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TABLE VIII

Chemical and Physical Characteristics of Monohydric Esters—
Tall Oil Fatty Acids

Boiling ] Refrac- G:?rldner
Ester range Acid Sap'n | Todine tive color

C. @ value value value index Tni-  Distil

2-4 mm (20°C.) | ¢hy e

tial late
Methyl 156-160 3.0 187 118 1.4581 4 1
Butyl 182188 3.2 163 105 1.4593 5 1
Amyl 187-190 1.7 160 99 1.4587 | 7 1
n-Pentyl 183-187 3.6 161 160 1.4590 | 10 1
n-Hexyl 185-189 2.6 155 94 1.4596 . 6 1
Is0-hexyl 216-223 2.5 155 94 1.4600 | 4 1
2-Ethylhexyl| 224-230 2.6 142 90 1.4600 5 1
Iso-octyl 216-218 1.0 145 88 1.4600 6 1
n-Decyl 214-220| 1.0 135 80 1.4620 ' 7 1
Isodecyl 195200 5.4 128 84 1.4634 5 2
Tridecyl 220-225 2.3 120 75 1.4639 | T 2
Hexadecyl 243248 1.0 112 69 1.4634 L 6 1
Eicosyl = | ... 6.0 95 37 1.4663 6 ..

sorbing gums formed during the reaction and heating
and prevented the formation of insoluble resins in
the still bottoms.

‘While the greater part of this work was done on
the production of 2 ethylhexyl esters suitable for use
in the preparation of epoxy plasticizer derivatives,
1t was also decided to prepare a series of tall oil esters
of other commercially-available alecohols.

Various aleohol samples were solicited from Car-
bide and Carbon Chemicals Company, Enjay Com-
pany Inec., and Shell Chemical Corporation. A listing
of these esters prepared from the alcohols by a variety
of the above methods is presented in Table VITL
Esters of butyl and higher alcohols were made, using
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1.1 mole of alechol for each mole (280 g.) of fatty
acid. Catalyst concentration was 0.3%.

The initial ester after a purification treatment of
water washing, vacuum topping, and drying was dis-
tilled. Distillation was by batech method, using a
vacuum of 2-4 mm. A small precut was removed,
then the main portion of the ester, boiling over the
distillation range as listed in Table VIII, was col-
lected and used in subsequent analyses. The residue
in all instances contained the major portion of color
bodies. Imitial colors are listed for the esters prior
to distillation. All distillates were clear, water-white
liquids.

While the above listings of esters and their proper-
ties is by no means complete, it does serve to illustrate
the ease of esterification and variety of useful chemi-
cal entities which can be prepared from purified tall
oil fatty acids, which are now available commerecially.
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Analyses of Lipids and Oxidation Products by Partition

Chromatography. Dimeric and Polymeric Products’

E.N. FRANKEL, C.D. EVANS, HELEN A. MOSER, D.G. McCONNELL, and ]J.C. COWAN,

Northern Regional Laboratory,” Peoria, Illinois

A liquid-partitiou ¢hromatographic method was developed to
determine dimers in fats. Silicie acid treated with 209 meth-
anol in benzene served as the immobile phase. A mixture of 2%
methanol in benzene was the mobile solvent. Chromatographic
separation of free fatty acids from oxidized-deodorized oils
gave three well-isolated fractions composed of unoxidized acids,
dimerie or polymeric fatty aecids, and polar fraetion (ethyl
ether eluate). Recovery of acidic materials from the column
was essentially quantitative (96-100%), reproducibility was
good, and the standard error of regression was =+0.26.

A linear relationship exists between the dimer content of
deodorized soybean oil and the peroxide value of the oil before
deodorization. An increase of 1% in dimer concentration cor-
respouds to an increase in peroxide value of approximately 40.
Dimer content of different vegetable oils varied from 1 to 3%.

The chromatographic method can be used to estimate the
degree of oxidation that an oil has received before deodorization
and to follow various phases of fat oxidation, polymerization,
and processing.

