l e a k s ,  

u s in g  a  soap  s o l u t i o n .  I f  t h e r e  w ere an y  l e a k s ,  t h e y  w ere  

im m e d ia te ly  r e p a ir e d .  R e a d in g s  o f  t h e  te m p e r a tu r e  i n s id e  

th e  r e a c t o r  w ere o b se r v e d  and r e c o r d e d  a p p r o x im a te ly  e v e r y  

f i v e  minute_S-. I t  was n o t i c e d  t h a t  t h e  h y d ro g en  pr e s s u r e  .
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in c r e a s e d  d u r in g  t h e  h e a t in g  p e r io d .  When i t  went above th e;  

p la n n e d  o p e r a t in g  p r e s s u r e ,  v a lv e s  (D) and th e n  (A) w ere | 

o p en ed , and some h yd rogen  was v q n ted  in  o r d e r  t o  m a in ta in  a | 

p r e s s u r e  i n s i d e  th e  r e a c to r  a lw a y s  5 p s i  b e lo w  th e  p la n n ed  

o p e r a t in g  p r e s s u r e .  |

When t h e  tem p er a tu r e  i n  t h e  r e a c t o r  rea ch ed  a p o in t  I 

ab o u t 10°C b e lo w  t h e  p la n n ed  o p e r a t in g  te m p e r a tu r e , an  

amount o f  c a t a l y s t ,  w eigh ed  t o  w i t h in  1 0 .0 0 0 1  gram s, was

d i s s o lv e d  i n  50 grams o f  h o t r e f i n e d  c o t to n s e e d  o i l  c o n ta in e d
!

i n  g l a s s  b e a k e r .  The te m p e r a tu r e  o f  t h e  o i l  was u s u a l ly  

ab ou t lOOQ h ig h e r  th a n  t h e  o p e r a t in g  tem p er a tu r e  d e s ir e d  f o r

t h e  r u n . A f t e r  th e  c a t a l y s t  was d i s s o l v e d  i t  was pou red  |
j

from  t h e  b e a k e r  i n t o  th e  n ip p le  a b ove  v a lv e  ( A ) .  The c a t a -  i
i

l y s t  r e s e r v o i r  ab ove v a lv e  (D) was now e v a c u a te d  by means ofi 

t h e  vacuum pump. V a lve  (B) was th e n  c lo s e d ,  v a lv e  (H) i

o p en ed , and t h e  r e g u la t o r  ( I )  on t h e  h yd rogen  c y l in d e r  s e t  i 

t o  d is c h a r g e  h yd rogen  a t  th e  p la n n e d  o p e r a t in g  p r e s s u r e  a s  

in d ic a t e d  by gau ge  ( 1 6 ) .  V a lv e  (C) was th e n  c lo s e d ,  v a lv e  

(B ) was o p e n e d , and th e  r e s e r v o i r  ab ove v a lv e  (D) was e v a c u 

a t e d .  V a lve  (B) was now c lo s e d ,  and v a lv e  (A) was o p e n e d .

The c a t a l y s t  i n  th e  o i l  s o l u t i o n  d r a in e d  th r o u g h  fu n n e l  (14)!  

i n  th e  r e s e r v o i r  above v a lv e  ( D ) .  V a lv e  (A) was c lo s e d ,  and! 

v a lv e  (B) was o p e n e d . The sp a c e  now ab ove t h e  c a t a l y s t  

s o l u t i o n  a b ove  v a lv e  (D) was e v a c u a te d  f o r  a few  s e c o n d s ,  ;

v a lv e  (B) was c lo s e d ,  and v a lv e  (C) o p e n e d . T h is  ca u se d  a |
I

-pgfuqaure-equ.ijr-alent t o  t h e  op erating__pr_essure t o be e x e r t e d  i
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on th e  s u r fa c e  o f  t h é  c a t a l y s t  s o l u t i o n  in  th e  r e s e r v o ir  

ab ove v a lv e  ( D ) .  T h is  p r e s s u r e  was s l i g h t l y  h ig h e r  th a n  th e  

p r e s s u r e  i n s i d e  t h e  r e a c t o r .  V a lv e  (D) w as th e n  op en ed , and  

t h e  c a t a l y s t  w as fo r c e d  i n s id e  t h e  r e a c t o r .  T h is  was co n 

s id e r e d  t o  be t h e  s t a r t  o f  t h e  h y d r o g e n a t io n  r u n , and th e

t im e ,  te m p e r a tu r e , and p r e s su r e  w ere m easured  and r e c o r d e d .  

The method e x p la in e d  above t o  in tr o d u c e  t h e  c a t a l y s t  in s u r e s  

t h a t  o n ly  c a t a l y s t ,  o i l ,  and h y d ro g en  a r e  in s id e  th e  r e a c t o r ,  

and t h a t  a i r  i s  e l im in a t e d  d u r in g  th e  r e a c t i o n ,  s in c e  th e  

p r e se n c e  o f  a i r  i s  h a za rd o u s and d e a c t i v a t e s  th e  c a t a l y s t .

In o r d e r  t o  in s u r e  t h a t  a l l  t h e  c a t a l y s t  was in  th e  

r e a c t o r ,  th e  b e a k e r  t h a t  had c o n ta in e d  th e  c a t a l y s t  was 

r in s e d  w ith  50 more gram s o f  h o t  r e f i n e d  c o t t o n s e e d  o i l .

T h is  o i l  was th e n  added  t o  t h e  r e a c t o r  in  th e  same manner

t h e  m ain b a tc h  o f  t h e  c a t a l y s t  had b e e n . As soon  a s  th e

p r o c e s s  o f  a d d in g  a l l  t h e  c a t a l y s t  w as c o m p le te d , v a lv e s  (D) 

and (C) were c l o s e d ,  and v a lv e  (G) w as o p e n e d . The p r e s s u r e  

i n s id e  th e  r e a c t o r  had dropped s l i g h t l y  a f t e r  th e  c a t a l y s t  

was added , b u t t h e  p r e s s u r e  r e g u la t i n g  v a lv e  ( I )  now m ain

t a in e d  a c o n s ta n t  h yd rogen  p r e s s u r e  d u r in g  th e  r u n .

S in c e  h y d r o g e n a t io n  i s  an e x o th e r m ic  r e a c t i o n ,  an  

in c r e a s e  i n  te m p e r a tu r e  was o b se r v e d  vAien th e  c a t a l y s t  was 

a d d ed . T em perature in c r e a s e s  a s  h ig h  a s  5°C w ere n o t e d .  In  

g e n e r a l ,  a f t e r  t h e  a d d i t io n  o f  t h e  c a t a l y s t  t h e  h e a t e r s  w ere  

tu r n e d  o f f ,  and steam  was o c c a s i o n a l l y  t h r o t t l e d  i n s id e  th e  

r e a c t o r  c o o l in g  c o i l  t o  b r in g  t h e  te m p e r a tu r e  down t o  t h e
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o p e r a t in g  c o n d it io n s *  U s in g  t h i s  m eth od , th e  te m p e r a tu r e  

d u r in g  t h e  run w as m an u a lly  c o n t r o l l e d  t o  w i t h in  *  2 °C , The 

p r e s s u r e  was k ep t c o n s ta n t  t o  p r o b a b ly  l e s s  th a n  1  1 p s i  by 

t h e  p r e s s u r e  r e g u la t in g  v a lv e  ( I )  on th e  h yd rogen  c y l in d e r .  

The sp ee d  o f  th e  a g i t a t o r  rem ained  c o n s ta n t  t o  w i t h in  20 rpm 

a s  m easu red  a t  fr e q u e n t  i n t e r v a l s  by  a ta c h o m e te r . The tem 

p e r a tu r e s  and p r e s s u r e s  d u r in g  t h e  run w ere r e c o r d e d  e v e r y  

t h r e e  t o  f i v e  m in u te s ,  d ep en d in g  upon th e  l e n g t h  o f  t h e  run  

and t h e  e x p e c te d  r a t e  o f  h y d r o g e n a t io n .

S ix  t o  s e v e n  sam p les w ere ta k e n  d u r in g  t h e  ru n , 

a b o u t 10  t o  15 io d in e  v a lu e  u n i t s  a p a r t .  The t im e  i n t e r v a l s  

b e tw e en  sa m p les v a r ie d  from  3 t o  6 m in u te s  a t  h ig h  tem p era 

t u r e s  su ch  a s  160°C or  h ig h  p r e s s u r e s  su ch  a s  14-0 p s i g ,  or  

from  30  t o  45 m in u te s  a t  m ild  o p e r a t in g  c o n d i t io n s  su ch  a s  a 

te m p e r a tu r e  o f  115°C  or a p r e s s u r e  o f  20 p s i g .  F i f t e e n  s e c 

ond s b e fo r e  t h e  t im e  t o  o b ta in  a sa m p le , t h e  l i n e  le a d in g  t o  

th e  sam p le b o t t l e  ( 18 )  was f lu s h e d  w ith  h y d ro g en  by o p en in g  

v a lv e  ( F ) ,  th e n  c lo s in g  i t .  V a lv e  (H) was c l o s e d ,  and  

v a l v e s  (F ) and th e n  (C) w ere o p e n e d . The f i r s t  10  t o  15  

gram s o f  t h e  sam p le  drawn out w ere d is c a r d e d .  The n e x t  20 

t o  4 0  grams w ere c o l l e c t e d  in  a c le a n  sam ple b o t t l e ,  A 

s l i g h t  drop o f  p r e s s u r e  i n s id e  t h e  r e a c t o r  was n o t i c e d  w h ile  

t h e  sam p le  was b e in g  drawn o u t .  V a lv e s  (F ) and (G) were  

th e n  c l o s e d ,  and v a lv e  (H) was o p e n e d . Then v a lv e  (G) was 

o p e n e d , and t h e  p r e s s u r e  i n s i d e  th e  r e a c t o r  r e tu r n e d  t o  

op e r a t in g  p r e s s u r e .  V a lve  (F ) was now opened c a r e f u l l y ,  a n d l
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th e  h yd rogen  g a s  f lu s h e d  o u t any o i l  e n tr a in e d  i n  th e  l i n e

le a d in g  t o  th e  sam ple b o t t l e .  !

A f t e r  a  sam p le was c o l l e c t e d ,  t h e  c a t a l y s t  was s e p a - l  

r a te d  from  th e  h y d ro g e n a te d  o i l  by f i l t r a t i o n .  Two s h e e t s  I  

o f  N o. 2 f i l t e r  p ap er  w ere u se d  f o r  ea ch  sa m p le . A f t e r  t h e  ; 

sam p le was poured  on t h e  f i l t e r  p ap er  i n  t h e  f u n n e l ,  t h e  | 

f u n n e l  was t r a n s f e r r e d  t o  an  oven  m a in ta in e d  a t  a  tem p er a tu r e

s l i g h t l y  lo w e r  th a n  1 4 0 °F . The h e a t  o f  th e  oven k e p t t h e  j
I

sam ple from  s o l i d i f y i n g  on t h e  f i l t e r  p a p e r . U s u a l ly  a f t e r  |

ab o u t 20 m in u te s  in  th e  oven  s u f f i c i e n t  c l e a r  o i l  was o b -  '

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

When a l l  t h e  d e s ir e d  o i l  sa m p les  w ere  c o l l e c t e d ,  thej 

h e a t  was tu r n e d  o f f  t h e  r e a c t o r ,  and t h e  a g i t a t i o n  was |

s to p p e d . The h yd rogen  p r e s s u r e  on t h e  r e a c t o r  was v e n te d  ; 

th ro u g h  v a lv e s  (D) and (A) t o  th e  a tm o sp h e r e . The r e a c t o r  | 

was o p en ed , and h o t r e f in e d  c o t t o n s e e d  o i l  was p ou red  i n t o  i

th e  r e s e r v o i r  ab ove  v a lv e  ( A ) , The o i l  was th e n  c o l l e c t e d  j

from  t h e  o p en in g  le a d in g  t o  t h e  r e a c t o r .  The c o lo r  o f  t h e  j  

o i l  c o l l e c t e d  was a lw a y s  c l e a r ,  i n d i c a t i n g  t h a t  a l l  t h e  

c a t a l y s t  was rem oved from  i n s i d e  t h e  c a t a l y s t  cham ber and  

t h e  l i n e s  c o n n e c t in g  i t  t o  th e  r e a c t o r  p r o p e r . The r e a c t o r  | 

was th e n  a sse m b le d , and t h e  h y d r o g e n a te d  o i l  l e f t  i n  u n t i l  a!

f u t u r e  r u n . T h is  was done t o  p r e v e n t  p o is o n in g  o f  th e  r e -  |
i

a c t o r  by a i r  o r  any c o n ta m in a n ts .
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A n a ly t i c a l  P ro ced u res  

The r e f in e d  c o t t o n s e e d  o i l  and t h e  h y d r o g e n a tio n  | 

sa m p les w ere a n a ly z e d  f o r  u n s a tu r a t io n  by an io d in e  v a lu e
i

d e te r m in a t io n  a s  recomm ended by t h e  A m erican O il  C h em ists*
( 22  1S o c i e t y . '  * T hese sa m p le s  were a n a ly z e d  f o r  l i n o l e i c  a c id ,

u s in g  t h e  u l t r a - v i o l e t  a b s o r p t io n  s p e c t r a  a s  e x p la in e d  by  
( 7 )B r ic e  e t  a l . ' ' '  The i s o m e r iz a t io n  p e r io d  o f  t h e  u n co n ju g a ted

d ie n e s  was a l t e r e d  i n  t h i s  a n a l y s i s  from  30 t o  45 m in u te s  a s
( 23 )s u g g e s te d  by 0 * Connor e t  a l .  The t r i g l y c e r i d e  sa m p les

were a l s o  a n a ly z e d  f o r  i s o - o l e i c  a c i d ,  u s in g  t h e  i n f r a - r e d  

a b s o r p t io n  s p e c t r a ,  a s  e x p la in e d  by  Sw ern e t  a l .



CHAPTER IV

RESULTS !

T h ir te e n  h y d r o g e n a t io n  r u n s were made o v er  t h e  f o l 

lo w in g  ran ge o f  o p e r a t in g  c o n d i t io n s :

(1 ) T em p era tu re , 115 t o  160°C |

(2 )  P r e s s u r e ,  20 t o  140  p s ig

(3 )  C a t a ly s t  c o n c e n t r a t io n ,  0 ,0 3  t o  0.15%  n i c k e l
by w e ig h t  |

(4 )  A g i t a t io n  from  550 t o  1760 rpm . !

When one v a r ia b le  was b e in g  s t u d ie d ,  a l l  o t h e r  v a r ia b le s  

w ere h e ld  c o n s t a n t .  The e x p e r im e n ta l  r e s u l t s  o f  t h e s e  ru n s | 

a r e  shown in  T a b le s  I I I  t o  XV in  A ppendix A . A run r e p r e -  , 

s e n t in g  a v e r a g e  o p e r a t in g  c o n d i t io n s  ( i . e . ,  130°C , 60 p s i g ,  ; 

0.07%  n i c k e l  c a t a l y s t ,  and 1175 rpm) was r e p e a te d  t w ic e  

(Runs 1 and 1 1 ) d u r in g  t h e  p r o j e c t .  The r e s u l t s  o f  t h e s e  

ch eck  ru n s a p p ea r  i n  T a b le s  I I I  and X I I I ,  and i n d ic a t e  good ' 

r e p r o d u c i b i l i t y .  I

P lo t s  o f  th e  lo g a r ith m  o f  th e  io d in e  v a lu e  ( I . V . )  

v e r s u s  t im e  w ere made f o r  a l l  e x p e r im e n ta l r u n s  a s  shown i n  

F ig u r e s  4  t o  7 .  The p lo t  f o r  t h e  a v era g e  run (1 3 0 °C , 60  

p s i g ,  0.07%  n i c k e l  c a t a l y s t ,  and 1175 rpm ), a s  p l o t t e d  h e r e ,

was t h e  a v e r a g e  o f  Runs 1 an d 1 1 .  In  F ig u r e s  4 t o  7 .  t h e  I
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d a ta  b e lo w  Ô0 I . V .  a re  r e p r e s e n te d  w i t h in  e x p e r im e n ta l a c 

c u r a cy  by s t r a i g h t  l i n e s .  The n e g a t iv e  s lo p e s  o f  t h e s e  

s t r a i g h t  l i n e s  a r e  th e  pseu do  f i r s t  o r d e r  r e a c t io n  r a t e  co n 

s t a n t s ,  k * ,  i n  th e  f o l lo w in g  e q u a t io n :

r  -  k ' ( I . V . )  ( IV -  1)  i

where

r  -  I . V .  drop p e r  m inu te  

E x p e r im e n ta l v a lu e s  o f  k* f o r  ea ch  run a r e  shown in  T ab le  I .

