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I, INTRODUCTION

While milk 18 not a perfect food, as some people would
have us believe, it does more nearly approach perfection than
do most other foods. Milk falls short of perfection not only
in its deficiency of several trace nutrients (for example,
iron, copper and certain vitemins) but also in its perisha-
bility. Man, in his ceaseless gquest for a better food supply,
has sought a means to preserve milk, that it might be avalle
able when and where it is desired. Certain methods have been
devised and used to varying extents for this preservation.

Without going into a‘philosaphical digeﬁssion of the
merits of such an attitude, it can be stated that man will
reject, at least to a large degree if not entirely, food which
has a disagreeable flavor., Admittedly, however, man can
become accustomed to, or can tolerate, certain flavors which
he once rejected. Nevertheless, if a preserved milk carries
with 1t a foreign flavor 1t will not be consumed in great
quentity by the majority of the people.

To date, the three general methods for the preservation of
milk for extended periods are (a) heat treatment in combina-
tion with the use of sealed containers, (b) freezing, including
holding in the frozen state and (¢) dehydration. The heat
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treatment necessary to preserve milk for more than Just a few
days imparts a characteristic flavor which a large mmber of
people find undesirable. It 1s outside the scope of this
thesis to discuss the mechanism of the formation of this
flavor other than te say that it is not entirely understood
but is believed to be associated in some way with one or more
of the milk proteins.

Satisfactory preservation of milk by dehydration would
mean an accompanying weight and volume reduction, a factor
which becomes important when transporting and storing milk.’
When non-fat milk is dehydrated,it 1s possible to obtaln a
product whieh is acceptable to a large number of people and
which retalns this acceptabllity for a considerable time. To
date, thls generally has not been possible with whole nilk,
primarily because of the rather rapid development of an oxi-
dized flavor in the 1ipid fraction of the product. Actually,
this flavor is not limited to dehydrated dalry products. In
some products, as for example, fluid milk, its appearance
seems more prevalent as the baabariaiagiaal quality of the
milk 1s improved. It has not yet been proven whether this is
& result of a change in susceptibility or because other
defects previously present had masked the flavor.

The time required for the development of oxidized flavor
is quite variable. No method exists at this time for the
prediction of the time which will be required for the flavor
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to develop, although many people have attempted to devise a
satisfactory method. Some of the most commonly used methods
involve accelerated deterioration through high temperature
storage, Even the mechanism by which oxidized flavor is pro-
duced is not clearly understood. The problem of fat oxida-
tion has been studied by many researchers working with both
edible and non-edible fats and oils. Other research workers
have studled other products which undergo similar oxidative
deterioration. An appreciable array of methods has been
devised purporting to measure the degree of oxidation. None
of these shows the desired degree of correlation with the one
dafihibe indication of deterioration, the presence of unde~-
sirable flavors and odors. Furthermore, none shows definite
indication of developing deterioration until after the

defect becomes obvious by organoleptie indications.

Studies on related materials have indicated that (other
factors being equal) the greater the degree of unsaturation of
a fat the greater should be its rate of deterioration. In
certaln dalry products the other factors are not equal. This
is indicated by the more frequent occurrence of oxidized
flavor Iin market milk during the winter than in the summer
when there is a greater degree of unssturation.

A decrease in the unsaturation of fats as measured by
various halogen addition procedures indicates that the ethenoid
linkages of the fat are involved in the oxidetion. The
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results of the variocus halagen mmmén procedures have been
eriticized since all of them do not give the same results. Even
the results by a given reagent vary so much with reaction
conditions that it is doubtful if any give s true measure of
unsaturation. It was belleved that hydrogen should (under
the influence of a catalyst) add quantitatively to the double
bonds. It should also react with any peroxides present.
Therefore, the amount of hydrogen which will react with a
given amount of fat should inorease as the fat deteriorates.
A study of the literature revealed no hydrogenation method
considered satisfactory for the study of oxidabtion.

This study was undertaken with the above conslderations
in mind. The objectives of the study were (a) to develop a
quantitative hydrogenation preocedure for fats, (b) to deter-
mine whether or not the oxygen uptake during the useful life
of a fat could be measured from the iodine and hydrogenation
lodine walues, {¢) to compare changes in hydrogenation iodine
value with changes in peroxide development, tocophercl
degradation; carbonyl formabion and organcleptic evaluation
of milk fat and (d) to study the effect of the season of pro-
duction and storage temperatures on the results obtained by
the methods l1listed in {c). This third objective was an
attempt to find both a method of asccurately determining the
degree of oxidation whieh had previously occurred and a
method of predicting the rate st which oxidation would
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subsequently oceur. It was also hoped that the results of
this study would give a greater insight into the mechanism
of fat oxidation.

The term milk fabt 1s used throughout the experimental
portion of this thesis to refer to the fat obtained by
melting, centrifuging and filtering the butter obtained by
churning cream. This fat 1ls considered to contain the tri-
glyceride and non-saponifiable portions of the lipid
fraction but not to include the phospholipids.



II. REVIEW OF LITERATURE

4. Autoxidation

Because unsaturated fats and fatty aclds react spon-
taneously with oxygen, the term autoxidation has often been
applied. Regardless of whether the term is completely Justi-
fiable on technical grounds, it will be used here to mean
"oxidation by atmospheric oxygen” ineluding that dlasolved iIn
the oil, fat or fatty acid in question. The scope of the
resctions included within this term are considered to mean
not only the original union with oxygen, bubt includes also
such other changes as may be a result of this original
reaction. The term thus encompasses certain intramoleculsr
rearrangements, intermolecular reactions, chain scission and

in some cases polymerizations.

1, Relationship to flavor

"Oxidized flavor' is a term that has been used very
loosely in connectlion with milk and @thaﬁ dairy products. It
has been known by & number of more desecriptive terms such as
"eappy," "cardboard," "oily," "metallic," "tallowy” and
“fishy." There is some disagreement as to whether or not

these are all merely different stages in the same type of
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There is a considerable amount of laxity in the use of
terms in deseribing oxidized and related flavors, with the
result that it is ocecasionally diffiecult to know whether a
flavor described by an author is being attributed to
autoxidation, and if so what compound or material is cone-
sidered oxidized, For example, Musset et al. (158) speak of
whole milk powder undergoing a flavor desterioration elther
during manufacture or shortly thereafter and state that the
definition of the defect includes such terms as "typical of
whole milk powder," "heated," "like coconut," "stale" and
various others. They remind the reader that this defect
should not be "confused with oxidized flavor" in dairy
products since 1t is detectable in best quality whole milk
powders long before the true oxidized flavor is normally evi-
dent. However, they continue {(p. 299) by quoting Bailey (8)
as follows:

Flavor reversion in fats 1s probably defined most

satisfactorily as the appearance of objectionable

flavor from less oxidation than is necessary to

produce true oxldative rancidity.

Thus 1t seems that while some of these flavors may be csused
by less drastic oxidation than others, there is, nevertheless,
e problem of oxidation involved. The work of Musset et al.
(157, 158) does not rule out the possibility of phospholipids
being the precursors of the undesirable flavor in dry milk but
they seem to imply that it might be the glyceride fraction,

A
P
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for they state that the solid fractions (obbalned by

hydranlie pressing) having a much lower iodine number were all
relatively stable with regard to flavor deterioration while
the liquid fractions deteriorated rapidly.

Reinart (176) in discussing oxldized flavor finds oxi-
dation to be greatest in samples having the highest unsatura-
tion and concludes that oxidatlon is related to the concen-
tration of highly unsaturated acids in the Cpg ~ Cpp series,
thus being a problem of glyceride oxidation. Holm (101)
states that fats of different degrees of unsaturation oxidize
at different rates and have different oxygen absorption re-
quirementa to render them inedible, again pointing to the
glyceride fraction, and in partieular, the unsaturated
glyceride fraction, as the precursor of oxidized flavor.

Greenbank (80) discusses oxidized flavor as being the
result of an intermediate oxidation produect, but in this case
he does not (as he did in other references clted sbove) state
what materlal he considers to be the precursors.

Pont (170), in a study of milk exposed to sunlight,
found peroxide values of 0.30-2.00 meq. per kge of fat in
milks exposed long enough to csuse a flavor change. In these
cases the fat was "olly-tallowy" in flavor.

Some of the oxidized flavors in fresh milk, such as
"ehalky" and "ohalky-to-soapy-tallowy" were considered by
Erukovsky (117) to be associated with the milk plasma (skim
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milk) while metallic and metallic-to-fishy flavors were
associabted with deterioration of the fat globule membrane and
oxidation~sensitive fat respectively.

Mulder et al. (156) consider the oxidation to take place
in the boundary of the fat phase or in the water phase of cream.

Further evidence that the oxidized flavor iz a result of
chenges in the fabt comes from Keeney and Doan (110, 111, 112)
who distilled oxidized milk fat and consider that the pre-
dominant odor compounds in oxidized milk fat were ketones and
who further consider that they were able, by mixing the
ketone and noncarbonyl neutral fraction in proper proportions,
to similate the flavor of oxidized milk.

Several investigators, including Roland et al. (182) and
Roland and Trebler (183) have found that the tendeney toward
oecourrence of oxldized flavor is a function of the fat con-
tent. However, Roland and Trebler found that recombination
of skim milk and cream resulted in a reduced susceptibility
to oxidized flavor and considered that this might be due to
removal of lecithin or related substances or to changes in
their distribution bebween the fat and aqueous phases,

In a study of oxidized flavor in strawberry ice cream, by
Bird, Ross, and Iverson (1lli) the iodine numbers of the fats
showed a tendency toward the greatest drop in those samples
developing the flavor defect most rapidly.

Very extensive reviews on oxidized flavor in dairy products

have been published by Brown and Thurston (27) and Greenbank (79).
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formed from the primary product.

a. Cyelic peroxide formation. Various workers (57, 156,
198 and others) cite works of Bach (7) and of Engler and
Welssberg (51, 52) as beginning modern theories of autoxida~
tion. They proposed that a molecule of oxygen was added to
the double bond with formation of a cyelic peroxide of the
formula

RY = CH = TK - R"
b—o

However, most of the evidence purported to substantlate
this theory has been indireect. Goldschmidt and Freudenberg
{75) studied the autoxidation of pure linolenic acid and
methyl linolenate by a determinstion of the double bond con=-
tent (Wijs 1odine method) of the original and autoxldized
products. Comparison of the two values showed that one double
bond disappeared for each molecule of oxygen consumed. It
must, however, bLe remambarad that possibly some of this oxygen
might have gone into secondary oxldation products. In addi-
tion, they considered that the residual lodine values plus the
hydriodic acid peroxide numbers were essentially equal to the
iodine value of the original material. Their results 1gaioate
an lodine value of 274 for linolenle acid before oxidation and
a value of 285 calculated from iodine value and peroxide value

determined after oxidation.
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Franke and Jerchel (69), in a study of sutoxidation of
oleic, rieinoleic, linoleic and linolenic acids, measured
oxygen uptake, peroxide oxygen and lodine number. Values
were plotted as per cent absorbed oxygen showing as peroxide
oxygen, absorbed oxygen as per cent of theoretical absorption
(on basis of one molecule oxygen per double bond) and iodine
number as per cent of the experimentally determined value of
the original material. On the sssumption that one mole of
oxygen is equivalent to the loss of one double bond, the
theoretical curve comnecting 100 per cent lodine number with
100 per cent oxygen absorption should be a straight line.
These authors found their data to fall upon this theoretical
line to about 25 per cent oxygen absorption with oleiec and
ricinoleic acids and to about 60‘par cent with linoleie and
linolenie aclds. Beyond these percentages, the lodine number
decreased less rapidly than indicated by the theory. However,
the relationship between the per cent oxygen as peroxide and
the oxygen ahaarptienishmwed that as greater amounts of
oxygen were absorbed, progressively less of 1t appeared as
perloxide; there must have been considerable side or secondary
reactions even before the iodine number-oxygen absorption
curve deviated from theoretical. These studies were made
using co(ﬂﬁ3)3 as a catalyst and may not, therefore, be
exactly comparable to results without this catalyst.
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In a somewhat similar work on the rate of reaction of
oleic acid with oxygen, Henderson and Young (93) plotted the
per cent oxygen remeining in the form of titratable peroxides
against moles of oxygen asbsorbed per mole of acid. Extrapolaw
tion of the ocurve to zero oxygen absorption indicated to them
that peroxide formation was the inltial reaction. 4dccording
to Markley (133) the same results should be expected with a
hydroperoxide. Although Henderson and Young did not so state,
1t is presumed that they did not mean hydroperoxide, but
rather ecyclic peroxide as evidenced by thelr discussion of
loss of unsaturation. The fraction of oxygen absorbed and
remaining as peroxide is a function of the moles of oxygen
absorbed per mole of olele aaiéq They consider that further
evidence of peroxide formation a&s the inltlal reaction was
found by plotting the double bond destruction againast moles of
- oxygen absorbed per mole of scidse A figure is given pure
porting to show that as oxygen abasorption approaches zero the
double bond destruction is proportional to oxygen absorbed.
However,; this curve does not show at any place one double bond
destroyed per moleculs of oxygen. |

Franke and Monch {70) studied hydrogenation values of
linolele and linclenie aclds which had been sutoxidized to
varying degrees. In no case dld the amount of hydrogen
absorbed exceed 100 per cent (based on theoretical value for

pure fatby acids); hydrogenation was considered complete when
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to 1209; in addition, direct attack on the ethenoid bond
seemed to occur.

After studying the products resulting from methyl lino-
leate sutoxidation (1 mole oxygen per mole ester), bromination,
permanganate oxi&ation and debromination, Toyama and Matsumoto
(208) concluded that the majority of the amtoxidation products
are compounds in which the double bond at the Cg atom 1s
attacked by oxygen.

That the matter is not a simple one to which a single
all-inclusive formuls can be applied has been confirmed by
many workerse

Mukherjee (1l46) believes that the initial step in autoxi-
dation is the formation of a cycllic peroxide but that subse-
quent to the formation of a small quantity of this peroxide,
the attack is by hydroperoxide formation, the energy
liberated in cyelic peroxide formation being able to remove
hydrogen from the alpha-methylene groups.

On autoxidation of 1,3~ and l,l-multiple unsaturated
oxygen active long chain fatty acids, Treibs and Rothe (209,
210) belleve that the double bonds are saturated with oxygen
with formation of peroxides and not hydroperoxides as primary
products. However, thelr studies of the oxldation products of
cleic acid convince them that with this acid hydroperoxide is
formed with the double bond migrating through the molecule.
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Farmer and Sundralingem (59) consider that there ls
little direct evidence supporting cyeclic peroxide formation
beyond (a) the unsaturation of the autoxidized substance
generally decreases progressively (though not in quantitative
correspondence) as oxygen uptake 1n¢rea$ea and (b) that fre-
quently the reaction ends in hydroxylation of the double bond
to yield a 1,2-glycol, or in complete scission at the double
bond. They seem to feel that this hypothesis does not satis-
factorily account for the differencea in products found, the
differences in reaction rates and other differences that
result from changing reasction conditions. These men and their
co-workers (57) feel that dlsappearance of olefinic wusabura-
tion rarely keeps pace with oxygen incorporation.

On the assumptlion that one molecule of oxygen saburates
one double bond to form a oyclle peroxide, Paschke and Wheeler
(167) have caleulated from the decrease in iodine number
during peroxidation, a “theeratieél peroxide” value. Using
distilled esters of soybean olls, they calculated that if all
double bonds were converted to peroxide the theoretical per-
oxide value would be 9000 meq. per kg. Curves were presented
showing that at 100° the determined and theoretical values co=
incide only to values of about 500 to 600 while the maximum
peroxide value was sbout 750. At 75° these values were 1000
and 1700 respectively and 1700 and 2400 at 55°. At 35° and
15° they are about 2600 and 3100, They found little change in
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unsaturation, hydroxyl number and acid number with peroxide
decomposition. ‘

be Moloxide. In 1925 Staudinger (197) proposed that the
cyelic peroxide was not the first but the second step in the
sutoxidation of ethylenic compounds. He assumed that the
original addition would give a compound with the formula

R' CH - HCR"
:
which would then undergo change to a cyclic peroxide of
structure
RY = Tii-—-ﬁ& - R"
b4

He suggested the name moloxide for the former and
considered that the latter should be referred to as a peroxide.

It is well to note that Morrell and Davis (138) speak of
a moloxide which they say may be of peroxidic or non-peroxidie
nature. The former is a cyclic peroxide while the latter is a
ketohydroxy form or lts dihydroxy btautomeride.
compounds. BEllis (46, 47)
developed a hypothesis that linolenic acld upon autoxidation

Cos

yields a compound with either three ketol groups, or, more
likely, two ketol groups and one enediol, the latter at Cio=
013. Linolelc acid is sald to oxidize to a compound with two
enediol groups which may underge ring formation to glve either
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oyclohexanetriolone (1) or cyclohexanediolone (II)..

CH(OH)*C0*CH(CH, ) 4 *COOH
CHp+CH(OH) +C (OH) (CHp ), CHy
I
GH(OH)*C0*C{CHp ) 4* COOH
GHQ‘GH(OH)*ﬁ(QHa)u‘GH3
IT
In support of this a compound with the equivalent welght and
hydroxyl conbent of II was sald to have been lsolated while it
was considered that I might likewise exist. Goldschmidt and
Freudenberg (75) had earlier found no evidence of hydroxyl
groups after an uptake of two atoms of hydrogen per peroxide
group formed.

Morrell and co-workers (137-1ll) used alphe- and beta=-
eleostearic acids; frequently a maleic anhydride adduct of
these acids was employed. The maleic anhydride adduct of the
beta form (137) showed a peroxide group in the aliphatic chain
at 613“31h; a tautomeric equilibrium mixture of keto-hydroxy
and di-hydroxy forms at the hydrobenzene ring double bond.

The alpha adduct had a keto-hydroxy structure in the aliphatic
chain at 69*310 while the olefiniec linkage in the ring did not
oxidize.

Purther study of beta-eleostearin showed (1llil) that the
first product formed i1s a dlperoxide (the double bond at
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Gll"alz was not oxidized) whieh changed to a monoperoxyketo-
hydroxy glyceride, the group nearer the ester linkage
6hangingq Treatment of the methylated acid by hydrogen with
palladium causes reductlion of the peroxy group to an enoxide
and saturation of the double bond nearest the ester group,
leaving the middle double bond unaltered.

It would seem that the ketohydroxy form should be able o
change rather freely into the dihydroxy (actually an enediol)
form and apparently does so in the beta adduct. However, the
alpha adduct upon oxidation gave a product which had at the
"near" linkage a ketohydroxy but no dlhydroxy structure (139).
Hydrogenation of adducts of both alpha and beta aclds resulted
in the reduction of both ring and chailn double bonds and
changed peroxide to monoxide.

Upon heating the polymeride of the malelc anhydride
adduct of the beta glyceride to 100-110° C., a decrease in
peroxide content and an increase in the hydrogen percentage
were noted (140). These changes were attributed to a degrada-
tion of peroxide to monoxide. In studying the properties of
the ketol group, a mixture of 9~hydroxy-lO~ketostearic and 10~
hydroxy~9«~ketostearic acids was found (142) to absorb oxygen
readily. Enolization of ketol groups is said (14);) to be
responsible for the discrepancy between Wijs and Hubl iodine

values.
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pa#aible structures for the oxidation product, namely
(2) enol, (b) ketone, and {¢) ethylene oxide. Acetylation
experiments and treatment with ferrie chloride demonstrated
the absence of the firat two and thus left the third as the
choice by 3zant~ay3rgy1. He considered presence of ethylens
oxide was demonstrated by the faect that the product reduced
Tollens reagent, a property of aldehydea and ethylene oxldes.
Within experimental limits, he found the ledine number of
the oxidized material to be the same as that of the unchanged
acid. This, according to Szent-Gyorgyl is as 1t should be
wilth ethylene oxide which should react as follows:
H«C Hnénl

N\

0 + 2 HI + Hao

/

HeC

HeCwl
' |

Markley (133} states that the fact that oxido aclds of a
number of unsaturated aclids are well known orystalline
products but have in no case been isolasted during the early
stages of oxidation should be convincing evidence against
their formation at this stage of oxidation., Ellis (49) claims
to have 1isolated oxldo~elaidic acid as the oxidation product
of both elaldic and oleic acidas, although he oxidized the
acids to e 20 per cent oxygen uptake. Oxido-oleic acid

apparently was not formed.
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After oxidation of elaldic acid by Haﬂa in scetle seid,
King (11l.) was eble to isolate what he called an oxlidostearilec
acid which was apparently identical with the oxido-elaldic acid
of Ellis and had the same melting point (55.5°).

Browne (29) is inclined to the view that one atom of
oxygen may add to the double bond with the liberation (from
the oxygen molecule) of one atom of nascent or active oxygen
which may then attack other fatty acld radi cals including
saturated radicals., He consliders that the action of moisture
would cause hydrolysis {after rearrangement to a ketone) to a
lower free fatty acid and a lower glycercl ester.

Other workers have proposed oxido compounds as secondary
oxidation products, as will be mentioned later.

e. Hydroperoxide formation. Criegee (39) and Criegee et

al. (40) suggested that cyclohexene upon autoxidation formed a
peroxide with the satructure

H
K
thus leaving the double bond intact. They showed that the
peroxide formed (a) was reduced by sodium sulfite to cyclo-
hexen-3-0l, (b) absorbed 1 mole of bromine per mole and
(¢) contalned one atom of active hydrogen per molecule..
Rieche (177) censidered that unsaturated fats and oils

probably behaved in & similar manner. The suggested mechanism
is shown in the following equation.
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O0H
-CH= GH*'GE{Q*-GE =(CHw =~CH = CHeCH«CH = (CHm
or ‘ or
?H 00H OH
-~ CH= C}ﬁwaﬂawﬁﬁ- w(H = CHwCHw(H-

In 1942, Farmer and Sundralingsm (59) confirmed the work
of Crlegees They 1solated a peroxide which behaved 1n the
same manner as described by Criegee, et al; this compound was
said to be guantitatively reduced by hydrogen (Adams catalyst)
to eyelohexanol rather than to c¢yeclohexane-l,2-dlol. The
exact figures on hydrogen consumption at this stage are not
given; 1t is atatgd that two moles of hydrogen were absorbed,
A sample of the peroxide was irradisted with ultraviolet
light. After the peroxide oxygen content had fallen to about
half 1ts original walue, the hydrogen uptake was found to be
about half that for the original material. Thls was inter-
preted to mean that the loss of one hydroperoxide group had
resulted in the saturation of one double bond. This could

oceur in the following ways:

00H o OH
| AN
~CH= CH~CH- —> =CH-CH~CH-
or
OOH OH

| ; | /\
~CH=CH-CH= + «CH=CH~CHp~ —> —CH=CHwCH~ + —CH-CH~CHp-
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and yield epoxides. The reactions listed asbove were considered
{61) to be the principal secondery reactions although some
molecules do reach the chain scisaion stage. In some cases
these secondary reactions begln almost at the outset of
autoxidation. With dihydrofarnesene the enbire oxygen uptake
persists as peroxide oxygen to a 6 per cent uptake while with
dihydromyrecene and squalene the decay of peroxide starts

almost immediately. Farmer end Subton make the pertinent
statement (61, p. 1i2) that |

e » o 80 uneven atback (by oxygen) iz by no means

unusual in the aubtoxidative reactions of olefinic

substances and hence it ls probable that many

statements in the literature purporting to refer

to the early stages of oxidation really refer to

falrly advanced stages so far as the molecules

actually sttacked are concerned.

Alpha-methylenic reactivity was discussed ab great
length by Fermer and co~workers in 1942 (Sk, 55, 57). They
suggest (57) that interaction of hydroperoxide with a doubdble
bond mey oceur to glve epoxy and hydroxy compounds. An
alternative suggestion is that since the reaction occurs with
greater ease during actual sutoxidation, it msy occur as a
reaction of a radical peroxide with a double bond, as

%
ROO% + =CH=CH~ —> «CH-CH- —> ”c}?ﬁ* + RO%

O«0R
RO%* 4 «CHp=CH=CH= —> ROH 4+ «(C#H~-CH=CHw
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Although thelr earlier atudles were with compounds having
smaller molecules, Farmer and Sutton (61) found that thelr
hypothesis of alpha-methylene reactivity applied to the
peroxidation of rubber.

As further proof of the validity of their hypothesis
Farmer and Sutton (62) isoclated the hydroperoxides of photo-
chemically oxidized methyl oleate. The products were mainly
mnonohydroperoxides but some dihydroperoxides were found. The
olefinic unsaturation was retained. The monchydroperoxides
could be hydrogenated to hydroxystearic aclid or reduced with
aluminum smalgam to glve methyl hydroxyoleate.

In 1946, Swift et al. (201) isolated and characterized a
methyl hydroperoxidooleate from oxidized olive oil. uhile the
structure could not be rigorously proven, these authors
belleved thelr work supported the views of Farmer and his co-
workerss. The evidence they presented may be summarized as
(a) the lodine value of the oxidation produet (71.3) indicates
unsaturation (it is lower than the caloulated 77.l, probably
because of impurity), (b) one mole of peroxide absorbs 2 moles
~of hydrogen (actually ga. 1.93) to form monohydroxy stearate,
{(e) the acids resulting from permangsnate oxidation are those
expected from the hydroperoxide (other compounds might yield
the same compounds), (d) the molecular refractivity, 9.7,
agrees well with the caleculated 95.1 and (e) reduction with HI
vields methylhydroxyoleate.
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The isolstions Jjust mentioned were achleved by molecular
distillation and low temperature crystallabion. Pugger and
his co-workers were able to effect a similar separation by
countercurrent extraction (71, 72, 219). Later, Coleman et
al. (37) obtained a concentrate containing 70-90 per cent
peroxide by complexing with urea.

Parmer and his co~workers (57, 58) believe that olefinic
peroxidation ocours by way of a free radical mechanlsm in
which the olefin passes through the stages:

%
ﬂﬂﬁzﬂﬁﬂ‘:—'ﬂﬂ* —> wH=~CH=CH~ —> CH=CHs— CH» —> =CH«CH~—(CH~

gw 00H
The free radical centers are indicated by asterisks. The
first step in the aubtoxidation of the unconjugated unsaturated
oils {end other olefins) is thus the severance of a thermally
or photochemically activated alpha-methylene carbon to
hydrogen bond leaving an olefinie free radical, Since one

may expect resonance between the two three~carbon forms

3 2 1 3 2 1
~CH=CH~CH and =CH=CH=CHw~
4% 5%

the addition of a molecule of oxygen would probably result
(with equal frequency) in the production of hydroperoxide
groups at elther the 1 or 3 position,

If the above is correct, double bond shifts should oeccur

in mono-olefinic compounds and oleate should give the



28

hgdreparbxide forms:

11 109 8 1110 9 8
(1) =~C=C=C{O0H)=C , {2) =C=c{OOH)-C=C ,
in addition to
11 10 98 11109 8 |
(3) «C({OOH)=C=C=C , (L) =C=C=C=C{00H)}.

These compounds are in accordance with the results of Farmer.

Bickford et al. (13a) worked with the malelc anhydride
adduct of methyl oleate and obtalned evidence to support the
above machanism‘» Working with & compound having substltuents
on the olefinic carbons, Farmer and Sutton (6l) were able to
show a migration but not saturation of the double bond. The
photo-oxidation produsct of 1,2-dimethyleyclohex~l-ene appeared
to contain both 1,2~dimethyleyclohex-leene-3=hydroperoxide and
1, 2-dimethyleyelohex=2wene«-l-~hydroperoxide,

According to Farmer (58) the most reactive methylene
groups are those flanked on elther side by a double bond.
Thus, with lincolenate for example, a single attank.by oxygen
at one of the two more reactive cenbers could produce the

following formss

. =CHwGH=CH~CHeCH=CH~CHp=CH=CH~
*
CH=CHwCHnCH =CHnCHy~CH =CHe
* N
~CH = CH~CH=CH~CH~CHp~CH=CH~
%
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wOH=CH»CHpwCH~CH =CH=CH= CH=
&%
-CH = CH~CHy~CH= CH~-CH~CH =CH~
%

N

=CH=CH=CHymCH= CHwCH =CH=CHe=
%

A second attack on these forms would glve still other forms.
The rate of oxidation of conjugated linoleic acid was
found by Holman and Elmer (103) to be not perceptibly different
from that of linolelc acid itself whlch would seem at variance

with Parmer's hypothesis.

