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erentially adsorbed from the rumen, or are preferen-
tially passed from the rumen, leaving the saturated.
These possibilities are most unlikely. The rumen is
ineapable of absorbing long chain fatty acids, and the
resolution of a solution of saturated and unsaturated
acids in a churning milieu such as a rumen must be
considered impossible.

Another alternative is that the unsaturated acids
are oxidized to short chain acids and these are resyn-
thesized to saturated acids. Since the synthesis of
saturated fatty acids from acetate is a proven phe-
nomenon, this may take place to some degree, but
to the author’s knowledge nowhere in all the rather
voluminous literature on the short chain acids of the
rumen has this been observed to occur. On the con-
trary, short chain acids are absorbed to a considerable
degree directly from the rumen.

There is the possibility that the nnsaturated acids
are oxidized to short chain acids in the rumen and
absorbed there, leaving the saturated acids. However
Shorland has shown that the saturated acids in the
rumen are mainly stearic. The saturated acids of
linseed and cottonseed oil are mainly palmitie.

The interpretation that the dietary linoleic and
linolenic acids of the goat are eonverted in the rumen
to oleic and saturated acids explains the high level
of stearic acid in the tissues of ruminant animals and
the relative lack of influence of dietary fatty acids
on the depot fat of these animals. Previous work in
this laboratory (7) has shown that the inclusion of
5% of cottonseed oil in an otherwise low fat ration of
fattening steers resulted in a fat of higher saturated
and lower oleic acid than the controls. Linoleic and
linolenic acids were not affected. This paradox was
explained by the hypothesis that the exogenous fat,
hydrogenated in the rumen, contained more saturated
and less oleic than endogenously produced fat. The
present data substantiate this interpretation. Endog-
enous animal fat produced on ‘‘fat-free’’ rations is
about 35% saturated and about 65% or more oleic
and palmitoleic (12, 13, 14). Rumen fat, after inges-
tion of cottonseed oil, contained between 50 and 60%
saturated acids and only 30 to 50% monoethenoid
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acid. Thus the addition of cottonseed oil to a low fat
cattle ration actually would paradoxically increase
the level of the saturated acid and reduce the level of
the oleic (monoethenoid) acid. Others have also found
that the ingestion or rather large quantities of soy-
bean and other unsaturated fats to steers for 260
days had little influence on the iocdine number or firm-
ness of the depot fats (5). No analysis was made of
the fatty acid composition.

Summary

Goats were fed alfalfa meal containing 10% cotton-
seed or linseed oil. After 11 weeks the fatty acids of
rumen, stomach, and caecum contents were compared
to those of the feed.

It was found that the high levels of linoleic and
linolenic acids of the feed were reduced to very low
levels in the rumen, with comparable increases in the
saturated acids. Monoethenoid acids were increased
after linseed oil ingestion and in ome animal after
cottonseed oil ingestion.

The ratio of monoethenoid to saturated acids in the
rumen fat was lower than in the endogenous fat of
nonruminant animals. This explains the paradox of
the low ratio in the depot fat of ruminants even after
the ingestion of highly unsaturated fats.
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Concurrent Oxidation of Accumulated Hydroperoxides in the
Autoxidation of Methyl Linoleate”

0. S. PRIVETT aond CHRISTENSE NICKELL, The Hormel Institute, University of Minnesota,

Austin, Minnesota

NDER MILD CONDITIONS OF OXIDATION the yield of
hydroperoxides in the initial stages of the autoxi-
dation of methyl linoleate is believed to be vir-
tually quantitative (4, 8, 10,12, 16), that is, secondary
oxidation of hydroperoxides has been considered to
be relatively unimportant in the early stages of the
reaction. In fact, Bolland (7) suggested that hydro-
peroxides formed in the autoxidation of ethyl lino-
leate would be less likely to undergo oxidative attack
than ethyl linoleate because less resonance energy
would be made available on radical formation.
Notwithstanding, there are a number of observa-
tions peculiar to the autoxidation of methyl linoleate

1 Hormel Institute publication no. 138. Presented hefore the Ameri-
can Oil Chemists’ Society, Philadelphia, Pa., Oct. 10-12, 1955,
2 This work was supported by a grant from the Hormel Foundation.

