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approximately 30 grams each, and each aliquot was
analyzed for oil and nitrogen content. Figure 4 shows
the random deviations from the mean in percentages
of oil and nitrogen of the individual samplings.

Variations in these groups of analyses are much
smaller than in the two-variety mixture samples, and
deviations may be largely accounted for by variations
in chemical analyses. There seems to be no accurate
means of separating chemical errors from sampling
differences in this case. Generally, the inverse cor-
relation is quite high between oil and nitrogen content
of a group of samples which differ'appreciably in
nitrogen and oil. If we assume that this is true for
small variations in aliguots from a single lot of beans,
we may use this correlation coefficient as a measure of
agreement between oil and nitrogen analyses. The
coefficient of correlation between oil and nitrogen
analyses was —.377 for the Lincoln variety and —.244
for the Mandarin variety. This low correlation seems
to indicate no appreciable error due to sampling dif-
ference when small lots of carefully selected soybeans
of a single variety are sampled.

Conclusion

Under the conditions of this study, 30-gram sam-
plings of mixtures of soybeans were found to differ
significantly in oil and nitrogen content indicating the
desirability of larger samples. The use of 120 to 240-
gram aliguots from mixtures of soybeans which vary
widely in chemical ecomposition should tend to reduce
differences due to sampling to a reasonable minimum.
Differences among 30-gram samplings of highly uni-
form soybean seed of a single variety seem to be of
slight significance. The limitations of present sam-
pling methods should be recognized in any comparison
or interpretation of chemical analyses of soybean seed.
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Changes Occurring in Fat Autoxidation™’

L. J. FILER, JR,, K. F. MATTIL and H. E. LONGENECKER
Department of Chemistry, University of Pittsburgh

Introduction

HE FACT that a rancid fat has a lower mean
Tunsaturation and mean molecular weight, and

lesser amounts of unsaturated fatty acids than
a freshly refined fat has been known for some time.
The impression seems to prevail that these charac-
teristics cannot be used as criteria of the extent
of oxidative rancidity. The basis for this im-
pression is not readily apparent in the absence of
rate studies on the decrease in iodine value, saponi-
fication equivalent, and the disappearance of specifie
unsaturated fatty acids. Therefore, it seemed desir-
able to study the rates of change of peroxide and
iodine values, saponification equivalents, and the
amounts of ‘‘linoleic and linolenic acids’’ during
accelerated rancidification of a fat. An attempt has
been made in the present investigation to correlate
and interpret the experimental data in terms of exist-
ing theories concerning autoxidative deterioration.

Experimental

The substrates examined were commercial edible
fats and oils purchased on the local market. Two of
the samples were hydrogenated vegetable oil shorten-
ings and the third was a refined cottonseed oil. The
fatty acid compositions were such that the percentage
of octadecadienoic acids ranged from 10 to 55% of
the total fatty acids.

3 The work described in this paper was carried out under a contract,
recommended by the Committee on Medica! Research, between the Office
of Scientific Research and Development and the University of Pitts-
burgh. Contribution No. 563 from the Department of Chemistry, Uni-
versity of Pittsburgh, Pittsburgh, Pennsylvania.

The suggestions of Dr. B. F. Daubert in the preparation of this
manuscript are gratefully acknowledged.

2 Presented at the 35th Annual Meeting of the Amerjcan Oil Chemists’
Society, May 10 to 12, 1944, New Orleans, La.

3 Present address: Swift and Co., Chicago, Illinois.

Method of Oxidation

The oxidation was carried out under the conditions
of the modified Swift stability test (1). A large num-
ber of samples was oxidized in order to follow the
chemical changes oeccurring over a relatively long
period of time.

If an antioxidant or svnergist was incorporated
into the substrate, precautions were taken to secure
a uniform dispersion. Samples were removed from
the heated oil bath at definite time intervals and re-
frigerated until the entire series of samples from one
experiment was available for analyses. The eooled
samples were warmed until fluid and well agitated
before weighed aliquots were removed for chemieal
analysis.

Analytical Constanis

(a) Peroxide values (P.V.) were determined by a
modified Wheeler method (2) and were expressed as
milliequivalents of sodium thiosulfate per kilogram
of fat.

(b) Todine values (I.V.) were determined by the
approved A.0.A.C. method, using Wijs reagent for a
30-minute reaction time.

(e) Saponification equivalents (S.E.) were deter-
mined by a modification of the approved A.0.A.C.
method.

Spectrophotometric Determination of Unsaturated
Fatty Acids

The amounts of diene and triene conjugated mate-
rial originally present in the fat samples or induced
in them during the ecourse of the oxidation were
determined spectrophotometrically in purified iso-
octane. The amount of dieme and triene material
present was calculated, using the E!% values (cor-

rected to methyl esters) previously aceepted and used
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by Bradley and Richardson (3) for 9:11 linoleic acid
and S-eleostearic acid.

