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GENERAL INTROIUCTION

Research in this laboratory on the utilization of linseed oil
for edible purposes, was originally stimulated by the shortage of
edible oils and fats during the second world war. This research was
concerned with overcoming the unpleasant odour and taste associated
with linseed oil subsequent to hydrogenation. The tendency to flavour
reversion has been attributed to the isolinoleic acid produced by
hydrogenation from linolenic acid present in large quantities in
linseed oil.

A method of removing a portion of the linolenic acid was developed.
It was suggested that thermal polymerization would involve primarily
the linolenic radicals. The polymeric triglycerides thus formed
could then be separated by virtue of their insolubility in acetone.

It was presumed that the residual soluble fraction should then be
relatively lower in linolenic acid radicals, and to-that extent less
liable to flavour reversion. In the event, the hydrogenated acetone-
soluble fraction displayed good stability as regards flavour reversion,
and produced a shortening suitable in taste and baking properties.
Studies on the nutritive value of this shortening however, showed that
it was toxic when incorporated in the diet of young rats.

Thermally polymerized peanut, corn, rapeseed and 'soybean . oils
all displayed lowered mitritive values.

Further work in this laboratory has effected a separation of the
monomeric portion of the ethyl esters of the polymerized oil into two
fractions, viz., a very injurious fraction which fails to form adducts
with urea, and a fraction, capable of forming adducts with urea,

and comparable in nutritive value to the unheated esterse.



The yield of the nutritionally injurious non-adduct forming mono-
meric material could be related to the degree of saturation exhibited
by the component fatty acids of the oil itself.,

The present work has been concerned, firstly, with a further study
of the components of this injurious fraction, anmd secondly with a
study on the nutritional value of similar ester fractions from thermally

polymerized menhaden oils



PART I
REVIEW OF THE LITERATURE
Thermal Polymerization

Thermal treatment of unsaturated triglyceride oils results in
the formation of covalent links between fatty acid chains. Saponification
of the thermally polymerized triglyceride mixture yields monomeric,
dimeric and smaller amounts of trimeric (and higher) acids.

Early theories on thermal polymerization proposed the Diels=~Alder
reaction as the mode of union.

Scheiber (1929) noticed that, whereas refractive index values increase
steadily with time of polymerization of linseed and other common drying
oils, in the case of tung oil refractive index fell during the early
stages of thermal polymerizations Scheiber correctly interpreted this
difference as due to the fact that eleostearic acid is conjugated,
whereas the acids of linseed oil are not. He explained his observations
on the theory that conjugation must necessarily occur before poly=-
merization. In the case of tung oil, conjugation was already very
extensive, hence loss of conjugated bond systems and consequent decrease
of refractive index occured during thermal polymerization. Kappelméier
(1933) advanced the idea of a 1, L - Diels-Alder type addition of a
dienophile to a conjugated diene, as being a possible mechanism for
the thermal polymerization reaction. These two proposals wWere combined
into the Scheiber=Kappelmeier theory of thermal polymerization (Scheibep,
1936), which involves two steps: (1) thermal conjugation of unsaturated
fatty acyl groups to conjugated diene, and (2) the addition of an

unsaturated fatty acid residue (dienophile} to the conjugated diene



by & Diels-Alder type addition to produce a dimer containing a
cyclohexene rings Conjugation of unsaturation was therefore considered
an essential stage in the polymerization (Bradley and Richardson,1940).
The apparent induction period in thermal polymerization during which
unsaturation was consumed with little increase in viscosity, was ex-
plained as the time required for conjugation and intra-glyceride reaction.
Bradley and Richardson, accordingly, regarded intra-glyceride reactions

as a necessary preliminary to thermal polymerization, which was considered
to proceed by acyl group interchange. Another hypothesis, due to
Sunderland (19%H), proposed that a hydrogen separation reaction is
responsible for linkage. 4 double bond in one molecule opens to receive
at oné end a hydrogen atom from a methylene group in another molecule

and becomes joined at the other end to the methylene group sitee. Thus

the linkage formed is a single carbon-carbon bond.