that remain unexplained. Notable among these is the
amount of diene conjugation formed during the re-
action. The average value of about 23,000 for the
molecular extinction coefficient for the peroxides
formed in the autoxidation of methyl linoleate is
much lower than that determined for cis, frans diene
conjugated methyl octadecadienoate (14,17). This
cannot be explained on the basis of our present kiowl-
edge unless one takes the unattractive view that non-
conjugated hydroperoxides are produced. Formation
of nonconjugated hydroperoxides has not been demon-
strated in the autoxidation of methyl linoleate, and
from thermodynamic and other considerations it ap-
pears unlikely that they are produced in an amount
sufficient to account for the low molecular extinetion
(4, 21, 22).
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Although ¢is, trans diene conjugated hydroper-
oxides are the primary reaction products in the early
stages of the low temperature autoxidation of methyl
linoleate, products containing ¢rans, trans diene con-
jugation are also frequently observed (12,18, 21).
The amount of #¢rans, trans diene conjugation pro-
gressively increases as the oxidation is continued
beyond the initial stages at low temperatures and
actually predominates when the autoxidation is car-
ried out.at room temperature (12,18,21). Also, in
spite of the fact that the diene conjugation exists
predominantly in the trans, {rans configuration in
autoxidations conduected at elevated temperatures, the
absorptivity for diene conjugation is generally no
greater than when the product consists primarily of
cis, trans diene conjugated hydroperoxides (16,18).

A number of investigators (6,12, 15), have postu-
lated that diene conjugated monomeric monchydro-
peroxides may undergo further oxidation by 1,4
addition of oxygen to the conjugated diene system
during the course of the autoxidation of methyl
Jinoleate to form diperoxides of the type
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The formation of such compounds has generally been
regarded as taking place in the more advanced stages
of autoxidation. However a careful study of pub-
lished data on the products of the autoxidation of
methyl linoleate (5, 12, 13, 15, 21) reveals that, al-
though the yield of hydroperoxides is higher under
mild oxidative conditions, secondary reactions yield-
ing non-hydroperoxidic products take place even in
the initial stages of the reaction.

The present investigation consists, essentially, of a
study of the course and mechanism of the oxidation
of hydroperoxides isolated from antoxidized methyl
linoleate and was undertaken for the purpose of de-
termining the importance of secondary reactions in
the early stages of the autoxidation of methyl
linoleate.

Some related observations also were made on the
autoxidation of reduced hydroperoxides (hydroxy
derivatives) and diene conjugated methyl linoleate.

Materials and Methods

Methyl Linoleate. This ester was obtained by urea
fractionation and low temperature ecrystallization of
the fatty acids of safflower seed oil. The highly puri-
fied acids were esterified with methanol and fraction-
ally distilled through a Podbielniak Hypercal column.
The final product had an iodine value of 169.0 (Wijs)
and a refractive index of 1.4612 at 23°C. The diene
conjugation was essentially nil as no maximum was
observed at 230-236 mg in the ultraviolet spectrum;
infrared analysis showed that the final product was
free from unnatural geometric isomers.

Methyl Linoleate Hydroperoxide Preparation. The
hydroperoxides used in this study were obtained from
two sources, autoxidized methyl c¢is-9, cis-12-linoleate,
and lipoxidase-oxidized sodium ecis-9, cis-12-linoleate.

The method of formation, recovery, and isolation
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of hydroperoxides obtained from lipoxidase-oxidized
sodium cis-9, cis-12-linoleate is reported in detail else-
where (19). For the present work the concentrate of
hydroperoxides, obtained as described (19), was fur-
ther purified in the following manner. The concen-
trate was dissolved in 8.5:1 mixture of Skellysolve F
—ethyl ether to give a 10% solution, which was cooled
to —70°C. At this temperature the hydroperoxides
crystallized in the form of fine white erystals; a dark
yellow nonerystalline material also was precipitated.
The solution was then allowed to warm slowly to
about —50°C. to dissolve the hydroperoxides. The
yellow amorphous material remained ingoluble at the
bottom of the flask at this temperature, and most
of the solution containing the hydroperoxides was
siphoned off. The hydroperoxides were then ecrystal-
lized from this solution by lowering the temperature
again to —70°C. The supernatant liquid was de-
canted, fresh solvent added, and the recrystallization
repeated. After five such crystallizations the hydro-
peroxides were recovered and esterified with diazo-
methane in ethyl ether at 0°C. The resulting esters
had a peroxide value of 5900 m.e./kg. and a specific
extinetion coefficient at 234 mp of 80.3. The infrared
absorption spectrum (Figure 6) showed that the con-
centrate consisted primarily of cis, trans diene conju-
gated isomers. On the basis of these analyses and
previous experience in isolating and purifying hydro-
peroxides from this source (19), this concentrate was
estimated to consist of more than 90% monomerie
monohydroperoxide.