Conjugated and non-conjugated unsaturated olefins may
form different peroxides. This is indicated by the work of
Robertson, Hartwell and Kormberg (179) who found that
peroxides of non-conjugated unsaturated oils were able to
oxtdize A, Ft-dichloroethyl sulfide while those of the
conjugated oils were not. During exposure of fatty aclds to
oxygen, the peroxide mumber was ssid to increase to the same
extent as the iodine number decreased. After addition of the
sulfide, the peroxide number decreased without further change
in the lodine number. The reaction was considered to be in
two steps, (a) oxidation of unsaturated acid to peroxide and
(b) oxidation of the thioether to sulfoxide by the fatty acid
peroxide, which latter step was substantially complete in less
than one hour. No stabtement wes made as to the form in which
the second step left the fatty acid.
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By absorptlion spectra and isolation and characterization
of oxidation products, Allen and Kummerow (3) found additional
evidence that conjugated and isolated double bonds give
different initial products during autoxidation.

Treibs and Rothe (210) believed that in autoxidation of
13- and l,h-rmultiple unsaturated oxygen active long chain
fatty acids, double bonds are saturated with formation of
peroxides as primary products while with oleic acid, hydro=
peroxides are formed with double bonds migrating through the
molecule.

Some confirmation of Parmer's views were obtained by
Atherton and Hilditeh (6) who found that autoxidation at
ordinary temperatures involved conversion of methylene carbon
Cg or Cqq into hydroperoxide, although some oxidatlion product
must be formed by other means, while at 120°, there seemed to
be an slmost complete absence of hydroperoxide. The following
yoar Gunstone and Hilditeh (8L.) confirmed this work at 209,
but considered the alpha-methylene reactivity to occur to
gome extent at 100° to 120°, With methyl linoleate, they
found the atbtack to be almost exclusively at Cyy and not at
Cy or “1&‘

Iundberg and Chipault (129) agree with Farmer and Bolland
and thelr co-workers that in the oxidation of methyl linoleate,
the inltisl attack occcurs at Cyye They, however, postulate
the formation of a transitory intermediate which then
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undergoes further change. From this intermediate arises a
relatively stable 9~ or l3~hydroperoxide, but no ll-
hydroperoxide of stable character. In a later publication
(132) it was indicated that ll~hydroperoxide might also be
formed.

Oxidation of methyl elaidate (132) to the extent of ca.
0.2 moles of exygen per mole of ester showed that 90 per cent
or more of the oxygen survived as peroxide. The oxidation of
elaidate epparently followed the same course as did methyl
oleate.

The detachment of an alpha-methylene hydrogen atom
requires about 80 keal. of energy per mole, The fact that
there 1s no visible source of this energy has been employed
as a criticlasm of Parmerts hypothesis. In reply Farmer (56)
states that all invaaﬁiggted conjugated compounds, including
those with unsaturated centers flanked by alpha-methylene
groups, underge peroxidetion additively at the double bond,
leaving the adjacent alpha-methylene group intact. It is,
therefore, suggested that possibly oxygen may begin its
attack additively in some few olefin molecules thereby fur-
nishing the energy for subsequent chain reactions. This may
be 1llustrated at follows:
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~CHy~CH= CH~

0.
* 2 »Gﬁga'ﬂﬂ = CHw= s o*
mGﬂQn&HwCK(@@*)m >~cﬁémcﬁaa(a@a)~ 4+ wOHe(0H=CH~
. °£

o ~CHy=CH = CHw~ |
«CH=CH= CH= + wﬂH{GﬁH)GﬁéGﬁa~ — «CH( 00% ) CH= CHw
Alpha-methylene chain reaction Alpha-methylene

chaln reaction

Chain reactione——H# + «CH=CH«CH{OOH)» «—

Leter Mukherjee (146) also considered the energy aspect
of the reaction., He considered that the initlal stage of the
reaction in the oxidation of oleic and linoleic aclds and
their esters was cyclic peroxide formation at the double
bond. Subsequently more oxygen is used than can be accounted
for in this way, probably by formation of hydroperoxides; the
energy liberated in the formation of peroxides may be able to
remove hydrogen from active methylene groups. This he con-
slders ﬁa reconcile the differences between the hydroperoxide
and cyelie peroxide hypotheses of fabt oxidation.

This brings to mind the words of Gunstons and Hilditch
who said (84, p. 840):

« + « the onset of oxidative rancidity in edible fats

is largely conditioned by the presence of linoleic

rather than olelc glycerides, the peroxides formed by

the preferential oxidation of the former catalysing

the oxidation of the (usually predominant) oleie
glycerides present.
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Bolland and his co-workers (16, 17, 18, 21) found their
data, obtained in studies of the kinetlcs, thermochemistry
and mechanlsm of olefin oxidation, to be in agreement with the
hypothesis of alpha-methylene reactivity and chain reactlon,
They represent the chain propagation reactions as

Re 4 0p —> ROy~
ROy~ + RH —> ROpH + R~
Termination occurred through interaction of pairs of free
radicals, In these equatlons RH represents ethyl linoleate,
R«, the radical produced by ﬁw@_ removal of an alpha-methylene
hydrogen atom from RH and ROp-, the corresponding peroxide
radical.

By allowing equal a&wwg of methyl hydroperoxido oleate
and olelc scid to react at 90° for 3 days, Swift and Dollear
(199) found that the lodine number dropped from 69.lL to 66.6,
and that 16 per cent of the free acids were epoxy acids, thus
showing that even though the epoxy acids may be present, they
are not necessarily the first products formed.

Imndberg et al. (132) consider that a Woburn ifodine value
of 2.12 double bonds per molecule for the oxidation product of
methyl linoleate, the peroxide of whleh had been reduced by
potassium iodide, indicates that the double bonds remain un
dilsturbed though possibly shifted during peroxide Hagpﬁa?

In 1949, Dugan et gl. (45) found an absorption band (at
34h5 em™l) in the infra red absorption spectrum of sutoxidized
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methyl linoleate which they believed was due to hydroperoxides.
Two years later, Lemon et al. (126) found an absorption band
in the -OH stretching region (3730-3005 om™l) which they
likewlse attributed to hydroperoxide formation. Horn et al.
(10l) exemined linseed oil autoxidized at 85° and found an
inereasing absorption in the infra red reglon which they
attributed to hydroperoxides.

Gunstone and Hilditeh (85) suggested that the 4initial
point of attack by oxygen was at the double bond, hydroper=
oxide formation taking place with the formation of a new
ethenold linkage.

~CH=CH«CHp= —> m-?ﬂm?mcﬁaw — > «CH{QOH)=CH= CH~
00

It is felt by Skellen (190) that the hydroperoxide thus formed
rearrvanges to form ketol or dihydroxy structure. The di~
hydroxy material, having a double bond (which may be dis-
placed from its original position) adds oxygen. The scission
products from the various forms possible could account for the

wilde range of decomposition products.
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3+ Peroxide decomposition

products

The type and amount of peroxide decompesition products
varies conslderably with sutoxidatlon conditions. If tempera-
ture changes cen alter the type of autoxidation mechanism,
they can certainly change the type of materials formed. In
the oxidation of cyclohexane and related compounds, Farmer and
Sutton (59) considered that if the temperature were allowed to
rise above lj0° or if peroxide 1s formed so slowly (e.g.,
without catalysis by light or other agency) that oxidation is
unduly prolonged, the yileld of pure peroxide is diminished
and that of secondary products innraaﬂeé aceordingly. Other
substances are sald to be similar to cyclohexane in this
respect.

Although Pugger and co-workers (71, 72) studied the fabty
acid oxidation producta by countercurrent distribublion methods
{and noted that chain sclssion products were present) they did
not exsmine the scission products in detall.

Water and carbon dioxide sre evolved during the autoxlda-
tion of fatty acids according to Ellis (48). They are pro-
duced in amounts conslderably below equimolecular proportions
to the acid and are probably a secondary produch reﬁuit&ng
from a gradual degradation of the fatty acid chain,

Although he expresses his results in terms of eyclic
poroxide, Powers (172) lists four types of degradation which

may result. These are shown as follows:
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0—0 "
dehydration mcﬂéaéﬁhéﬂﬁ ~CH=CH=C~ + Hy0
—0

reduction «Gﬁhéﬁb w(GHmOHw + 0

0—90 OH OH
resrrangement  =CH«CHe ~é==é~

0—
rupture -»(I'}ﬂﬁGH 2 «~CHO

Several workers have studied the products resulting from
the disruptive permangenate oxidatlon of the products of
sutoxidation (when generally the suboxidation was not
sarried to extreme). While thils work was done in an abbtempt
to determine the nature of the primary and the secondary
products of oxidation, it does not necessarily follow that
these are the ssme as those formed ass a result of autoxlda-
tion. The general products formed will be dlsccused. From
methyl oleate autoxidized at 20°, Atherton and Hilditeh (6)
and Gunstone and Hilditeh (84) found azelaic, suberic, octanoie
and nonancic acids. At 120° the products were mainly azelalc
and nonancic with traces of suberic and octanoic acids and
possibly some aldehydes. Similer results were cbitained by
Swift et al. (201).

From the autoxidation of elsldic acid, Ellis found (L49)
the following products: C0p, Hy0, oxldo-elaldie acid, perhaps

some oxide~oleic acld and cleavage products. When & 20 per
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cent oxygen uptake is recorded, a large portion of this is
evolved as 00, and Hy0s The former may account for 25 per
cent of the oxygen taken up and the latter for even more,
Oxido-elaidic acid is formed to the extent of 16 to 20 per
cent of the acid autoxidized. With a 20 per cent oxygen up-
take the 120 parts of product from oxidation of 100 parts
elaidic acid included 16 to 20 parts azelaic, suberic, oxalle,
nonancic and octanoic acids.

Farmer and Sutton (61) in 1942 reported that in their
experience all polylsoprenss, and notably rubber appear to
give neutyal scilssion products initially and only later are
these converted to acld products. Tha% say that doubtless
these neutral products berminate in aldehydic and ketonle
groups; the former can probgbly absorb oxygen directly to form
peracids and then carboxylic groups, bubt the hydroperoxides
probably play a large part in the further oxidation:

ROCH + R'CHO —> RYCH{OH)OOR —> R'CO,H + ROH

The following year, Farmer and Sundralingam (60) noted
that the products resulting from the oxidation of rubber were
generally neutral (insoluble in agueous alkali) up to a
ubilization of 0.9 atom of oxygen per isoprene unit; beyond
this the oxidatlon products became increasingly acidic until
at the highest stage of oxidation (30 per aént oxygen input at
709) only acidic materials were obtained. Apparently the
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first units produced have neutral end groups such as ~CHO and
:a@amww these end groups in the main escape further oxldation
until a fairly definite overall stage of oxidation 1s
reached.

It had been stated earlier by Farmer and Sundralingam
{59) that oxidation of olefinic compounds generslly results
in the formation of a compound with a hydroxyl group and this
is eﬁwaﬁkwaﬁag%mﬁwa@ by & ketone, They feel that it might
seem at first sight (particulerly in view of the fact that
water is foyrmed) that direct dehydration of olefinic hydro-
peroxide might have occurred. However, they were unable bto
demonstrate any cyclic ketone in the autoxidation of c¢yclo-
hexane. ,
They further state (39) that wwaaaw@ﬁg%wmm groups decom~
pose sponbaneously or by the action of heat, mwawsm {a) cyelic
epoxides and alcohols, (b) oxidation products and (¢) oxyge-
nated polymerie products. Ketones are not formed in recog-
nlzable smounts by the spontaneocus descomposition of the
eyclic hydroperoxides although they have long been known o
appear among the autoxidation products of monow-olefiniec ter-
penes; they are formed, however, to a considerable extent by
the violent decomposition promoted by an organic ferrous salt.

In a theoretiesl dlscusalon, Gibson (74) considered that
the chief decomposition products of the hydroperoxides would
be alphe-unsaturated hydroxy esters; alpha-, beta~-dihydroxy
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esters, and cerbonyl compounds.

Bolland and Koch (19) considered, on the baslis of
absorption at 2750 &, that one of the decomposition products
of the peroxide of ethyl linoleate was a conjugated diene
ketone {which actuslly has triene conjugation).

Dugan et al. (45), by infrare@.mpactragraphia analysis,
considered that two different carbonyl compounds are formed
(st different rates) in the autoxidation of methyl linolsate.
One 1s believed to be a ketone in conjugation with a double
bond while the other 1z belleved in a nonconjugated sysbem.
In a similar study on the methyl esters of peanut oll fatty
acids, Lemon (126) found that in the C=0 stretching region
(18L0~1630 cn™t) three bands appeared at different stages of
autoxidation,

At various temperatures from 50° to 100° Ellis (50) found
alpha, beta~unsaturated keto acids (Lleketo-\9% and B-keto-
Zﬁ&gmalaic or elaidic acids) or their polymers. Small emounts
of beta-ketonic acids were noteds Autoxidation at 100°
yielded eight and nine carbon mono-~ and di-carboxylic acids.

In a study of the decomposition (by heat at 150°) of
methyl hydroperoxidooleate, Swift et al. (200) were able to
demonstrate the presence of 2-undecenals They state that

Qualitative evidence has been obtained in the

course of the isolation and purification of 2«

undecenal of the presence in the decomposition mix-

ture of analogs and homologs of this aldehyde.
Aldehydes of the type represented by 2-undecenal
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readily undergo subtoxidation, reduction, and iso-

merzation thus making it possible to account for

many of the end products which have been qualita-

tively and quantitatively idenbtified in varlous

types of fab oxidizing systems.

In a later paper (202) they reported the finding of deca-
2pli~dlenal, oct-2-enal end hexansl in sutoxidized cottonseed
oile Although the exact mechanism of their formation was not
established 1t was belleved that they resulted from decompo-
sition of lsomeric hydroperoxide of linoleloc acid. The
following equations suggest possible pathways.

H
B+

| - |
CHj(CH, )}, CH=CH=CH=CH~CH-{ CHp )7CO0R—> CHy (CH, ) CH= CH~CH= GHCHO

+ 7

e e g =o}

]
1

——t -
[

|

CHy(CHy ) CHYCH= CH-CH=CH(CHp)7C00R —> CH3(CHp))~CHO + ?

H
"'{%'%"

GHB(cﬁz)ucﬂ=sﬁ«aﬁﬁ.ﬂﬁ=aﬁtcﬂa)7ama——> Gl%(ﬁﬁz}hcﬁ=aﬁucﬁe +?

From oxldized milk fat, Keeney and Doan (110, 111, 112)
were able to distill a volatlle fraction having odors
characteristic of the fat. The grester part of this fraction
was shown to consist of carbonyl compounds, particularly
ketones. While the ketone and the non~carbonyl neutral frace
tions each, when mixed singly with milk, gave a flavor sug-

gestive of oxidized flavor, the flavor most nearly resembling
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more frequently in fall and winter, while with the regular
pasteurized milk in their study, the flavor did not develop
even In winter.

Although Webb and Hileman (215) considered summer milk to
be less susceptible, it should be pointed out that during the
first winter they studied the problem and the following summer,
the milk was exposed to copper. The following winber, without
copper contaminatlon, there was apparently less oxidized
flavor. However, these workers seem to have used very small
numbers of samples. In fact, during the second winter, they
state that 1l per cent of the samples became oxidized; this
actually represented only one oxidized sample.

After a study of the cow as a source of oxidized flavors
in milk, Gubthrie and Brueckner concluded that oxidized flavors
were more pronounced and more widespread in winter than in
summer (30, 86). Vhile 1t is belleved that the majority of
people who have worked closely with the market milk industry
would likely agree with this (at least as applied to mixed
herd milks) the data presented by these workers for individual
cows does not seem entirely conelusive on this point.

8ince the oxidized Llavor usually disappesrs in the
summer when the cows are on pasture, Dahle (42) believes that
the feed may have some effect. According to Greenbank (77)
"Inhibition of the (oxidized) flavor by a change from dry to
green feed 1s paralleled by a decrease in the
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oxidation-reduction potential and an increase in poising action”.
Brown, Thurston and Dustman (28) found the mixed milk of

seversl cows more susceptible to copper or iron induced oxi-

dized flavor in winter than in summer., Feeling that the dif-

ference was due to the change from pasbure to dry feed, they

studled reversals between dry~ and paatura~faéding regimes,

the study showing some tendency for greater susceptibility on

dry feed. Thurston (401) further noted that in some summers

the flavor occurred coincidental with drought conditions which

neceasitated considerable amounts of dry feeding.
Se Influence of extermal factors

as Influence of air and oxygen. It has been found by
several investigators (31, 152, 192) that autoxidation does
not proceed In the absence of air or oxygen. Burger and
Wiedemann found (31) that no appreciable amounts of conjugated
unsaturated acids were formed from esbters of fatty acids in
the absence of air, while Skellon {192) noted that even in the
presence of a limited amount of alr a small amount of peroxi-
dation ocours.

Mukherjee (152) studied the influence of oxygen concen-
tration, ranging from one per cent to 100 per cent. Decreasing
the oxygen content of the storage atmosphere was almost
without effect on the induction period, while subsequent oxi-

dation was greater in air. Ineressing the oxygen concentration
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from 21 per cent to 100 per cent has no effect on the length
of the induction period until the atmosphere is pure oxygen,
but the rate of subsequent oxldation is greater. Dissolved
oxygen was determined by adsorption in hyposulfite or alka-
line pyrogallol solution and it was found that increased per-
oxide formation was accompanied by an almost proportionate
increase in dlassolved oxygen. When all the oxygen is used up,
peroxidation stops and is followed by decomposition of per=-
oxldes. Autoxidation is thus sald to depend on the rate of
diffusion of oxygen from the atmosphere to the oil, and is
controlled by the solubility of the gas in the fat or oil
concerned.

Some mention has already been made in connection with a
review of the literature pertaining to reaction mechanisms of
the amount of oxygen different investigators found to be taken
up by various olefins. |

Meyer (136) found that in the hemin catalysed photo-
oxidstion of methyl oleate, the reaction slowed down con-
siderably after the absorption of only one atom of oxygen per
molecule of ester, while the work of Treibs (209) showed that
in the autoxidation of both methyl linoleate and methyl linol-
enate, two molecules of oxygen were absorbed.

Ellis (48, 49) measured the oxygen uptake by oleic and
elaidic aclds under conditions of high dispersion. In 24 to
48 hours, either acid was able to take up over 20 per cent of
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oxygen (or more than 56.5 grams per mole) at 55 to 75%. He
observed that under the most favorable conditions, elaldle
acid absorbed three to four atoms of oxygen and that two or
three of these were retained in non-volatile oxldation
products.

The rate of oxygen uptake by oleiec, ricinoleic, linoleic
and linolenic acids was investigated by Franke and Jerchel
(69). At 37° even with one per cent Co(NO3)3 as a catalyst,
oxygen sbsorption was in no case complete after 100 hours,.
With oleic and ricinoleic acids the rather rapld inltial
absorption slowed down after 0.3 to 0.5 mols oxygen were
sbsorbed per molecule of ester and was still less than one
mole after 100 hours. After the absorption of one mole of
oxygen by linoleic acid and two moles of oxygen by linoclenic
acid, the curves tended to resemble those for oleic and
ricinoleic acids. There was apparently some tendency for the
polyunsaturated acids to slightly exceed one mole of oxygen
per double bond. |

In a study of oxygen absorption by methyl linoleate,
Iandberg and Chipault (128, 129) noted that in the early
stages of peroxide development, the determined peroxide values
were always higher than the theoretlcal values on the basis
of oxygen absorption. This was attributed to a decrease in
smount of dissolved oxygen. After correcting for this, a

straight line relationship was found between measured peroxide
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values and oxygen absorption to 300 milli-equivalents peroxide
per kilogrem of ester, The curves plotted did not coincide
with the theoretical line, which may result in part (but
apparently not entirely) from peroxide decomposition. Measure-
ments were mads at J0®, 60°, 80%, and 100°; the higher the
temperature the greater the deviatlon.

With a sample oxidized in a closed system at 30° Allen et
als (2) were able to demonstrate that up to a point of 0,2
mole oxygen absorpilon, all oxygen taken up could be demon-
strated as peroxide oxygen,

b. Effect of light. While most workers in the fleld of
fat oxidation seem to feel that light (especially ultra violet
light) catalyzes the oxldation of fats and other olefinic
materials, little work seems to have been done to establish a
definite relationshilp bebtween light and oxidation.

Skellon (192) stated that ultraviolet light acts rapidly
on purified oleic acid held in an open vessel In a slow stream
of oxygen. Farmer et al. (57) state that absorption of
oxygen is promoted by sunlight or ultraviolet light; decompo-
sition of hydroperoxide is spparently promoted by prolonged
illumination.

Les {121) noted almost no oxidation in sbsence of light;
he concluded that a small smount of light may exert a powerful
influence on the rate of oxidetion. Increasing the amount of

light beyond this small quantity did not grestly increase the
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rate of oxidation. Removal of light after oxidation had
started did not have much affect in decreasing the rate.

In a study of oxidation in the presence of chlorophyll,
Lundberg and Chipault (129) noted that in the absence of
light, the uptake of oxygen was almost too small to be
measured while with light, the effect was very pronounced.
Oxygen absorption was found to be proportional to the amount
of light absorbed. The conjugated diene peroxides formed
were considered the same as those produced under other condi-
tions of oxidation. The results were, therefore, considered
to indicate that the photo-oxidation of fats depends upon the
activation of pigments or chromophores that are present as
minor constituents. These same authors and thelr co-workers
in later papers (129, 131) concluded that the fundamental
mechanisms for thermal and photochemical oxidations were quite
different. In 1942, Farmer et al. (57) had concluded that it
was impossible at that time to distinguish between thermal and
photochemic al secondary decompositions.

Rogers and Taylor (181) concluded that oxidation was not
proportional to illumination intensity after studying rate of
absorption of oxygen by linseed oil under influence of light.
Oxldatlon was negligible in the absence of light; the weaker
the light, the greater was its efficlency in ecatalysing
oxidation.
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Aceording to Mukherjee (149), Lea {121) attributed the
fact that apparently sweet fats become {oxldatively) rancid
when exposed to light (out of contact with air) to the
presence in the fat of minute smounts of oxygen, either in
solution or in loose chemical combination. While such
reasoning seems quite logical, no such remark can be found
in the paper to which reference was made.

Mukherjee (147, 149, 153) finds light to be a positive
cabalyst for oxidation. Samples stored in diffused daylight
in sbsence of oxygen did not show organoleptic evidence of
oxidation. In a study of the relationship between amount of
1llumination and oxidation, he found (149) that if samples
were 1lluminated prior to storage, there was a relationship
between the duration of exposure and the rate of peroxide
development. Once a fat has been exposed to light rays to
start oxidation at a sufficient rate, the process cannot be
stopped by removal of the exeiting’éourea¢ However, light is
only one factor In oxidation, since oxygen is considered to be
necessary.

¢. Effect of temperature. The present study was made
using }j0° as the highest storage temperature., Most of the
avallable literature on the effect of temperature deals with
studles wherein the lowest temperature observed was L0° or
higher. Especially in a material such as milk fat, this migt
be particularly important by reason of the fact that at 40°
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(25-28%) the peroxide content decreased 13 per cent and 30 per
cent in 30 and 60 days respectively. At 120° and above, de~
composition was very rapid, with fifteen minutes at 150° being
sufficient for complete decompoasition. Paschke and Wheeler
(167) had earlier found that the speed of decomposition of per-
oxide becomes progressively greater as the degree of oxidation
is ineressed, the rate of decomposition generally conforming
most nearly with that of a bimolecular reaction.

Paschke and Wheeler (167) assumed that one molecule of
oxygen saturates one double bond to form one molecule of per-
oxide and developed an equation for theoretical peroxide for-
mation based on decrease In lodine value. Their results
showed that observed and theoretical peroxide values for
methyl esters of soybean fatty acids (theoretical meximum 9000
meg. per kg.) coincided only to about 500-600 at 100°,

Maximum values were obtained at 759, at which t emperature the
values were 1000 (observed) and 1700 (theoretical). At 55°
the values were 1700 and 2400 respectively while at both 35°
and 159 the figures were 2600 and 3100.

Caloulating a theoretical peroxide value based on oxygen
absorption, lundberg and Chipault (128, 130) noted that the
observed values plotted against oxygen uptake were straight
lines (to 300 meq. per kg.) at 40, 60, 80, and 1009, but that
at all temperatures, the observed values were less than the

theoretical maximum, The deviations increased with increasing
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temperature. They consider that this is not all due to per-
oxide decomposition since at 40°, peroxide decomposition is
considered to be very slow.

An anomalous result was mentloned by Banks (20) who stated
that the fat of dehydrated herring was more stable when the
herring was stored at 25° than when stored at 109, No explana~
tion for this is given.

According to Ellis (48) stearic acid shows apprecilable

autoxidation above 759,

6. QOxidation gatalysts

Vafieus metals have long been recognized as being able to
promote the development of an oxidized flavor in dairy
products, the most common offenders noted being copper and
iron. Both Sormer (19l.) and Roadhouse and Henderson (178)
recognize this In thelr texts on market milk. Nelson and
Trout in their book (163) on the judging of dairy products
not only recognize this, but prescribe a method whereby,
through the addition of copper, the susceptibility of various
milks toward the development of oxidized flavor may be
determined.

The addition of 0.0l and 0.001 mg. of copper (as stearate)
per ml. of autoxidizing methyl linoleate was found by Lundberg
and Chipault (129) to virtually eliminate the induction
period at 40°., They reported a more detalled study in a
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later paper (131). A study of spectral sbsorption at 2325 R
in relation to peroxide content in oxidizing methyl oleate
showed that a larger proportion of chromophores is formed in
the presence of copper than in its absence. The presence of
copper produces an 1nar@aaa in the number of chains (but a
decrease in chaln length) and the chromophores are produced
in chain terminatlon reactions. The conclusion ls reached
that the prooxidant effect of copper ls due to its effect on
peroxide destruction rather than to a direct catalysis of
the reaction between oxygen and linoleate; the decomposition
of peroxide forms free radicals which initiste new oxidizing
chains.

It was reported by Lemon et al. (126) that while increased
temperature accelerated both formation and decomposition of
peroxides, the presence of ferrous stearate catalyzed only
their decomposition.

The presence of about 0.1 per cent of the cobaltous salt
of oleic or elaidlc ascid was found by Ellils (48) to be suf-
ficlent to reduce or completely eliminate an otherwise more or
less prolonged induction period. In a later study (49) he
used 0.2 per cent (and other changed conditions) to speed up
autoxidation.

The oxidation of oleic acid was studied at 1209 in the
presence of varlous metal catalysts by Skellon (190, 191, 192).
The catalybtic activity of the metal ions was correlated with
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their structure and shown to be a periodic function. High
activity was shown by metals having an incomplete inner group
of electrons. An element of dual valency, attalning a stable
condition in the higher valency should be an efficlent catalyst.
Autoxidation is considered to function through a cyecle of
valence changes as follows: (a) the formation of a loose com=
plex between metal in the lower valency and oxygen, the metal
being raised to a higher valency; (b) this higher valency is
more stable, but the complex is still highly reactive to
oxygen, reacting further with oxygen and the oxldizable sub~
stance, donating oxygen continuously to the labtter without
permanently reverting to its lower valency; (¢) ultimate
interaction between the catalyst in its higher valency and a
quantum of oxldized material causing reversion of the metal to
its lower valence, accompanied by a c¢change in the character of
the oxldized material.

Mukher jee (151) studied the actions in butterfat of
several metals in mebtallic form, as water soluble salts and as
oleates., 1In all three cases, copper and iron were the
strongest prooxidants. Copper and cobalt were studied in the
presence and absence of oxygen and were unable to promote oxi-
dation in absence of oxygen.

In a study of the catalybtic effect of oxidation products
of butterfat, Mukher Jee also found (150) that the peroxides
were largely responsible for the prooxidant effect and apparent



55

autocatalytie nature of oxidation, while the materials vola-
tile at 100° (having a strong aldehyde reaction and including
products responsible for the odor of oxidized fat) are

inactive as catalysts.

7. Antioxidants

It has long been recognized by most workers in the field
of fat oxldation that most natural fabts and oils exhiblt an
initial period, the induction period, when oxidation as
measured by any known standard, is extremely (sometimes im-
measursbly) slow. The length of this induction period is
apparently dependent upon some naturally occurring substances
in the fat or oil (11, 97, 122, 128).

In 1932, Hilditeh and co-workers considered that the most
efficient "antioxygens™ found by that time were hydroxyliec
dampaunds such as quinol and pyrogallol, although their study
dealt with substances accompanying natural fats (11, 97).
While they were unable to identify the antioxygens, they
found that extraction with bolling water destroyed them and in
some cases boiling water with 8 per cent aqueous HCl was even
more effective. With olive oll, aboubt 0.03 per cent quinol
restored a resistance to oxygen uptake of sbout the same order
as that originally present. |

It has been shown by a large number of workers (for

example L, 15, 21, 81, 105, 125, 129, 153. 15, 155, 205) that
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the addition of various substances, notably phenolic materials,
can either greatly delay the onset of active oxidatlion or slow
down the rate of oxldation.

