=

U greatly preponderates in the same position. Note
that one is an animal fat and the other a vegetable
fat. Application of the method to the hypothetical
fat of known constitution (No. 1) shows that the
mathematical process is a valid one. As will be de-
scribed later, other investigators are in agreement
with the results.

[t seems reasonable to conclude that for fats such
as these, in which C14-C;5 component acids predomi-
nate and in which shorter or longer components are
present in relatively small proportions, the process is
likely to give a good representation of the actual
structure.

Shortly after the foregoing procedure was deseribed
in 1959, A. S. Richardson, in private correspondence,
described a much simpler method of calculation giving
the same results, which presumably he will desecribe.

Quite recently Youngs (6) has announced the dis-
covery and development of another process for deter-
nmining the proportions of the glyceride types and
isomers, based on separation by means of chromatog-
raphy of the products of partial oxidation of the
unsaturated molecules. Analyses by Youngs confirm
the accuracy of Vander Wal’s results.

Dutton (7) has described recently the application
of the counter-current distribution technique to the
analysis of cocoa butter. Iis article, when published,
will contain references to other work by means of the
same procedure.

Hammond (8) has employed the temperature gradi-
ent technique in rescarch on glyceride structure. His
results also agree with those of Vander Wal.

Tt should be obvious by now that rather than being

Interesterification of Edible Fats

W. Q. BRAUN, Wilson and Company, Chicago, Illinois

URING THE LAST TEN YEARS, rearranged lard has

become a very important shortening ingredient.

It is prepared from natural lard by redistribut-
ing the fatty acid radicals among the triglyceride
molecules. .

That esters can exchange acid groups has been
known for almost one hundred years. In 1865, Friedel
and Crafts, of Friedel-Crafts reactions fame, heated
a mixture of amyl acetate and ethyl benzoate at
300°C. in a sealed tube. When they analyzed the
contents of the tube, they found ethyl acetate and
amyl benzoate as well as the original amyl acetate
and ethyl benzoate (1). This classical experiment was
the first demonstration of interesterification, the ex-
change of acyl and alkyl groups between esters:

RCOOR’ + R”COOR”” == RCOOR”” + R”COOR/

In this discussion the term interesterification will
refer only to an exchange of acid or aleohol groups
by esters. This is sometimes also called ester inter-
change or transesterification. Although we are primar-
ily concerned with the interesterification of edible fats,
it will be necessary to refer to a number of related
ester reactions from time to time. 1. Esterification is
the formation of an ester and water from an alcohol
and acid. 2. Hydrolysis is the splitting of an ester by
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a helter-skelter, unpredictable, unordered mixture of
triglyceride components, the natural fats are highly
organized and quite predictable.

TJ:IE END is not yet. Another great problem is the
explanation of how both plants and animals can
produce such complicated but precisely organized
substances as fats. This is partly the biochemist’s and
the enzymologist’s job, but the mathematical relation-
ships discussed in this paper must be satisfied by any
system of synthesis they evolve. Indeed these indi-
viduals may very profitably be guided thereby.
From the point of view of the chemist in industrial
fats and oils a knowledge of the structure of fats is
as important as a road map to the traveller. Research
heretofore has been done without real knowledge of
the structure of the substances involved and has there-
fore been carried on in a state of semiblindness. Now
we shall be able to see where we are, what we have to
work with, and what we can hope to achieve. The
results should be better products, more economically
produced, with advantages to all concerned.
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water. Free alcohol and acid are formed. 3. Saponi-
fication is the splitting of an ester by alkali. Soap and
aleohol are formed. 4. Alcoholysis is a displacement of
the alcohol radical of an ester by another alcohol.
5. Acidolysis is a displacement of the acid radical of
an ester by another acid.

Interesterification of Triglycerides

Fats have three ester linkages per molecule. There-
fore the interchange possibilities are many. Not only
can the fatty acid groups exchange positions within
the molecule, but each fatty acid can also trade places
with any one of three fatty acids in another molecule:

Interesterification within Molecules

CH.0COR’ CH.OCOR” CH.OCOR/

CHOCOR"” = (EHOCOR' = CHOCOR

CH.OCOR" CH,0COR" CH.OCOR”
Interesterification between Molecules

CH.OCOR’ CH.OCOR” CH.0COR”  CH.OCOR’

CHOCOR’ + CHOCOR” <= CHOCOR' + CHOCOR”

CH.OCOR’ CH,OCOR” CH.OCOR”  CH:0COR’
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I

CH.OCOR” CH.OCOR’

CHOCOR” + CHOCOR’

CH.0COR’ CH.OCOR”