The hydroperoxide concentrate obtained from
autoxidized methyl linoleate was isolated by counter-
current extraction (20) from a sample autoxidized
at 0°C. to a peroxide value of 670 m.e./kg. The final
product had a peroxide value of 6250 m.e./kg. and a
specific extinetion at 234 mp of 70.0. Analyses on the
reduced product showed 0.95 moles OH per mole of
ester; 1.87 moles hydrogen uptake per mole of ester;
K, mp, 74.0 This peroxide concentrate was used in
only a few experiments to determine if there were
any differences between hydroperoxides isolated from
antoxidized and lipoxidase-oxidized linoleate. Since
the hydroperoxides isolated from both sources ap-
peared to be identical as far as their kinetic behavior
was concerned, the compound isolated from the lipoxi-
dase-oxidized linoleate was used in most of the studies
because it was more readily available.

The hydroperoxides isolated from either the lipoxi-
dase-oxidized linoleate or autoxidized linoleate by the
methods and under the conditions reported here may
be presumed to consist primarily of a mixture of two
isomers 9-hydroperoxy trans-10, cis-12-octadecadienoic
acid methyl ester, and 13-hydroperoxy cis-9, trans-11-
octadecadienoic acid methyl ester (4,5,21). For con-
venience however this preparation will be referred to
in the text as methyl linoleate hydroperoxides.

Reduced Methyl Linoleate Hydroperoxide Prepa-
ration. This material (presumed to consist primarily
of a mixture of 9-hydroxy, trans-10, cis-12-octadeca-
dienoic acid methyl ester and 13-hydroxy, cis-9, trans-
11-octadecadienoic acid methyl ester) was obtained by
reducing a hydroperoxide concentrate :isolated from
lipoxidase-oxidized linoleate. The reduction was made
with a five-fold excess of stannous chloride dissolved
in absolute ethanol (1% solution) at room tempera-
ture. The reduced product was extracted with Skelly-
solve F and recovered by evaporation of the solvent
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under reduced pressure. Further purification was
made by molecular distillation at 120°C. The final
product gave the following analyses: k,,, 82.0; hydro-
gen uptake 1.93 moles per mole of ester; hydroxy
0.97 moles per mole of ester. Infrared spectral anal-
ysis showed that the produect consisted primarily of
cis, trams diene conjugated isomers. In accordance
with the designation of the hydroperoxide concentrate
isolated from oxidized linoleate, this preparation will
be referred to in the text as reduced methyl linoleate
hydroperoxides.

Methyl Myristate. This compound was obtained by
purifying BEastman methyl myristate by fractional
distillation. The final product did not absorb any
oxygen under the conditions employed in the oxida-
tion studies, and its refractive index (1.4350/25°C.)
was in close agreement with that reported for the
pure compound (3).

Methyl cis-9, trans-11-Linoleate. The conjugated
fraction of the methyl esters of dehydrated castor oil
acids was separated by fractional distillation, and the
desired compound was then isolated by low tempera-
ture crystallization from acetone, using the procedure
deseribed by Jackson et al. (14, 17) for the isolation
of methyl trans-10, ¢is-12-linoleate. Recrystallizations
were conducted until no further purification could be
obtained, as evidenced by ultraviolet and infrared
spectral analysis. Analytical data were as follows:
koss 92.1; 0¥, 1.4704; 1.V. (hydrogenation), 174.0.
The infrared spectrum (Figure 6) showed the doublet
absorption bands at 10.55 and 10.18 u characteristic
of cis, trans diene conjugation.

Methyl trans-10, trans-12-Linoleate. Cis-9, trans-
12-linoleic acid obtained from dehydrated castor oil
(14, 19), was alkali-isomerized at 200°C. in 21%
KOH diethylene glycol solution. The resulting con-
jugated fatty acids consisted of a mixture of cis, trans
and trans, trans diene conjugated isomers in which
the frans, trans isomer was presumed to consist vir-
tually entirely of trans-10, trans-12-linoleic acid (23).
This isomer was isolated by low temperature crystal-
lization from acetone and esterified with diazo-
methane. The ester was given a final distillation and
then analyzed.

The analyses were as follows: n3} 1.4710; LV.
(hydrogenation) 175.0; K,;, 107.5. The infrared
spectra from 10-11 u showed a single strong absorp-
tion band at 10.12 p.

Measurement of Oxygen Absorption. Rate of oxi-
dation measurements were conducted under various
conditions of temperature, oxygen tension, and per-
oxide concentration in a Warburg respirometer. The
oxidations were conducted on 200-250-mg. samples
in 15-ml. conical flasks shaken at 120 oscillations per
minute through an amplitude of 2.5 c¢m. Brodie's
solution, specific gravity 1.003, was wused in the
manometers. The temperature of the bath was con-
trolled within %0.1°C., and samples were equilibrated
in the bath for 5 minutes before the manometers
were closed. When spectral and peroxide analyses
were performed on samples oxidized to predetermined
levels, the analyses were conducted immediately after
they were removed from the bath.

