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STELLINGEN

o I .
Het gebrek tranig kan, in tegenstelling tot de gangbare opvatting, ook ontstaan
in ‘boter’ die bereid is door melkvet, vrij van fosfolipiden, te reémulgeren in
melk-ultrafiltraat met een hoog kopergehalte.

F. D. ToLLENAAR, Proefschrift R.U. Utrecht (1953).
Dit proefschrift.

11

De autoxydatleve afbraak van hnoleenzuur in boter is de belangrijkste oorzaak
van het gebrek tranig.

Dit proefschrift,

L

De beschrijving die KHaN geeft van het reactiemechanisme van de autoxydatie
van onverzadigde vetzuren, is niet in overcenstemming met de experimentele
gegevens. ' '

N. A. XHan, Pakistan J. Sci. Res. 18 (1966) 34.

N. A. KHaN, Can. J. Chem. 37 (1959) 1029,

0. S. Privert, E. C. NickeLL, Fette, Seifen, Anstrichmittel 61
(1959) 842.

v

De Kovats retentie-index mag bij kwalitatieve gaschromatografische analyse
alleen worden toegepast wanneer van de gebruikte kolom niet alleen de statio-
naire fase en de analysetemperatuur, maar ook het dragermateriaal en het
beladingspercentage zijn vermeld.

A

De toepassing van het begrip ‘odour unit’ door GUADAGNI voor het bepalen van
de bijdrage van afzonderlijke aromastoﬁ'en tot het totaalaroma van een produkt,
is aanvechtbaar

D. G. Guapacni, AS.T.M. special tech. publ. nr. 440 (1968).
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VI

Bij het scheiden van lipiden door midde! van dunnelaag-chromatografie wordt
vaak onvoldoende rekening gehouden met het gevaar voor autoxydatieve
veranderingen.

H. T. Bapings, J. Chromatography 14 (1964) 265.

VII

Het gebruik van de methode van HursT voor het opvangen van fracties die bij
gaschromatografische scheiding zijn verkregen, verdient geen aanbeveling.

R. E. Hurst, Chem. & Ind. (1970) 90.
H. T. Babpings, J. Chromatography 18 (1965) 159,

VIII

In vele voedingsmiddelen kan de vorming van 4-methyl-4-mercapto-pentaan-2-
on uit zwavelwaterstof en mesityloxyde Jeiden tot ernstige smaakafwijkingen.

H. T. Babings, J. Dairy Sci. 50 (1967) 1347.
R. L. 8. PaTrerson, Chem. & Ind. (1968) 548; (1969) 48,

IX

Het koelen van verse melk véor het ontromen vormt een doeltreffend middel
om het gebrek ‘zwavelwaterstofsmaak® in gepasteuriseerde room en boter te
voorkomen.

H. T. Babings, Proc. XVIIIth Int. Dairy Congr. (1970).

X

Het is noodzakelijk dat de constructie van roompasteurs wordt aangepast aan
de verwerking van room met een hoog vetgehalte.

X1 .
Aan het feit dat, in een periode waarin het lijden aan hart- en vaatziekten in
Nederland in verontrustende mate is toegenomen, juist de consumptie aan melk-
vet sterk is gedaald, wordt onvoldoende aandacht besteed.



XIT

Een directe invloed van ecn aantal methyl- en ethylesters van alifatische vetzu-
ren op het gedrag van Trogoderma granarium is door de onderzoekingen van
IkAN et gl. niet aangetoond.

"R. IkaN, E. D. BErGMANN, U. Yionov, A. SHULOV, Nature 223
(1969) 317.

XIII
De bepaling van zwavelwaterstof in kaas volgens de methode van LAWRENCE
leidt tot onjuiste uitkomsten.

R. C. Lawrenck, J. Dairy Res, 30 (1963) 235.

XIv
Het feit dat de mens nog steeds in onvoldoende mate de consequenties onder
ogen ziet van de beperktheid van het aardoppervlak en de biosfeer, vormt ecn
ernstige bedreiging voor het voortbestaan van vele levensvormen op aarde.

NATIONAL ACADEMY OF SCIENCES, Resources and Man,
W. H. Freeman and Cy. (1969},



Dit proefschrift verschijnt ook als
Verslag nr. 124 van het Nederlands Instituut voor Zuivelonderzoek (NIZO) te Ede



PREFACE

On completing this thesis, I should like to take the opportunity of expressing
my feelings of gratitude.

Sincere thanks are due to Professor Dr. H. J. den Hertog and Professor
Dr. H. Mulder for their interest and invaluable criticism during the prepara-
tion of this thesis. I am also highly indebted to those who have contributed to
my scientific education at the Technical University of Delft. Of them I wish
to mention particularly the late Professor Dr. P. A, Roelofsen and Professor
Dr. B. M. Wepster, who aroused my interest for autoxidation processes in
lipids and for the theoretical aspects underlying the mechanism of autoxidation
reactions.

My scientific education has in fact been made possible by the help of my
father, who taught me the elements of mathematics and physics during the
years of Japanese imprisonment. For this I am greatly indebted to him,

The investigations described in this thesis were carried out at the Netherlands
Institute for Dairy Research (NIZO) at Ede. They were part of the regular
research programme of the chemico-physical section. I am much obliged to
the Board of the Institute, its chairman Professor Ir. E. A. Vos, and the Direc-
tor of the Institute Ir. H. Lolkema, for their support and their permission to
work up the investigations in this thesis, and for their personal interest.

I also wish to remember the late Professor Dr. J. W, Pette, former Director
of the Institute, under whose guidance this study was started.

I am very much indebted to many of my colleagues at our Institute for their
helpful discussions and advice. T wish to mention Dr. H. van Duin in particular
for his help in developing techniques for the identification of unknown com-
ponents. Also the scientific assistance rendered by Mr. J. G. Wassink {gas
chromatography) and Mr. J. K. Poll (infrared spectrophotometry) is thank-
fully acknowledged.

The mass-spectrometric analyses were carried out at the Central Institute
of Nutrition and Food Research (CIVO)-TNO at Zeist, for which my sincere
thanks are due to Dr. R. J. C. Kleipool, Ir. M. C. ten Noever de Brauw,
Mr. J. Th. Heins and Drs. R. Belz.

Many other employees of our Institute have in some way been of help in the
experimental work. In this connection I should like to mention Mr. C. Brons,
Mr, J. I. G. van der Pol and Mr. G. J. van den Berg (experimental assistance),
Mr. C. de Graaf and Mr. J. F. C. van Laar and their staff (glass and mechanical
instrument-making), and members of the taste panel (in particular Dr. C. W.
Raadsveld, Ir. L. Radema, Mr. R. van Dijk and Mr. B. Nannings) for the
evaluation of aroma fractions.



Finally it is a pleasure to acknowledge the following collaborators for their
help to bring this work in its final form: Mr, G. H. Stel (preparation of the
manuscript, cover design and lay-out), Mr. H. J. van Brakel and Mr. J. H.
Mondria (tracings and photographs), and Miss M. E. Seyd and Mrs. A,
Schouwenaar-Klein (typewriting).



