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shortenings from the standpoint of reversion, both
organoleptically and by carbonyl index determina-
tions. Since the shortenings were deodorized and sta-
bilized, they were substantially bland in taste and
odor. They showed no development of reversion
odors or flavors after heating in an oven at 60°C. for
six days. Their original carbonyl index values of
from 45 to 55 showed no increase after this oven-
aging.

To establish whether or not the hydrogenation and
stabilization treatments were responsible for protect-
ing these shortenings from reversion, some shorten-
ings in which these treatments were omitted were
tested organoleptically and by the determination of
carbonyl index values after oven-aging. Samples pre-
pared similarly, but not hydrogenated, had detectable
odors of reversion after oven-aging, and their car-
bonyl index was raised to 66. When the antioxidant
was omitted from this type of shortening as well as
the hydrogenation, the original carbonyl index value
of 50 rose to 117 after oven-aging, and more pro-
nounced reversion could be detected organoleptically.
These experiments indicated that slight hydrogena-
tion and the use of antioxidants are effective in
stabilizing shortenings containing tallow against
reversion.
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Summary

Experimental shortenings were prepared from var-
ious mixtures of tallow and cottonseed oil. Three
series of shortenings were produced by somewhat dif-
ferent procedures: a) mixtures of tallow and cotton-
seed oil were hydrogenated and then catalytically re-
arranged; b) mixtures of hydrogenated tallow and
cottonseed o0il were rearranged; and ¢) mixtures of
hydrogenated tallow and cottonseed oil were rear-
ranged in the presence of 0.43% glycerine.

Certain ecombinations and treatments of tallow and
cottonseed oil produced shortenings which compared
reasonably well with standard vegetable shortenings.
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Isomerization During Hydrogenation. Ill. Linoleic Acid

ROBERT R. ALLEN* and ARTHUR A. KIESS, Armour and Company,

Research Division, Chicago, lllinois

T HAS BEEN WELL ESTABLISHED that, during the hy-
drogenation of linoleic acid (cts-9,cis-12-octadeca-
dienoic acid) to a monoene, the produect formed

is a mixture of isomeric acids (7). It has been shown
that the mixture is composed of not only the cis and
trans geometrical isomers but also positional 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 (5).

The data presented in the first report in this se-
ries, on octadecenoic acids (3), showed that both geo-
metrical and positional isomerizations occurred at the
same time by a half hydrogenation-dehydrogenation
reaction.

When the reaction was investigated further by the
hydrogenation of a conjugated diene system (cis-10,
cis-12-octadecadienoic acid), it was found that hydro-
genation took place with equal ease in the 1,2, 14,
and 3,4 positions of the diene system (2).

The present extension of the study is concerned
with the diene system whose double bonds are sepa-
rated by a methylene group.

Experimental

Linoleic aeid and methyl linoleate were prepared
from crude safflower-seed oil by saponification or ester
interchange followed by low-temperature crystalliza-
tion and separation of remaining monounsaturated
acids or esters by treatment with urea as described by
Swern (11). The acid (and ester) prepared in this
way is essentially pure (over 95%) when saponifica-

1 Present address, Foods Divizion, Anderson, Clayton and Company,
Sherman, Tex.

tion of the oil is carried out in dilute (below 5%)
aleoholic KOH at room temperature for 24 hrs. How-
ever, even with the most careful handling, the linoleic
acid always contained a small percentage of an iso-
mer with a double bond at the 8 position. This isomer
is belicved to be present in the original safflower-seed
oil since the ester, in which only a catalytic amount
of alkali was present during the ester interchange,
contained the 8 isomer. Also the isomer was not de-
tected in cottonseed oil treated in the same manner.
The acid and ester were prepared by crystallization
instead of by bromination-debromination (9) since
the debrominated material contained large amounts
of positional and geometric isomers and less than
75% of the 9,12-octadecadienocic acid.

Hydrogenations under pressure were carried out in
a Parr medium-pressure hydrogenation apparatus.
Hydrogenations at atmospheric pressure with poor
hydrogen dispersion were performed as described pre-
viously (3).

