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Abstract 
We have compared a nickel with a copper 

catalyst in the formation of some geometrical and 
positional isomers during the partial hydrogena- 
tion of trilinolein. The copper catalyst was found 
to produce fewer diene isomers than the nickel 
catalyst at a comparable iodine value. The copper 
catalyst produced more monoene isomers however, 
than did the nickel, particularly trans monoenes. 
The distribution of the monoene isomers appeared 
to obey an equilibrium relationship with each 
other, independent of both iodine value and reac- 
tion conditions. We have presented additional 
evidence to postulate that copper catalysts hy- 
drogenate polyenoi c acids by first conjugating the 
acids. The selectivity of copper catalysts for 
triene over diene is probably due to the greater 
ease of conjugation of the triene. 

Introduction 
During the hydrogenation of linoleie acid (A 9,12 

cis, cis-octadecadienoic acid) to a monoene, the prod- 
ucts formed are a mixture of geometrical and posi- 
tional isomers, which may be formed by saturation 
of either of the double bonds in the chain, and also 
by migration of the bonds during the hydrogenation 
reaction (1,2). 

In recent years, new techniques for analysis of 
methyl esters of fat ty acids have been discovered and 
older ones improved. A few examples would be in- 
frared analysis (3) ultraviolet spectrophotometric 
measurements of conjugation (4,5), countercurrent 
distribution (6), gas chromatography (7), thin layer 
chromatography (TLC) (8) and oxidative cleavage 
for the determination of the position of the double 
bonds (9). 

The development of these techniques led to several 
studies on the hydrogenation of oleic acid (10-12) 
including the study of the effect of operating con- 
ditions on the migration of double bonds in hydro- 
genated samples (10). 

Some work has been done with higher unsaturated, 
e.g., linoleie, linolenic acids (13-15), but practically 
no detailed study of the effects of the operating con- 
ditions on the formation of positional and geometrical 
isomers has been carried out yet because of the stag- 
gering amount of analytical effort involved in such 
a venture. 

As a result of recent development in TLC (8) and 
capillary gas chromatography (7) a simplified pro- 
cedure was developed which allows a relatively quick 
determination of several positional and geometrical 
isomers of a Cls fat ty acid containing up to two 
double bonds. 

In the present investigation, the effect of operating 
conditions on the positional and geometrical isomeriza- 
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tions during the hydrogenation of trilinolein with 
copper chromite catalyst was studied, using some of 
the analytical procedures mentioned. The data from 
the copper catalyst study were compared with data 
from a similar study using nickel catalyst. This 
paper covers a comparison of the catalysts. 

Experimental Procedures 
M a t e r i a l s  

Trilinolein was prepared from ethyl linoleate 
(98%), obtained by the purification of ethyl esters 
of safflower oil, which was then transesterified with 
glycerol using an alkaline catalyst. The excess ethyl 
linoleate and the partial glycerides were removed by 
crystallization four times from 4 to 6 col of acetone 
at --75 C. The solid was taken in petroleum ether 
and water washed. The trilinolein thus obtained had 
0.3% C16:o; 1.3% Cls:l; 97.8% C~s:2 and 0.2% Cls:a. 

Refined and bleached commercial soybean oil was 
also used in some of this investigation. 

A n a l y t i c a l  P r o c e d u r e  

The analytical procedure used was a modification 
of the Chapman and Kuemmel (16) technique. 

Methylated samples of the partially hydrogenated 
trilinolein were fraetionated on a preparative scale 
via TLC, on silver nitrate impregnated silica-gel thin 
layer  plates (51 rag; 17 spots; 3 rag/spot). This 
procedure is known to separate unsaturated fat ty 
methyl esters according to the number of double bonds 
and the geometrical configuration of the double bonds. 
The best development solvent was found to be a 
mixture of 92% petroleum ether and 8% acetone. 
Six fractions were found to contain mainly: (a) 
traces of triene; (b) cis,cis diene; (c) cis-trans and 
trans-cis diene; (d) czs monoene and trans, trans 
diene; (e) trans monoene; (f) saturates. Each of 
these fractions was extracted with chloroform and 
then fractionated by capillary gas chromatography. 

All gas chromatographic analyses were performed 
on 150 ft • 0.01 in. capillary column coated with 
polyphenyl ether (OS-138, Perkin Elmer Corp.), 
under programmed temperature conditions at 140 C 
to 180 C and at 0.5 C/rain at 35 psig inlet pressure 
of helium. 

Equipment and Operating Procedures 
Trilinolein was hydrogenated in a stainless steel, 

baffled and agitated batch reactor through which 
hydrogen was continuously passed. Trilinolein (250 
g) and the desired amount of catalyst were added to 
the reactor and were heated under N2 flow to the 
desired operating temperature. The start of each run 
was considered to be when agitation was started, 
after hydrogen was introduced. A high degree of 
agitation was provided with a high speed agitator. 

