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Oxidation in Its Relation to Rancidity 

STEWARD G. MORRIS 

Eastern Regional Research laboratory, Philadelphia 18, Pa. 

The autoxidation mechanism, as now generally accepted, is  a chain reaction involving 
radicals formed at the a-methylene groups adjacent to the double bonds. The radicals 
consume oxygen and then react with another olefin to give hydroperoxide and another 
free radical. Each free radical is  a resonance hybrid compound of three equivalent 
structures. The displacement of double bonds occurring in oxidation can be accounted for 
by this free radical mechanism. By the use of new or improved techniques, evidence has 
been attained to support the fundamental concepts. Chromatography and counter- 
current distribution methods have been applied to the isolation and identification of oxida- 
tion products. Polarographic methods have been developed for the determination of 
hydroperoxides, and in the presence of oxidation decomposition products may be more 
specific than the chemical method. Ultraviolet spectrophotometric analyses have aided 
in the identification of oxidation products and in revealing double bond shifts which take 
place in polyunsaturated fatty acids. Infrared spectrophotometry was useful in deter- 
mining changes in geometrical configuration of fatty materials and in detecting functional 
groups. Data obtained by these techniques by numerous workers are discussed in rela- 
tion to the mechanism of oxidation of mono-, di-, and triethenoic fatty acids. 

MERICAN AND ENGLISH LITERATURE A pertaining to the autoxidation of 
fats is the chief concern of this revie\+. 
The mechanism of oxidation has been 
discussed (43, 46, 52, 60) .  Conse- 
quently this paper is limited, in so far as 
practicable, to review of the work of the 
past 5 or 6 years. 

The mechanism of oxidation of fats is 
extremely complex, especially when the 
fat is highly unsaturated and consists of 
many different acids and esters. The 
tendency has been to study purer com- 
pounds and known mixtures, so that the 
products of oxidation would be less 
numerous and more easily isolated and 
identified, and the data obtained would 
be more subject to interpretation. 

The use of purer compounds and 
known mixtures has become possible 
with the development of new or improved 
techniques in low-temperature crystal- 

lizations, chromatography, counter- 
current distribution, polarography, and 
spectrophotometry in the ultraviolet and 
infrared ranges. Most of the work here 
reviewed has been dependent on one or 
more of these procedures. 

The theory of peroxide formation was 
proposed as early as 1897 (3, 78). A 
peroxide formed by autoxidation was not 
isolated, however, until 1928, when 
Stephens (55) prepared cyclohexene per- 
oxide, which he believed to be a cyclic 
peroxide across the double bond. Criegee 
et a/ .  (75), however, showed that 
cyclohexene hydroperoxide still con- 
tained a double bond, and this was con- 
firmed by Farmer and Sundralingam 
(23) in 1942. Then followed several 
papers by Farmer and coworkers (20, 22, 
24) which are chiefly responsible for the 
formulation of the present accepted 
theory of autoxidation of fats. 

For many years, the reactions at 
ethylenic bonds of simple olefins were 
considered to be additive reactions with 
polar reagents. When the molecule was 
unsymmetrical about the double bond, 
the direction of addition of a polar re- 
agent such as HX to the double bond 
became precisely determined in terms of 
the well-known Markovnikov rule. I n  
the study of autoxidation, however. 
Farmer (79) pointed out that there had 
been a steady accumulation of experi- 
mental results which did not fit into the 
polar scheme but which could be inter- 
preted as resulting from the occurrence 
of a polar type of reaction in which the 
participants were short-lived neutral 
entities (molecules and atoms) displaying 
free-radical characteristics. The forma- 
tion of free radicals from fat molecules is 
dependent on hydrogen lability. The 
latter is determined largely by the type of 
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unsaturation pattern and also by the 
presence or absence of substitution on the 
ethylenic carbon atoms. Farmer ar- 
ranged into groups, according to hydro- 
gen lability, the following four types of 
unsaturated systems: 

H H H  

c=c-c-c=c c=c--c-c-c=c 
Group I Group I1 

I I I  

c-c=c-c 
Group I11 Group I\' 

Owing to an a-methylene group 
flanked by adjacent double bonds, Group 
I has the highest degree of hydrogen 
lability. Group I1 shows less lability, 
because the influence of the two double 
bonds is divided between two methylene 
groups. Group I11 shows still smaller 
hydrogen lability, and Group IV, being 
a conjugated olefin, has lost most of its 
hydrogen lability. 

The generally accepted theory of 
autoxidation of fats, especially in the 
initial stages of oxidation, is based on the 
pentadiene system (Group I). .4 free 
radical first forms on the a-methylene 
group, which sets u p  resonance isomers 
with either of the adjacent carbon-to- 
carbon unsaturated groups. The free 
radical absorbs an oxygen molecule, 
which then accepts hydrogen to form a 
hydroperoxide. The hydrogen usually 
comes from another fatty acid or ester to 
form another free radical, and thus the 
chain reaction is maintained. The 
isomerization or shifting of double bonds 
that takes place in some autoxidations is 
also supported by this theory. 