TABLE I

EXPERIMENTAL AND CALCULATED VALUES OF REACTION RATE 
CONSTANTS FOR HYDROGENATION RUNS

Run
N o.

D e s c r ip t iv e
P aram eter

k*
( e x p e r im e n ta l)

kV
( c a l c u l a t e d ) % d e v ia t io n

1 ,  11 A verage 0 .0 1 2 8 0 ,0 1 1 6 -  9 #4

2 1 4 5 ° 0 .0 1 8 4 0 .0 1 8 0 -  1 .7

3 160° 0 .0 2 5 3 0 .0 2 4 1 -  0 .3

4 1 1 5 ° 0 .0 0 5 5 7 0 .0 0 5 1 6 -  7 .9

5 0.03% Ni 0 .0 0 2 9 5 0 .0 0 4 9 6 + 6 8 .0

6 0.11%  Ni 0 .0 1 6 9 0 .0 1 8 2 + 7 .4

7 0.15% Ni 0 .0 2 3 9 0 .0 2 4 8 + 3 . 8

S 20 p s ig 0 .0 0 5 5 9 0 .0 0 5 3 9 -  3 .6

9 100 p s ig 0 .0 1 6 3 0 .0 1 7 8 + 8 .9

10 140 p s ig 0 .0 2 3 8 0 .0 2 4 0 + 0 .8

12 1760 rpm 0 .0 0 6 5 3 0 .0 1 1 6 +79 . 5

13 550 rpm 0 .0 1 1 9 0 .0 1 1 6 -  2 . 5
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The e x p e r im e n ta l d a ta  f o r  th e  a v e ra g e  r u n s  1 and 11 | 

w ere p l o t t e d  a s  w e ig h t  p e r c e n t  l i n o l e i c  and i s o - o l e i c  a c id
j

v e r s u s  I , 7 . ,  a s  shown in  F ig u r e  Ô, T h is  p lo t  i n d i c a t e s  good; 

r e p r o d u c i b i l i t y  o f  t h e s e  d a t a .  S im i la r  e x p e r im e n ta l d a ta  

f o r  th e  o th e r  ru n s were p l o t t e d  a s  shown in  F ig u r e s  9 t o  1 2 . | 

The d a ta  a r e  i n  e a ch  c a se  r e p r e s e n t e d  by r e l a t i v e l y  sm ooth  

c u r v e s .  The p e r c e n ta g e  t o t a l  o l e i c  a c id  was th e n  c a lc u la t e d  

from  t h e  f o l lo w in g  r e l a t i o n s h i p . ( ^ )

I o d in e  S 6 .0 1 (^  0 1 e i c ) + 1 7 3 , 2 ( ^  L i n o l e i c ) + 2 6 l . 6 1 L i n o l e n i c )  
V alu e  ~ 100

(IV  -  2)

The s t e a r i c  a c id  was c a lc u la t e d  by d i f f e r e n c e  so  t h a t  th e  

a c id  t o t a l s  a r e  100 p e r c e n t .  The p e r c e n ta g e s  o f  t h e s e  two  

a c id s  w ere th e n  p l o t t e d  v e r s u s  io d in e  v a lu e  a s  shown i n  F ig - '
I

u r e s  13 t o  16 and t h e  r e s u l t s  a r e  t a b u la t e d  in  T a b le s  XVI t o  

XXVII in  A ppend ix  B ,

The E f f e c t  o f  T em perature

The v a lu e s  o f  k* ( i , e , ,  p seu d o  f i r s t  o r d e r  r e a c t i o n  

r a t e  c o n s ta n t )  f o r  ru n s 1 and 1 1 , 2 ,  3 ,  and 4  w ere  p l o t t e d  

a s  a  f u n c t io n  o f  tem p er a tu r e  a s  shown in  F ig u r e  1 7 .  The 

p o in t s  f o l l o w  e s s e n t i a l l y  a s t r a i g h t  l i n e  w hich  i n c r e a s e s  in  

v a lu e  w ith  te m p e r a tu r e . T h is  i n d i c a t e s  th e  o v e r a l l  r a t e  o f  

h y d r o g e n a t io n  ( d e f in e d  a s  I , V ,  drop p er  m in u te) i s  e s s e n 

t i a l l y  l i n e a r  w ith  tem p er a tu r e  when a l l  o th e r  v a r i a b l e s  a r e  

c o n s t a n t .  An e x t r a p o la t io n  o f  t h i s  s t r a ig h t  l i n e  show s t h a t  ;
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d a ta  b e lo w  Ô0 I , V .  a r e  r e p r e s e n te d  w it h in  e x p e r im e n ta l  a c 

c u r a c y  by s t r a i g h t  l i n e s .  The n e g a t iv e  s lo p e s  o f  t h e s e  

s t r a i g h t  l i n e s  a r e  th e  p seu d o  f i r s t  o rd er  r e a c t i o n  r a t e  con 

s t a n t s ,  k * , in  t h e  f o l lo w in g  e q u a t io n ;

r  = k ' ( I . V . )  (IV -  1)

where

r  r  I . V .  drop p e r  m in u te  

E x p e r im e n ta l v a lu e s  o f  k* f o r  ea ch  run a r e  shown in  T ab le  I .

TABLE I

EXPERIMENTAL AND CALCULATED VALUES OF REACTION 
CONSTANTS FOR HYDROGENATION RUNS

RATE

Run
N o.

D e s c r ip t iv e
P aram eter

k»
( e x p e r im e n ta l)

kV I
( c a l c u la t e d )  % d e v ia t io n !

1 ,  11 A verage 0 . 0 1 2 a 0 .0 1 1 6 -  9 . 4  I
2 1 4 5 ° 0 .0 1 3 4 o.oiao -  1 .7

3 160° 0 .0 2 5 3 0 .0 2 4 1 -  0 .3

4 1 15° 0 .0 0 5 5 7 0 .0 0 5 1 6 -  7 .9

5 0.03%  Ni 0 .0 0 2 9 5 0 .0 0 4 9 6 + 6 3 ,0

6 0.11%  Ni 0 .0 1 6 9 0 .0 1 3 2 + 7 .4

7 0.15%  Ni 0 .0 2 3 9 0 .0 2 4 3 + 3 . 3

S 20 p s ig 0 .0 0 5 5 9 0 .0 0 5 3 9 -  3 .6

9 100 p s ig 0 .0 1 6 3 0 ,0 1 7 3 + a . 9 1
10 140 p s ig 0 . 0 2 3 a 0 .0 2 4 0 + 0 . 3

12 1760 rpm 0 .0 0 6 5 3 0 .0 1 1 6 +7 9 .5

13 550 rpm 0 .0 1 1 9 0 .0 1 1 6 -  2 .5
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The e x p e r im e n ta l d a ta  f o r  th e  a v e r a g e  ru n s 1 and 11 ; 

w ere p l o t t e d  a s  w e ig h t p e r c e n t  l i n o l e i c  and i s o - o l e i c  a c id  

v e r s u s  I . V . ,  a s  shown in  F ig u r e  T h is p lo t  i n d i c a t e s  good! 

r e p r o d u c ib i l i t y  o f  t h e s e  d a t a .  S im ila r  e x p e r im e n ta l  d a ta  

f o r  th e  o th e r  runs w ere p l o t t e d  a s  shown in  F ig u r e s  9 t o  12. ;  

The d a ta  a r e  in  each  c a se  r e p r e s e n te d  by r e l a t i v e l y  sm ooth  

c u r v e s .  The p e r c e n ta g e  t o t a l  o l e i c  a c id  was th e n  c a lc u la t e d !  

from  th e  f o l lo w in g  r e l a t i o n s h i p ,

I o d in e  S 6 ,0 1 (^  01eic)-<-173 , 2 ( ^  L i n o l e i c ) + 2 6 1 ,6 l ( ^  L in o le n ic )  
V alu e  " 100 !

(IV  -  2)

The s t e a r i c  a c id  was c a lc u la t e d  by d i f f e r e n c e  so  t h a t  t h e  

a c id  t o t a l s  a r e  100 p e r c e n t .  The p e r c e n ta g e s  o f  t h e s e  two 

a c id s  w ere th e n  p l o t t e d  v e r s u s  io d in e  v a lu e  a s  shown i n  F ig-^
t

u r e s  13 t o  l 6  and t h e  r e s u l t s  a r e  t a b u la te d  i n  T a b le s  XVI t o  

XXVII in  A ppendix B ,

The E f f e c t  o f  Tem perature

The v a lu e s  o f  k* ( i . e . ,  p seu do f i r s t  o r d e r  r e a c t io n  

r a te  c o n s t a n t )  f o r  ru n s 1 and 1 1 ,  2 ,  3 ,  and 4  w ere p l o t t e d  

a s  a f u n c t io n  o f  te m p e r a tu r e  a s  shown in  F ig u r e  1 7 .  The 

p o in t s  f o l l o w  e s s e n t i a l l y  a s t r a i g h t  l i n e  w h ich  in c r e a s e s  in  

v a lu e  w ith  te m p e r a tu r e . T h is  i n d i c a t e s  t h e  o v e r a l l  r a t e  o f  

h y d r o g e n a tio n  (d e f in e d  a s  I , V ,  drop p er  m in u te )  i s  e s s e n 

t i a l l y  l i n e a r  w ith  te m p e r a tu r e  when a l l  o th e r  v a r ia b le s  a r e  

c o n s t a n t ,  An e x t r a p o la t io n  o f  t h i s  s t r a i g h t  l i n e  show s t h a t
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FIGURE 9 EFFECT OF TEMP ON 
SELECTIVITY AND ISOMERIZATIOIW
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FIGURE 10 EFFECT OF PRESSURE ON 
SELECTIVITY AND ISOMERIZATION
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FIGURE 11 EFFECT OF CATALYST CONCENTRATION 
ON SELECTIVITY AND ISOMERIZATION
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FIGURE 12 EFFECT OF AGITATION ON 
SELECTIVITY AND ISOMERIZATION
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k* i s  z e r o  a t  a  te m p e r a tu r e  o f  1 0 3 °C , F ig u r e  9 i n d i c a t e s  

th a t  t h e r e  i s  r e l a t i v e l y  l i t t l e  change o f  s e l e c t i v i t y  w ith  

te m p e r a tu r e . More i s o - o l e i c  a c id  i s  form ed , h o w ev er , a t  

h ig h e r  t e m p e r a tu r e s .

E f f e c t  o f  P r e s su r e

The e f f e c t  o f  p r e s s u r e  on k* i s  shown by F ig u r e  1Ô. 

The v a lu e s  o f  k* p l o t t e d  w ere f o r  ru n s 1 and 1 1 , Ô, 9 ,  and  

1 0 , F ig u r e  18 i n d i c a t e s  t h a t  k* (and  c o n s e q u e n t ly  t h e  o v e r 

a l l  r a t e  o f  h y d r o g e n a t io n )  i s  d i r e c t l y  p r o p o r t io n a l  t o  th e  

a b s o lu t e  p r e s s u r e .  S e l e c t i v i t y  and i s o m e r iz a t io n  ( a s  shown 

in  F ig u r e  10 ) b o th  d e c r e a s e  w ith  an  in c r e a s e  in  p r e s s u r e  

from  20 t o  100 p s i g .  The in c r e a s e  in  p r e s s u r e  from  100  t o  ; 

140 p s i g ,  h o w ev er , h a s  o n ly  a  s m a ll e f f e c t  on e i t h e r  f a c t o r , |
i

E f f e c t  o f  N ic k e l  C a ta ly s t  C o n c e n tr a t io n

The h y d r o g e n a t io n  r a t e  (a s  in d ic a t e d  by F ig u r e  19 )  

was fou n d  t o  in c r e a s e  w ith  c a t a l y s t  c o n c e n tr a t io n  and t o  be  ̂

d i r e c t l y  p r o p o r t io n a l  t o  i t .  V a lu e s  o f  k* p l o t t e d  i n  F ig u r e , 

19 w ere f o r  r u n s  1 and 1 1 , 5 ,  6 and 7 ,  S e l e c t i v i t y  and  

i s o m e r iz a t io n  ( a s  shown in  F ig u r e  1 1 ) a r e  n o t s i g n i f i c a n t l y  

a f f e c t e d  by an  in c r e a s e  i n  c a t a l y s t  c o n c e n t r a t io n .  The o n ly  

e x c e p t io n  i s  t h e  run a t  lo w  (0 .0 3 ^  n i c k e l )  c a t a l y s t  c o n c e n 

t r a t i o n s ,  The i s o - o l e i c  a c id  fo r m a tio n  o f  t h i s  run  was 

h ig h e r  th a n  t h o s e  o f  t h e  o th e r  c a t a l y s t  r u n s .



52
0 .0 2 6

0.024

0.020

ü  0.016 
UJ

0.012

0.008

0.004

0.000
O 30 60 90 120 150 175

HYDROGEN PRESSURE , PSIA

FIGURE 18 EFFECT OF PRESSURE ON PSEUDO
REACTION RATE CONSTANTS



53

0 .0 2 4

i  0.020

h-z
g
tfi

0.016zo
ü

w
s
^  0.012
z
O
H
O
<
woc 0 .0 0 8

ooz>
^  0 .0 0 4

0.000
6.150.00 0.03 0 .0 6 0 .09 0.12

PERCENT NICKEL CATALYST CONCENTRATION

FIGURE 19 EFFECT OF NICKEL CATALYST
CONCENTRATION ON PSEUDO 
REACTION RATE CONSTANTS



54

E f f e c t  o f  A g i t a t io n

The o v e r a l l  r a t e s  o f  h y d r o g e n a tio n  f o r  t h e  m id d le  

(1175  rpm) and h ig h  (1 ? 6 0  rpm) a g i t a t i o n  r u n s , a s  shown by 

F ig u r e  7 , w ere a lm o st  i d e n t i c a l .  The lo w  (5 5 0  rpm) a g i t a 

t i o n  ru n , h o w ev er , r e s u l t s  in  s lo w e r  h y d r o g e n a t io n  r a t e s .  

F ig u r e  12 show s t h a t  th e  m id d le  and h ig h  a g i t a t i o n  have  

e s s e n t i a l l y  th e  same e f f e c t  on s e l e c t i v i t y  and i s o - o l e i c  

a c id  f o r m a t io n . Low a g i t a t i o n ,  h o w ev er , r e s u l t s  in  more 

s e l e c t i v e  h y d r o g e n a t io n  and in c r e a s e d  fo r m a t io n  o f  i s o - o l e i c  

a c i d .

C o r r e la t io n  o f  D ata

The f o l lo w in g  e m p ir ic a l  e q u a t io n  was d e v e lo p e d  t o  

r e p r e s e n t  th e  o v e r a l l  r a t e  o f  h y d r o g e n a t io n  a t  io d in e  v a lu e s  

o f  êO o r  l e s s ;

r  = 0 ,0 0 0 0 0 2 1  ( T - 1 0 3 ) ( P ) ( W ) ( I ,V ,)  (IV  -  3 )

where

r  B I ,V ,  drop p e r  m in u te  

T s  te m p e r a tu r e , °C

P = a b s o lu t e  h yd rogen  p r e s s u r e ,  p s i a ,

¥  B w e ig h t  p e r c e n t  n i c k e l  u sed  a s  c a t a l y s t  

I«V , B io d in e  v a lu e  o f  o i l  

T h is  e q u a t io n  w as d e v e lo p e d  from  t h e  k* v a lu e s  in  T ab le  I ,

I t  was fou n d  t o  r e p r e s e n t  th e  r a te  o f  h y d r o g e n a t io n  o f  a l l  

r u n s  w it h in  10% , e x c e p t  f o r  t h e  ru n s a t  lo w  a g i t a t i o n  and  

w ith  lo w  ( 0 , 0 3 %  n i c k e l )  c a t a l y s t .  C a lc u la te d  v a lu e s  o f  k*
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a r e  shown in  T a b le  I  f o r  each  r u n ,
i

Q u a n t i t a t iv e  M easurem ents o f  S e l e c t i v i t y  and I s o m e r iz a t io n  I 

The m ain r e a c t io n s  o c c u r r in g  in  t h e  h y d r o g e n a t io n  o f  

c o t t o n s e e d  o i l  can be r e p r e s e n te d  s c h e m a t ic a l ly  a s  f o l lo w s ;  !