Much of the early work regarding the mechanism of action
of sutloxidants is based on the work of Moureu and Dufralsse
(1L5) who explained the action according to one of the three
following methods:

(1) X + 0y —> X0, + A—> A0 + X

(2) X0p + A0, —> X + A + 20,

(3) X0, +A—> X0+ A0 —> X+ 4+0,
where A represents antioxidant and X the oxidizable substrate.
The explanation for thg end of the induction period has been
that it represents the time when essentially all the antloxiw
dant has been oxidized {or otherwise changed) so as bo become
ineffective. However, the above mechanism does not seem to
it as well as it might with the well substantiated chain
reaction mechanism of autoxidation.

In 1947 Bolland and ten Have (21) studied the kineties of
oxidation of ethyl linoleate in presence of hydroguinone and
concluded that the hydroquinone interferes with the oxidation
in only one way, namely by interaction with peroxide radicals,
thereby breaking the reaction chain. Uhile they were unable
to identify the product, kinatia~évidamﬂe was presented
indicating that the hydroquinone undergoes a chemical change
during this terminatlon reaction.
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Before the chain reaction mechanlsm of auboxidation had
become ostablished, Alyea and Backstrom had studled the ine
hibitive action of aleohols on the oxidation of sodium sule
fite and concluded (L) that the action consisted of
bresking reaction chains in both thermal and photochemical
oxidations. Thelr evidence showed that in the induced oxida~
tion of the alechol, two molecules of oxidation product
{aldehyde or kebtone) are formed for sach chain broken. They
also found that while at low inhibitor concentration, the
amount of aleohol oxldized increased with increasing concen-
tration, at high concentration the amount of alcohol oxidized
per unit of time is constant and independent of conecentration.

Of the various materials which have been definitely
shown to have anbloxidative properties, only ascorbic acid
and the tocopherols are known to be naturally present in dairy
products. The former is a wabter soluble substence and while
present in milk in its naturel state, it would not be expected
te be present in dry milk fat. This, then, leaves the tooo~
pherols as the known natural anbtioxidants in dry milk fat.
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Be Methods of Studying Autoxidation and Their Application

1. Tocopherols

ae Application to study of milk fat oxidation. As has

just been mentioned, the tocopherols seem to be the only
naturally occurring antioxident which one might normally

expect to be present in dry milk fat.
Several workers (129, 206, 2ll, and others to be mentioned

later) have noted an antioxidant activity of tocopherol.
Iandberg end Chipault (129) while noting that alpha=~tocopherol
considerably lengthened the inductlion period, found that the
oxygen uptake during this lengthened period was greater than
during the Induction period without tocopherol.

On the other hand, Reinart (176) felt that the natural
antioxidaents in butterfat did not appear to influence the
stability of butterfat against oxidation. He found (175) that
while the vitamin E {alpha-tocopherol) content of butterfat is
two to two and a half times higher in late summer and autumn
than in winter and spring, the faults in butter from oxidation
are highest in summer bubter and lowest in winter.

With lard as a test medium, Griewshn and Dsubert (83)
tested the relative effectiveness of alpha-, beta-, gamma-,
and delba~tocopherols as antioxidants; the test was made at

100°, They found the protective action to be as shown in
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Tgble 1, with the wvalue for the alpha form teken as l.

On the other hand, Kunkel (118) noted in the photooxida-
tion of methyl linocleate at 259 alpha-tocopherol had a greater
antioxygenic asctivity than did the gamma form.

Table 1

Relative Protective Action of Tocopherols?

Lard Amount of tocopherol Protective action for forms

o <4 Y 9
A 0.02% 1 1.2 1.3 1.5
0.0% 1 1.2
B , 0.1% 1 1.3 2,0 2.5

Boonstructed from the data of Griewahn and Daubert (83).

Some of this difference may possibly be explainable on
the basis of temperature. Hove and Hove (105) studied the
antloxygenie activities of the wvarious tocopherols in terms of
50 per cent destruction of carotene and in terms of an increase
in ethyl oleate of 20 meq. peroxide per kges Their results are
tabulated in Table 2, Thus it may be seen that while the
actual antioxygeniec activity decreases with increase in
tempsrature, the decrease is less for the gamma form than for
the alpha. Results presented by the authors to 989 show this

even more strikingly.
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nordihydrogualaretic acid, eitric acid and several proprietary
formulations. In contrast to this, Lehmann and Watts (125)
found the following order of decreasing effectiveness:
nordihydrogualaretic acid, butylated hydroxyanisole, propyl
gallate, dodecyl gallabe and alphawbmgopharml. This agrees
with Blaizot and Curvier (15) who found nordihydrogualaretic
aclid more effective in lard than either hydrogquinone or
alpha-tosopherol.

Singleton (189) separated antioxidant fractions from
hydrogenated cottonseed 01l by means of molecular diatillaxian.
The mixztures of tocopherols in the most potent fractions were
more effective than alpha<tocopherol alone, but less effective
than gamma-tocopherole.

bs¢ Methods. No extensive review of the methods for the
determination of tocopherols wlll be made here. Harris and
Eujawskl (88) compiled an annotated bibliography of vitamin E
covering the periocd of 1940 to 1950. They have 90 entries in
the section on determination. Alpha-tocopherol is generally
considered as vitamin E although the other forms do have some
vitamin activity. Working in this laboratory, Handwerk (87)
made a detalled study of methods for the determination of
tocopherol. The method he recommends is an adaptation of the
Kjolhede modiflcation of the Emmerie and Engel method, This
invelves the saponification of the fat and the debermination

of tocopherol on the nonseponifiable fraction after removal of
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interferents by adsorption of these onto Floridin. The color
development 1s based upon the reduction of ferric lron and the
subsequent formation of a color complex between ferrous iron

and alphs,alpha!~dipyridyl.
2. Peroxide content

a« Application to a study of milk fat oxidation. Since
peroxides are considered to be the first product of the action
of oxygen upon an oxidizable material such as a fat or an oll,
many workers have felt that if one wished the earllest
possible chemical indication of the degree of oxidatlon, the
peroxide content would be the thing to measure.

Gunstone and Hilditeh (8L) noted that the induction
period in methyl oleate oxidized at varilous tamparéturaa was
followed by a much more rapid inerease in the peroxide value
to a maximum, followed by an equally rapid fall in peroxide
value. A similar result was noted by others (95, 192).

In a study of a sample of fish oll aclds exposed to air
in diffused daylight, Farmer and Sutton (63) found that 1.2
atomas of oxygen were absorbed in seven days, all of which
within the limits of accuracy of the method employed, were
shown to be peroxides. Although differing slightly from the
theoretical curve, a stralght line relationship between oxygen
absorption and peroxide value was found by Lundberg and
Chipault (128) to exist to a peroxide value of 300 meq. per
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kge of methyl linoleate.

At 309, Allen, Jackson and Kummerow (2) found that up to
a point of 0.2 molecules oxygen uptake, all oxygen could be
demonstrated as peroxide.

Nelson and Dahle (162) found that fat freshly isolated
from milk or ecream usually had a peroxide number of zero even
from milk or 0rsamkhaving a strong oxidized flavor which
carried over into the pure fat. They considered that the
peroxide value did not change until the color of the fat was
affected, which was some bime after the development of flavor
defects.

According to Pyenson and Tracy (174), although peroxide
formation in all samples was higher after twelve monbths of
storage, the values were not sufficlently correlated with
flavor scores to justify the use of the peroxide teat as a
means of measuring or predlcting the keeping quality of whole
milk powder. They conslder that organoleptic tests remain the
moat accurate method of measuring changes that occur in flavor
and odor of powdered whole mllk during storage at either 35©
F. or 100° P.

Pyenson and Tracy quote Holm (100) as follows:

The rate of oxlidatlion of fats may be measured

by that of formation of peroxides only if the oxi-

dation takes place at relatively low temperatures

and 1f the peroxide values are relatively small.

At higher temperatures the rate of peroxide
formatlion may not be a measure of the rate of
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oxygen absorption and the extent of peroxide forw

mation may not necessarily be a measure of

deterioration. This 1s especlally true in the

case of fets and olls which contain acids of high

degree of unsaturation.

?ha mmst satisfactory and practical method

of measuring deterioration is by the time of

sppearance of offwodors and off-flavors, which

are caused by the breskdown of peroxides.

However, as reported in a later paper (82), Greenbank and
co=-workers {including Holm) found that the tests of samples
packed in air and stored at 20°, 30°, 37°%, 459, and 55° indi-
cate that the rate of peroxide development at temperatures up
to U5° ean be relied upon as a failrly accurate measure of the
rate of sutoxidation and as a measure of the relative keeping
gquality of dried milks, provided the eriterion ls & relatively
low peroxide valus. The rate of peroxide development was not,
however, necessarily an Index of the time of storage required
to develop tallowy odors and flavors in a gas packed sample.

In a sbudy of seasonal variations in butter, Mattson et
al., found (134b) that butter with a high content of di- and
trienoic aclds showed a higher peroxide valus after storage
than that with a low content. The correlation between peroxide
value and oily flavor was fairly distinet (+0.71 %0,0%),
Desplte thig relation of peroxide value to both oily flavor
and concentration of di-~ and tri-enocic acids, the connection
between the latbter two was small, indicating that there are
other factors influencing the incidence of the oily flavor,
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Naumann et al. (161) found that flavor, odor and peroxide
values were not closely associatbed with each other in the
development of oxidatlive rancidity of frozen ground pork, but
that flavor was more c¢losely assoclated with peroxlide value
than odor.

0f several tests (peroxide value, Kreils value, aldehyde
value, acid value of agqueous extract, oxidation-reduction
potential, lodine number, melting point, refractive index,
fat content, and moisture and volatile content) employed for
estimation of rancidity of bacon fat, Whitav(217) considered
the peroxide oxygen (lodometric), Kreis, and sldehyde tests
to be the most sultable.

be Methods of determination. For many years the methods
for determining the peroxide content of organic materials were
based upon the oxidation of fodides and titration (usually by
thiosulfate) of the resulting iodine.

Parhépa the me&t‘widely used method ﬁam that of Lea (122).
Powdered KI is added to a weighed sample of fat, dissolved in
a mixture of acetic acid and elther chloroform or carbon
tetrachloride. The solution 1s flushed with nitrogen or
carbon dioxide, 1a heated to boiling, is cooled and the mix-
ture is titrated with 0.002 N thiosulfate, using starch as an
indicator. With a one gram sample, one milliliter of 0,002 N
thilosulfate is equivalent to 1 millimole or 2 milliequivalents
of peroxide, 16 mg. of active oxygen or 32 mg. of total
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peroxide oxygen per kilogram of fat.

There are various modifications of the above. For
example, Franke and Jerchel (69) and Goldscimidt and
Preudenberg (75) use hydriocdic acid instead of an lodide salt;
wheeler {216) uses a larger sample size. There are various
other modifications, but these are all based on the principle
of oxidation of lodide to iodine.

Stansby (196) considered that many of the tests were quite

empirical and after a study of factors affecting the results,
suggested some modificatlions te the Wheeler method, such as
reducing solvent from 50 milliliters to ten, and allowing
reaction mixture to stand one minute rather thean being
agitated. He also suggested that the addition of 50 ml. O.1 N
HCl instead of water at the end of the reactlon would cause
the end point to be easler to attein by rapidly breaking the
ermulslon.

Various workers noted that with the lodometric procedures,
the value increased as the sample size decreased. Lea (124)
was able to demonstrate that this was due to disselved
oxygen. He then developed two alternative procedures in which
he considered the oxygen error to be sliminated. One was a
"eold" procedure in which the sample stood at laboratory
temperatures for one hour instead of its being heated to the

boiling point of the solvent for two minutes.
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Considering that the so called "oxygen error™ in ilodo=
metric procedures was related to the solvent, Hartman and
White (89) developed a solvent mixbture which they thought gave
a low error and therefore, more accurate results. They felt
that thelr solvent eliminated the need for blanks, a fact
which is of particular importance in low peroxide samples.

The exclusion of alr during the determination was emphasized
as essential in any determination.

In 1943, Chapman and McFarlane (35) adapted a colorimetric
method to the determination of peroxide in dry milk. The
method was based upon the reactlon of peroxides with ferrous
iron and measurement of the resulting ferric iron as ferric
thiccyanate. Shortly thereafter, Lips et al. (127) adapted
the method to use with olls and fats. The values found by
these methods were considerably higher than those by lodo-
metric methods and since the method was more sensitive, it was
thought by some that it was more exact, reascting with some
peroxides with which the lodometric method falled to give a
reaction, Other factors which were thought to be involved
were reactlon of iodine with ethylenie linkages, slow reaction
in presence of moisture, and volatilization of iodine.

A study of the influence of atmospheric oxygen in the
Chapmen and MeFarlane method was made by Lea {123) who found
about & 75 per cent reduction in values by careful exclusion
of alr. He also found that the degree of further oxidation
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cecurring during the determination is roughly proportional to
the guantity of peroxide already present.

After experiencing difficulty with the low solubllity of
fat in the 96 per cent acetone used as a solvent in the
Chapman and MeFarlane method, as well as trouble due to rapld
oxidation of ferrous salts in the solvent, Hills and Thiel
(98) modified the method to give what they considered suffi-
cient sensitivity to follow the oxidation of the fat from the
time it leaves the udder. The solvent used was made up of 70
volumes benzene to 30 volumes methenol, The FeSO, and NH,SON
are added separately.

A comparison of the method of Hills and Thiel with thatb
of Lips et al. caused Chapman and MoKay (3L) to conclude that
the former was more sensitive. When the method of Lips gt al.
was compared with that of Hills and Thiel with oils, results by
the former averaged l.45 times the latter despite considersble
oxygen Interference in the Hills and Thiel method. Exclusion
of air gave much lower values for both iodometrie and ferric
thiocyanate methods.

These same workers (3l) made a comparison of the Lips et
al. and Bolland et sl. (20) thiooyanate methods with the Lea
(12) "cold" method on HpOp, three fatty acids, two esters,
and two olls. While good agreement was obtalned on Hp05, the
two thioeyanate methods gave higher results on the other
materlals than did the lodometric.
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While all were affected, the interference by atmospheric
oxygen was less in the Hills and Thiel method and the Bolland
procedure than in the method of Lips et al. Of the methods
investigated, the Hills and Thiel method was found to be the
most satisfactory since the reagents are more stable and the
benzene-methanol solvent allows larger semple size. With
ferric thiocyanste methods, the results, while higher, are
proportional to those by the lodometric; the former was
more sensitive.

Kolthoff and Medalia (116) showed a scheme of reaction
of hydroperoxide molecule wilth ferrous iron., Steps one and
two show the stoichicmetric reactiont

ROOH + Fe**——> RO* 4+ OH™ + Fet** (1)

RO* + Fe** + HY —— ROH + Fe*+t (2)
while step three shows a reaction competing with step two
which ocould form a new radical

RO* + R'H —> ROH + R', (3)
The new radical, R?'», can then either reduce ferric iron, as
in step four where R'+ is represented as CH, CHOH (but could
be some other radical if a different solvent were employed),

CHyCHOH + Pe'"" —— CHjCHO + Pe** + H' )
or react with oxygen (i1f present) to form a new peroxide
radical

Rfe + 0p —> R'00* (5)
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thereby initiating reactions according to this same scheme,
R100+ + Pe** 4+ HY — 5 R100H + Fe*** (6)

It is considered that the solvent can participate in this
serlies, especially beginning at step three. Thus, some sol~
vents are termed "promoting® solvents, others "suppressing"
solvents; the reactlon of the solvent may depend upon the
particular peroxide. Acetone was considered a suppressor
solvent. These suthors consider the ferrous iron methods
inherently less amccurate than the lodometric, a statement
which seems not too well dooumented. Qﬁ the basils of thelr
statement, they feel that iodometric methods are to be pre-
ferred for acourate work.

Since the reaction scheme shown above includes radicals
at every step and is a chain reaction, this may account for
'Laa's observation (123) that the degree of oxygen interference
is proportional to the amount of peroxide present.

Brief mention might be made of a recently developed per=
oxlde method by Hartmann and Glavind (91) based on the reaction
of organie peroxides with 3,5-dichloro=l,l!~dihydroxyphenyle
enediame to form dichlorophenolindophenol when is then deter-
mined colorimetrically at 520 millimierons. While the method
has apperently not yet received much study, Hartman and White
{90) found high value in the presence of alr, but in the

absence of oxygen the values were lower than lodometric values.
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The results are fairly reproducible and can, therefore, be

used for comparative purposes.

3. Garbonyl compounds

a. Application in fat oxidation. For meny years, 1t haa

been recognized that carbonyl compounds were formed in the
oxidabtion of fats and oils. In many cases it has been con-
sldered that the mechanism of their formation or even the
exsct compounds formed have not been known. There seems to be
ample evidence of their formation; only some of the more
recent literature will be cited here., Some further evidence
was mentioned previously in discussing peroxide decomposition
products.

Powers (172) lists five stages in the oxldation of drying
oils, namely induection period, peroxide formation, peroxide
decomposition, polymerization, and degradation. {(The last two
may not be particularly evident in non-drying oils.) He lists
four types of peroxide decomposition, one of whiech is chain
rupture with the formation of two aldehyde groups (which of
course could undergo further oxidation to carboxyl groups).
Spectrophotometric evidence obtained by Dugan et al. (45)
indicate the formation (at different rates) of at least two
carbonyl compounds. They did not identify the materials or
even indicate whether they were aldehydes or ketones. In a

study of the aldehydes produced in autoxidation of cottonaeed
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oil, Swift et al. (202) presented spectrophotometric and
melting point data on both the semicarbazones and regenerated
carbonyls to show that deca=-2,l~dienal, oct-Z-enal and
hexanol were formed, the mechanism of which is shown on page
10, The same authors had earlier presented evidence (200) of
the presence of analogs and homologs of undeo-Z«enal in the
decomposition of methyl hydroperoxido oleate.

After steam distillates from rancid corn and avocado oils
were collected into 2,l~dinitrophenylhydrazine, Brekke and
Mackinney (23) were able to separate the mixture into saturated
derivatives of saturated aldehydes, wenals, and dienals.,
Precise identification of each component was not made, but the
corn oil fraction had at least five components while that from
avocado o1l had at least six.

In a study of methods for investigation of rancidity of
bacon fat, White (217) found the peroxide oxygen, Kreis and
aldehyde tests to be the most suitable of those tried (ten in
all) for estimation of rancidity. The Kreis test i1s generally
thought of as a test involving reaction with epihydrin-
aldehyde (the mechanism of formation of which has not been.
fully &xplainad) although Patbton et al. (168) seem inclined to
believe it is malonic~dialdehyde. (Note: epihydrinaldehyde
ecould probably change to malonic dialdehyde and vice verss
merely by & molecular rearrangement.) In any case, it seems

to be due to a carbonyl compound, although undoubtedly other
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ecarbonyl compounds are also present.

Holm et al, (102) found oily-flavored butter to contain
alpha, batawunaaturatad carbonyl compounds in quantities
related to the flavor intensity.

Infrared spectrophotometric studies of autoxidizing mllk
fat caused Heniek (9l) to conclude that the CSp extract from
the steam distlllate contalns at least one unsaturated conju-
gated ketone and another not conjugated. He felt that this
examination was more sensitive than taste panels which were
in turn more sensitive then chemical methods ln the detection
of deterioration.

Keeney and Doan (110, 111, 112) were able to isolate kew
tones which when added to fresh milk in very small quantities,
geve it a flavor resembling oxidized flavor.,

be Methods of determinstion. Lea (122) prescribes a
method for estimatlon of aldehydes wherein a benzene solution
of the fat is extracted by shaking with aqueous sodium bisul-
fite solution. The excess bisulfite is reacted with lodine
and after treatment with sodium bicarbonate, the bisulfite
liberated from combination with the aldehyde is titrated with
0,002 N« Lodine.

More recently, some colorimetric methods involving the
use of 2,li~dinitrophenylhydrezine have been proposed. Pmél
and Klose (171) published a method for monocarbonyl compounds,

wherein the hydrazones are formed on a chromatographic column
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of alumina. The column removes excess reagent and the hydra-
zones of dicarbonyl compounds. The colorimetric measurement
of the remaining hydrazones is made at 435 millimicrons. The
sample size should be such as to contain 0.05-0.50 micromoles
of aldshyde. While the authors did compare the color da#elop*
ment of several sabturated aldehydes, two unsaturated aldehydes
and acetone, nothing 1s said in the discussion regarding the
use of the method for ketones. Mention is made of the fact
that the unsaturated ketones give a slightly different absor-
bency at a given concentration than do the saturated aldehydes.
Acetone seems likewise to show a deviation.

Leppin and Clark (120) determined aldehydes and ketones
in a concentration range of 10"% to 106 mole per liter
by measuring at 480 millimicrons the red color produced by
the reaction with 2,L~-dinitrophenyl~hydrazine in the presence
of KOH. No separation is involved; the mixture is heated at |
50° rfor 30 minutes or 100° for five minutes.

Schoniger and Lieb (188) suggest a titrimetric method
involving hydrazone formation. The sample 1s reacted with
2si~dinltrophenylhydrazine in the presence of HCl, The excess
reagent is treated with a known amount of Ticlj and the excess
of this latter reagent titrated with ferric alum to a thio-
gyanate end point.

A less sensltive method involving differential pH
measurements was suggested by Roe and Michell (180). The
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results ave said to be reproducible to plus or minus two per

contb.

Lﬁ-n Iﬂg}_ﬁﬁ 4 alue

as Application to study of fat oxidation. After oleic
acid had absorbed one atom of oxygen per molecule, the reactlon
slowed down considerebly and Meyer (136) found by iodine mumber
determination that the double bond remained almost unchanged.

Parmer and co-workers (Sh, 57) feel that in the primary
product of 5aa@tiun with oxygen, the double bond remalns un-
changed and, therefore, the lodine value should be unchanged.
They were able (59) to isolate the hydroperoxide of cyclow
hexene and found that it would still absorb one molecule of
bromine as before.

However, these workers do note (57, 59) a decrease in
1odine number with inereasing oxidation. This point is well
substantiated by other workers. |

Hilditeh and Sleightholme (97) and Banks and Hilditeh
(11) noted quite large decreases in iodine number upon oxida-
tion, in one instance the value on an olive oll dropping from
8346 to 9.2 (although upon heating under vacuum it rose to
177

Hess and O'Hare (95), Farmer and Sundralingam (60), and
Skellon (192) noted drops in iodine value, the latter worker
finding the value to drop rapidly after the end of the
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induetion period.

Atherton and Hilditeh (6) and Gunstone and Hilditch (8Y4)
noted drops in iodine value upon oxidatlion at temperatures
ranging from 20° to 120° with the drop much more pronounced at
the higher temperature. The findings of Feuell and Skellon
(65) are in agreement with this and on this basis, they feel
that a different oxidation mechanism is operative at higher
temperatures.

After allowing methyl hydroperoxido-oleate to react with
oleic acid and then separating the ester from the aocid, Swift
and Dollear (199) noted that the iodine value of the ester had
dropped from 69.. to 66.6. This is explainable én the basis
of intramolecular oxidation of the double bond with reduction
of the hydroperoxide group.

The drop in iodine value was found by Franke and cow-
workers (150, 151) to parallel the oxygen sbsorption by un-
saturated fatty acids to an upteke of aboubt 25 per cent, after
whileh it dropped more slowly.

For spproximately linear portlions of the curves, Gunstone
and Hilditeh (Bly) caleulated the rate of increase of peroxides
in units per hour and the rate of decrease of lodine value in
units per hour for methyl oleate at various temperatures from
20° to 130°, 'The results are shown in Table 3¢

Assuming a c¢yclic peroxide structure, Paschke and
Wheeler (167) calculated s theoretical peroxide value based on
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Table 3 |

Rate of Change of Feroxide and Iodine Values
With Change in Temperature®

Units change per hour at
20° 500 80° 1o00° 1200 1300

Peroxide value,
inerease 1.2 249 28 110, 330 Lso

Jodine value,
decrease 0.009 0,03 1.7 545 9.0 10.0

837) %Paken from a table by Gunstone and Hilditeh (Bl, p.
37)»

lodine number decrease. In the early stages this theoretical
value agreed well with the observed peroxide value, the lower
the temperature; the higher the value before deviabtion was
apparent.

In the early stage of autoxidation of methyl linoleate
the fall in lodine value observed by Gunstone and Hilditeh
(8l4) is nearer to that caused by formation of a hydroperoxide
at an alpha-methylene group than that due to attachment of
oxygen at a double bond., However, the cbserved drop in
lodine value soon approaches and passes that caleulated on the
latter assumption (and more rapidly than with oxidized methyl
oleate)s These workers feel that this is to be expecbed since
in addition to fallure of peroxide value determination to

indicate total peroxides produced, there is an Increasingly
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significant proportion of conjugated esters formed and these
do not register true lodine values under Wijs conditions.

The discrepancy between Wijs and Hubl lodine values is
considered by Morrell and Phillips (1lly) to be due to
enolization of ketol groups. Carrick et al. (33) believe that
the difference between the Woburn and Wijs values gives an
approximate measure of conjugated diene value of the olls,
However, when spectral absorption of oxidized methyl linoleate
showed 1.148 molecules of double bond in conjugated form,
Lundberg et al. {132) obbained a Woburn icdine value indi-
cating 1.68 molecules double bond, while the Wijs value
showed 1.69 moles of double bond. These authors comment that
this seems unusual in view of the fact that the Wijs method
is known to give low values with conjugated substances.

After a chromatographic separation of autoxidized methyl
linoleate, Dugan ggi&;,‘{hk) considered that the most highly
oxygenated substances (tb@ugh not necessarily those of highest
parexiﬁé value) are more tightly held and thus are nearer the
top of the column, while the material nearer the bobttom seems
to have progressively higher iodine values.

In twelve trials during winter months of two successive
years, Brown ot al. (25) could find no measurable change in
the iodine number of milk fat as a result of the development
of moderate or fairly pronounced oxidized flavor. These

workers bellieved that the oxidized flavor was due to
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oxidation of phospholipids and they showed that even if all
the lecithin normally found in milk fat were oleo-stearo
lecithin, its complete oxidation could nst measurably change
the iodine number.

The results obtained by Brown et gl. (26) indicate that
there 1s a direct relationship between the lodine number of
the fat in the ration and the intensity of the metal induced
oxidized flavor, The feeding of one pound per day of coconut
01l decreased slightly the ilodine number of the resulting
butterfat and reduced slightly the intensity of the oxidized
flavor developed by copper. The feeding of soybean oil
increased greatly the lodine number of the butterfat and
increased the suscepbtibllity of the milk to oxidized flavor.
The results from control cows on low fat rations indicate
little correlation between lodine number of the butterfat and
the intensity of metal-induced oxldized flavor.

In contrast, Corbett and Tracy (38) found that the
feeding of corn or coconut oil merkedly altered the iodime
number of the fat, but produced only a slight change in sus=-
ceptibility of milk to oxidized flavor. The susceptibility of
milk to development of oxidized flavor was not correlated to
the lodine number in the range of 2l to 0. Milk with an
iodine number greater than l0 developed oxidized flavor to a
slightly greater degree than milk having a lower ilodine
number, but the dif ferences did not sppear to be significant.



80

b. Msthods. Breazeale, working in this laeboratory made
a detalled eritical atudyviza) of halogen addition reactions.
He compared the Hanus, Wijs, Rosenmund-Euhnhenn (185),
Keufmann, Hubl and modified Hubl methods; in the last the re-
agent was employed in methyl alecohol. Of the methods studied,
he deemed the Rosenmund-Kuhnhenn the most relisble. He con-
gldered that the bromine vapor method should glve values very
closely representing only the degree of unsaturation of the
fat and on this basis, concluded that the Rosenmund-Kuhnhenn
method gave very nearly the correct ilodine number, He found
with the other methods a greater tendency for the values to
increase as reaction time increases. On the baslis of his
work, the Rosenmund«Kuhnhenn method was selected for use in
the present study.

However, & few cltations from more recent literature will
be made here. A comparison of Wijs, Hanus, Rosemnmund-Kuhnhenn
and Kaufmann methods was made by Paschke and Wheeler (167) on
distilled methyl esters of soybesn fatty acids. Thelr results
are presented in Table L. It is interesting to note that
while the Rosenmund~Kuhnhenn methed gives the lowest value in
all cases and also gives a greater drop in iocdine value on
oxidation than the Wijs or the Kaufmann, the drop shown by the
Hamis method on oxidation of the esters iz appreclably greater

than even that of the Rodermund-~EKuhnhenn method.
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Various workers have atbtempted to reduce reaction time In
fodine value determinations by the use of accelerators or
catalysts., Rosenbusch and Parker (18l;) asppllied the use of
mercuric acetate to the Hanus method on castor oll. The
results were higher than with the standsrd method and the
deviation increased with increased mercuric acetste. By
reducing the amount of catalyst, they were able to obtaln
values giving falrly good agreement with the standard method.