In  the oxidation of monoenoic long- 
chain acids having less active methylene 
groups, as in Group 111, Farmer (27), 
Bolland and Gee (9),  and simultaneously 
Gunstone and Hilditch (28) came to the 
conclusion that the point of oxidative 
attack was at the double bond instead of 
the a-methylene group. Their conclu- 
sions were based on thermodynamic data 
and on the fact that initiation of oxida- 
tion of methyl oleate was greatly acceler- 
ated by the addition of small amounts of 
methyl linoleate. They agreed, how- 
ever, that only a slight amount of such 
oxidation was required to form sufficient 
free radicals to permit the usual a- 
methylenic free radical chain reaction to 
proceed. 

In  discussing the mechanism of oxida- 
tion as it applies to the various types of 
unsaturated fatty acids, it seems appro- 
priate to consider first the dienoic acid, 
linoleic, because it contains the active 
pentadiene -CH=CH--CH2--CH= 
CH- group. This unsaturated system 
might be considered as a basic functional 
unit in the addition of oxygen or autoxi- 
dation. Hilditch (30) suggests that this 

system is also intimately connected with would result. This would account for 
the addition of hydrogen in the selective the presence of two different bands, on a 
hydrogenation of fats, Furthermore, chromatograpEric adsorption column, 
linoleqic acid with its octatriene system having equally high peroxide values, but 
could be thought of as having two penta- the more polar adsorbate a t  the top of 
diene systems, depending upon whether the column showed much less absorption 
the a or b portion is being considered. a t  2310-20 A. 

Cannon et al. (72) ,  working 
-CH=CH-CH~-CH=CH-CH~-CH=CH- with concentrates of hydroper- 

oxides prepared by countercur- 
rent extraction, found the hydro- 
peroxides to be 90% conjugated. 
Thus, the 1 1 -position hydroper- 

oxide formed only in small amounts, if 
at all. Higher oxidation levels showed 
That the diene conjugation dropped to 

I 

L--_- 6 

I 

I - L 
Evidence supporting such a conception 
is presented later, 

Dienoic Acids 
In  a discussion of the theory of oxida- 

tion of the dienoic acids, linoleic acid is 
the most important, and it has received 
the most attention in experimental work. 
Its unsarurated system. according to 
Farmer's theory, would permit the 
formation of three possible free radicals 
with their corresponding hydroperoxides 
(V, VI, VII) : 

only 17 to 22y0. After mild hydrogena- 
tion of this fraction, approximately one 
hydroxyl group was present per mole of 
ester. If the oxygen ring structure is 
stable under the conditions of peroxide 
determination and hydrogenation, these 
facts are in agreement with VI, VII? and 

A study of the decomposition products 
\ 7 1 1 1 .  

13 12 11 10 9 
-CH=CH-CH-CH=CH- 

9 
j. -CH=CH-CH=CH-CH- -CH-CH=CH-CH=CH- 

13 

VI VI1 * 

Thus, a monohydroperoxide might be 
formed on carbons 11, 13, or 9. If 
formed a t  11, the compound would be 
nonconjugated; if a t  9 or 13, the hydro- 
peroxide would be conjugated. Berg- 
strom (5)  obtained data indicating that 
hydroperoxides were formed at carbons 9 
and 13 but was unable to show that any 
hydroperoxide was formed at  carbon 11. 

Lundberg et al. (44) prepared hydro- 
peroxides of methyl linoleate and concen- 
trated them at  low temperatures to ob- 
tain practically pure monohydroper- 
oxides (peroxide value of 6268 meq. per 
kg. or 1.02 moles per mole of ester). 
The amount of conjugated peroxides 
was considerably less than the total per- 
oxides, indicating that there must be 
some unconjugated peroxides present- 
possibly the 1 I-position hydroperoxide. 
They also found that the hydroperoxide 
concentrates oxidized readily (not when 
diluted with unoxidized methyl linoleate) 
to form diperoxides of the possible 

of autoxidation has materially added to 
our knowledge of the mechanism of 
oxidation. It has long been known that 
aldehydes are produced during oxidation 
of fatty materials. Swift and associates 
(62) identified one saturated and two un- 
saturated aldehydes as oxidation prod- 
ucts from decomposed hydroperoxides of 
cottonseed oil, linoleic acid being the 
principal fatty acid constituent as well as 
the most readily oxidized component of 
the oil. 

