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The Determination of Polymers in Fats and Oils 
DAVID FIRESTONE, Food and Drug Administration, U. S. Department of Health, 
Education, and Welfare, Washington, D.C. 

Abstract 
Fats and fat ty acids are polymerized by oxi- 

dative or thermal processes. Structures have been 
deduced by using a number of chemical and phys- 
ical techniques. General methods applicable to 
the analysis of polymerized oils include deter- 
minations of acetone nmnber, iodine value (I.V.), 
molecular weight, dielectric constant, viscosity, 
and refractive index. Monomers, dimers, and 
trimers are separated generally by molecular dis- 
tillation. In addition, urea fraetionation and a 
number of chromatographic techniques are use- 
ful for the detection of monomers, dimers, and 
polymers. 

Introduction 

W HIg ANALYSIS of polymers present in fats and oils 
is of practical importance to both the chemist and 

the nutritionist. Knowledge of the chemistry and 
structure of polymeric products has led to the intro- 
duction of new industrial raw materials. On the other 
hand, nutritionists are interested in the nutritive 
value of substances formed in heated and polymerized 
fats. 

The purpose of this paper is 1), to survey the 
various structures found in heated and polymerized 
fats, noting procedures used for isolation and analy- 
sis; and 2), ' to describe techniques and methods use- 
ful for determining polymers in fats and oils. 

Polymers are formed iu fats and oils by processes 
which may be described as either thermal polymeriza- 
tion or oxidative polymerization. Thermal polymeriza- 
tions proceed in the absence of oxygen. They involve 
primarily Diels-Alder addition of the double bond 
system at the 1, 4- position of a conjugated diene 
structure to form hydroaromatic cyclic compounds. 
On the other hand, oxidative polymerizations occur by 
free-radical mechanisms. Hydroperoxides, formed ini- 
tially at low temperatures, decompose on heating" to 
form principally dimeric products whose monomerie 
units are linked through carbon. Newman (1) and 
Perkins (2) have reviewed the chemical and nutri- 
tional changes thai; occur in heated fats. Sonntag (3) 
has reviewed reactions occurring during thermal poly- 
merization of fat ty acids�9 Privett (4) discussed auto- 
oxidation and oxidative polymerization of drying oils. 

Experimental 
Thermal Polymerization 

Dimers and polymers. Bradley and coworkers (5, 
6,7) observed changes in viscosity, molecular weight, 
iodine number, refractive index, density, and saponi- 
fication number of methly or ethyl esters derived from 
thermally polymerized oils. On the basis of physical 
and chemical data obtained, the authors concluded 
that Diels-Alder addition reactions produce mono- 
cyclic and bicyelie dimers from linoleate and lino- 
lenate respectively, and further Diels-Alder addition 
produces trimerie cyclic structures. Pasehke and co- 
workers (8,9) found that linoleate dimerizes largely 
by thermal conjugation followed by Diels-Alder ad- 
dition of conjugated isomer with nonconjugated lino- 
]eate .Dimers and trimers produced from heat. poly- 
merization of methyl linoleate are represented by the 
following structures : 

CH3(CH2 )4 < ~ CH2CH=CH(CH2)TCOOCH3 
CH3(CH2)5 / (  CH2)7 COOCH 3 

~_._/ 
DIHER 

CH3(C%)5~(6%~7C00C% 
C~3(CHp) 4 - _CH2~, / (CHp}7COOCH 3 
C 3(CH2)5_~(CH2~COOCH3 

TRIHER 
Chin (10), and Clingman and coworkers (11) pre- 

sented formal proofs of the presence of six membered 
rings in the dimers isolated from thermally poly- 
merized methyl eleostearate. Chin dehydrogenated 
the dimers with selenium and obtained derivatives of 
benzene and naphthalene. Clingman and coworkers, 
by substitutive bromination-dehydrobromination and 
oxidation obtained a 9 % overall molar yield of methyl 
prehnitate (1,2,3,4-benzene-tetracarboxylate) from ele- 
ostearate dimers, indicating that the eleostearate 
dimer was a tetrasubstituted cyclohexene derivative. 

The methyl eleostearate dimer that Chin isolated 
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from polymerized tung oil had a molecular weight 
(I~ast) of 577. IIexanoie and azelaic acids were re- 
covered from the dimer oxidized with potassium per- 
manganate and ozone, which suggested that these 
residues were present  in the side chains. 

Waterman and coworkers (12,13,14,15) used refrac- 
tive index measurements to determine the number of 
cyclic s tructures (rings) in the acyl groups of poly- 
merized oils. Methyl esters derived from polymerized 
samples were converted to saturated hydrocarbons 
by 1) reaction with Grignard reagent followed by 
hydrolysis;  2) dehydrat ion;  3) hydrogenat ion;  as 
follows: 

~ H2CH 3 
RCOOCH 3 + 2 CH3CH2MgBr ) RC-OH ], I 

CH2CH 3 
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~ H2CH 3 C~H'2C H 3 
| 

RC > RCH 
II \ 
CHCH 3 CH2CH 3 

The satm'ated hydrocarbons were then analyzed 
for average number of rings per molecule from meas- 
urements of refract ive index, specific gravi ty  and 
average molecular weight. F rom the molecular weight 
and calculated specific refraction, the average number 
of rings per molecular was obtained by reference to 
published graphs. Waterman and coworkers (15, 16) 
also determined the average number of rings present 
in polymerized glyeerides and methyl esters by analy- 
sis of the saturated hydrocarbons obtained by direct 
high pressure hydrogenation. 