CONTENTS

CHAPTER 1. INTRODUCTION 11
CHAPTER II. AUTOXIDATION PROCESSES OF FATTY ACIDS
LIntroduction . . ¢ . & v v v v v v i s e s e e e e e e e e e e e . 13
2. The mechanism of autoxidation of unsaturated fattyacids . . . . .. ... . . 13
201 General aspects . & . v . . 0 h L e e e e s e e e e e e e e e e e e 13
2.2 Autoxidation and hydroperoxide formation . . . . . . . . . e v e e . 15
221 Classification . . . . ¢ . L L 0 e e e e e e e e e e e e 15
2.2.2 Mono-unsaturated fattyacids . . . . .. L0000 L0 L., 15
2.2.3 Poly-unsaturated fatty acids with non-conjugated double bonds . . . . . 16
2.2.4 Poly-unsaturated fatty acids with conjugated double bonds . . . . . . . 18
3. The mechanism of autoxidation of saturated fattyacids . . . . . . .. .. .. 18
4. The rate of autoxidation of fatty acidsandesters . . . . . . . . .. . . ... 19
5. Secondary autoxidationproducts . . . . . L . L .0 0L L0 0 s e e 0 e . 20
ST Introduction . . . . . . . i e e e e e e e e e e e e e e e e 20
52 Aldehydes . . . . .. .. e e e e e e e e e e e e e e e e 21
S3Alkanols . . . . . L. L s e e e e e e e e e e e e e e e s 21
54 1-Alken-3-0ls . . . .. .. .. e e e e e e e e e e e e s .1 |
5.5 L-AKen-3-00€8 . . . . . bk h v e e e e e e e s G h e e e e e e e 24
5.6 Hydrocarbons . . . . . . e e e e e e e e e e e . 24
CHAPTER IlI. FLAVOUR DEFECTS IN AUTOXIDIZED FOOD LIPIDS
I Imtroduction . . & & 4 ¢ 0 . i e e e e e e e e e e e e e e ... 25
2. Organoleptic propcrt:cs of compounds formed by autoxndatlon oflipids ... .. 25
3. Contribution of various fatty acids to autoxidation offt-flavours . . . . . . . .. 28
4, Oxidation defects in lipid-containing foods . . . . . . . . . . . .. .. ... 29
5. Cold-storage defectsinbutter . . ., . . . . . . . . . . ... 30
51 Lipidsinmitk . . . ... .. .. e e e e e e e e soe e s owo. 30
5.2 The structure of the fat globule mcmbrane ................ k3|
5.3 Thestructureofbutter . . . . . . . . .. ... ... .. e e e e . 32
5.4 The development of cold-storage defects in buttcr ............. 33
5.4.1 Mechanism of the development of oxidation defects in cold-stored butter 33
542 Experimental work . . . . . . . L L L L L e e e e e e e e e s 34
543 Otherobservations . . . . . . .. ... ... ... v e v .. 36
5.4.4 Factors which affect the keeping quality of cold-stored bulter ..... 36

CHAPTER IV. TECHNIQUES USED FOR THE ISOLATION AND IDENTIFICATION
OF VOLATILE FLAVOUR COMPOUNDS IN CXIDIZED LIPIDS

LIntroduction . . . . . . & . i v v v i s e et et e e e e e e .. 39
2. Isolation of volatile flavourcompounds . . . . . v + .+ v ¢ v 4 04 a e e 40
3. The separation and identification of flavour compounds in oxidized lipids . . . . 4
3.1 Introduction . . . . ... e 4 e e e e e e e e e e et e e e 44
3.2 Gaschromatography . . . . . . ¢ . 4 4 4ttt e e e e e e e e ..

3.3 Coaversion of carbonyl compounds into the 2,4-dinitrophenylhydrazones .. 49
3.4 Separation of 2,4-dinitrophenylhydrazones by liquid chromatography . . . . 50
3.5 Regeneration of carbonyl compounds from the 2,4-dinitrophenylhydrazones . 52

3.6 Ultraviolet spectrophotometry . . . . . . . ¢ ¢ ¢ v 4t v v 0 v e 52
3.7 Infrared spectrophotometry . . . . . . . e e e e e s e e e e e 53
3.8 MassSpPectrometI¥y . . . . . . v . i s e e e e e e e e e e e e . 64



4. Combination of techniques . . . . . . . .. . .. .. e e ke e e e e . 12

5. Experimental procedures . . . . . . . . 0 v v e e e e e e e e e e e 72
5.1 Cleaning of glassware . . . . . . . Y 4
5.2 Purificationofsolvents . . . . . . . ¢ . . i 0t i i e e e e e e e 72
5.3 Purificationofreagents . . . . .. . . ... ..., Y L]
5.4 Isolation of volatilecomponents . . . . . ¢ . ¢ i v v e s e e s e e s 74
5.5 Preparation of the condensate for gas chromatography . . . . . . . . .. 75
56 Gaschromatography . . . . .« ¢« . ¢ & v i 4t e e e e e e e 75
57 Collectionof fractions . . . . . ... .. .. .. e e e e P b
5.8 Conversion of carbonyl compounds inteDNPH's . . . . . .. .. ... . 75
5.9 Separation of DNPH’s by liquid chromatography . . . . . . . .. . ... 76
5.10 Regeneration of carbonyl compounds fromthe DNPH's . . . . . . e s 6
5.11 Ultraviolet spectrophotometry . . . . . . .+« « v v v« s v 0 0 . 7
5.12 Infrared spectrophotometry . . . . . . e e e e h e e e e e e .17
513 MassSPECITOMELIY . . « « + & + v v o o o o + o ¢ o ¢ » & o » A )

CHAPTER V. IDENTIFICATION OF AROMA COMPOUNDS WHICH
CONTRIBUTE TO THE COLD-STORAGE DEFECTS IN BUTTER

LIntroduction . . . . . @ i i i i i i s it e e e e e e e e e s 18

2. Aroma compounds which contribute to the trainy flavour of buiter with cold-storage
defects & 0t s s e e h e e e e e et e e e e e e e e e 79

3, Aroma compounds from butter without flavour defects . . . . . ., . . ... 84

CHAPTER VI. IDENTIFICATION OF AROMA COMPOUNDS WHICH ARE
FORMED IN THE AUTOXIDATION OF UNSATURATED FATTY ACIDS

I.Introduction . . . . . . . & . . L . e e e e e e e e e e e e e 85
2. Aroma compounds which are formed in the autoxidation of oleicacid . . . . . . 85
3. Aroma compounds which are formed in the autoxidation of linolcicacid . . . . . 85

4. Aroma compounds which are formed in the autoxidation of linolenicacid . . . . 89
5. Aroma compounds which are formed in the autoxidation of arachidonicacid . . . 92

CHAPTER VII. GENERAL DISCUSSION

1. Introduction . . . . ... . ... ... PR e e e e s . 94
2. Formation of aroma compounds in the autoxidation of unsaturated fatty acids . . 94
21 Introduction . . . . . . i i e e e et e e e e e e e e e e e e s 94
2.2 Odorous autoxidation products fromoleicacid . . . . . . . .. .. ... 94
2.3 Odorous autoxidation products from linoleicacid . . . . .. ... .. .. 96
2.4 Odorous autoxidation products from linolenicacid . . . . . . .. ... .. 96
2.5 Odorous autoxidation products from arachidonicacid . . .. .. .. ... 97
3. Aroma compounds which contribute to the trainy flavour of butter with cold-storage
defects & . . . L L L L e e et et e e s e e e e e e e e s 99
3.1 Autoxidation products from trainy butter compared with those from fatty acids 99
3.2 Development of cold-storage defects . . . . . . . . . ¢ . v v v o v v v 104
33Conclusion . . . . . s vt i e e s e e e e e e e e e e s . . 105
SUMMARY . .. ... ... ... e e b e e e e e e e e e w e s 107
SAMENVATTING . ... ......... e e P § (1]
REFERENCES . .. .. .......... e e e e e e . e e e e s s 114

10



CHAPTER 1

INTRODUCTION

Butter sometimes deteriorates considerably in quality as a result of flavour
defects which develop during cold storage. It is now well established that the
auto-catalytic oxidation of unsaturated fatty acids is the main cause of these
flavour defects, which usually develop in the order: metallic, fatty, oily, trainy*
and tallowy. The most offensive flavour is reached in the trainy stage.