Autoxidized cottonseed oil was steam- 
distilled to decompose the hydroper- 
oxides and to separate the volatile alde- 
hydes. The semicarbazones of hexanal, 
A2v4 decadienal, and A2 octenal were 
crystallized from the steam distillate. 
The structures of the aldehydes were de- 
termined on the basis of the absorption 
spectrum of their semicarbazones, and 
the chain lengths were determined by 
reduction to and identification of the 
corresponding n-aliphatic 2,4-dinitro- 

structure phenylhydrazones. 
Isolation of the three aldehydes 

was offered as evidence for the 
possible presence of 9, 11, and 13 

0 OOH hydroperoxidolinoleates in the 
; I  oxidation mixture. The follow- -C-C=C-C-C- 

ing reactions, which cannot be 
VI11 represented stoichiometrically, 

offer an explanation of the alde- 

OOH 
! o  c=c-c=c-c 2 0 

This cyclic diperoxide structure had hyde formations : OH 
been proposed earlier by Dugan and co- 
workers (76). They postulated that if O /  

---I 

CHa(CH2)4CH=CH-CH=CH-CH , - + 
conjugated hydroperoxides should ab- 13 12 11 10 9 I 
sorb oxygen in the 1-4 positions, de- 
creased absorption at  2310 to 2320 A. 

CHB( CH*)cCH=CH-CH=CH-CHO 
A2j4 Decadienal 
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H 
0 

0 '  
-_ - 

CHI( CHz)&H=CH-CH-fCH=CH- + CHI( CHZ)&H=CH-CHQ 
13 12 11 I 10 9 Az Octenal 

H 
0 

CHs(CHz)4 CH j CH=CH-CH=CH- + C H ~ ( C H Z ) ~ C H O  
13 , 1 2  11 10 9 Hexanal 

In view of the fact that A2v4 decadienal 
exhibits absorption at  273 to 274 mp, 
swift suggests that this compound may 
account for the development of absorp- 
tion bands in the region ca. 275 mw, 
which has been noted in oxidizing fat 
systems by several investigators. 

Brekke and MacKinney (70) prepared 
aldehyde derivatives from steam distil- 
lates of rancid corn and avocado oils, in 
which they confirmed the above-men- 
tioned findings of Swift et al .  (62). 

Monoenoic Acids 

Study of the oxidation of the relatively 
simple monoenoic fatty acids, such as 
oleic, has given rise to more apparently 
conflicting data than has the correspond- 
ing study of the dienoic acids. 

Farmer and Sutton (24) isolated from 
oxidized methyl oleate a monohydro- 
peroxide that retained its olefinic un- 
saturation. Evidence indicated that 
there were two isomeric monohydro- 
peroxides, which had formed at  carbons 8 
and 11. Later Farmer, Koch, and Sut- 
ton (22) proposed a free radical mecha- 
nism for mono-olefinic acid oxidation 
involving two three-carbon systems in 
resonance. The oleic acid group 

-CH2-CH=CH-CH2--, for exam- 
ple, would have the free radicals: 

11 10 9 8 

11 10 9 
-CHXH=CH-  

* I  

and 
10 9 8 

I & *  
-CH=CH-CH- 

$ 1  
10 9 8 

-CH-CH=CH- * 

Hence, according to this postulation, 
hydroperoxides could be formed at 
carbons 8, 9, 10, and 11. As has been 
pointed out (ZO), later Farmer changed 
his opinion regarding the oxidation of 
monounsaturated systems. Gunstone 
and Hilditch (28) disagreed with this 
theory also, and suggested that oxygen 
molecules are primarily attached to an 
ethenoid bond, and not to an adjacent 
methylene group, hydroperoxide finally 

being formed with the formation of a 
new ethenoid bond. 

10 9 8 
C=C-CHZ + C-C=CH 

I 
0 
0 
H 

I I  
I 1  
0-0 

This theory would provide for forma- 
tion of hydroperoxides only on carbons 9 
and 10. 

In answering the question whether 
oxygen adds to the double bond of oleic 
acid to form hydroperoxides only at  
carbons 9 and 10 or whether oxygen 
attaches to the methylene groups adja- 
cent to the double bond in a resonance 
system to form four possible monohydro- 
peroxides at carbons 8, 9, 10, and 11, 
the position of all the hydroperoxides 
formed by autoxidation must be deter- 
mined. 

In  attempting to determine the struc- 
ture of hydroperoxides of fatty acids, 
several workers have made use of the 
close analogy between the behavior of 
oxygen and maleic anhydride toward un- 
saturated compounds. The similarity of 
their behavior has been well substanti- 
ated (8, 20, 32). 

Ross et al. (49) prepared a maleic 
anhydride addition product with un- 
decylenic and oleic esters. 

CH~=CH-CH~(CHZ)~COOCH~ CHz- 

CHCO --f CHC( 

Ii \o 
8 H  C 6  

with simultaneous shifting of the original 
double bond. These data, however, do 
not preclude the possibility that oxidation 
and addition of maleic anhydride occur 
instead on the methylenic group adjacent 
to the double bond. The theory of free 
radical chain mechanism (22) assumes 
that the points of addition could be on 
carbons 8. 9. 10, and 11 for oleic acid. 

Birkford (7) and his coworkers treated 
methyl oleate with maleic anhydride, 
and from the adduct mixture they were 
able to isolate and identify the structure 
of four isomeric maleic anhydride- 
methyl oleate adducts. The addition 
took place on carbons 8, 9, 10, and 11 of 
the oleic acid, and the isomers were 
produced in nearly equal amounts. 