Diels-Alder addition may not be the sole mechanism 
of thermal polymerization. Suther land (17) proposed 
a mechanism whereby a double bond of one monomer 
unit  abstracts a hydrogen atom from a methylene 
group of another monomer unit, and the two molecules 
then unite to create a dimer linked through a carbon 
to carbon bond: 

-CH -CH=CH- + -CH=CH- �9 I 

r . . . . .  l 
L-CH-CH:CH- ~ -CH-CH - J 

-CH-CH=CH- 
I 

-CH-CH 2- 

Norton and coworkers (18) isolated dimers from 
thermally polymerized linoleate (1 hr, 300C, in vacuo) 
that contained a considerable amount  of conjugated 
unsaturation.  Yields of prehnitic acid (3%) were no 
greater  than from dimers isolated from long heated 
(12 hr)  linoleate. The authors stated that  these re- 
sults were in accordance with the hypothesis that  
Diels-Alder type addition is not the sole dimeriza- 
tion mechanism. Paschke and Wheeler (8) obtained 
a dimer from oleic acid heated at 300C, containing one 
double bond. 

Cyclic monomers. Monomers presumed to be cyclic 
were isolated from thermally polymerized methyl lino- 
leate (8,9). The monomers did not hydrogenate to 
methyl stearate. Mehta and Sharma (19) obtained 
a monomeric methyl  ester from thermally polymerized 
safflower oil which did not adduct with urea. I t  was 
presumed that  this material was a cyclic product  of 
methyl linoleate. 
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Rossmann (20) demonstrated earlier that cyclic 
monomer was producd from thermal polymerization 
of fl-eleostearic acid. He proposed the following 
s t ructure  : 

The monomeric material  isolated by vacuum distil- 
lation and low temperature  crystallization was aroma- 
tized by heating with nitric acid, and then oxidized 
with permanganate.  The preparat ion of other aro- 
matic derivatives, elementary analysis, and determi- 
nation of molecular refract ion and iodine number 
established the cyclic nature  of this material. 

Paschke and Wheeler (21) prepared  cyclic mono- 
mers from methyl eleostearate by heating a 10% solu- 
tion in methyl laurate at 250C for 48 hr in a sealed, 
evacuated ampoule. Methyl laarate  was distilled off 
through a short column at reduced pressure, and the 
cyclic monomers were isolated from the residue by 
urea adduction followed by distillation to separate 
them from the dimers and polymers. The cyclic 
monomers exhibited a peak at 241 m~ in the ultra- 
violet and peaks at 13.3 and 14.3~ in the infrared. 
Chemical aromatization followed by oxidation resulted 
in a 20% yield of phthalic anhydride.  The authors 
concluded that the cyclic product  consisted largely 
of an ortho disubstituted cyelohexadiene. 

Rivett  (22) also isolated cyclic monomers from poly- 
merized methyl eleostearate. Monomeric material, 
separated in a falling-film molecular still, was ad- 
ducted with urea. The nonaddueting monomers were 
converted to orthophthalie acid (17% yield) by sub- 
stitutive bromination-dehydrobromination, and oxida- 
tion with potassium permanganate.  The cyclic mono- 
mers were also exanfined by inf rared  and ultraviolet 
spectrophotometry.  A strong band at 10.13~ in the 
inf rared spectrum was due to conjugated trans-trans 
diene. A strong band at 14.3u was said to be due 
to substituted eyelohexadienes. Ultraviolet spectra 
showed peaks or shouders at 232 mu, 240 m~, and 
268 mu. The following possible conjugated diene 
structures were postulated: 

U V Absorption 

i- rr ]Zl 

near 270 m p 

r= c_c_ ~ c = c _  

I ~  3z 

near 240 mp 

~ = = C - C = C -  -C=C-C=C- near 230 mp 

MacDonald (23) isolated monomers with cyclic 
structures from thermally polymerized linseed oil. 
He suggested that  in f ra red  absorption at 15.2~ was 
due to the presence of a cyclohexene ring. Subse- 
quently, Mclnnes and coworkers (24) presented 
fur ther  evidence for the presence of cyclic monomers 
in thermally polymerized linseed oil. The distillable 
esters which did not form adducts with urea were 
separated into three fractions by gas chromatogra- 
phy  at 240C on an 8 f t  column of  Apiezon M-Celite 
545 (1/4 ,w/w).  Examinat ion of infrared spectra 
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showed that  the band at 15.2~, at t r ibuted to C-H out- 
of-plane deformation of a cis-disubstituted double 
bond in a 6-membered ring, was absent in fraction 1, 
but present in  fractions 2 and 3. The products ob- 
tained by oxidation of the esters wi th  periodate- 
permanganate were analyzed by gas chromatography 
and paper chromatography. The results suggested a 
number of structures, as follows (only the dicarbox- 
ylic acids were identified definitely) : 