HE EXTENT OF OXIDATION in deodorized vegetable

oils is difficult to determine because deodoriza-

tion rapidly destroys hydroperoxides. A auanti-

tative measure of this “hidden oxidation” would help

to prediet the quality and future stability of an oil.

1 Presented at spring meeting, American Oil Chemists’ Society, Dallas,
Tex., April 4-6, 1960.

2This is a lahoratory of the Northern Utilization Research and Devel-

opment Division, Agricultural Research Service, U.S. Depariment of
Agriculture.

Oxidation at different stages of processing and before
deodorization is detrimental to stability of vegetable
oils (1,6). This detrimental effect of oxidation in
soybean oil is attributed to dimerization products
derived from hydroperoxides by their decomposition
prior to or during deodorization (2). The term
“dimer” deseribes polymeric produets derived from
autoxidation and known to be principally dimeric in
nature. The dimers were isolated from autoxidized-
deodorized soybean oil and autoxidized-heated fatty
esters and were characterized chemically and spec-
troseopically (3). They contain approximately 1 mole
hydroxyl, 0.5 mole carbonyl, and 2 double bonds per
mole of dimer. Attempts to show the prescnce of
ether linkages and of a 6-membered ring in their
structure failed.

The present paper deals with a liguid-partition
chromatographie method used to determine dimers in
oxidized-deodorized or heated fats. Since these dimers
are derived from fatty acid hydroperoxides, this chro-
matographie method is useful in estimating the degree
of oxidation that an oil has received before deodoriza-
tion. This method also determines and characterizes
dimers derived by thermal polymerization of conju-
gated or nonconjugated fatty acids and methyl esters.
The method has been applied to determine hydroper-
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oxides in autoxidized fatty acids and fatty acid esters
(4), to isolate hydroxy fatty acids and esters, and to
analyze mixtures of mono-, di-, and triglycerides.

Experimental

Materials. Mallinckrodt’s silicie acid, 100-mesh,
labelled “suitable for chromatographic analysis by
the method of Ramsey and Patterson,” was the ad-
sorbent. It was dried before use by heating over-night
in a 1-in. layer at 120°C. Reagent-grade solvents were
not purified further. The preparation of fatty esters,
their oxidation, and polymerization were described
previously (3). Dimers used as standards for chro-
matographic analyses eame from molecular distilla-
tion of oxidized fatty esters, i.e., hydroperoxides were
polymerized at 210°C. in nitrogen for 15 min. Fatty
acids and dimerie acids were prepared by saponifica-
tion of oils or methyl esters, according to the A.0.C.S.
Method Ca 6b-53, followed by extraction with ethyl
ether to remove unsaponifiable material. Soan solu-
tions were acidified to a pH below 2, and liberated
acids were extracted with ether, washed with water.
and dried over sodium sulfate.

Chromatography. The ligquid-partition method was
developed for free fatty acids because titration was
comparatively easy and sensitive. Application of the
method to methyl esters of fatty acids may also nrove
desirable for certain separations because the effect of
hydroxyl and carbonyl groups is largely depressed
when the dimers are chromatographed as free acids.
The standard column was 24 x 400 mm. with a frit-
ted-glass plate at the bottom and a 500-ml. reservoir
on the top. The “immobile” solvent consisted of 20%
methanol in benzene and the “mobile” solvent of 2.097
methanol in benzene (v/v). Immobile solvent (40 ml.
in 5-ml. portions) and dry silicic acid (50 @.7 were
thoroughly mixed in a mortar with pestle until all
lumps were completely broken. A volume of 100
ml. of mobile solvent was added with rapid mixing
to slurry the adsorbent. The slurried mixture wag
poured in the column in two portions and packed with
air pressure to a constant height, always maintaiu-
ing a solvent head over the adsorbent. The sample
(0.1-0.2 g.) of acids was dissolved in mobile solvent
and applied to the column when the solvent head was
a few millimeters above the adsorbent. The samnle
was mixed evenly into the top layer of adsorbent with
a stirring rod. After using two 5-ml. portions of
mobile solvent to rinse the top of the column, air
pressure (5 to 10 p.s.i.) was applied until the sample
was on the column. The mobile solvent (350 ml.) was
added, and sufficient air pressure was apolied to main-
tain an elution rate of 60 drops per minute. A col-
lector was set to obtain 5-ml. fractions. Tn highly
oxidized samples, ethyl ether was added to the column
at the end of the run to elute a polar fraction. In
this manner all material added to the column was
completely recovered.