Brocklesby (1941) proposéd a scheme in which two direct carbon-
to-carbon bonds are formed between two ethenoid groups in different
residueses This mechanism would cause the formation of a four carbon
ring, which then rearranges to produce a non=-cyclic, branched dimere
Re CH : CH . R! R+.CH-CH. R R «CHy « CH .+ R!

Re CH : CH + R" R .éH-—éH. RY R é:-CH. RM
This reaction was thought to accur only intermolecularly because of
the shift in the fatty acyl chains which would rupture any intra=-
molecular compounde This theory was advanced before the mobility of
hydrocarbon chains was fully realized.

The Diels-Alder mechanism for thermal polymerization of poly=-

unsaturated fatty esters has received support from the findings of
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recent workers (Boelhouwer, Tien and Waterman, 19533 and Paschke and
Wheeler, 19554), It is now known that, although six membered rings are
formed in heated oils, intra-glyceride reactions are quantitatively
unimportant in the early stages of convential thermal polymerization
(Sims, 1956)« In addition, the contribation of conjugation and geometric

isomerization to reaction rate and mechanism has been assesseds

Influence of Amount and Type of Unsaturation.

The common types of fatty acids encountered in a drying oil are:
(1) stearic acid, actadecanoic acid; (2) oleic acid, A =9 octadecanoic
acidy (3) linoleitc acid, A -9, 12, 15 octadecatrienoic acide Fish oils
contain a wide variety of saturated and unsaturated fatty acids, with
chain lengths ranging from twelve to twenty-six carbon atoms. The
high degree of unsaturatidn exhibited by fish oil fatity acids is also
extremely variable, and is known to exceed five double bonds per molecule
(Bailey, 1951a).

The following structures illustrate the effect of geometric
configuration in unsaturated fatty acids. Double bonds have a planar
configuration, and geometric isomerization about the plane of the double
bond changes the conformation of the fatty acid in space.

Geometric Isomerization in Octadecatrienoic Fatty Acids:

HOOC ~ CHp = CHp = CH, = CHp = CHy = CH, = CHy = CH

HC = CHp - CH
HC =~ CHp = CH
H3C = CHp - 'C‘)H

cis, cis, cis A -9, 12, 15 octadecatrienoic acid.

N = Linolenic Acid
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HOOC = CHp = CHp = CHp = CHp = CHp =~ CHp = CHp - CH ﬁH-CHz-ﬁH
i
CH - CHp - CH CH-CHp~CHj

trans, trans, trans A=9, 12, 15 octadecatrienoic acid.

4 = Eleostearic Acid.

HOOC - CHp - CHp = CHp = CHy - CHp = CHp = CHp = CH
i
CH3 - CHp = CH HC = CHp - CH
A
CH - CHp - CH

cis, trans, trans A=9, 12, 15 octadecatrienoic acid.

B = Eleostearic Acid.

Work by Paschke, Jackson and Wheeler (1952) and Paschke and
Wheeler (1955a) on the polymerization of methyl esters of pure isomeric
fatty acids clarified many polymerization problems. With various
isomers of methyl linoleate, the reaction was shown to be pseudo-
unimolecular. Normal (non-conjugated) linoleate was considered to
isomerize and react with both conjugated and non-conjugated material.

Trans~linoleate was shown to polymerize more rapidly although its

rate of conjugation was essentially the same as that of the parent

cis compounde Since polymerization rates of cis-cis, cis-trans and

trans~trans non-conjugated linoleates were quite similar, thermal

cig~-trans isomerization was not considered to control the rate of
reaction. Moreover, Gourley (1951) working with linseed oil, has
shown that assumption of the trans configuration is a more rapid
reaction than thermal polymerization.

With conjugated linoleate isomers, however, geometric configuration

was more important; trans-trans conjugated linoleate polymerized much
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faster than alkali-conjugated linoleate. Moreover the reaction followed
first order kinetics more closely than second order kinetics. Geometric
isomerization was, therefore, considered to be the cause.