SuppLEE (1919) attributed the trainy (fishy) flavour to the presence of tri-
methylamine or trimethylamine oxide. This conception was supported by SOMMER
and SMmit {1923), DAvies and MaTTick (1928) and Davies and GiLL (1936).
VAN DER WAARDEN (1944, 1947} presented conclusive evidence, however, that
the trainy flavour in cold-stored butter was caused neither by trimethylamine
nor by its oxide. First of all, extraction of cold-stored butter with dilute acid
did not reduce the trainy flavour, whereas the above-mentioned compounds
would be removed by this method. Secondly, nitrogen determinations indicated
that the amount of these compounds, if present in butter, was far below their
flavour thresholds. In the third place the addition of sufficient quantities of the
compounds in question did not induce flavour defects which resembled those in
butter with cold-storage defects.

VAN DER WAARDEN (1944, 1947) also studied the volatile components of
trainy butter. With the techniques available in those days, however, it was not
possible to identify the minute quantities of volatile compounds from trainy
butter. However, these investigations led to the provisional conclusion that
aliphatic carbonyl compounds (‘possibly unsaturated aldehydes with the double
bond not in conjunction with the carbonyl group’ might cause the specific
trainy flavour.

Since the investigations of VAN DER WAARDEN, several others have tried to
identify the volatile compounds in trainy butter. The most extensive studies so
far were carried out by PoNT er al. (1960}, Forss et al. (1960a, b, c), STARK and
Forss (1962) and EL-NegouMy ef al. (1961). Several carbonyl compounds,
such as alkanals, 2-alkenals, 2,4-alkadienals, and in later publications 1-alken-3-
ones and 1-alken-3-ols were detected.

It should be noted, however, that these investigations were carried out with
butter fat, washed cream and butter made from sweet cream, which were sub-
jected to oxidation at room temperature. Therefore the results cannot be regar-
ded as representative of butter made from soured cream and stored at low
temperature. '

*The term frainy denotes a flavour reminiscent of cod-liver oil. In English publications the
term fishy is sometimes used to describe this defect.
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In addition, several objections can be raised against previous analyses. First
of all, the methods of analysis were inadequate for obtaining a complete separa-
tion and identification of these compounds. Secondly, it was not taken into
account that many of the aroma compounds are very unstable. Consequently
they were lost or transformed into artefacts. This holds particularly for unsatu-
rated carbonyl compounds with double bonds not in conjunction with the
carbonyl group and for cis-isomers. The present work has indicated that these
compounds contribute strongly to oxidation flavour defects.

The investigations described in this thesis were carried out with the purpose of
analysing more exhaustively the flavour compounds which contribute to the
trainy flavour of butter with cold-storage defects by the application of modern
physico-chemical methods. It was also investigated whether the formation of
these aroma compounds could be related to the autoxidative breakdown of
unsaturated fatty acids, and therefore the antoxidation processes of such acids
have also been studied.

12



CHAPTER II

AUTOXIDATION PROCESSES OF FATTY ACIDS+

1. INTRODUCTION

In this Chapter the mechanism of autoxidation of fatty acids is discussed.
"Attention is paid particularly to the unsaturated fatty acids because these
compounds contribute most strongly to autoxidation off-flavours. The autoxi-
dation of saturated fatty acids, which have a lower oxidation rate, is also con-
sidered briefly.

2. THE MECHANISM OF AUTOXIDATION OF UNSATURATED FATTY ACIDS

2.1 General aspects

The mechanism of autoxidation processes of unsaturated fatty acids has been
studied extensively during the last decades. Studies of the autoxidation of
pure mono-olefins and unsaturated fatty acids have contributed considerably to
our present knowledge of this matter, At first it was thought that during the
autoxidation of these components peroxides were formed by a direct attack
of the double bond by oxygen (STEPHENS, 1928), Subsequent studies by Hock
(1937), CriEGEE et af. (1939) and by FArMER and SUNDRALINGHAM (1942} estab-
lished, however, that at moderate temperatures the autoxidation of mono-enes
or non-conjugated poly-enes usually proceeds through an attack of the methyl-
ene group(s) adjacent to the double bond(s) (the ‘a-methylene group(sy'), leading
to the formation of allylic hydroperoxides:

—CH,—CH=CH~- + 0, — —CH(OOH)—CH=CH—

Special credit is due to workers at the British Rubber Producers Research
Association for the elucidation of many fundamental aspects of autoxidation
reactions of olefins and unsaturated fatty acids. Reviews on these studies have
been presented by BOLLAND (1949} and BaTeMAN (1954a). The results may be
summarized as follows:

1. The majority of autoxidations proceed through free radical chain reactions.

Peroxides are usually the primarily formed products.

2. There are three elementary reactions, as given in Figure 1:

a. Initiation. Formation of free radicals which are necessary to start the

propagation reaction. '

b. Propagation. This is the free radical chain reaction.

If RH is the symbol for an olefin or an unsaturated fatty acid molecule,

* The subject-matter for this Chapter has been taken partly from a previous paper (Badings,
1960a).
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H being a hydrogen atom of the methylene group adjacent to the double
bond (a-methylene group), the propagation reaction proceeds as expressed
in Figure 1. The a-methylene group is the preferential point of attack in
the autoxidation reaction*, the intermediately formed a-methylene radical
being stabilized by resonance:

—CH—CH=CH— <« —CH=CH—CH—

c. Termination. Interruption of the free radical chain reaction by the forma-
tion of stable non-radical products from these free radicals. :

Initiation: formation of R * and RQ; - (reaction raie 1))
k
Propagation; R+ 0O, il RO,
k
]_1:0,- + RH -2 ROOH + R
i

N Ky
Termination: 2R —»

R + ROy _‘f_l":* non-radical products

K1y
2ROy —»

Fig. 1. Reaction scheme for olefin autoxidation.

3. The rate of autoxidation is dependent on the energy required for the rupture
of the a-methylene C—H bond.

4, From the resocnance formulae given in 2b, it can be predicted that isomeric
hydroperoxides may be formed.

5. In line with their character, autoxidation reactions can be accelerated by
light and by radical-forming products (such as benzoyl peroxide), initiating
new chains. Conversely, these reactions may be inhibited by compounds
(antioxidants) which react with free radicals to form non-radical products.

6. The outcome of the autoxidations is often complicated by numerous other
reactions, such as the formation of polyperoxides by addition of peroxy-
radicals to olefins, other polymerization reactions such as carbon-to-carbon
polymerization, formation of epoxides, cyclic peroxides and secondary
autoxidation products by dismutation of the hydroperoxides.