Infrared Absorption. The infrared spectra reported
in this study were obtained with a Perkin-Elmer
Model 21 double beam instrument. Measurements
were made on a 10% solution of the compounds in
carbon disulphide.

Vor. 33

3000

2400

1800

UPTAKE (ME. ~ KG.) AT 50°C

o 1200

0,

600

[1 1 /]

2 4 6 8 10 12 14 16

TIME (HOURS)
F1¢. 1. Rate of oxidation at 50°C. A, methyl linoleate hydro-
peroxides; B, methyl linoleate; C, methyl cis-9, trans-11-lino-
leate; D, reduced methyl linoleate hydroperoxides.

Peroxide Value. A modified iodimetric method was
employed in which the solutions were kept under
purified nitrogen at all critical stages of the deter-
mination (20).

Ultraviolet Absorption. Ultraviolet spectra were
obtained with a Beckman model DU spectropho-
tometer; optically pure 95% ethanol was used as
the solvent.

Details of the method for the determination of
hydroxyl value have been described in another publi-
cation from this laboratory (18). Analytical hydro-
genations were conducted at atmospheric pressure in
95% alcohol, using a palladium-on-charcoal catalyst.

Results and Discussion

The general characteristics of the rate of oxidation
of methyl linoleate hydroperoxides, methyl linoleate,
methyl ¢is-9, trans-11-linoleate, and reduced methyl
linoleate hydroperoxides are compared. in Figure 1,
A, B, C, and D, respectively. An important feature
of the rate of oxidation of methyl linoleate hydro-
peroxides, as compared with the other compounds
was that in addition to being much faster, it did not
follow an autocatalytic pattern. The oxidation of
samples of methyl linoleate hydroperoxides proceeded
at a steady rate (linear relationship between oxygen
uptake and time) for varying periods of time, de-
pending on the temperature. Then the rate gradually
fell off as the oxidation was continued, as illustrated
by curve A in Figure 1. At 50°C. the steady rate of
oxidation continued to an oxygen uptake of about
1400 m.e./kg. of sample (Figure 1), and at 78°C. the
rate of oxygen uptake started to fall off after an
oxygen uptake of about 850 m.e./kg. of sample. Pre-
sumably, at higher temperatures, the rate would start
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to fall off still sooner. Thus the steady rate of oxida-
tion that was observed initially at all temperatures
represented the initial rate of the primary reaction.
A}l rate measurements were therefore made at this
phase of the reaction.

Activation Energy. The activation energy was de-
termined from the slope of the plot of the integrated
initial reaction rates as related to initial concentra-
tion (Figure 4) ws. the reciprocal of the absolute
temperature of the reactions (Figure 2). A value of
15.1 k. cal./g. mol was obtained.
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F16. 2. Effect of temperature on the rate of oxidation of the
methyl linoleate hydroperoxides.

For comparison the activation energy for the over-
all reaction of the autoxidation of methyl linoleate
oxidized to an O, uptake of 100 m.e./kg. was deter-
mined under similar conditions from the slope of the
plot of the log of the integrated rates of oxidation wvs.
the reciprocal of the absolute temperature. A value
of 16.2 k. cal./g. mol. was obtained as compared to a
value of 17.2 k.cal./mol. by Bolland (7) for the
autoxidation of ethyl linoleate at infinite pressure.

The quantitative effect of temperature on the rela-
tive rates of autoxidation of methyl linoleate and the
oxidation of methyl linoleate hydroperoxides is not
so clear from the present work. On the basis of
the general observation that secondary reactions take
place in greater volume in the autoxidation of methyl
linoleate at elevated temperatures, one would expect
that the activation energy for the over-all oxidation
of accumulated hydroperoxides would be greater than
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that for the over-all autoxidation of linoleate. The
finding of an activation energy for the oxidation of
hydroperoxides of the same order as that for the
autoxidation of methyl linoleate appears to be anom-
alous. However since both values represent composite
quantities for a number of elementary reactions, the
values so obtained may mnot be strictly comparable.
Also this may be a reflection of a situation similar to
that existing in the autoxidation of methyl oleate
(12A), in which it was found that the highest yields
of hydroperoxides were actually obtained in autoxi-
dations at 80°C.

The Effect of Oxygen Pressure on the Oxidation of
Methyl Linoleate Hydroperoxides. In contrast to the
autoxidation of methyl linoleate in whichithe reaction
was found to be relatively insensitive to oxygen pres-
sures above about 200 mm. (7), the oxidation of
methyl linoleate hydroperoxides was sensitive to oxy-
gen pressure up to and beyond about 730 mm.
(Figure 3).

The oxidation of methyl linoleate hydroperoxides
proceeded so rapidly at 50°C. under atmospheric
conditions that unless care was taken to replace the
air above the sample frequently, the oxygen was
depleted sufficiently in the flasks to change its con-
centration and cause a premature falling off in the
rate due to the sensitivity of the reaction to low
oxygen tensions.