(0) 
CH3CH2CH2--7--~== CH(CH2)7COOH �9 I~ aze la ic  + 

�9 ~ n-propyl succinic 
I 

8 
(0) 

CH3C"2CH2"--/----~CH:CH(CH2) s , suber ic + 

1- - r  q ? | ~  COOH Clo t r icarboxyl ic  

CH3CH2OH2~--'~CH2CH:CH(~H2) 5 
~ COOH 

(0) 
pimel ic  + 

Clf tr icarboxyl 

C13 tricarboxyl 

ZE COOH 

CH3CH2CH 2 (CH 2) -CH:CH (0) )  succin ic + 

4 11H2)2 Ci4 tricarboxylic 

]El COOH 

Analysis of the oxidation products indicated that 
s tructure I was the maj6r component of fract ion 1. 
The authors suggested that  the presence of a large 
percentage of this s tructure in fraction 1 would ac- 
count for the lack of absorption at 15.2~. The presence 
of a double bond attached directly to the ring of 
structure I might hinder C-H out-of-plane deforma- 
tion of the r ing double bond and prevent  absorption 
at 15.2~. I t  was also suggested that  low yields of 
phthalic anhydride obtained after  substitutive bro- 
mination-dehydrobromination and oxidation could be 
accounted for by the spacial configurations of the 
proposed structures. The steric requirement for  de- 
hydrohalogenation in a 6-membered ring, that  the 
halogen and hydrogen atoms must be trans-diaxially 
oriented in the transit ion state (25), could not easily 
be fulfilled by these structures. 

Oxidative Polymerizat ion  

Air oxidation of polyunsaturated fa t ty  acids at 
temperatures below 100C (autoxidation) results in the 
formation of conjugated hydroperoxides. Decomposi- 
tion of hydroperoxides at low temperatures  produces 
free radicals which can in tu rn  react to form poly- 
mers, the monomer units of which are linked through 
carbon to oxygen bonds. Holman (26) has presented 
a comprehensive review of autoxidation of fats. 
Chang and Kummerow (27) autoxidized ethyl linole- 
ate at 30C and isolated polymeric fractions by solvent 
extraction. The polymers were readily depolymerized 
with halogen acids at room temperature  to monomers 
containing carboxyl and hydroxyl  groups. Dimer 
and t r imer  resulting from low tempera ture  autoxida- 
tion of linoleate may be represented as follows (2) :  
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0 
I 
0 
I 

X-CHCH=CH-CH-CHCH~-Y 

X~CHCH -Y 
\o_o  / I 2 

0 
I 
0 

X-CHCH=CH-CH-CHCH2-Y 

I 
0 
I X-CH-CH=CHCH-CH-CH~-Y 

DIMER TRIMER 

When fa t ty  acid hydroperoxides are heated to about 
100C or above, dimers and polymers are formed that 
contain carbon to carbon linkages between the mono- 
meric units. 

Williamson (28) autoxidized methyl linoleate at 
33C while exposed to ultraviolet light, and then de- 
composed the oxidized material by heating in a nitro- 
gen atmosphere at 100C. The dimers, isolated by 
solvent fractionation and molecular distillation, con- 
tained monomeric units linked by carbon to carbon 
bonds. The tr imers were reduced with hydrogen iodide 
at room temperature  to monomer and dimer, suggest- 
ing that this material  consisted of three nmnomerie 
units, two of which were linked by carbon to carbon 
bonds, and the third by oxygen linkages. 

Frankel  and coworkers (29) decomposed autoxi- 
dized triglycerides and methyl esters, and purified 
hydroperoxides by heating at 210C in a nitrogen 
atmosphere. Monomers, dimers, and polymer were 
isolated by molecular distillation of the nlethyl esters. 
The dimers, containing about two doubIe bonds per 
mole [Wijs and hydrogen iodine values (I .V.)] ,  were 
not  split with hydrogen iodide or by catalytic hydro- 
genation. I t  was suggested that  intramoleeular per- 
oxide groups might be present. Oxidation with 
periodate-permanganate yielded a complex mixture 
of mono- and dibasic acids. The dimers could not be 
aromatized by substitutive bromination-dehydrobro- 
mination. 

Perkins and Kummerow (30') prepared thermally 
polymerized corn oil by bubbling air through the oil 
at 200C. F a t t y  acids: from the heated oil were frac- 
t ionated by urea adduction. The nonurea adduct- 
forming fract ion was distilled in a falling-film molecu- 
lar still, and noudistillable mater ia l  was fractionated 
by solvent extraction. The insoluble acids, af ter  con- 
version to methyl esters, were subjected to additional 
solvent extraction, while the soluble acids were re- 
distilled. Dimer and polymer fractions were isolated 
with a molecular weight range of 692 to 1600. The 
dimers and polymers had a high content of carbonyl 
and hydroxyl  groups and could not be aromatized, 
indicating the absence of cyclic structures. 