7. In contrast to the propagation reaction which is now fairly well understood,
the initiation process is still by no means elucidated.

* This is true of the mono-unsaturated fatty acids and the poly-ene fatty acids with non-
conjugated double bonds, but there is also some direct attack of the double bond occurring
simultaneocusly. In fatty acids with conjugated double bonds this is even the main reaction
mechanism, as will be discussed later.

14



The earlier theory proposed by FARMER (1946) and BorrLanD and GeE
(1546b) implied either the direct attack of the double bond of the olefin by
oxygen, or the abstraction of a hydrogen atom from the a-methylene group.
The improbability of such reactions has been outlined by Ur1 (1961). KuaN
(1954a, b) proposed an initiation process, which is based on a direct olefin-
oxygen reaction via a cyclic transition state leading to the formation of «-methyl-
ene hydroperoxides. Evidence for this concept was taken from the analyses
.of the hydroperoxides formed in the early stage of autoxidation. However, at
observable rates of oxidation, the well-established free radical chain reaction
being already dominant, no conclusions about the course of the initiation
reaction ¢an be drawn from the reaction products (BATEMAN, 1954b). For the
same reason analyses of products formed in the initial stage of autoxidation
(PrIveTT and BLANK, 1962) may not be relevant to the initiation reaction.

No doubt & very important part is played by trace amounis of heavy metals,
which catalyse certain initiation reactions leading to the formation of free
radicals (URJ, 1961, 1967). If trace metals are absent, the initiation may be best
explained by a termolecular reaction (2RH + O, — 2R. + H.,0,) propos-
ed by Dentsov (1964).

It is clear that further research is necessary to establish which reactions are
the basis of the initiation processes.

2.2 Autoxidation and hydroperoxide formation

2.2.1 Classification
According to their behaviour in autoxidation reactions, the unsaturated fatty
acids can be classified into the following groups: mono-unsaturated fatty
acids, poly-unsatorated fatty acids with non-conjugated double bonds, poly-
unsaturated fatty acids with conjugated double bonds. The mechanism of
autoxidation for each group will be discussed briefly.

2.2.2 Mono-unsaturated fatty acids

In these fatty acids there are usually two a-methylene groups which are the
point of attack in the free radical chain reaction. The intermediately formed
a-methylene free radicals are stabilized by resonance. From the resonance
formulae it may be expected that isomeric hydroperoxides are formed.

In the autoxidation of oleic acid (see Figure 2) four isomeric hydroperoxides
have indeed been found in approximately equal amounts (FARMER and SUTTON,
1943; Ross er al., 1949; PriverT and NICKELL, 1959). They seem to have pre-
dominantly the trens-configuration (SWERN et gl., 1953; FRANKEL, 1962). The
energy required for dissociation of an «~-methylene C—H bond being relatively
high for mono-enes, their autoxidation rate, even at 50°C, is low (GUNSTONE
and HnoitcH, 1945). A direct attack on the double bond by oxygen occurs
simultaneously, particularly at higher temperatures (KHARASH et al,, 1953;

15



—CH;—CH=CH—CH— - CH3—(CH };—CH = CH.~CH{OOH)-(CH,)s— COOH

—CH,—éH—gnzcu_ —+ CH;—{CH:);—CH(QOH)~CH = CH—(CH,},~ COOH
CH y—{CH;)g—CH;—CH —CH—CH,—{CH,),—COOH

—CH=:CH—CH~—CH;— — CHy—{CH2)s—CH =CH—CH(OOH}-{(CH,};-—COOH

. 3
—CH—CH = CH—CH;— —+ CH,—(CH;)s—CH(QOH)~-CH = CH—(CH,};—COOH

Fig. 2. Hvdroperoxide formation in the autoxidation of oleic acid.

SKELLON, 1948; ATHERTON et al., 1944). Several other products (epoxides,
polyperoxides, acids, etc.) are formed simultaneously (KNIGHT et al., 1951;
FruUEL and SkeLLON, 1954; ELLis, 1950).

2.2.3 Poly-unsaturated fatty acids with non-conjugated double bonds

In linoleic acid the C,,-methylene group is the preferential point of attack,
because the formation of a C, j-radical requires less energy (larger resonance
energy of the radical form R-) than in the case of attack at the Cg- or C 4
methylene group.

From Figure 3 it can be seen that there are three structures of R- contributing
to the resonance hybrid, and the formation of three isomeric hydroperoxides
would therefore be expected to take place. However, BERGSTROM (1945),
CANNON et al. (1952), PRIVETT et al. (1953) and SepHTON and SUTTON {1956)
found that the greater part of the hydroperoxides formed consists of hydroperox-
ides with conjugated double bonds. From calculations by MorrT and CouL-
SON (1948) it might be expected that the three R.-hybrid structures would
coniribute approximately to the same extent to hydroperoxide formation.
Possibly the non-conjugated ROO--radical is formed, but transforms rapidly
into the more stable conjugated isomer (BATEMAN, 1954a):

—CH=CH—CH—CH=CH - —CH=CH—CH=CH—CH—

N S
0—0- -0—0

The three structures contributing to the R.-resonance hybrid (in which
coplanarity in the pentadienyl system of the carbon chain must be approached)
are such that if conjugated diene hydroperoxides are formed, they will have
predominantly a ¢is, trans-configuration.

H HH H H HH H H HH H
N /N7 N /N ) NSNS
\/C /C=C\/ < \/C=C\ /c=c\ y %—-%-\/C:C\ /C"“Q\/
cH, ¢ CH, CH, ¢C cH, n, ¢ 4,
|
N b A
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with the number of double bonds. It is also evident that the free fatty acids
oxidize more rapidly than do their methyl esters. The rate of autoxidation of
methyl esters is comparable to that of the triglycerides if calculated per fatty
acid moiety.

The effect of oxygen pressure on the rate of autoxidation of fatty acids and
esters is negligible down to relatively low values of pg,. The higher the reactivity
of RH, the higher this value will be, but even for ethyl linolenate the rate of
autoxidation at 25 °C decreases only at values of po, below 40 mm Hg. Lowering
the temperature will decrease this value even more.

The effect of temperature on the rate of autoxidation is somewhat greater than
in many chemical reactions: not only is the chain propagation reaction accelerat-
ed, but also the decomposition of hydroperoxides, which leads to an increase
in free radicals initiating new chains. Other factors influencing the rate of
autoxidation will be discussed in Chapter III.

5. SECONDARY AUTOXIDATION PRODUCTS

5.1 Introduction

The autoxidation of saturated and unsaturated fatty acids and esters not only
yields hydroperoxides but also other components such as hydroxy-, keto-,
epoxy-compounds, polymers, cyclic peroxides, etc. For the present investiga-
tions the products which are formed by further degradation of the hydroperox-
ides of unsaturated fatty acids are of particular interest, because these secondary
autoxidation products (saturated and unsaturated aldehydes, unsaturated
ketones, secondary alcohols, etc.) contribute strongly to flavour defects in
oxidized lipids.

A number of dismutation reactions for secondary hydroperoxides, as given
by BELL ef al. (1951), are presented in Figure 4.