The catalyst was nickel formate reduced in cotton-
seed oil. No attempt was made to remove saturated
material before use.

The percentage of isolated frans isomers was
determined as described in the first paper of this
series (3). .

The fatty-acid composition of partially hydroge-
nated products was determined by A.0.C.S. methods
Cd 1-25 and Cd 7-48 (rev. May 1951) after correc-
tion of the iodine value for conjugated double bonds
as suggested by Feuge et al. (7).

Positional isomers were determined by chromato-
graphie separation of the dibasic acids produced by
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oxidative scission (3). It was necessary to use a
silicie acid column mixed with citrate buffer of pH
7.8 to separate the acids, which came out in the order
monobasic acids, then 12-) 11-, 10-, and 9-carbon di-
basic acids.

Sinece only one double bond may be located by
dibasie-acid analysis, one series of samples was sub-
jected to monobasic-acid analysis in order to locate
the second double bond. The mixture of partially hy-
drogenated fatty acids was ozonized, the ozonide was
decomposed with aqueous H,O, in the usual manner,
and the solvent was removed by distillation on a
steam bath, The mixture of mono- and dibasic acids
was dried by azeotropic distillation with benzene, the
dried sample was dissolved in chloroform, and ali-
quots were used for chromatographic analysis. The
dibasic acids were determined as described, and the
monobasic acids were separated on a column of silicie
acid mixed with 2N glycine that had been brought to
the proper pH with NaOH (6). It was necessary to
‘employ two columns, one using glycine buffer at pH
10.15, which separated the 9-, 8-, and 7-carbon mono-

basic aeids, and one buffered at pH 9.4, which sepa-

rated the 8-, 7-) and 6-carbon monobasic acids. The
positions of the double bonds were calculated from
the mole percentage of mono- and dibasic acids as de-
seribed in a previous publication (1),

Results and Discussion

The fatty-acid compositions of the samples ob-
tained during the several hydrogenations are shown
in Figures 1, 2, and 3. Figure 1 shows the course of
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F1a. 1. Fatty acid composition of bydrogenated linoleie
acid. Hydrogenated at 120°, 5 lbs. press., 0.5% Ni catalyst
with efficient agitation.

hydrogenation of linoleic acid at 5 lbs. pressure and
120°, with 0.6% Ni catalyst, under efficient agitation.
This hydrogenation was somewhat non-selective as
shown by the formation of considerable saturated ma-
terial before all the dienoic acid had disappeared. In
contrast, Figure 2 shows very selective hydrogena-
tion. This reaction was conducted at 5 lbs. pressure
and 180°, with 0.5% Ni catalyst, under good agita-
tion. Thus a 60° increase in reaction temperature
permitted almost complete hydrogenation of diene to
monoene before any completely saturated material
was formed. The hydrogenation of methyl linoleate
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Fig. 2. Fatty aeid composition of hydrogenated linoleic
acid. Hydrogenated at 180°, 5 1bs. press., 0.5% Ni catalyst
with efficient agitation. .
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F1a. 3. Fatty acid eomposition of hydrogenated methyl lino-
leate. Hydrogenated at 220°, atm. press., 0.5% Ni catalyst
with poor hydrogen dispersion.

(PFigure 3) at 220°, 0.5% Ni, and atmospheric pres-
sure, with poor hydrogen dispersion, also showed
very good selectivity. This is to be expected as it has
been shown (4) that selectivity is increased by higher
temperatures and lower pressures.