Firestone and coworkers (31) heated cottonseed 
oil at 205 and 225C in the presence of air. The dimers 
and higher polymers contained only moderate amounts 
of carbonyl and hydroxyl  groups. Several percent of 
nonurea adduct-forming monomers were also isolated. 
These monomers could not be aromatized; however, 
the dimers, af ter  brolnination-dehydrobromination 
and oxidation, absorbed in the ultraviolet region at 
250-260 and 270-280 m>, suggesting the presence of 
cyclic structures. Paschke and Wheeler (21) had 
previously suggested that oxidized polyunsaturated 
fa t ty  acids might undergo cyclization. 
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Discuss ion  
Methods for Determining Polymers in Fats and Oils 

General Chemical and Physical Methods. Determi- 
nations including iodine number, saponification value, 
molecular weight, dielectric constant, viscosity, re- 
fractive index, specific gravity, etc. do not determine 
the polymer content of samples directly. They are 
useful, however, for process control, for following 
the course of polymerizations, and for estimating the 
extent of polymerization of individual samples. Chem- 
ical and physical tests used generally for analyses of 
fats and oils are discussed by Mehlenbaeher (32). 
General methods of analysis for drying oils were re- 
viewed by Link (33). Several physical methods useful 
for examining thermally and oxidatively polymerized 
oils have been described by O'Hare and eoworkers 
(34). Tiiufel and eoworkers (35) have reviewed the 
application of a number of chemical and physical 
methods to analysis of polymerized fats. 

The decrease in unsaturation (determined by cat- 
alytic hydrogenation) has been used to estimate the 
extent of thermal polymerization of vegetable oils 
(36). Viscosity is frequently used as an index of 
polymerization. Sims (37) studied the relationship 
between viscosity and content of polymeric glyeerides 
and polymeric acyl groups in thermally polymerized 
oils. The oils studied all differed in their viscosity-- 
polymeric glyeeride relationships. Polymer contents 
were determined by molecular distillation. 

Flory (38) showed that for linear polymers, an 
approximately linear relationship exists between the 
square root of the weight-average molecular weight 
and the logarithm of the absolute viscosity. Bern- 
stein (39) found that a linear relationship was ob- 
tained when fractions of thermally polymerized oils, 
extracted with a homologous series of normal alcohols, 
were examined. Molecular weights (number-average) 
was determined eryoscopically. Pasehke and Wheeler 
(40) observed that the logarithm of viscosity of ther- 
mally polymerized linseed oils was proportional to 
the square root of the number-average molecular 
weight. Since viscosity is more nearly a function of 
weight-average molecular weight, the oils studied 
had a fairly constant ratio of weight-average to 
number-average molecular weight in the polymeric 
glyeerides. 

Plots of log viscosity versus square root of molecu- 
lar weight for several oxidatively polymerized cot- 
tonseed oils prepared by the author are shown in Fig- 
ure 1. Linear relationships were obtained. The oil 
heated in the presence of air had a greater slope than 
the two air-blown oils. 
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FIG. 1. Log viscosity as related to molecular weight (cryo- 
scopic, in eyclohexane) of oxidatively polymerized cottonseed 
oils. 

Molecular weights are determined generally by 
cryoseopie, ebullioscopic, or vapor pressure methods, 
which yield number-average molecular weights (sam- 
ple weight divided by the number of molecules in 
the sample. Methods yielding weight-average molec- 
ular weights have also been used to examine poly- 
merized oils. Walker and eoworkers (41) determined 
the weight-average molecular weight of thermally 
polymerized linseed oil by light scattering. The whole 
oil had a molecular weight of 32,000 whereas an 
acetone-insoluble fraction had a molecular weight of 
87,0,00. Lfiek and eoworkers (42) determined the 
weight-average molecular weights of several poly- 
merized linseed oils by ultraeentrifugation, usin~ a 
capillary-type synthetic boundry cell. The molecmar 
weight of a thermally polymerized oil (111 poise) in 
hexane solvent was 11,900 compared to 750:0 in ether, 
suggc~sting that either association of the molecules 
occurs in hexane, or that association occurs in both 
solvents, but to a greater extent in the nonpolar sol- 
vent. l)onnelly (43) investigated the use of equilib- 
rium ultraeentrifugation for the study of molecular 
weight distribution in methyl esters derived from 
oxidatively polymerized cottonseed oil. 

Solve~d Fractionation. Solubility differences in vari- 
ous solvents have been applied by many workers to 
the fraetionation of polymerized oils. MeQuillen and 
Woodward (44) used hot and cold acetone to fraction- 
ate thermally polymerized oils. Privett and eoworkers 
(45) observed that acetone could be used to separate 
polymerized oils into a number of fractions with 
widely differing properties. Mehta and Sharma (46) 
examined a number of thermally polymerized lin- 
seed oils by extraction with 5 volumes of cold acetone. 
Soluble and insoluble portions were separated. The 
acetone soluble portions were essentially monomerie 
triglycerides with molecular weights varying from 
918 to 950. Walker and coworkers (41) compared the 
fraetionation of thermally polymerized oils by molecu- 
lar distillation and room temperature solvent extrac- 
tion with acetone. Similar results for monomer and 
polymer glyeerides were obtained by both procedures. 