R\ —CH(COH)—R; —— R.—(‘:H;Rg + -OH
o

R, + R;—-CHO R —-CF; + R,0H
1
& ]

+R,H 4R,

R,—CH(OH}—R; + R," R.l—(.;‘-R, + R;H
|

Fig. 4. Dismutation of secondary hydroperoxides.
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5.2 Aldehydes

Aldehydes may be formed by dismutation of the fatty acid hydroperoxides
according to reaction {a) of Figure 4. Table 2 indicates which hydroperoxides
may be formed in the autoxidation of a number of fatty acids. Also the carbonyl
compounds are listed which may be expected to result from dismutation of
these hydroperoxides. It is assumed that the terminal a-methylene groups are
also involved in the reaction and that the hydroperoxides with non-conjugated
double bonds may also contribute in some way to the formation of carbonyl
compounds,

Finally, the secondary autoxidation products which were identified in
previous investigations, are given in Table 2.

It can be seen that there is fair agreement between the list of aldehydes detect-
ed and the group of aldehydes that may be expected theoretically. However,
the results of the identifications secem to be incomplete. Therefore further
investigations are needed to determine whether other aldehydes which are to be
expected theoretically (particularly those with non-conjugated double bond(s))
are present. The configuration of the double bonds in the aldehydes has also .
to be examined in more detail.

The identification of aldehydes other than those expected theoretically may
be due to further degradation, migration of double bonds, etc, during the aut-
oxidation processes.

5.3 Alkanols
Alkanols may be formed by the decomposition of secondary hydroperoxides
according to the equation :
R,—CH,—CH(OOH)-R, — R,—CH,—OH + R,CHO

Starx and Forss (1966) have identified a number of 1-alkanols in oxidized
butter fat in small quantities. Since these compounds have relatively high fla-
vour threshold values, it is questionable whether the quantity present in
oxidized butter fat (1 pmol/kg) is sufficient to contribute to flavour defects,

5.4, 1-Alken-3-ols*

HorMANN (1962) and STArRK and Forss (1964) identified 1-octen-3-ol in oxidized
linoleic acid and in butter fat. The formation of this compound can be explained

by formation of 10-hydroperoxy-8,12-octadecadienoic acid from linoleic acid
and degradation of this hydroperoxide by the reaction:
CH;—(CH,),—CH=CH—CH,— CH(OOH)—CH=CH—(CH,)¢—COOH —>

0113—(c1{2)(,,-;—CH=CH-(':H2 <« CHa—(CH,):)—(fH—CH=CH;
a ()

* In the literature these compounds are sometimes given the name vinyl alkyl carbinols.
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Table 2. Survey of the hydroperoxides and secondary autoxidation products (resulting from decomposition
of these hydroperoxides) which might be expected and which have actually been found in the
autoxidation of a number of unsaturated fatty acids.

fatty acid methylene isomeric hydroperoxides which
group may be formed from the structures
involved contributing to the intermediate
{C-atom number) free radical resonance hybrid® 3
8 B-O0H A% (+)
CH,—(CH;);—CH=CH—(CH,);—CO0OH 8 10-O0H A% (+)
oleic acid 11 11-Q0H A% (4)
11 9-OCH A (1)
3 8-00H A% 12¢
8 10-O0H A% 13¢
11 11-00H A% L3¢
CHy—(CH,},—{(CH,—CH=CH),—(CH,)—COOH 1 13-O0H A%- 1t (1}
finoleic acid 11 9-00H A0t 12¢ (1)
14 14-00H Al 12¢
14 12-00H A% 13
8 8-O0H A% t2e. 136
B 10_00“ Aal. 12¢, 15¢
11 11-O0H A% 13 13¢
ll 9.00“ ﬁll’ll. 12e, 15¢ (+)
CH,—(CH,—CH=CH);—(CH,),—COOH 1 13-00H A% t1u 1% (1)
linolenic acid 14 14-00H A% 136 13¢
14 12-00H A% 13t. 13 (1)
14 16-O0H A%» 120 141 (1)
17 17-0O0H A% 127 15¢
17 15-0O0H A% t2e. 16t
4 4_00].[ ASt. fic, 11c, 14¢
4 6_00H A‘!. 8¢, 11e¢, Lée
7 7-00H ASe. 8¢, 11c, 14¢
1 S_OOH Aﬁl. 8¢, tlc, 14c
1 9_00H A-":. Tt, 1lc, 14e
10 10-O0H ASc. Be, Lle, 14c
CH;—(CH;);—(CH,—CH=CH),—(CH.};—COOH 10 8-O0H A®c. 9t 115 140
arachidonic acid 10 12-00H Ades B 101, 14
13 13-O0H ASc: 8¢ Lic, 140
13 11-O0H ASer ¥ 121, L4c
13 15-O0H Ase: #o. 116, 131
16 16_00]{ ASG. 8¢, 11c, 14c
16 14-O0H A3e: 8. 110, 15¢

!} In this column + indicates that this hydroperoxide has actually been identified.

2 # indicates that these aldehydes are the major carbonyl compounds to be expected or found.
3 Example of coding: 15-O0H = 15-hydroperoxy; A% 11* = 9 ¢is, 11 trans-diene.

* Example of coding: CsA%® 3¢.dienal = 2 ¢is, 5 cis-octadienal.



————

Secondary autoxidation prod-
ucts which may be expected? ¢

secondary autoxidation products which have been identified

aldehydes (minor fractions not

other components

included)? +
*Cyy A% epal *C,, Al-enal {,3,10)
Coal *Cy-al (,3,10)
Craal *C,-al (1,3,10)
Cio A%.enal *C,0 Aenal (1, 3,10
Co A?-enal {,3,10)
Cs (3, 10)
C, {, 10)
Ci; A% % _dienal
‘C, A _eng) Co A?-enal G, 4
‘c, A%.eng] *Cy Atenal @, 3) 1-otten-3-ol
.Ca'&l *g-al 2,3, 4,12) 1-octen-3-one
glo .;.\*'- *<_dienal *Cyo A¥%dicnal (2,3, 4, 8,12
5=
Cr A%enal C, A’enal 4,95
C,-al G, 4)
Cs-al (3, 4)
Ciy A2 30 8eyrienal
.CO A% 5<_dienal
Ca A2 3o dienal C,~Cs hydrocarbons
Clo A, 4e % trienal
*Cs Ad.enal *Cs Ad-enal (6); CsA2-enal (3,4)
.Cs A%.enal *Cs Al-enal 3) Cy A? _dienal
Cy A2 4 gienal *C; At dienal (3,4,7)
*Cral *Cy-al 3, 4)
C-al
Co AM.engl Cs AZ-enal ?3)
C” A2e, Sc, Bc, L1c_tatpaanal
C,, A3s: 64, 9c_trienal
*Cyq A2 56, 8 grignal
tcm A2t 4<, 70, 105 gotracnal
C12 A% 60 gjenal
Cu A% S dienal
Cia A2t 42 % prienal
‘Cs A*.enal
Cs AZeenal *Cy Al-cnal 14)
Cm AM 4s_dienal *Cyo A2 “dienal  (14)
Cs-al *Ce-al (14)
C.-.-al

_____Er__ilj-enal

Literalure references

) Badings (1959a). (2) Badings (1959b). (3) Ellis ez al. (1961). {4) El-Negoumy e al. (1962). (5) Ham-

Mond & Hill (1964). (6) Hofmann (1961a), (from linolenic acid containing oil).  (7) Hofmann (1961b),

fom linolenic acid containing oil). (8) Hofmann & Keppler (1960), {from linoleic acid containing oil).

