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The i n d u s t r y  of the h e t e r o g e n e o u s  c a t a l y t i c  h y d r o g e n a t i o n  of  l i qu id  fa ts  (vege tab le  o i l s  and wha le  o i l s )  
in o r d e r  to c o n v e r t  t h e m  into so l id  fa ts  a r o s e  s h o r t l y  b e f o r e  the  F i r s t W o r l d W a r .  L a b o r a t o r y  i n v e s t i g a t i o n s  
in th i s  d i r e c t i o n  the r e s u l t s  of which  a r e  r e f l e c t e d  in the p a p e r s  of S a b a t i e r  and S e n d e r e n s ,  P a a l ,  Ski ta ,  
V. N. I p a t ' e v  (Ipat ieff) ,  S. A. Fok in ,  and o t h e r s  [1] da te  f rom an even e a r l i e r  p e r i o d .  

O v e r  the  c o u r s e  of  s e v e r a l  d e c a d e s ,  the  h y d r o g e n a t i o n  p r o c e s s  has  been  t r e a t e d  as  a p r o c e s s  of the  
add i t ion  of  h y d r o g e n  to the  r a d i c a l s  of u n s a t u r a t e d  fa t ty  a c i d s  ( o l e i c ,  l i n o l e i c ,  e tc . )  at  the p o s i t i o n s  of the 
m u l t i p l e  bonds .  Howeve r ,  in the l a s t  two o r  t h r e e  d e c a d e s  a n u m b e r  of p a p e r s  have a p p e a r e d  by S. Yu. 
E lov ich ,  B. N. Tyu tyunn ikov ,  A. A. Z i n o v ' e v ,  D. V. S o k o l ' s k i i ,  and o t h e r s  showing  tha t ,  in add i t i on  to the 
m a i n  p r o c e s s  ( h y d r o g e n a t i o n  p r o p e r ) ,  o t h e r  p r o c e s s e s  a l s o  t ake  p l a c e  [ g e o m e t r i c a l  ( c i s - t r a n s )  i s o m e r -  
i za t ion  and the m i g r a t i o n  of double  bonds] .  

In the  p r e s e n t  p a p e r  we sha l l  dwell  on the ques t ion  of g e o m e t r i c a l  i s o m e r i z a t i o n .  Th i s  p r o c e s s  of 
the c o n v e r s i o n  of c i s  i s o m e r s  into t r a n s  i s o m e r s  is  a c c o m p a n i e d  b y  a m a r k e d  change  in the  p h y s i c a l  p r o p -  
e r t i e s  of the fa t ty  a c i d s  and,  i t  s t a n d s  to r e a s o n ,  of t h e i r  g l y c e r i d e s .  Thus ,  fo r  e x a m p l e ,  c i s - o c t a d e c e n o i c  
( o l e i c )  a c id  with m p  16.3-18.4°C is c o n v e r t e d  into the t r a n s  ac id  (e la id ic )  with m p  46.5°C. To  the  n u m e r o u s  
o b s e r v a t i o n s  of o t h e r  a u t h o r s  we sha l l  add s o m e  of our  own c h a r a c t e r i z i n g  the  inf luence  of the  h y d r o g e n a -  
t ion cond i t ions  on the a c c u m u l a t i o n  of t r a n s  i s o m e r s  in the oil .  

The r e s u l t s  of s o m e  of ou r  e x p e r i m e n t s  a r e  g iven  in T a b l e s  1-3.  T h e s e  t a b l e s  show that  c o p p e r -  
n icke l  c a t a l y s t s  with d i f f e r e n t  r a t i o s  of the  m e t a l s  a f fec t  the a c c u m u l a t i o n  of t r a n s  i s o m e r s  in d i f f e r e n t  
ways .  P a r t i c u l a r  i n t e r e s t  is  p r e s e n t e d  by the  c i r c u m s t a n c e  tha t  the  i s o m e r i z i n g  a c t i v i t y  of the c a t a l y s t s  
changes  with t h e i r  c o m p o s i t i o n ,  j u s t  l i k e  t h e i r  h y d r o g e n a t i n g  c a p a c i t y ,  which  is c h a r a c t e r i z e d  by a fal l  in 

the iodine  n u m b e r  of the  fat  (A I No.) ( see  Tab le  3). C a t a l y s t s  with a r a t i o  
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of the  m e t a l s  of 1 : 1  a r e  the  m o s t  ac t ive  both in the h y d r o g e n a t i o n  p r o c e s s e s  
p r o p e r  and in c i s - t r a n s  i s o m e r i z a t i o n .  