Effect of Initial Concentration on the Rate of Ouxi-

dation of Methyl Linoleate Hydroperoxide. Various
initial hydroperoxide concentrations were obtained by
diluting the methyl linoleate hydroperoxides with
methyl myristate. A typical sigmoidal  relationship
was exhibited between the initial peroxide concen-
tration and the initial rate of oxidation (Figure 4).
. The oxidation did not proceed in accordance with
the kinetics of a simple order, and observations on the
effect of antioxidants in giving a well-defined indue-
tion period (Figure 5) indicated the strong proba-
bility of a chain mechanism.
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TABLE I
Relationship Between Peroxide Value, Oxygen Uptake, and Diene Conjugation

Methyl linoleate hydroperoxide Reduced methyl linoleate hydro-

s N :d3 Methyl trans-10, trans-12-linoleate Methyl cis-9, trans-11-linoleate
preparation oxidized at 30°C. peroxide px;pggiag‘on oxidized oxidized at 50°C. oxidized at 50°C.
P.V. 0. Absorp- P.V. 0. Absorp- P.V. 0, Absorp- P.V. [0 X Absorp-
uptake tivity uptake tivity uptake tivity uptake tivity
m.e./kg. m.e./kg. Kosy m.e./kg. m.e./kg. Kooy m.e./kg. m.e./kg. kogy m.e./kg. m.e./kg. koo
5900 0 80.3 0 0 82.0 [} 0 107.5 0 0 92.1
5830 294 74.0 257 273 78.0 218 408 105.0 247 202 90.6
5820 469 72.5 359 500 76.5 456 841 92.5 460 520 86.4
5950 602 68.0 392 699 72.5 660 1012 90.5 930 1028 80.5
5900 936 62.5 960 1550 66.5 721 1250 86.6
6400 1985 38.2 1200 2170 54.6 920 1476 83.4
6000 2930 28.3 1800 3320 43.5

An insight into the mode of the reaction was indi-
cated from the observation that a sample of methyl
linoleate hydroperoxides which had been allowed to
absorb 2200 m.e. of oxygen per kilogram then diluted
to a P.V. of 2730 (2.23:1 by weight) with methyl
myristate oxidized at the same rate as a sample of the
original methyl linoleate hydroperoxides diluted to a
P.V. of 1745 (3.5:1 by weight) with methyl myristate.
This rate corresponded to a peroxide concentration
equivalent to the ecalculated concentration of un-
reacted hydroperoxide molecules on the basis that one
mole of O, reacted with one mole of hydroperoxide.
Thus the rate of oxidation appeared to depend on
the concentration of the unreacted hydroperoxide
molecules.

Relation Between Peroxide Value, Oxygen Uptake,
and Loss of Diene Conjugation. Another important
feature of the oxidation of the methyl linoleate hydro-
peroxides was the failure of the peroxide value to
increase with the absorption of oxygen. There was
virtually no increase in the peroxide value as deter-
mined by iodimetry even after an oxygen uptake of
about 3000 m.e./kg. of sample had taken place in
oxidations at 30°C. (Table I). A number of evidences
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Fie. 4. Effect of initial concentration and temperature on the
rate of oxidation of the methyl linoleate hydroperoxides.

in addition to the peroxide value indicated that the
concentration of hydroperoxide groups remained
virtually unchanged during the reaction. Although
the absorption band at about 2.3 p in the infrared,
usually attributed to OH or OOH, may be due to a
number of oxygenated structures, it was significant
that it was not altered either in intensity or shape
by oxidation of the methyl linoleate hydroperoxides.
Further chemical analysis on samples of oxidized
hydroperoxides after reduction with stannous chlor-
ide also showed virtually no change in derived hy-
droxyl groups before and after oxidation (Table 2).

Infrared analysis on samples of the reduced methyl
linoleate hydroperoxide preparation oxidized to vari-
ous levels showed that the concentration of hydroxyl
groups also remained essentially unchanged through-
out the course of the oxidation of this compound.
Thus it appeared that little actual destruction of
hydroperoxide groups took place during the primary
reaction. There is the possibility, however, that the
hydroperoxide group is reacted, and the product (a
peroxide) is reduced equivalently by both potassium
iodide and stannous chloride to yield mostly hydroxyl
groups as both of these reagents are general reducing
agents for peroxides. Nevertheless, since the rate of
the reaction depended on the concentration of unre-
acted hydroperoxide molecules, after a molecule was
reacted, the peroxide group apparently did not exert
any further influence on the primary reaction. Thus
the apparent role of the hydroperoxide group was to
facilitate oxidative attack on the molecule. This may
be the mode by which new chains are formed in the
reaction and so explain the kinetics of the effect of
varying the initial concentration (Figure 4).