Gast, Bell and Teeter (1956) recently studied the mechanism of
a Diels-Alder-type reaction between diethylazodicarboxylate and t¥ans,
trans A=-9, 1l octadecadienoic acid in various solvent systems and
with acidic catalystse It was found that the reaction followed
second order or pseudo second order kineticse. Probably the reaction
was more complex than the overall reaction kinetics indicated.

Thermal polymerization studies of normal methyl linoleate and
4= and B= eleostearate (Paschke et al.1955a) indicated that the
kinetics of linoleate pelymerization were consistant with the conjugation
theory of non-conjugated polyenes. Monomeric eleostearates were shown
to disappear in a second order manner with the B isomer polymerizing
fasters Side reactions, producing cyclic and less reactive monomers
were observed to the extent of 5 - 15 per cent.

The products formed during thermal polymerization include hydro-
carbons, acrolein, aldehydes, free fatty acids, low molecular weight
esters and many other products. Some of these products originate from
pyrolytic decomposition, others are formed as by-products of the
main polymerization (Bailey,195lcje Althouzh there is some tendency
for oils to increase in acidity during heat bodying, it is quite
possible to produce a high-viscosity product from alkali-refined
linseed oil with an acid value not greater than 3 or L (Wells and

Common, 1953). Monomeric iso-oleates that could not be hydrogenated

to stearate have been found in heat-bodied oils (Paschke and Wheeler, 19L9.)



The NAFD fractions isolated from sunflower seed, :soybean.. and lin-
seed oils (Pritchard, 195L) also represents less well known products
of thermal polymerization.

Structural analysis of the linseed oil NAFD fraction has been
extended by the wider application of spectroscopy and by ozonolytic
degradation methods (Macdonald, 1957).

One aspect of this investigation that had not been studied until
recently was whether the isomerization reaction took place more readily
than polymerizatiop. That is whether the movement of double bonds to
the conjugated position could be the rate-controlling step in the
postulated reaction schemes Research by Rushman and Simpson (1955),
has shown that with methyl linoleate the conjugation reaction is
much slower than polymerization and is thus not rate-comtrolling.
Polymerization was shown to proceed by second order kinetics that could
be explained in terms of hydrogen abstraction and not by a Diels-Alder
mechanism.

Work with triglyceride oils rather than methyl esters, has pro-
duced like information. Using viscosity to measure the progress of
thermal polymerization, reaction rates were measured and activation
energies for the polymerization of linseed, safflower and tung oils
were calculated (Sims, 1955a). The energy required for the poly-
merization of naturally conjugated oils was shown to be almost 50%
less than that of the initially non-conjugated oils. Differences
in response to catalysts and inhibitors also suggested a difference
in mechanism for the two types of oiles More recent investigations

(Sims, 1956), where extent of reaction was followed by consumption
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of monomeric acids and by disappearance of unsaturation, showed that the
kinetic orders for the polymerization of these two types of oils were
different. Activation energies obtained in this experiment again

suggested marked differences in reaction mechanism.
Influence of Temperature.

Thermal polymerization of linseed,safflower and tung oils has been
studied in Canada (Sims, 1955a). Using rate constants obtained from
viscosity measurements, apparent overall energies were obtained for
thermal polymerization of linseed, safflower and native and isomerized
tung oils. The non-conjugated oils had activation energies of about 35 K.
cal. per moley whereas tung oil = isomerized or native = required an
activation energy of 23 K. cal. per mole. Although isomerized tung oil
polymerizes more rapidly than the native oil they have similar activation
energy requirements. The faster rate of polymerization of isomerized
tung oil can, therefore, be attribtuted to a larger probability factor.

At temperatures gsreater than 260°C. thermal polymerization appeared to

become complieated by side reactions.
Intra=-Glyceride Reactions

Intra-glyceride reactions in thermal polymerization have been
investigated in a mimber of ways. BEarly attempts to show the existence of
cyclohexene rings in heated oil by aromatization of the ring: and
oxidation of the side chain gave inconclusive results. Wells and
Common. (1953) have suggested that the failure of NAFD to form adducts

with urea may be due to the presence of a non-terminal ring structures
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The presence of cyclic monomers among the products of the heat
treatment of :lycerides and fatty esters has often been suggested
(Bradley and Johnston, 1940), but the evidence for them has been
indirect.