In view of the similarity between the 
reactions of maleic anhydride and those 
of oxygen with unsaturated compounds, 
this work suggests that the free radical 
mechanism of autoxidation is correct 
and that four isomeric hydroperoxides 
are formrd during the autoxidation of 
methyl oleate. 

Ross, Gebhart, and Gerecht (50) 
examined the autoxidation of methyl 
oleate with oxygen in the presence of 
ultraviolet light at 35' C. They found 
evidence that all four of the mono- 
hydroperoxides suggested by the chain 
mechanism were present. The hydro- 
peroxide groups were located on carbons 
8, 9. 10, and 11 of oleic acid, and the 
yields, in diminishing order. were carbon 
10, 11, 8. and 9. 

I t  was thought that by labeling the 
carbons at the double bond and also 
those carbons adjacent to the double bond 
by substituting deuterium for hydrogen, 
information might be gained concerning 
the induction period, peroxidation, 
polymerization. and fragmentation of 
the molecule giving rise to rancidity. 
Accordinglv. Khan et  al. (36) and Max 

-CH=CH(CHz)7COOCH3 Oxidation 

3 - etc. 

CHzCO 

Oxidation of the adduct caused rup- 
ture at the double bond with the produc- 
tion of tricarballylic and azelaic acids, 
demonstrating the structure of the ad- 
duct. Maleic anhydride and oleic ester 
yielded adducts by addition at  the dou- 
ble bond at  either carbon-namely, car- 
bons 9 and 10. It seemed obvious at  the 
time that the point of addition was at  the 
double bond, with subsequent shifting of 
the bond to the S, y position, the point of 
addition being cy. From these data one 
could readily infer that autoxidation of 
oleic acid took place at the double bond, 

CHiCOOH 
I + HOOC( CH2)7COOH 
CH-COOH 

Azelaic acid I 
CHz-COOH 

and Deatherage (45) did some excellent 
synthetic work in preparing methyl 
9,lO-dideutero-oleate and 8,8,11,11- 
tetradeutero-cis-9-octadecene. The re- 
sults of autoxidation, however, were not 
conclusive, and re-emphasized the com- 
plexity of the autoxidation phenomenon. 
In fact, the inconclusive results obtained 
when carbons 9 and 10 were loaded with 
deuterium are another indication that 
carbons 8 and 11 are also involved in 
autoxidation. 

By the analysis of oxidized methyl 
oleate by countercurrent distribution 
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methods, Fugger et al. (26) obtained data 
to support the view that monohydro- 
peroxides are the first stable products in 
the reaction with gaseous oxygen and 
that the ethylenic bond is not attacked 
until a subsequent oxidation. 

Relatively little is known concerning 
the secondary stages of autoxidation. 
It is often assumed that hydroperoxides 
react a t  the olefinic linkages to produce 
epoxides. Swift (67) used an ingenious 
method to study the effect of methyl- 
hydroperosido-oleate as an oxidizing 
agent. Methylhydroperoxido-oleate 
and oleic acid were mixed and stored at  
90” C. in an atmosphere of nitrogen for 3 
days. The acid was separated again 
from the esters by alkaline extractions. 
It was found that the oleic acid was 
oxidized at  the double bond by the 
methyl hydroperosido-oleate to form 
9,10-epoxyoleic acid and the low melting 
form of 9,10-dihydroxystearic acid. 
None of the high melting form of 9,lO- 
dihydroxystearic acid was isolated. In 
most of the catalytic oxidations reported 
by Swern ef al. (59) and Skellon (53) ,  
the yield of high-melting form pre- 
dominated. 

I t  is now generally accepted that 
autoxidation of unsaturated fatty com- 
pounds is initiated and propagated 
through an active methylene group 
adjacent to a double bond. This is 
especially true when the methylene group 
is adjacent to and separates two un- 
saturated centers. Doubt has been 
expressed by several workers, who ques- 
tion whether the C H Z  group adjacent to 
a single double bond (as in monoun- 
saturate long-chain fatty acids) has 
sufficiently labile hydrogen to initiate 
oxidation (9? 27, 28). In  fact. Hilditch 
(37) has come to the conclusion that 
highly purified methyl oleate that con- 
tains no trace of linoleate or other poly- 
unsaturated fatty compounds does not 
autoxidize at 50” C.  or below (although 
at higher temperatures direct union be- 
tween oxygen and methyl oleate pro- 
ceeds rapidly) (2. 27). He suggests 
that “ . . . a t  ordinary temperatures, ini- 
tiation of autoxidation is a function 
solely of long-chain unsaturated com- 
pounds which contain a pentadiene sys- 
tem, -CH==CH-CH,--CH=CH-, 
with a central reactive methylene 
group. , . ”  The course of oxidation of 
oleate groups is postulated as follows: 

RH---+R-; R-+O, +ROO-: 
-CH?-CH =CH-CH?- 

where R H  is initially methyl linoleate, 
but may afterward also be methyl oleate. 