Bernstein (39,47) recommended using a homologous 
series of normal alcohols to separate thermally poly- 
merized oils into a number of fractions of increasing 
molecular weight. Fractionation of polymerized lin- 
seed and soybean oils were performed to determine 
the distribution of monomerie, dimeric, and poly- 
meric glycerides in the oils. Polymeric glycerides as 
high as the heptamer were extracted from polymerized 
linseed oil. Sims (36) fraetionated several polymer- 
ized linseed and tung' oils using Bernstein's method 
in order to determine the approximate polymer distri- 
bution in these oils. 

Kaufmann and coworkers (48) published a paper 
chromatographic procedure for examining polymer- 
ized oils in which samples were fractionated by de- 
veloping first with 99% methanol to separate free 
fatty acids, and then with 99% acetone to separate 
unpolymerized glyeerides and lower polymers. Cobalt 
acetate .and Rhodamine B were used to detect the 
spots. Walker and coworkers (41) used additional 
solvents (water-saturated n-butyl alcohol, n-hexyl 
alcohol, and n-hexane) to obtain a number of zones 
with successively higher glyeeride polymers. 

A paper ehromatogram of several heated cottonseed 
oils prepared by the author is illustrated in Figure 2. 
This technique may be useful for examining" highly 
polymerized oils, but is not sensitive or reproducible 
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FIG. 2. Paper chromatogram of oxidatively polymerized cot- 
tonseed oil. a) fresh oil, b) air-blown 56 hr at 205C, c) air- 
blown 72 hr at 205 C, d) heated in presence of air 96 hr at 
205C, e) heated in presence of air 307 hr at 205C, f )  heated in 
absence o f  air 125 hr at 300C. 

enough for quant i ta t ive determinations of polymer  
content. 

Two procedures for detecting thermally polymerized 
fats, based on the insolubility of polymer ized  triglye- 
erides in various solvents, are described in the  Ger- 
man Standard  Methods of Analysis for  Fats ,  F a t  
Products,  and Allied Materials (49). In  the first 
procedure, the insolubility of polymerized fats in 
n-propyl  alcohol is observed. Absolute n-propyl  alco- 
hol is added to 2 ml of sample to give a total  volume 
of 20 ml. The mixture  is shaken, and a turbid  solu- 
tion or lower insoluble layer of oil results when any 
appreciable amount  of polymer  is present. In  the 
second procedure, sample and s tandards  are ehromato- 
graphed on paper  with a 1/1 mixture  of acetone- 
methanol. Polymerized oils remain at the origin. 

The AOCS acetone tolerance test (50) is used in 
this country to estimate the high polymer  content 
of thermally  polymerized d ry ing  oils. Acetone is 
soluble in unpolymerized,  but  not in polymerized 
oils. This test determines the weight of acetone in 
grams which will dissolve in 30 g of oil before a 
permanent  cloudiness is produced. The acetone num- 
ber is defined as the weight of anhydrous  acetone in 
g required to produce a eloudhless in 100 g of oil 
at 25C. 

Molecular distilla.tion. Molecular distillation takes 
place f rom a quiet surface and there is no agitat ion 
due to boiling. Molecules evaporate f rom the surface 
of a liquid, and are t r apped  at a cooled condenser. 
There  should be a minimum of obstruction in the pa th  
between distil land and condenser, and the distance 
between distilland and condenser should be less than 
the mean free pa th  of the vaporized molecules. Rate 
of evaporation is controlled by  the rate  at which 
molecules can escape f rom the distilland. 

Factors  controlling the rate of evaporat ion include 
pressure of sur rounding  a tmosphere ,  temperature ,  
and molecular weight of components of the sample. 
Langmui r  (5.1) derived an equation for  the rate of 
evaporation of a substance, as follows: 

n = pA~/1 /2  ~ MRT 

where n is the number  of moles evaporat ing f rom a 
surface of A c m  2, p is the vapor-pressure in dynes /  
em 2 at the evaporat ing surface, T is the absolute 

temperature ,  M is the molecular weight and R is 
the gas constant (8.314 joules /deg. /mole) .  Burrows 
(52) has described in detail  the 'theory, design, and 
operation of molecular distillation equipment.  Weiss- 
berger  (53) has presented a comprehensive survey of 
distillation theory and technique. 

Although it is a poor means of f ract ionat ing mate- 
rials, molecular distillation is valuable for isolating 
whole classes of substances, and is the most satisfac- 
tory  means of isolating monomers, dimers, and poly- 
mers  f rom lipids. 

Molecular distillation can be carried out at lower 
tempera tures  than  with other distillation methods, 
and therefore with the least risk of thermal  decom- 
position. This risk is minimized with the use of 
centr i fugal  molecular stills in which the sample is 
in contact with a hot rotor for only a fract ion of a 
second. 