In a discussion of various methods, Benham and Klee (12)
found the Rosermund-Kuhnhenn reagent satlisfactory by reason of
(a) ease of preparation, (b) stebility, and (¢) versatility
{noting that both Wijs and Henus methods are unsatisfactory
for conjugated systems). These workers recommend the use of
10 ml., of 2.5 per cent HgCl, in acetic acid as a catalyst.
They consider that constant values were obtalined with 100 per
cent excess reagent, although thelr figures would seem to
better support the use of 150 per cent excess. They likewilse
¢laim no inecresse in absorption after one minute with catalyst.
However, their figures on ten of eleven oils show increases
which would be equivalent to 0.3 « 1.3 lodine units in 60
minmutes, In a comparison of their modified Rosenmund-Kuhnhenn
method with the Hanus, Wijs and standard Rosenmund-Kuhnhenn
methods, they obtained the results shown in Table 5 (the two
olls used contained large amounts of conjugated double bonds)
It may be noted that the lowest results are obtained by the
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Table 5
Comperison of Iodine Values®

Iodine value by

011 or acld Mod. ReKP Henus  Std, R-K° Wijs
Linoleic acid 178.8 179.7 173.2 180.,7
Linolenic acid 268.5 267.9 261.2 2725
Oiticlea o1l 195‘»11_ 19502 13}-]..1}. Mna

8raken from a table by Benhsm and Klee (12, p. 129).
Piodified Rosenmund-Kuhnhenn method.
Cstandard Rosenmund~EKuhnhenn method.

standard Rosenmund~Kuhnhenn method, while with the conjugated
olls the results by the Wijs method are almost as low.

A sample of tung oll stored several years without pre-
cautions against deterloration gave a value (115) by the modi~
fied method which was about seven or eight units below that
found on several fresh semples, while that by the standard
Rosenmund-Kuhnhenn method was only one or two units below that
of fresh samples. Their modified method used on beta-elostearic
acid with 350 per cent excess and one, two and 48 hours
reaction time gave values of 272.1, 273.3 and 272.8 respec~
tively, compared with a calculated value of 273.7. With cone
Jugated soybean acids {one hour and 150-64,0 per cent excess

reagent) a value of 138.5 was obbtained, being the same as that
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before isomerization. The Wijs method (one hour and 390 per

cent excess) gave 117.5 on the conjugated aclds.

S Hydrogenation value

a. Application to a study of fat oxidatlon. After iso-
lating a peroxide of cyclohexene, Farmer and Sundralingsm (59)
hydrogenated 1t (method not given except to say that Adams
catalyst, PtOp*H,0, was used). The material was found to
absorb two molecules of hydrogen,; giving cyclohexanol and not
eyclohexandiol. Thus, the reaction must have been

H OOH H OH
2H, + Hy0

Ultra violet light caused a drop of sbout half in the
paroxiés oxygen content and in the smount of hydrogen absorbed.
This can be explained on the basis of half the peroxide groups
ioacting intramolecularly or intermolecularly with half the
double bonds.

Farmer and Sutton (62) concentrated a hydroperoxide of
methyl oleate which (although admittedly not free of impuri-
ties) absorbed hydrogen iIn a manner which these researchers

indicate as
2Hy

(OOH)*COOMe ————— > ¢ (oH)+CcOOMe + H_O

c,..H :
17732 1734 2
The actual amount of hydrogen taken up varied with different
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preparations from 1.97 to 1.86 molecules hydrogen per molecule
of ester.

Allen ot al. (2) oxidlzed fatty acid esters and at
various stages, removed samples for hydrogenation in & modifi-
cation of the apparatus of Johns and Sieferle (107). Up to
the point at which 0.2 molecules oxygen per molecule of
methyl linoleate had been absorbed, they considered all the
oxygen to be in the form of peroxide and by correcting the
hydrogen uptake for peroxide oxygen (subtracting molecules of
peroxide from molecules hydrogen) they found the hydrogen upe
take constant at (about) two molecules hydrogen per molecule
of ester. Beyond this there was a considerable increase in
nonperoxide oxygen and a decrease in hydrogen uptake. Whether
this latter is due to interaction of hydroperoxide with double
bond to form hydroxy and epoxy groups or to chaln scission or
both, is not indlcated. It is of particular iInterest to note
that the uncorrected hydrogenation value increased in the
sarly stages of oxidatlon, whereas, alb hough these researchers
did not show 1t, the lodine value would not be expected to
change until such time as the corrected hydrogen value dropped.

The question might logleally be ralsed, in view of the
fact that carbonyl compounds have been indicated as being
present in oxidizing fat, as to whether aldehydes or ketones
would be reduced under the conditlons used., Csuros and Sello

(41) claim that while aldehydes linked to an aromatic ring
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could be easily hyﬂraganatéd, aliphatic aldehydes and ketones
could not be hydrogenated at the carbonyl group with palladium
on bone black or with colloidal platinum or palladium.

In agreement with this, Swift et al. (202) isolated
carbonyl fractions which they identified as deca-2,lj~dienal,
oct-2-enal and hexsnal. After hydrogenation (not quantita-
tive) they were still sble to identify the materials as the
corregponding saturated aldehydes.

However; Carothers and Adams (32) had found that the
carbonyl group of bengaldehyde and heptaldehyde could be re~-
duced with Ademe catalyst provided a promoter in the form of
ferrous {or ferric) chloride is added. Without this promoter,
the oatalyst quickly becomes inactive when shaken with an
aldehyde. Thelr inbterpretation is that the ald&hyﬂa,‘heing 80
readily oxidizable deprives the catalyst of its oxygen, which
oxygen la necessary for the catalytlec activity. The iron
salt specifieally inhibits this resction.

be Methods. According to Vandenheuvel (212a), with few
exceptions all laboratory hydrogenation aspparatus has been
derived from the reaction vasaalmburaéﬁlevelzng bulb system,
and while many modifications have been suggested it was felt
that a precision of better than one per cent could not be
expected. There are, however, some exceptions.

Hyde and Scherp (106a) describe a(h&dragenazian apparatus
wherein the amount of hydrogen absorbed is measured by
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iz satisfactory, sample and catalyst can be reduced simul-
taneously, saving time and making use of a more vigorous
catalyst. But even where the hydrogen absorption by the
catalyst is measured, the claim is only for an accuracy of
%2 per cent.

Noller and Barusch (16l;) also prefer to reduce catalyst
and sample simultaneously. However, they use a different
method of arriving at a correction. They equilibrete with
semple, but no catalyst in the flask and then add catalyst,
using a blank having solvent and catalyst to obtaln the cor-
rection. Thelr apparatus also uses a gas buret, but rather
than shaking tha‘antira apparatus, they use a magnetile
stirrer. No figures were glven by them as to the accuracy of
the method.

An spparatus wherein the sample need not be in the system
during the equilibratlion, was described by Orchin and Weber
(166). ?h@y’inﬁrodueed the sample through a neoprene stopper
by means of a hypodermlc¢ syringe. A gas buret and magnetlec
stirrer ars included, but no provision is made for temperature
control.

The apparatus described by Ogg and Cooper (165) differed
from the ones just described mainly in having the leveling
bulb mounted on a rack and pinilon. However, their procedure
differed In some respects. The hydrogen was purified by
passage through a combustion tube (750°) containing platinum
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catalyst and then through indicating drierite after which it
was saturated with the solvent (acetic acid). No mention was
made of applying correction for barometrlc changes nor was
provision made for precise temperature control., Their values
on fatty aclds and esters were generally within one per cent
of the theoretical values.

Kaufmann and Baltes (109) also used the gas buret prine
c¢iple. Thelr apparatus, housed in a ceonstant temperature box,
provided for the shaking of the entire reaction flask~gas-
buret~leveling bulb combination. Their sample size was small
{20-140 mg.) and the design of the reaction flasks such that a
small amount of the sample could easily adhere to the flask
where 1t would not come into contect wlith the catalyst. The
values they report on linoleic and elaldic acids while
covering a range of three parts per thousand, are 1.5~2,0 per
cent below the calculated values. On lincleic acid, the range
of values (about 9 parts per thousand) includes the calculated
value. Acetic acld was used as a solvent, but difficulty was
mentioned, the saturated acids not being particularly soluble
in this.

A slightly different spproach to the baslc prineiple of a
gas buret was used by Clauson-Kaas and Limborg (36). They
have two simllar vessels connected by an equalizer tube and a
differentisl manometer. After the catalyst has been hydro-
genated, the pressure in the two velsels i1s equalized and the
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stopeock betwsen the two closed. After the semple, which was
in a cup dropped from a hook by a magnet, has been hydrogenated,
mercury 1s added from an attached buret into the hydrogenation
vessel untlil the pressure in the two vessels is equal. The
amount of mercury added indicates the emount of hydrogen
absorbed. The figures presented as to the precision of the
method were on sorbiec acld and differed from the calculated
value by not more than 0.2 per cent on five samples,
Vandenheuvel (212a) deseribed an apparatus in which he
elalmed that pressure is automatically maintalned within 0,03
rmm Hg of the preset pressure. Actually, his deseription would
seem to indicate that this is on the assumption that baro-
metric pressure remains constant, which 1t certalnly does not.
His device is a variation of the reaction vessel-buret-
leveling bulb aystem wherein the leveling is done by electro-
magnetlically lifting a needle valve, the magnet being conw
trolled by a contact in an open end manometer. Agitation is
provided by means of seversl disks mounted on a central tube.
A pulsatling current pulls the agitator down agalnst a coll
spring at about 300-500 pulsations per minute. Results of 30
runs on fumaric acid in 95 per cent ethanol range from 1.733
grems hydrogen per 100 grams sample to l.742, with a value of
1.737}4 calculated by the author. One of the main advantages
claimed by this worker is that the apparatus may be used for

kinetic studies since readings may be taken as often as every
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15 seconds.
The Warburg spparatus was used by Mead and Howten (135)

in hydrogenation of less than milligram amounts of unsaturated
fatty acid derivatives. They used the standard 15 ml. single
sidearm Warburg flasks. Ethanol (3 ml.) was used as a solvent
while 5 mg. of palladium black on charcoal served as a cata~
lysts Corrections were made against a manometer reading on a
flask containing no unsaturated material. The figures given
show deviations from caleulated values ranging from 2.2 per
cent to 7.7 per cent. However, it must be noted that these
workers were using samples of less than four micromoles.

The use of Warburg apparatus for quantitative hydrogena-
tions as well as for other manometric measurements is mentioned
in various discussions of this apparatus (73, 169). Its use
in the study of oxlidation of fats is desocribed in numerous
articles (9, 103, 108, 129 and 159, as well as many other
articles mentioned in various abstracting journals). For
example, Banks (9) and Lundberg and Chipault (129) studied the
effects of antioxidants by this means, while Johnston and Frey
(108) used 1t to measure an induction period.

It might be noted that in a large number of the so called
quentitative experiments recorded in the literature, the
researchers have appareﬁtly been interested in working with
rather pure compounds in an endeavor to f£ind the number of

double bonds or else have for other reasons apparently been
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satisfied with errors of one or two per cent.

Many of the articles on hydrogenation do not specify what
catalyst has been used. Orchin and Weber (166) used a platinum
oxide catalyst, bubt do not specify the method of preparation.
Clauson-Kaas aﬁd Limborg specified that they used Adems (213)
catalyst and apparently found it satisfactory. In both these
cases, magnetic stirrers were used., Mead and Howton (135)
discontinued the use of Adems P40, catalyst because the small
amounts used were not adequately dispersed by the shaking
typical of the Warburg apparatus.

The Adams catalyst is prepared (213) by fusing chloro-
platinic acid with sodium nitrate and keeping the melt hot
until evolution of the oxides of nitrogen has practically
ceased (usually five to fifteen minutes). This is followed by
washing the preclpitate (with water) to free it of nitrates.
If the precipitate is not thoroughly dried, it generally is
not a particularly active catalyst. The best temperature for
holding the fusion mixture was considered by Voorhees and
Adems (213) to be about I,50°. 1In a later paper, Adams and
Shriner (1) favored a temperature of 500°, Prampton et al.
(68) preferred a temperature of 520°, but pointed out that
 eabalysts prepared at 500° and 540° were almost as active.
Temperatures above 540° gave decreased activity. Frampton et
&;, feel that the procedure of Voorhees and Adams does nob

always produce an active catalyst, while their procedure,
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which includes adding a dry mixture of 1 g. chloroplatinie
acid and 9 g. MaﬁOB to a fusion mixture of 100 g. Ham:,’, as
well as a closer control of temperature, allows a more unifomrm
preparation.

When Mead and Howton (135) discontinued the use of Adams
cabalyast, they began using 10 per cent palladium black on
charcoal, to which they indicated no objectlions. Ogg and
Cooper (165) had used palladium (concentration not given) on
activated carbon. |

While Voorhees (213) and others had objected to the use of
platinum black or palladium black, Vandenheuvel (212a) used
the former wlth spparently good results. However, for some
kinetic studies on the hydrogenation of methyl oleate,
Vandenheuvel used Raney nickel. It is possible that this
latter catalyst may be enough less actlve to allow the course

of the reaction to be more easily followed.
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III, EXPERIMENTAL

A. Development of a Hydrogenation Method

1. General gonsiderations

8« Reasons for using hydrogenation. There are two main

reasons for wanting to quantitatively hydrogenate milk fat,
The results obtained by the various iodine number methods do
not show agreement and,even with a given method, the results
obtained will vary with the conditions of the determination.
These variéﬁiaﬁs may be due elther to incomplete reaction,
giving low results on the one hand, or to side reactions and
substitublons, giving high results on the other hand. Hydro-
gen, beling a 5ma11ar molecule than the halogens, and under
the proper catalytic influence being highly reactive toward
ethylenic linkages, should bring sbout complete saturation of
dgubla bonds. No Inbterference should be expected from conju=
gated linkages (possibly arising from oxidation) with hydro-
gen, while such 1s mown to oceur in some halogen addition
methods. Substitublion would pose no problem. There 1s one
"side reaction” which would be expected in a peroxidized fat
but that is the basis for one of the reasons for using
hydrogenation. If the peroxides are in the form of hydroper-
oxides, these should react with hydrogen to form a hydroxyl
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(1) Precision and reproducibility of reading.

(2) Ease of reading.

(3) Good temperature control in proper range.

(4.) Adequate agitation.

(5) Ease of calculation of results.

{(6) Rapildity of deteminsation.

{(7) Absence of side reactions.

(8) 8imultaneous multiple (battery) determinations.
(9) Accommodation of sample of adequate size.
(10) Simplicity in care, cleaning and operation of

equipment.
de Pregsentation of material. One of the two prineipal

parts of this thesis 1s concerned with the development of a
quantitative hydrogenation method. Thls development was
spread out over several years but during this time rumerous
hydrogenations were made, These deberminations, while notl
precise, probably in most cases did not vary more than 0.5 to
0.75 lodine unit and therefore have some value. However,
since there were factors (undetermined during most of the
development phase) which prevented the attaining of equilibrium
pressures elther before or after actual hydrogensation, it was
not possible in many cases to make an accurate study of the
effect of varying certaln factors. As a result, while changes
were mads from time to time, these were not made in an order

sultable for outlining in definite chronologlcal steps. In
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other words, in many cases, it was necessarily a trial and
error procedure. For this reason, the presentation of the
material on this developmental phase is somewhat in narrative
style, with the inclusion of such data as seem pertinent and
reasonably valid. Purthermore, it 1s presented in what seems
a logical sequences. It 1s realized that taking the material
out of chronological order in a developmental procedure has
its disadvantages. While most of the changes made were con=-
sidered improvements, it has not always been possible to
demonstrate beyond doubt that they were necessary. A further
disadvantage is that it is not possible to say in each case
that only this or that factor has been varied.

2. Hydrogenation apparatus

The Warburg spparatus seemed to be the most promising
equipment design in regard to meeting the above listed
characteristics, although it was recognized from the beginning
that certaln modifications would be necessary.

a. Reaction flasks.

(1) Design. Since the conventional Warburg manometer
has a 300 rm. scale, 1t was desired to use a sample of such
8ize that the change in hydrogen pressure would be roughly 200
mm., leaving a total of 100 mm. leeway in the original reading
(since initial pressure cannot be precisely controlled) and in
the final reading (since the change will depend upon
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hydrogenation value as well as sample size)s On a sample with
an iodine number of about 3L~L40, a pressure change of 200 mm.
should be obtained (if mereury is used in the menometers) when
the sample size is about 7 to 6 mg. per milliliter of gas
space. Thus with the Warburg flasks usually used in physio-
logical respiration studies, having a volume of 16~17 ml.
exclusive of contents, the sample size would be limited to
roughly 100 mg. or less. A larger sample would decrease the
relative error in results due to any error in sampling or
weighing. Alsc a given absolute error in volume calibration
would result in a smaller relative error, A larger flask
having & gas volume of 100 ml, would allow use of at least 600
mg. sample.

As originally designed and constructed, the flasks were
about L5 mm. diameter (exclusive of side arm) and 100 mm.
overall height, with a total volume of 110-135 mml. The flask
itself was in two sections, a 1lid and a body, with a 45/12
standard taper joint. At the top of the 1id was a 1,/20
standard taper joint for mounting onto a standard Warburg
manometer. A side arm about 16 mm. square and 30 mm. long was
mounted about L0 mm. above the bottom, sloping downward at
about 12°. These flasks were satisfactory except for the fact
that the 45/12 joint was difficult to separate after the come-
pletion of a determination. As a result of the breaskage of most

of these in the process of opening them, the next group was
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designed with a butt joint similar to that of a desiceator.
As sebuslly constructed, the sidearms on the second group were
slightly larger but shorter and the flasks were slightly
taller with a smaller inside dismeter. Except for these dif-
ferences, they were simllar to the first group. It had been
anticipated that the 11d would be held to the body of the
flask by means of three small tension springs. Since the
springs did not prove satisfactory, 1t became necessary to use
three small C~clamps on each flask, Execept for necessitating
considerable additional time in assembling the equipment this
was s&tiafa&toﬁy; Shortly before the completion of the
present experiments, a third group of flasks were recelived.
These were similar to the first group except for belng taller
and having longer ground zone in the Jjoint, the joint being a
45/25 standard teper. These joints were easily held together
with springs and easily parted on completion of hydrogenation.
(2) Calibration. The calibration of the volumes of
the flasks was done by welghing the amount of mercury or of
water. The flasks were cleaned, the lids were greased and
secured in the usual manner. The flask~lid combination was
weighed (estimated to nearest 0.05 g.), and was filled with
liquid, the amount being adjusted to that just suffiecient to
bring the level to a given mark on the manometer against whioch
the flasks were calibrated. (Note: By starting with this

same manometer when aalibratiﬂg menome ters and proceeding in
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the manner described, the flasks and manometers may be used in
any combination.) As soon as the amount of liquid is
properly adjusted, the temperabure to the nearest 0.1° is re-
corded, following which the flask and contents are welghed.
Then the flask is emptied, the joint parted and the grease ro-
moved. The entirse procedure 1s repeated twice more, giving a
total of three welghings, with the joint being greased
separately for each weighing. Since 1t is essentlally lmpos~-
sible to get exactly the same thickness of grease film each
time; one then gets the aversge of three trials,

The welghts of fluid were reduced to in vacuo weight to
give a volume at the calibrating temperature (according to
table "True capacity of glass vessels from the weight of the
contained water or msrwurvahan weighed in alr with brass
welghts” (99) ) and this volume was converted to 60° using a
cublical coefficient of expansion of 1 x,10“5 for pyrex glass.

When the flask 1s used, the gas volume is less than the
callbrated volume by the displacement of sample, solvent,
catalyst and glass contents. The beads used in the flasks are
sufficiently uniform in size that the weighﬁ of any ten of
them is not likely to differ greatly from any other ten beads
so the ten beads were assumed to weigh 2,15 g The welght of
the sample vial and catalyst vial ﬁ&n be obtained when
ﬁ&ighing sample and catalyst. From the total weight of glass
and its specific gravity, 2.24, (119) the displacement of the
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glass may be caleulated. Since the solvent is measured, its
displacement at the reaction temperature can be calculated
from the temperature at which it is pipetted and the equation
for its thermal change in density. In the case of acetlc acid
this equation was found (160) to be

dy = L4y + 1073 X (tety) + 10705 (b-tg)? +
1077 ¥ (4=t )3 7 % 1074

In this equation dy and dy are densitiles in g. per ml. at the
desired temperature (t) and at o° (tg) respectively. The
values of dg X, 5, and ¥ are 1.0724, -1.1229, +0.0058
and «2.0 respectively. According to the manufacturer of the
proplonic acid its coefficlent of expansion was 0.001102
ml./ml,/°C. By similar calculations, the displacement of the
fat can be caleulated from its welght and a density of 0.8896
g. per ml. at 60° (106b).

(3) Joint sealer. In order to obbtain a gas-tight
system and still allow the Jjolnts to be parted, some lubricant-
sealer is needed on the ground glass jointas. To be satlasfac~
tory, a sealer must be resistant to oxidation or reduction,
stable toward heat at reaction temperatures, insoluble in the
solvent used for hydrogenation samples, insoluble in mineral
oll, provide a seal which will remain gas tlght under the con-
ditions of evacuation and hydrogenation, and allow the joint
to be easily parbed. Zaletel and Bird (218) found Celloseal
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to have an lodine value of TL.18 while Celvacene (heavy) had a
value of 67.01ls The hydrogenation lodine values appeared
somewhat higher. These workers then chose a mixture of Dowe
Corning high vacuum silicone grease and Floridin. The hilgh
veouun grease had an ifodine value of 1.00 and a hydrogenation
jodine value of approximately 2.06 when mixed with the Floridin.
The Floridin was used to give the grease more body so it would
not chamnel under the conditions of use. In the early part of
the work developing the method, much difficulty was experienced
in obtaining constant pressure in the flasks. At one time 1t
wag thought to be due to the sealer being used but later other
factors were found. After these were corrected, generally good
results were found but on one occaslon when poor results were
obtained, it was also nobted that the silicone grease being
used had a definite foreign odor, suggestive of maple 8YTUpP
The silicone wae from an unopened container. VWhen silicone
from another contalner not having the foreign odor was used
good results were obtained, pointing up the fact that not all
lota of silicone grease are satlsfactory. The same odor was
noted in other containers bearing the same lot number as that
of the grease giving the poor results.

The Floridin used to give the grease more body was sieved
through & 150 mesh soreen. Since Celite, a 300 mesh diato-
maceous earth was being used in another comnection, and since,

being finer, it should permit a better seal while still giving
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body to the sealer, it was substituted for the Floridin. In
the later part of the work the sealer conslsted of a mixture
of asix parts of silicone high vecuum grease to one part (by
welght) of Celite.

However, this sealer could not be used on the syringes
attached to the manometers since it was not possible to get a
thin enough film to allow the plunger to slip into the barrel
of the syringe without splitting the barrel. Consequently,
on the syringe which formed the merecury reservoir, and on the
stopeock just above 1t, Apleson N grease was used.

b, Manometers

(1) Design. In respiration studies and other work

wlth Warburg spparatus, the flasks are often merely flushed
with the gas to be used. That was not considered satisfactory
in this study for two reasons. In the first place there was
no vent opening in the flasks. In the second place it was
folt that flushing would not do a satisfactory Jjob of removing
all oxygen, especially that dissolved in the fat or solvent.
If the air was to be removed by vacuum, 1t was necessary to
remove 1t through the manometer. PFurthermore, unless the
pressure on the two sides of the manometer 1s equal, the
manometer fluld will be pulled out of the manometer. Conse~
quently manometers, with standard taper jJoints at the top of
both arms, were designed so a manifold could be attached.
When there were indlcatlions later that air was being pulled
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through the wall of the rubber tubling meroury reﬁervdir, a
stopoock was placed on each manomeber between the reservoir
and the arms of the manometer; the stopcock was closed during
the evacuations.

The mercury column was difficult to read against a light
background; it was found that covering the back half of each
manometer with black masking tape made the top of the column
easier to see but with black filled etching on the scales,
reading was not improved. However, since the filling was re=-
moved from the etched scale markings during cleaning, it was
found that by painting the scales with white paint and re-
moving the excess with a cleansing tissue, an easily readable
scale was obtained. |

While many attempts at hydrogenation were made over a
period of months and results were obtalned which had some
value, the results could not be considered exact because it
was not possible to obtain what was considered good equili-
bration either before or after the actual hydrogenation. In
Figure 1 is shown the results of variationa in several flasks,
each set up in the manner of the usual thermobarometer., In
Pigures 2, 3 and lj, these same results are shown with various
corrections.

Some difficulties had been experienced with gas penetra=-
tion of rubber tubing so tygon tubing had been used to replace
it as the mercury reservoirs and in the evacuation and filling
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manifold, which had been designed to allow the evacuation and
£1lling of seven flask-manometer combinations simulbtaneously.
uite by aceident it was noted on one occaslon that hydrogen
from the hydrogen reservolr had an odor much like that of
rancid fat or oil. Investigation showed that all of a recent
purchase of tygon tubing had the same odor and that the odor
was intense. Further investigation revealed that the same
odor, though generally less intense was present on all tygon
tubing. As 8 result, an all glass hydrogenation system was
developed so all parts could be thoroughly cleaned,

The development of an all glass system required a glass
mercury reservoir, the volume of which could be changed at
will, ralsing or lowering the level of the fluid in the manoe
meters. For this purpose, Pyrex syringes were sealed to the
manometers below the stopcocks previously described. To hold
the plunger in place and to regulate the height of the fluid,
a socrew device was placed below the vertical syringe so that
a conmon axls extended through the screw and the plunger, with
the top end of the serew operating against the lower end of
the plunger. On the screw is placed a stop in the form of a
aallarymut from copper btubing. This should be of such length
as to prevent the plunger from being jammed into the end of
the syringe where 1t has been constricted for sealing onto the
manometer. A second serew at right angles to the first serves
as a lock for the first.
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Thus, the four ways in whieh the usual Warburg manometer
was modified were (a) ground glass joints for attaching an
evacuation and filling manifold, (b) black background and
white scale, (¢) all glass mercury reserveir and (d) a stop-
cock between reservoir and manometer arma.

(2) galibration, Since the space above the mano-
meter fluid in a manometer is gas space, it must be callbrated
for volume. As the first step, obtain one flask (or preferably
two, as a check) and after assembling it, fill with that
quantity of mercury which, when the taper joint of the mano-
meter used in calibrating the flasks 1s placed on {or in) the
flask, the mercury will rise to the same level in the capillary
of the side arm as when the flask calibrations were made.