Analytical Methods. Chromatographic separation
of the acids was followed by titration of the frac-
tions with 0.2 N aleoholic potassium hydroxide (95%
ethanol) to a thymol blue end-point. The solution was
stirred by a gentle stream of nitrogen during titration
with a Gilmont microburette. A more complete de-
seription of the method and equipment is given by
Jones and Stolp (7). Molecular weights of fractions
were determined cryoseopically in wet benzene (3).
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The organoleptic evaluations were made by a taste-
panel procedure as described by H.A. Moser et al. (8).

Results and Discussion

Initially the chromatographic method was devel-
oped to separate fatty acid hydroperoxides from un-
oxidized fatty acids and esters (4). It was quickly
observed that the dimeric acids derived from ther-
mally-decomposed hydroperoxides had retention vol-
umes similar to those of the corresponding fatty acid
hydroperoxides. Consequently optimum conditions for
separating fatty hydroperoxides were also optimum
for separating their corresponding thermal dimeric
acids from unoxidized material. Figure 1 shows the

Change in Composition of Eluate with
Chromatographic Separation of Dimer
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Fic. 1. Relationship between the change in composition of
eluting solvent and the chromatographic separation of dimer
acids.

relationship between elution of dimer acids and sol-
vent compositional changes in the eluate. In a run
without a sample (dotted line) the concentration of
methanol in the eluate remained constant at 0.25%
for the first 250 ml. and then increased sharply to
1.3%. During the column development silicic acid
absorbs methanol from the mobile phase until a new
equilibrium is established. Elution of dimer acids
(solid line) is coincident with the abrupt increase
in the concentration of methanol in the eluate which,
under these conditions, was from 0.25 to 1.309%. The
separation between monomeric fatty acids and dimerie
acids occurs when the concentration of methanol
changes in the eluate. Column characteristics appear
similar to those described by van Duin (10), who sug-
gested simultaneous operation of liquid-liquid parti-
tion and liquid-liquid interface adsorption when the
carrier is loaded with less than its maximum capacity
for the immobile phase.

Refined soybean oil was oxidized to different levels
before deodorization. The oxidized oils were deodor-
ized, then converted to acids by alkali saponification
and ether extraction. Chromatographic separation of
soybean fatty acids at four levels of oxidation is rep-
resented in Figure 2. Chromatographic fractions from
the most oxidized sample were recovered and methyl-
ated with diazomethane for molecular-weight deter-
minations. The first fraction was monomeric (M.W.
299), and the second was dimeric (M.W. 602). The
third fraction, referred to as polar, had a molecunlar
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Chromatographic Separation of Dimers from Fatty Acids
in Oxidized-Deodorized Soybean Oil
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F1g. 2. Chromatographic separation of dimeric acids obtained
by saponification of autoxidized-deodorized soybean oil. Oils
(Exi)dized to peroxide values of (1) 8.8, (2) 43.6, (3) 94.6, and

4) 859.

weight of 489, which indicated a complex mixture
of polymeric and fragmented material.

Molecularly distilled dimerie aecids (3), fraction-
ated from oxidized-heated methyl oleate and methyl
linoleate, are represented in Figure 3. The elution

Chromatographic Fractionation of Dimers
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Fie. 3. Chromatographic separation of molecularly-distilled
dimerice acids obtained by autoxidation of methyl oleate and
methyl linoleate. Methyl oleate oxidized to a peroxide value of
1110 and methyl linoleate to 2210.

curves show the presence of a minor amonnt of
monomer and of two polymeric fractions. The polar
fraction was a major product in the polymer of oxi-
dized methyl linoleate. The relative proportion of the
polar fraction increased with the degree of oxidation.
The formation of the polar fraction and its relation-
ship to the peroxide level, the conditions of oxidation,
or the type of substrate have not been completely
investigated.