According to Carney (54) there are four  general 
types of molecular stills: 1) pot still, 2) t r ay  still, 
3) fal l ing film still, and 4) centr i fugal  still. In  a 
pot or t ray- type  molecular still, distillation takes place 
direct ly f rom a heated pool or layer  of distilland. Fall-  
ing film and centr i fugal  stills handle larger  volumes of 
sample than pot stills. Fal l ing film stills contain 'two 
concentric tubes;  one tube serves as an evaporat ive 
surface while the other serves as the condenser. The 
distil land is added to the still so that  i t  flows over 
the heated evaporat ive surface, forming a thin film. 
Distillate is collected at the condensing surface and 
flows into a receiver while undisti l led mater ial  is col- 

FIG. 3. Falling film molecular still (A. F. Smith Co., 
Rochester, N. Y.) 
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FIG. 4. C e n t r i f u g a l  m o l e c u l a r  s t i l l  ( 5 5 ) .  C o u r t e s y  of  
A n a l y t i c a l  C h e m i s t r y .  

leeted in another  receiver. A fai l ing film still with 
ro ta t ing  wiper blades is shown in F igure  3. The 
blades spread the sample into a thin film as it ac- 
celerates the flow of sample down the heated evap- 
orative surface. Total contact time at t empera ture  of 
evaporat ion is less than one second. The wipers also 
keep the evaporat ive surface free of deposits. 

The advantages of a thin film and very short 
heating t ime are impor tant  features  of the centr i fugal  
molecular still, (55) shown in F igure  4. A heated 
centr i fugal  cone is used to spread the distilland into 
a very  thin turbulent  film, which travels across the 
heated surface in a fract ion of a second. Residue 
is flung' off the cone into a collecting gut ter  while 
the distillate condenses on the inner surface of the 
surrounding bell jar.  

In  addition, f ract ionat ing molecular stills have 
been devised to give better  separat ions than can be 
obtained with pot or fal l ing film stills. An example 
is the high vacuum brush-type still (Consolidated 
Electrodynamics Corp., R.oehester, N. Y.) in which 

Fro. 5. Mieromoleeular still (59). 

VoL. 40 

the distillate f rom a heated pot condenses on an air- 
cooled stainless steel brush inside a heated glass 
column and is flung out to the heated surface of the 
column. Fract ionat ion is accomplished by reevapora- 
tion and recondensation over the length of the column, 
the lightest f ract ion of distil land rising to the top 
where it is condensed and collected. 

A number  of micromolecular stills have been de- 
vised for rap id  determinat ion of monomers, dimers, 
etc. in polymerized systems: Rushman and Simpson 
(56) designed a micro still for qt~antitative use in 
which a small hotplate was incorporated into the unit. 
A small dish containing the sample was weighed be- 
fore and af ter  heating for a specified time at suitable 
temperatures.  

Booy and Wate rman  (57) devised a micro still 
consisting of a shallow pan  suspended f rom a glass 
helix enclosed in an evacuated glass tube. Hea t  was 
supplied by an in f ra red  lamp positioned at a short 
distance f rom the still. An accuracy of 1% was ob- 
tained with known mixtures  of methyl  esters, using 
the glass helix for continuous weighing dur ing  the 
distillation. Sims (58) constructed a micromolecular 
still for analytical  distillation consisting of a glass 
pan  suspended f rom a quartz helix. The pan was sur- 
rounded with an internal  heating coil, and an internal  
thermocouple was used to estimate sample tempera-  
ture. The course of distillation was followed by 
measur ing the change in helix extension using a 
cathetometer. 

Paschke and eoworkers (59) described an appara tus  
in which heat was supplied by a thermostat ical ly 
controlled a luminum block surrounding the distilla- 
tion area. This appara tus  (F igure  5) consisted of 
a small bale of glass wool to disperse the sample, sus- 
pended f rom a quartz helix. The glass wool prevented 
splat ter ing and gave a large distillation surface. Up 
to 0.5 g of methyl  esters or more were anMyzed for 
monomer, dimer, and polymer  using a bale of suitable 
size. A cathetometer was used to measure changes in 
helix extension. Pressures of 1-5u were used for the 
distillation. Monomer was distilled at a block tem- 
pera ture  of 150r in about 30 rain. Dimers were dis- 
tilled at a block tempera ture  of 250C in about the 
same time. Known mixtures  of monomer, dimer, and 
t r imer  methyl  esters were used to determine the 
proper  distillation temperatures .  C~ood agreement  was 
obtained when results were compared with those ob- 
tained by the alembic pot method of Cowan and co- 
workers (60). 

Results of analyses in the au thor ' s  laboratory of 
four  methyl  ester samples with this micro still, in- 
eluding a commercially available (Eulery Industries,  
Cincinnati, Ohio) thermal ly  polymerized dimer and 
t r imer  of linoleie acid, are shown in Table I. The 
samples were analyzed at temperatures  of 125 and 
225C, and pressures of 1-2~ (McLeod guage).  