This should prefersbly be that manometer which will cause the
mercury to rise leasts. Then all other manometers are inserted
in turn in the flasks and a mark made on the side arm indi-
cating the height to which the mercury rises. This, of
course, will be a different height with each manometer but
should be the same regardless of which flask 1ls used. On the
balance pan place a ringstand with support rings so placed as
to support the manometer in a position such as to hold mercury
in the side arm and upper portion of the manometer arm proper,
and obtaln a tare weight on each manometer. By means of a
small needle-tipped pipette with a rubber dropping bulb, place
in the manometer that amount of mercury which will just £111



uoggovagqus euyg ‘puoceg ceurdue Bulnsew owms OUf ULIM pONIEW
aﬂaﬁ Leyn eougs owly ewws 8Ug 9® peseysdand sJejeuiouwsw JOUZ0
oy 04 oTqertrdds PesepPISULY ST UOTF08JI00 oums ouyg ‘JeTIuwie
08 OJB WOPUBJI 4% UOSOUD SJO40UOUBH O9IUJ SBOU] JO BSAIND UL
esneoeq *gEaTd  *oPBW Ueeq SAWY sUOTjwziTeAsued ujwgaec ¢(uoll
~BUTHES UB JBUASHOS ST 38U USAO DPUB) J04OWITTIW ¥ Jo SUIUey
Uy pepaoves Afuo oae sBulpeed OOULg *AJTJISTIWIS UOMW AOUE
BIOj0WOUBY @0Jy] oseyus; uo sSBUlMIPTW ouj jByg uess eq few 37
‘syep ouy Jo 307d oUZ WOLI *EUCTO00IX0D esoyy Jo jord w seaAld ¢
eaMBTY *9 OTQRL WOIJ POIBINOTEO Qg UBO STLAJISJUT eseuj JO yYoBe
9% PODPP® 6q PTNOUS UYOTUM SUOFLLOII0)N *STVAIOGUT JogewpTTiw
ueq 3® SBUTHIBW JOUJ0 SUY 04 NJIBW 0J0Z O WOIJ (RjUWOINIBOW
9eays3 Jo oBpaess) GOUBETP OUY SJIOYOUOUVEH 80JU] JO YO8
X0 S9ATE 9 STQEL *TTEAEP UT PONOSUD Jou £8A PITUY OTPPTH
eyy ‘rum QT MoTeq sBujpwea TBULI OU3 PUS ‘Ul OQF eAoqw TTVJ
L1ysaous® sBuipwes TBTITUT SUG OUTE *JA930WO50ULB0 ¥ UJTA
pexseUo exem sBulnaeuw eseys ‘pejoedyxe se [ren sw exedwod jou
PID SOTE08 JI030UWOUBW U U0 sBUPNIBTW Peysqe oug esnsoeg
*OUMTOA oyq ©ATE TTIM pesn eany
~srodweg eyg 3% Lq7suep 47 Lq pepralp Lanoasw oyj Jo judjem
oyl *Aamogew YITH JLejeuwounw oyg ydpem pue @aaﬁ.hkﬁvk@ﬁ
euys Jo oangsaedueg eug €904 °‘UOTABUTWIeqep v Fupanp wxe
POsOTO oYy Ul PINTJ Jejewousw eyl JoJ Bujiges se pesn eq TIIA
pegudyolsue €T 37 UOTUM SNJIBW J0 FAVW TEOS ouj 03 eanpsooxd

oyy U JOTTABe WX OPIE ouj wo peowrd AIeW eyg wWoxJ eowvds o3

It



112

Table 6

Corrected Readings on Manometer Scales

Marked distance,
., from zero

Maaaumcl fiﬁ.m;anae, m. from zero

on manome ter number&

19 21
300 299.62 299.65 299.71
290 289..% 289,77 289.79
280 27968 279.76 279. 74
zgg 269.76 269,81 am.g
2 259.73 259.8 259.83
250 9.70 2119.86 249.7h
2o 5%9 g 239.80 239, g
230 229.88 229.88
220 21?.8 219.92 aw.g
210 209.7 209,86 209.84
200 199.75 199.85 199.89
100 99493 100.11 :m.
90 9.95 90,10 g
80 79.99 80.09 0. g
70 7@.97 70.19 :L
50 i 0.08 0.11 So.:w
30 39.06 30,10 30.09
20 20,10 20.11 20,10
10 10,03 10,02 10.05

®Bach figure 1s an average of three readings.
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of 0.3 mm. is considered to give a correction which iz within
the limits of accuracy of reading the manometers. This

figure may be arrived at in various ways. It was originally
determined by inspection of a plot similar to Pigure 5. Sub-
sequently, the figures given in Table 6 for the upper third
of the manometers were aversged; the figures for the lower
third vere averaged and subtracted from the averages for the
upper third, The results were 199.70, 199.71 and 199.70 mm.
whereas the figures marked on the manometers would give a
difference of 200,00 nme If one assumes a change in manometer
reading of 200 mm. during hydrogenation and on this basis cal-
culates the deviation from indicated distance for each measured
point on the upper third of the manometers to the point 200
mme. below it, these deviatlons are found to average 0.29 mm.
Calculations of the same type based upon an assumed change of
180 mm. give an average deviation of 0.28 mm, (The actual
deviations ra@gm from 0415 to O.46 rmm.)

(3) Manometer fluid. Mercury was chosen as a mano-
meter fluid because 1t allows a larger sample size. It will be
agreed that a less dense fluld would be more sensitive to
small changes in pressure. However, the design of the Warburg
apparatus and the method of its use are such that the measured
pressure change must be about 200 mm. in terms of the fluid
useds Therefore, a less dense fluild would merely reduce the

size of sample without inereasing the reading accuracy. By
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reducing semple size, the relative effect of certain absolute
errors, as for instence sample weight would be magnified.

(4) Manometer £luid "to
portion of the development phase of this procedure, it was

", During a considerable

noted (a) that often the mercury column in the manometers
exhibited a tendency to "stick" (l.e., not to flow freely) and
(v) that there often formed in the open ends of the manometers,
a white ring on the glass abt the upper surface of the mercury.
This ring was apparently formed of particles of lubricant
carried from the stopcock by the surging action of the

mereury during shaking. The sexplanation for its fallure to
form in the closed arm seems to rest in the fact that when
acetlc acid i1s used as a solvent in the reaction flasks, a
certain amount of it distills into the manometer, in some cases
forming a layer 2-3 mm. deep in 3-4 hours. The tendency for
the mercury to stick was not particularly spparent on the
first one or two runs made after cleaning the manometers.

Since it was at least a two day process to dissemble, clean,
dry and reassemble the manometers, it would be impossible to
make reguler determinations at frequent intervals on a serieas
of fat samples 1f the manometers require cleaning after each
seocond run. It was found thaet by btopping each mercury column
wiﬁh about a 20 mm. column of propionic acld, these grease
rings did not form and the mercury flowed even more freely

than in a freshly cleaned manometer. This propionic acid did
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6 mm. beads are used.
de Bath and shakey

(1) Bath fluid. Because of the high temperature
used in most of these hydrogenation studles, water, the usual
bath fInid in a Warburg spparatus, would evaporate too
rapidly. Mineral oil was chosen as a fluid which would not
evaporate and yet would have, at 60°, a low enough viscosity
to permit adequate shaking without too great a strain on the
manometers. It was necessary to add about 0.5 g. hydroquinone
per gallon of oll to prevent oxidative deterioration.

(2) Temperature gontrol. Since the pressure of a
gas 13 (approximately) proportional to 1ts absolute tempera-
ture, a change of 0.1° at 60° {or 333.17° K) will cause a
change of pressure of about 0.3 parts per thousand. By
interpolation from a table of acetic acid vapor pressures
(119) 1t is estimated that the vapor pressure of acetic acid
will change (in the neighborhood of 60°) about 0.l mm. per
0.1° C. With a change in pressure of 200 mm. during
hydrogenation, the 0.l rm. is equivelent to two parts per
thousand. PFrom the equation for the vapor pressure of
propionic acid (119), it is caleulated that a change of
temperature of 0.19 will change the vapor pressure 0.1l mm. or
0.7 parts per thousand in a tobtal change in pressure of 200 mm.

From the above, 1t can be seen that with acetlc acid as a

solvent, a change of temperature of 0.,1° can change the
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results by 2.3 parts per thousand. With propionie acid the
error due bto change in temperature would be in the neighbor-
hood of one part per thousand bubt even this emphasizes the
need for good temperature control.

Since acetic scid was used during most of the develop=-
mental phase of the hyarégsuatimn work, considerable attention
wag paid to temperature contrel. To obtain adequate tempera-
ture control in sll parts of the bath, two heavy duty stirring
motors were used {one motor is standard equipment with water
at 37°). The original eqguipment was equipped with a bimetallic
thermoregulator in conjunction with a relay. Even with the
low current load, the contact points quickly pitted and
temperature control became poor. A merc-to-merc thermoregula-—
tor was tried in conjunction with a relay but without much
success; due mainly to the lag but also in part to occasional
fallure of the mercury surfaces to make a current carrying
contact (apparently dus to a bubble of gas).

In an atbtempt to reduce the lag on the merc-to-mere
thermoregulator, a specially sheped coil immersion heater and
other flexible immersion heabters were ordersd but were not
received in time for use. It had been planned to use contin-
uous heaters, with capacity to almost but not quite keep the
bath at proper tﬁmparaxuré¢ The speclally shaped heater was
to be used as an intemmittent heater with the thermoregulator
in the center of the heabing coll and the two of them so
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placed that there would be very rapid circulation of the bath
fluid past them.

In lieu of adequate temperature control by the usual
thermoregulators, the bLemperature was controlled by means of a
variable transformer in series with a 300 watt Immersion
heater. While there was considerable fluctuation in line
voltage, a heater rated at 300 watts at 115 volts would, on
direct connection, just about maintain proper temperature. As
long as line volbtage remained constant, the temperature could
be controlled within very narrow limites by means of the trans-
former, on occcasion, varying less than 0.2° in half an hour.

Temperatures were measured by means of a differential
thermometer having a range of five Centigrade degrees. After
setting for the desired range, the mark corresponding to 60°
was located by checking with a thermometer certifled by the
National Bureau of Standards. The differential thermometer
could easily be read to one hundredth of a degree, its
smellest calibration interval.

(3) Shaking. The manometers and attached flasks
were shaken at & rate of 120 cycles per minute through a four
centimeter stroke. To increase the effectiveness of the agi-
tation, each flask contalned ten glass beads of 6 mm. diameter.

e+ Use of apparatus, general

(1) BSolvent. During most of the development of

this hydrogenation method, acetic acid was used as a solvent.
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Dedrick and Bird {43) had found that the hydrogenation did not
proceed smoothly in & non-polar solvent. The acetic aclid used
was redistilled and checked for reducing substances (186).
Acetic acid was satisfactory from the points of view of digw
solving all the fat and allowing the reaction to proceed
smoothly. However, during the determinations, & small amount
of the acld distilled over into the manometers forming a
column of acid on top of the mercury column in the closed amm
of the manometer, and thus affmeting the readings. In order
to avoild this difficulty, a chenge was made to propionic acid.
¥With this acid there was no visible evidence of distilling.
While the procedure as finally adephted ineluded the use of a
column of acld on top of the mercury column, this does not
interfere with the reading so long as the amount of acid
remains conatant.

{2) Reading. There were indications that manometer
readings (in the early phases of development) might not be
consistent with pressure changes. As a result, six methods
were compared. These were:

(a) Adjust all menometers on one zide. (This major
adjustment consisted of ralsing the mercury sbove the usual
mark, lowering it below the mark and slowly bringing it to the
mark.) Begin reading the first manometer one mimute after
adJusting 1t with minor adjustments if necessary and proceed
to all others on the same side. Readjust all and then
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without sample, solvent or catalyst. The temperature was so
nearly constant that these results should have plotted as
stralght lines.

Five p@auibl& causes of these resulbts were considered.

{a) Something in the system is giving off an absorbed
gas. |

{b) Something in the system is volatilizming, possibly
with decomposition.

{c) The gas system i1s extremely slow in reaching a
temperature squilibrium,

{d) The temperature, and hence the density of the
manometer fluid changes,

(e} The mercury does not flow freely in the msnometers.

(Notet The reader ls asgain reminded that the material
presented in this portion of the thesis ls grouped according
to processes and equipment and 1s not chronologically arranged
except within these groups mentioned.)

A thermometer placed beside the mercury column in one of
the manometers falled to show eny measurable change in
temperature, thus eliminating (d) as a pﬁaaibl& cause.

If the system were slow in reaching a temperature
equilibrium, then heating to a higher temperature and allowing
the system to approach the desired temperature from above
should either eliminate or reverse the trend. The results of
heating to 65° for 30 minutes and then allowing the system to
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cool to 60° are shown in Pigures 6 {(uncorrected) and 7
(corrected for barometric changes). During the period of
taking these readings the temperature covered & range of 0.4°,
Prom these it may be seen that the trends are of the same
type as found when approaching 60° from below (Figure 1),
which seems to eliminate (c) above.

It was after extensive work with flasks containing no
catalyst eand in many cases no sample or solvent but giving
results very similar to those shown in Figures 1 to 5 that a
forelgn odor from the hydrogen supply reservoir was noted.

To elinminate possible compounds associated with this odor in
the water-pumped hydrogen, an all glass hydrogen generator

and washing train was constructeds The hydrogen was freed

of oxygen by washing with sodium stannite solution, and of
sulfur and halogens by sllver nitrate, was drlied with indi-
cating drierite and PpOg and finally by passage through a
1liquid nitrogen trap. Results with hydrogen so prepared, with
properly cleaned glassware and with manometers in which
propionic acid was placed on the mercury columns are shoun in
Pigure 8. These data indicate that pressures before and after
the samples were tipped were constant.

The reason for the pressure increase on dissolving of fat
in solvent is not known. It 1s thought that hydrogen dissolved
in fat may be released when the fab is dissolved in propioniec
acid or vice versa. Nothing has been found in the literature
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RISE OF ONE VERTICAL DIVISION REPRESENTS ONE MM. INCREASE IN PRESSURE
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MINUTES AFTER FIRST RE ADING
Figure 6. Pressure changes (uncorrected) in flasks

at 60° after initially heating to 65°
for 30 minutsse
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RISE OF ONE VERTICAL DIVISION REPRESENTS ONE MM, INCREASE IN PRESSURE

] | ] | ]

< 0 50 100 150 200 250
MINUTES AFTER FIRST READING
Figare 7. Pressure changes (corrected for baro-

metric changes) in flasks at 60° after
initially heating to 65° for 30 minutes.
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concerning solubility of hydrogen in elther prepiania acid
~or milk fat, or in mixtures of the twe. However, since the
pressure increase is always present, the best that can be
done is to include fabt in the thermobarometer with the expec~
tation that the increase in each reaction flask will be the
same as that in the sccompanying thermobarometer. Some
indication that this may not ha’ﬁrua is shown by the data in
Table 8 which presents the pressure increases corrected for
barometric changes in thermobarometers in the study reported
subsequently in this thesis. Zaletel and Bird (218) found it
impossible to correlate the welght of catalyst and the amount
of hydrogen uptake. Therefore a thermcbarometer contalning
catalyst but no sample would be unsatisfactory.

(4) Cleaning of glassws
affect the results of chemical prosedures. Cleaning glassware
in an oxidizing scid bath has been accepted as a standard

¢, Unclean glassware ocan

procedure. In the beginning the c¢leaning was done with a hot
mixture of about 19 parts HpSOj to one part HNO3, after
cleaning with a brush and detergent mixture. Frequently
glasswsre was jJjudged to be unclean besause the surface would
not drain without droplets adhering, when cleaned as deseribed
above. Various cleaning procedures, using organlie solvents,
synthetic detergents and acid mixtures were found unsatisfac-
tory.
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Table 8

Effect of Diassolving Pat in Propionie
Acid on Pressure in Therwmobarometers®

Date, 30 min. Trmediately 45 mine 75 min.
July prior to prior to after alter
tipping tipping ~ tipping - tipping

“ 042 + 0.9 + 0.8

2 - 0.3 ‘

8 + 0.7 + 045 * 1.§ + 1.5
13 + 0.1 + 0.2 + 1.8 + 1.6
17 + 0.8 + 1.0 . 2.8 + 340
22 + 0.6 * an& + J.l + 10%
23 + 0.3 + 0.3 + 1.6 + le
2 + 0,8 + 0.7 + 2.3 + 241
gg + Ol + 0,3 + ls2 + 1:1&.
29 + Q&LL + 1.6 * 1&5

+ Oudi

8he two readings immediately pmea&ing tipping and the
two readings immediately following tipping for all cases 1n
July, 1952 in which sufficient barometer readings were taken
to allow correction for baromebtriec change. Readings expressed
as mm. change (after barometric correction) from first
thermobarometer reading. In all cases temperabure range was
less than 0.05° during the 105 minute period included sbove,

On the assumption that a certaein amount of acid might be
absorbed on the glass and not rinsed off by water, a five
minmite soak in dilute (about 2 NW.) mhﬁﬁ was tried without
apparent effect. Concentrated {about 1 N.) NH) OH yielded no
better resulti and the same was true of a one hour soak in
concas mﬁhﬁﬁ. However, an eight to twelve hour soaking in 2 N,
M‘hﬁﬁ afber a combination detergent washe~hot acid socak
¢leaning was found to be effective. In order to be sure all
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lmn@ii is removed from the glassware, it was drlied in an oven
at 200° for two hours. |

Large particles of silicone grease were effectively
removed by turpentine, which ean be removed by a synthetic
detergent.

The clesning procedure adopted for the glassware ls as
follows:

 {a) Hydrogenation flasks. Wipe the outside of

| the flask and manometer side arm with a towel, cheesecloth,
cleansing tlssue or similar material to remove as much
mineral oil as possible. Wipe around the flask-manometer
Joint with faclal tissue wet with ethyl ether. Remove flask
from manometer and wipe the ground portion of the manometer
Joint with faclal tissue wet with ether. Regrease this Joint
and cap 1t with a sealed off standard-taper joint. Hemove c¢lamps
or springs from flasks and again wipe the latter with a cloth
or tissue. Without opening flask place it in a beaker (600-
800 ml.) containing enough ether (wash ether No. 1) to slmost
completely immerse the flask. After about a minute remove
flask and open it. Wipe all ground Joints, first with dry
tissue and then with tissue wet with ether. Wash fat,
propionic acid and catalyst from flasks and vials with a
stream of hot water, putting vials and beads in a beaker.
Wash the flasks in a synthetic detergent solution, brushing
all surfaces inside and out., Rinse, invert to draln and then
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dry on steam plate or low heat hot plate. Pubt glassware into
mixture of nitric and sulfuric acids in a beaker (1000 ml.)
and heat, being sure all vials are filled with acid. Turn off
heat after bath has been hot (100° or more) for 30 minutes.
When the acid has cooled sufficiently, decant (into another
beaker) as much acid as possible using a watch glass to hold
back vials and beads. Rinse {cautiously) several times in
beaker with tep water, followed by distilled water. Using
forceps, pick up each vial individually and rinse the insilde
with distilled waters. This oan best be done by inserting into
the end of the distilled water line a plece of glass tubing
drawn down to give a fine stream. BSoak vials and beads in l.5~
240 ﬂﬂhﬂﬂ for at least eight hours. Pour off Rﬂhﬁa solution,
rinse thoroughly, inside and out, with distilled water and dry
in & 200° oven for two hours.

(¢) Manometers. With a very fine capillary
pipet and a rubber bulb, remove as much as posaible of the
proplonic acid from the surface of the meroury. Invert the
manometer so the mercury will drain out of the normally open
arm and after opening sbopeock adjacent to the syringe, work
plunger back and forth until all mercury is cut of the manoe
meter. Remove stopcock plugs from manometers, being sure they
are numbered to correspond with the manometer numbers. Remove
menometers from supports, keeping all small parts for each
support in a separate container. HRemove plungers from
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syringes being positive these are marked, as they are
definitely not interchangesble. Wipe all ground surfaces,
Pirst with a dry tissue, then with a tlssue wet with ether.
Grease can be removed from the bore of stopoock plugs with a
pipe cleaner. Strip the black masking tape from the manometers
and soak the manometers in turpentine for 20~30 minutes to
remove any particles of silicone grease from inside the
capillary bore of the manometers. Rinse thoroughly in a
synthetic detergent solution and if any paint remains in the
etoched scale markings, soak in a eylinder of concentrated NaOH
for a sufficient time to loosen the paint so it can be rubbed
off. Rinse successively with water, alcohol, ether, alcohol
and water, This i1s best done by using a tube bent into the
form of a "J" with the outer portion of a standard taper joint
on the short end and with the long end longer than the manoe-
meters. Place a plug in the stopcock adjacent to the asyringe
and invert the manometer into the ground joint of the "J%
tube. Pour the liquid into the long end of the "J" tube, the
syringe and the sidearm of the manometer. Place the manometer
into a hot mixiture of nitric and sulfurlc acids, with all
parts being submerged for at least 30 minutes. It will
probably be necessary to do first one end and then the other.
Rinse thoroughly with water and soak in 1,5-2,0 N NH)OH for at
least elight hours. Rinse thoroughly with distilled water and
dry in a 200° oven for two hours. After drying, spread white
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paint over scale markings and wipe off excess with cleansing
tissue. Allow to dry and place strip (3/8 inch wide) of black
masking tape on back of manometer arms. Grease and replace
stopcocks and secure them in place (rubber bands will do).
After gremsing syringe plunger, invert menometer {with stop-
cocks closed) and place aboub 1.5 to 2.0 ml. mercury in
syringe. Insert tip of plunger into syringe Just sufficlently
to close the end {do not force). Whils holding syringe in
place turn manometer upright, open lower stopeock and force
aly out of syringe. Continue with reassembling manometer.

(d) Other parts. Dismantle entirely, removing
plugs from stopeocks. Using a dry cleansing tissue, wipe off as
much grease as possible. Wipe again on ground joints using
cleansing tissue wet with ether. In some cases a pipe
clesner will be helpful in removing grease from the inside of
small parts. For parts which cannot be effectively wiped
clean, soak in turpentine for 20-30 minutes. Wash in syn~-
thetle detergent solution, brushing wherever possible. Rinse
wlith water and soak in hot acid bath 30 minutes. Rinse with
distilled water and sosk at least eight hours in 1.5-2.0 N
NH,OH. Rinse in distilled water and dry two hours at 200°,

3+ QOther eguipment and its use

&« Hydrogen generation. Originally, ocompressed hydrogen,
water pumped into cylinders, was used. With the thought that
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possibly this might be a factor in the inability to obtain
equilibrium pressures, this was discontinued. Instead, hydro-
gen was generated from 30 mesh reagent grade zine {low in
lead, arsenic and iron) and sulfuric acid (special reagent
grade, low in arsenic and nitrogen).

The main body of the hydrogen generator consisted of a
three-liter Erlemmeyer flask, to the neck of which had been
sealed the outer portion of a 29/42 standard taper joint.
‘Into this was fitted the H,u:on. portion of the joint above
which a eylindrical 500 ml. separatory funnel with a dropping
tip was sealed. A pressure equalizing tube connected the
upper portion of the dropping funnel with the tube below the
stopcock. | Above the fumnel, mounted with a ground jolnt was a
combination manometer and mercury sealed pressure relisfl
valves

The hydrogen storage system consisted of two five gallon
bottles, one set 30 inches above the other, with a glass tube
connecting the two and extending nesrly to the bottom of each.
The entire system was constructed of glass with ground joints.
In the beginning, the lower bottle was filled with redistilled
water (the second dlstillation from acld dichromate in an all
glass system). As hydrogen was generated, it entered the
lower bottle, foreing water into the upper bottle, affording a
hydrostatie head on the reservoir.
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b. Hydrogen purification. When commercial hydrogen was
being used, 1t was bubbled through an alkaline sodlum stannite
solution to remove oxygen. This solution was made up as
follows: Dissolve 50 g. NaOH in 200 ml. HpO., In another
flask, dissolve 10 g. SnCl, in 50 ml. H,0. Add the NaOH
solution to the SnCl, solution with constant stirring. Allow
to stand several days and decant solution from any precipitate.

Following the stannite solution treatment the hydrogen
was dried with indicating drierite (anhydrous Qasck coated
with CoCl,) and then with PpOge

When hydrogen was generated from gine and sulfurie aecid,
it was passed through a 1 N AgKEB solution bo remove any
volatile sulfides and halogens that might be present. This
was In addition to the purification steps previously used. As
a final step the hydrogen was passed through a trap immersed
in liguid nitrogen.

For the hydrogen purification, gas washing tubes were
designed and constructed to include a bullt in trap to prevent
the liquid from being backwashed into the line or to other
parts of the apparatus. The body of these tubes made of
tubing about 40 mm. dlemeter sealed off with a test tube-like
bottom and having at the top the outer portion of a 29/42
standard taper joint., Just below this joint was a small side
tubulation bearing the socket part of a ball and socket joint.
The other portion of the washing tube had a plece of tubirg
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gbout 22 mm. dlameter sealed to the small end of the immer
portion of the 29/42 ground joint. To the lower end of this
was sealed a gas dispersian tube with a fritted cylinder.
Above the inmer portion of the 29/Li2 joint is sealed the
outer portion of another standard taper joint, usually
smaliar but still large enough to allow the brushing of the
inside of this inner tube when necessary. Into this Jjoint
fits a cap~like plece bearing one portion of a ball and
socket joint. As the gas comes into the central portion of
thia gas washing tube, all liquid is forced into the peripheral
space and the hydrogen bubbles through it there. In the event
of a reversal of flow, liquld is forced into the central tube
and the gas bubbles through 1t there without carrying liquid
to other parts of the apparatus.

¢e Evacuation and filling. To remove any condenslble
material, particularly any coming from the vacuum pump, two
traps lmmersed in liquid nitrogen are semployed. These must be
immersed in the nitrogen before the vacuum pump is connected
but must not be left open to the atmosphere any appreciable
time after being cool, because if they are left open oxygen
wlll condense in the tubes and make 1t diffioult Yo obtain a
vacuum. Once the traps have been connected to the pump, they
must not be allowed to warm up until they hava besen discon-

nected, and then must be cleaned before reuse.



139

After the samples, catalyst and solvent have been placed
in the f{lasks, the flasks are closed and secured with elther
springs or clamps, depending on the type of flask. After
placing the flasks on the manometers, the mercury columns are
ad justed to spproximately the 200 mm. mark and the stopcocks
are properly set.

Since flexible tubing could not be properly cleaned, it
was necessary to devise glass connecbions for evacuating and
£111ing the flask-manometer combinations. To be able to
handle several combinations simultaneously a manifold was
designed. A cross-section of the manifold and connecting
tubes is shown disgrammatically below.

The large circle represents the menifold and the straight
lines the connecting tubes. The X's represent ball and socket
Joints while the Inverted V's indicate standard taper joints
fitting onto the manometers.

In order te be able to remove all dissolved oxygen, it is
necessary that the fat be liquid at the time of evacuation.
Por this purpose, a small electric clothes pressing iron has
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been found to be s convenlent portable hot plate which can be
held ageinst the under side of the flask sidearms. Heat
should be applied only long enough to melt the fat.

Alr is removed from the syatem by evacuating to 10 mm.
pressure and holding for 10 minutes during the first evacua~
tion. Hydrogen is then admitted to the system, passing
through only one of the cold traps, by-passing the cold trap
nearest the wvacuum pump. After raising the hydrogen pressure
to within about 100 mm. of atmospheric pressure (as indicated
on an open end manomeber), the aysham is again evaauatads as
soon as a pressure of 10 mm. or less is reached, hydrogen ia
admitted, This procedure is continued to a fourth evacuation.
On the fourth filling the thermobarometers are filled to
within 50«60 mm. of atmospheric praéﬂure while the determina-
tion flasks are filled to about 15 mm. less than atmospheric
pressure. After properly adjusting the stopecocks and discon-
necting the manifold, the taper Jjoints at the manometer tops
should be capped with pieces of glass tubing bearing taper
Joints. The purpose of these caps 1s to reduce the possiblility
of mineral oll getting into the manometers or onto the ground
Joints. The caps on the open ends of the Warburg manometers

must have small holes in thelr upper extremitles.
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as Preparation. In the beginning the catalyst used was
a platinum oxide commonly known as Adams catalyst, prepared
essentially according to the directions of Voorhees and Adams
(381). This catalyst did not stay well dlspersed, showing a
considerable tendency to aggregate. On the hypothesis that
some of these aggregates might contain unreduced oxide which
would absorb additional hydrogen if the aggregabtes were
broken up during agitation, thus accounting for the lack of
equilibration, 1t was decided to try dispersing the catalyst
on an inert carrier. Celite, a 300 mesh diatomaceous earth,
was chosen as the carrier. Celite was mixed with the pre~
cipitated (and dried) ammonium chloroplatinate and sodium
nitrate and the quantity of sodium nitrate was lncreased. By
this procedure 1t was possible generally to obtaln a catalyst
of good activity. In view of the work by Frampton et al.
(38l4) a thermocouple enclosed in a stirring rod was used to
measure temperstures during the preparation of the catalyst
mixtures. It was, however, slmost impossible to control
temperatures with this mixture over a flame. Under good con-
ditions a catalyst made with 1 per cent platinum oxide (based
on 100 per cent recovery of platinum) was found to be very
satisfactory.

In order to better control the conditions, a furnace with

temperature controlled at 540° was tried and found to give
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good results, since it applied controlled heat to all aides.
A catalyst prepared in this manner is easily dispersed and
shows no bendency to form lumps.

The procedure recommended for preparation of the catalyst
is as follows:

Obtain small plece of platimum and weigh. Wash platinum
free of base mebals by bolling in nltric acid. Hemove
platinum from nitric aclid and dissolve by heating in aqm,
regla (3 HC1 & 1 WE}, approximately 100 ml. per gram of
platinum, adding more HCl as needed to keep volume constant.
Filter through a sintered glass filter. To the flltrate, add
slowly an equal volume of 10 per cent m,‘al to precipitate
the platinum as (%)29#91@& Filter precipitate with
sintered glass filter, wash with two 50 ml. portions 10 per
cent KHWJ... Dry the precipitate as well as possible with
suction. Redissolve precipitate in aqua regis, fllter, pre-
cipitate as ('HH;Q oPECly, fllter the precipitate, wash and
dry as before. Again redissolve in aqua regla and filter.
Make to a volume such that 100 ml. solution is egquivalent to
1 g+ of platinum,

Weigh out 12.5 g. Celite into a 400 ml. beaker. Add 100
ml. agua regla. S8tir well with an electric stirrer under a
hood for 5 minutes to thoroughly disperse the Celite. While
still stirring, add dropwise 10 ml. of the platinum solution.
Continue stirring and add as rapidly as possible 50 ml. of 20
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per sent muax. Stir an additional 15 minutes and allow to
- settle.

Filter with a sinbtered glass filter, decanting super-
natent through filter first. If possible, use a filter large
enough to collect all of the precipitate at one time. Wash
precipitate with two 100 ml. portions of 10 per cent %Gl.
Dry as well as possible by suction and trensfer to a 250 ml.
Vycor beaker. Add 125 g. NaNO3 which has been ground in a
glass morter teo about 20 mesh. Mixz thoroughly. Dry on a
steam plate or in a 110° oven overnight.