C is
O le ic

S t e a r i cL in o le ic

I s o
O le ic

I t  was assum ed t h a t  t h e s e  s t e p s  a re  i r r e v e r s i b l e  f i r s t  order, 

r e a c t i o n s  and e q u a t io n s  w ere th e n  d e v f e l o p e d ^ t o  r e p r e se n t;  

t h e  amount o f  each  a c id  a t  any t im e  a s  a f u n c t io n  o f  o r i g i -  ■ 

n a l  c o n c e n tr a t io n s  and o f  th e  r e l a t i v e  r e a c t io n  r a t e  co n 

s t a n t s  ( k * s ) .  The e q u a t io n s  so  d e v e lo p e d  a r e  shown in  

A ppendix  C, R e la t iv e  r e a c t io n  r a te  c o n s t a n t s  w ere c a lc u 

l a t e d  f o r  s e v e r a l  ru n s u s in g  a t r i a l  and e r r o r  s o l u t i o n  and 

p seu d o  t im e s  o f  r e a c t i o n ,  A sam ple c a l c u l a t i o n  i s  shown in  

A ppendix C, The v a lu e s  o f  k so  c a lc u la t e d  a r e  shown in  

T a b le  I I ,  The e q u a t io n s  and t h e  c a lc u la t e d  k v a lu e s  w ere  

fo u n d  t o  r e p r e s e n t  t h e  e x p e r im e n ta l c o m p o s it io n  d a t a ,  in  most 

c a s e s ,  w it h in  e x p e r im e n ta l a c c u r a c y . I t  sh o u ld  be em phasized  

t h a t  th e  k v a lu e s  o b ta in e d  by t h i s  m ethod s e r v e  o n ly  a s  a 

q u a n t i t a t iv e  m easurem ent o f  s e l e c t i v i t y  and i s o m e r iz a t io n .
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They a r e  n o t a b s o lu t e  r e a c t io n  r a t e s ,  b u t o n ly  i n d ic a t e  th e  ; 

c o u r se  and r e l a t i v e  r a t e s  o f  t h e  v a r io u s  r e a c t io n  s t e p s .  ;

TABLE I I

RELATIVE REACTION RATE CONSTANTS FOR 
VARIOUS HYDROGENATION RUNS

Run N o. %12 k i3 ^23 %24 %34

1 ,  11 0 .8 0 .2 0 0 .3 0 .0 7 5 0 .6 0

3 0 .5 5 0 .4 5 0 .1 0 .1 0 .3 3

5 0 .5 0 0 ,5 0 0 .1 5 0 .0 5 0 .4

è 1 .0 0 .0 0 .5 5 0 .0 0 .6

10 0 .6 5 0 .3 5 0 .1 2 0 .2 4 0 .4

12 1 .0 0 .0 0 .4 6 0 .0 0 .3 3  ;

P rop osed  M echanism  o f  R e a c t io n

The f o l lo w in g  m echanism  i s  p ro p o sed  f o r  t h e  h y d ro 

g e n a t io n  o f  c o t to n s e e d  o i l  a s  co n d u cted  i n  t h i s  r e s e a r c h .

(1 )  The s o l u t i o n  o f  h y d ro g en  i n t o  t h e  o i l .

(2 )  The m ass t r a n s f e r  o f  d i s s o l v e d  h yd rogen  from  

t h e  b u lk  l i q u i d  p h ase  t o  th e  c a t a l y s t  s u r f a c e .

(3 )  The m ass t r a n s f e r  o f  t h e  f a t t y  a c id s  from  th e  

b u lk  l i q u i d  p h ase  t o  th e  c a t a l y s t  s u r f a c e .

(4 )  The a t o m ic a l ly  o r  more p r o b a b ly  m o le c u la r ly  

c h e m is o r p t io n  o f  h yd rogen  on t h e  c a t a l y s t  s u r f a c e .

(5 )  The p h y s ic a l  a d s o r p t io n  o f  th e  f a t t y  a c id s  on
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t i a l l y  a s  compared t o  o l e i c ,

(6 )  The s u r f a c e  r e a c t io n  b e tw een  ch em isorb ed  h yd ro

g e n  and t h e  p h y s i c a l l y  ad sorb ed  u n s a tu r a te d  f a t t y  a c id  on 

t h e  c a t a l y s t  s u r f a c e •

( 7 )  The d e s o r p t io n  o f  th e  h y d ro g e n a te d  f a t t y  a c id  

from  t h e  c a t a l y s t  s u r f a c e ,

(8 )  The m ass t r a n s f e r  o f  t h e  h y d ro g e n a te d  f a t  from  

t h e  c a t a l y s t  s u r f a c e  t o  th e  b u lk  l i q u i d  p h a s e ,

I t  seem s p r o b a b le  t h a t  th e  s u r f a c e  r e a c t io n  ( s t e p  6) 

w as c o n t r o l l i n g  in  m ost o f  th e  ru n s made i n  t h i s  i n v e s t i 

g a t i o n .



CHAPTER V 

DISCUSSION OF RESULTS

The p r e s e n t  d a ta  w ere exam ined t o  d e term in e  t h e i r  

c o n s i s t e n c y  and a c c u r a c y .

The a n a l y t i c a l  t e c h n iq u e s  u sed  in  th e  p r e s e n t  s tu d y  

a r e  c o n s id e r e d  a c c u r a te  w i t h in  th e  f o l lo w in g  l i m i t s :  io d in e

v a lu e s  t o  1 1 u n i t ,  and l i n o l e i c  a c id  c o n te n t  t o  1 1% a c i d .  

T h is  i s  v e r i f i e d  s in c e  e a ch  sam ple was run a t  l e a s t  t w ic e  

u n t i l  tw o or  more c o n s e c u t iv e  r e s u l t s  a g r e e d  w i t h in  th e  

a b o v e -m e n tio n e d  a c c u r a c y . In  th e  c a se  o f  i s o - o l e i c  a c id ,  

th e  a c c u r a c y  was w it h in  2 2% a c i d .  T h is  w as v e r i f i e d  by 

f r e q u e n t ly  ru n n in g  a g iv e n  sam ple two o r  more t i m e s .  A l l  

th e  a n a l y t i c a l  p r o c e d u r e s  u s e d  have b een  recommended by th e  

A m erican O il  C h em ists  S o c i e t y .

The ir o n - c o n s t a n t a n  th erm o co u p le  u sed  t o  m easure th e  

te m p e r a tu r e  in s id e  th e  r e a c t o r  was c a l ib r a t e d  a t  th e  b o i l i n g  

p o in t  o f  d i s t i l l e d  w a te r .  I t  i s  th o u g h t t h a t  t h e  r e a d in g s  

o f  th e  th erm o co u p le  a s  m easu red  in  th e  p r e s e n t  r e s e a r c h  w ere  

a c c u r a te  t o  Z 1 °C . Some d i f f i c u l t y  w as e n c o u n te r e d  in  m ain

t a i n i n g  t h e  e x a c t  te m p e r a tu r e  d e s ir e d  d u r in g  t h e  c o u r se  o f  

th e  r e a c t i o n .  D e v ia t io n s  o f  +5°C were e x p e r ie n c e d  i n  th e

5Ô
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f i r s t  one or  tw o m in u te s  d u r in g  t h e  in t r o d u c t io n  o f  t h e  

c a t a l y s t .  D e v ia t io n s  up t o  2®C w ere n o te d  d u r in g  t h e  rem ain  

in g  c o u r se  o f  th e  r e a c t i o n .  T hese d e v i a t io n s  p r o b a b ly  a f 

f e c t e d  th e  r e s u l t s  t o  an i n s i g n i f i c a n t  e x t e n t  s in c e  t h e  k* 

v a lu e s  form  a sm ooth cu rv e  when p l o t t e d  a s  a f u n c t io n  o f  

te m p e r a tu r e , a s  shown in  F ig u r e  1 7 .

The p r e s s u r e  g a u g e s  u sed  t o  m easure t h e  p r e s s u r e  i n 

s id e  t h e  r e a c t o r  w ere c a l ib r a t e d  f r e q u e n t ly  a g a in s t  a  dead

w e ig h t  gauge t e s t e r .  I t  i s  c o n s id e r e d  t h a t  t h e  p r e s s u r e s  

rea d  w ere a c c u r a te  t o  w i t h in  i  1 p s i g  and c o u ld  be m ain 

t a in e d  by t h e  p r e s s u r e  r e g u la t o r  w i t h in  t h e s e  l i m i t s  e x c e p t  

d u r in g  s a m p lin g . D u rin g  t h i s  p e r io d , i t  may have d e c r e a s e d  

5 t o  10 p s i g  f o r  ab ou t 30  s e c o n d s .  T h ese  p r e s s u r e  d e v ia 

t i o n s ,  h o w ev er , a r e  c o n s id e r e d  t o  h a v e  o n ly  a sm a ll e f f e c t  

on th e  r e a c t io n  s in c e  th e  r a t e  c o n s ta n t s  c o r r e la t e  w e l l  a s  a  

f u n c t io n  o f  p r e s s u r e ,  a s  shown in  F ig u r e  1Ô.

The a g i t a t o r  sp ee d  a s  r e p o r te d  i s  c o n s id e r e d  t o  be 

p r a c t i c a l l y  c o n s t a n t .  T h is  was v e r i f i e d  by fr e q u e n t  c h e ck s  

w ith  a ta c h o m e te r  and in  no c a s e  d id  i t  d e v ia t e  by more th a n  

20 rpm. The in a c c u r a c ie s  in  w e ig h in g  t h e  b a tc h  o f  o i l  t o  be 

h y d ro g e n a te d  w ere p r o b a b ly  l e s s  th a n  0 .2 ^ .  The amount o f  

n i c k e l  c a t a l y s t  added t o  t h e  r e a c t o r  was p r o b a b ly  a c c u r a te  

t o  w it h in  1 .0 ^ .

Some e r r o r s  w ere in tr o d u c e d  i n  t h e  t im in g  w h ile  

ta k in g  th e  sa m p le s . T h is  i s  due t o  t h e  f a c t  t h a t  s e v e r a l  

v a lv e s  w ere m a n ip u la te d , and th e  l i n e s  w ere f lu s h e d  w ith
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h y d ro g en  b e fo r e  what was c o n s id e r e d  t o  be a r e l i a b l e  sam ple  

was o b t a in e d .  As a r e s u l t ,  i t  i s  p o s s i b l e  t h a t  an  e r r o r  a s  

h ig h  a s  t e n  se c o n d s  may have o c c u r r e d . Such a t im e  f a c t o r  

c o u ld  mean a change o f  I .V .  up t o  a lm o st  one u n i t  a t  th e  

f a s t e r  h y d r o g e n a tio n  r a t e s .

Any change o f  th e  o i l  c o m p o s it io n  from  one run t o  

a n o th e r  i s  c o n s id e r e d  t o  be i n s i g n i f i c a n t .  The m ain su p p ly  

o f  o i l  was a lw a y s  k ep t in  a c o ld  room a t  4 9 ° F . J u s t  p r io r  

t o  a run  I 5OO grams w ere drawn from  th e  main b a t c h .  The r e 

m ain d er  was t h e n  l e f t  under r e f r i g e r a t i o n  f o r  f u t u r e  u s e .

Over a p e r io d  o f  s i x  m onths th e  io d in e  v a lu e  o f  t h e  o i l  was 

d e ter m in e d  s e v e r a l  t im e s  and v a r ie d  o v e r  a ra n g e  o f  103 t o  

1 0 4  I . V . ,  t h e  l i n o l e i c  a c id  c o n te n t  v a r ie d  from  4 6 ,7 5  t o
I

4 7 . 25%, and t h e  i s o - o l e i c  a c id  c o n te n t  was a lw a y s  p r a c t i c a l l y  

n e g l i g i b l e .  No c o n s i s t e n t  ch a n g es in  t h e s e  f a t  sa m p les w ere  

e v e r  n o t e d .

The e x p e r im e n ta l  d a ta  w e r e , in  a l l  c a s e s ,  c o n s i s t e n t  

w h ich  i n d i c a t e s  t h a t  th e  e x p e r im e n ta l  and a n a l y t i c a l  t e c h 

n iq u e s  w ere a l s o  c o n s i s t e n t .  T h is  i s  v e r i f i e d  by t h e  good  

r e p r o d u c i b i l i t y  o f  t h e  r e s u l t s  o f  t h e  tw o ru n s a t  th e  a v e r 

a g e  c o n d i t io n s  (1 3 0 °C , 60 p s i g ,  0.07%  c a t a l y s t  and 1175 rpm) 

s e e  F ig u r e  8 .  The d a ta  f o r  e a c h  ru n  w ere a l s o  c o n s i s t e n t  a s  

in d ic a t e d  by t h e i r  s m a ll  d e v i a t io n s  from  t h e  sm oothed  c u r v e s  

( s e e  F ig u r e s  4  t o  7 ) .  In  a d d i t io n  sm ooth c o r r e l a t i o n s  o f  

t h e  pseudo f i r s t  o r d e r  r e a c t i o n  r a t e  c o n s t a n t s  w ere o b ta in e d  

a s  a f u n c t io n  o f  te m p e r a tu r e , p r e s s u r e ,  and c a t a l y s t
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c o n c e n tr a t io n  ( s e e  F ig u r e s  1 7 , 18 and 1 9 ) .

An e x a m in a tio n  o f  t h e  r e s u l t s  o f  t h i s  r e s e a r c h  i n 

d i c a t e s  t h a t  m ass t r a n s f e r  r e s i s t a n c e s  w ere e s s e n t i a l l y  

e l im in a t e d  i n  m ost o f  th e  r u n s .  T h is  i s  d em o n stra ted  by th e  

f a c t  t h a t  t h e  run a t  th e  h ig h e s t  a g i t a t i o n  r a t e  (Run 1 3 ) d id  

n o t  change t h e  r a te  o r  ty p e  o f  h y d r o g e n a t io n  a s  com pared t o  

th e  a v e ra g e  ru n s (Runs 1 and  11 ) a t  s lo w e r  a g i t a t i o n .  In  

a d d i t io n ,  m ass t r a n s f e r  r e s i s t a n c e s  were a t  l e a s t  a lm o s t  

e l im in a te d  i n  th e  p r e s s u r e  and c a t a l y s t  r u n s . T h is  can  be 

proven  by th e  f o l lo w in g  f a c t s :

(a )  Mass t r a n s f e r  o f  th e  h y d ro g en  from  th e  g a s  t o  

t h e  o i l  p h ase  cannot be c o n t r o l l i n g ,  s in c e  th e  r a te  o f  h y d ro 

g e n a t io n  i s  d i r e c t l y  p r o p o r t io n a l  t o  th e  amount o f  c a t a l y s t ,

(b )  M ass t r a n s f e r  o f  th e  h y d ro g en  from  t h e  o i l  

ph ase  t o  t h e  c a t a l y s t  s u r fa c e  can n ot be c o n t r o l l i n g ,  s in c e  

t h e  r a te  o f  h y d r o g e n a t io n  f o r  a g iv e n  run i s  p r o p o r t io n a l  t o  

th e  io d in e  v a l u e ,

( c )  M ass t r a n s f e r  o f  th e  u n s a tu r a te d  o i l  t o  t h e  

c a t a l y s t  s u r fa c e  can n ot be c o n t r o l l i n g ,  s in c e  t h e  r a t e  o f  

h y d r o g e n a tio n  i s  d i r e c t l y  p r o p o r t io n a l  t o  th e  a b s o lu t e  h y d ro 

gen  p r e s s u r e ,

(d )  M ass t r a n s f e r  o f  t h e  s a t u r a t e d  o i l  from  t h e  

c a t a l y s t  s u r fa c e  t o  t h e  m ain body o f  o i l  i s  n o t  c o n t r o l l i n g ,  

s in c e  th e  r a t e  o f  h y d r o g e n a t io n  f o r  a g iv e n  run i s  p r o p o r 

t i o n a l  t o  t h e  io d in e  v a lu e  «

The r a t e  o f  h y d r o g e n a t io n  i n  t h e  tem p er a tu r e  ru n s i s
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s i m i la r  t o  th o s e  o f  t h e  p r e s s u r e  o r  c a t a l y s t  r u n s .  T here

f o r e ,  t h e  r a te  o f .m a s s  t r a n s f e r  in  a l l  r u n s  a r e  co m p a ra b le .

As a  r e s u l t  i t  seem s l i k e l y  t h a t  m ass t r a n s f e r  r e s i s t a n c e s  

in  th e  tem p era tu re  ru n s  w ere a l s o  e l im in a t e d .  A n oth er  sup

p o r t  t o  t h i s  v ie w  w ould  be t h a t  h ig h  te m p e r a tu r e s  r e s u l t  in  

lo w e r  v i s c o s i t i e s  and h en ce  p r o b a b ly  lo w er  r e s i s t a n c e s  t o  

m ass t r a n s f e r .  The lo w  a g i t a t i o n  run (550  rpm) i s ,  t h e r e 

f o r e ,  p ro b a b ly  th e  o n ly  run in  w h ich  m ass t r a n s f e r  r e s i s t 

a n c e s  a r e  s i g n i f i c a n t .