Table T shows good duplication of dimer analyses
on soybean oil that were oxidized before deodorization
at three widely different levels. These results, coupled
with those shown in Figure 4, demonstrate that there
is a direet relationship between the peroxide value
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TABLE [

Duplicate Dinter Analysis of Deodorized Soybean 01l
Peroxide 5 Total
value hefore Monomer Dimer Ether eluate . Lo
deodorization l overs

|
me./kg. “ | Ve {, Y ‘ Yo
i ; 1
&1 0w 957 | R S [T
i bh) 94.6 1.9 ! l 96.3
: i
o0 L oa) 950 | 4.5 < 99.5
I b) 93.0 ] 51 | L 98.1
T04.0 l a) 377 | 1s2 | .. l ......
h) 57.9 ! 16.9 1.4 96.2

before deodorization and the concentration of dimer
after deodorization. The correlation coefficient between
peroxide value and dimer content at these levels of
oxidation was calculated to be 0.97. The standard
deviation of the experimental points about the regres-
sion line was =+=0.264. An increase of 1% 1in dimer
concentration is equal to an increase in peroxide
value of 43.5 me./kg. (Figure 4). A manometric de-

Dimer Content of Deodorized Soybean Qil

Dimer, Percent
T

Correlation
2 r =0.97
b =0.023
- agyx = 0.264
1
{ 1 I
0 50 100 150

Peroxide Value before Deodorization

Fic. 4. Relationship of peroxide content of soybean oil before
deodorization to the dimerie acid content after deodorization.

termination of oxygen absorption of soybean oil also
showed good correlation between oxygen uptake and
dimer formation (eorrelation coefficient = 0.97). The
formation of 1% dimer corresponded to an oxygen
uptake equivalent to a peroxide value of 64 and to an
iodometrie peroxide value of 51. Kvidently the iodo-
metric determination of peroxide value does not meas-
ure the total oxidation occurring in soybean oil. The
quantity of polar fraction eluted with ether appears
to be associated with the difference between lodometric
peroxide value and oxygen uptake.

A linear relation was previously reported between
carbonyl eontent and peroxide value in soybean oils
before deodorization (2). The carbonyl method of
Henick ef al. (5), used in the earlier study, proved
more sensitive than the present chromatographic
method. The difficulty with most colorimetric carbonyl
methods in the analysis of autoxidized fats is their
inadequate standard, poor precision, and lack of agree-
ment between methods. Since the chromatographic
method determines dimers derived from fatty hydro-
peroxides, results can be directly related to given
levels of oxidation in the oils.

A close relationship exists between the flavor score
of aged samples, their dimer econtent, and the per-
oxide level of the oil before deodorization. The cor-
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relation of dimer content to peroxide level was 0.99
for soybean oil A and 0.98 for the cottonseed oil (Table
II). In cottonseed oil a peroxide level of 60 was re-

TABLE IX
Flavor Stability and Dimer Content of Oxidized Oils

- |
‘ P?{Sﬁ’:e Flavor score
Qils before |——————————| Diner

deodoriza- " 4-Day

tion Initial storage
me./ky. e
Soybean oil A &
O-time PO 0.73 7.8 5.2 1.4
5.8 1.5 2.3
5.1 4.5 3.1
5.5 3.4 4.4
4.8 4.0 5.6

Soybean oil B
O-time.. 8.1 8.0 6.4 N
146 hours 63.9 8.0 4.3 2.2
[
|

6.5 57 1 14
6.8 3.3 ( 3.0
3.22 8.2 5.7 ‘ 2.4
47.9 5.8 54 | 34
72.0 6.2 5.6 1.2
107.0 6.1 5.2 4.4
1386.0 4.8 4.3 5.0

a Range of 0-10.
b Oxidation time at 60°C. in presence of oxygen.

quired to produce a 1% increase in dimer econtent
whereas two different lots of soybean 01l required per-
oxide values of 41 and 37, respectively. Correlations
between flavor scores and dimer contents are good
when a given oil is oxidized to various peroxide levels.
The correlation coefficient between score and dimer
content in the aged samples was —0.83 for sovbean
oil A and —0.76 for the cottonseed oil. Data in Table
II agree with those previously published (2) and also
show that the quality of cottonseed oil, like that of
soybean oil, decreases with increasing dimer contents.