Place a pyrex glass baking dish in the muffle furnace (in
case the fusion mixture "foams" over edge of beaker) and heat
to 54j0°, When furnace is hot, set beaker of mixture, covered
with pyrex watch glass, Into the dish in oven and continue
heat for 60 minutes. In the meantime, place about 2% to 3
liters of distilled waber in & L liter beaker and set up an
electric stivrer to agitate the water. At the end of the
heating period, remove {with besker tongs and gloves) the
beaker contalning the fusion mixture. wWhile 1t 1s still hot,
pour very slowly into the water {(with stirrer running). Some
splattering may take place but this, while undesirable from
the standpoint of slight loss of catalyst, is not serious.
Af'ter pouring into the water as mah of the fusion mixture as
possible, cautiously add water to that portion remaining in
the Vycor beaker and wash it into the large beaker. Stir for
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at least 30 minutes, longer if theve are large particles or
Jumps. Let the material settle and decant the supernatent.
Add water, stir, allow to settle and decant a second and a
third time, the last time leaving sbout one liter of water.

Pilter with sintered glass. Wash by running 500 ml,
distilled water over the catalyst. This can easlly be done by
filling a 500 ml. volumetric flask and supporting it in an
inverted position with the neck stlcking down into the filter.
This procedure may also be useful in the aectual filtration.
After the catalyst has been washed, dry as much as veamﬁwua w%
guoction. Then suck sbout 50 ml. of aleohol through the cataw
lyst followed by 50 ml. ether. Remove the suctlion just as
soon as the layer of free ether reaches the bottom of the
satalyst since excessive suction will evaporate the ether very
rapidly and cause cooling to the extent that molstwre will
condense on the catalyst and thus defeat the purpose of the
alechol and ether washes.

Transfer to a beaker and dry on a hot plate at about 100°
{steam plate 1f possible). This drying procedure should give
a finely divided precipitate which will not need grinding in a
mortar.

The quantities listed here would give, iIf there had been
100 per cent recovery of the platinum, a preparation con-
taining 1 per cent PtOp.
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unusual for a hydrogenation to be incomplete when the first
reading after start of hydrogenation was made in §j5 minutes.

ce Fab as a promoter. Although 1t was not tested after
the hydrogenation method reached the stage of attaining good
equilibration of pressures (and hence precision), preliminary
observations seemed to indicate that the addition bto the
cabalyst of a few drops of fat during the equilibration
period had an sctivating influence on the catalyst.
BEquilibrium pressures were apparently reached more quickly
both before and after the actual hydrogenabting when a few
drops of fat were added to the cabalyst.

de Use of catalyst. When the cabalyst was placed
directly onto the bottoms of the reaction flasks, it was
observed to be reduced in many cases before shaking was begun.
Since it was feared that reduction under these conditions
might result in a greater degree of lumping or aggregation,
the catalyst was placed in a deep vial and covered with a
portion of tha‘aalvant uged in the flaska.

The eatalyst (150 mge % 1 mg.) was weighed into flat
bottomed vials about 10 mm. in diemeter and 25 mm. in height,
which were carefully placed upright on the bottoms of the
reaction flasks, against the side of the flasks. With the
proper amount of proplonic acid for a flask measured into a
pipette, the flask was tipped over (being careful not to spill
the sample or upset the catalyst vial). A4 portion of the
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golvent from the pipette was allowed to run slowly down the
silde of the catalyst vial in a manner to trap as littles alr
as possible. As soon as a&ll the catalyst was wet, the flask
was set upright and the vial filled to within about 6 or 8
mme. of the top, the remainder of the solvent being placed in
the flask itself. After adding one or two drops of fat to
the solvent in the flask, the flask was closed and the lid
secured. After the flasks are filled with hydrogen and just
before plaecing them in the Werburg bath, the cabtalyst vials

are tipped over.

5« Qaleulation of hydrogenation lodine velues

The equation for converting manometer readings to hydro-

genatlon iodine values is as follows:

V., ml. Stds Temp. °K Pressure change
g x — X SHAN x
;A Bath Tempe. "K Std. barometer T
A
1 mole % 253482 go Io X 1
2241l ml, T 1 mole 2 Sample weight i
B 4] D




148
Vé is the volume of the flask and manometer minus the
displacement of the golid and liquid materisl contained in the
flaske The average temperature of the scale portion of the
manometers is about 27° C. and a glass scale manometer at this
temperature would require a reading of 763.54 mm. to read
760,0 when corrected for the temperature and glass scale, It
is easler to use this figure in the equatlon than to correct
each individual manometer reading. The pressure change 1s the
/\H! before hydrogenation minus the VAN after hydrogenation
after this difference has been corrected for inaccuracles in
the manometer scales, and 1s referred to as /\H", Examinae.
tion of three manometers from the set currently belng used
revealed inaccuracies in the scales. These are approximately
the asame on all manometers and can be falrly well corrected by
reducling the difference between /\ B before and I\ HY after
by 0.3 mm. Thus the corrected /\H" is
(AR before ~ A H' after) = 0.3 mm.
The equation to point A is the corrected
Vg ml < ma temp . AH' before hydrog.
bath temp = std barometer

e

Vg ml std temp A\H! after hydrog.

bath temp std barometer

which does not show the partial pressure due to solvent vapor

pressure since the same figure would appear in both parts and
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thus cancel out. (Actually this may be in error if the vapor
pressure changes upon tipping of the sample but the thermo-
barometer is depended upon to compensate for this) This much
of the equation gives the uptake of hydrogen in ml, (&.t.p.).
The equation to point B is A divided by 2241l ml. per
mole, glving moles of hydrogen uptake, while at polnt C we
have B converted to the equivalent grams of lodine. By
dividing C by the grams of sample, we have at D the grams of
lodine per gram of sample. The equation to polnt E is D

divided by L & Ip  per HIV unit, converting D to 100
Iﬁﬁ‘g~ semple
gram basis, with the resultant answer being HIV.

Agsuning that the manometer temperature does not vary
enough from 27° to significantly affect the results (actually
19 ¢. changes the results 1 part in 6000), that portion of
the equation except gas volume, pressure change and sample
welght, 1s constant for a given bath temperature. For a bath
temperature of 60% C,, it has the numerical value of

+001215970 and the dimensions of

; \‘ 1 (Vg n
that when multiplied by (Vg ml X /A" mm, Hg), all
grams sample

the dimensions cancel out except HIV units and we have oupr

answere. The gas volume and the sample weight can be calocu-~
lated even before actual hydrogenation and when entered inte
the equation, give a Kp for a particular flask-manometer-sample
combination, which then needs only to be multiplied by the
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uetraetmd,ZQSH? to give HIV. This K, should in the case of

butterfat, have a value of 0.18 to 0.21 since if 1t is less,
the final menometer reading may be off the scale, whereas irf
it is more, the determination 1s less sensitive.

In calculating the displacement of materials placed in
the flasks, multiply the weight of glass beads and vials by
0.447 m1l/gram. The welght of beads is assumed to be 2.150 g.
The densiby of fat at 60° is about 0.8896 % 0.0010 g/ml., se
the weight of fat 1s multiplied by 1.124. {In case a bath
temperature other then 60° ¢, is used, the coefficlent of
expansion for fat is 78.34 x le“skmlﬁml/o Ces (172)s The co=
effieisnt of expansion of propionic scid is 1.102 x 10=3
ml/ml/® ¢. Thersfore, to find the displacement of the acid
at bath temperature, multiply this figure by bath temperature
minus pipetting temperature and the result by the volume
pipetted. Add this figure to the original volume.

The figure of 253.82 g I, per mole is based on the 1951
International atomic weight of 126491 rather than the
previously accepbed figure of 126,92. Whenever using this
figure to calculate a HIV to be compared with the IV, be sure
the IV 1s calculated using the same figure.
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6. Hydrogenation procedure adopted

Since the llsting of the various steps in the hydrogens-
tion procedure are interspersed among the discussions of the
development of the wvarious steps, a deseription of the hydro-
genation procedure as adopted is listed here. However, not
included at this point are detalled descriptions of glassware
cleaning, hydrogen generation and purification, cabtalyst
preparation, and equabtion derivation.

a. Apparstus. The equipment needed for the hydrogenation
includes:

Anslytical balance (Ainsﬁnrth model DILB).

Small water bath for koeping samples melted.

Pipettes, one for each fat (six inch lengths of 6
mme tubing drawn down to a tip).

Catalyat vials.

Ssmple vials.

Desiceator for holding catalyst and for sample and
eatalyst vials,

Hydrogenation flasks as described on page 97, with

| C=clamps or springs for securing lids.

Modified Werburg manometeras as described on page 103.

One 5 ml. pipette.

Hydrogen generation spparatus as described on pags
135.
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Warburg shaker and bath with adequate temperature
control.

Clock.

Portable hot plate (a small electric clothes
pressing iron was used).

Forceps shaped for handling sample and catalyst
vials.

Small spatula with tip (15 mm.) bent to form an
angle of approximately 135° with axis of
handle.

Glass beads, 6 mm., diameter.

b. Reagents and solvents. The necessary resagents and
solvents Include:

Hydrogen, generabted and purified as described on
pags 135.

Propionic acld,

Catalyst prepared as described on page 1lil.

Joint sealer. A mixture of six parts (by weight) of
silieone high vacuum grease and one part Celite.

¢. Procedure. Into numbered catalyst vials welgh 150
mge £ 1 mg. catalyst and record weight of the vials (unless
these show evidence of c¢chipping, these need be weighed only
about every third or fourth time of use). This weighing
should be done well in advance of use and the vials of

catalyst returned to the desiceator to insure that catalyst at
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time of use will not have absorbed molsture. Accurately
welgh samples into the n@mberad ssmple vials, the approximate
size being determined by the equation

Approximate gas volume

Approx, whbe sample = 250 mge. X 22
' Anticipabted Hydrogenation value

Place samples in a desicecabor until ready to begln hydrogena-
tion, In addition to the samples, place Into at least one
other sample visl, spproximately the same amount of fat, for
use in the thermobarometer. It 1s not necessary to welgh
thise. Use the same number of drops from the pipette as for
one of the weighed samples.

On the graund joint of the body of the hydrogenation
flasks and on the counberpart on the lids, place a thin film
of the Joint sealer. Place the sample vials in the sldearms
of the flasks. By use of forceps and bent spatulas, place
catalyst vials into hydrogenation flasks, setting vials up-
right on batknm near sidearm, In each flask, place 10 glass
beads. Measure 5 ml. propionic acid, plek up hydrogenation
flask, tip so as to lay catalyst vial over at 45° angle and
allow & small amount of solvent to flow slowly down the
inside of the vial. As soon as all catalyst has been covered,
set flask upright, being careful not to upset vial, and fill
vial to within about 6~8 mm. of the top. Place the remainder
of the 5 ml. propionic acid into flask. Note and record

temperature of propilonic acid. Place one or two drops of fat
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into each flask (including thermobarometer, which should also
contain proplonic acid). Place lids on flasks and secure,
rotating lid to insure a good seal. VWhere clamps are used,
use a small square (10 mm.) cut from tygon tubing as a
cushion.

Grease Jjoints on manometer sidearms and connect flasks
to manometers. Open atopcocks at top and bottom of manometers
and adjust mercury columns to a height of about 200-230 mm.
Unless present from previous run, add by means of long thin
copillary, sufficlent propionic acid to form a 20 mm. column
on top of each mercury column. Close stopcock at bottom of
each manamatér and connect both arms of manometer to the
evacuatlion and filling manifold of the hydrogen generation
and purification apparatus. Using the portable hot plate
underneath each flask sidearm, heat the fabts Just aurfia@antly
to melt them.

By means of the vacuum pump, evacuate the flasks and
menometers to & residual pressure of not more thsan 10 mm. Hg
and maintain for 10 minutes. Be sure the liquid nitrogen
traps on the apparabus are cold and properly functioning.
After the ten minutes, slowly admit hydrogen to within 100 mm.
of atmasyherie pressure and then re-svacuate. As zoon as the
pressure has been reduced to 10 mm. or less, readmit hydrogen.
Continue in this manner to a btotal of four evacuations. On

the fourth filling with hydrogen, close off the thexrmobarometer



155

flask and menometer when the hydrogen pressure is 50-60 mm.
less than a.tmom)herié pressure and continue filling the others
to about 15 mm. less than atmospheric pressure. Qlczsaé the
stopcocks at the tops of the manometers and dilsconnect the
manifold.

Just before placing the flasks in the previously heated
Warbux*g bath, shake the flasks gently to tip the catalyst
vials.

After shaking for LS minutes, allow the flasks to remain
undisturbed for one minute. Lower the mercury columns below
the reading mark, slowly ralse to mark snd read, estimating to
0.1 mm. Read temperature of bath. Repeat for two more
readings of manometers and thermometer, followed by a reading
of barometers

Average the three readings of the menocmeter and record
this average as AH; unless the total range of the three
excoeeds O.lp mme If just two are in this range, average them,
- otherwise disregard all.

From the AH for each sample, subtract the AH for the
thermobarometer and record the result (with proper sign) as
VAN LR Thirty minutes after stopping for the first reading,
again diseontinue shaking and allow the flasks to remain un-
disturbed for one minute, followed by reading as before. Con-
tinue reading at 30 minute intervals until sufficiently

constant A H! values are obtained. Generally three consecutive
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readings covering a total range of 0.2-0,.3 mm. can be
obtained. When the pressure has become constant, remove each
flask from the bath and tip the sample from the sldearm,
washing out the sidearm with some of the solvent. Return

the flasks to the bath and continue shaking. After about 30-
45 minmutes of shaking, continue manometer readings as before
until a oconstant pressure is obtained.

de (Caloulations. The derivation of the equation 1s

discussed on page 117, Add the flask and manometer volumes
and from the total, subtract the displacement of vials, beads,
sample and solvent. Multiply this gas volume by the equation
constant (which for a 60° reaction is 0.00121597) and divide
by sample welght in grams. This gives a constant for the
particular flask-manometer-sample wagvpﬁaa»aﬁa From the
congstant manometer reading before hydrogenatlion, subtract the
constant reading after hydrogenation and from this subtract

a scale correction of 0.3 mm. Maltiply this corvected A\ H"
by the flask constant obtained as above and express the

results as hydrogenation lodine value.

7+ Hydrogenation of methyl esters

ae. Esters used. In an attempt to check the amccuracy of

the newly developed hydrogenation method, the methyl esters of
several unsaturated fatty aclds were hydrogenated. The
esters were obtained from the Hormel Institute, Austin, Mimn,
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"There were two different lots of methyl oleate, two of methyl
linoleate and one lot of methyl linolenate. The methyl
oleaste had been prepared by fractional distillatlion and
repeated recrystallization from methyl esters of olive oil
fatty aaidé. The methyl linoleate and methyl linolenate had
been prepared by debromination of repeatedly recrystallized
tetrabromostearic acld and hexabromostearic acid respectively.
Lot 3 of methyl oleate and lot 1 of methyl linoleate had been
held at ~25° in the original sealed contaliners durling four or
five years after thelr receipt. The other three lots had
been obtalned four months prior to analysis and likewise had
been held at -25°,

Table 9 gives the analysis as supplied for Hormel Insti-
tute for the lots of methyl ¢oleate while Table 10 glves the
analysis supplied with the lots of methyl linoleate and methyl
linolenate. These analyses were made according to the method
of Brice, Swain, Schaeffer and Ault (390). It may be noted
that there were apparently considersble amounts of impurities
in some of the lots, particularly in lot 12 of methyl oleate.
However, it should be pointed out that the method of Brice,
Swain, Schaeffer and Ault is a method for determining poly-
unsaturated eomp@ﬁnda. As s commentary on a table included in
their report they state (390, p. 22):

Calculated values for olele and saturated aclds are

not included in the table. These acids, of course,
¢an be caleulated from the proportions of polyunsaturated
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Table 9
Analyses Supplied with Methyl Oleate®
T Lot — T Lot 12
Conjugated %bnaanfugata&" Gonjugated Nonconjugated

acids gelds acids au;ds
Saturated XXX none XXX 1465
Monoenole XXX 99.79 XXX 98,28
Dienoiec nene 0.23 0.02 0.08
Triencie nené none none none
Tetraenolic none none none none

8Data taken from mimeographed sheets supplied with
product by Hormel Institute, Auastin, Minnesota.

Pinalysis according to Brice et al, (24), expressed as
per cent methyl esters of Cyg fatty aclds.

constituents indlcated by the spectrophotometrie

data, their theoretical iodine numbers and the

iodine number of the sample.

The caleulation of oleic and saturated acids on this
basis is therefore based on the assumption that the lodine
value method (in this case the Wijs method) gives a true
measure of unsaturation, an assumption which is open to some
question.

Two further points should be mentioned with regerd to the
data on methyl linoleate and methyl linolenate. No mention is
made in the report of analysis of non-conjugated polyunsaturated

constituents nor of saturated and moncethenoid constituents.
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Table 10
Analyses Supplied with ab
Methyl Linoleate and Methyl Linolensate
Lot 1 Eut lu Lot 9
Linﬂlaaba Linoleate Linclenate
Dienoclecs not more than 0.17 0.15 0.60
Trienoic: not more than 0.001 0.0l nil

Tatraen@iaa not more than trace 0.003 0.008

‘B&ta taken fram mimaographad shaahs supplied with
prndnot by Hormel Institute, Austin, Minnesota.

aanjugatad polyunsaturated constituents (from ultra-
violet absorption data), expressed as percentage of methyl
esters of cls fatty aclds.

With regard to the conjugated polyunsaturated constituents,
the phrase "not more than" precedes the figures given.

be Welghing. Because of their high degree of unsatura-
tion and therefore probable esse of oxidation, extreme pre-
cautions were taken in the weighing of the esters. Only red
light was used for illumin&tian and attempts were made to
handle the material only in an inert atmosphere. Once the
seal on the original tube of ester was broken, the tube was
placed in a hydrogenation flask which had previously been
flushed with inert gas. Then the 1lid was placed on the flask
and & continuous stream of gas was supplied through the small
opening in the lid. Sample vials placed in hydrogenation
flasks were thoroughly flushed and after the flask, with 1id
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in place, had been flushed, a glass stopper was placed in the
opening in the lid. After getting a tare weight on the flask
and i&a contents, only the stopper was removed while the
sample was iIntroduced. The sample waz handled with a
specislly shaped p&?atta drawn out o a long, very thin tip.
The pipa%ta tip was doubled back upon itself twice with two
bends of 180° in an attempt to prevent drippage from the tip
aﬁm&mg handling. After filling, the tip was wiped with a dry
cleansing tissue before being introduced into the tared flask.
Care was taken to protect the pipettes from contamination by
fat or esters after they had been heated for shaping. They
were used for only one ester, not being cleaned and reused.
Inert gas was drawn through esch pipette Just before the tip
was immersed into the ester. After the deslred amount of
sample had been introduced, the flask was agein flushed,
stoppered and welghed.

The first attempts at welghing under the above conditions
were made using carbon dloxide but the results were not satise
factory. Since the ground joints of the flasks were nobt
lubricated, the diffusion of the heavy carbon dioxide may have
been the cause of the slow but rather contimous decrease in
welghts Nitrogen was next tried. At firet, there were
difficultles due to the cooling of the gas upon expansion as .
it left the oylinder. These were eliminated by passing the
nitrogen through a coll immersed in a water bath about 5°
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above room temperature.

¢. Results. In addition to hydrogenation value, the
iodine value according to the Rogenmund-Kuhnhenn method was
determined on each ester. The results of these, together with
Wijs lodine values as reported by Hormel Institute are shown
in Tables 11 to 1%. Also shown are theoretical values and the
relationship of observed values to theoretical vaiues.

¥With methyl oleate, the hydrogenation results on lot 3
{the older of the two lots) were below theoretical, both on
the basis of the Hormal Institute analysis and on a pure com~
pound basis. On lot 12 the results were above theoretical on
both bases, but on both lots the results were nearer the theo-
retical values for a pure ester than for the values resulting
from the analysis by Hormel Institute. In fact, with the
fresher of the two lots, the deviastion of the average hydro-
genation 1odine value was less than twa‘parta per thousand
from the theoretlical value for the pure ester although
individual values differed by as much as six parts per
thousand from this value, The two individual values on lot 3
give almost perfect agreement, while the total range of the
five values on lot 12 amounts to ten parte per thousand. The
standard deviation is 0.351 hydrogenation lodine units. Since
the analyses were apparently based upon a Wijs lodine value,
it seems quite poséible that the material had a higher degree

of purlty than was indicated, the low analyses being the
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Tabla 1l
Analytical Results on Lot 3, Methyl Oleate

Percentage of theoreti-
Values ¢al valuea based on

“Pure Hormel Inst.
compound anslysis

Theorebtical for

pure ester 85.61 100,00 99.74
Theoretical according
to analysis by
Hormel Institute 85.83 100.26 100,00
Wijs lodine value 85.848  100.27 100.01
Rosenmnd- g min. 85.23 99.57 99.30
Kuhnhenn reaction
iodine 85.51 99.88 99.63
values , :
85.43 99.79 99.53
20 min.
reaction
LO min.
reaction
Overall \
average 85.39 99.Th 99.49
Hydrogenation lodine values 85,11 99.42 99.16
85. 14 99.445 99.20
Average 85,13 9911kt 99,18

fpata from mimeographed aheat supplied with product by
the Hormel Institute, Austin, Minnesota,
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Table 12
Analytical Results on Lot 12, Methyl Oleate

Percentage of theoreti-
Values ¢al values based on

“Pure Hormel Inste

"&ompeund analysis

Theoretical for
pure eater 85.61 100,00 101.54

Theoretical according
to analysls by

Hormel Institute 8L.e31 98.48 100400
Wijs iodine value 8l;.3% 9847 99.99
Ro senmund- S min, 8L.34 98.52 100404

Euhnhenn reaction

iodine B« 77 99,02 100.55

values

reaction
85.47 99.8L 101.38
4O min. 84.82 99.08 100,60

reaction
84.77 99.02 100.56

Overall

average 8l4.87 99,1 100.66
Hydrogenation lodine values 85,67 100,07 101.61
86.14 100.62 102.17
85.27 99460 101.26
85,63 100.02 101.57
86,05 100.51 102.06
Average 85.75 100.16 101.71

%Data from mimeographed sheetb aupplied with product by
the Hormel Institute, Austin, Minnesota.
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Table 13
Analytical Results on Lot 1, Methyl Linoleate

Percentage of theoreti-
Values cal values based on

“Fure Hormel Inst.

compound analysis

Theoretical for
pure ester 172439 100,00 100,00

Theoretical according
to analysis by

Hormel Institute 172439 100,00 100,00
Wijs iodine value 172.4% 100,01 100.01
Rosenmund- 5 min, 158;5&. 91.97 91.97

Euhnhenn reaction

iodine 158.61 92,01 92,01

Values .

158.86 92415 92,15
20 min,
reaction
4O min,
reaction
Overall
averapge 198 . 6? 92 Gl{» 92, Ol}
Hydrogenation iodine wvalues 173,06 100,39 100.39
172.38 99.99 99.99

17272 100.19 100.19
Average 172.72 100.19 100,19

Data from mimeographed sheet supplied with product by
the Hormel Institute, Austin, Minnesota.
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Table 1l
Analytical Results on Lot 1lj, Methyl Linoleate

Percentage of theoreti-
Values c¢al values based on

“Pure Hormel Inste.

compound analysls

Theoretical for

pure ester | 1720»39 100,00 99098
Theoretical asccording
to analysis by
Hormel Institute 172.43 100,02 100,00
Wijs lodine value 171.78 99.60 99.58
Ro senmundw 5 min. 152.96 88.73 88.71
Kuhnhenn reaction
values
20 min.
reactlion 156.59 90.83 90.81
reaction
156.56 90.82 90.80
Overall :
average 155.39 90.1l 90,12
Hydrogenation fodine values 172.1L 99.85 99.83
171.27 99.35 99.33
171.69 99.59 99.57
173.95 100.90 100.88
171.60 99.54 99.52
Average 172.13 99.85 99.83

&Data from mimeographed ahéet auppliad wiﬁh product by
the Hormel Institute, Austin, Minnesota.
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Table 15
Analytical Results on Lot 9, Methyl Linolenate

P@rcentags af theoreti-~
Values cal values based on

“Pure Rormel inst.

aempaund analysis

Theoretical for
pure ester 260.37 100,00 100.20

Theoretical according
to analysis by

Hormel Inastitute 259.85 99.80 100,00
Wijs ifodine value 259.,0% 9947 99.67
Rosernmund - 5 min, 333.& 63 88*96 agtm

Kuhnhenn reaction .

values

20 min,  232.62 89.34 89.52
reaction
232.17 89.17 89.35
reaction
23@.91 88.69 86.83
Overall ! , ,
average 230,82 88.65 88.83
Hydrogenation iodine values 259.21 99.55 99.75
Average 259.21 99.55 99.75

AData from mimeogrephed sheet aupplied with product by
the Hormel Institute, Austin, Minnesota.,
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result of incomplete reaction with Wijs reagent.

While it 1s considered unlikely (in view of the condltions
of storage), there is a slight possibility that the low
results on the older lot may be the result of a slight oxida-
tion. If hydroperoxides were present these might be expected
to cause high results but with such prolonged storage, any
hydroperoxides may have decomposed. II' the hydroperoxides
interacted with ethenold linkages to form spoxy groups, whlle
themselves being changed to hydroxy groups, this might lower
ths hydrogenation value.

The analyses submitted by the Hormel Institute on the
lots of methyl linoleate give theoretical values in very good
agreement with the theoretical values for pure esters, whereas
the Wijs lodine value on lot 1L is appreclably below the
theoretical value. On each of these lots the average of the
hydroganatianvimdina value is within two parts per thousand of
the theoretical value. On lot 1 the standard deviabion ls
0.34 hydrogenation iodine units while the corresponding figure
for lot 1L i1s 1.06l.

The hydrogenation iodine value of the methyl linolenate,
while below the theoretlcal figure, is above the Wijs iodine
value. (Because of leakage in the equipment only one value
was obtained on the methyl linolenate,)

The Rogenmund-Kuhnhenn lodine value on the methyl oleats,
lot 3, was below the theoretical value and almost half a unit



168

below the Wijs value but was higher than the hydrogenation
jodine wvalue, which was a rather unusual occurrence in this
study. There was very good agreement among the results ol the
three determinations, the standard deviation being O0.1hh
ficdine units. Lot 12 showed an average Rosermund-Kuhnhenn
value which was 0.88 units below the hydrogenation value and
was more than half a unit above the Wijs value. Hormel
Institute had reported this lot to contain l.65 per cent
esters of saturated fatty acids though the hydrogenation value
would tend to cast some doubt on this. Although the Reosermund-
Kuhnhenn values with a 20 minute reaokian time were higher
than those with elther 5 or [0 minutes and the 5 minute values
were lowest, the standard deviation of all values without
regerd to reaction time was only 0.373 lodine units on lot 12.
The polyunsaturated esters showed rather unusual results
in the Rosenmund-Kuhnhenn determination. The results were
approximately elght and ten per cent below theoretical
results., lot 1, the older lot, of methyl linoleate which had
shown good agreement as regards hydrogensation, likewise
showed good agreement among replicate iodine values, the
standard deviation being 0.168 units. The average value,
however, was eight per cent below the theorstical figure and
slightly over eight per eent below the hydrogenation value.
Lot 1l showed less agreement here as it had also shown with
the hydrogenation. The standard error was 1.993 lodine uniﬁs.
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The results here were almost 10 per @ént below both theoreti-
cal and hydrogenation values.

The methyl linolenate values showed an appreciable varia-
tion, the standard deviation being 1.722 lodine units. Here
again the values at 20 minutes were the higheaﬁ. The overall
average was more than 11 per cent below the theoretical
figures snd was 10.95 per cent below the hydrogenation value.

If one assumes that the hydrogenation value 1s a correct
measure of the unsaﬁurétimn, an average of 32.85 double bonds
per 100 molecules of methyl linolenate used does not fsaat
with Rosenmund-Euhnhenn reagent while in lot 1 of the methyl
linoleate (the lot giving the better agreement of the two
linoleates) an average of 16,27 double bonds per 100 molecules
do not react. This raises a question (as yet unanswered) as
to whether there is a direct relationship here or perhaps only
coincidence. The other lots of methyl linoleate showed on
this same basis 19.416 double bonds not reacting per 100

molecules.

8. Hydrogenation of fats direct from -25° storage

During the development of the hydrogenation method,
varlous butterfats were hydrogenated but, generally spesaking,
the pressures dld not become constant elither before or after
hydrogenation., The values were, however, consistently higher

than the Rosemmund-Kuhnhenn iodine values on the same fat.
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Since equilibrium was not attalned, 1t was not possible to get
exact values. The differences between lodine and hydrogenation
values obtained during this phase of the work were generally
cae leoly to 2.0 units.