With  a r i s e  in the  t e m p e r a t u r e  of the p r o c e s s  the r a t e s  of h y d r o g e n a -  
t ion  and of i s o m e r i z a t i o n  r i s e  ( see  T a b l e  2). The  t r a n s  a c i d s  a c c u m u l a t e  
g r a d u a l l y ,  but  beyond  a c e r t a i n  l i m i t  t h e i r  amoun t  b e g i n s  to d e c r e a s e  b e -  
c a u s e  of t h e i r  c o n v e r s i o n  into the s a t u r a t e d  a c i d s .  With  an i n c r e a s e  in the 
amoun t  of c a t a l y s t ,  the r a t e  of i s o m e r i z a t i o n  r i s e s ,  l i ke  the  r a t e  of h y d r o -  
gena t ion  (see  Tab le  1). All  t h e s e  f ac t s  show that  the  m e c h a n i s m s  of  the  
two r e a c t i o n s  m u s t  be s i m i l a r .  

The  m e c h a n i s m  of the h y d r o g e n a t i o n  of e t h y l e n i c  compounds  has  been  
e x p l a i n e d  by A. A. B a l a n d i n  f r o m  the poin t  of v iew of  h i s  m u l t i p l e t  t h e o r y .  
We sha l l  a d h e r e  to th is  t h e o r y  in t r e a t i n g  i s o m e r i z a t i o n  phenomena .  

L e t  us  dwel l  on the ques t i on  of the m e c h a n i s m  of the h y d r o g e n a t i o n  of 
e t h y l e n e s ,  s i nce  we a s s e r t  tha t  the m e c h a n i s m  of g e o m e t r i c a l  i s o m e r i z a t i o n  
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T A B L E  2. Inf luence  of the 
T e m p e r a t u r e  on the A c c u m u l a -  
t ion of  t r a n s  A c i d s  
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T A B L E  3. Inf luence  of  the  C o m p o s i t i o n  of D i s p e r s e  C o p p e r - N i c k -  
el C a t a l y s t s  on the A c c u m u l a t i o n  o f ' t r a n s  A c i d s  
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Note .  Amount  of c a t a l y s t  0.2% of to ta l  m e t a l s  on the we igh t  of the  
oil;  a m o u n t  of oi l  250 g; r a t e  of feed  of  h y d r o g e n  5 l i t e r s / m i n ;  t e m -  
p e r a t u r e  200°C. 

is  s i m i l a r  to tha t  of h y d r o g e n a t i o n .  The  h y d r o g e n a t i o n  of o l e i c  ac id ,  fo r  e x a m p l e ,  t a k e s  p l a c e  in a c -  
c o r d a n c e  with s c h e m e  1. 
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Scheme 1 

The d i s t a n c e s  b e t w e e n  the c e n t e r s  of the a t o m s  of n icke l  in i t s  f a c e - c e n t e r e d  c r y s t a l  l a t t i c e  a r e  2.49 
and 3.52 ~-. The  i n v e s t i g a t i o n s  of S h e r m a n  e t  a l .  [2] have  shown tha t  the o p t i m u m  d i s t a n c e  fo r  the  a c t i -  
va ted  s o r p t i o n  of h y d r o g e n  on n icke l  is  3 .5 /k .  Thus  a s t r u c t u r a l  c o r r e s p o n d e n c e  is o b s e r v e d  h e r e .  

As can  be  s e e n  f r o m  s c h e m e  1, the  f i r s t  ha l f  of the p r o c e s s  is c o m p o s e d  of  the  o p e r a t i o n s  of the  
c l e a v a g e  of the 7r bond  b e t w e e n  the c a r b o n  a t o m s  and the ~ bond b e t w e e n  the  h y d r o g e n  a t o m s  with the  s i -  
m u l t a n e o u s  f o r m a t i o n  of s o r p t i o n  bonds  b e t w e e n  the  a t o m s  of the  index group  and the c a t a l y s t .  The  hea t  
e f fec t  [3] of  th i s  p a r t  of the p r o c e s s  is 

- ) + + 

= - -  (63.2 + 104.2) + (2.29,0 + 2.56.6) = 7.8 kcal 

In the s e c o n d  ha l f  of the p r o c e s s ,  new bonds  a r e  e s t a b l i s h e d  b e t w e e n  the c a r b o n  and the  h y d r o g e n  and 
the s o r p t i o n  bonds  a r e  b r o k e n ,  a s  a r e s u l t  of which the m o l e c u l e  of  the  s a t u r a t e d  ac id  is d e s o r b e d .  The  
hea t  e f f ec t  is  e x p r e s s e d  by the  f o r m u l a  ~" = 2Qc_  H -  (2Qc_ K + 2QH_K} = 2 • 9 8 . 7 -  (2 ~ 99.0 + 2 • 58.6) = 22.2 k c a l .  