Total octadecadiencic and octadecatrienocic acids,
calculated as the methyl esters, were measured by a
modification (4) of the spectrophotometric method of
Mitchell, Kraybill, and Zsecheile (5).

The proportion of oleic acid (as methyl oleate) was
calculated from the iodine value of the sample, and
the amounts of dienoic and trienoic acids (as methyl
esters) determined spectrophotometrically. Inasmuch
as the spectrophotometric method gives maximum
values for dienoic and trienoic acids, the oleic acid
concentration as caleulated may be consistently low
by a small amount.

Discussion

The Effect of Oxidative Rancidity on the Rate of
Perozide Formation, Rate of Change of Iodine Value,
and Rate of Change of Saponification Equivalent

The rate of formation of organic peroxides during
the oxidation was found to follow a curve typical of
an autocatalytic reaction (Figure 1). The flat por-
tion of the curves prior to the rapid rise in peroxide
concentration is a measure of the induetion period
(i.e., stability) of a fat or oil. In keeping with the
investigations of Bailey, et al., (6, 7) the cottonseed
oils were found to be much less stable than the hydro-
genated shortenings.
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Fig. 1. The rate of peroxide formation in edible fats and
oils with and without added antioxidant or synergist.
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The peroxide concentration on prolonged heating
reached a maximum value and then decreased. This
observation had previously been reported by Wheeler
(2, 8) and Freyer (9), and appears to be due to
thermal decomposition of the peroxides formed dur-
ing the oxidation.

The effect of an added antioxidant or synergist is
observed in the prolonged induction periods of the
various fortified substrates. For all substrates, with
or without added antioxidant or synergist, the rate
of peroxide formation after the induction period was
the same. The relative constancy of these rates is
evident from the parallel slopes of the curves as
shown in Figure 1.

The rate curve for the decrease in iodine value
(Figure 2) is similar to that for the change in per-
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F1g. 2. Decrease in iodine value during fat autoxidation.
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oxide value. The iodine value remained relatively
constant during the induction period but decreased
rapidly immediately following it. For each system
examined, the break in the rate curve for iodine value
coincided with that for peroxide value. It has been
shown by Hamilton and Oleott (10) that organic per-
oxides do not interfere with the determination of
iodine values. Thus, the results obtained may be
considered valid. The presence of an added antioxi-
dant or synergist did not affect the general nature of
the curve, but served only to inecrease the length of
the induction period.

1t was found that the saponification equivalent of a
fat decreased during the progress of oxidative rancid-
ity. Secission of the carbon chain at the point of
unsaturation must have occurred, resulting in mole-
eules of lower mean molecular weight. Again, the rate
curves (Iigure 3) are typical of autocatalytic reac-
tions. The curves are not as regular as the others, due
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F16. 3. Decrease in mean molecular weight of glycerides dur-
ing fat autoxidation.
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to the errors involved in the saponification equivalent
determinations made on the oxidized fats.

Effect of Oxidative Rancidity Upon Unsaturated
Fatty Acids

From the ultra-violet absorption studies of the
heated substrates it was apparent that diene con-
jugated material was formed during the oxidation
{Figures 4 and 5). Enhanced ultra-viclet light absorp-

tion at 230 mp was indicative of the formation of new:

conjugated diene systems. Although the characteristic
peaks indicative of triene conjugated material at 270
my and 280 my disappeared in the course of the oxi-
dation, the general absorption in this region increased.

Bradley and Richardson (11) observed that this
phenomenon occeurred in linseed oil heated in vacuo
at 575° F. The disappearance of the characteristic
triene peaks and the marked general absorption in
the region of 270 mu to 280 mp was explained by these
authors as being due to ¢yclic dimers which have gen-
eral absorption properties in this region.
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F16. 4. Absorption curves of oxidized cottonseed oil.
A. Unoxidizead oil (P.V, = 12)
B. Oxidized for 33% hrs. (P.V. = 132)
C. Oxidized for 7% hrs. (P.V, = 457)
D. Oxidized for 133 hrs. (P.V. = 526)*
E. Oxidized for 20% hrs. (P.V. = 411)

* The maximum peroxide value (541) was reached at 13 hours.

As the oxidation of either a hydrogenated vegetable
oil shortening or cottonseed oil proceeded, the diene
concentration reached a maximum and then decreased.
Curves D and C in Figures 4 and 5, respectively,
apparently represent an equilibrium between the rate
of formation of conjugated diene material and its
destruction by oxidation or polymerization.

Mitehell and Kraybill (12) reported the. formation
of diene conjugated material in linseed oil bodied in
vacuo at 585° F. or steam blown at 230° F. while
Overholt and Elm (13) indicated the formation of
conjugated systems in drying paint films. These lat-
ter studies were not based on spectrophotometric
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Fia. 5. Absorption curves of oxidized shortening B.