Although there was essentially no change in the
peroxide value, the diene conjugation progressively
decreased during the oxidation. On the basis of the
decrease in absorptivity at 234 mpu, on the average,
1.5 moles of diene econjugation were destroyed for
each mole of oxygen absorbed. lLikewise there was a
progressive decrease in the diene conjugation during
the oxidation of the reduced methyl linoleate hydro-
peroxides and the diene conjugated isomers of methyl
linoleate (Table I). In the oxidation of these latter
compounds it appeared that one mole of diene con-
jugation was destroyed for each mole of oxygen ab-
sorbed. However, except in the case of the all-trans
compound, the guantitative relationships are clouded
by the effect of cis, trans isomerism. Nevertheless the
primary point of oxidative attack appears to take
place at the conjugated diene in the hydroperoxides
as well as in the diene conjugated isomers of methyl
linoleate.

Peroxides, as determined by iodimetry, accumu-
lated to an appreciable extent during the oxidation
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of the latter compounds (Table I). On the other hand,
there was much less accumulation of peroxides in the
autoxidation of alkali-isomerized methyl linoleate.
When 1006 m.e. of oxygen/kg. had been absorbed in
the oxidation of such a compound, which consisted
of a mixture of cis, trans and trans, trans diene con-
jugated isomers, a peroxide value of only 238 m.e./kg.
was obtained. This was similar to the observations of
Allen ef al. (2). At present the nature of the per-
oxides formed in the autoxidation of diene conjugated
methyl linoleate is not known.

Infrared Spectral Analysis. The infrared spectra
from about 10 to 11 u of samples of the methyl lino-
leate hydroperoxides and methyl c¢1s-9, frans-11-lino-
leate before and after oxidation are shown in Figure
6, series A and B, respectively. Examination of these
results showed that, as the oxidation of these com-
pounds progressed, {rans, trans diene conjugated and
1solated #rans double bonds were formed at the ex-
pen of the original cis, trans diene conjugation. The
loss of cis, trans diene conjugation was indicated by
the diminution of the intensity of the absorption band
at 10.55 p. The presence of trans, trans conjugation in
the oxidized samples was indicated by the increase
in the intensity and the shift of the 10.18 » band
relative to the band at 10.55 . The band at about
10.15 » in the oxidized samples is the combined ab-
sorption of the 10.18 band of the cts, trans doublet
and the 10.12 band for trans, trans diene conjugation.
Thus, as trans, trans diene conjugation was formed,
the absorption peak shifted toward a wavelength of
10.12 p and increased in intensity relative to the band
at 10.55 p. The formation of a peak absorption at
10.33 p was due to the production of isolated trans
double bonds. Changes similar to these also oceurred
in the infrared spectra of the reduced methyl lino-
leate hydroperoxides as they were oxidized.
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During the autoxidation of methyl trans-10, trans-
12-linoleate the loss of trans, trans diene conjugation
was accompanied by the formation of compounds
containing isolated trans double bonds. This was evi-
denced by the diminution of the absorption band at
10.12 p concurrent with the development of a band
at 10.33 p in the infrared spectra.

SERIES A SERIES 8 SERIES C
i
1055
ta) (a) (a)
1033
1014 |
b4 10.55
o
[ (b)
®
b3
& (b}
<zt (b)
] )
-
]
a3
()]
-~10.33
10.13/

WAVELENGTH, MICRONS

F16. 6. Infrared spectra. Series A, methyl linoleate hydro-
peroxides a) before oxidation; b) 7 days exposure to air in a
thin film at 0°C.; e¢) 42 days exposure to air in a thin film at
0°C. Series B, methyl c¢is-9, trans-11-linoleate, a) before oxida-
tion; b) O: uptake at 50°C. of 1880 m.e./kg. Series C, methyl
linoleate hydroperoxides after an O. uptake of 2650 m.e./kg. at
30°C., a) before fractionation; b) monomeric fraction; ¢) poly-
meric fraection.

Figure 6 also shows the infrared spectra (series C)
from 10 to 11 p of a sample of oxidized methyl lino-
leate hydroperoxides (O, uptake 2650 m.e./kg.) and
its component monomeric and polymeric fractions
separated by molecular distillation at 120°C. after
reduction of the hydroperoxide groups with stannous
chloride. Although the fractionation was: not as sharp
as it might have been, it was evident that the trans,
trans diene conjugated compounds in the original
oxidized hydroperoxide sample were monomeric. The
isolated trans double bonds, on the other hand, re-
sided in the polymers formed in the reaction.