Chromatographic analyses of dimers in different,
freshly deodorized, vegetable oils are given in Table
IIT. The concentration of dimers varies from 1 to 3%.

TABLE 1II
Dimer Content of Vegetable Oils

! Flavor Score

0il l o
— 2Day | imer
Initial storage
p

Soybean :

. 81 6.2 1.0

6.5 5.7 1.4

&2 46 1.7

7.0 5.4 12

8.0 64 1 17

8.0 51 | =20

|

8.3 2o 1

75 61 i 14

i 39 | 29

8.8 29 307

6.9 5.5 53

8.2 5.7 56

82 5T 2.6
........... 1'5

Although these oils exhibit a wide difference in oxi-
dative and flavor stabilities, there is no great variation
in their dimer contents. Variation in the chemical
nature of dimers from various fatty acid hydroper-
oxides may cause a corresponding variation in their
relative stability to oxidation and decomposition.
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Further studies on the influence of fat dimers on oil
stability are in progress at this laboratory.

Since thermal polymerization peossibly oceurs dur-
ing high-temperature deodorization of edible oils, the
chromatographic method of analysis was applied to
this problem. Conjugated and nouconjugated fatty
acids and their methy) esters (free of peroxides) were
polymerized by heating at 290°C. in sealed evacuated
tubes. Chromatographic analysis of thermal polymers
was achieved under the same conditions as those used
for oxidative polymers. Figure 5 shows that the ther-
mal polvmeric acids are eluted in the same position

Chromatographic Separation of Thermal Dimer
From Polymerized Conjugated Linoleic Acid

Dimer
53.6%
S
= 0.200+
°
b 5
=
s
= Monomer Polymer
3 0.100 | 339 | | 519 | 437
o
<
0 100 200 300 400 500

Mobile Solvent, M. l<hher, Ml.>|

Fig. 5. Chromatographie separation of thermal dimer and
polymer from conjugated linoleie aeid polymerized ut 200°C,
for 4+ hirs.

as the oxidative-thermal dimers. Thus, when free acids
are chromatographed, the liquid-partition chromato-
graphic method does not distinguish between oxida-
tive-thermal (hydroperoxide) and true thermal dimers.
Tiack of model compounds, representing oxidative di-
mers and true thermal dimers, has handicapped our
attempts to separate these two chromatographically.

Table IV shows the extent of polymerization occur-
ring in fatty acids and their methyl esters when heated
at 290°C. in sealed evacuated tubes. The greater poly-
merization occurring in alkali-conjugated acids and
esters than in normal nonconjugated acids agrees with
the findings of Paschke and Wheeler (9). A kinetic
study indicates that the loss of monomeric material in
methyl linoleate follows initially a first-order reaction
(k; = 0.039 hr-?), In the alkali-conjugated methyl
linoleate, monomer loss follows second-order kinetics
(k? = 0.00269%* hr.'). These results conform to the
mechanism advanced by Paschke and Wheeler that in
normal nonconjugated fatty esters the rate-defermin-
ing step is the first-order, unimolecular conjugation of
the esters whereas in alkali-conjugated methyl esters
the rate-determining step is the second-order, bimo-
lecular dimerization reaction.

Many applications exist for the chromatographic
technique of dimer analysis both in the edible oil field
and in industrial uses of glyceride oils. The method
has a greater sensitivity than distillation and deter-
mines small amounts of either monomer or dimer in
the presence of larger amounts of one over the other.
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TABLE IV
Thermal Polymerization of Fatty Acids and Their Methyl Esters
Heating time at 290°C. Monomer | Polymer Polar
material

her. % % G

87.8 10.0 0.6

B32.6 15.9 0.6

61.8 30.7 4.0

35.9 34.9 6.8

67.9 22.2 4.4

47.4 42.7 6.9

41.8 49.9 8.2

34.7 54.4 8.2

64.8 293 4.2

42.6 47.9 6.3

36.2 54.3 8.3

97.2 3.2 7 L.