(lsHofmann (1962). (10) Horikx & Schogt (1959). (11) Horvat ef al. (1964). (12) Patton ef al. (1959).
) Stark & Forss (1964). (14) Ellis et al. (1966).



From the resonance structure (b}, it may be expected that f-octen-3-ol is formed
by reaction with an OH-radical. However, it may also form the hydroperoxide
CH,—(CH.,),—CH(OOH)—CH=CH,. When this hydroperoxide decomposes
according to reaction {b) in Figure 4, 1-octen-3-ol may also be formed. Other
lI-alken-3-ols (e.g. 1-penten-3-ol) have been identified by IwaTa et al. (1965)
and STARK et al. (1967). Their formation may be explained in a similar way.

5.5 1-Alken-3-ones*
Stark and Forss (1962) identified 1-octen-3-one in oxidized butter fat. Ham-
MOND and HiLL (1964) detected this compound in oxidized trilinolein. HiLL and
HammonD (1965) found 1-penten-3-one in oxidized lipids and STARK ef al.
(1367) identified this compound in oxidized cream.
1-Octen-3-one may be formed via the formation of 3-hydroperoxy oct-1-ene
(see Section 5.4), followed by dismutation according to reaction (¢} in Figure 4.

5.6 Hydrocarbons
In the autoxidation of lipids, hydrocarbons are also formed. These components
were identified by HORVAT et al. (1964, 1965) (autoxidation of methyl linoleate),
Forss et al. (1967) (copper-catalysed oxidation of butter fat), LUCK et af. (1966b)
(oxidation with UV-radiation), MErrIT er al. (1965) and LUCK er al. (1966a)
(oxidation with y-radiation),

SMoUSE ef al. (1965) identified [-decyne in some autoxidized vegetable otls.
Its favour threshold value is very low.

The formation of hydrocarbons is explained by the fact that alkyl radicals
are formed during the autoxidation processes, which may transform into al-
kanes, alkenes, alkynes, etc. Because these compounds are of less importance for
the present investigations, their formation will not be discussed in more detail.

* In the literature these compounds are sometimes given the name vinyl alkyl ketones.
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CHAPTER III

FLAVOUR DEFECTS IN AUTOXIDIZED FOOD
LIPIDS

1. INTRODUCTION

Autoxidative deterioration is one of the main causes of flavour defects in
lipid-containing food products. The unsaturated fatty acids are particularly
susceptible to autoxidation and will primarily form hydroperoxides, which are
mostly odourless and tasteless (HENICK er al., 1954). Their dismutation products,
however, induce flavour defects, even if they are present in very small quantities,
sometimes 1 part per 10%,

In this chapter, the formation of odorous components as a result of autoxida-
tion processes in lipids and in lipid-containing food products will be discussed.

2, ORGANOLEPTIC PROPERTIES OF COMPOUNDS FORMED BY AUTOXIDATION OF
LIPIDS

Compounds which contribute to autoxidation off-flavours belong to the follow-
ing classes: alkanals, 2-alkenals, 2,4-alkadienals, non-conjugated enals and
dienals, 1-alken-3-ols, 1-alken-3-ones, saturated and unsaturated hydrocarbons.
The flavour threshold values of a number of these compounds, as compiled
from the literature and from own experiments, are presented in Table 3. It
also contains the terms that are generally used to describe the flavours caused
by the various compounds,

In general the data found here are in fairly good agreement with those
found by MeusooM (1964) and by others. The threshold values found by LEA
and SwoBoDa (1958) are considerably higher. Aliphatic carbonyl compounds
with more than twelve carbon atoms in the chain have much higher threshold
values and are of less importance,

Mixtures of the compounds in Table 3 can give detectable flavours at sub-
threshold concentrations {(Day ef a/., 1963). On the other hand MEnsooM (1964)
found that on mixing 3 cis-hexenal and 2 trans, 4 frans-heptadienal at concen-
trations of 13.2 p.p.m. and 12.5 p.p.m. respectively, an almost tasteless mixture
was obtained. It therefore seems that in certain cases extinguishing effects are
possible,
n-Alkanals have threshold values which lie between 0.025 p.p.m. (butanal)
and 0.7 p.p.m. (decanal). The lower members have a sharp and irritating fla-
vour; the medium ones (C; to Cg) have the most offensive flavour (green, oily,
tallowy) and the higher members (C,, to C,;) rather resemble the flavour of
orange peels.
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Table 3. Flavours and flavour threshold values of volatile components which contribute to autoxi-
dation off-flavours (dectermination by the method of Patton and Josephson, 1957).

compound threshold value (in p.p.m.)  description of
for taste in paraffin oil flavour
type name
literature own experi-
ments

alkanals propanal 1.6 (1) - sharp, irritating

butanal 0.024 (1) 0.025 sharp, irritating

pentanal 015 () 0.07 sharp

hexanal 0.15 (I 0.08 green

heptanal 0.042 (1) 0.055 oily, putty

octanal 0.068 (1) 0.040 fatty

nonanal 032 ) 0.20 tallowy

decanal 1.07 (1) 0.70 orange peels

undecanal 0.1 (1) 0.09 citrus

dodecanal 0.046 (1) 0.045 fatty, citrus
2-alkenals 2 trans-pentenal 032 () 1.0 sharp, paint, green

2 eis-pentenal 0.8 sharp, fatty, green

2 trans-hexenal 2.5 (1) 0.6 green

2 cis-hexenal 0.5 green

2 trans-heptenal 0.63 (1 0.2 putty, fatty

2 cis-heptenal 0.15 putty

2 trans-octenal 1.0 M 0.15 fatty, woodbugs

2 cis-octenal 0.05 fatty, wallnuts

2 zrans-nonenal 0.1 I 0.04 tallowy, cucumbers

2 cis-nonenal 0.04 washing, cucumnbers

2 trans-decenal 5.5 Q) Q.15 tallowy

2 eis-decenal 0.10 washing, fatty

2 trans-undecenal 4.2 {1

2 cis-dodecenal 6.3 1))
other alkenals 3 rrans-hexenal 1.2 1) 095 green leaves

3 cis-hexenal on (1 009 fresh green leaves

4 trans-heptenal 032 @ 0.1 putty

4 ¢cis-heptenal 0.0016 (4) 0.0005 creamy, putty

4 frans-decenal 0.01 tallowy, cucumbers
2,4-alkadienals 2 trans, 4 trans-hexadienal 0.036 (1) 0.040  fatty, green

2 trans, 4 trans-heptadienal 046 (1) 010 fatty, oily

2 trans, 4 cis-heptadienal 0.055 (1) 0.040 frying odour

2 trans, 4 trans-octadienal 015 (1) cardboard

2 trans, 4 trans-nonadienal 046 (1) fatty, oily

2 trans, 4 trans-decadienal 028 (1) 0.10 - ‘deep-fried’

2 trans, 4 cis-decadienal 0.020 frying odour
other alkadienals 2 trans, 6 trans-nonadienal 0.018 (1) 0.020 cucumbers, tallowy