The chemical and ultraviolet spectral analyses of
this sample of methyl linoleate hydroperoxides before
and after oxidation are shown in Table II. As ob-
served previously (Table 1), there was no increase in
the peroxide value in spite of the fact that 2650
m.e/kg. of oxygen had been absorbed. There was also
no change in the concentration of hydroxy groups
formed on reduction of the peroxides. The increase
in the amount of polymer in this sample corresponded
roughly with the amount of oxygen absorbed on the
basis that the reaction involved one mole of oxygen
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per mole of hydroperoxide. Thus the primary oxida-
tion products appeared to be polymers. This is not
unexpected since polymers are believed to be the
primary reaction products of the oxidation of con-
jugated fatty acid esters (1,2, 11,13). However more
experimentation must be undertaken before the quan-
titative relationship between the amount of polymer
formed and the amount of oxygen reacted can be
established in the oxidation of fatty hydroperoxides.

TABLE II

Analyses of a Hydroperoxide Preparatmn Before and
After Oxidation at 30°C.

Before After

. oxidation oxidation
Analysis -
Unreduced sample
O uptake (m.e./kg.)... 0 2650
Absorptivity (kos» . 72.6 29.1
P. V. (M.e./KZ.) coorrereiriiinninennenneanens 5540 5230
Reduced sample

P. V. (Me./KZ.) ovienreiirniironiienirnennd) 180 145
Hydroxyl (%) - 5.18 5.36
1. V. (hydrogenatlon) 146.8 111.0
% Monomer.............. 79.5 50.6
% Polymer (residue).. 20.5 49.4
Absorptivity (kaz») of monomer........ 83.9 41.6
I. V. (hydrogenation) of monomer... 154.0 134.5

Generally isolated trans double bonds can be de-
tected by infrared spectroscopy only in the more ad-
vanced stages of the autoxidation of methyl linoleate.
Their absence however does not preclude the presence
of polymers: because the high general absorptlon in
this region of the speetrum (10-11 ) in the case of
peroxide concentrates and the elose proximity of the
trans, trans and cis, trans bands along with the rela-
tively poor sensitivity of the infrared method of
analysis makes it virtually impossible to detect the
presence of small amounts of isolated trams double
bonds in these materials. The presence of trans, trans
diene conjugated absorption may prove to be a more
sensitive index of the presence of polymers, even
though trans, trans conjugation itself is mostly, if
not all, monomerice because its formation is associated
with the seecondary oxidation of the hydroperoxides.

In addition to polymers, other products were
formed as evidenced by the analysis of the monomeric
fraction separated by molecular distillation. Un-
doubtedly a certain amount of peroxide decomposi-
tion as well as other side reactions, some of which
lead to the formation of volatile cleavage products,
also oceur during the oxidation of the linoleate hydro-
peroxides.

Oxidation of Hydroperozides During the Autoxi-
dation of Methyl Linoleate. 1t is evident from the
foregoing studies that the total oxygen absorbed in
the autoxidation of methyl linoleate consists of the
oxygen consumed in the formation of hydroperoxides
by the chain reaction, and the oxygen consumed in
the further oxidation of the aceumulated hydroper-
oxides. At constant temperature the rate of oxidation
of the accumulated hydroperoxides depends on their
concentration. Thus the amount of secondary oxida-
tion of the hydroperoxides during the autoxidation
of methyl linoleate may be obtained from a knowledge
of the hydroperoxide concentration relative to the
extent of the over-all oxidation. A polarographic
method has been employed for making direct measure-
ments of the concentration of hydroperoxides in mix-
tures of products formed in the autoxidation of fats
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and fatty acid esters (24,25). Lacking the facilities
of such a method an indirect method to arrive at the
approximate relationship between the hydroperoxide
concentration and the extent of autoxidation of
methyl linoleate was used. This consisted of integrat-
ing the relationships of a) the rate of autoxidation of
methyl linoleate with respect to the extent of the
reaction, and b) the rate of oxidation of the methyl
linoleate hydroperoxide preparation with respect to
its initial concentration. The percentage ratio of the
difference between a) and b) of the integrated over-
all rate of autoxidation, a), represents the percentage
concentration of hydroperoxides at these levels of
autoxidation on the assumption that the rates of
reaction are directly proportional to the amount of
product formed. The criticism of this method is that
the integrated rates of oxidation of the hydroper-
oxides used in the calculation are slightly high be-
cause they are calculated on the basis of the extent
of autoxidation rather than the true hydroperoxide
concentration. However, in the initial stages of the
oxidation of hydroperoxides, the rate of oxidation
inereases relatively slowly with respect to an increase
in peroxide concentration (Figure 4). Thus the error
from this source is not great. Although there are
other possible sources of error as well as the un-
certainty that factors not apparent in the isolated
oxidation of the hydroperoxide preparation may be
important in the original mixture, this method ap-
pears to give a valid relationship between the extent
of autoxidation of methyl linoleate and the concen-
tration of hydroperoxides. Using this relationship,
the extent of the oxidation of accumulated hydro-
peroxides that took place during the autoxidation of
methyl linoleate at 50°C. is shown in Figure 7. Curve
B (Figure 7) represents the relationship between the
rate of autoxidation of methyl linoleate and the ex-
tent of autoxidation; curve D represents the relation-
ship between the rate of oxidation of the accumulated
hydroperoxides and the extent of autoxidation, and
curve C represents the percentage of the total prod-
ucts of the autoxidation of methyl linoleate arising
from the oxidation of accumulated hydroperoxides.
It is evident from these relationships that concurrent
oxidation of accumulated hydroperoxides cannot be
disregarded at any stage of the autoxidation of
methyl linoleate.