Interesterification in the liquid phase is often called
random interesterification. This differentiates it from
directed interesterification which will be diseussed
later. It is assumed that the fatty acids regroup them-
selves among the glyceride molecules according to
chance. Triglyceride analyses are not very exact, but
they do indicate a completely random arrangement
at reaction equilibrium (2,3). The glyceride compo-
sition of randomly interesterified fats can be caleu-
lated with the following statistical formulas if the
fatty acid compositions are known(4):

Where A, B, C, ete, are the molar percentages of
fatty acids a, b, ¢, ete.
AAA

i —a—a =1x =222 mol
glyceridea —a —a 10,000 mole %
olyveeride a — g — 3 X St le
glyceridea —a — b 10,000 mole %
olyceridea —b — ¢ =6 X 222N
glyceride a ¢ 10,000 mole %

If, for example, 50 mole % of tristearin were inter-
esterified with 50 mole % of triolein the equilibrium
mixture should have the following composition:
50.50.50

stearic — stearie — stearic =1 X 10.000 =12.5%
. . . 50.50.50
stearic — stearic —oleie =3 X ———"_ = 37.59
stearte s 10,000 5%
. . . 50.50.50
stearie — oleie — oleie =3 x 2LV 37.59
10,000 70
=4 =4 =4
oleic — oleie — oleie =1 x 205050 _ 125%

10,000

It will be noted that 75% of the interesterified fat
would consist of glycerides which were not present in
the original mixture. This of course is an extreme
case. Most natural fats are closer to random dis-
tribution and therefore undergo less change during
interesterification.

Although interesterification has been known for
nearly a century, it was not applied to fats until
the 1920°s. Normann (5,6) and Van lLoon (7), two
European industrial fats and oils chemists, were the
pionecers in this field. Working independently, they
interesterified a variety of fat mixtures. Among these
were stearins and vegetable oils, beef fat and coconut
oil, beef fat and tributyrin to simulate butter, tristea-
rin and triacetin. Their search for catalytic materials
was extensive. Among those found to be effective
were tin, cadmium, lead, zinc and their compounds,
sulfonic acids, and compounds of alkaline earth metals
and alkali metals. Included with the latter were the
alkali metal alcoholates which are used extensively
today.

After Normann diselosed that fats can be interes-
terified, Griin (8,9) studied the theoretical aspects
of the reaction. His analyses of interesterified mix-
tures showed that all of the theoretically possible
compounds, including positional isomers, were formed.
Some of his results were in good agreement with the
theory of random arrangement.
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Interesterificated fats were not an immediate com-
mercial success. Nevertheless the contributions of
Normann, Van Loon, and Griin provided an excellent
starting point for those who did later research in
this field.

Lard Interesterification

Large-scale interesterification is a postwar develop-
ment primarily concerned with lard. Interesterifica-
tion had been used to make confectionery fats from
mixtures of coconut oil and vegetable fats (10), but
this apparently was not a sizeable operation.

To appreciate why lard lends itself so well to inter-
esterification, it is necessary to consider two character-
isties of natural lard. One of these is a large, coarse
erystal structure which gives it a dull, unattractive
appearance. The other is its poor creaming quality,
that is, its inability to incorporate enough air into
cake batters while these are being mixed. This leads
to poor texture and volume in the baked cakes.

It has been known for years that lard glycerides
have unique properties. The well-known Bémer test
for lard adulteration, devised in 1913, is based on the
melting point of the trisaturated glycerides (11). In
1935, Hilditeh (12) was able to show that most of the
palmitic acid in lard is attached at the beta position
of the glyceride molecule, instead of the more numer-
ous alpha positions. This work has been confirmed
with more refined techniques (13). Disatnrated beta
palmito stearo-glycerides are now recognized as the
canse of the coarse erystal structure of lard. Although
randomized lard still contains approximately 25%
disaturated glycerides, less than 5% are of the beta
palmito type.

The late A. E. Bailey (14) associated the erystal-
lization habits of lard with its poor ereaming power
and apparently was the first to use interesterification
for the purpose of breaking up the responsible glye-
oride configuration. The resultant product was com-
parable to good quality vegetable fat shortenings in
appearance and ercaming quality. Small amounts of
interesterified lard were produced in the late 19307
{15). The reaction was carried out in the absence of
air at about 200°C. with sodium hydroxide plus glye-
erol as catalyst. The product was handicapped by the
absence of natural antioxidants like the tocopherols
which occur in cottonseed and soybean oil but not
in lard.

Low-Temperature Interesterification

Two technological advances finally triggered com-
mercial lard interesterification. Onc of these was the
development and approval of effective antioxidants.
The American Meat Institute played a major role in
this. The other was the discovery of low-temperature
interesterification, first disclosed by Eckey (16).