The p r e s e n t  r e s u l t s  w ere compared t o  s im i la r  o n e s  o f  

B a ile y (^ ^ )  and o th e r  i n v e s t i g a t o r s i ^ ^ 9 , 1 0 , l l )  B a i l e y ’ s r e 

s u l t s  a r e  t h e  m ost r e c e n t  and c o m p le te . A p p a r e n tly  no p r e 

v io u s  w ork ers e l im in a te d  m ass t r a n s f e r  r e s i s t a n c e s  in  th e  

m a jo r ity  o f  t h e i r  r u n s .  The f a c t  t h a t  B a i l e y d i d  n o t  i s  

d em o n stra ted  by t h e  c o n t in u o u s  in c r e a s e  o f  h i s  o v e r a l l  h y d ro 

g e n a t io n  r a t e s  w ith  in c r e a s e d  a g i t a t i o n .  The d a ta  o b ta in e d  

in  th e  p r e s e n t  s tu d y  a g r e e  q u a l i t a t i v e l y  w ith  th e  f in d in g s  

o f  B a i le y  t h a t  th e  o v e r a l l  r a t e  o f  h y d r o g e n a t io n  in c r e a s e s  

w ith  te m p e r a tu r e , p r e s s u r e ,  c a t a l y s t  c o n c e n tr a t io n ,  and  

a g i t a t i o n  up t o  1 1 7 5  rpm . Q u a n t i t a t iv e ly ,  th e  p r e s e n t  d a ta  

a g r e e  w ith  th e  f i n d in g s  o f  B a i l e y  t h a t  t h e  a v e r a g e  h y d ro 

g e n a t io n  r a t e s  in c r e a s e  a s  a l i n e a r  f u n c t io n  o f  te m p e r a tu r e .  

The p r e s e n t  r e s u l t s ,  h o w e v e r , d is a g r e e  w ith  B a i l e y  s in c e  

h i s  r e s u l t s  do n o t i n d ic a t e  a l i n e a r  in c r e a s e  in  t h e  o v e r a l l  

r a te  w ith  in c r e a s e s  o f  c a t a l y s t  c o n c e n tr a t io n  o r  p r e s s u r e .

B a i l e y ’ s r e s u l t s  f u r t h e r  a g r e e  w ith  th e  p r e s e n t
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f i n d in g s  t h a t  s e l e c t i v i t y  and i s o m e r iz a t io n  a r e  fa v o r e d  by 

d e c r e a s e  o f  p r e s s u r e  and a g i t a t i o n ,  B a i le y * s  r e s u l t s  d i s 

a g r e e ,  h o w ev er , a s  t o  t h e  e f f e c t  o f  c a t a l y s t  c o n c e n tr a t io n  

on t h e s e  tw o f a c t o r s .  H is  r e s u l t s  in d ic a t e  t h a t  s e l e c t i v i t y  

and i s o m e r iz a t io n  i n c r e a s e  w ith  c a t a l y s t  c o n c e n tr a t io n  w h ile  

th e  d a ta  p r e s e n te d  h e r e  show no a p p r e c ia b le  e f f e c t  o f  c a t a 

l y s t  c o n c e n tr a t io n  on e i t h e r  f a c t o r .  The d is a g r e e m e n ts  b e 

tw e e n  B a i le y * s  r e s u l t s  and t h o s e  p r e s e n te d  h ere  a r e  con 

s id e r e d  t o  be c a u se d  by th e  f o l lo w in g  tw o f a c t o r s :

(1 )  B a i le y  d id  n o t e l im in a t e  m ass t r a n s f e r  in  m ost 

o f  h i s  r u n s ,

(2 )  B a i le y  u sed  a n a l y t i c a l  t e c h n iq u e s  w h ich  a r e  

l e s s  r e l ia b le ^ ? * ^ ^ )  th a n  t h o s e  u se d  in  p r e se n t  day s t u d i e s .

The r a t e  o f  h y d r o g e n a t io n  when d e f in e d  a s  io d in e  

v a lu e  drop p e r  m in u te  p e r  g iv e n  amount o f  c a t a l y s t  i s  fo u n d  

t o  be e s s e n t i a l l y  c o n s ta n t  ( a t  an  I ,V ,  o f  80 o r  l e s s )  f o r  

th e  a v e r a g e  run (Runs 1 and 1 1 ) ,  th e  h ig h e s t  a g i t a t i o n  run  

( Run 1 3 ) ,  and t h e  tw o h ig h e r  c a t a l y s t  ru n s ( Runs 6 and 7 ) .

I t  i s  n o te d  t h a t  s e l e c t i v i t y  and i s o m e r iz a t io n  a r e  s im i la r  

i n  t h e s e  r u n s .  The r a t e  a s  d e f in e d  h e r e  was lo w e r  f o r  th e  

lo w  c a t a l y s t  run  (Run 5) and th e  lo w  p r e s su r e  run (Run 8 ) .

In  t h e s e  ru n s i s o m e r iz a t io n  w as a p p r e c ia b ly  h ig h e r  th a n  i n  

Runs 1 and 1 1 , 6 ,  7 ,  and 1 3 .  S e l e c t i v i t y  was fa v o r e d  f o r  th& 

low  p r e s s u r e  r u n . W ith  th e  ru n s a t  h ig h e r  p r e s s u r e s  (Runs 

9 and 1 0 ) ,  th e  r a t e s  w ere h ig h e r  and s e l e c t i v i t y  and is o m e r -  

i z a t i o n  w ere c o n s id e r a b ly  lo w e r .  I t  was fou n d  t h a t  f o r  __
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B a ile y *  s r e  s u i t  % ^ in g  a c a t a l y s t  c o n c e n tr a t io n  o f  0 ,0 5  to  

0,1% ) when th e  r a te  f o r  a g iv e n  amount o f  c a t a l y s t  in c r e a s e d  

a t  a g iv e n  te m p e r a tu r e , th e  s e l e c t i v i t y  and i s o m e r iz a t io n  

a lw a y s  d e c r e a s e d . T h e r e f o r e ,  s e l e c t i v i t y  and i s o m e r iz a t io n  

a re  a p p a r e n t ly  in d ep en d e n t o f  th e  c a t a l y s t  c o n c e n t r a t io n .  

They d ep en d , h o w ev er , on th e  c o n c e n tr a t io n  o f  r e a c t a n t s  a t  

th e  s u r fa c e  and p r o b a b ly  on te m p e r a tu r e ,

The d a ta  p r e s e n te d  h e r e  a g r e e  w ith  t h e  f in d in g s  o f  

K ra n e(l^ ) in  t h a t  th e  o v e r a l l  h y d r o g e n a t io n  r a te  in c r e a s e s  

w ith  te m p e r a tu r e , p r e s s u r e  and c a t a l y s t  c o n c e n t r a t io n ,  

K rane*s r e s u l t s  a re  s i m i la r  t o  th e  p r e s e n t  f in d in g s  in  t h a t  

th e  h y d r o g e n a tio n  r a t e  t e n d s  t o  ap p roach  z e r o  a t  an  a p p r o x i

mate tem p er a tu r e  o f  103°C  ( s e e  F ig u r e  1 7 ) ,  H is  f in d in g s  

a l s o  a g r e e  w ith  th e  r e s u l t s  o f  th e  p r e s e n t  d a ta  in  t h a t  

r a i s i n g  th e  p r e s s u r e  n o t  o n ly  in c r e a s e s  th e  r a t e  o f  r e a c t io n ,  

but a l s o  h a s  a te n d e n c y  t o  make t h e  r a t e  more c l o s e l y  a p 

p roach  f i r s t  o r d e r  b e h a v io u r  w ith  r e s p e c t  t o  c o n c e n tr a t io n  

o f  th e  u n s a t u r a t e .  T h is  i s  c l e a r l y  shown i n  F ig u r e  5 by th e  

l i n e a r i t y  o f  t h e  p lo t  a t  140 p s ig  a l l  d u r in g  t h e  c o u r se  o f  

th e  r e a c t io n  a s  com pared t o  t h e  l i n e a r i t y  o f  t h e  p lo t  o n ly  

a t  an I ,V ,  o f  80  or  l e s s  f o r  lo w e r  p r e s s u r e s .  K rane, how

e v e r ,  d id  n o t s tu d y  s e l e c t i v i t y  o r  i s o m e r iz a t io n .  He a l s o  

d id  n o t e l im in a t e  m ass t r a n s f e r  r e s i s t a n c e s  in  h i s  i n v e s t i 

g a t i o n .

The r e s u l t s  o f  t h e  p r e s e n t  r e s e a r c h  a l s o  a g r e e  w ith  

th e  f in d in g s  o f  Zimov* ev^^^) t h a t  in  th e  h y d r o g e n a t io n  o f
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f a t s  w ith  a red u ced  n i c k e l  fo rm a te  c a t a l y s t ,  th e  f o l lo w in g  

i s  n o te d :

(a )  The change in  io d in e  v a lu e  w ith  r e s p e c t  t o  tim e  

i s  p r o p o r t io n a l  t o  t h e  io d in e  v a lu e  o f  th e  f a t  ( s e e  e q u a t io n  

IV -  3 ) .

(b ) The p seu d o  f i r s t  o r d e r  r e a c t io n  r a t e  c o n s t a n t s  

in c r e a s e  a t  th e  b e g in n in g  o f  th e  h y d r o g e n a tio n  r e a c t io n  

th e n  become c o n s ta n t  ( s e e  F ig u r e s  4 -7 )  <»

(*c) The h y d r o g e n a t io n  r a t e s  a r e  p r o p o r t io n a l  t o  th e  

amount o f  c a t a l y s t  in  t h e  o i l  w ith  th e  r a te  e x t r a p o la t in g  t o  

z e r o  w ith  z e r o  c a t a l y s t  ( s e e  F ig u r e  1 9 ) .

Z im o v 'ev , h o w ev er , d id  n o t s tu d y  in  t h i s  i n v e s t i g a -  

t i o n ( ^ 5 )  s e l e c t i v i t y ,  i s o m e r iz a t io n ,  o r  th e  e f f e c t s  o f  p r e s 

su re  in  h y d r o g e n a t io n  o f  v e g e t a b le  o i l s .

S e l e c t i v i t y  by d e f i n i t i o n  r e s u l t s  in  h ig h e r  r e a c t io n  

r a t e s  f o r  l i n o l e i c  a c id  th a n  f o r  o l e i c  a c id .  Assume t h a t  

t h e  r a t e  o f  s u r fa c e  r e a c t io n  f o r  l i n o l e i c  a c id  w ith  h yd rogen  

i s :

rL = klALCHg (V -  1)

and  t h a t  f o r  o l e i c  a c id  i s

ro  = kQAoCpj  ̂ (V -  2 )

w here

k]̂  z  r e a c t io n  v e l o c i t y  c o n s ta n t  f o r  l i n o l e i c  a c id

kg = r e a c t io n  v e l o c i t y  c o n s ta n t  f o r  o l e i c  a c id

Al = c o n c e n tr a t io n  o f  l i n o l e i c  a c id  a t  th e  c a t a l y s t



66
i n t e r f a c e

Aq = C o n c e n tr a t io n  o f  o l e i c  a c id  a t  th e  c a t a l y s t  
in t e r f a c e

CHo = C o n c e n tr a t io n  o f  h yd rogen  a d so rb ed  on th e  
c a t a l y s t  s u r fa c e

The a d so rb ed  h yd rogen  c o n c e n tr a t io n ,  C^^, i s  c o n s ta n t  a t  a  

g iv e n  t im e  f o r  b o th  th e  l i n o l e i c  and o l e i c  h y d r o g e n a t io n .

Then in  o r d e r  f o r  r^ t o  be b ig g e r  th a n  rg  ( i . e . ,  s e l e c t i v i t y  

p r e v a i l i n g ) ,  sh o u ld  be b ig g e r  th a n  kQ vdien A%, -  A q  o r  Al 

sh o u ld  be b ig g e r  th a n  A q  when kL ■ k g . I t  i s  p r o b a b le , how

e v e r ,  t h a t  kL z kQ b e ca u se  o f  t h e  c o n s ta n c y  o f  th e  pseu d o  

r e a c t io n  r a t e  c o n s ta n t  (k * ) f o r  a g iv e n  run a t  an  io d in e  

v a lu e  o f  60 o r  l e s s .  I t  f o l l o w s  th e n  t h a t  Al i s  p r o b a b ly  

g r e a t e r  th a n  A q .  T h is  seem s t o  i n d ic a t e  t h a t  l i n o l e i c  a c id  

i s  p r e f e r e n t i a l l y  ad so rb ed  t o  o l e i c  a c i d .  T h is  phenomenon  

e x p la in s  s e l e c t i v i t y  and r u l e s  o u t th e  p o s s i b i l i t y  o f  random  

a d s o r p t io n  o f  l i n o l e i c  a c i d .

In  t h e  p r e s e n t  r e s u l t s  and th o s e  o f  B a i l e y , (^ 2) i n 

c r e a s e s  in  s e l e c t i v i t y  w ere accom p an ied  by in c r e a s e s  in  

i s o - o l e i c  a c id  f o r m a t io n . I f  lo w e r  h y d r o g e n a t io n  r a t e s  p e r  

g iv e n  q u a n t i ty  o f  c a t a l y s t  r e s u l t e d  in  g r e a t e r  s e l e c t i v i t y  

and more i s o m e r iz a t io n ,  th e n  t h e  p rop osed  m echanism  o f  

p r e f e r e n t i a l  a d s o r p t io n  w h ich  w as u sed  t o  e x p la in  s e l e c t i v 

i t y  co u ld  p o s s i b l y  be u sed  t o  e x p la in  i s o m e r i z a t i o n .  At 

lo w e r  h y d r o g e n a t io n  r a t e s  more t im e  i s  a v a i l a b l e  f o r  p r e f e r 

e n t i a l  a d s o r p t io n  on th e  c a t a l y s t  s u r f a c e .  Waen a norm al 

- (-cxs-)—o l e i c - a c id  r a dicaX JL s- a d so r b e d_on t h e  c a t a l y s t —su r fa c e ! ,
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a l i n o l e i c  a c id  r a d i c a l ,  w h ich  i s  p r e f e r e n t i a l l y  a d so r b e d ,  

w i l l  t e n d  t o  r e p la c e  i t  • The c i s  o l e i c  a c id  w i l l  p r o b a b ly  

be d e s o r b e d , i f  t im e  i s  a v a i l a b l e ,  e i t h e r  by r ep la c em e n t  

w ith  l i n o l e i c  a c id  o r  by s im p le  d e s o r p t io n  w ith o u t r e p la c e 

m en t. The l a t t e r  c o u ld  be e x p e c te d  t o  be r a th e r  common i f  

th e  b in d in g  f o r c e s  o f  t h e  c a t a l y s t  t o  t h e  o l e i c  a c id  a r e  

r e l a t i v e l y  w eak . When th e  o l e i c  a c id  i s  d eso rb ed  i t  may be ' 

t h a t  i t  i s o m e r iz e s  t o  i s o  ( t r a n s )  o l e i c  a c i d ,  w hich  i s  t h e  

g e o m e tr ic  i s o m e r . T h is  i s o - o l e i c  form  i s  r e p o r t e d ly  more 

s t a b le  th a n  t h e  c i s  fo r m . When t h e  r a te  o f  h y d r o g e n a t io n  

f o r  a g iv e n  amount o f  c a t a l y s t  i s  h ig h ,  th e  a d s o r p t io n  o f  

t h e  u n s a tu r a te s  on t h e  c a t a l y s t  s u r fa c e  i s  a p p a r e n t ly  much 

more random w ith  r e g a r d  t o  l i n o l e i c  and o l e i c  a c id s  th a n  a t  

s lo w e r  r a t e s .  C o n se q u e n tly  l e s s  p r e f e r e n t i a l  a d s o r p t io n  

t a k e s  p la c e  r e s u l t i n g  in  lo w er  s e l e c t i v i t i e s  and lo w e r  

i s o - o l e i c  a c id  fo r m a t io n .