Five to seven glyceride samples were collected at 
intervals during each run. Methyl esters of the sam- 
ples were analyzed via the procedure mentioned 
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Fro. 1. Iodine value vs. reaction time trilinoleiu hydrogena- 
tion of copper nickel catalysts. 

earlier. Iodine values ( IV) were calculated from the 
sample compositions. Trans levels were determined by 
the IR technique (5) and from the composition. Con- 
jugation levels were determined by UV spectroscopy 
(4).  Catalysts used were as follows: 

(a) a nickel catalyst promoted with zirconium and 
(b) a copper chromite catalyst promoted with man- 
ganese from the Girdler Catalyst Depar tment  of 
Chemetron Chemicals (T970). Both were s lurry type 
catalysts. 

Results and Discussion 
Reac t i on  R a t e s - - C o p p e r  Ca ta l y s t  

Increasing pressure, temperature  and catalyst con- 
centration produced the expected effect of increasing 
rate of reaction as shown in Figure  1. Temperature  
has a pronounced effect on rate of reaction since in- 
creasing temperature  from 340 F to 397 F increased 
the rate from 0.23 IV/ra in  to 1.11 IV/rain.  Figure  1 
also shows a comparison of a nickel catalyst hy- 
drogenation under  similar pressure and temperature 
conditions. We see from this comparison that  the 
copper catalyst  is considerably less active than the 
nickel as 1% of the copper catalyst gave a slower 
rate of reaction than did 0.02% nickel catalyst. These 
weights of catalyst are based on total copper catalyst 
weight and nickel catalyst as per cent nickel. 

Product  Dis tr ibut ions  
Dienes. Both copper and nickel catalysts at similar 

reaction conditions give the same total diene levels 
during the hydrogenation as shown by Figure  2. 
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FzG. 2. Dienes vs. iodine value trilinolein hydrogenation 
�9 copper catalyst �9 nickel catalyst. 
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The nickel catalyst  produces more diene isomers, how- 
ever, as shown by Figure 2 where higher levels of 
Al~ cis A9'12cis,trans and A9,lftrana, cis dienes are 
formed dur ing the course of the hydrogenation. There 
was little evidence of Ag,l~trans,trans diene being 
formed with the  copper catalyst  whereas the nickel 
catalyst did produce levels up to about 1%. The 
ratio of Ag,12cis, trans diene to Ag,12trans,cis diene 
formed with the copper catalyst remained constant 
during the run  at 1.0 whereas this ratio increased 
above 1.0 with the nickel catalyst as shown in Figure  
3. I t  can be surmised from this observation that  
nickel catalyst isomerization activity with dienes varies 
depending on the position of the double bond whereas 
copper catalyst  is less selective as far  as position is 
concerned. 

Monoenes. Trans monoene formation with copper 
catalyst is a constant 70% of total monoene formed 
throughout  most of the hydrogenation run. With  
nickel catalyst, the initial percentage of trans 
monoene formed is low and increases towards 70% 
during the reaction. This is shown in Figure  4. 
The constant monoene valuve of 70% trans in the 
ease of copper catalyst  is seen regardless of reaction 
conditions and corresponds favorably with l i terature 
values of the equilibrium trans, cis isomer ratio. 

Distribution of the various monoene isomers differs 
with copper and nickel catalysts. This is shown in 
Table I. The distribution of the various monoene 
isomers is insensitive to reaction conditions or to 
actual level and appears to be an equilibrium situa- 
tion. Allen and Kiess (13) found a similar situation 
in their  s tudy on linoleic acid and methyl linoleate. 

As shown by Table I, the percentage of A9 and 
Azl + Ale cis monoene formed with copper catalyst 
is less than that  with nickel indicating along with the 
greater total trans monoene content with copper, that  
either isomerization of monoenes is greater with 
copper than with nickel catalyst or that  in the process 
of hydrogenat ing diene to monoene, isomerization is 
more likely to simultaneously occur with copper 
catalyst than  with nickel catalyst. This is in contrast 
with what  was observed with diene where nickel 
catalyst gave more isomerization. The distribution 
of the various trans monoene isomers is fa i r ly  com- 
parable, however, with both catalysts. W h y  this should 
be so is not obvious. 