Since reaction rates inerease with temperature, fat
interesterification was originally carried out at tem-
peratures as high as practicable. Even so it took hours
to arrive at a random equilibrium at 200°C. Rekey
however was trying to direet the reaction away from
its usual random endpoint. In the course of his work
he found that under the proper conditions some cata-
lysts were still active below the melting point of fat,
and at 50°C. they were so active that equilibrium was
reached within 30 minutes (17).

Sodium and potassium and their Tower alcoholates,
amides, and hydrides are all very effective low-tem-
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perature catalysts. It seems likely that these materials
are actually precursors of the real catalyst, which
probably is a compound of the alkali metal and a
glyceride. According to Eckey, compounds of sodinm
with materials much more acidic than alecohol will not
bring about interesterification at low temperatures.

The alcoholates are the most convenient to use, and
sodium methoxide is the most popular of these. Spe-
cial precautions are necessary when the alkali metals
and hydrides are used, because hydrogen is liberated.
‘When sodium amide ages, it may form nitrogen ox-
ides which can detonate spontaneously (18). Sodium
methoxide is easier to handle, but its use also requires
care because the reaction between water and sodium
methoxide is very exothermic. There have been in-
stances where open containers have ignited in moist
atmospheres.

The use of sodium methoxide for low-temperaturc
lard interesterification has been patented (19,20).
Patents have also been granted for its use in prepar-
ing other shortenings (21,22), as well as confectionery
fats which contain coconut oil (23,24). It has a num-
ber of advantages over the old high-temperature
methods. The reaction can be carried out in open
kettles, equilibrimm is rcached more quickly, and
the danger of thermal damage to the fat is greatly
reduced. However high- and low-temperature inter-
esterifications have the same effect on glyceride com-
position, ecrystal structure, and creaming properties
if they are continued until a random equilibrinm
exists.

Fats which are to be interesterified should be low
in moisture, free fatty acids, peroxides, and other
extraneous materials which will react with sodium
methoxide. The catalyst concentration should be kept
as low as practicable to prevent excessive losses re-
sulting from saponification by the sodium radical and
methyl ester formation by the methyl radical. Lard
which has been filtered and vacuum dried but not
refined requires about 0.20% sodium methoxide.

The fat should take on a reddish brown hue a few
minutes after the catalyst has been added. This color
probably is due to the sodium-glyceride compound
believed to be the true catalyst. If it does not appear,
more catalyst is required. In the temperature range
of 60 to 85°C. the reaction reaches equilibrium within
thirty minutes after the color change occurs. With
many fats either the melting point or cloud point
can be used to follow the reaction. With lard these
determinations are of no value sinece interesterification
changes the melting point of lard only slightly. There-
fore cooling curves or single point dilatometric meas-
urements are generally used. The cooling curve of
lard has a characteristic hump which disappears after
interesterification.

After the fat has been interesterified, the catalyst
may be inactivated either with water or acid. When
water is used the saponified acids can be removed with
conventional refining equipment. The alkaline water
also removes most of the color bodies formed during
the reaction. If the fat is to be used as a food, the
methyl esters must be removed. These come out read-
ily during steam deodorization.

Directed Interesterification

A random arrangement of fatty acids is not always
the most desirable one. Eckey (17) found that inter-
esterification can be directed away from its usually
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random endpoint if the fat is allowed to crystallize
during the reaction. The trisaturated glycerides erys-
tallize first. This removes them from the reaction and
upsets the eguilibrinm of the liquid phase, which in
turn forms more trisaturates in an effort to regain
equilibrium. This continues until most of the satu-
rated acids have been precipitated. Eckey was able
to get 19% trisaturated glycerides from cottonseed
oil, which contains 25% saturated acids. If this fat
had been randomly interesterified, it would have
contained only about 1.5% trisaturated glycerides
and more than 40% disaturated mono-unsaturated
glycerides.

Directed interesterification has also been used to
separate disaturated mono-unsaturated glycerides. To
accomplish ‘this, catalyst was added to chilled oils in
which most of the crystals were disaturated mono-
unsaturated glycerides. These served as nuclei for
the formation of more of the same crystals (25,26).

Nonrandom interesterification has many possibili-
ties. Among them are the preparation of shortenings,
confectionery fats, and margarines (16) as well as
the removal of saturated fatty acids from oils. TTow-
ever as with random interesterification, the primary
application at the present time is concerned with the
preparation of lard shortening. Randomly rearranged
fard is softer and has a lower melting point than
conventional shortening. Consequently it has to be
firmed up with about 10% of trisaturated glycerides.
‘With directed interesterification the trisaturated glye-
erides are one of the reaction produets. The resultant
fat also has a better plastic range because it is lower
in disaturated mono-unsaturated glyecerides (27).

Directed interesterification is relatively slow because
of the lower temperatures used and the time required
for crystallization. Solid catalysts like sodium metal
and sodium methoxide tend to become coated, which
slows down the reaction still more. This coating effect
has been overcome by the use of a dispersion of liquid
sodium-potassium alloy. These liguid spherical parti-
cles slough off the coating as it is formed, and as a
result the fat is always exposed fo active catalyst (27).