Reasons for this conclusion are the 

added linoleate in promoting oxidation 
of methyl oleate. Hilditch believes that 
much of the methyl oleate used in earlier 
experiments contained some linoleates. 
He states, “ . . . . the explanation now 
offered not only clarifies somewhat 
divergent observations, but also points to 
a major difference in behavior to oxygen 
(as might be expected) between the 
isolated monoethenoid system, -CH*- 
CH=CH--CH2, and the pentadiene 
grouping, -CH=CH-CHz-CH= 
CH--, with its ‘reactive’ central meth- 
ylene group.“ 

Trienoic Acid 
The mechanism of oxidation of the 

linolenates has not been studied so ex- 
tensively as that of the oleates and lin- 
oleates. It has been assumed that the 
oxidation of the linolenates followed the 
same pattern as that established for the 
mono-olefins and nonconjugatrd di- 
olefins. 

Most of the recent studies of the lin- 
olenates has consisted of fractionation of 
oxidized materials leading to isolation 
and identification of the products of 
oxidation. Development of the counter- 
current extraction procedure has greatly 
facilitated these studies, in that it permits 
examination of all the components of the 
oxidation mixture and it is also an ex- 
tremely mild method of fractionation. 

Fugger and coworkers (25) fraction- 
ated autoxidized methyl linolenate by 
countercurrent distribution techniques 
using 807, aqueous ethyl alcohol and 
hexane as solvents. Their results showed 
that the course of oxidation of methyl 
linolenate differed significantly from that 
reported for methyl oleate and methyl 
linoleate. They concluded from the 
analytical studies that : 

1. Monomeric monohydroperoxide, if 
present, exists in very small quantity. 

2. Dimers are formed during the oxida- 
tion process or immediately thereafter. 

3. Less than half the linolenate actually 
oxidized is converted to a conjugated form, 
and more than half the double bonds 
originally present are destroyed, probably 
through polymerization initiated by oxi- 
dative attack on the ethylenic bonds. 

Many of the recent studies of the 
linolenates have been directed toward 
determining the cause of “reversion” 
flavors in soybean oil. Circumstantial 
evidence has long pointed to linolenic 

+ ROO- + -CH,CH:CH-CH-+R- 
I 

OOH 

acid as the precursor of the product or 
products causing the reversion. Circum- 
stantial evidence against linolenic acid 

cottonseed oil developed reversion fla- 
vors. Thus it was concluded that lino- 
lenic acid was the unstable precursor of 
“fishy-painty-grassy-melony” flavors in 
soybean oil. 

A study of the flavor materials in re- 
verted soybean oil was made by 
Schepartz and Daubert (57) and Stapf 
and Daubert (54). The flavor materials 
were obtained in steam distillates from 
reverted soybean oil. They identified 
acetaldehyde and decadienal as 
possible contributors to the reversion 
flavor. 

As noted before, A2j4 decadienal had 
already been shown to be derived from 
the oxidation of linoleic acid (62). This 
is an indication that acids other than 
linolenic might be responsible for rever- 
sion flavors. 

Kawahara and Dutton (35) collected 
the volatile odor principles of reverted 
soybean oil and fractionated them into 
rancid and reversion components by 
adsorption on silica gel. These princi- 
ples apparently contained aldehyde 
groups, for they could no longer be de- 
tected organoleptically after the addition 
of aldehyde reagents. The aldehydes 
were identified as acetaldehyde, propion- 
aldehyde a-pentenal, and hexanal. The 
formation of all these aldehydes except 
hexanal can be explained as cleavage 
products of isomeric hydroperoxides of 
linolenic acid. Hexanal had previously 
been isolated from oxidized cottonseed 
oil (62). 

n-Hexanal has been identified as a con- 
stituent of the painty fraction (3.5) and 2- 
heptenal as a reversion compound of (57) 
soybean oil. Both these aldehydes were 
obtained by Chang and Kumnierow 
(74) as the volatile decomposition 
products from oxidative polymers and 
hydrogenated oxidative polymers of 
ethyl linoleate. The polymers: consist- 
ing of dimers and trimers, were prepared 
by autoxidation of ethyl linoleate a t  
30” C. for 250 hours. 

The polymers in pure form had a 
bitter, painty, and rancid odor and 
flavor; when added to fresh shortening 
in 1000 p.p.m., they made the mixture 
definitely rancid. On the basis of these 
facts, these investigators suggest that 
linoleic acid could be one of the pre- 
cursors of reversion flavors, in spite of the 
fact that oils which contain no linolenic 
or other more highly unsaturated acids 
do not revert easily. It is known that 
the behavior of mixtures of esters does 
not always parallel the behavior of pure 
esters. Therefore, it is possible that the 
linolenate in soybean oil accelerates the 
autoxidation of linoleate, with the 
formation of polymers, which in turn 
decompose and yield these aldehydes. 

marked resistance of highly purified was extended by Dutton et al.  (77), who 
methyl oleate to autoxidation at  20’ C. in interesterified methyl linolenate with the 
diffused daylight and the observation glycerides of cottonseed oil. Organo- Accurate comparisons of oxidation 
(28’1 of the marked effect of 170 or less of leptic tests indicated that the treated rates for various unsaturated fatty acids 

of Ox;dation 
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Table 1. Alkali-Isomerization-Spectrophotometric Analysis of Methyl 
linoleate and Methyl linolenate Autoxidized at 0" C. 