Formation of Positional Isomers. The positional
isomers formed during the hydrogenations are shown
in Figures 4, 5, and 6. The numbers of the curves
designate the position of the double bond nearer the
carboxyl group if more than one double bond is pres-
ent. For example, at 100% diene content, where the
figure shows 100% 9 isomer, there are actually double
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Fig. 4. Isomerization during hydrogenation of linoleic acid
at 120°, 5 lbs. press., 0.5% Ni. Numbers on curves indieate
double bond positions.
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Fic. 5. Isomerization during hydrogenation of linoleic acid
at 180°, 5 lbs. press., 0.5% Ni. Numbers on curves indicate
double bond positions.

bonds at the 9 and 12 positions. As shown on the
curves, as hydrogenation proceeds, there is a decrease
in the total 9 isomer and an increase in the 10, 11,
and 12 isomers. An estimation of 9 monoene may be
made by subtracting the 9,12 diene determined by
another method from the total 9. Also, if it is as-
sumed that the 10, 11, and 12 isomers are all mono-
enes, the difference between their sum and the total
monoene content will be the 9 monoene. The 9 mono-
ene contents calculated by both methods are the same
within experimental error. Calculated 9 monoene
contents are shown on Fgures 4 and 5, whereas Fig-
ure 6 presents the 9 monoene content determined by
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the analysis of the monobasic acids produced by oxi-
dative scission of partially hydrogenated methyl
linoleate.

The question as to which of the two double bonds
in linoleiec acid is hydrogenated first has received
some attention. It is generally believed that the bond
farther from the carboxyl group has the greater re-
activity. Suzuki and Inoue (10) found that when 1
mole of hydrogen was added to 1 mole of methyl
linoleate, the oleate produced had the remaining bond
in the 9 position. Examination of Figures 4 and 5
shows that more 9 than 12 monoene was produced as
hydrogenation proceeded. Therefore the 12 bond.in
linoleiec acid is hydrogenated faster than the 9 bond.
In the third experiment (Figure 6) the two bonds
are saturated at about the same rate. This change in
relative reactivity of the two bonds could result from
the differences in the conditions of hydrogenation,
1.e., higher temperature, lower pressure, poor hydro-
gen dispersion, or from the use of the ester instead of
the free acid. However it is believed that esterifica-
tion would have very little effect on any directing in-
fluence attributable to a carboxyl group seven car-
bons away from the reaction site. The drastic condi-
tions of the hydrogenation of methyl linoleate are
thought to have more influence on the reactivities of
the two bonds. More investigation of this problem is
needed before a clear explanation can be made.

Migration of the double bonds into the 10 and 11
positions during hydrogenation is shown in Figures
4 5, and 6. During the less selective hydrogenation
shown in Figure 4, the amounts of 10 and 11 octa-
decenoic acids formed were less than the 9 or 12
with slightly more 10 than 11. However, during the
very selective hydrogenation shown in Figure 5, the
amounts of 10 and 11 were practically equal to the
12 but did not exceed the 12. Even more drastic con-
ditions of hydrogenation, as shown in Figure 6, did
not increase the amounts of the 10 or 11 isomer above
the 12,
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From this it appears that the last two hydrogena-
tions were operating under some sort of equilibrium
conditions. The formation of appreciable amounts of
conjugated diene during hydrogenation lends support
to the view that the methylene-interrupted diene sys-
tem first shifts to a conjugated system before hydro-
genation takes place. This would aceount for the
presence of the bonds at the 10 and 11 positions since
the 9,12 system could produce both 9,11 and 10,12
conjugated dienes. Hydrogenation of these conju-
gated bonds would then produce the isomeric mono-
enoic acids found. It has been shown however (2)
that during the hydrogenation of a conjugated diene
system, the hydrogen adds 1,2, 1,4, and 3,4 with equal
ease. Thus, if the normal linoleic (9,12) produced
only 911 and 10,12 conjugated diene in equal
amounts in the first step of the reaction, addition of
hydrogen to the 9,11 would produce the 9, the 10,
and the 11 monoenes in equal amounts while the
10,12 would give the 10, the 11, and the 12 in equal
amounts. Therefore determination of the positional
isomers would show twice as much 10 or 11 as 9 or 12,
Since hydrogenation even under drastic conditions
did not show this ratio of positionally isomerie mono-
enes, it must be concluded that all the pentadiene sys-
tem did not shift to a conjugated diene before hydro-
genation. From the approximately equal amounts of
positional isomers found during a selective hydrogen-
ation, only roughly two-thirds of the diene shifts to
a conjugated system.