2 trans, 6 cis-nonadienal G.002 () 0.0015 fresh cucurnbers
1-alken-3-ones 1-buten-3-one 0.25 sharp, irritating

1-penten-3-one 0.003 sharp, fishy

1-octen-3-pne 0.0001 (2) 0.0001 metallic
1-alken-3-ols I-penten-3-ol 42 sharp, irritating

1-octen-3-0] 0.01 (3 0.0075 mushroom
other compounds 3,5-octadien-2-one 0.30 fruity, fatty

3,5-undecadien-2-one 1.6 fatty, fried

1-decyne 0.1 (5) raw mango
Literature references (3) Stark and Forss (1964)

(1) Meijboom (1964).
(2) Stark and Forss (1962)

(4) Hofmann and Meijboom (1968)
(5) Smouse et al. (1965)



2-Alkenals have much higher threshold values than the corresponding saturated
aldehydes. Exceptions are 2-nonenal and 2-decenal. The flavours of 2 trans-
enals vary from green (Cs, Cg) to putty (C,), woodbugs (Cg) and tallowy/cucum-
bers (Cg, C,o). The threshold values of 2 cis- and 2 trans-enals of the same chain
length are fairly close to each other. However, the odour of a 2 c¢is-enal is
generally more pleasant than that of the corresponding 2 trans-isomer,
2,4-Alkadienals have threshold values which are usually a great deal lower
than those of the corresponding 2-alkenals. Values of 2 trans, 4 trans-dienals
fall in the range from 0.036 p.p.m. (2,4-hexadienal) to 0.46 p.p.m. (2,4-nonadien-
al). The values of 2 rrans, 4 cis-dienals are lower than those of the corresponding
2 trans, 4 trans-dienals. Also, the flavour of the former components is more
pleasant. All 2,4-dienals contribute to fatty or ‘fried’ flavours. The lower terms
(2,4-hexadienal) also have a green note; the higher terms give a strong fatty/oily
sensation, which is most noticeable with 2 trans, 4 trans-decadienal (PATTON ez
al., 1959).

Non-conjugated alkenals are highly potential odorous compounds. 3 Cis-hexenal
hasa flavour that is reminiscent of freshly crushed greenleaves,and hasa threshold
value of approximately 0.1 p.p.m. As for the 2,4-alkadienals, here also the
trans-isomer has a higher threshold value and a less pleasant odour. The thresh-
old value of 3 frans-hexenal is ten times higher (approximately 1 p.p.m.) than
that of the cis-isomer. Its odour is also *green’ but less ‘fresh’. Non-conjugated
C¢—C,q alkenals possess flavours reminiscent of putty, cardboard or train-oil
(vaN Duin, 1960). 4 Cis-heptenal deserves special mention, because its thresh-
old value is at an exceptionally [ow level (0.5 p.p.b.). HAVERKAMP BEGEMANN
and KosTeR (1964) found that low concentrations of this component (1.5 p.p.b.)
cause a pleasant cream-like flavour. At slightly higher levels (10 p.p.b.), how-
ever, an unpleasant flavour, reminiscent of oxidative deteriorated butter, appears
{BADINGS, 1965).

Non-conjugated alkadienals possess strong flavours that resemble cucumbers
and sliced beans; upon dilution these flavours become beany and fishy (van
Duin, 1960). 2,6-Nonadienal, a compound with a typical cucumber-like fla-
vour, is the best known. The 2 frans, 6 cis-isomer has a very low threshold
value (approximately 2 p.p.b.). The 2 trans, 6 trans-isomer has a threshold
value that is about ten times higher.

. 2-Alkanones, found in the flavour concentrate of oxidized milk lipids, often

must be attributed to the formation of artefacts during the isolation procedure.
It is known that these compounds may be formed when milk fat is heated in the
presence of small quantities of water (LANGLER and Day, 1964).

Since 2-alkanones are the outcome of non-oxidative reactions, their organo-
leptic properties will not be discussed, It should be mentioned, however, that
their threshold values are considerably higher than those of the corresponding
alkanals.
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1-Alken-3-0ls are highly potential odorous compounds. 1-octen-3-0l, whose
threshold value is very low (8 to 10 p.p.b.), has a mushroom-like flavour.
1-Alken-3-ones., A component with a metallic flavour is 1-octen-3-one (STARK
and Forss, 1962); its threshold valueis exceptionally low (0.1 p.p.b.). The thresh-
old values of 1-buten-3-one and 1-penten-3-one are 0.25 p.p.m. and 3 p.p.b.
respectively. These compounds possess a very sharp, fishy flavour.
Hydrocarbons have been identified in the volatile fraction from oxidized lipids,
but little is known about their contribution to (oxidation} flavour defects. It
seems, however, that among the unsaturated hydrocarbons, compounds with
low threshold values are present. An example is 1-decyne (SMOUSE ef al., 1965).
1-Alkanols have been found by STarRK and Forss (1966) in oxidized butter.
These compounds are formed by autoxidation and dismutation of unsaturated
fatty acid hydroperoxides. Because of their high threshold values they are of
only secondary consideration in the field of oxidation flavours.
Other compounds, not belonging to the groups mentioned above, may also
contribuie to oxidation flavours. For example, 1t must be expected (see Table 2)
that trienals and tetraenals will also be formed by the oxidation of unsaturated
fatty acids. Indications of the formation of such compounds have been obtained
by ELLIS 1 4l. (1966), but their organoleptic properties and threshold values
are not known at present.

Another component which has been identified in the volatile fraction of
oxidized butter is 3,5-octadien-2-one (BADINGS and vaN Duin, 1967). It has a
fruity flavour, and a threshold value of 0.30 p.p.m.

It may be concluded that the oxidation of lipids leads to the formation of a
large number of volatile components, many of which have very low flavour
threshold values and possess offensive odours. Therefore even a limited autoxida-
tion is often sufficient to cause flavour defects.

3. CONTRIBUTION OF VARIOUS FATTY ACIDS TO AUTOXIDATION OFF-FLAVOURS

The contribution of a number of fatty acids to autoxidation off-flavours was
determined experimentally. Small quantities of the esters were spread on filter
paper which were placed in conical flasks. After autoxidation for some time
the odour of the autoxidized esters was evaluated. The experimental details and
the organoleptic observations made are recorded in Table 4.

It is of interest to note that the observed odours are in good agreement with
those of the compounds which may be expected on account of the dismutation
reactions given in Table 2 (BADINGS, 1960a). From Table 4 it is also clear that
linolenic, arachidonic and linoleic acid in particular seem to contribute strong-
ly to autoxidation off-flavours. Of this group of fatty acids, linolenic acid
causes flavour defects which are most reminiscent of those in trainy butter,
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Recently a number of octadecadienocic acids have been identified in butter fat
(DE JoNG and VAN DER WEL, 1964, 1967a, b). Some of these fatty acids have been
found to be precursors to the oxidative formation of 4 ¢is-heptenal, which may
contribute strongly to oxidation flavours (BADINGS, 1965).

Preliminary investigations have been carried out on the monocarbonyl com-
pounds formed by autoxidation of methyl eicosa-pentacnoate, methyl docosa-
hexaenoate and cod-liver oil (FiscHER and WISHNER, 1968), but only alkanals,
2-enals and 2,4-dienals have been identified.