Cold-finger pot stills or sublimators are useful  for 
determining" total  polymers  in methyl  ester samples. 
A sublimator with a well for solid CO2-acetone is 
used rout inely in the au thor ' s  laboratory.  The dis- 
tahoe f rom distilland surface to cold finger condensing 

TABLE I 
2r I)istillat, ion of Methyl Esters 

% 

Moitomer ............................. 
Dimer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Trimer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I Methyl ] 
Cottonseed 12- ] Thermal Thermal 

oil hydro,xy- dimer trimer 
_ _  stearate 1 - -  

99.5 99.5 3 2 0.O 
0.5 0.5 96.6 6.3 
0.0 0 0 0.2 93.7 
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T A B L E  II  
Vacuum Sublimation of Methyl Ester Samples 

FII~ESTONE: ~)ETERMINATION O~ POLYMERS IN F A T S  AND 0 I L S  

I I Meth~ 1 I I 
stearat,e- 

7o" Methyl [ ~[~h-YI [ m~ thyl I Th . . . . .  I /Oxidative 
stearate hydro xy- h dr ~x I dimer dimer 

(1:1) t - - I  
Distillate .......... ~ ~ ~ ~ 2.3 1 . ~  
Residue ............ 1.0 16.2 2.5 97.7 98.1 

surface is 1/~ in. A bank of 6 sublimators connected 
to a manifold permits multiple sublimations. Table I I  
shows results of vacuum sublimation of individual 
100 mg samples of several methyl esters, at 85C and 
50/x pressure for  1.5 hr. Although only 83.8% of 
methyl 12-hydroxystearate was sublimed under these 
conditions, a 1/1 mixture of the hydroxy ester with 
methyl stearate was recovered in the distillate in 
97.5% yield. Sublimation is a convenient means of 
determining total dimers and polymers in methyl 
ester samples while simultaneously eliminating these 
materials from the monomeric esters prior to gas 
chromatography. 

Urea Adduction. The reaction products from ther- 
mally polymerized oils (46,61,62) and oxidatively 
polymerized oils (30,31) have been separated from the 
unchanged fa t ty  acids by urea adduetion. Recently, 
a procedure has been developed for determining non- 
urea adducting acids (urea filtrates) in fats and fa t ty  
acids (63). Powdered urea is added at room tempera- 
ture to unsaponifiable-free methyl esters dissolved in 
a minimum of methanol. The resultant s lurry or 
powder is allowed to stand for 2 hr and is then filtered 
and washed with fixed volumes of urea-saturated 
methanol. A correction is made for small amounts of 

a d d u c t  decomposed during filtration by subtracting 
the weight of urea filtrate in a second wash from that  
obtained in the first wash. 

Generally, urea adduetion provides an estimate of 
dimers and trimers, etc. in thermally oxidized or poly- 
merized oils since the dimers and polymers constitute 
the bulk of the nonaddueting esters present. However, 
cyclic or other nonaddueting monomers may be pres- 

e n t  in oils, and these materials are also isolated with 
the d imers  and polymers. Nevertheless, urea addue- 
tion is useful for estimating total alteration of un- 
saturated fa t ty  acids in oxidized and polymerized oils. 

The total urea filtrate (as methyl esters) formed in 
cottonseed oil heated in the presence of air at 205C 
(31) is plotted in F igure  6 as a function of time of 
heating'. The total quant i ty  of urea filtrate monomers, 
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TABLE I I I  
Analysis of Methyl Esters of :Heated Cottonseed Oil (192 hr, 225C) 

Micromolecular Sublimation Urea 
distillation adduetion 

Mol Wt. % % % 
Monomers ....................... 286 64.3 65.3 64 
Dimers ............................ 595 24.8 t 34, 7 136 
Trimers ........................... 1143 10.9 

dimers, and trinlers at any heating interval  approxi- 
mately equals the total urea filtrate esters found. 

A comparison by the author of results obtained by 
micromolecular distillation, sublimation, and urea ad- 
duction of methyl esters derived from cottonseed oil 
heated 192 hr at 225C in the presence of air is shown 
in Table III .  Fi l t ra te  esters from urea adduction are 
tabulated as total dimers and trimers. Actually, the 
filtrate esters contain 2-3% of nonadduct ing mono- 
mers. Nevertheless, there  is good agreement between 
the three methods for monomer and polymer content. 
The molecular weights of the fractions obtained by 
mieromoleeular distillation were determined by the 
isothermal distillation method using a Vapor Pressure 
0smometer,  Model 301, Michrolab Inc., Mountain 
View, Cal. 

Column Chromatography. A l iquid-partit ion chro- 
matographic method was developed by Frankel  and 
eeworkers (64) to determine dimers in fats. Silieic 
acid treated with 20% methanol served as the im- 
mobile phase. F a t t y  acid samples (0.1-0.2 g) were 
eluted with 2% methanol in benzene to yield first, a 
nlonomerie fraction, and then, a dimeric fraction. A 
polar fract ion was then eluted with ethyl ether. Chro- 
matographic separation of the acids was followed by 
t i t rat ion with 0.2N alcoholic K 0 H  to a thymol blue 
end point, using a mieroburette. 

The method was used by Frankel  and coworkers to 
determine the oxidative dimer content of deodorized 
soybean oils. Thermally polymerized acids were found 
to elute in the same position as oxidative dimer acids. 
Chromatographic separation of thermal dimer and 
polymer is shown in Figure  7. The authors stated that 
the method has a greater sensitivity than distillation 
and will determine small amounts of either monomer 
or dimer in the presence of larger amounts of one 
over the other. 