A. Unoxidized sample (PV, == 1.3)
B. Oxidized for 36 hrs, at 110° (P.V. = 265)
C. Ocxidized for 40 hrs. at 110° (P.V. = 440)
D. Oxidized for 54 hrs. at 110° (P.V. = 461)*

* The maximum peroxide value reached in this experiment was 541
at 45 hours,

methods but rather on the maleie anhydride reaction.
A correlation was also made between the degree of
peroxidation and the amount of diene conjugated sub-
stances. Recently Brauer and Steadman (14) studied
the autoxidation of a highly purified sample of g-
eleostearic acid. Spectrophotometric measurements of
the oxidizing substrate indicated that new conjugated
diene systems were formed while the triene material
present decreased in concentration with time.

Farmer, et al., (15) demonstrated that the ability
of a double bond system to conjugate was dependent
on the nature of the methylenic linkage. Thus lino-
lenic acid and fish liver oils, which possess structures
capable of resonance, can form conjugated systems
while rubber and squalene, whose struectures differ,
cannot conjugate. The resonating compound is an
olefinic free radical formed during the first stages of
peroxidation by the severance through the action of
molecular oxygen of a thermally activated «-methyl-
enic C-H bond.

Approximately 5% of the total diene material ini-
tially present in the hydrogenated vegetable shorten-
ings investigated was conjugated. During the course
of the oxidation the total diene material decreased,
but the preformed conjugated diene material in-
creased. As much as 60% of the total diene material
was found to be conjugated in an oxidized sample.
In the case of cottonseed oil the initial diene concen-
tration was high, but only 1% of the total diene
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TABLE 1
Data on Ultra-Violet Studies of Oxidized Substrates
Total Total g;‘;fff::ﬁg Preformed % of the total
Hours Peroxide octadecadienoic octadecatrienoic octadecadienoic octadecatrienoic diene material
Sample aerated value %ﬁ“%s a,s ?cl(;ldls a.ts acids as acids as present as preformed
methy. oes ers met] y%es ers methytlyesters methy{} esters conjugated
o 0
Shortening 0 2 10.2 0.4 0.6 0.02 6.4
A 22 71 10.0 0.3 1.0 0.03 10.0
25.5 223 9.1 0.6 2.8 0.09 24 .7
36.5 512 3.6 1.8 1.8 0.16 48.6
44 455 2.4 2.3 1.7 0.19 69.6
417 413 2.1 2.6 1.4 0.12 87.6
Shortening 0 2 10.2 0.2 0.5 0.02 4.5
B 33 70 9.5 0.5 1.5 0.18 16.2
37 2656 8.2 0.9 1.6 0.07 19.8
40 440 6.2 1.2 1.8 0.13 29.3
45 541 3.5 1.2 1.7 0.14 43.9
54 461 2.3 1.6 1.0 0.05 42.2
Cottonseed 0 12 55.4 0.3 0.6 0.11 1.1
il 3.75 132 53.8 0.4 1.9 .18 3.5
7.75 457 47.7 1.4 5.1 0.24 10.6
13.5 526 38.5 2.3 5.3 0.49 13.7
20.5 411 28.4 2.8 4.7 0.57 16.4
material was conjugated. With increased oxidation 35 s
of the oil, the total diene material present was re-
duced and the concentration of the conjugated diene .
material was increased to as much as 16% of the 49 \ A N8
total diene material present. The data are summarized \
in Table 1. w y
The rate of loss of unsaturated fatty acids is of Z 43 N
major importance nutritionally if it is assumed that 3 N )
the material measured represents the ‘‘essential’’ un- ] BN
saturated linoleic and linolenic acids of Burr, ef al. ‘i, 37+ \
(16). It is realized, however, that the spectroscopic- o .
ally aective di- and triethenoid material measured in N
these studies may not be the same as the biologically 3i¢- A
active forms. °X
wr—— L 25 { | ! | ! \‘ L y |
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(
Vi HOURS.
1
: , F1g. 7. Rate of loss of Cis diene acids (determined as esters)
i | during fat autoxidation.
- ! A. Cottonseed oil
w 0 B. Cottonseed oil + gallic acid
a latter, however, had a higher initial concentration of
09 diene acids. Thus, a sample undergoing autoxidation
2 may become rancid but retain the major portion of
5~ its diene acids.

The concentration of triene material increased with
time until at maximum peroxide value it was about
five to six times its original concentration. This in-
crease has been attributed to the occurrence of some

Og dehydrogenation of the substrate. The enhanced ab-

HOURS

F1a. 6. Rate of loss of Cis diene acids (determined as esters)
during fat autoxidation.