F u r t h e r ,  B a l a n d i n  p r o p o s e s  to c a l c u l a t e  the  fo l lowing  p a r a m e t e r s :  the  h e a t  e f f ec t  of the  r e a c t i o n  
u = - (Qc = C + Q H - H } - 2 Q c - H  = - (63.2 + 104.2} + 2 • 98.7 = 30.0 kca l ;  the  sum of  the e n e r g i e s  of the r e a c t i n g  

bonds :  S = Q C = C + QH-H + 2 Q c - H  = 63.2 + 104.2 + 2 '  98.7 = 364.8 kca l ;  and the a d s o r p t i o n  po ten t i a l  of the c a -  

t a lys t :  q = 2Qc_  K + 2QH_ K = 2 • 29.0 + 2 • 58.6 = 175.2 k c a l .  

On the b a s i s  of  t h e s e  i n d i c e s ,  B a l a n d i n  f o r m u l a t e s  the p r i n c i p l e  of e n e r g y  c o r r e s p o n d e n c e  in the  f o l -  
l owing  way:  "The  p r i n c i p l e  of e n e r g y  c o r r e s p o n d e n c e  is tha t  in the  s e l e c t i o n  of an ac t ive  c a t a l y s t  fo r  an 
e n d o t h e r m i c  r e a c t i o n  i t  is  n e c e s s a r y  tha t  the a d s o r p t i o n  po ten t i a l  of the c a t a l y s t  q should  a p p r o x i m a t e  a s  
c l o s e l y  a s  p o s s i b l e  to ha l f  the s u m  of the  e n e r g i e s  of the r e a c t i n g  bonds ,  s / 2  - the  m e a n  of  the  e n e r g i e s  of 
the  bonds  u n d e r g o i n g  c l e a v a g e  and t h o s e  b e i n g  newly f o r m e d .  F o r  the  m o s t  a c t i ve  c a t a l y s t ,  the  e n e r g y  b a r -  
r i e r  is  equa l  to ha l f  the  hea t  e f fec t  of  the r e a c t i o n  c a t a l y z e d . . ,  in the c a s e  of an e x o t h e r m i c  r e a c t i o n ,  fo r  
the m o s t  a c t i ve  c a t a l y s t  the  a d s o r p t i o n  po ten t i a l  d i f f e r s  f rom hal f  the e n e r g i e s  of the r e a c t i n g  bonds  by not  
m o r e  than  ha l f  the hea t  of the r eac t i on :  l q - S / 2 1  -< u /2  ([4], pp. 113-114}. 

F o r  the  e x o t h e r m i c  h y d r o g e n a t i o n  of  o le i c  ac id  we obta in  1 1 7 5 . 2 - 3 6 4 . 8 / 2 1 = 7 . 2 <  30/2 .  Thus ,  h e r e  
e n e r g y  c o r r e s p o n d e n c e  is o b s e r v e d .  The  phenomenon  of g e o m e t r i c a l  i s o m e r i z a t i o n  is c l o s e l y  connec t ed  
with the  v e r y  p r o c e s s  of h y d r o g e n a t i o n .  H o w e v e r ,  whi le  h y d r o g e n a t i o n  is f a i r l y  c l e a r l y  e x p l a i n e d  by s c h e m e  
1 above ,  in o r d e r  to e x p l a i n  the  m e c h a n i s m  of  i s o m e r i z a t i o n  we m u s t  have  r e c o u r s e  to  the idea  of an in -  
t e r m e d i a t e  s t a g e  of s e m i h y d r o g e n a t i o n .  On th i s  a p p r o a c h ,  B a l a n d i n  s t a t e s :  "In the  idea l  c a s e ,  a l l  the a t o m s  
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of the index g roup  m u s t  come  into con tac t  with the c a t a l y s t  a l though not n e c e s s a r i l y  s i m u l t a n e o u s l y  . . .  
d i f f e r en t  a t o m s  of h y d r o g e n  and of the  o lef in  a r e  a d s o r b e d  in a de f in i t e  s e q u e n c e ,  g iv ing  r i s e  to a s o - c a l l e d  
s e m i h y d r o g e n a t e d  fo rm and h y d r o g e n  a t o m s  a d s o r b e d  on the s u r f a c e "  ([4], p. 18). 