The low  c a t a l y s t  run (Run 5) i s  th e  o n ly  run i n  

vdiich h ig h e r  i s o - o l e i c  a c id  fo r m a tio n  i s  n o t accom p an ied  by 

a p p r e c ia b ly  h ig h e r  s e l e c t i v i t y .  T h is  c o u ld  be e x p la in e d  by  

t h e  f a c t  t h a t  t h e  amount o f  h y d r o g e n a t io n  p erform ed  by a 

g iv e n  amount o f  c a t a l y s t  i s  a t  l e a s t  t w ic e  a s  much a s  any  

o th e r  r u n . C o n se q u e n tly , t h e  in c r e a s e d  i s o - o l e i c  a c id  f o r 

m a tio n  n o te d  i s  p r o b a b ly  c a u se d  by ch an ges in  th e  c a t a l y s t  

a c t i v i t y  due t o  in c r e a s e d  u s e .  The r e l a t i v e l y  lo w  r a t e s  o f  

h y d r o g e n a t io n  f o r  t h i s  ru n  ( s e e  F ig u r e  6) p r o b a b ly  a r e  

-ca u s e d m a in ]y  by t h i s  f a c t ,  t o o .  I t  i s  p o s s i b l e ,  h o w ev er .
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t h a t  any c a t a l y s t  p o is o n s  i n  th e  o i l  would a f f e c t  t h i s  run  

t o  an a p p r e c ia b ly  h ig h e r  e x te n t  th a n  t h e  o th e r  r u n s .

I t  i s  o f  i n t e r e s t  t o  n o te  t h a t  th e  r a t e  o f  h y d ro 

g e n a t io n  f o r  m ost ru n s i s  q u i t e  low  a t  th e  s t a r t  o f  th e  r u n . 

As th e  h y d r o g e n a t io n  p r o g r e s s e s ,  th e  r a t e  in c r e a s e s  u n t i l  i t  

i s  r e p r e s e n te d  e s s e n t i a l l y  by e q u a t io n  (IV - 1 ) .  The i n i t i a l  

s lo w  h y d r o g e n a t io n  i s  c a u se d  p ro b a b ly  by t r a c e  compounds in  

th e  f a t s  su ch  a s  a ld e h y d e s  and k e t o n e s ,  e t c .  T hese com

pounds a p p a r e n t ly  h y d r o g e n a te  s lo w ly  bu t p r e f e r e n t i a l l y  t o  

l i n o l e i c ,  o l e i c ,  and i s o - o l e i c  a c i d s .

The e q u a t io n s  d e v e lo p e d  f o r  e x p r e s s in g  th e  co n cen 

t r a t i o n  o f  th e  v a r io u s  a c id s  a s  a f u n c t io n  o f  t h e i r  o r i g i n a l  

c o n c e n tr a t io n s  and o f  t h e  r e l a t i v e  r e a c t io n  v e l o c i t y  con 

s t a n t s  w ere u sed  t o  q u a n t i t a t i v e l y  m easure s e l e c t i v i t y  and 

i s o m e r iz a t io n .  The e q u a t io n s  a r e  a c o n t in u a t io n  o f  

B a i l e y * s w o r k .  H ow ever, th e y  c o n ta in  a d d i t io n a l  term s  

w hich w ere u sed  t o  q u a n t i t a t i v e l y  m easure t h e  r e l a t i v e  r e 

a c t i o n  r a t e  c o n s t a n t s  f o r  t h e  fo r m a tio n  o f  i s o - o l e i c  a c i d .  

T h ese e q u a t io n s  w ere fou n d  t o  f i t  th e  d a ta  o f  s e v e r a l  o f  th e  

ru n s co n d u cted  i n  t h e  p r e s e n t  w ork . The r e s u l t s  i n d ic a t e  a s  

can be s e e n  by t h e  r e l a t i v e  r e a c t io n  r a t e  c o n s ta n t s  ( s e e  

T ab le  I I )  t h a t  i s o - o l e i c  a c id  i s  form ed n o t o n ly  by th e  

i s o m e r iz a t io n  o f  c i s - o l e i c ,  bu t i s  a l s o  form ed by th e  h yd ro

g e n a t io n  o f  l i n o l e i c  a c i d .  H ow ever, i t  i s  n o te d  t h a t  l i n 

o l e i c  a c i d ,  in  m ost c a s e s ,  h y d r o g e n a te s  p red o m in a n tly  t o  

c i s - o l e i c .  In  a d d i t io n ,  th e  r e s u l t s  i n d i c a t e  t h a t  i s o - o l e i c
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a c id  h y d r o g e n a te s  more r a p id ly  th a n  c i s - o l e i c  a c i d .  The a s 

su m p tio n s made in  t h e  d e r iv a t i o n  o f  t h e s e  e q u a t io n s  t h a t  a l l  

s t e p s  a re  i r r e v e r s i b l e  may n o t  be a p p l ic a b le  i n  a l l  c a s e s .  

T h is  c o u ld  be e s p e c i a l l y  t r u e  i n  t h e  i s o m e r iz a t io n  s t e p  o f  

c i s  t o  i s o - o l e i c  a c i d .

The e m p ir ic a l  e q u a t io n

£  = 0 ,0 0 0 0 S 2 1 (T -lO 3 )  (P ) ( I , V , )  (V -  3)w

d e v e lo p e d  t o  c o r r e la t e  t h e  p r e s e n t  d a ta  show s t h a t  a t  con

s t a n t  u n s a tu r a t io n  th e  r a te  o f  h y d r o g e n a tio n  (a t  an  I , V ,  o f  

Ô0 or  l e s s )  i s  p r o p o r t io n a l  t o  th e  h y d ro g en  p r e s s u r e .  T h is  

f in d in g  a g r e e s  w ith  t h e  r e s u l t s  o f  Wynkoop^^^) f o r  th e  

h y d r o g e n a t io n  o f  e th y le n e  o v e r  c o p p e r -m a g n e s ia  c a t a l y s t ,  

and w ith  t h o s e  o f  Sussm an e t  al^^^^ f o r  t h e  h y d r o g e n a t io n  o f  

p r o p y le n e  o v e r  a s i m i la r  c a t a l y s t .  S im i la r  r e s u l t s  were  

found  in  t h e  work o f  G o l 'd a n s k i i  and E lo v itch ^ ^ ^ ^  c o n c e r n in g  

th e  h y d r o g e n a t io n  o f  o l e i c  a c id  i n  b o th  a l c o h o l  and a c e t i c  

a c id  s o l u t i o n s .  In  a lm o s t  a l l  c a s e s  t h e  r e a c t io n  i s  r e 

p o r te d  f i r s t  o rd er  w ith  r e s p e c t  t o  h y d ro g en  and z e r o  ord er  

w ith  r e s p e c t  t o  t h e  o l e i c  a c i d .  T h is  may in d ic a t e  in  th a t  

work t h a t  m ass t r a n s f e r  r e s i s t a n c e s  w ere s i g n i f i c a n t ,

The e m p ir ic a l  e q u a t io n  (V -  3 )  f u r t h e r  show s t h a t  

th e  h y d r o g e n a t io n  r a t e  i s  z e r o  a t  a te m p e r a tu r e  o f  1 0 3 °C , 

T h is  i s  a l s o  n o te d  i n  Krane * s  ̂ ) s tu d y  w hich  c o v e r e d  th e

te m p e r a tu r e  ran ge from  1 2 0 ° t o  2 0 0 °C , T h is  c o u ld  be a t t r i b 

u te d  t o  h i s  u se  o f  a c a t a l y s t  s i m i la r  t o  t h a t  u sed  i n  th e
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p r e s e n t  w ork . E q u a tio n  (V -  3 ) a l s o  show s th e  h y d r o g e n a t io n  

r a t e  t o  in c r e a s e  l i n e a r l y  w ith  t e m p e r a tu r e . The r e s u l t s  o f  

B a i l e y ^ ^  a g r ee  w ith  t h i s  f i n d i n g .

The e m p ir ic a l  e q u a t io n  (V - 3 )  can  p r o b a b ly  be u sed  

t o  p r e d ic t  r a te  v a lu e s  in  com m ercia l o p e r a t io n s  w it h in  th e  

ran ge  o f  th e  e x p e r im e n ta l  v a r ia b le s  s t u d ie d  h e r e .  T h is  

sh o u ld  be t r u e  i f  m ass t r a n s f e r  r e s i s t a n c e s  a re  e l im in a t e d .  

The e q u a t io n  sh o u ld  be u sed  w ith  c a u t io n  i f  a p p l ie d  beyond  

th e  r a n g e  o f  o p e r a t in g  c o n d i t io n s  from  w h ich  i t  was d e v e l 

o p e d . I t  i s ,  h o w ev er , f e l t  t h a t  i t  can  p r e d ic t  w ith  f a i r  

a c c u r a c y  r a t e s  i n  t h e  r a n g e s ;

(a )  115 t o  2 0 0 °C . The u p p er  l i m i t  seem s v a l id

b e c a u se  o f  Krane * s  w ork .

(b ) A l l  p r e s s u r e s  up t o  140 p s i g .

( c )  Up t o  0 .2 ^  n i c k e l  c a t a l y s t  c o n c e n t r a t io n .  T h is  

sh o u ld  be t r u e  i f  th e  c a t a l y s t  p a r t i c l e s  a r e  u n a f f e c t e d  by 

ea ch  o t h e r  and i f  th e  a c t i v i t y  o f  t h e  c a t a l y s t  d u r in g  a run  

rem a in s u n ch an ged .

E q u a tio n  (V -  3 )  c o u ld  be w r i t t e n  a t  a  c o n s ta n t  

te m p e r a tu r e  a s :

f  .  C(Ph) ( I . V . )  (V -  4)
w

I f  i t  i s  assum ed t h a t

(a )  H ydrogen b e h a v e s  e s s e n t i a l l y  a s  an i d e a l  g a s  

su ch  t h a t  th e  h yd rogen  p r e s s u r e  e q u a ls  i t s  a c t i v i t y ,  o r  

Py B Ajj a t  s ta n d a r d  s t a t e  u n i t  f u g a c i t y .
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(b ) I o d in e  v a lu e  i s  p r o p o r t io n a l  t o  th e  a c t i v i t y  ofj 

t h e  u n s a tu r a t e .  A y.

As a r e s u l t  o f  t h e s e  a s su m p tio n s  e q u a t io n  {Y  -  4 ) can  be nov»̂  

w r it t e n  a s :
£  = C»(Ah ) (Ay) (V -  5)
w

C* d o es n o t n e c e s s a r i l y  h ave  t o  be an a b s o lu t e  c o n s t a n t ,  i f  

i t  d e v ia t e s  w ith  p r e s s u r e ,  i t  d e c r e a s e s  v e r y  s l i g h t l y  ( s e e  

F ig u r e  1 8 ) .  C*, i f  i t  d e v i a t e s  w ith  A y, w i l l  d e c r e a s e  v e r y  

s l i g h t l y  ( s e e  F ig u r e s  4 - 7 ) .

In  an e f f o r t  t o  p r o p o se  a r e a c t i o n  m echanism  f o r  t h e  

h y d r o g e n a t io n  o f  c o t to n s e e d  o i l  a s  c o n d u cte d  in  t h i s  work a |  

com p arison  was made b etw een  t h e  r a t e  e q u a t io n  (V -  5) d e 

v e lo p e d  h e r e  and t h o s e  o f  Hougen e t  f o r  s e v e n te e n

c a t a l y t i c  m echanism s ( s e e  A p pend ix  D, M echanism s a  t o  q ) .

They assum ed t h a t  one c h e m ic a l s t e p  i s  r a t e  c o n t r o l l i n g .  In  

t h e  p r e s e n t  s tu d y  i t  can be assum ed t h a t  th e  term s in v o lv in g :  

t h e  r e v e r s e  r e a c t i o n  drop  ou t o f  t h e  r a t e  e x p r e s s io n s  b e c a u se  

o f  th e  h ig h  h y d r o g e n a t io n  e q u il ib r iu m  c o n s t a n t .  T h is  a s 

su m p tion  i s  su p p o r te d  by i n d i c a t i o n s  i n  t h e  l i t e r a t u r e   ̂ ^

t h a t  t h e  r e v e r s e  r e a c t io n  in  t h e  h y d r o g e n a t io n  o f  an o l e f i n  

or  a g ly c e r id e  i s  n e g l i g i b l e  up t o  te m p e r a tu r e s  o f  200°C ,

The r a te  e q u a t io n s  th e n  d e v e lo p e d  by Hougen e t  a l  t h e n  

s im p l i f y  t o  ta k e  t h e  f o l lo w in g  g e n e r a l  form :

= A % % p tio n ^ ™ rg  (D r iv in g  f o r c e  term ) (V -  6a)

= T T P  Ah o r  J Y P  Ay o r  ( A y )  (Ay)  (V -  6 b )
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w here

B r  K in e t ic  ter m ; t h i s  i s  a f u n c t io n  o f  th e  fo rw a rd  
r a t e  c o n s t a n t ,  e q u il ib r iu m  c o n s t a n t s  and t h e  
number o f  m o la l  a c t i v e  c e n te r s  p er  u n i t  m a ss . 
T h is  term  i s  c o n s ta n t  a t  a g iv e n  te m p e r a tu r e .

Y -  A d so r p tio n  term ; t h i s  i s  a f u n c t io n  o f  e q u i l i b 
rium  c o n s t a n t s  and a c t i v i t i e s  o f  r e a c t a n t s ,  
p r o d u c ts ,  and i n e r t s .

A = D r iv in g  f o r c e  ter m , e x p r e s s e d  a s  a c t i v i t y  o f  
r e a c t a n t s ,  w here th e  s u b s c r ip t  H r e f e r s  t o  
hyd rogen  and U t o  th e  u n s a tu r a te d  com p on en t.

In  com paring e q u a t io n s  (V -  5) and (V -  6 a ) i t  c o u ld  be

shown t h a t  i f  (Ay) (Ay)  i s  t h e  d r iv in g  f o r c e  th e n

C» _ K in e t ic  term  l y  _
" A d so r p tio n  term

I n  com paring t h e  e m p ir ic a l  r a te  e q u a t io n  (V -  5 ) d e v e lo p e d  

i n  t h i s  work w ith  th e  r a t e  e q u a t io n s  p ro p o sed  by Hougen e t  

a l , m e c h a n i s m s  a ,  b , e ,  f ,  i ,  1 ,  and q sh o u ld  be e l im 

i n a t e d .  T h is  i s  b e c a u se  t h e s e  m echanism s e x p r e s s  t h e  r a t e s  

a s  a f u n c t io n  o f  o n ly  h yd rogen  or  u n sa tu r a te  a c t i v i t y .  T h is  

i s  n o t  t r u e  in  c a s e  o f  th e  d a ta  p r e s e n te d  h e r e  f o r  w h ich  th e  

r a t e  e q u a t io n  (V -  5) i s  a  f u n c t io n  o f  b o th  h y d ro g en  p r e s 

su r e  and u n s a tu r a te  c o n c e n tr a t io n  p er  u n i t  m ass o f  c a t a l y s t .

A l l  th e  d e s o r p t io n  s t e p s  p ro p o sed  by Hougen e t  a l^ ^ l)  

a s  p o s s i b l e  r e a c t io n  m echanism s c o u ld  be e l i m in a t e d .  T h is  

i s  b e c a u se  th e  a d s o r p t io n  term s c o n ta in  i n  th e  n u m erator  a  

K’ term  ( i . e . ,  h y d r o g e n a t io n  e q u il ib r iu m  c o n s t a n t )  m u l t ip l i e d
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b y  t h e  a c t i v i t i e s  o f  h yd rogen  and th e  u n s a t u r a t e .  T h is  

m eans t h a t  t h e  a d s o r p t io n  term  w i l l  in c r e a s e  r a p id ly  w ith  

in c r e a s e  o f  p r e s s u r e  o r  u n s a t u r a t io n .  I t  w i l l  t h e r e f o r e  

r e s u l t  i n  s m a l le r  C* and s m a lle r  r a t e s .  T h is  i s  c o n tr a r y  

t o  what h a s  b een  fou n d  in  t h i s  work and h e n c e  e l im in a t e s

m echan ism s c ,  g ,  J , m, and p .