Saturates. Copper catalyst produces essentially no 
saturates dur ing  normal hydrogenation whereas nickel 
catalyst does. This is i l lustrated in Figure  4. The 
lack of saturate formation with copper catalyst agrees 
with a mechanism of hydrogenation that  will be 
presented next. 
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Fro. 3. l~atio A9,12 cis,trams to ~9,~ trccas, cis diene vs. iodine 
value trilinolein hydrogenation �9 copper catalyst �9 nickel 
catalyst. 
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TABLE I ~ conjugated 
E q u i l i b r i u m  Dis t r i bu t ion  Values  Monoene I somers  diene 

Isomer 

Trilinolein hydrogena t ion  

~is as percent  of total  eis,tr~n8 as pereent 
of total t rans  monoenes 

4 . 0  -- 

Copper Nickel 
catalyst,  % catalyst, % 3 . 0 -  

A ~ Cis 46 54 
A lo Cis 18 51/~ 
zln + A~2 Cis 28 38 
A TM Uis 8 2 �89 

Total 100 100 

A ~ Trans  53 57 
A l~ Trans  23 24 
[In Trans  12 11 
A TM Trans  10 6 
A TM Trans  2 11/2 
Total  100 100 

Reactor Mechanism 

In addition to the trilinolein study, soybean oil was 
hydrogenated with the copper catalyst. The results 
of this study plus that of the trilinolein work were 
used to arrive at the following postulated mechanism 
for copper catalyzed hydrogenation. The mechanism 
postulated here, is the one believed to account for 
more of the products in the reaction mixture. This 
mechanism has been proposed by others (20). Our 
data provide additional support. 

The experimental results have lead to the following 
observations: (a) No stearate was formed during the 
reaction under the conditions studied. (b) In all the 
hydrogenation runs of trilinolein with copper catalyst, 
levels of conjugation (up to 4%) were formed, ex- 
hibiting a characteristic pattern which depended on 
the reaction conditions. (Fig. 5). It  was not possible 
in this study to determine the identity of the con- 
jugated species. (c) The rate of reaction, as expressed 
by AIV/At for soybean oil has been found to be 

proportional to the conjugated diene level in the 
system (Fig. 6). 

There have been several studies in the past relating 
conjugation to the mechanism of hydrogenation of 
polyenoie acids. In particular are the studies of 
Feuge et. al. (2), Allen and Kiess (13), Coenen and 
Boerma (19), and Koritala et al. (20). These studies 
were mostly done with nickel catalysts and for the 
most part concerned hydrogenation of linoleic acid 
and methyl linoleate although some work with cotton- 
seed and safflower oils was reported. The latter 
reference covers work with copper catalysts. 

Previous study by Mounts and Dutton (17) who 
studied the kinetics of the hydrogenation of soybean 
oil with the Cu/Cr type of catalyst via the radio- 
activity-chromatography technique, suggested that the 
reaction involved can be represented by the following 
scheme: 
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Fie. 5. Conjugated diene vs. iodine value trilinoleln hy- 
drogenation copper catalyst �9 340 F, 50 psig, 1% catalyst 
A 392 F,  50 psig 1% catalyst. 
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L3 
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where: L3, triene; L2, diene; iso L2, nonconjugatable 
diene (more than one methylene interrupted);  L1, 
monoene. 

The implication from their experimental data was 
that the Cu/Cr catalyst converts linolenate to non- 
conjugatable dienes almost exclusively, which requires 
that the middle double bond is selectively attacked. 

Mounts' scheme agrees well with the results Obtained 
during the present study, where ste~rie acid was not 
formed and a significant level of isolinoleate was 
found. However, our results indicate that additional 
steps should be included. 

The fact that the conjugated diene concentration 
was proportional to the rate of the reaction, reaching 
a maximum when the maximum rate of reaction was 
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F ~ .  6. Conjugated d[en~ and rate of reaction vs. reaction 
time soybean oil hydrogenatiol~ copper catalyst 392 F ,  50 
psig, 0.28% catalyst �9 conjugated diene, X rate of reaction. 
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FIG. 7. Computer  simulation of hydrogenat ion  of soybean 
oil with copper catalyst  - - -  experimental  values; - - simu- 
lation values 392 F ,  75 psig, 0.28% catalyst  Ls triene (1% 
divisions) diene, (10% divisions) L~ monoene (10% divisions) 
U~ total  conjugated diene (0.5% divisions).  

reached (Fig. 6) ,  strongly suggests that  the con- 
jugated dienes are important  intermediates in the hy- 
drogenation process. Also, since no hydrogenation of 
monoene occurred in the soybean oil and trilinolein, 
the hydrogenation mechanism requires an intermediate 
system consisting of two double bonds at  least. The 
most probable candidates are conjugated or con- 
jugatable (methylene in ter rupted)  diene. 