Table 4. Organoleptic evaluation of a number of autoxidized fatty acids.

substrate autoxidation period of flavour

temperature autoxidation

0

tristearin 40 6 months similar to candle grease
triolein 20 2 months tallowy
trilinolein 20 4 hours linseed oil, ‘deep-fried’
methyl linolenate 20 2 hours trainy, fishy
methyl arachidonate 20 1 hour oily, raw liver

The extent to which many fatty acids contribute to autoxidation off-flavours
is as yet unknown. Saturated and mono-enoic fatty acids may do so to a limited
extent only, but in the prolonged oxidation they may also contribute significant-
ly. Conversely, poly-enoic acids may be potential precursors to autoxidation
flavour defects. This subject will be further discussed in Chapter VII.

4. OXIDATION DEFECTS IN LIPID-CONTAINING FOODS

The way in which oxidative deterioration develops in fats, oils and lipid-
containing food products depends on numerous factors. Most important are:
the presence of oxygen, the composition of the lipid fraction, the presence of
pro- and anti-oxidants, the physical structure of the product, the storage temper-
ature, etc.

In liquid milk products (milk, cream, buttermilk) and in butter, the main sub-
strate for oxidation is the phospholipid fraction. The position of the phospho-
lipids at the fat/water interface, where they may come into contact with pro-
oxidants such as copper, renders them highly susceptible to oxidation. In dried
milk products, the effect of water-soluble pro- and anti-oxidants is of minor
importance. The fat seems to be attacked directly by oxygen in the same way
as is done with pure oils and fats, It is noteworthy that in these products the
presence of phospholipids in the lipid phase displays a certain anti-oxidant
activity (SMITH e? al., 1958). In many products which contain milk fat, distinct
oxidized flavours occur even at peroxide levels lower than 1.0 m&q/kg.



Poly-unsaturated fatty acids play a predominant role in autoxidative deterio-
ration. Their rapid autoxidation increases the oxidation susceptibility of lipid-
containing products as a whole. Their autoxidation products also contain
strong off-flavours.

Flavour defects which occur in the initial stage of autoxidative deterioration
will be due mainly to volatile (carbonyl) compounds originating from polyene
fatty acids. An example is the reversion flavour in vegetable oils (DUTTON et g,
1951; HoFFMANN, 1961a; Smoust and CHANG, 1967). Flavour defects at a
later stage of autoxidative deterioration may be caused by volatile compounds
which originate from the less unsaturated fatty acids and by compounds result-
ing from a further degradation of the compounds formed in the early stages of
autoxidation.

It is clear that the autoxidation processes are of a dynamic nature. During the
progress of the reactions, the mixture of components which is formed changes
continuously { qualitarively and quantitatively). This is the main cause of changes
in oxidation flavour (metallic, green, fishy, tallowy) and of the order in which
oxidation defects develop during deterioration of food products.

Although the reaction rate of autoxidation is lower as the temperature
decreases, this is by no means a general rule. BETTS and URrI (1963) found that
the reaction rates for the metal-catalysed oxidation of 1-docosene (m.p. 41°C)
at 25°C and 50°C are almost identical. Conversely, the reaction rate of the
metal-catalysed oxidation of 1-hexadecene (m.p. 4°C) at 50°C is equal to that
of 1-docosene, but is almost ten times lower at 25°C. This anomalous aspect
of autoxidation can be explained as follows. In the solid phase there is a sharp
reduction of the diffusion-controlled rate of termination by free radical combi-
nation (RO-; + RO-; —> non-radical products). The rate-determining
propagation reaction (R0O-, + RH — ROOH + R.) is expected to pro-
ceed at only a slightly reduced rate in the solid phase.

5. CoLD-STORAGE DEFECTS IN BUTTER

As has been outlined before, the typical flavour defects of cold-stored ripened
cream butter are usually caused by oxidative processes. Before discussing these
processes, attention will be paid to the lipid fraction in milk and butter.

5.1 Lipids in milk
The fat globules in milk contain the majority of the milk lipids. These consist
almost entirely (approximately 99 %) of triglycerides of fatty acids with carbon
chain lengths between C4 and C;4). Minor constituents are free fatty acids,
mono- and diglycerides, phospholipids, cerebrosides, sterols, carotenoids,
fat-soluble vitamins, water, etc.
The fat globules derive their stability from the presence of an enveloping
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membrane, the fat globule membrane. It consists mainly of phospholipids,
proteins and (possibly) triglycerides (PALMER ef al., 1933, 1935, 1939). A phos-
pholipid protein complex (lipoprotein) seems to be the principal constituent of
this membrane. Since the surface layers of the fat globules are readily damaged
(by stirring, churning, foaming, etc.), the composition of the layers may change
with the treatment to which the milk is subjected (MULDER, 1957).

The milk phospholipids consist mainly of lectthin, cephalin and sphyngomye-
lin in the ratio 30:45:25 (Koops, 1958). Short-chain fatty acids are not present
in milk phospholipids. They contain more unsaturated fatty acids (particularly
in the cephalin fraction) than does milk fat. Major fatty acids are palmitic acid
15.9%;, stearic acid 16.3%, oleic acid 40.39% and linoleic acid 6.1 % (BADINGS,
1962; SMITH and Lowry, 1962; MATTsON, 1962). Other constituents of the
lipid moiety of the membrane material are cholesterol (partly esterified) (MULDER
and ZuiDHOF, 1958), mono-, di- and triglycerides, squalene, carotenoids, etc.
{THOMPSON et al., 1961). It is noticeable that the triglyceride fraction (prepared
from membrane material obtained from washed cream) is composed principally
of high melting triglycerides (melting point approximately 50°C). It contains
mainly myristic acid (10%;), palmitic acid (609} and stearic acid (175) (PaT-
ToN and KEeNey, 1958; BADINGS, 1960b; THOMPSON et al., 1961). The quantity
of protein present on the surface of the fat globule membrane is 0.1 to 3 g (aver-
age 0.8 g) per 100 g of fat globules (MULDER and MENGER, 1958).

The natural iron content of milk lies between 100 and 250 pg/kg (MULDER,
MEeuers and MENGER, 1964a). Approximately 259, of this iron is present in the
fat globule membrane {MuLDER and Koppelan, 1953). The natural copper con-
tent of normal milk lies between 20 and 40 pg/kg (MULDER et al., 1964b),
of which approximately 18 %; is present in the fat globule membrane (MENGER,
1961; Koors, 1963). As will be discussed in the following sections, the contami-
nation of milk with copper may cause a rapid oxidation of milk lipids.

5.2 The structure of the fat globule membrane

Although a great deal of information is available concerning the chemical
composition of the membranous maierial, comparatively little is known about
its physical structure. It is clear that intermolecular associations (lipid/protein,
ete,) will participate in this structure, KinG (1955) has suggested a structure for
the milk fat globule membrane which consists in principle of alayer of phos-
pholipid molecules (and minor constituents), which is oriented radially around
the milk fat globule, and a second layer of proteins.

It is questionable whether KING’s model agrees with the process of formation
of milk fat globules in the udder of the cow. It has to be taken into account that
the fat globules and milk plasma are very probably formed separately in differ-
ent parts of the secretory cells of the udder (MuLDER, 1947, 1957). Consequent-
ly it is reasonable to suppose that the fat globule is covered by a layer of cyto-
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