In  t h e  c a se  o f  t h e  m echanism s in  w hich  th e  u n s a tu 

r a t e  i s  ch em isorb ed  on t h e  c a t a l y s t  s u r f a c e ,  i t  i s  t o  be

e x p e c te d  t h a t  t h e  a d s o r p t io n  e q u il ib r iu m  c o n s ta n t  f o r  l i n o 

l e i c  a c id  w ould  be b ig g e r  th a n  t h e  one f o r  o l e i c  a c i d .  This! 

seem s t o  be v e r i f i e d  by t h e  e x p la n a t io n  t h a t  l i n o l e i c  a c id  

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

l a t e d  t h a t  t h e  a d s o r p t io n  e q u il ib r iu m  c o n s ta n t  o f  th e  s t e a r i c  

w ou ld  be s m a lle r  th a n  t h a t  o f  th e  o l e i c  due t o  d e c r e a s e d  un

s a t u r a t i o n .  Then t h e  m echanism s ( d ,  h ,  and  o) c o u ld  n o t  be  

u s e d  t o  e x p la in  th e  p r e s e n t  d a t a .  T h is  i s  b e c a u s e , a s  

h y d r o g e n a t io n  p r o g r e s s e s ,  A%j w i l l  d e c r e a s e  and A3 w i l l  i n 

c r e a s e  . The n e t  r e s u l t  w i l l  be a d e c r e a s e  o f  th e  a d s o r p t io n  

te r m , th u s  an  in c r e a s e  in  C*. T h is  w as e a r l i e r  shown t o  be 

i n c o n s i s t e n t  w ith  t h e  r e s u l t s  o f  t h i s  s t u d y .

T h is  l e a v e s  t h e  f o l lo w in g  tw o m echan ism s:

S te p  k : R e a c t io n  b etw een  ch em iso rb ed  m o le c u la r  h yd rogen

and u n ad sorb ed  (n o t  c h e m iso rb ed ) u n s a tu r a te  

where t h e  s u r fa c e  r e a c t i o n  i s  c o n t r o l l i n g .

S te p  n; R e a c t io n  b etw een  ch em iso rb ed  a to m ic  h yd rogen  

and u n a d so rb ed  (n o t  c h e m iso rb ed ) u n s a tu r a te
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where t h e  s u r f a c e  r e a c t i o n  i s  r a t e  c o n t r o l l i n g .  

I f  t h e  u n s a t u r a t e  i s  not c h e m iso rb ed , i t  i s  im p rob ab le  t h a t  

t h e  s a t u r a t e  would be a d so rb ed  t o  any a p p r e c ia b le  e x t e n t .  

Hence Kg ( f o r  t h e  s a t u r a t e )  would be s m a l l .  I f  (Kj^Ajj) i s  

a l s o  assum ed t o  be s m a l l ,  th e n  e i t h e r  mechanism (k o r  n) 

c o u ld  f i t  t h e  d a ta  o f  t h e  p r e s e n t  i n v e s t i g a t i o n .  In  e i t h e r  

o f  t h e s e  m echan ism s, th e  a d s o r p t io n  term  rem a in s  e s s e n t i a l l y  

c o n s t a n t  o r  c o u ld  i n c r e a s e  s l i g h t l y  a s  th e  h y d r o g e n a t io n  

p r o g r e s s e s  or  a s  t h e  hyd rogen  p r e s s u r e  i n c r e a s e s .  The i n 

c r e a s e  would  p r o b a b ly  be g r e a t e r  i n  t h e  c a s e  o f  a t o m i c a l l y  

a d so rb ed  h yd rogen  s i n c e  t h e  a d s o r p t io n  term  i s  sq u a r e d .

S in c e  C* i n  e q u a t io n  (V -  5) sh o u ld  rem ain c o n s t a n t  o r  c o u ld  

d e c r e a s e  s l i g h t l y  a s  p r e v i o u s l y  e x p l a in e d ,  t h e  mechanism o f  

r e a c t i o n  betw een  m o l e c u l a r l y  a d so rb ed  h y d rogen  and u n sa tu 

r a t e  i n  t h e  f l u i d  phase  w ith  t h e  s u r f a c e  r e a c t i o n  c o n t r o l 

l i n g  i s  t h e  one p ro p o sed  t o  e x p l a i n  t h e  h y d r o g e n a t io n  d a ta  

o b ta in e d  h e r e .  S in c e  t h e  mechanism  p ro p o sed  h e r e  i n d i c a t e s  

t h a t  t h e  u n s a t u r a t e  i s  n o t  ch em isorb ed  and s i n c e  s e l e c t i v i t y  

and i s o m e r i z a t i o n  m echanism s i n d i c a t e  p r e f e r e n t i a l  a d so r p 

t i o n  o f  l i n o l e i c  r e l a t i v e  t o  o l e i c , i t  seem s p r o b a b le  t h a t  

t h e  p r e f e r e n t i a l  a d s o r p t io n  i s  p h y s i c a l  i n  n a tu r e  r a t h e r  

t h a n  c h e m ic a l .  K r a n e h a s  p r o p o sed  a m echanism  s i m i l a r  

t o  t h i s  p r e s e n t e d  h e r e  f o r  t h e  l i q u i d  ph ase  h y d r o g e n a t io n  o f  

e t h y l  o l e a t e .  The s i m i l a r i t y  o f  t h e  f e e d ,  c a t a l y s t ,  e q u ip 

m en t, and o p e r a t in g  c o n d i t i o n s  u se d  h e r e  w i th  t h o s e  u s e d  by  

Krane c o u ld  a c c o u n t  f o r  t h e  s i m i l a r i t y  o f  h i s  mechanism  t o
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t h a t  p ro p osed  h e r e .

The mechanism p ro p o sed  from t h e s e  d a ta  f o r  t h e  

h y d r o g e n a t io n  o f  c o t t o n s e e d  o i l  i s  o n ly  p r o b a b le .  I t  c o u ld  

n o t  be d e f i n i t e l y  p ro ved  b e c a u se  t h e  work done h e r e  d o e s  not  

p r o v id e  enough d a ta  t o  e s t a b l i s h  a c o n c l u s i v e  m echanism .

The r e s u l t s  p r e s e n te d  h e r e  w ere l i m i t e d  by a  p r e v a i l i n g  low  

s e l e c t i v i t y  b eca u se  o f  t h e  e l i m i n a t i o n  o f  m ass t r a n s f e r  r e 

s i s t a n c e s .  I t  i s  th o u g h t  t h a t  t h i s  work h a s ,  h ow ever ,  

th row n  c o n s id e r a b le  l i g h t  on h y d r o g e n a t io n  m echanism s i n  

h e te r o g e n e o u s  s y s t e m s .  I t  c o u ld  be f o l l o w e d  up w ith  more 

a s s u r a n c e s  th a n  p r e v i o u s l y  f o r  t h e  p u rp ose  o f  a r r i v i n g  a t  a  

more c o n c lu s i v e  m echan ism .



CHAPTER VI 

CONCLUSIONS

In  t h e  h y d r o g e n a t io n  o f  c o t t o n s e e d  o i l  under v a r i 

a b l e  o p e r a t i n g  c o n d i t i o n s  ( te m p e r a tu r e  o f  115 t o  1 6 0 °C , 

h yd rogen  p r e s s u r e  o f  20 t o  140  p s i g ,  com m erc ia l Harshaw  

n i c k e l  c a t a l y s t  c o n c e n t r a t i o n  o f  0 . 0 3  t o  0.15% and a g i t a t i o n  

from  550 rpm t o  1760 rpm) t h e  f o l l o w i n g  r e s u l t s  were  

o b t a in e d :

l o  O v e r a l l  h y d r o g e n a t io n  r a t e  can  be c o r r e l a t e d  

w i t h i n  10% by:

r  = O.OOOOÔ2KI o d in e  V a lu e ) ( P H ,p s ia ) ( T ° C - 1 0 3 ) (%Ni by w e ig h t )  

a t  So I . V .  o r  l e s s  when m ass t r a n s f e r  r e s i s t a n c e s  a r e  e l i m 

i n a t e d .

2 .  M ass t r a n s f e r  r e s i s t a n c e s  were e l i m in a t e d  i n  

m ost o f  t h e  h y d r o g e n a t io n  ru n s  made i n  t h i s  s t u d y .  T h is  

a l lo w e d  f o r  a b e t t e r  i n s i g h t  i n t o  t h e  r e a c t i o n  m echanism .

3 .  The e m p i r i c a l  e q u a t io n  p r e s e n t e d  h e r e  d o e s  n o t  

p r e d i c t  r a t e  d a ta  f o r  lo w  a g i t a t i o n  (Run 12 )  s i n c e  mass  

t r a n s f e r  r e s i s t a n c e s  were n o t  e l i m i n a t e d .  I t  a l s o  d o e s  n o t  

p r e d i c t  r a t e  d a ta  f o r  t h e  low  c a t a l y s t  c o n c e n t r a t i o n  (Run 5) 

s i n c e  t h e  a c t i v i t y  o f  t h e  c a t a l y s t  p r o b a b ly  c h a n g es  d u r in g
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t h e  r u n .

4* The e m p i r i c a l  e q u a t io n  d o e s  n o t  p r e d i c t  r a t e

d a t a  a t  i o d i n e  v a l u e s  o f  60 o r  more f o r  most o f  t h e  r u n s .

T h is  i s  a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  t r a c e  compounds ( e . g .  

a l d e h y d e s ,  k e t o n e s ,  e t c . )  w h ich  h y d r o g e n a te  s lo w e r  th a n  

l i n o l e i c  or  o l e i c  a c i d  but p r e f e r e n t i a l  t o  e i t h e r  o n e .

5o S e l e c t i v i t y  and i s o  ( t r a n s )  o l e i c  a c i d  f o r m a t io n  

a r e  d e c r e a s e d  w i t h  i n c r e a s e d  o p e r a t i n g  p r e s s u r e .  They a r e  

a l s o  d e c r e a s e d  w i th  i n c r e a s e d  a g i t a t i o n  u n t i l  m ass t r a n s f e r  

r e s i s t a n c e s  a r e  e l i m i n a t e d .

6 .  S e l e c t i v i t y  and i s o  ( t r a n s )  o l e i c  a c i d  fo r m a t io n

a r e  n o t  a f f e c t e d  by c h a n g es  i n  c a t a l y s t  c o n c e n t r a t i o n  a s

lo n g  a s  t h e  c a t a l y s t  m a in t a in s  i t s  a c t i v i t y  and m ass t r a n s 

f e r  r e s i s t a n c e s  a r e  n e g l i g i b l e .

7 » S e l e c t i v i t y  i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by  

i n c r e a s e  i n  t e m p e r a t u r e .  I s o - o l e i c  a c i d  f o r m a t io n ,  h o w ev er ,  

i s  f a v o r e d  by te m p e r a tu r e  i n c r e a s e s .

6 .  S e l e c t i v i t y  and i s o m e r i z a t i o n  r e s u l t  from  p h y s i 

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

p r e f e r e n t i a l l y  t o  o l e i c  a c i d .

9 .  I n  s e v e r a l  ru n s a q u a n t i t a t i v e  m easurem ent o f  

s e l e c t i v i t y  and i s o m e r i z a t i o n  was made u s in g  r e l a t i v e  r e 

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

1 0 .  A m echanism  was p r o p o sed  f o r  t h e  h y d r o g e n a t io n  

r e a c t i o n .  The s u r f a c e  r e a c t i o n  s t e p  betw een  c h e m iso rb ed
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h yd rogen  and p h y s i c a l l y  a d so r b e d  u n s a t u r a t e  ap p eared  t o  be 

r a t e  c o n t r o l l i n g .  T h is  m echanism  i s  s i m i l a r  t o  t h a t  p r o 

p o sed  by K r a n e f o r  t h e  h y d r o g e n a t io n  o f  e t h y l  o l e a t e .
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TABLE I I I 1
Run 1 .  a t  1 3 0 °C , 60 p s i g ,  0 ,0 7 %  N i ,  and 117 5 rpm 1

Sample Time i n % L i n o l e i c % I s o - o l e i c
No. M in u tes  I o d in e  V alue A c id A cid

1 15 1 0 2 .6 0 4 4 .3 0
1

2 .1 2
2 30 9 3 .5 5 3 5 .3 0 5 .0 3
3 45 7 6 .1 5 2 1 .1 5 1 1 .6 0
4 60 6 4 .8 0 1 2 .9 5 1 3 .8 0
5 75 5 1 .4 0 6 .1 9 1 7 .0 5
6 90 4 0 .7 0 3 . 3 7 1 6 .8 2
7 105 3 5 .0 0 2 .2 3 1 6 .0 5

TABLE IV
1

Run 2 .  a t  1 4 5 °C , 60 p s i g ,  0.075^ N i ,  and 1175 rpm

1 7 9 5 .5 5 3 9 .5 0 2 .2 9
2 14 8 3 .4 5 2 8 .1 0 7 .8 7
3 21 6 8 .5 5 1 6 .5 3 1 2 .1 2
4 28 6 0 .7 5 9 .0 8 1 4 .8 8
5 35 5 2 .0 5 4 . 6 1 1 7 .0 7
6 44 4 4 .8 0 1 .9 1 1 7 .0 0
7 53 3 8 .0 0 0 .6 8 1 5 .0 0

TABLE V

Run 2# a t  1 6 0 °C , 60 p s i g ,  0.075^ N i ,  and 1175 rpm

1 7 8 5 .5 0 2 9 .6 5 8 .0 2
2 11 7 5 .7 0 2 0 .2 5 1 2 .1 8
3 15 6 7 .7 0 1 4 .0 8 1 5 .5 3
4 19 6 2 .8 0 9 .8 2 1 5 .9 5
5 23 5 7 .9 0 6 .9 2 1 9 .3 3
6 29 4 9 .7 5 4 .2 3 1 9 .6 5
7 34 4 4 .5 0 2 .3 7 2 1 .3 5
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TABLE VI

Run a t  115°C , 60 p s i g . 0 .0 7 ^  N i ,  and 1175 rpm

Sample Time i n % L i n o l e i c % I s o - o l e i c
No. M in u te s  I o d in e  V a lu e  A c id A c id

1 30 9 9 .7 0 4 2 .2 0 1 .9 9
2 60 9 1 .0 0 3 2 .8 5 5 .9 2
3 90 8 0 .5 5 2 9 .4 8 8 .5 3
4 120 6 7 .4 0 1 4 .7 0 1 1 .3 7
5 150 5 7 .5 0 7 . 8 0 1 5 .1 3
6 ISO 4 7 .3 0 4 . 5 0 1 5 .9 5
7 210 4 1 .6 0 2 .1 5 1 5 ;  17

TABLE V II

Run a t  130°C, 60 p s i g . 0 .0 3 ^  N i ,  and 1175 rpm

1 60 9 2 .3 0 3 6 .2 5 5 .3 1
2 90 8 5 .9 5 2 9 .6 0 8 . 5 2
3 120 7 9 .6 5 23 .05 1 1 .7 4
4 165 6Ô.05 1 4 .5 3 1 6 .3 4
5 225 5 7 .9 5 7 . 5 8 1 8 .6 8
6 2S5 4 9 .9 5 4 . 0 9 1 9 .1 0
7 375 4 2 .9 0 1 .9 5 1 9 .0 0

TABLE y i i i
-

Run 6 .  a t  130°C, 60 p s i g . 0 .1 1 #  N i ,  and 1175 rpm

1 12 9 8 .2 5 4 2 .2 0 1 .9 4
2 24 8 7 .0 5 3 0 .5 5 7 .5 8
3 36 . 6 8 . 5 0 1 5 .4 0 13 .4 0
4 1+è 5 5 .2 0 7 . 4 0 1 6 .2 4
5 63 4 3 .9 0 2 .5 5 1 7 .0 5
6 78 3 3 .3 2 1 .0 3 1 5 .4 5
7 96 2 7 .7 2 0 .4 3 1 3 .2 8

-------------------------------------------------  1
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TABLE IX

Run %, a t  1 3 0 °C , 60 p s i g ,  Oil5% N i ,  and 1175 rpm

Sample Time i n % L i n o l e i c io I s o - o l e i c
No. M in u tes  I o d in e  V alue A cid A c id

1 10 9 0 .8 0 3 3 .6 0 5 .7 8
2 20 7 1 .7 5 1 7 .1 0 1 2 .0 5
3 30 5 7 .6 0 6 .9 0 1 5 .9 0
4 40 4 5 .7 5 1 .8 5 1 7 .8 6
5 52 3 4 .5 5 0 .6 0 1 5 .0 0
6 60 2 7 .8 0 0 .4 0 1 3 .9 8
7 68 2 2 .3 5 0 . 3 0 1 0 .6 3

I

TABLE X
(

Run Ô. a t  1 3 0 °C , 20 p s i g ,  0 .0 7 ^  N i ,  and 1175  rpm

1 30 9 4 .9 5 3 7 .4 0 5 .0 0
2 45 9 0 .3 7 3 0 .9 0 7 .4 6
3 60 8 2 .9 5 2 4 .7 5 1 0 .7 1

•4 75 7 5 .2 0 1 9 .3 0 1 3 .4 3
5 105 6 2 .5 0 1 0 .1 2 1 7 .7 4
6 150 5 3 .8 5 2 .9 6 2 0 .1 0
7 210 3 6 .4 0 0 .0 0 1 9 .3 2