After the catalyst has been added, the lard is sent
through a series of heat exchangers to lower the tem-
perature gradually. The course of the reaction can
be followed by clond-point determinations. When the
desired amount of trisaturates has been formed, the
catalyst is destroyed. This is done while the fat is
still in a semisolid state because any rise in tem-
perature while the catalyst is active will reverse the
reaction. Water plus carbon dioxide has been recom-
mended to reduce saponification (27). After the cata-
lyst has been destroyed, the fat is melted so that the
soaps can be removed.

Monoglycerides

Monoglycerides may be prepared either by the ester-
ification of fatty acids with glycerol or the glycerolysis
of triglycerides. Glyecerolysis is generally used for the
preparation of food grade emulsifiers.

CH,0H !CHgoCOR CH,0COR C]H2000R
I .

CHOH + ICHOGOR _.CHOH + (IJHOCOR
I -

CH,O0H CH,OCOR CH,OH CH,OH
glycerol tri- mono- diglyceride

Both aleoholysis and interesterification occur. At
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equilibrium there is an essentially random mixture of
glycerol, mono-, di-, and triglycerides. The reaction
cannot be driven to completion by adding an excess
of glycerol, because of its limited solubility. It ranges
from 22.5% at 200°C. to 40% at 250°C. (28). Most
commercial monoglyceride mixtures are prepared at
about 200°C. with sodium hydroxide as catalyst and
contain 40 to 45% alpha monoglycerides plus about
4% beta monoglycerides. Mutual solvents have been
proposed to increase the monoglyceride content (29),
but most conecentrates are made by molecularly dis-
tilling mono- and diglyceride mixtures. The distilled
products have a monoglyceride content of 90% or
more.

Phosphorie acid has been recommended for destroy-
ing the alkaline catalyst (30). The reaction should be
halted before any cooling occurs, otherwise glycerol
will drop out of solution and reduce the yield of
monoglycerides.

Acidolysis plus Interesterification

Fats like coconut oil, which contain low molecular
weight acids, may be modified by displacing the short
chain aecids with longer chain acids (31). The reac-
tion can be carried out under reduced pressure in a
vessel equipped with a fractionating column through
which the lower molecular weight acids are continu-
ously removed as they are freed (32). The produect
has a random distribution of the remaining acids. The
usual high-temperature interesterification catalysts are
effective. A similar result can be obtained by using
monoesters instead of the free acids (32,33).

Interesterification and allied ester reactions are also

Dietary Fat and Heart Disease
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used quite extensively in the manufacture of paints
and plasticizers. These applications were reviewed by
Formo in the 1954 A.0.C.S. Short Course (34).
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ITHIN THE PAST FEW YELARS all of us in the fats

\’\/ and oils industry have become acutely aware

of the research indicating a relationship be-

tween heart disease and dictary fats. Besides the

potential effects on our markets, these programs are

of vital concern in terms of the health of the nation,
our families, and ourselves.

This is a controversial topic and an active area of
research. There are important differences between
experimental animals and human beings in the ways
in which blood vessels react to the dietary factors
presumed to lead to atherosclerosis and heart discase,
Therefore available data are inconclusive to the ex-
tent that they provide at least some degree of support
for each of several points of view.

My purposes in the present review are to outline the
nature of the evidence now available, to indicate the
limitations in the data, and to discuss the interpreta-
tions and hypotheses on which current elinical re-
search is based.

First of all, there is no doubt that fats are excellent
foods. They are highly concentrated sources of energy
and contribute much to the enjoyment we get out of
our meals. As a matter of fact a certain amount of fat
is necessary to provide the essential fatty acids which

our bodies are unable to synthesize and, in addition,
to carry into our tissues the fat-soluble vitamins which
are so important to health. Lipid materials, of which
fats arve one class, are important constituents of all
living cells and life as we know it wonld be impossible
without these fatty materials. Thus, there is no doubt
that fats are excellent foods.

IMowever, recent clinical studies have clearly shown
that there are important differences in the way in
which our bodies metabolize fats from different sources
and that these differences may be associated with the
development of coronary heart disease.

One of the bits of evidence linking heart disease with
dietary fats has come from population and epidemi-
ological studies. Statistics are being amassed in all
parts of the world on local incidences of various dis-
cases, the foods people eat, and the conditions under
which they live. There are very serious limitations to
the aceuracy of such data and consequently they must
be interpreted with caution. For example, medical ree-
ords from the United States are not directly compar-
able to those from Tndia where few people ever see a
doctor. In addition, reliable dietary histories are dif-
fieult to obtain so the information available generally
relates to the quantities of food available in the mar-