Conio- Conju- 
Peroxide "Lino. "lino- "Arachi- gated gated 

Value, Oxidized, leic," lenic," donic," Diene, Triene, 

Xfethvl Linoleate 
Meq./Kg. % % % % % % 

0 0 99 86 0 0 0 084 0 009 
158 2 6  98 45 0 0 1 5  0 . .  ~~ 

965 16 .1  86.68 0.108 0.022 9 .39  0 
1470 24 .5  78.21 0 .97  0.032 14.70 0 

hfethyl Linolenate 
0 0 0 100 2 0 0 1: 0 

168 2 . 8  0 97.68 i .29 i . S i  0 
800 17 .0  0 88.39 6 .65  5 .26  0 

2300 3 8 . 3  0 66 ,89  17 .83  15.71 0.711 

and esters cannot be made from the 
literature, for much depends upon the 
temperature and the manner of relating 
time with peroxide data. A number of 
investigators (27, 34, 56) have shown, 
however, that the linolenate oxidizes 
approximately twice as fast as the linole- 
ates. This may be correlated with the 
fact that linolenate has twice as many 
active methylene groups as has the lin- 
oleate. In oleate, where there are no 
methylene groups between unsaturated 
carbons, the oxidation is reported as 
ranging from one twelfth to one fiftieth 
that of linoleate. When the double 
bonds in fatty acids are separated by 
more than one methylene group, the 
reaction rate for each double bond 
approaches that of monounsaturated 
acids. Allen et al. ( 7 )  also found that 
when the active methylene group is 
missing, as in conjugated A10:I2 linoleic 
acid, the oxidation rate is one third that of 
the nonconjugated A9:12 linoleic acid. 
Furthermore, the A10:12 linoleic acid 
absorbed 1 mole of oxygen per mole of 
ester before any appreciable formation of 
peroxides took place. 

Hilditch (30) has pointed out the simi- 
larity of the rates of selective hydrogen- 
ation and of autoxidation. Bailey and 
Fisher ( 4 )  in studying selective hydro- 
genation found that methyl linolenate 
hydrogenated twice as fast as the linole- 
ate and forty times that of the oleate. 

Ultraviolet Spectrophotometry 

Spectrophotometry in the ultraviolet 
range has become extremely valuable in 
fat analysis, especially within recent 
years as more accurate constants for 
various fatty substances have been estab- 
lished through the use of more highlypuri- 
fied reference compounds (77 ,  29). 

The effect of autoxidation on the ab- 
sorption characteristics of fatty materials 
was pointed out by Swain and Brice (57). 
They showed that small amounts of con- 
jugated triene were formed during alkali- 
isomerization of autoxidized dienoic acid 
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and similarly tetraene from autoxidized 
trienoic acid. Holman (33) also re- 
ported that the monohydroperoxides 
formed from linoleic acid during autox- 
idation are completely conjugated, a t  
least as far as 30% oxidation, a t  0' C. 
Allen ( 7 )  stated that oxygen is as effec- 
tive as alkali in isomerizing the CH= 
CH-CH2-CH=CH system to the con- 
jugated system, although the rate is 
slower. Privett and Lundberg (47) stud- 
ied the effect of autoxidation on the ultra- 
violet absorption of methyl linoleate and 
linolenate. Table I shows some of the 
noted examples reported in their tables. 
Methyl linoleate, having zero peroxide 
value, had less than O.1yO conjugated 
diene, but when oxidized to 1470 meq. 
per kg., it contained 14% conjugated di- 
ene. For methyl linolenate, there was a 
continual development of tetraene as 
well as conjugated diene during the 
autoxidation. 