" , e-5,/' *->% cee* 

// @H q 
L ~ - ,  - 

O c%,, - ® c- e 

H 

: T ~7 

// t/-~/" 5 ,I/ 

";%e e" 0 ' : ~ "  
Scheme 2 

Scheme 2 shows  the  p r o c e s s  of  the  c i s - t r a n s  i s o m e r i z a t i o n  of s o m e  olef in  - fo r  e x a m p l e ,  the o le ic  
ac id  tha t  we m e n t i o n e d  above .  F o r  g r e a t e r  c l a r i t y  the  s c h e m e  is g iven  in s t e r e o s c o p i c  f o r m .  F o u r  c a r b o n  
a t o m s  have  been  i s o l a t e d  f r o m  the  h y d r o c a r b o n  cha in  of the o lef in  and have  been  n u m b e r e d  with Roman  
n u m e r a l s .  On both s i d e s  of t h e s e  four  c a r b o n  a t o m s  f u r t h e r  m e t h y l e n e  and funct ional  g roups  (me thy l ,  
c a r b o x y l ,  o r  e s t e r  g roup ings )  a r e  a s s u m e d  to be p r e s e n t .  T h e s e  " t a i l s "  on the l e f t  and r igh t  a r e  deno ted  
by the symbols R' and R". Thus, the general form of the initial compounds is R '  C'H 2 -- C u= C 'u-c:vH, • R". 

I 
It H 

The initial cis-olefinic compound is shown in plane 1 (scheme 2), and here in the region of location 
of the index grouping there are two carbon atoms ( C II and C Ill) connected by a double bond and a molecule 
of hydrogen, i.e., in this case the index grouping is the same as in hydrogenation. Through a stage of the 
formation of a multiplet complex, a compound is formed by semihydrogenation, which is illustrated in plane 
2. As a result of the cleavage of the 7r bond between carbon atoms C II and C Ill and the bond between the 
hydrogen atoms of the molecule, and also because of the appearance of the CII-H bond, a hydrogen radical 
H x and a complex radical containing a tervalent carbon atom XcII[ are formed. These radicals remain 
sorbed on the surface of the catalyst, which does not exclude the possibility of their lateral diffusion ( [4], 
p. 19). At this stage of the process, the reaction is reversible, as is indicated by the two arrows between 
planes 1 and 2. 

Atom C If, fully saturated, is less firmly bound to the active centers of the catalyst than the atom 
XcIII. It is desorbed from the surface of the catalyst, but the molecule as a whole continues to be bound to 
the catalyst through C Ill (plane 3). The possibility is opened up for the free rotation of all the groupings of 
atoms attached to C II (passage from plane 3 to plane 4). A new approach of the C H atom to the surface of 
the catalyst (passage from plane 4 to plane 5) is not excluded, but in this case the position of the index 
groups will be different from that in plane 2, And, finally, because of the reversibility of hydrogenation- 
dehydrogenation both the hydrogen molecule and the 7r bond between C II and C Ill are regenerated. 

if we compare the compounds shown in plane 1 and plane 6, we shall see extremely similar olefins 
differing only by the mutual arrangement of the nonindex groups: the cis modification of the compound 
undergoing hydrogenation is converted by a series of transitions into the trans modification: 

H 

:2'. CXH..-- C" = Cur --C:VH2 . P,". 
I 

H 

The r e v e r s i b l e  t r a n s f o r m a t i o n  of the  t r a n s  compound  into the  c i s  i s o m e r  is l e s s  l i k e l y  fo r  t h e r m o -  
d y n a m i c  r e a s o n s .  
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It is quite obvious that in the p rocess  considered there  are  both s t ructural  and energy cor respond-  
ences,  since the same index group takes par t  in them as in the hydrogenation process  and the change in 
conformations leading to the appearance of the t rans  configuration is accompanied by the evolution of heat. 

E X P E R I M E N T A L  

Cottonseed oil was hydrogenated with a d isperse  coppe r -n i cke l  cata lys t  in a react ion flask of the 
Favorski i  type with means of s t i r r ing  and a device for taking samples during the p rocess .  

The amount of t rans  acids was determined by IR spect roscopy on a UR-10 double-beam spectropho-  
tom ete r. 

S U M M A R Y  

1. It has been shown for numerous examples that the catalytic hydrogenation of fats is accompanied 
by the c i s - t r a n s  isomerizat ion of the radicals  of the unsaturated acids. 

2. A scheme is proposed which explains the mechanism of the isomerizat ion through a p rocess  of 
the hydrogenat ion-dehydrogenat ion of the olefinic compounds. 

1. 

2. 

3. 
4. 
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