Recently, Clingman, Rivett and Sutton (195L) used bromine
substitutiop followed by dehydrohalogenation and oxidation to show
the presence of six-membered rings in dimeric fatiy acids obtained from
heated linseed and safflower oils and methyl linoleate and eleostearate.
Subsequently Paschke and Wheeler (1955b) used a similar technique %o
show the occurrence of six-membered rings in monomeric heated methyl
eleostearate. Macdonald (1956) provided evidence for cyclic monomers
in the NAFD of heated linseed oil. This evidence was obtained by
methods involving aromatization via allylic bromination and dehydro-
halogenation, followed by oxidation to a simple aromatic acid, phthalic
acide Because of low yields in some of the reaction steps in this
method, it is not possible to state with precision the relative amounts
of ring formation that occur when fatty acids of different degrees and
types of unsaturation are heated. However, it can be said that normally
conjugated fatty acids cyclize more readily than do fatty acids with
initially non-conjugated unsaturation. |

Boelhouwer, Geerands and Waterman (1955) have used a method of ring
analysis based on specific refractivity and molecular weight to
estimate the mumber of rings per molecule in the monomeric and polymeric
fractions of heated oil. At a polymerization temperature of 300°C. they
found that the monomeric and polymeric fractions from linseed oillcontained
two rings per triglyceride moleculee. Applying a similar method of ring
andlysis, these workers have also studied methyl linoleate, methyl

linolenate, tung oil and methyl eleostearates
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Molecular distillation has been used to estimate the amount of
intra~-glyceride reactione Van Loon (1953) used this method to study
the influence of temperature on cyclization reactions of tung oil.
He showed that between 170° and 300°C. cyclization was a minor reaction,
whereas at temperatures greéter than 300°C. the conversion of eleosteariéc
acid to its cyclic isomer became extensivé. Reasoning that isomerization
of A&to Pmeleostearic acid would proceed rapidly at high temperatures,
Van Loon (1953) compared the composition of isomerized tung oil polymer
with that obtained from native tung oil.s O0il isomerized with iodine
and heated at 176°C. contained even less distillable acyl groups than
native oil heated at 280°C.

The effect of reactién temperature, extent of reaction and type
of unsaturation on intra-glyceride reactions has been studied by
Sims (1955c). The effects of reaction temperatures and geometric
configuration on the ratio of polymeric acyl groups to polymeric
glycerides found in heated tung oils at various extents of reaction have
been elucidateds Tung oil isomerized to the B configuration gave the
greatest amount of intra-glyceride reaction.. High temperatures gave
essentially the same effect as prior isomerization after the reaction
had proceeded beyond a 50 per cent increase in molecular weight.

The intra-glyceride reactions of initially non-conjugated oils
sugzest that, with oils of this type, intra= glyceride reactions play
a much less important part in the changes brought about by heat.
It appears that, in the early stages of normal high temperature
polymerization, these reactions are insignificant. At low reaction

temperatures, however, higher polymeric acyl group contents were
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measured, indicating incomplete randomization of the acyl groups
at low temperatures during small extents of reactions. The generdl
conclusion, from information obtained by molecular distillation
(Paschke and Wheeler, 195)), dilution polymerization (Sims, 195L)
and a combination of molecular distillation and ring analysis
(Boelhouwer and Waterman, 1952), is that, contrary to earlier hypotheses,
intra=-glyceride reactions play a minor role in the early stages of

conventional, high-temperature thermal polymerizations.
The Viscosity of Bodied 0Oils

The viscosity of polymerized oils, which has been used as an
sempirical measure of extent of bodying, has been further investigated.
Ordinary fatty oils exhibit the flow behaviour of true Newbtonian
liquids (Bailey, 1951lb). However, Weltmann (1948) has shown that
at very high rates of sheay, they may behave as thixotropic plastics,
presumably because of the tendency of micelles or other aggregates
to become orientated under high shearing stresses. Under such conditions
polymerized oils decrease quite markedly in viscosity. In polymerized
linseed oils, Tollemaar and Bolthof (1946) have shown that the decresse
is greater the greater the variation in molecular weight of the
aggrezates in the oile isee, is 7' a maximum when a non-polymerized
oil is mixed with a highly polymerized oil. TPolymerized olls become
less thioxtropic as their temperature increases. Relations between
viscosity and polymer content have been established for safflower,
linseed, and tung oils (Sims, 1955d). Conjhgated and non-conjugated
oils give different functions and those of the two non-conjugated