Infrared Spectrophotometry 

Development of the infrared spectro- 
photometric technique has provided a 
method for the detection and quantita- 
tive determination of trans isomers in the 
presence of large amounts of cis isomers. 
Knight et a/.  (37) followed the autoxida- 
tion reaction of methyl oleate by means 
of infrared spectrophotometry. They 
found that all, or nearly all, of the per- 
oxides produced during the oxidation at 
35' C. in the presence of ultraviolet up to 
300 hours were trans peroxides. Thus 
the original cis configuration of the 
methyl oleate shifted to the trans isomer 
as the hydroperoxide oleate was formed. 
Cannon (72) found that the autoxidation 
of methyl linoleate a t  room temperature 
to the low level of 0.11 mole of oxygen 
per mole of ester yielded only hydroper- 
oxides that were 90% cis-trans conju- 
gated isomers. Privett and coworkers 
(48) reported similar results for the oxida- 
tion of methyl linoleate a t  0' C. in the 
dark. However, when the oxidation 
took place a t  24' C. in the dark to an 
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oxidation level of 325 meq. per kg., the 
infrared analysis indicated that appre- 
ciable amounts of conjugated trans-trans 
hydroperoxides were present in addition 
to those of the cis-trans type. They sug- 
gest that possibly the conjugated cis- 
trans isomers were formed originally but 
were labile a t  the higher temperature in 
the presence of catalyst-e.g., per- 
oxides-and were transformed to the 
thermodynamically more stable conju- 
gated trans-trans isomer. 

Polarography 

Lewis and coworkers (39, 40) outlined 
a polarographic procedure that permitted 
the study of water-insoluble peroxides 
such as those occurring in fats, ethers, 
and hydrocarbons. CZ'illits et al. (64) 
extended the application of the polaro- 
graph in the study of fat autoxidation 
products by determining the polaro- 
graphic waves of 41 pure oxygen-con- 
raining compounds. The compounds 
contained functional groups which are 
known or suspected to occur in autoxi- 
dized fats. 

When the chemical method (63) and 
polarographic method were compared 
for a-pinene hydroperoxide, p-menthane 
hydroperoxide, pinane hydroperoxide, 
and methyl oleate hydroperoxide of 
96.577,o purity. the peroxide values were 
practically identical. LVhen the two 
methods were compared by determining 
the peroxide values in fat oxidation mix- 
tures, the agreement was not so good. 
This was to be expected, except that the 
differences were not consistent. In the 
oxidation of methyl oleate (65) at  80" C. 
to a peak peroxide value of 2002 meq. per 
kg. (polarographic value) the relative 
per cent differences for the two methods, 
for seven samples taken at  intervals, 
ranged practically uniformly between 
f 6  and -6. This indicated that the 
two methods were measuring the same 
reducing compounds but that the rela- 
tive agreement was about 12%. In 
another experiment by Swern et al. (58), 
in which methyl oleate was autoxidized 
at  temperatures from 35' to 120' in the 
presence of ultraviolet radiations but 
only to a maximum oxidation level of 87 
meq. per kg., the polarographic peroxide 
values were consistently lower. In five 
determinations, the greatest difference 
amounted to 24%. In the autoxidation 
of methyl linoleate (66) to a peak chem- 
ical peroxide value of 4300 meq. per kg., 
the time-peroxide curves for the two 
methods agreed fairly well, except that 
the polarographic values were consist- 
ently lower by approximately 14%. 
When the values had dropped from the 
peak values to 3000 meq. per kg. with 
continued oxidation, the polarographic 
peroxide value was then 20.7Y0 higher 
than the chemical peroxide values. 

I t  appears to the writer that the polaro- 
graphic method for determining hydro- 



peroxides in autoxidation of fats may be 
more accurate than is the chemical 
method with which it is here compared. 
An excellent beginning has been made 
in the development of the polarographic 
method for autoxidation studies of fats; 
its progress is largely dependent upon 
the preparation and isolation of pure 
compounds of autoxidation that can be 
used as reference compounds. 

Rancidity 

The question arises concerning the 
mechanism of autoxidation and its rela- 
tionship to the mechanism of the de- 
velopment of rancidity. I t  is true that 
most of the studies of autoxidation are 
carried out on fats that are oxidized far 
beyond the rancid stage. ‘This is neces- 
sary in order to obtain oxidation prod- 
ucts in sufficient amounts for chemical 
study. The sense of taste is so much 
more sensitive than chemical reactions 
that the offending flavors may be de- 
tected when only a few parts of the 
products per million are present. Defi- 
nite rancidity may occur when 0.1% of 
fat undergoes chemical change (47) .  

I t  seems reasonable to assume, how- 
ever, that thr compounds responsible for 
rancid odors and flavors are formed in 
larger amounts as oxidation proceeds. 
This is borne out organoleptically, since 
the rancid odors and flavors become 
stronger with continued autoxidation. 
Thus, it would appear that the studies 
previously made are directly applicable 
to the rancidity problem. 

All fats, in the presence of oxygen, are 
subject to oxidative rancidity and some 
are also subject to flavor reversion. 
Oxidative rancidity is due to a break- 
down of the primary oxidation products 
of fats to form a variety of shorter chain 
compounds. O n  the other hand, flavor 
reversion was defined by Lips (47) as a 
flavor deterioration caused by less oxygen 
than is required to produce true oxidative 
rancidity. The importance of linolenic 
acid in the development of reversion 
flavors has bt,en discussed in this paper. 