TABLE XI

Run 2 .  a t  1 3 0 °C , 100 p s i g ,  0 .0 7 ^  N i ,  and 1175 rpm

1 10 9 7 .0 0 4 1 .4 0 2 .9 3
2 20 8 8 .4 2 3 0 .7 5 6 .5 1
3 30 73 .77 2 1 .4 7 1 0 .5 4
4 42 6 0 .1 0 1 2 .1 0 1 3 .6 0
5 57 4 7 .1 0 4 .9 3 1 5 .3 5
6 73 3 7 .4 0 1 .9 3 1 5 .1 0
7 83 3 2 .2 7 1 .2 0 1 4 .6 0

1
- ...................................................................................................................  ... 1
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TABLE X II

Run 1 0 .  a t  130°C , 140  p s i g ,  0 . 07% N i ,  and 1175 rpm

Sample Time i n fo L i n o l e i c % I s o - o l e i c
No. M in u te s  I o d in e  V a lu e A cid A c id

1 10 9 9 .2 0 4 2 . 4 0 2 .1 7
• 2 17 9 0 . 3 0 3 4 .2 0 6 . 3 0

3 24 8 0 .1 5 2 5 .3 0 9 . 0 6
4 3 1 6 8 .0 5 1 6 .3 6 1 1 .6 0
5 40 5 4 . 9 0 8 . 8 1 1 2 .7 5
6 52 4 1 . 2 0 3 . 4 2 1 4 . 1 8
7 60 3 3 .9 7 1 . 9 1 1 3 . 5 4

TABLE X I I I

Run 1 1 .  a t  130°C , 60 p s i g ,  0 , 07% N i, and 1175 rpm

1 15 1 0 0 . 3 0 4 2 ,0 6 0 .5 9
2 30 9 2 . 3 5 3 5 .7 0 4 .2 1
3 45 7 9 . 9 0 2 2 .0 5 9 .6 2
4 60 6 6 .3 5 13 .2 7 1 3 . 3 4
5 75 5 4 . 4 0 6 .8 1 1 5 .4 3
6 90 4 5 . 9 0 3 . 3 1 1 6 . 1 5
7 105 3 8 .8 0 1 .6 0 1 5 .4 4

TABLE XIV

Run 1 2 .  a t  130°C , 60 p s i g ,  0 . 07% N i ,  and 550 rpm

1 30 9 9 .1 5 4 0 . 9 0 3 . 5 8
2 60 9 1 . 1 5 2 9 . 8 0 7 .7 6
3 90 7 8 . 5 0 2 0 .1 0 1 3 .8 4
4 120 6 8 .0 0 1 2 .0 0 1 7 .7 5
5 165 5 2 . 7 0 3 . 5 2 2 1 . 4 8
6 225 3 6 .7 0 0 . 0 0 1 8 . 2 4
7 255 3 0 . 2 0 0 ,0 0 1 6 . 7 4
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TABLE XV

Run 1 3 . a t  1 30°C , 60 p s i g ,  0 ,0 7 %  N i ,  and 1760 rpm

Sample
No.

Time in  
M in u tes I o d in e  V alue

%o L i n o l e i c  
A cid

%o I s o - o l e i c  
A cid

1 13 9 9 .7 0 4 2 . 9 0 2 .0 1
2 26 9 2 .3 0 3 3 .7 5 4 .6 9
3 37 8 5 .0 0 2 6 . 8 5 8 .0 7
4 4S 7 5 .1 0 1 9 .3 7 1 0 .0 0
5 62 6 4 .6 0 1 2 .8 0 1 3 . 4 0
6 79 5 2 .3 0 6 .0 2 1 5 . 9 0
7 99 3 9 . 3 0 2 . 7 4 1 5 .5 5
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TABLE XVI

A v e ra g e  o f  Runs 1 and 11:
a t 130 ^ 0 , 60 p s i g ,  0 .0 7 ^  N i ,  and 1175 rpm

Smoothed % L i n o l e i c  % I s o - o l e i c io T o t a l % S t e a r i c
I o d in e  V alue A cid A c id  O le i c  A c id A c id

1 0 1 .2 4 4 .4 0 1 .6 0 2 8 . 3 0 2 7 . 1 0
9 3 .5 3 5 .7 0 4 .6 0 3 6 . 7 5 2 7 . 7 5
7 9 .6 2 3 . 0 0 9 .7 0 4 6 . 2 0 3 0 . 8 0
6 4 .5 1 2 .5 0 1 3 .8 0 4 9 .8 0 3 7 . 7 0
5 2 . 6 6 .5 0 1 6 .4 0 4 8 . 2 0 4 5 . 3 0
4 3 .5 3 . 3 0 1 6 .3 0 4 3 .9 0 5 2 .8 0
3 6 . 6 1 .8 5 1 5 .8 0 3 8 . 9 0 5 9 . 2 5  111

TABLE XVII

A m  2 . a t  145°C , 60 p s i g ,  O.O79S N i , and 1175 rpm

100 4 3 .7 0 1 . 4 0 2 8 . 4 0 2 7 . 9 0
3 4 .9 0 4 . 6 0 3 4 .4 5 3 0 . 6 5

80 2 6 .0 0 8 .3 5 4 0 . 6 5 3 3 .3 5
70 1 7 .1 0 1 1 . 5 0 4 7 .0 0 3 5 . 9 0
60 9 . 2 0 1 5 . 2 0 . 5 2 . 4 5 3 8 .3 5
50 3 . 6 5 1 7 . 1 0 5 0 . 7 0 4 5 . 6 5
40 0 . 8 0 1 5 .6 0 4 4 . 9 0 5 4 . 3 0

TABLE X V III

Run 2 . a t  160°C , 60 p s i g ,  0 .0 7 ^  N i , and 1175 rpm

100 4 3 .6 0 2 .1 0 2 8 . 6 0 2 7 . 8 0
90 3 4 .0 0 6 .3 5 3 6 . 2 0 2 9 .8 0
80 2 4 .3 0 1 0 . 4 0 4 3 . 7 0 3 1 . 7 0
70 1 5 .2 0 1 4 . 5 0 5 0 .8 0 3 4 .0 0
60 8 .2 5 1 7 .8 0 5 3 .1 5 3 8 . 6 5
50 3 . 6 0 2 0 . 4 0 5 0 . 9 0 4 5 . 5 0
45 2 .7 5 2 1 . 3 0 4 6 . 8 5 5 0 . 4 0

_
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TABLE XIX

Rixn a t 115°C , 60 p s i g ,  0.07# N i ,  and 1175 rpm

Sm oothed % L i n o l e i c  % I s o - o l e i c #  T o t a l #  S t e a r i c
I o d in e  V a lu e A cid A cid O le i c  A cid A c id

100 4 2 .6 0 l .S O 30.40 2 7 .0 0
90 3 1 .5 0 5 .3 0 4 1 .2 0 2 7 .3 0
SO 2 2 .0 0 S.SO 4 8 .6 5 2 9 .3 5
70 1 5 .2 0 1 1 .9 0 5 0 .7 0 3 4 .1 0
60 9 . SO 1 4 .6 0 5 0 ,1 0 4 0 .1 0
50 5 .3 0 1 5 .9 0 4 7 .7 0 4 7 .0 0
45 3 .4 0 1 5 .8 0 4 5 .4 5 5 1 .1 5

• TABLE XX

Run a t 1300c, 60 p s i g ,  0.03# N i ,  and 1175 rpm

100 43.50 2 .0 0 2 S .6 5 27.85
90 3 3 .7 0 6 .6 0 3 6 .9 0 2 9 .4 0
SO 2 3 .9 0 1 1 .7 0 4 4 .8 5 31.25
70 1 5 .5 0 1 5 .7 0 5 0 .2 0 34.30
60 S.SO IS .35 5 2 ,1 0 3 9 .1 0
50 4 .1 0 1 9 .1 0 4 9 .9 0 4 6 .0 0
45 2.5 1 9 .0 0 4 6 .7 0 • 50.SO

TABLE XXI

Run 6 , a t 130O c, 60 p s i g ,  0.11# N i ,  and 1175 rpm

100 4 3 .7 0 l .S O 2S.30 , 2S.00
90 33.90 5 .4 0 3 6 .4 0 2 9 .7 0
So 2 4 .5 0 9.55 4 3 .7 0 31.80
70 1 6 .3 5 1 3 .4 0 4 8 .5 0 3 5 .1 5
60 9 .9 0 1 5 .6 5 4 9 .7 0 4 0 .4 0
50 4.70 1 6 . SO 48.65 4 6 . 6 5
40 1 .7 0 1 6 .7 0 4 3 .1 0 5 5 .2 0
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TABLE X X ll

Run 2» a t 1300c, 60 p s i g ,  0 .1 5 ^  N i ,  and 1175 rpm

Smoothed fo  L i n o l e i c  % I s o - o l e i c #  T o t a l #  S t e a r i c
I o d in e  V alue A cid A cid O le ic  A cid A cid

100 4 3 .3 5 2 .0 0 2S.95 2 7 .7 0
90 3 2 .9 0 5 .6 0 3S.30 2 8 . SO
SO 2 3 .1 5 9 .4 5 4 6 . 4 0 3 0 .4 5
70 1 5 .0 0 1 2 . S5 5 1 .1 5 3 3 .8 5
60 S . 50 1 5 .6 5 5 2 . 7 0 3 8 . 8 0
50 3 .4 0 1 7 .4 0 5 1 . 3 0 4 5 . 3 0
40 1 .0 0 1 7 .3 0 4 4 . 5 0 5 4 .5 0

TABLE X X l l l

Run S . a t 130 0 q , 20 p s i g ,  0.07# N i ,  and 1175 rpm

100 4 2 .3 0 2 .2 3 0 . 9 0 2 6 . 8 0
90 31.35 7.2 4 1 . 5 0 2 7 .1 5
So 2 2 .1 0 1 1 . S 4 S .2 0 2 9 .6 0
70 . 1 4 .3 5 1 5 .7 5 5 2 . 4 0 3 3 . 2 5
60 7 .7 0 1S.S5 5 4 .2 0 3 8 . 1 0
50 2 .4 5 2 0 .0 0 53 .2 0 4 4 , 4 5
40 0 .0 0 1 9 .6 0 4 6 . 5 0 5 3 .5 0

TABLE XXIV

Run £ . a t 13Q0c , 100 p s i g ,  0 .0 7 #  N i ,  and 1175 rpm

95 3 S .2 0 3 . SO 33.55 2 8 . 2 5
S5 2 9 .4 0 7 .0 5 3 9 . 6 5 3 0 .9 5
75 2 1 .7 0 1 0 .1 0 43 . 4 S 3 4 .8 2
65 1 5 .0 0 1 2 .7 0 4 5 .3 5 39.65
55 9.00 14.55 4 5 . 9 0 4 5 .1 0
45 4 .1 0 15.30 4 3 .1 0 52.80
35 1 .5 0 1 5 .0 0 3 7 .7 0 60.80



89

TABLE XXV

Run 1 0 . a t  130°G , 140 p s i g ,  0 . 0 7 #  N i ,  and 1175 rpm

Smoothed ^ L i n o l e i c  io I s o - o l e i c #  T o t a l  #  S t e a r i c
I o d in e  V a lu e A cid A cid O le i c  A c id A cid

3 8 .2 0 4 .1 5 3 3 .5 5 2 8 .2 5
85 2 9 .3 0 7 .9 5 3 9 .8 0 3 0 .9 0
75 2 1 .5 0 1 0 . 3 0 4 3 .9 0 3 4 .6 0
65 1 4 .7 0 1 2 .0 0 4 5 .9 0 3 9 .4 0
55 9 .0 0 1 3 .3 0 4 5 .9 0 4 5 .1 0
45 4 .7 0 1 4 .0 0 4 3 .0 0 5 2 .3 0
35 2 .0 0 1 3 .6 5 3 6 ,7 0 6 1 .3 0

TABLE XXVI

Run 1 2 . a t  130°C , 60 p s i g ,  0 .0 7 #  N i ,  and 550 rpm

100 4 2 .5 0 2 .8 0 3 0 .7 5 2 6 .7 5
90 2 9 .9 0 8 . 3 0 4 4 .4 5 2 6 .4 5
80 2 0 .3 0 1 3 .2 0 5 2 .0 5 2 7 .6 5
70 1 3 .2 0 1 7 .1 0 5 4 .8 0 3 2 . 0 0
60 7 .4 0 2 0 .2 0 5 4 .8 5 3 7 .7 5
50 3 .5 0 2 1 .5 0 5 2 .7 0 4 4 .6 0
40 0 .4 0 1 9 .6 0 ■ 4 5 .7 0 5 3 .9 0

TABLE XXVII

J W  1 1 . a t  130°C , 60 p s i g ,  0 . 0 7 #  N i ,  and 1175 rpm

100 4 2 .7 0 1 .9 3 0 .3 0 2 7 .0 0
90 3 1 .6 0 5 . 7 4 1 .0 8 2 7 .3 2
80 2 2 .9 9 .0 5 4 6 .9 0 2 9 .2 0
70 1 6 .0 0 1 2 .1 0 4 9 .2 0 3 4 .8 0
60 1 0 ,0 0 1 4 .5 4 9 .6 5 4 0 .3 5
50 5 .2 0 1 5 .8 4 7 .7 0 4 7 .1 0
40 3 .0 0 1 5 .5 4 0 .5 0 5 6 .5 0
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APPENDIX C

The r e a c t i o n s  o c c u r r in g  d u r in g  t h e  h y d r o g e n a t io n  o f  

c o t t o n s e e d  o i l  c o n t a i n i n g  l i n o l e i c ,  c i s - o l e i c ,  i s o - o l e i c  and 

s t e a r i c  a c i d s  c o u ld  be r e p r e s e n t e d  by a s e r i e s  o f  s im u l t a n e 

ou s and c o n s e c u t i v e  r e a c t i o n s »  T hese  a r e  s c h e m a t i c a l l y  

p r e s e n t e d  a s  f o l l o w s :

(Ao ) C i s — 
O le ic

(A^) S t e a r i c(A^) L i n o l e i c

(Ao) I s o -  
• O le ic

I f  each  o f  t h e s e  s t e p s  can be r e p r e s e n t e d  by a  f i r s t  o r d e r  

i r r e v e r s i b l e  r e a c t i o n ,  th e n  t h e  amount o f  ea ch  a c i d  p r e s e n t  

a t  an y  t im e  can be e x p r e s s e d -  a s  a  f u n c t i o n  o f  - o r i g i n a l  con

c e n t r a t i o n s ,  A ° , pseudo t i m e s  and r e l a t i v e  r e a c t i o n  r a t e

c o n s t a n t s . (24) The e q u a t i o n s  a r e  a s  f o l l o w s :

A i = A i e
o - ( k i 2 + k i 3 ) t

( 1)

A2 » _ ^ - ( k 2 3 .k 2 4 ) t
(k 2 3 + k 2 4 ) - (k i2 + k i3 )  [  J

+ A
o - ( k 2 3 +k2 4 ) t
2 e ( 2 )
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A3 s  Ao k^ 3( k23 + k 2 A -k l2 - k l3 )-^^12^23 ^ “ (^ 1 2 +^1 3 ) t ^ ^ - ( k 3 4 ) t  
I ( k 2 3 + k 2 4 - k i2 - k i3  ) I k ^ ^ - k iz - k i j  ) [

o
+  An ^ 1 2 k 2 3 ______________________________

I ( k 2 3 + k 2 4 - k i 2 - k i 3 ) U 3 4 -k 2 3 -k 2 4 )
- k 3 4 t  - ( k 2 3 + k 2 4 ) t

e - e

A2°  k 2 3 _________
^^34“ ^23“k24^

^ - ( k 2 3 +k2 4 ) t  _ g -k 3 4 t * a;  (3 )

A l + A2 + A3 + A4  » 1 , 0 , h en ce  A^ i s  s o lv e d  f o r  by 

d i f f e r e n c e .