0oils resemble each oihers
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The dependence of activation energy of viscous flow on the
molecular weight and concentration has been studied by Sims (1956).
Using low rates of shear, at which the flow was normal Newtonian, the
activation energy of viscous flow was found to be a function of

both molecular weight and concentration.
Molecular Weight Distribution in Heated Oils

Using the Bernstein fractionation technique (Bernstein, 1948)3,Walker,
MeBKay and Taylor (1953) were able to show the presence of large
amounts of material with an average molecular weight of 150,000
in heated linseed oil. This technique has also been used to compare
the molecular weizht distribution of polymer in heated linseed and
tung oils (Sims, 1955¢). The results of this investigation suggest
that in tung oil the monomer disappearance is more rapid than in
linseed oil and that the dimers so formed tend to go to tetramers
quickly.

Recently, Hoeve and Sutton (1955) have presented satisfactory
information on the polymer distribution in heated linseed oil.

From the experimentally determined proportions of monomeric, dimeric
and trimeric acyl groups, the extent of reaction and molecular weight
distribution were calculated on the assumption that the acyl groups

are completely and randomly esterified with glycerol. Their
calculations were based on Flory's#theory of polycondensation reactions
Further work by Hoeve and Sutton (1956) using slowly polymerizing

sunflower seed and linseed oil, substantiated the validity -

* (19L6)



of the assumption that acyl groups are randomly and completely
esterified with glycerol.

Whether or not Flory's theory can be applied to rapidly
polymerizing oils or marine oils, depends largely upon the fatty
~acid distribution over the component glycerol molecules. In the
case of marine oil polymerization, it is improbable that an initial
state of random fatty acid distribution exists, since preliminary
kinetic studies of menhaden oil polymerization in this laboratory,
indicate that Flory's theory .cannot be applied to the initial

two=hour polymerization period.
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ADDUCTION COMPOUNDS OF UREA AND LINEAR

ALTPHATIC SUBSTANCES

A number of instances is kﬁown where two compounds, each capable
of a separate existence and having no obvious means of chemical union,
may unite to form a new crystalline substance, usually dcscribed as a
crystalline molecular compound. The ratios of the component molecules
in each substance may be constant or variable,simple or complex.

The urea adduction compounds of straight chain aliphatic molecules
discovered by Bengen in 1940, belong to the general group of
crystalline molecular compounds.

In these urea adduction compounds the molecular ratio of the
components is non-integral. The compounds obey the law of constant
composition in that the molecular ratio of urea to organic component
is constant for that particular organic compound, but the molecular
ratio is related to the chain length of the organic compound.

Bengen's (19L40) discoveries included the observation that
normal straight chain hydrocarbons form urea adducts, but that cyclic,
branched-chain and highly unsaturated molecules do not. This rule is
not rigid, in so far as some cyclic and branched-chain structures will
form adducts if the attached hydrocarbon chain is of sufficient length
(Truter, 1951).

Since the origzinal German patent came to liight, Schlenk (1949}
and Zimmerschied,. Dinnerstein, Weitkamp and Marschner (1950) have

reported in detail on the - formation of urea complexes in relation
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to the shape of the organic molecules, their composition, crystal
structure and energy of formation. These results have been confirmed
and extended by Redlich, Gable, Dunlop and Miller (1950) and by
Knight, Whitnauer, Coleman, Noble and Swern (1952).

Urea adduct formation, therefore, offers the possibility of
separating linear aliphatic compounds from their branched-chain
isomers by a method based on molecular shape, instead of more
conventional methods depending on chemical activity and molecular
size.