Development of rancidity of fats in 
foods often involves an aqueous fat sys- 
tem. Comparatively little work has 
been done in such systems, and it is often 
difficult to draw any general conclusions, 
as moisture may influence the solubility 
of accelerators or inhibitors. Lea (38) 
in reviewing the literature found that the 
fat in most powdered foods, crackers, and 
other cereal foods becomes more rancid 
as the moisture content is lowered to ex- 
tremely low values. In  contrast. mois- 
ture was shown to have an accelerating 
effect on the oxidation of lard. Chang 
and Watts (73) observed that the effect 
of sodium chloride on fat oxidation de- 
pended greatly on the amount of mois- 
ture in the system. 

Bergstrtim (6), working with sodium 
linoleate in an aqueous medium in the 

presence of cupric ion, was able to add 
two moles of oxygen per mole of li- 
noleate without appreciable polymeriza- 
tion taking place. He pointed out the 
desirability of the method in studying the 
structure of the oxidation products, for in 
the ordinary autoxidation of linoleate to 
the degree where four oxygen atoms have 
been absorbed marked polymerization 
occurs. 

The behavior of antioxidants in an 
aqueous fat system as represented in 
baked goods is much different from that 
in pure fats. It is difficult to under- 
stand why so few of the recognized anti- 
oxidants have adequate carry-over in 
baked products. KO satisfactory expla- 
nation has been made for the superior 
carry-over properties of butylhydroxy- 
anisole. It appears that the aqueous fat 
systems offer a fertile field for research. 

Stabilization of Fats 

The use of antioxidants is the most 
practical and efficient method of pre- 
venting the development of rancidity in 
fats, although other methods of improv- 
ing the stability of fats are generally well 
known. 

During the processing of fats, unneces- 
sary exposure to heat and light should be 
avoided, especially in the presence of 
oxygen. Care should be taken to avoid 
contact of the fat with metals that readily 
yield metallic ions to the fat, for most 
metallic ions act as pro-oxidants. 

Hydrogenation increases the stability 
of fats by decreasing the polyunsaturated 
acids preferentially, and in some cases 
appears to regenerate antioxidants from 
the minor constituents of the oil. 

In  the field of packaging of fats, it is 
important to prevent the access of light 
and oxygen. Oxygen is usually ex- 
cluded by vacuum packing or by the use 
of inert gas to displace the oxygen. 

This subject of stabilization of fats was 
recently reviewed by Lundberg (42). 
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SUGAR SOLUBIL ITY 

Sugar Mixtures in Aqueous Glycerol 
J. B. SEGUR and C. S. MINER, Jr. 
The Miner laboratories, Chicago, 111. 

Sucrose, dextrose, and invert sugar are used in foods, candies, sirups, and pharmaceutical 
preparations and, at times, glycerol is included as a softener or a humectant, or for its 
effect upon texture. Consequently, it is desirable to know the amount of sugar that can 
be dissolved in aqueous glycerol, so that maximum sugar concentrations can be estimated. 
Higher concentrations of dissolved sugar can be attained with mixtures of sucrose and 
dextrose than with either sugar alone. Invert sugar is also a mixture but of constant 
composition, its equimolar dextrose-levulose composition fixed by its origin. Used by 
itself, it shows the same type of solubility curve as do the single sugars-i.e., solubility 
decreases with decreasing temperature and increasing glycerol concentration. Its solu- 
bility is limited by its dextrose component. 

ANY FOODS, COXFECTIONS: AND M PHARMACEUTICAL PREPARATIONS 

are improved by the addition of glycerol. 
As a sugar will also be an ingredient in 
most of such uses, it is desirable to know 
the solubility of the sugar or sugars in 
the water phase-i.e., in aqueous glyc- 
erol. The solubilities of single sugars in 
aqueous glycerol at 15": 25O, and 35" C. 
have been previously reported (8). 

If a mixture of sucrose and dextrose is 
used, the presence of one will lessen the 
solubility of the other, but their com- 
bined solubilities will exceed that of 
either. This affords a way of introduc- 

ing the maximum amount of sugar into a 
solution. Information is presented here 
on the solubility of sucrose-dextrose mix- 
tures and of invert sugar in aqueous 
glycerol at 25" and 35" C. 

Materials 

Glycerol, U.S.P., 95% concentration. 
Armour and Co., Chicago. 

Sucrose, c.P., 99.9+'%. Specific rota- 
tion 66.5 '. Pfanstiehl Chemical Co., 
Waukegan, Ill. 

Dextrose, c.P., anhydrous, 99.9 f %. 
Special sample. Corn Products Refining 
Co., Argo, 111. 

d( - ) Levulose, c.P., special. Specific 
rotation -92 '. Pfanstiehl Chemical Co., 
Waukegan, Ill. 

Water. distilled. 

Apparatus and Procedure 

Apparatus and procedure have been 
described (8) .  In brief, the solutions 
were prepared in 100-ml. serum bottles 
closed with sleeve stoppers and immersed 
in a water bath kept within f0.05' C. 
of the desired temperature. The specific 
gravity of the solutions was measured at  
25' C. with 25-ml. pycnometers and re- 
fractive index at  25" C. with an Abbe 
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