The isomerization may be explained by the half hy-
drogenation-dehydrogenation mechanism similar to
the reaction sequence that is believed to operate dur-
ing the hydrogenation of monoenes. The reactions
may be shown as follows:
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In these reaction sequences the first atom of hydro-
gen adds to the 9 or 13 position in the pentadiene
system. Removal of a hydrogen atom can produce
two isomeric dienes since either of the hydrogens ad-
jacent to the free-radical center may be removed.
This process will produce the original pentadiene
plus a conjugated diene. Sinee either end of the pen-
tadiene may add a hydrogen atom, there will be two
different conjugated dienes produced. Addition of

VoL. 33

one mole of hydrogen to this mixture will then pro-
duce the isomeric monoenes found. It is believed that
the hydrogen atom adds to the end of the pentadiene
system because there was very little increase in 8 or
13 monoenes during the hydrogenation and isomeri-
zation reactions. Although a small increase in the 8
monoene was found, this is believed to be due to a
minor side reaction and the main reaction sequence
takes place as indicated.

In hydrogenation under non-selective conditions
(Figure 4) the rate of hydrogenation is greater than
the rate of isomerization. This difference in rate is
believed to be due to the concentration of hydrogen
at the catalyst surface. If the catalyst maintains a
high concentration of hydrogen as a result of high
pressure, low reaction temperature, and low catalyst
concentration, the rate of hydrogenation should be
higher than the rate of isomerization; and since less
of the more reactive conjugated dienes are produced,
the reaction will be less selective. Conversely high
reaction temperature, low pressure, and high catalyst
concentration will decrease the hydrogen concentra-
tion on the catalyst and thus increase the ratio of
isomerization to hydrogenation, which will increase
selectivity. This hypothesis is in agreement with the
view of Hilditeh (8) that the selectivity of hydroge-
nation is a function of the active methylene group.
If there are two or more methylene groups between
the double bonds, it would be necessary for the mole-
cule to go through several isomerization reactions to
form a reactive conjugated diene. This would be very
unlikely as the molecule would probably be hydro-
genated completely before the several isomerization
reactions could occur.

Formation of trans Isomers. During hydrogenation
oo
C=C-R, R, CH3—(0H2)4“‘

Rz, —(CHZ)',—COOH

Hauy HoH HoH
R,- G=C-C=C-CH,~R, R,~G=G-CH,~C=C-R,
l«‘l-lz lmz
HoH Hou
R~ G=C-(CH,) 4R, R~ G=C- (CH,) R,

| 1
R,- CH,~C=C~ (CH,);~R,
o)

"o
R,~(CH,) ;~C=C—~CH~R,
(o)

some isomers containing isolated trems double bonds
are formed. The amount of these isomers is shown in
Figures 4, 5, and 6. Non-selective hydrogenation re-
sults in a rather low amount of {rans whereas selec-
tive hydrogenation produces large amounts. Thus it
can be deduced that the formation of frans isomers
depends on the reaction conditions.

The positional isomers in the ¢rans form were de-
termined after separation of the framns acids from
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TABLE I

Monoenoic Fatty Acid Composition of Partially
Hydrogenated Linoleic Acid

% Total o
Iﬁ’;}ﬁe % Total % Trans Unsaturated | Positional
Position Unsaturated Fraction in Trans Isomer in
form Trans form
Non-Selective Hydrogenation (120°, 5 lbs. pressure, 0.5% Ni)
(33% Trans)
12 28.6 22.0 7.3 25.6
11 14.6 25.1 8.4 57.5
10 16.5 321 10.7 65.0
9 40.3 20.8 7.0 174
Selective Hydrogenation
(220°, atm. pressure, 0.5% Ni, poor H; dispersion)
(55.2% Trans)
12 25.1 22.6 12.5 50.0
11 19.8 24.0 13.3 67.2
10 28.1 31.0 17.1 74.0
9 32.0 22.4 12.3 8.7

the cis by acetone crystallization. The mole fraetion
of each positional isomer present in the pure #rans
multiplied by the percentage of trans in the original
sample gives the percentage of each positional isomer
in the total sample in the {rans form. The results of
the analyses of a non-selective and a selective hydro-
genation are shown in the table.