In April 1950, the results shown in Table 16 were obtained
for elght simultaneous hydrogenations of the same fat., While
these results were in rather close agreement, results such as
these could not always be obtained at that time. After two
more years in the development phase much better agreement
could be obtained as will subsequently be shown. The results
do, however, show a very distinot variation from the iodine
value of 32.0 on this fat. )

If one takes for each sample, the average of the values
at different times, excluding those footnoted (when the hydro-
genation was obviously not complete) he finds that the average
of the values for the different samples 1s 33.41 with a
standard deviation of 0.136 lodine units. The values at dif~-
ferent reading times on any one sample cover a range of 0,05-
0.52 hydrogenation fodine unit with all but one being 0.15
unit or more.

If one were to compare the first readings (excluding
those which were obviously not complete), the standard devia~
tion would be about the same as above but the average value
would be about 0.095 unit lower. Later work after the develop-
mental phase of the hydrogenation was completed showed that
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Table 16

Relationship of Hydrogenation Values to Time
After Start of Hydrogenation®

Sample _Minutes after star%zgf hydrogenation __ Average

oly 31.59%  32.61%  33.2h  33.39  33.33  33.32
33.55  33.61  33.68  33.55  33.50  33.58
33.39  33.50  33.70  33.73  33.51  33.57
33.25  33.30  33.29  33.29 . 33.21  33.27
334l 33.51  33.50  33.53 - 33.75  33.55
29.43°  31.39°  33.18  33.34h  33.70  33.41
13 33.33  33.40  33.36  33.35  33.27  33.34

15 33.15  33.23 33.32  33.32  33.30  33.26

0~ W\ o

8jydrogenation method used here not that finally adopted.

bAvaragaa figured without use of values marked with a
superscript.

hydrogenation was usually complete in li5 minutes. However,
here the valuesg at two hours after start of hydrogenation show
a standard deviatlon of 0.197 hydrogenation lodine units,
although the average is the same as that found by averaging
all raa&ings.

In August 1950 a large number of determinations were made
on a samp;e of milk fat obtained from Louisiana in April.
Disregarding those determinations which were obviously slow in

taking up hydrogen (whether because of inactive catalyst or
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Table 17

Values on Replicate Hydragsnabiena of April
Iouisiana Milk Pat®

Auguat 1l August 11 August 16 August 17
37.55 37.75 37.26 38.02
37.51 37~ 37.49 37.7
37.52 Bg g 37.42 37.6
3?’30 tl 3?&28
37.26 3? 57 37*%%

37.53 - 37.63 37+
37.51 3?~77
37.22 37465
37.66 36.72
3777

aHydroganaﬁian method used here not that finally adepted.

for other reason) and taking the first reading after start of
hydrogenation (which on this group of determinations were in
almost every case at least one hour after start of hydrogena-
tion and which seemed here to glive as good agreement as any
other method of figuring) the values shown in Table 17 were
obtained. The iodine number of this fat was 35.76. These
values range from 36.72 to 38.18 and have a standard deviation
of 0.222 hydrogenation lodine units. At the time these deter~
minations were made 1t was still not possible Ho obtain the
desired equilibrium.

After the adoption of an all glass system with the use of
a propionic acid layer above the mercury in the manometers,

much better eqlilibration was obtained and the agreement among
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replicate determinations was considerably improved. Table 18
gives the values obtained on a sample of March fat held at
«25°, while Table 19 presents similar figures on a June fat.

For the March fabt the range of values was 0.09 unit, with
a standard deviation of 0,028 hydrogenation iodine unit. The
Rogsermund-Kuhnhenn iodine value was 32.91s The difference
between the 1odine and hydrogenation values was 0.3l unit,

The June fat, as would be expected, showed considerably
higher values. Purthermore, there was not as geod agreement,
the range of values being 0.23 unit and the standard deviation,
0.083 unit. There was a much greater difference between the
hydrogenation iodine value and the ifodine value here than with
the March fate The iodine value was 39.38, or 1,30 units less
‘than the average of 1j0.68 for hydrogenation. Whether the
greater difference between methods with the summer fat and
the lower lodine values of polyunsaturated methyl esters
result from the same cause ls as yet undetmrmined._

Assuming an average glyceride molecular waigh# of 750 for
milk fat, 100 grams of fabt (the welght on which the lodine
value 1s based) would contain O.4 moles of fatty acid residue.
One gram of iodine {(or the halogen equivalent therete) would
be absorbed by 0.0039& moles of ethenoid linkage., Thersfore,
to change the lodine value one unit, 0.0039l moles of double
bond must have failed to react. On the basis of the results
obtalned with the methyl esters tested it seems that
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Table 18
Values on Replicate Hydrogenations of March Milk Fat&b

June 26 June 30 dJuly 2
33.25 33.25 33.29
33.23 33.24 33.27

8ydrogenation method used here was that finally adopted.
bRoaanmund~Kuhnhann iodine value was 32.91.

Table 19
Values on Replicate Hydrogenations of June Milk Fat®b

June 26 B June 30 duly 2
40,66 10.78 40.71
ho.67 L0.62 L0.82
40.76 . 40.59

aﬂwﬁr@ganatien method used here was that finally adopted.
Rosenmund-Kuhnhenn iodine value was 39.38.
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approximately 10 per cent of the double bonds in those poly~
unsaturated esters falled to resct. Cow milk fat is normally
considered to be practically devoid of trienoilc acids. 1If,
then, the difference between the iodine and hydrogenation
jodine values is due to a failure of 10 per cent of the
linoleate to react, there must be present for each one unit
difference 0.0394 moles of double bond in the form of linoleate
or 0.0197 moles of linoleate. This figure, on the basis of an
sasumed glyceride molecular weight of 750 then represents
1925 molar per cent of the total component acids in the fat,
To obtaln a difference of 1.30 units would necessitate 6.40
molar per cent linoleate. A larger glyceride molecular weight
{(other assumptions remaining unchanged) would require even
more linoleate. Hilditeh (96) cites a number of analyses of
the component acids of milk fat and in the only case in which
the figure for octadecadienocic acid exceeds lj.5 molar per
cent, 1t 1s 5.0. The reason for the difference between the
jodine and hydrogenation values 1s, therefore, still

unexplained.

Be 8btudy of Milk Pats During Oxldation

1. Objectives

a8 Relationship of results of variocus snalyses. Several
methods commonly used to follow deterioration of fats and oils
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were to be employed in an endeavor to find methods which
would show a high degree of correlation with each other and
with the amount of deterioration indicated by organoleptic
observations during the useful life of the fat. It was con-
sidered that if such correlations could be found, they might
glve further insight into the mechanism of the process of
auntoxidation of fats.

be Prediction of shelf life. It was hoped that a
thorough exemination of the results ocbtalned might prove of
value In indicating that one or more of the methods studied
could be employed for predicting the useful shelf life of dry
milk fat.

c. Effect of temperature. Fabt oxidations are lmown to
proceed at a more rapid rate with increase In temperature.
Within the temperature range ~20° F. to 100° P, the oxidative
mechanism may or may not be the same. It was hoped that this
study might throw some light on this aspect of milk fat
oxidation,

ds Effect of season. Dalry products generally are con-
sldered to be more susceptible to the development of oxidized
flavor if they are produced during winter than during summer,
It 1s not definite uhether the greater susceptibility during
winter 1s a result of triglyceride oxidation or of other
entities of the 1lipid fraction (¢f., phospholipids in milk),
It was hoped that this phase of the study would yileld
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preliminary data indicating whether or not the rate and
mechanism of oxidation of dry milk fat are primerily functions
of the glyceride structure as 1t is affected by season, or to
variations among certain eamponahxak(g,g,, tocopherols) of the

nonsaponifiable fraction of the dry milk fate.

2. Qutline of experiment

8. Selection of samples. Because of the difference in
the structure of the component fatty acids and also because of
the difference in the content of tocopherol, the naturally
occurring fat-soluble antioxidant of milk, & late winter
{March) fat and an early summer (late June) fat were selected
for study.

b, Storage. The fats selected were subdivided into
aliquots of about 50 ml. each and stored abt =259, L9, 25° and
Loo,

ce Analyses made. The observations to be made on the
samples were those for tocopherols, peroxides, and carbonyl
compounds, ilodine value, hydrogenation iodine value and
organoleptic flavor score. In the beginning, these analyses
were to be made each 18 days on samples stored at -25° and
each 12 days on those at [, Samples stored at 25° wake to be
analysed every sixth day while those at [,0° every second day.
Provision was made in scheduling the analyses so that as the

samples began to deterlorate rapidly as indicated by the rate
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of change in the values, the intervals between analyses could
be cut in half,

d. Study of results. The results of the various analyses
woere to be plotted against each of the other analyses. In
making up these plots, the order of dependency of the factors
was considered to be in the following decreasing order:

Time

Organoleptic score

Jodine value

Tocopherol content

Peroxide content

Carbonyl content

Hydrogenation ilodine value.
Time was placed first because all other values would vary with
it. The hydrogenation lodine value was placed last because
the method was newly developed and it was desired to determine
its reliability as a method of studying fats during oxidation.
Because it was conslidered the ﬁast avallable oriterion of fat
deterioration, organoleptic score was placed second. Iodine
value was next in order becsuse it is a falrly accurate
determination and is directly related to fat structure. Toco~
pherol content should be a funotion of the oxidative condition
of the fat. Of peroxide and carbonyl values, the peroxide
determination 1s believed more accurate.

Correlation coefficients were to be calculated between
pairs of values. Slnce the course of the oxidative mechanism
may change as the reaction proceeds, due to autocatalytic

effects or to accumulation of axidation products, the fats
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temperatures. The samples at 259 and L0° were stored in home
made air bathsj bath temperatures were constant te ¥ 0,29,
External Penwall thermoswitches sensitive to changes in room
temperature and cireculating water temperature aided in main-
taining a constant temperature. |

All samples were first shsrp frozen and were tempered to
the particulasr temperature at which they were to be stored by
holding in a water bath before placing in the storage units.

¢« Hydrogenation. The apparatus, reagents, procedure
and calculations for the hydrogenation method have been listed
previously (page 151).

de JIodine value. The ifodine value determinatlons were
made by the method described by Breazeale (22) using the
Rosenmund-Kuhnhenn (185) reagent with a five minute reaction
period. Approximately 25 ml. of the pyridine sulfate
dibromide reagent was used for each ssmple; the thiosulfate
was ¢a O.1 N.

The procedure for milk fat is as follows: When the
sample is removed from storage, it is placed in a small water
bath to melt it 1f necessary and to keep it melted. Samples
are welghed into small sample cups, using a sample of such
size as to glve a 100 per cent excess of brominating agent.
Sample cup with sample i1s placed in iodine number flasks, care
being used to prevent spillage of sample on side of flask.
Ten ml. of 03613 are added to each flask containing a sample
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and to at least two more for use as blanks. The flasks are
then swirled to dissolve the fat and placed in a 25° aipr
bath. A sample is removed from the box and about 25 ml, of
approximately O.1 N pyridine sulfate dibromide are added. The
exact amount of brominating agent need not be known S0 long
as it is the same for blanks and all samples. The time is
noted and two drops of syrupy phosphoric acld are placed in
the trough of the flask which 1s then glven one swirl and
placed back in the constant temperature box. Exactly flive
minutes from the addition of the brominating agent, the flask
is removed from the box and 6.5 ml. 10 per cent KI are added,
approximately the first milliliter being placed in the trough
before careful removal of the stopper. After mixing the KI
with the residual pyridine sulfate dibromide In the flask,
Nap850, (about 0,1 ¥ but normality known exactly) is added
from the burette untll a very light straw color remains. Add
2 ml. 1 per cent starch solution and 50 ml. Hy0, rinsing down
the trough and stopper with the water. Continue titration to
the dissppearance of the blue c¢color of the starch~iodine come
plex. Shake vigerbus1y and if blue color returns, dlspel it.
with more thiosulfate. Record the amount of thiosulfate used.
Blanks are treated in the same menner as the determinations.

6. Determination of peroxide contents, The method used
for the determination of peroxides was essentlially that of
Hills and Thiel (98) as modified by Handwerk (87). The
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reaction temperature used was 50° as recommended by Hills and
Thiel rather than 60° as used by Handwerks. In this study,
mixing was accomplished by inverting the cylinders and
returning to an upright position four times after each addltion
of reagent, each time allowing the alr bubble to move
completely from one end to the other. Handwerk had specified
shaking as the method of mixing,

Cuvettes were matched at 510 m .. in the manner described
by Ven Devender {(212b), using cobaltous chloride (5.95 g« plus
2 ml. eonc, HCl, made to 100 ml. with distilled water).

The reference curve was prepared in the manner deseribed
by Handwerk (87) except that the volume was made to only 9,90
ml, with benzene-methanol (70:30) and one drop of HCl
solution (cas 0.25 N) was added after the addition of one
drop of Nﬂusaﬁ solution. The preparation of the standard
solutions employed is presented in Table 20,

The procedure with milk fat 1s as follows: Acourately
welgh about 1 g, fat into a 50 ml., glass-stoppered amber
volumetriec flasks. Dilute to 50 ml., with benzene-methanol
(70230 by vol.)e From this, pipette 1, 3, 6 or 9 ml. of fat
solution into 10 ml. g« s. graduated actinic mixing cylinder,
the amount being such as to give at time of resding a trans-
mittance preferably in the range of 80-95 per aent;‘ If the
peroxide range of sample is unknown, use three or four of the

above amounts, Add benzene-methanol to a total of 9,9 ml.
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Table 20

Amounts of Solutions
For Preparstion of Peroxlde Reference Curves

Solution no. ml. Solution Approximate meqg. iron per
eylinder®

»0028
+006
01l
023

028
+056
+099
«129

#1043
« 220
«280
«350

&NN%

=4

=

VIEFWR W=D oo

®Based on 74162 meq. per ml. of stock solution,
Powo ml. solution 1 diluted to 50 mle ‘
®Pen ml. solution 1 diluted to 50 ml.

dﬁne mle. stook solution diluted to 100 ml.
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Add 1 drop NH) SCN solution (30 g./100 ml. dist. Hy0), mix by
inverting four times, add 1 drop of FeCl,® solution and again
mix with four inversions. Heat for exactly three minutes at
509 in water bath. Cool for five minutes in water bath at
room temperature. Pour into cuvettes and read against blank
contalning benzene-methanol and set for 100 per cent trans-
mittance at 510 millimicrons.

Prepare a reagent blank in the same manner as for a
sample except that benzene-methanol solvent ls employed
instead of fat solution. Prepare fat blanks with the same
amount of fat as 1s used 1n determinations and in same manner
except that one drop distllled water is used In the place of
one drop FeCl, soclution. Complete these blanks and read them
in the same manner as for semples.

The standard regression determined (193) between log.
percentage transmittance (x) and _«eq. peroxide in the ali-
quot read (y) 1s:

¥ = 0.55525 (1.9987 = x).

To calculate the peroxide content of the fat, subtract
from the indicated peroxide content (according to the equation
calculated above) of the sample the sum of the indicated
peroxide content of the fat blank and the reagent blank. Then

®Dissolve 0.4 g« BaCl, 2H;0 in 50 ml, H,0, add slowly a
solution of 0.5 g FeS0, 4 0,%n 50 ml. dist> Hy0. Gentri-
fuge 5 min. at 1000 r.p.m. Decent supernatant into a brown
bottle and flush with nitrogen.
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correct for dilution and convert to a one g. basis. If P/g
fat is the peroxide content of the fat and F3, ?F* and PB
are the Indicated peroxide content of the sample, the fat
blank and the reagent blank respectively, then the equatlion

becomes §

e L (s y . 50 !
g2. 18t Pg - (Pp + Pg) x ﬁi?éfat 50T, used © g. Tat In 50 mis

801,

The answer is in S eq. peroxide per g. of fat, which is
the same as meq. peroxide per kge. of fabe.

fo Determination of carbonyl compounds

(1) Method. The method used in this study for the

determination of carbonyl compounds weas that of Lea (122)
except that the reagent was prepared from crystalline sodium
bigulfite and the bottles containing the fat solution and
bisulfite solution were flushed with nitrogen prior to
shaking.

The following procedure was used on milk fab: Weigh one
g« samples of fat into 70 ml. glass-stoppered bottles. To
each of thasé bottles plus two bottles as blanks, add 2 ml.
benzene (to dissolve fat) and 20 ml. bisulfite solution. .
Flush each bottle with nitrogen for about 30 seconds. Place
bottles horizontally in shaker (Fisher-Kahn type) with
stoppers held securely in place and with axis of bottles in
the directlion of shaking. Cover to protect from light and
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shake one hour. Transfer contents of bottles to 50 ml.
centrifuge tubes having a conical bottom. Centrifuge (Adams
angle head clinical centrifuge) five minutes at 1000 r.p.m.
Pipétt@ 15 ml. aqueous solution inte a 125 ml. Erlenmeyer
flask and add 2 mle. 1 per cent starch solution. Add 1 N
iodine until blue color persists for one or two seconds. Then
add 0,05 N iodine until color remains for one or two seconds.
After this, add 0,002 N lodine, adding one drop more than
enough to give a color remaining one or two seconds, Note
carefully the color. A4dd 3 g. HaﬁcﬂB, mix and titrate quickly
with 0,002 N iodine to same color. Treat the two blanks
similarly. |
While the aqueous phase in the bottle amounted to 20 ml,,
only 15 ml, of this was titrated. The equation for calculating

the carbonyl content ist

%x {ml, for sample - ml, for blank) , normality

sample weight in g.

= mmol. of carbonyl per kg. of fat.

&+ Tocopherol determination.
(1) Method. Tocopherols were detemined in this

study by the method of Bird et al. (13b) using Floridin
(treated with HCl and SnCl,) for the removal of interferents
after saponification of the fat., The tocopherol content was
calculated on the basis of the color developed by the reaction
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Table 21

Amounts of Solutions
For Preparation of Tocopherol Reference (urves

Solution no. ml. Solution meg. Tocopherol per cylinder2
2 0.5 5
2 2.0 20
2 g.ﬂ 29
2 »0 60
2 0 8o
is 1.0 10
1 1.5 150
1 2.0 200
1 2.5 w 250
1l 3.0 300
1 345 350

8pased on 20 mg. tocopherol per ml. original solution.
bpive ml. orlginal sclution diluted to 100 ml.
®pifty ml, original solution diluted to 100 ml.

between ferrous iron and alpha, alpha'-dipyridyl. The ferrous
iron results from reduction of ferriec iron by the tocopherols.
The reference solutions were prepared as indicated in Table
2ls Reagents were prepared as indicated by Bird et al.
(13b), Cuvettes were mateched by the method of Van Devender
(212b) using cobaltous chloride (5.95 g. plus 2 ml, HCL made
to 100 ml, with distilled waber) at 520 m.c ,

For the determination on milk fat, proceed as follows.
Welgh 10 g. fat into a 150 ml. standard taper amber extraction
flask, add 5 ml. of 5 per cent pyrogallol and mix thoroughly
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by rotary motion. Add 20 ml. 3.5 N methanolic KOH and mix.
Place flask on lower end of atandard taper water Jacketed
condenser and heat at 809 (water bath) for 10 minutes after
the solvent begins to drip from the aendanaa»‘tip; Rinse
condenser {into flask) with 5 ml. methanol and remove flask
fram condenser. Add L0 ml. distilled wa&er, mix, add 15 ml.
methanol, mix and cork flask. Cool to room temperabure in a
room temperabture water bath.

Transfer the cooled saponification mixture to a 250 ml.
glass~-stoppered, amber, Squibb type separatory funnel, rinsing
the extraction flask into the funnel with small portions of
distilled water {(total 60 ml.) and small portions of peroxide
free ether (total 80 ml.).

Sheke funnel and contents vigorously ten times and after
phases have separated run agqueous layer into clean 250 ml.
beaker, Transfer the ether solution (through mouth of
funnel) to a 250 ml. amber Erlenmeyer flask, rinse the
separatory funnel with three 10 ml. portions of ether and
rinse the mouth of the funnel after each transfer. Cork this
flask and hold.

Return soap solution to the funnel and extract twice as
above with 50 ml, portions ether, rinsing beaker into funnel
wlith ether used in extraction. Transfer the second ether
extract to flask containing the first extract. To third

extract in funnel, add the first and second extracts, Wash
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the combined extracts successively with 50 ml. 1 per cent
aqueous KOH, 50 ml, 2 per cent Calgon, and two 50 ml. portions
of distilled water. After the extracts have been shaken with
KOH, add 20 ml. saturated NaCl and invert the funnel twice to
prevent the formation of a three-phase system.

Transfer washed ether solution to a 300 ml, amber Erlen~
meyer flask, add 10-15 g. anhydrous sodium sulfate and dry for
at least two hours. Transfer dried ether solution to a 250
ml., standard taper amber extraction flask, rinsing the sodium
sulfate and Erlermeyer flask three times with 10 ml. ether.
Evaporate solvent at L0-50° under vacuum, using a water bath
for heating. When the ether is evaporated, submerge the
flask to the bottom of the ground neck in a 70° bath for 30
seconds, and cool. Add 2 ml. benzene in the small reservoir
at the top of the evaporation apparatus, close the stopcock
between the apparatus and the aspirator and allow the benzene
to flow slowly into the extraction flask, breaking the vacuum
after the benzene is added. Transfer the residue with suc-
cessive small (3~} ml,) portions of benzene to a 25 ml. glass=
stoppered amber volumetric flask and make to volume with
benzene.

Pipette 10 ml. gr this benzene solution onto the freshly

prepared Floridin column®, using care not to disturb the top

8pPrepare Floridin adsorption columns according to the
method of Bird et al. (13b) as follows: Seal together a 200
rm. length of 9 mm. pyrex tubing and a 60 mm. length of 18 mm.
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of the column. Wash the column five times with 5 ml. benzene
each time, in each case adding the aliguot of benszene just as
the upper surface of the previous aliquot reaches the surface
of the Floridin; allow solution and washlngs to pass through
the column at atmospheric pressure, Collect sample and
washings in a 150 ml. standard taper amber extraction flask.
Using the evaporation apparatus, evaporate the benzene
under vaocuum at 45% Keep the water bath surface below the
surface of the liquid in the flask at all times. When dry,
¢cool to room temperature, close the stopcock to the aspirator
and add 2 ml. benzene through the reservolr at the top of the
evaparatibn apparatus, Transfer the residue to a 25 ml.
gl ass~stoppered amber mixing cylinder with small (2 ml.)

tubIng. To the other end of the 9 mm. tubing seal a 60 mm,
length of 3 mm. (i.d.) tubing. Grind the open end of this
small tublng at an angle as on a funnel tip. After cleaning
in chromic acid, pack the upper end of the small tube with
glass wool, Weigh 1.5 to 2.0 g. Floridin XX8 (PFloridin Co.,
Warren, Pa.) into a 50 ml. bsaker and add about 0.25 g.

SnCly and 5 ml. c.p. conc, HCl., Heat to boiling and pour into
the adsorbent receptacle tube. Rinse with two 5 ml. portions
absolute ethanol end five 5 ml. portions benzene. In each
case, add a portion of ligquid Just as the upper surface of
the preceeding portion reaches the surface of the adsorbent.
Do not permit the adsorbent surface to become dry or exposed
to air. While the last portion of benzene is on the ,
adsorbent, cork the upper end of the tube and remove suction.
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portions of benzene, bringing volume to exactly 10 ml.

Add 2 ml. color development reagent and make to 25 ml.
with sbsolute ethanol. Stopper, mix, pour into cuvette and
read agalnst s blank made with 10 ml. purified benzene, 2 ml.
color development reagent and 13 ml. ethanol. Read at 520
mu  exsotly ten minutes after addition of color development
reagent.

Uslng the values obtalned with the alpha-tocopherol
standard, plot a regression equation (193) letting x = loga-
rithm of per cent transmission and y = mege tocopherol (per -
25 ml. colored solution).

Correct the readings on milk fat for cuvette differences
and, by means of the aquatian {or a table constructed using
it), convert the readings to meg. of tocopherol per 25 ml,
colored solution. The 10 ml., solution used in color develop~

ment represents l g fat. The equation therefore becomes
meg. toocopherol/g. fat = 0,25(meg. tocopherol/25 ml. solution)

The 10 minute reading 1s assumed to yield the total toco~
pherol content of milk fat,

hs Organoleptic observations. Several persons tasted
the fat and each individually decided upon the flavor present
and selected a numerical rating for the fat from the following

score cards
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Pt
[

Fresh

Lacking fresh flavor
Stale

Oily

Slightly oxidized

Oxidized

S g, g

Badly oxidlzed
Metalliec
Tallowy or fishy

Bleached and tallowy
or fishy

o

If differences occurred among the jJudges they attempted
to agree on a flavor criticism end a numerical rating as a

result of consultation among them.
li» Results

a. General statements. Correlation coefficients were
calculated for the entire time of storage for all combinatlons
among the several analyses. In asddition, they were calculated
for some series of fats to various levels of oxidation. For
example, although the June fats at all temperatures except
-25° were compared to a degree of deterioration indicated by
flavor scores of 6 and 3, in no case did the March fat reach a

score of 3, while with the June fat, 1t was impractical to use
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comparisons at & score of 7 ag was @cne with the March fat.

Since the number of determinations and consequently the
number of degrees of freedom varled considerably with the
different series, the mere citing of the value of "r'", the
correlation coefficient, would be of little significance
unless one were also to state the degrees of freedom, There-
fore, for the sake of uniformity and as a convenbtlon of temms,
in discussing the results, the terms "highly significant" or
"very significant" will be used whenever there is a probability
of 0,01 (or less)of obtaining such a correlation coefficlent by
chance alone. Likewise the terms "significant" and "poasibly
significant”™ will be used for probabilities of less than 0.05
and 0.10 respectively. In general, a statement of "not
significant™ can be taken to mesn & probability in excess of
0.10. It must be borne in mind that with a large number of
calculations such as is involved here, it 1z almost inevitable
that by chance there will be some very high values of "p"
where there is no genulne significance. Nevertheless, for the
sake of convention in discussing the results, the terms
mentioned will be used throughout the thesis but where it
appears from the data on members of the same series that there
is no true significance, an endeavor will be made to point out
this fact,

The coefficient of regression has been calculated for the

full duration of storage for all combinations of analyses.
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These are shown in Table 31. In some cases, whereas the
individual members of a series do not show significance as
determined by the correlation coefficient, the fact that all
(or almost all) of the coefficients of regression in a series
have similar sign may be indicative of a trend and so will be
mentioned in some cases,

b. Changes with passage of time.

(1) Hydrogenation lodine values. The correlation
coefficients of the relationships between the hydrogenation
iodine values and the number of days in storage were not sig-
nificant for either the March or the June fat at any tempera-
ture to any degree of oxidation that oscurred. However, in
all elght cases the coefficient of regression was found to be
positive, Indicating a slight tendency for the hydrogenation
value to increase with time, the highest temperature having a
greater influence on the rate of increase than the other
temperatures involving the same fat. The trend is not great
enough nor definite enough to enable one to say with certainty
whether 1t is related to the increase in peroxide content in a
causal relationship, is mere chance, or results from the fact
that both the hydrogenation value &ﬁd the peroxide content are
related to some other factor.

(2) Iodine values. The correlations of the iodine
values with time are of doubtful significance, though there
does seem to be a tendency toward significance. The March
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muber of analyses.
(5) Tocopherol content. While at 40° the toco-

pherol content with relation to time showed a highly signifi-
cant correlation with ﬁha‘anna fat and & significant correla=
tion with the Mareh fat, there was no correlation between
tocopherol and time with either fat at 25°, At 4° there was
significant correlation with the March fat and possibly with
the June fat. The correlation coefficients for the two higher
temperatures are negative as would be expected but oddly they
are positive for the lower temperatures. The apparent in-
crease in the tocopherol content is guite likely the result
of an inerease in some reducing compound other than tocopherol
a8 it seems unlikely that tocopherol itself would be formed
in the fat in vitre. The nature of this reducing compound is
unknown. It may possibly be an aldehyde. This, however, is
believed unlikely because it is belleved that at the higher
temperatures the prodﬂcﬁian’ar aldehydes proceeds so rapidly
that if aldehydes were involved there would continue to be an
apparent increase in tocophercl at the higher temperatures
rather than at the lower temperatures only. The results
obtained in this study indicate the need for further study on
the nature of the reactions ocourring in fat oxidation and in
antioxidative protection.

The results for the semples stored at }0° show a much

greater rate of destructlon of tocopherol in the March sample
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than in the June fat, the regression coefficients beling
respectively -0.299 and ~-0.189 mcg. tocopherol per g. of fatb
per day. The reason for this difference is not apparent. It
had been postulated that perhaps the reason for the greater
susceptlibility of winbter fat to oxldation in spite of it
greater saturation was 1lts reduced content of tocopherol as a
natural antioxident. If the results obtained here at L0® can
be reproduced, it may mean that some factor other than toco-
pherol reduction is operative. If so, 1t remains to be
determined whether the tocopherol is oxldized colncidentally
with the fat or whether 1ts oxidation permits oxidation of the
fat to proceed more rapidly.