Curve A, Figure 7, shows the relationship between
the diene conjugation of the products of the autoxi-
dation of methyl linoleate and the extent of the
reaction. The decrease in the diene conjugation may
be attributed to the oxidation of accumulated hydro-
peroxides. Since the increase in the rate of oxidation
of the hydroperoxides is much faster than the increase
in the rate of autoxidation, the diene conjugation
would be expected to be destroyed faster than it is
formed as the oxidation progresses beyond the initial
stages. The results confirmed this prediction. The
apparent constant relationship between the oxygen
uptake and formation of diene conjugation in the
early stages of the autoxidation of methyl linoleate
(16) may be attributed to the fact that the rate of
destruction of the diene over this stage of the reaction
parallels its formation. This was indicated by the
parallel in the relative rates of the oxidation of the
accumulated hydroperoxides and the over-all rate of
autoxidation as related to the extent of autoxidation,
Figure 7, curves D and B, respectively.
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F16. 7. Relationship between the extent of the autoxidation
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oxides; D, rate of oxidation of acecumulated hydroperoxides.

Summary

1. Kinetic studies showed that concurrent oxidation
of preformed hydroperoxides may be expected to take
place at all stages of the autoxidation of methyl lino-
leate. The rate of oxidation relative to the rate of
autoxidation of unoxidized ester is determined chiefly
by the extent of the accumulation of hydroperoxides.

2. Infrared spectral analysis of hydroperoxides
oxidized to various degrees indicated that trans, trans
diene econjugation and isolated ¢rens double bonds
produced in the autoxidation of methyl linoleate are
related to the concurrent oxidation of the accumu-
lated hydroperoxides.

3. The low absorptivity observed for diene conju-
gation, compared to that which may be expected for
the exclusive production of cis, trans diene conjugated
hydroperoxide isomers during the autoxidation of
methyl linoleate is attributed to the concurrent oxida-
tion of accumulated hydroperoxides.

4. The effect of antioxidants in giving a well-
defined induction period in the oxidation of hydro-
peroxides isolated from autoxidized methy! linoleate
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indicated that the oxidation proceeds by a chain
reaction.

5. The primary reaction products of the oxidation
of hydroperoxides isolated from autoxidized methyl
linoleate were found to be polymers formed in a
sequence of reaction involving the diene conjugation.

6. Studies on the autoxidation of methyl c¢is-9,
trans-11-linoleate showed that cis, trans isomerization
of the conjugated diene took place with the coneur-
rent production of isolated trams double bonds and
loss of diene conjugation.
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Viscometric Properties of Higher Fatty Acids and

Their Derivatives’

HOWARD M. TEETER and JOHN C. COWAN, Northern Utilization Research Branch,
Agricultural Research Service, U. S. Department of Agriculture, Peoria, lilinois

ISCOSITY is the internal friction or resistance to
flow displayed by a liqguid. One of the most im-
portant properties of liquids, it is determined by

the size and shape of the molecules of the liquid and
by the nature and magnitude of intermolecular forces
in the liquid. These factors are, in turn, uniquely
determined by the chemical and physical structure
of the molecules of the liquid, 4.e., chain length, the
presence or absence of side chains, the nature of polar
1 Presented before the Symposium on Physical Aspects of Glyceride

Fats and Oils at the 128th meeting of American Chemical Society,
Minneapolis, Minn,, September 11-16, 1955.

groups in the molecule, the existence of hydrogen
bonding, and the tendency of the molecules to be
linear or coiled, rigid or flexible.

The absolute viscosity of a liquid (expressed as
poises) can be calculated from the volume of liquid
per unit time that flows under a given pressure dif-
ferential through a capillary tube of radius r and
length I. The equation connecting these variables,
known as Poiseuille’s Law, is

v Apwr*

T el (1)