Crystallographic studies of urea adducts have shown that urea
molecules are arranged in a hexagonal lattice with each unit cell
containing six urea molecules., The internal diameter of the canal
down the centre of the lattice is such that a stretched hydrocarbon
chain will fit into it easily. The unit cell comprising six urea
molecules is 1l.1 A., corresponding to a lattice length interval of
1.85 A. Comparison of lattice length with length of hydrocarbon chain
for a series of paraffins shows that there is a uniform discrepancy
of + 2. A. per molecule. This discrepancy represents the interval
between succeeding hydrocarbon molecules in the lattice. It is
possible, therefore, to zive the ratio of the mumber of urea molecules
to hydrocarbon molecules in the adduct and to explain the non-integral
nature of these ratios.

Nicolaides, Laves and Niggli (1956}, using X-ray diffraction
patterns of a single urea adduct crystal, have developed a method
of locating substituents on the hydrocarbon chain of molecules

that form adducts with urea. They were also able to determine the
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chain length of the adducting moiety.

The possible applications of urea adduct formation to oil and
fat chemistry are numerous. Schlenk and Holman (1950a) found that
fractions with markedly different iodine values could be separated
by varying the ratio of urea to fatty acide By simply using a single
urea complex separation at room temperature, Parker and Swern (1957)
were able to prepare concentrates of linolenic acid from linseed oil.
Mehta and Sharma (1956), working with heat-bodied linseed oil, were
able to isolate a cyclized product by a combination of acetone
extraction and urea adduct formation.

Urea adduct fractionation can be applied to the separation
of gemmetric isomers (Schlenk and Holman,1950b). Normal cis, cis,
A-9; 12 linoleate is now prepared routinely as the non-urea adducting
fraction of fresh sunflower seed methyl esters (Paschke, 1956).

Urea will also form addition complexes with poly-alcohol monoesters
(Moreno, Cruz and Janer del Valle, 1956)s In this connection, it is
of interest to note that methanolysis of monoglycerides will occur
during urea adduct formation (Aylwood and Wood,1955). The disturbance
of chemical equilibria by inclusion type compound formation is known
to occur often. Aylwood and Wood (1955) have reported the existence
of two types of crystallineadducts: (1) large hexagonal needles
typical of the majority of inclusion type compounds, and (2) smaller
hexagonal biprisms appearing as hexagonal plates and containing
saturated long chain monoglycerides.

Since the fractionation of fatty acid mixtures by urea adduct
formation depends on both the extent of unsaturation and on geometric

isomerization, this method is now applied extensieely to marine oil
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research, Domart, Miyauchi and Summerwell (1955) were able to
separate a mixture of menhaden 0il fatty acids into fractions of
almost any desired iodine value. Fractions with iodine values ranging
to above 300, a degree of unsaturation corresponding to 3.4 double
bonds per molecule, were isolated.

Thiourea inclusion compounds are less stable than their urea
analogues, and hence possess a low heat of formation, lower free energy
and a decrease in molal ratio of thiourea to reactant as compared
with urea to reactant. Schlenk (1956) demonstrated that desoxycholic
acid conforms with urea and thiourea in its properties as a reagent
for the fractionation of fatty acid mixtures. Quantitative recovery
of the adducting fatty acid moiety was impractical.,

In this laboratory the urea fractionation technique has been
successfully applied to the separation of the ethyl esters of thermally
polymerized vegetable and marine oils into nutritionally innocuous

and nmutrionally deleterious fractions.
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PHYSTOLOGICAL AND NUTRITIONAL EFFECTS OF HEATED OILS

Heat~treatment of unsaturated oils for edible purposes was developed
in Germany and Occupied Norway during the war 1939-1945. A deodorization-
polymerization process was devised in order to produce from fish oils a
substitute for vegetable oils for fish canning. The process is described
in British Intelligence Objectives Sub-committee report No. 1477 (19L7).
It invodves. alkali refining and bleaching followed by deodorization at
280° - 300°C. at 10-15 mm for 8 to 12 hours in a vessel of acid proof steel.
The process was said to lower the mutritional value of oile A similar
process was applied to herring oil in the United States (Lasser, Bacon
and Dunn, 1949). It is obvious that the heat treatment used must hav