(6) Orgsnoleptic flavor score. While the chemical
analyses that have been presented indicated a greater rate of
change in the March fat than in the June fat, the flavor
deterioration occurred at a greater rate in the June fat,
which was contrary to expectation. The relationships were
very significant on the June fat at all except the lowest
temperature and were likewise very significant at 25° on the
March fats The samples of both fats at the other temperatures
did not show significance except possibly the March fat at
«25° in which case the number of samples was so small that the
results would be subject to question. At 25° both fats showed
highly significant correlations; the coefficienta of regression
were =0,054 and -0.142 flavor score units per day for the
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March and June fats respectively. The coefficients abt 40°
were ~0.,247 and «0,339 respectively; the March figure is not
significant (as determined by correlation coefficient).

¢. Relationship of other values to organoleptic score

(1) Hydrogenation iodine values. Nelther fat
showed any significant correlation between hydrogenation value
and flavor score at any temperature. However, all regression
coefficlents were negative, possibly indicating a tendency for
the hydrogenation value to increase as flavor score decreased.
Disregarding the lowest temperature (where the samples were
analyzed only four times) the sbsolute numerical value of the
coefficlents on the March fat were all greater than any for the
June fat.

(2) Iodine yalues. The June fat stored at L0°
exhibited a significant correlation between the lodine value
and flavor score and the March fat at the same temperature
showed a highly significant correlation to a flavor score of
6 (13 days) but not for the entire duration of storage (19
days). Otherwise there was a complete lack of slgnificance.

(3) Peroxide content. The March fat shows a very
highly significant correlation of peroxide content relative to
flavor score at 252 but not at other temperatures when cone
sidered for the entire duration of storage. However, at L,0°
there was a significant relationship to a flavor score of 6
and a highly significant correlation to a flavor score of 7.
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With the June fat the corrslations were significant at 4° and
very aignifiaant st the two higher temperatures. At the two
higher temperatures the regression coefficients for the March
fat indicate a greater increase in peroxide value for a given
decrease in flavor score than for the June fat. The values
for the March fat are «0.383 and ~0.468 meq. peroxide per
unit of flavor score at 25° and L0° respectively, while the
corresponding values for the June fat are -0.199 and -0.302.

(L) Carbonyl content. When considered for the
entire time of storage, the June fat stored at 4% showed a
significant relationship between carbonyl content and organo-
leptic score and at other temperatures was possibly signifi-
cant. The relationship with the March fat was possibly sig-
nificant abt 25° but not significant at other temperatures. In
all cases except the lowest, the coefficlents of regression
were negative indicating a tendency toward increase in carbonyl
content with decrease in flavor score. This was expected but
it 1s surprising that there is not a higher degree of corre-
latlon shown here.

(5) ZTocopherol content. HExcept for a highly sige
nificant correlation in the June fat at 40° thers was no
correlation between the tocopherol content and the flavor
score. The regression coefficients were variable in sign
although the one significant relationship was positive indi-

cating a decrease in tocopherol with decrease in score.
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Apparently, from the lack of correlation, the relationship
must be only coincidental, One would, of course, expect both
to decrease with time but there is apparently no relationship
between theilr rates of deocrease.

ds Relationship between hydrogenation lodine value and
lodine values. As was previously pointed out, there was
noticed during the development of the hydrogenation method an
ever present difference between the hydrogenation lodine value
and the iodine value. This difference wes not always of the
same magnitude with different fats. The seme type of dif-
ference was evident in the studies on the oxidizing fats.

With the March fat, the overall average of all the hydrogena-
tion values exceeded the average of all iodine values by 0,39
units while with the June fat the difference smounted to 1.37
units. Some of the implicatlions of this difference were
dlscussed on page 173.

Both fats when stored at 40° and the June fat when stored
at 25° showed significant correlations between the hydrogena-
tion and lodine values while all other samples showed no corre-
lation at all. Peculiarly, though, the Merch sample had posi-
tive coefficlents of regreassion at -25° (only four analyses)
snd 40®, The latter series is one which had shown a non=
significant increase in lodine value with time when all others
in the group were decreasing, This same series showed a

negative coefficlent regarding the regression of the difference
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correlation coefficients, there may possibly be a tendency
toward more significant correlation between peroxide content
and flavor score abt the higher temperatures., In fact for the
June fat there 1s no correlation at «25°, a significant
correlation at 4° and very significant correlations at 259
and }j0°, The correlation of peroxide with tocopherol content
shows no significance except at 40° where 1t is very signifi-
ecant for both fats.

(3) On carbonyl development. With the March fat
the degree of significance of the corvelation of carbonyl con-
‘tent with time steadlly increases with inereasing temperature
from no correlation at ~25° to highly significant correlation
at j0°, There appears to be little difference in the rate of
sarbonyl development with increase of temperature from 4° to
25° but (judging by the March fat where the correlations are
significant or better) an increase from 25° to L0° causes more
then a seven~fold inorease in the rate of carbonyl development.

(4} On rate of flavor deterioration. If, on the
June fat where the correlations are very significant except at

-25°, one considers the rate of decrease in flavor score at 4
as unity, the rate at 25° is 1.18 and that at L0° is 2.82.
While the datsa here, for lack of significance do not allow an
exact comparison on the March fat, there are indications that
the temperature cocefficient on increasing the temperature to
1j0° would be at least as high as for the June fat. \
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f, Differences between summer and winter fats. The
magnitude of the analytical values indicate certain inltial
differences between the two fats quite apart from thelr
behavior in storage, although the behavior in storage is con-
sidered dependent upon these differences to some extent. The
initial tocopherol conbtent of the June fat was slightly more
than twice that of the March fat, the values belng 30.01l and
Ui« 2l meg. per go fat respectively. If tocopherol does in
fact sct as an antioxidant in butter fat, this would tend to
make the summer fat more stable toward oxidation, in con-
formity with actual observations in the market milk industry.
In addition to a greater initial tocopherol content the
results show & less rapld rate of breakdown of tocopherol in
the June fat. In agreement with the ldea that the smaller
tocopherol content and more raspld tocopherol degradation
should make the March fat more susceptible to oxidative
deterioration, the peroxlde and carbonyl contents were found
to increase more rapidly in the March fat. The hydrogenation
value also inoreased more rapidly in the winter fat. In
spite of all these indications that the March fat deteriorated
more repldly than the June fat, the flavor score of the June
fat dropped the more rapidly. From the standpoint of the
degree of unsaturation alone, this is as would be expected
since the June fat showed roughly 20 per cent more unsaturation.

This ralses the question of whether peroxlde and carbonyl
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reactivity and chain mechanism, that the amount of tocopherol
degraded is direotly related to the number of chains broken,
this would indicate that in the winter fab, more chalns are
broken in a given time than in the summer fats With the
additional assumpbion that the amount of peroxide accumulated
is related directly to the number of reactions ocourring,
these data would seem to indicate that in the summer fat there

are more reactions per chain.

g8+ [Hypotheses concerning devslopment of oxidized flavor.

On the basls of the above considerations, two albernative
hypotheses concerning the development of oxidized flavor have
been developed.

| It 1s believed that free radicals may take part in three
bjp@a of reactions, namely (a) reactions producing peroxides
(and by decomposition of these, carbonyl compounds), (b) chain
termination reactions related to tocopherol oxidation, and
(e¢) reactions producing compounds responsible for oxidized
flavors

If the nmumber of chain termination reactlons is directly

proportional to the amount of tocopherol oxidized, the pro-
duction of more peroxides per unit of tocopherol oxidized must
be the result of longer oxidation chain length., If the per=
centage of the free radicals resacting to form peroxides should
remailn the same 1t follows that the total percentage taking

part in other reactions must remain the same, Therefore when
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the percentage taking part in chain termination reactions 1s
decreased as in longer chains some other chain propagating
reaction not producing peroxide must occur., It 1s conceivable
that this non-peroxide chain propagating reaction eould be
responsible for the development of oxidized flavor.

~ By letting P represent the reactions forming peroxide, F
those forming flavor compounds and T the termination reactions
of the type involving tocopherol thils can be represented as
follows:

PPPP F PPPP F FPPP T (for winter fat) and
PPPP F PPPP F PPPP F PPPP F PPPP T ( for summer fat).

Prom these we can see that in the March fat there are two?
flavor reactions end 12 peroxide reactions for each termination
while in the June fat there are four flavor reactions and 20
peroxide reactions for each termination reaction, These
- figures would indicate that the March fat should have a
greater amount of peroxide formation and a greater amount of
tocopherol degradation for a given amount of oxidlzed flavor
developed than would the June fat. They would also indicate
that the June fat should show a greater amount of peroxide
formation for a glven quantity of tocopherocl oxidized. While

the results obtained are not conclusive enough to prove the

8A11 figures mentioned in this paragraph and the one
following were selected merely for ease of i1llustration and do
not necessarily represent true ratios.
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correctness of these assumptions the data are in agreement
with these 1deas.

If one assumes the same rate of chain initliatlion in both
fats then the ébave chains would give an equal rate of toco=
pherol oxidation in both fats but a greater rate of peroxide
and oxidized flavor development in the summer fat. Neither
the observed tocopherol degradation rates nor the observed
peroxide formation rates are in agreement with this. However,
it is possible with different rates of chain initiatlion to
have chains such as those represented sbove which will give
results in agreement with the observed rates. For example,
if there were to be 1l chains initiated in the winter fat for
each six in the summer fat there would be the following ratios
in the reactions:

132 P 22F: 117 (winter fat) and

120 P s 24 P : 6 T ( summer fat).
This would indlcate a greater rate of production of oxidized
flavor in the summer fat but greater rates of peroxide forma=-
tion and toecopherol oxidatlion in the winter fat. These rela-
tionships are the same as those observed with the March and
June fats studled.

Many essumpbtions have been made in arriving at the above
hypothesis but nothing has been found in the literature
indicating that the assumptions are invalid. While the

figures listed above are selected merely for convenience of
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1illustrating a point and would not necessarlly be those which
might be determined by further experiment, they do serve to
show that it is possible to have relationships among the three
types of reactlons such as to account for the observed

results on dry fatas in terms of the suggested hypothesis.

This hypothesis has not as yet been extended to account for the
more rapid development of oxidized flavor in winter mlilk than
in surmer milk as observed in the market milk industry.

It 1s suggested that the material which is the chaln
propagating flavor forming compound may be polyunsaturated
materials reacting through hydrogen acceptor-hydrogen donor
stages with double bond shift to conjugated unsaturation.

An aslternative to the above hypothesis, if one wlshes to
assume that chaln length remains the same in both fats, 1a that
there are two types of chaln termination reactions, one
involving formetion of flavor compounds and the other involving
tocopherol oxidation but no flavor compounds. These, using
the same symbolism as above, may be represented as

PPPP F and PPPP T.
The relative rates of occurrence of these two reactions could
be such as to give the same results as the previously mentioned
hypothesis.

If this latter hypothesis is valid, the flavor compound
may be either the réault of interaction of two free radicals

or a compound which 18 oxidized in the process of chain
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termination.

The above hypotheses have been based on the assumptilon
that tocopherol is involved in and directly related to the
chain terminastion reactlons. This in turn 1s based upon the
hypothesis that tocopherol functions as an antioxidant
through the mechanlism of chain termination. It 1s quite
possible that tocopherols either are not invelved in chain
termination or are involved in other reactions in addition to
chain termination. 1In this case the assumptions regarding
chain length would not necessarily hold. The hypothesis of
the flavor forming reactions and the reactions invelving
tocopherol being competitive would not be invalidated by this.
It may be that there is more than one type of peroxide and |
that the tocopherol degradation 1s not related to all typéa.

h. Effesct of storage temperature. If thermal accelera-
tion of oxidation by high temperature storage is to be of
value in studying the oxidatlon occurring at lower temperatures
the reactions must be unchanged except for differences in
rate. Furthermore the increase in rate must be uniform for
all reactions in order that the relative ratios of products
formed may be the same. Table 22 gives the relative rates of
change of some of the analyses, with the rate of change at }©
taken as unity. Actually some of the figures used in calou-
lating these values were coefficients of regression in cases

where the correlation was not significant. A4s could be seen
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Table
Relative Rates of Change of Analytical Values®

22

Dependen Direction March fat June fat
variable of change Lo 250 1400 yo 250 400
Hydrogenation

value inereasing 1. 0.83 1,08 1. 2.00 3.83
Iodine value decreasing 1. 0,67 x® 1. 1.19 3.88
Peroxide ‘ ,

content increasing 1. 6421 37.26 1. 2.50 9.17
Carbonyl

content inereasing 1. 1.4i 11,25 1. 1.11 1.54
Flavor score decreasing 1. 1.52  6.91 1. 1.18 2.82

B¥alues at L,® taken as unity. Relative rates based on
regression coefficlents shown in Table 31.

b?ime as the independent variable
eInﬁraasing value

by referring to Table 31, in only one case (that of flavor
soore in the June fat) did the values abt all three tempera~
tures show significance. The values for tocopherol content
are not shown since they appeared to increase at 4° but to
decrease at 25° and 40°, It may easily be seen that these

thermal coefficlents are not the same for all reactions and

therefore it would appear that the reactions do not follow the

same course at all temperatures.

of the coefficlents of correlation of the various analyses

would indicate the same thing.

A study of the significance

In no case is there tendenecy
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to show correlation at low temperatures when there is no
correlation at higher temperastures. The reverse, however, 1is
not true. In a number of cases there are correlations at
high temperatures but not at low temperatures. The peroxide
content shows a very definite trend toward correlation with
carbonyl and tocopherol contents, flavor score and time at the
highest temperature, in some cases ab 25° and almost no sig-
nificance at 4°., Thers 18 a highly significant correlation
between carbonyl content and tocopherol content at LO° but no
correlation at other temperatures. There are significant
oarralationa'batwoen iodine and hydrogenation 1adina values of
the June fat at 25° and both fats at 400 but otherwise no
correlation between these measurements. It is true that not
all the samples were held in storage for a length of time
sufficlent to give the same degree of deterioration in all and
therefore some additional study may be indicated. However,
the correlation coefficlents to similar degrees of oxidation
show little in the way of definite trends as regards thelir
significance.

i. BEvaluation of various methods of analysis. Organo-
leptic observations still remain the most reliable coriterion
of deterloration of s fat., So long as the material retains a
pleasing flavor it does not matter to the consumer what the
carbonyl, peroxide, or tocopherol contents mey be. Other than

attempting to discern the course of the oxidation reactions
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the reasons for measuring these other values are the deaire
for a more objective measure of deterioration and the endeawr
to £ind a method of predicting impending*deﬁar&ergtion at an
earlier stage than is possible with organcleptic observations.
Regardless of which of these reasons is the basis for the
measurement, it must show a correlation with orgenoleptic
deterioration 1f it is to be of value.

The organocleptic observations showed a much better corre-
lation with time than with any chemical analyses. Of the
chemical analyses, the peroxide content gave the best correla-
tion with flavor score but even this showed no correlation
with flavor score on the March fat at 4°, The tocopherol
aentenh showed a highly significant correlation with flavor on
the June fat at L4O° but otherwise no correlation. The corre-
lation of the carbonyl content showed a probability of 0.10
or lesas at all temperatures on the June fat so that considering
only this fat one might think 1t was second (to peroxide con~
tent) as a measure of deterioration. However, on the March |
fat the probabllity exceeded 0.10 at all temperatures except
259, The iodine and hydrogenation values on the basis of this
study do not appear to have value as means of detecting

Impending deterioration.
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IV. SUMMARY AND CONCLUSIONS

A+ Hydrogenation Method

1. HNeed for new method.

ARSI, NN SO

Hydrogenation was chosen as a method of analysis to be
developed for a study of oxldizing fat because the rate of
oxidation is considered to be related to the degree of un-
saturation, a quality which is not considered to be accurately
measured by the existing lodine number methods and because the
hydrogenation value might be expected to increase upon oxlda-
tion while the lodine value would be expected to either
remain constant or to decresse (experience generally has
shown it to decrease). The divergence of these values ﬁw well
as their initial values and ratios should give information
regarding the course of oxidatlon. A review of the literature
falled to reveal any satisfactory method which would be
gsensitive enough for the study desired.

- uipment

The Warburg apparatus commonly used in respiration
studles was chosen as the basic equipment for the determination

of hydrogenation values because 1t provides accurate
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temperature control, is easily adapted to multiple simul-
taneous determinations and could be expected to provide a
method with a high degree of reading accuracy. Several
modifications were found to be necessary, chief of which was
the elimination of all flexible tubing and providing of an
all~-glass system. Although mercury was used as & manometer
fluid, 1t was necessary to have a layer of propionic acid
above the mercury to prevent the fouling of the manomter
cepillary by lubricants being carried from the ground joints
by the surging action of the mercury.

An all-glass system was designed and constructed for the
purposes of generating and purifying hydrogen and of evacuating
and £illing the reaction flask-manometer comblnations. Hydro-
gen, generated from zine and sulfuric acid, was purified by
~8llver nitrate and alkaline sodium stannite, dried with
indlcating drierite and phosphoric anhydride and finally
passed through a trap immersed in liguid nitrogen.

3. Catalyst

A platinum oxide catalyst (Adems) was used., Because of
the difficulties encountered in the dispersion of this cata-
lyst when used in the pure form, it was Prepared on a carrier.
In the method finally adopted, the preparation contained not
more than 3 per cent of active catalyst on 200 mesh Celite.

To obtalin a more uniform catalyst preparation, the fusion of
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the difference varied from one fat to anobther. Whlle this
difference may have its origin in variations among the peléw
unsaturated glyceride esters and thus be similar to that noted
with the methyl esters, it is believed that other factors may
play & part here. Unless a gresater portion of the polyun~
saturated compounds fall to react here than with the methyl
esters, there is apparently not enough linoleate and linolenate
in milk fat to account for differences of the magnitude found.

There was good agreement among the values obtained on
fats direct from -259 storage although even in this respect
there was a difference between two fats. For a March fat with
a hydrogenation iodine value averaging 33.25 for elght deter-
minations, the values covered a range of 0.09 unit with a
standard deviation of 0.020 unit. A June fat with an average
value of [j0.68 covered a range of 0.23 unit; the standard
deviation was 0.083 unit.

B. Oxidation Studiles

1. Methods used for study

In addition to organcleptic evaluation of flavor,
chemical analyses were made to detemmine lodine and hydrogena-
tion lodine values and peroxide, carbonyl and tocopherol con-
tents. A late winter fat and an early summer fat were

selected for study to enable a comparison of the progress of
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oxidation in fats produced at different seasons of the year.
Aliquots of these two fats were stored at four different
temperatures. Analyses were performed at intervals dependent
upon the temperature of storage and increasing in frequency as

the change in analytical values became more rapid.

2. General trends

The hydrogenation icdine value and the peroxide and
carbonyl contents generally tended to inorease while the
iodine value and the numerical flaver score decreased. At the
lower temperatures, tocopherol sppeared to increase but
decreased at the higher temperatures. In most cases the
correlations of these changes with time were not significant.
Disregarding the lowest temperature (where the samples were
analysed only four times) the only case of significance at
all temperatures was that of flavor score versus time, and

that only with the June fat,.

3«  Changes in tocopherol centent

The reason for the apparent increase in tocopherol con-
tent at the lower temperatures has not yet been determined.
It 1s not thought that tocopherol is actually formed in the
fat in vitro but apparently some substance not originally
present in a form capable of reducing ferrie iron to ferrous

iron is produced during storage or is converted to a form
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capable of performing this reduction. This may be an aldehyde
which 1s initially formed at a greater rate than the tocopherol
is oxidized at the lower temperature., As the btemperature is
increased, the oxidation of the tocopherols may be accelerated
more than the formation of the aldehyde. However, it is
believed that the rapid production of aldehydes at the higher
temperatures would cause an apparent increase in the toco-
pherols (rather than the decrease observed) if this were the

course of the reactions.

lie Carbonyl content and flavor development

As determined by organoleptic observations, the June fat
deteriorated more rapildly than did the March fat. The rate
of production of carbonyl compounds in the March fat exceeded
that In the June fat; this would seem to constitute some
evidence that the compounds responsible for the oxidized
flavor are not carbonyl compounds as has often been thought.
Alternatively it may indicate that, even though the flavor
compound is a carbonyl compound, not all carbonyl compounds
are produced at the same rate., This latter idea seems more

logical.
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normally used for the storage of dairy products (and other fat

containing meterials),
7. Differences between fats

Experiences of the dairy industry in general have been
that a-winﬁér fat develops an oxidized f{lavor more raplidly
then a summer fat. This has been attributed to a lessened
conbent of tocophsrol, the only fabt soluble antioxidant cone-
- sidered to be present in the milk fat. The initial contents of
tocopherol in the two fats studied would indicate that the
June fat should be better protected against oxldation, the
tocopherol content of the June fat being slightly more than
twice that of the March fat. On the other hand, the greater
degree of unsaturation of the June fat might be expected to
render 1t more susceptible to oxidation. In contrast to the
results generally experienced in industry for dalry products
(ef. milk) the June fat did deteriorate more rapidly than the
March fat. Concurrently there was a greater rate of destruc-
tion of the toecopherol in the March fat.

8. Prediction of shelf life of fats

The lack of significant correlations between the results
of the chemical analyses and the organoleptic observations
would seem %o indicate that none of the chemical methods
amployad in this study 1s reliable either as a measure of the
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Teable 29

Anslytical Results on June Fat Stored at 2590

Tocophe rol Organoleptie

Days in  Hydrogenation Iodine Peroxide Carbonyl
storage iodine wvalue value content® contentd contento flavor score

0 Lo.68 39438 0.174 0.013 30.01 Ge33
6 L0.82 39431 0.24 0,019 29.18 8425
12 10.75 39432 0.277 0.027 30417 He50
18 L0453 3930 0,780 0.191 32,89 Te75
21 Lo.50 20412 0.651 0.091 32,84 6475
2l L0.58 394443 0.635 0.011 34481 8475
27 1i0.66 39437 1.086 0.109 23.03 6450
30 L0.65 39433 1.2l 0.10% 28424 Te50
33 Lo.60 3938 24773 04170 27.63 3+50
36 L10.55 39«37 1.312 0283 39.52 ln2s
39 L4073 39.12 1.6802 0.208 28478 34,00
2 Li0.76 393 1.047 0.160 28463 2.00
L5 L0.80 39424 1.794 0.348 28,83 2.00
I8 L0.65 35431 24251 0.199 26.89 3,00
51 Lo«7T 3041k 2.013 0.165 28433 1.50
54 Loa78 39.16 1.039 0,202 33.52 5.50
57 40,70 2935 1.086 0,058 26.62 1.50
59 Lo.61 39433 2.102 0155 3144 1.75

2meqe Peroxide per kg. fate
brmmol. Carbonyl per kge fata
Cmegs Tocopherol per g. fate

Tle
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Teble 31

Degree of Significance of Correlation Coefficients

Variables, Tgmps Regression coefficients and Denominational
dependent = Ce  degree of significence® of units of
independent correlation coefficients on regression
lareh fat June fat

Hydrogenation u@ﬁ £ 0025 0 £ L0017 o Hydrogenation
iodine value = F 0012 o ¥ .000% o iodine value units
time 25 # #0010 0 ¥ L0006 o per day

Lo £ J00lg o F 03 o
Todine value - «25 - 0037 o - 40039 p lodine value units
time L - J0027 6 = 40016 o per day

25 - 00186 p = 40019 p

Lo F 0032 0 = L0062 8
Peroxide 25 £ <0004 0 = L0004 o Meqe Peroxide per
content - L ¥ 002 o £ «0117 p ge fat per dey®
time 25 F 0261 v F 0293 v

Lo F #1565 v £ 41073 v
Carbonyl -23 = 0001 0 = ,0002 o Hpmole Carbonyle
content = £ 0016 p  F JOORE v per g. fat per day
time 25 F #0083 8  f L0031 s

Lo F 0180 v £ 0043 o
Tocopherol -25 F 0299 0o o L0184 o megs Tocopherol
content = F ol s ¥ .0hoo p per g. fat per day
time 25 - #0021 o - JO11L o

}40 - 02937 8 - 11856 v
Flavor score = &Z - $0250 p - 0055 o Flavor score units

i = «0357 o - 1200 v per dsy

85 - *0524}4 v - 0]141? v

Lo « 2467 © » «3388 v

BDegree of significance is indicated as;

per kge fab,

o - noe significance

p « possibly significant

8 » significant

v = very significant

Bmeqs Peroxide per g fat is numerically equivalent to meq. peroxide

® umols Carbonyl per g fat is numerically equivalent to mmol.

carbonyl per kge fabe
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Table 31 (continued)

Variables, Pemps Regression coefficients and Denominational
dependent - °c,  degree of significense of units of
independent | correlation coefficients on regregsion
Harch fat June fat
Hydrogenation 25 «10.7299 o «2.0850 o Hydrogenation
jodine value - | - 547977 © ~542137 © jodine value units
flavor score 25 £ 2,023 o £ 3062 o per flavor score
Lo ~17.0608 0 /3,9022 o unit
Todine value « =25 - «0310 o - 20356 o Iodine velue units
flavor score h £ 0188 o » 40005 o per flaver score
25 - L0125 p = +0100 0  wunit
Lo - o012 8 - 40061 o
Peroxide -25 - 0031 o - #0057 o ,uaq.‘ Peroxide per
content - £ W0857 o £ 21376 © ge fat per flavor
flavor score 25 - L0610 o - 0979 o gsoore unit
Lo - 23967  ~JBglv
Carbonyl »25 - 40056 o £ +0096 o _mmols Carbonyl
content = F 54 o # 40198 o per g., fat per
flavor score 25 £ 0019 o - 0045 o flavor score unit
hﬂ - ,0308 v »- 9Q§3§ 8
Tocopherol 25 F Te266L 8 « o7433 © moge Tocopherol
content = ‘ F <1565 o # 40160 o per g« fat per
flavor score 25 # #0Ll13 p # #0012 o flavor score unit
Lo F 0347 p # 20108 o |
Hydrogenation @E £ 170 0 ~14081% o Hydrogenation
jodine value = | - +0027 o # <0330 o iodine value units
iodine value 25 F +0l53 o # o0156 v por iodine value
Lo £ W27l v # +0583 4 unit
Peroxide -25 £ L0776 6 «2,2083 o _Meq. Peroxide per
content - = 41133 o - #0175 o g« fat per iodine
flavor score 25 F 3lbl s £ 202L5 o value unit
Lo £ 2238 o ~ «0810 o
Carbonyl -25 F 40062 o # 0056 o 1. Carbonyl
content ; F #0039 o # ,0019 o /;;g:og. fat per
iodine value 25 F +0029 o ¥ <0025 o icdine value unit
Lo - #0004 o £ 20085 o
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Table 31 (continued

Variables, Tempe Regression coefficients and Denominational
dependent = degree of significance of units of
independent mm&s,twn @mﬁf}.a&m‘m on regression
March fab June fat

Tosopherol ~25 - 0684 o - #2607 o mege Tocopherol
content - L - #0211 o = 40036 o per g+ fat per
iodine value 25 - «0118 o - #007% o iodine velue unit

Lo w 40103 o » 40070 ¢
Bydrogenation uaz F 41663 o s ';ahai; 0 Hydrogenation
iodine value = # 40104 o # +0LUR o iodine value units
tocopherol 25 £ 20223 o # 40082 o per megs tocophe
content Lo « 0098 o # +0165 8 erol per ge fat
Peroxide -2 - @9135 o - T.FOB;BES ] Meqe Peroxide per
content - I - #0176 o = 41086 8 mege tocopherol
tocopherol 25 - #3830 v - 41989 v
gontent Lo - . | © - «5019 v
Carbonyl 25 / «0176 o - «1093 p pmols Carbonyl
content - L « 0031 o - 40182 8 per moge tocophe
tocopherol 25 - #0281 p - 0207 p erol
content Lo » 40899 o - #0156 p
Hydrogenation 25 - 1.1663 0 /I;;;ésah o HBydrogenation
jodine value « L} = #0310 o - 2682 o iodine value units
peroxide 25 - 41561 o #2747 o per 44 eqs peroxide
content Lo £ 8746 o #5312 v per ge fat
Carbonyl 25 # 40328 0~ 5409 o mols Carbonyl
content = L - »1580 o - 41878 o per meq. peroxide
peroxide 25 - WR091 o -. 45566 8
content £ 5151 - «4183 8
Hyé‘mga’mtim w25 » A@G@Bh ¢ »:;0321 o) Bydrogenation
jodine walue = L - o191 o ~1439L5 o iodine value units
sarbonyl a5 - 3.2201 p =1.6622 o per pmols carbonyl
content Lo # 543987 o «Lsg253 o per g. fat
(Bydrogenation 25 £ 1571 o #1508 o ge lodine per 100
iodine value L « 40857 o - +1779 © ge fat per day
minus iodine 25 = . #2571 o - 414188 o
value) ~ time L0 £ e e = 41340 o
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