58.1 34.1 5.3

40.1 45.2 9.4

31.3 53.6 9.4

............ . 274 53.0 15.4

“k 282 my = 77.0 {on methyl ester hasis).

The method may be used to study basic fat processing
and to follow compositional changes that occur in oils
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subjected to heat and deep fat-frying conditions.
Other fields of applying the technique lie in studies
on films and film-forming properties of oils produced
by autoxidation and polymerization of heated or blown
oils,
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Analyses of Lipids and Oxidation Products by Partition
Chromatography. Fatty Acd Hydroperoxides

E.N. FRANKEL, C.D. EVANS, D.G. McCONNELL, and E.P. JONES,

Northern Regional Research Laboratory,' Peoria, Illinois

A liquid partition chromatographic method was developed
to isolate and determine hydroperoxides in autoxidized fatty
acids or their methyl esters. By the use of benzene containing
2 to 4% methanol as the mobile solvent, the hydroperoxides
were separated from unoxidized fatty aecids or methyl esters
and from secondary and polymeric decomposition produets. In
the analyses of oxidized fatty acids, diethyl ether was neces-
sary to elute the secondary decomposition products.

Suponification of autoxidized fatty esters destroved the
peroxides as determined iodometrically, but the resulting acids
contained a fraction which was eluted in the same position as
hydroperoxide aeids. Evidence showed that this fraction is u
monomeric hydroxy fatty acid containing conjugated cis-trans
and trans-trans unsaturation.

Fatty ester hydroperoxides were isolated chromatographi-
cally in yields and purity comparable to those reported in the
literature by countercurrent distribution. The concentrations
of methyl linoleate hydroperoxide determined chromatographi-
cally were smaller than indicated by the peroxide value and
diene conjugation of the autoxidized methyl linoleate,

soLaTION of pure fat hydroperoxides is one of the
I most difficult steps in the elucidation of the mech-

anism of fat autoxidation. Early workers in this
field obtained hydroperoxide concentrates by various
methods, including molecular distillation (9) low-tem-
perature crystallization (20), and adsorption chroma-
tography (2,3,8,9). Those procedures generally give
low yields of hydroperoxides because of varying de-
grees of decomposition. More recently, purer hydro-
peroxide concentrates were obtained in higher yields
by countercurrent solvent distribution (5,13,14,17,22),

IThis is a laboratory of the Northern Utilization Research and De-
velopment Division, Agricultural Research Service, U.S. Department of
Agriculture,

urea fractionation (7)., and reverse-phase partition
¢hromatography (4,18).

This second paper in the series presents a liquid
partition chromatographic method for the isolation
and determination of pure fatty esters or fatty acid
hydroperoxides. This method has proved useful for
routine analyses and for isolations in fat autoxida-
tion studies. The method was also applied to the
determination of dimeric and polymeric products in
oils (12), hydroxy fatty acids and esters, and partial
glycerides (10).

Experimental

The fatty acids and their methyl esters used in
this study were obtained from the Hormel Institute.
Saponifiecation of oxidized methyl esters was carried
out aceording to the A.0.C.S. Method Ca 6b-53, and
the acids were obtained by ether extraction of the
acidified soaps.

The procedures for chromatography and titration
of acids were the same as deseribed for the deter-
mination of dimeric and polymeric acids (12). In
highly oxidized fatty acid samples, ethyl ether was
added to the column at the end of the run in order to
elute the polar fraction of secondary oxidation prod-
ucts. The chromatographic fractionation of methyl
esters was followed by collecting fractions in tared
10-ml. beakers, evaporating the solvent on a steam
plate, and drying their contents to constant weight
in a desiccator.

Autoxidations were carried out at 37°C. on 1- to