Sample C a l c u l a t io n  o f  th e  R e l a t i v e  R e a c t io n  Rate  
C o n sta n ts  f o r  t h e  Average Run (Runs 1 and l l )

(1 )  Assume k i 2 + k^3 = 1 .0

( 2 ) U s in g  e q u a t io n  1 ,  c a l c u l a t e  t h e  pseudo  t im e s  

f o r  d i f f e r e n t  i o d i n e  v a l u e s ,  t h i s  e q u a l s  In  ^

Io d in e  V alue  % L i n o l e i c  A c id  Pseudo Time

1 0 1 . 2  4 4 . 4 0  ■ 0 . 0 5 6 4
9 3 . 5  3 5 . 7 0  0 . 2 7 5
7 9 .6  2 3 . 0 0  0 . 7 1 5
6 4 . 5  1 2 . 5 0  1 . 3 2 4
5 2 . 6  6 . 5 0  • 1 . 9 6 0
4 3 .5  3 . 3 0  • 2 .6 6 0
3 6 . 6  1 .6 5  3 . 1 6 5

(3 )  Assume a v a lu e  f o r  k i 2 , a l s o  assum e a  v a lu e  f o r  

(k 23 + k2 4 ) .  C a l c u l a t e  t h e  c i s - o l e i c  a c i d  from  e q u a t io n  2 .  

R epeat b o th  a s s u m p t io n s  u n t i l  t h e  c a l c u l a t e d  c i s - o l e i c  a c i d  

a g r e e s  w ith  i t s  a c t u a l  v a lu e  a t  t h e  d i f f e r e n t  i o d i n e  v a l u e s  

c h o se n  a lo n g  t h e  c o u r s e  o f  th e  h y d r o g e n a t io n  r e a c t i o n .  ___
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T hese  e x p e r im e n ta l  v a l u e s  a r e  t h e  d i f f e r e n c e s  b e tw een  t h e  

t o t a l  o l e i c  and i s o - o l e i c  a c i d s  a t  a  c h o se n  i o d i n e  v a l u e .

By a t r i a l  and e r r o r  s o l u t i o n  t h e  f i n a l  k-j 2̂ = O.B and IC23 

+ }ü2 î  ■ 0 , 3 7 5 . T h is  g i v e s  good agreem ent w ith  t h e  a c t u a l  

d a ta  a s  shown h e r e :

C i s - o l e i c )  %( C i s - o l e i c )
I o d in e  V alue P seudo Time c a l c u l a t e d  a c t u a l

101 .2  0 . 0 5 6 4  2 7 . 0 1  26.70
9 3 .5  0 . 2 7 5  3 1 . 6 5  3 2 .1 5
7 9 .6  0 .7 1 5  3 4 . 9 1  3 6 . 5 0
6 4 . 5  1 . 3 2 4  3 5 . aa 3 6 . 0 0
5 2 . 6  1 . 9 8 0  3 2 . 4 4  3 1 . ao
4 3 . 5  2 . 6 6 0  2 7 . 2 7  2 7 . 6 0
3 6 . 6  3 . 1 6 5  2 3 . 6 0  2 3 . 1 0

(4 ) W ith k]_2 " O .B , k ]̂ 3 = 0 . 2 ,  k 2  ̂ + k 2^ = 0 ,3 7 5 ,  

assum e a v a lu e  f o r  k g j ,  a l s o  f o r  k^^. C a lc u la t e  from  

e q u a t io n  3 .  Repeat t h e  a s s u m p t io n s  f o r  k 23 and k^^ u n t i l  

t h e  c a l c u l a t e d  i s o - o l e i c  a g r e e s  w ith  t h e  a c t u a l  v a l u e s .  By 

a t r i a l  and e r r o r  s o l u t i o n  t h e  f i n a l  k 23 = 0 .3  and k3 /̂  c 0 .6 ,,  

T h is  g i v e s  good agreem en t w ith  t h e  e x p e r im e n ta l  d a ta  a s  

shown h e r e :

^ ( I s o - o l e i c )  ^ ( I s o - o l e i c )
I o d in e  V alue Pseudo Time c a l c u l a t e d a c t u a l

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

In  o r d e r  t o  o b t a i n  an o v e r a l l  good  agreem ent b e tw een  t h e  

c a l c u l a t e d  and t h e  a c t u a l  v a l u e s  f o r  t h e  v a r io u s  a c i d s  i t  i s
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som etim es n e c e s s a r y  t o  change s l i g h t l y  t h e  pseu do  t i m e s .  In  

t h e  c a s e  o f  t h e  a v e r a g e  run (Runs 1  and 1 1 )  no such a d j u s t 

ment was n e c e s s a r y ;  t h e r e f o r e  t h e  c a l c u l a t e d  v a lu e s  o f  

l i n o l e i c  a c i d  w ere e q u a l  t o  t h e  a c t u a l  v a l u e s .  From th e  

c a l c u l a t i o n s  shown ab o v e  t h e  v a l u e s  f o r  k22 = 0 , 8 ,  =

0 , 2 ,  k£2 = 0 , 3 ,  k£^ = 0 , 0 7 5 ,  and k̂ /ĵ  -  0 , 6 ,

TABLE XXVIII

CALCULATED VALUES FOR ACIDS DURING HYDROGENATION 
USING EQUATIONS 1 ,  2 ,  AND 3 IN APPENDIX C

Run 3o a t  1 6 0 °C , 60 p s i g , 0,07% N i ,  and 1175 rpm

k i 2  = 0 .5 5 ,  kj_3 = 0 . 4 5 ,  k£3 r 0 , 1 0 ,  ^2.1+ = 0 , 1 0 ,  k3^ = 0 ,3 3

%Cis— %Cis- %Iso- %Iso—
I o d in e ^ L i n o l e i c ^ L i n o l e i c o l e i c o l e i c o l e i c o l e i c
V alue c a l c , a c t u a l c a l c . a c t u a l c a l c , a c t u a l

95 3 8 ,8 0 3 8 ,8 0 2 8 ,8 1 2 8 , 6 4 .7 5 4 .2 0
3 4 .0 0 3 4 .0 0 3 0 ,8 5 2 9 .8 5 6 .9 0 6 ,3 5

80 2 4 .5 0 2 4 .3 0 3 3 . 9 7 3 3 .6 0 1 1 .6 1 0 , 4 0
70 1 5 .3 0 1 5 .2 0 3 5 .6 9 3 7 .4 0 1 5 .6 1 4 .5 0
60 8 .0 0 8 .2 5 3 5 .0 7 3 5 .3 5 1 8 ,2 1 7 .8 0
50 3 .6 7 3 .6 0 3 2 ,1 8 3 0 ,5 0 1 9 . 7 2 0 ,4 0
45 2 ,5 4 2 ,7 5 3 0 ,4 8 2 5 .5 5 1 8 , 4 2 1 ,3 0
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TABLE XXIX

Run a t  130°C , 60 p s i g ,  0 ,0 3 ^  N i ,  and 1175 rpm

^12 * 0 . 5 ,  ^13 ~ 0 .5 »  ^23 ~ 0 . 1 5 ,  k24 = 0" 0 5 , z 0 . 4 0

%Cis— %Gis— % lso— % lso-
Io d in e % L in o le ic % L in o le ic o l e i c o l e i c o l e i c o l e i c
Value c a l e  . a c t u a l c a l c  . a c t u a l c a l c  • a c t u a l

95 3 8 .8 0 3 8 .8 0 2 8 .6 0 2 8 .6 4 .9 9 4 .2 0
90 - 3 3 .7 0 3 3 .7 0 3 0 . 3 0 3 0 .3 7.80 6 . 6 0
ôo 2 3 .9 0 2 3 . 9 0 3 3 .1 33.1 1 2 .8 7 1 1 . 7 0
70 15.50 1 5 .5 0 34.3 3 4 .5 1 6 . 6 2 1 5 .7 0
60 8.80 8.80 33.8 3 3 .7 1 8 .9 0 1 8 .3 5
50 3.98 4 .1 0 3 1 . 1 3 0 .8 1 9 .4 4 1 9 . 1 0
45 2.02 2 . 5 0 2 7 .7 5 2 7 . 7 1 9 .1 7 19.00

TABLE XXX

Run a t  130°C , 20 p s i g ,  0.07% N i ,  and 1175 rpm

^12 “ 1 . 0 ,  k^2 ■ 0 . 0 ,  k23 = 0 . 5 5 , k24 = 0 . 0 ,  k34 1B 0 . 6

95 3 6 . 6 0 3 6 . 6 0 3 1 . 9 9 3 1 .7 0 4 . 5 6 4 .9 5
3 1 .3 5 3 1 . 3 5 3 4 .4 6 3 4 . 3 0 6 .2 0 7 .2 0

80 2 2 .2 0 2 2 .0 0 36.76 3 6 .4 0 1 2 .1 0 1 1 .8 0
70 1 4 .3 5 14.35 3 5 .7 5 3 6 .6 5 1 5 .8 5 15.75
60 7 . 7 0 8.15 33.80 35.35 1 7 . 5 2 1 8 . 8 5
50 2 .4 5 3 . 4 0 2 3 .1 5 33.20 2 2 .1 0 20 .0 0

TABLE ,XXXI

Run 1 0 .  a t  130 °C, 140 p s i g ,  0.07% N i , and 1175 rpm

k l2  = 0 . 6 5 , k^3 = 0 . 3 5 ,  k23 = 0 .1 2 » ^24 = 0 . 2 4 , k /̂  ̂ s  0 . 4

3 8 .2 0 3 8 . 2 0 2 9 . 2 7 2 9 .4 0 3 . 9 0 4 .1 5  ;
85 2 9 . 3 0 2 9 . 3 0 3 2 . 2 0 3 1 .9 5 7 . 4 0 7 .9 0
75 2 1 .5 0 2 1 . 5 0 33.58 3 3 .6 0 1 0 . 3 0 1 0 . 3 0
65 1 4 . 7 0 1 4 .6 0 33.61 3 3 . 9 0 1 2 . 3 0 1 2 .0 0
55 9 .1 0 9 .0 0 31.80 3 2 .6 0 1 3 .6 0 13 .3 0
45 4 . 7 0 4 . 7 0 2 7 . 7 0 2 9 . 0 0 1 4 . 1 0 1 4 . 0 0
35 1 . 9 0 2 .0 0 2 1 .6 7 2 3 .0 5 1 2 . 4 0 1 3 . 6 5  ;
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TABLE XXXII

Run 1 2 . a t  130°C , 60 p s i g ,  0 .0 7 ^  N i ,  and 550 rpm

^12 = 1 . 0 , s  0 . 0 ,  k23 B 0 . 4 6 , k24 B 0 . 0 ,  k34 .  0 .3 3

100 4 2 .4 0 4 2 .4 0 2 6 . 0 0 2 8 . 3 0 2 .6 0 3 .2 2
90 2 9 .8 0 2 9 .8 0 3 6 . 0 4 3 6 .3 5 8 . 2 5 6 .1 9
80 2 0 .3 0 2 0 .3 0 3 8 .7 1 3 9 .0 5 1 3 . 1 0 1 1 .1 6
70 1 3 .2 0 1 3 .2 0 3 8 . 0 5 3 7 .7 5 1 7 .1 0 1 6 .7 5
60 8 .4 5 7 .4 0 3 4 .0 7 3 4 .6 5 2 0 .2 0 2 0 .6 1
5 2 .7 5 .7 5 3 . 7 0 3 1 .7 8 3 2 . 3 7 2 1 . 4 8 2 2 . 9 0
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In  t h e  f o l l o w i n g  p ro p o sed  m echanism s;

K* = o v e r a l l  e q u i l i b r iu m  c o n s t a n t  f o r  t h e  h y d r o g e n a t io n  

r e a c t i o n ,

K -  e q u i l ib r iu m  c o n s t a n t  f o r  c h e m is o r p t io n  ( S u b s c r ip t  H

r e f e r s  t o  h y d r o g e n ,  U t o  u n s a t u r a t e ,  S t o  s a t u r a t e ,

and I  t o  i n e r t s ) .

A s  a c t i v i t y  ( S u b s c r ip t  H r e f e r s  t o  h y d ro g en , U t o  u n s a tu 

r a t e ,  S t o  s a t u r a t e ,  and I  t o  i n e r t s ) .

B s  k i n e t i c  ter m ; i t  i s  d i f f e r e n t  f o r  each  e q u a t i o n ,  but

i s  c o n s t a n t  f o r  a  g i v e n  e q u a t io n  a t  a d e f i n i t e  tem p er 

a tu r e  .

A ssu m p tio n s  were made in  a p p ly in g  t h e  s e v e n t e e n  

p ro p o sed  m echanism s t o  t h e  h y d r o g e n a t io n  o f  c o t t o n s e e d  o i l ;  

t h e s e  were a s  f o l l o w s ;

1 .  K» i s  l a r g e ,  so  t h a t  a l l  term s c o n t a i n i n g  K* i n  

t h e  d en om in ato r  can  be c o n s id e r e d  z e r o .

2 .  Ay i s  p r o p o r t i o n a l  t o  t h e  io d in e  v a l u e ,

3 .  Ay i s  p r o p o r t i o n a l  t o  th e  hyd rogen  p r e s s u r e .



PROPOSED MECHANISMS

I .  R e a c t io n  b etw een  m o l e c u l a r l y  a d so r b e d  h y d ro g en  and ad

so r b e d  u n s a t u r a t e :

( a )  A d so r p t io n  o f  h y d ro g e n  c o n t r o l l i n g :

^ “ AqKtj “ AuK* ^
l+A uK g+j|-^+A sK s+A iK i

S ee  e q u a t io n  (4 3 )  page  9 2 1 ^^^^

(b ) A d so r p t io n  o f  u n s a t u r a t e  c o n t r o l l i n g :

r  = B Ac

1+% %  +j ^ j +AqKs +Ai K i

(2 7 )S ee  e q u a t io n  (4 3 )  page  9 2 1

( c )  D e s o r p t io n  o f  s a t u r a t e  c o n t r o l l i n g :

^  ”  I+A hK h+AuK u+A hA uK ^K s+A jK j  

S e e  e q u a t io n  ( 4 4 )  page  921^^^^

(d ) S u r fa c e  r e a c t i o n  r e a c t i o n :

B ____ _r  -
( I + A h Kh +A u Ku + A s Ks +A j Ki )

S ee  e q u a t io n  ( 4 2 )  page  9 2 0 ^^^^

99
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I I *  R e a c t io n  b etw een  a t o m i c a l l y  a d s o r b e d  hyd rogen  and a d 

so r b e d  u n s a t u r a t e :

( e )  A d s o r p t io n  o f  h y d ro g en  c o n t r o l l i n g :

4-As Ksh.Ai K ^

( f )  A d s o r p t io n  o f  u n s a t u r a t e  c o n t r o l l i n g :

(g )  D e s o r p t io n  o f  s a t u r a t e  c o n t r o l l i n g :

 B  A g
^ = 1+ fAjjKH' +AuKu +AhAtjKs K» +A%K% H U -  ^

(h )  S u r fa c e  r e a c t i o n  c o n t r o l l i n g :

B Ag
(l+lfAnKH +AuKu +As Ks +Ki Ai )3 ~ R?

I l l ,  R e a c t io n  b e tw e en  u n s a t u r a t e  p h y s i c a l l y  a d so rb ed  ( i , e . ,  

n o t  ch em iso rb ed )  and m o l e c u l a r l y  a d so rb ed  h y d ro g en :

( i )  A d s o r p t io n  o f  h yd rog en  c o n t r o l l i n g :

- ■  a t ; . . . ;
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( j ) D e s o r p t io n  o f  s a t u r a t e  c o n t r o l l i n g :  

^  = 1 + AhK h+K »K sA hA u +A 1K 1

(k )  S u r fa c e  r e a c t i o n  c o n t r o l l i n g :  

^ = 1 +Ahk|+ A s Ks +Ai Ki  (AyAu -

IV , R e a c t io n  b etw een  u n s a t u r a te  p h y s i c a l l y  a d so rb ed  ( i . e . ,  

n o t  ch em iso rb ed )  and a t o m i c a l l y  a d so r b e d  h y d ro g en :

(1 )  A d s o r p t io n  o f  h yd rogen  c o n t r o l l i n g :

(m) D e s o r p t io n  o f  s a t u r a t e  c o n t r o l l i n g ;

B , .  . _ Agr  = *K>Ks A„Au+Aj Kx '  jjî

(n )  S u r fa c e  r e a c t i o n  c o n t r o l l i n g :

B . . . »  Ac
r  = Tl+yAHKH* +AgKg+A%K%)  ̂ ^AyAy )

V. R e a c t io n  betw een  h yd rog en  i n  t h e  f l u i d  p h ase  and ad 

so r b e d  u n s a t u r a t e :

(o )  Im pact o f  hyd rogen  upon a d s o r b e d  u n s a t u r a t e :

^ *" l+AyKy+AgRg+AjKJ ^AfjAy “ g t  )
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(p )  D e s o r p t io n  o f  s a t u r a t e  c o n t r o l l i n g :  

^ = 1+AuKu+K»Ks AhAu +Aj Ki

(q )  A d s o r p t io n  o f  u n s a t u r a t e  c o n t r o l l i n g :
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