Inspeetion of column 3 reveals that although the
two samples contain very different amounts of total
trans, the amounts of a positional isomer in the trans
portions of the two samples are equal within experi-
mental error.

The last column, which shows the percentage of
each positional isomer in the trans form

Column four
Column two X 100)

supports the view that half hydrogenation-dehydro-
genation of a double bond during hydrogenation re-
sults in a trans,cis mixture of the new double bonds
(3) and in geometrical isomerization of the double
bonds in the original positions as well. Comparison
of the trans contents of the 9 and 12 monoenes of the
two samples shows that selective hydrogenation pro-
duces more 9 and 12 ¢rans monoenes than does non-
selective hydrogenation. Since positional isomeriza-
tion under selective conditions is greater, it follows
that geometrical isomerization of the bonds in the
original positions is also greater under such condi-
tions. This relationship of positional and geometrical
isomerization follows from the half hydrogenation-
dehydrogenation concept. When a hydrogen atom
adds to a pentadiene system with subsequent removal
of a hydrogen to reform a diene, three positionally
isomeric dienes are possible. Each of the two conju-
gated isomers may be in two geometrical forms,
whereas the noneonjugated isomer may appear in one
of three geometrical forms. For example, if hydrogen
adds to the 9 position in linoleic acid and hydrogen
is then removed, there can be formed the original
c15-9,cis-12, the trans-9,¢is-12, and the two conjugated
isomers, ¢1s-10,¢ts-12, and trans-10, c¢is-12. When the
other end of the original pentadiene system goes
through this reaction sequence, the bonds at the
12 and 11 positions may be converted to the trans
forms in the same way.

Reference to the table shows more trams-12 than

ALLEN ET AL.: IsomERIZATION DURING HYDROGENATION 359

trans-9 in both samples. This is probably due to the
greater reactivity of the 12 bond. Since this bond is
hydrogenated faster than the 9 bond, it seems reason-
able that the rate of isomerization might also be
greater.

The presence of larger percentages of frans-10 and
-11 than of trans-9 and -12 is due to the formation of
trans-10 and -11 isomers in two ways. In the first
place, half hydrogenation-dehydrogenation forms not
only the two cis,cis conjugated dienes, 9,11 and 10,12,
but also the two conjugated dienes in which the
double bonds that have migrated are {rans, i.e., cts-9,
trans-11, and trans-10,cis-12. In the second place, it
has been shown (2) that in the hydrogenation of a
conjugated diene (which results in the formation of
equal amounts of 3 monoenes) the 1,4 addition forms
a trams bond. For example, hydrogenation of a cis-9,
cis-11 diene produces the three monoenes cis-9, trans-
10, and cis-11, and hydrogenation of a cis-10,cis-12
diene forms c¢is-10, ¢rams-11, and c¢is-12 monoenes.
Combinations of these reactions must lead to larger
amounts of frams-10 and -11. The larger percentage
of trans-10 than of -11 may be explained by the
greater reactivity of the 12 bond, which results in
the formation of larger amounts of 9,11 diene and
therefore more #rans-10 monoene.

Summary

The isomerization that takes place during the cata-
Iytic hydrogenation of linoleic acid and methyl lino-
leate produces cis and trans 9, 10, 11, and 12 mono-
enes. The double bond at the 12 position appears to
hydrogenate slightly faster than that in the 9 posi-
tion. More octadecenoic acids with double bonds at
the 10 or 11 positions are produced during a selec-
tive (high temperature, low pressure) hydrogenation

-than during a non-selective process.

Although the degree of selectivity of the hydrogen-
ation is determined by the amount of isomerization
of the original pentadiene system to a conjugated
diene, only part of the methylene-interrupted diene
goes through this type of isomerization even during
a highly selective hydrogenation.

The half hydrogenation-dehydrogenation reaction
mechanism is applied to explain the simultaneous po-
sitional and geometrical isomerizations.
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