A. Shortening A

B. Shortening B

C. Shortening B + ascorbyl palmitate
D. Shortening B -} gallic acid

When the concentration of diene acid (calculated as
methyl esters) was plotted as a function of time,
curves typieal of an autocatalytie reaction were ob-
tained (Figures 6 and 7). Rapid loss of diene acids
occurred at the end of the induetion period. The loss
of total diene material at the end of the induction
period was 10% in the case of hydrogenated shorten-
ings and 2% in the case of the cottonseed oil. The

sorption of ultra-violet light in the region of 270 mpu
may also be due to eyclized dimers or hydroperox-
ides spectrosecopically active in this region.

The resonance of carbonyl groups present in the
decomposition products of fat deterioration also ab-
sorbs in this region of the ultra-violet, and this effect
more probably explains the rise in general absorption
(17).

When the amounts of linoleie acid (as methyl
esters) of the various samples of a given system were
plotted against the peroxide values (Figures 8 and
9), it was observed that the fore part of the curves
approached a straight line. This same phenomenon
occurred when the amounts of linoleie acid were
plotted against iodine values (Figures 10 and 11).
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From these observations it is apparent that during
the early stages of the oxidation, up to a peroxide
value of 300 to 400, linoleic acid was the only un-
saturated component being destroyed. In no case was

there an appreciable amount of linolenie acid present. %
This conclusion was given support when the per cent . 8 [
of oleic acid in the various samples was calculated. 3

Some interesting phenomena were observed when
the concentration of oleic acid in the various samples
of a given system were plotted against the lengths of
time the samples had been aerated (Figure 12). With
the hydrogenated vegetable oil shortenings, where the
oleic acid content was high and the linoleic acid con- 50
tent low, it may be observed that the amount of oleic
acid remained constant for a considerable length of
time before beginning to disappear. In fact, the
curves have the appearance of typical induection
period curves. The first appreciable loss of oleie acid
oceurred only after the peroxide value of a sample
had risen to 300 to 400. Once the destruction of oleic © L 1
acid had begun, it proceeded at a rapid rate. 1s 10 & °

What appeared to be anomalous results were ob- % Mothyl Octadecadiencate .
tained when the conecentration of oleic acid in the Frg. 10. The change in concentration of diene acids as a

. function of iodine value.
samples of refined cottonseed oil were calculated and A. Shortening A
plotted against hours of aeration (Figure 13). The B. Shortening B

. . . . . . . C. Shortening B 4 ascorbyl palmitate
determined iodine values and linoleic and linolenie D. Shg;teninéBigallic acid
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Fig. 11. The change in concentration of diene acids as a
function of iodine value.

A. Cottonseed oil
B. Cottonseed oil 4 gallic acid
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F1g. 12, Decrease in oleic acid (caleulated as methyl oleate)
during autoxidation of hydrogenated shortenings.

A. Shortening A

B. Shortening B

€. Shortening B 4 ascorbyl palmitate
D. Shortening B + gallic acid

End of induction period (P.V. = 120)

- acid contents were such that the proportions of oleic
acid appeared to increase as the time of oxidation was
prolonged. This seemed to indicate that in the oxida-
tion of linoleie acid there was formed some unsatu-
rated compound or compounds which absorbed iodine
but which were not measured spectrophotometrically
as linoleic acid. The fact that such a phenomenon
occurred in the case of the oil and not with the
hydrogenated vegetable oil shortenings may be at-
tributed to the greatly different ratios of linoleic acid
to oleic acid in the fat substrates.
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F1g. 13. Change in oleie acid (ealeulated as methyl oleate)
during autoxidation of cottonseed oil.

A. Cottonseed oil
B. Cottonseed oil 4 gallic acid
End of induction period

It is somewhat surprising that the amount of oleie
acid should increase. This may be explained on the
assumption that the dehydrogenation of the substrate
proceeds at a greater rate than the decomposition of
the oleic acid.

Summary

A general pattern of chemical changes has been
observed to accompany the oxidative destruetion of a
fat during the accelerated development of rancidity
in the presence of oxygen at 110° . During a vari-
able period of time (the ‘‘induction period’’) no
detectable changes oceur. However, at the time when
peroxide formation increases appreciably, several
chemical changes appear simultaneously : linoleic acid
decreases, the total unsaturation (as measured by the
iodine value) decreases and the mean length of the
carbon chain of the acids decreases. The formation
of conjugated unsaturation in an autoxidizing edible
fat or oil seems probable. It has been demonstrated
that a fat may become quite rancid and still retain at
least 90% of its original octadecadienoie, ‘‘linoleic’’
acid. These chemical changes have been observed eon-
sistently irrespective of the fat or oil under study,
the length of its induction period, or the presence of
added antioxidant or synergist.
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