Our analytical data clearly showed that  the triene, 
if conjugated, will contain only one conjugated sys- 
tem. Also, it  was observed that,  as the reaction pro- 
gressed, the difference between gas chromatography 
fa t ty  acid composition and UV fa t ty  acid composition 
determinations for diene increased considerably, e.g., 
at IV 85, UV diene was a considerably smaller value, 
8.9%, than the gas chromatography value of 13.4%. 
This difference is probably the nonconjugatable ma- 
terial, and supports the observation that considerable 
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Fro. 8. F a t t y  acid composition vs. reaction time soybean 
oil hydrogenat ion copper catalyst  392 F ,  50 psig, 0.28% 
catalyst  Q diene, �9 monoene, m saturates. 

TABLE II 
Simulation Values for a 

Pressure, 
pslg a 

0 0.16 
25 0.2 
56 4.93 
75 28,56 

10O 39.29 
125 12.74 

fraction of the triene was hydrogenated to noncon- 
jugatable diene. 

Thompson (18) found eleosteric acid to be more 
rapidly hydrogenated with nickel catalyst than was 
linolenic acid. Feuge et al. (2) reported much more 
rapid hydrogenation of conjugated than noncon- 
jugated linoleic acid. Others have speculated that  the 
induction per iodwas  a period of conjugation. 

Based on the present s tudy and previous studies 
(17,18,20), the following scheme is proposed to 
account for  the main features of the hydrogenation, 
with the Cu /Cr  type of catalysts: 

L 2 -  > L1 

where : L3 , triene with one conjugated system ; L2 , 
C C 

diene with one conjugated System. 
With the above scheme, a kinetic model has been 

developed in which the following assumptions were 
made: (a) All active sites on the catalyst surface are 
identical; (b) Hydrogen molecules are chemisorbed, 
and split into atoms on pairs of active sites; (c) Fa t ty  
acids are not chemisorbed but  probably form a com- 
plex with the H-atoms on the surface;  (d) The chem- 
ical reaction is the rate controlling step. 
The resulting rate equations are as follows: 

rL = [ A / ( 1  + C2/aCa) + B / ( 1  + aC3/C2)]Cr 
1 

rL -- [ E / ( 1  + C2/aCa) -- G / ( 1  -t- aCs/C2) lee  + 
2 ( F C 2 - H C 1 )  

--rL = MCc/(1 + C2/~Cs) -- NC2 - RC1 
3 

where : Lec + L3 c = Lc and a is defined by: C3c/C~ = 
a (C8/C 2) ; rL , rate of monoene formation;  rL , rate 

1 2 
of diene change; rL , rate of triene consumption; C1, 

s 
concentration of monoene; C2, concentration of diene; 
Ca, concentration of t r iene;  Cr total conjugation; 
C3 , conjugated triene (one conjugated system) ; C2 , 

e 
conjugated diene; A, B, E, F, G, H, M, N, R, 
constants. 

An analog computer E A I  680 was used to simulate 
the kinetic data using this model. A typical analog 
simulation and the experimental value is shown in 
Figure  7 for  75 psig. The agreement between the 
two is remarkable. Agreement in other pressures 
was essentially the same in pressures of 50 to 125 
psig range. 

The simulation values for  a at different pressure 
are summarized in Table II .  

The values of a indicate that  above about 50 psig 
the high selectivity of Cu catalyst might  be due to 
the selective conjugation of linolenate thus making 
the effective concentration of triene much higher than  
its relative proportion in the off. The small a values 
for  0 and 25 psig are believed to be due to diffusion 
resistance which might be considerable under  these 
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conditions and which may cause the assumption that 
the chemical reaction is rate controlling" invalid. 
The selective conjugation concept raises another ques- 
tion. I f  a considerable fraction of the conjugated 
diene is actually triene with one conjugated system, 
this will cause the UV determination of triene to be 
very unreliable, especially with high levels of con- 
jugation. For  example, at 392 F, 0 psig and 0.28% 
catalyst concentration (%970),  UV analysis showed 
4.2% triene and 4.0% conjugated diene. This may 
mean that  actually about 8.0% triene is still in the 
system although 4% is shown as conjugated dicne. 

Since process conditions affected both conjugation 
and rate in the trilinolein study but  had relatively 
little effect on composition, it supports the conjugation 
mechanism. This, however, does not necessarily mean 
that these are the only steps involved. For  example, 
in one par t icular  run with T-970 catalyst, 0.28% 
by weight, 50 psig of He and 392 F, the reaction was 
continued for 25 hr. The results are presented in 
Figure 8. As time progressed, monoene began to 
hydrogenate to stearate and af ter  25 hr the stearate 
content changed from 4.7% to 31.5%. This indicates 
that  although the steps proposed in this s tudy are 
much faster than steps which do not require a con- 

jugated intermediate, given enough time the latter 
will have a significant effect. 
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