Paper Chromatography. A paper  chromatographic 
method for detecting small amounts of thermal dimer 
and t r imer  acids in fats and oils was developed re- 
cently by Rost (65). The procedure involves: a) 
saponification of glycerides and isolation of total fa t ty  

40i 3( /R_/~~I~I I 
20 ~ 

. /  ~ I ~  ~" 

/; .$ 

100 200  3 0 0  

HOURS OF H E A T I N G  

FIG. 6. Urea  f i l t rate  f r o m  hea ted  cot tonseed  
esters.  (31) .  

me thy l  

Dimer 
53.6~, 

.. / 
o 

Monomer Polymer 
oo 0.IOC . ". , . ~0 

100 200 300 400 500 
Mobile Solvent, MI, [~Ether, M[ ~I 

FzG. 7. Column pa r t i t i on  ch roma tog raph ic  s epa ra t i on  of  
d imer  and  po lymer  f rom the rmal ly  po lymer ized  c o n j u g a t e d  
lin01eic ac id  (64) .  
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TABLE IV 

Paper Chromatography of Fatty Acids, Thermal Dimer and Trimer of 
Linoleie Acid (65) 

Component I R~ Component Rf 

Laurie acid ........................... 0.56 Oleic acid 0.29 
Myristie acid ......................... i 0.43 i Stearie acid 0.15 
Linoleic acid ......................... ~ 0.42 Linoleic dimer acid 0.12 
Palmitic acid ........................ 0.30 i Linoleic ~rimer acid 0.00 

acids; b) enrichment of dimer and trimer acids; e) 
paper chromatography; and d) quantitative determi- 
nation of the dimer acids. 

Enrichment of dimer and trimer acids was ac- 
complished by urea adduction. Saturated fat ty acids 
were ahnost completely removed by addueting 1 part 
of sample with 4 parts each of urea and methanol. 
When fats and oils containing large amounts (over 
40%) of high melting fatty acids were examined (e.g., 
palm and rapeseed oil), the major portion of saturated 
acids were removed by low temperature crystallization 
in methanol prior to urea adduetion. Higher unsatu- 
rated fat ty acids present in fish oils interfered with 
the paper chromatographic detection of dimer acids. 
These components were eliminated by hydrogenation 
prior to urea adduetion and paper chromatography. 

Enriched dimer and trimer acids were chromato- 
graphed by the method of Kaufmann and Nitsch (66) 
using a petroleum fraction (b.p. 190-220C) as the 
immobile phase, and 90% acetic acid as the mobile 
phase. Rf values of the dimer and trimer acids to. 
gether with Rf values of several normal acids are 
shown in Table IV. 

Spots were developed with copper acetate and so- 
dium diethyldithiocarbamate. Dimeric acids were de- 
termined quantftatively by cutting out the colored 
spots, extracting with ethyl alcohol, and measuring 
absorption at 435 m~. The author stated that poly- 
meric components of an oil or fat can be determined 
down to 0.01% of the total fat ty acid content with 
a precision of 95 • 5% of the dimer acid actually 
present. The limit of detection was estimated to be 
about 20 ~g of dimer acid. 

Thin-layer Chromatography. This technique has 
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FIG. 8. Thin- layer  adsorp t ion  c h r o m a t o g r a p h y  of  monomer ,  
dimer,  and  polymer  methy l  es ters  on silica gel (68) .  Solvent :  
i sooctane-ethyl  acetate ,  9/1,  v /v .  I nd i ca t o r :  10% phosphomoly-  
bdic acid in a]cohol, followed by h e x t i n g  30 nfin a t  120C. 
A m o u n t s :  abou t  100% each. 1) me thy l  12-hydroxys teara te ,  2) 
ace ty la ted  me thy l  12-hydroxys teara te ,  3) methyl  9,10-dihydroxy- 
s tea ra te ,  4) me thy l  8 ,9 ,15- t r ihydroxypahni ta te ,  5) me t hy l  12- 
ke tos teara te ,  6) t he rma l  d imer  of  me thy l  l inoleate ( E m e r y  
Indus t r i e s ,  Cincinnat i ,  Ohio) ,  7) t he rma l  t r imer  of  me thy l  
l inoleate ( E m e r y  Indus t r i e s ,  Cincinnat i ,  Ohio, 8) me thy l  es ters  
of  cot tonseed oi] hea ted  192 hr  in the  presence of air  a t  225C, 
9) monomer  me thy l  es ters  f rom sample  (8) ,  10) dilner me thy l  
es ters  f r m n  sample  (8) ,  11) t r imer  methy l  es ters  f r om sample  
(s). 
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9. Thin- layer  reversed-phase  c h r o m a t o g r a p h y  of mono- 
mer ,  dhner ,  and  po lymer  me thy l  esters  on silica gel (68) .  Sol- 
ven t :  a e e t o n i t r i l e - - m e t h y l  a l coho l - - e thy l  a c e t a t e - - w a t e r ,  2 / 2 /  
1/1,  v / v / v / v .  I nd i ca to r :  10% phosphomolybdie  acid in al- 
cohol, fol lowed by  h e a t i n g  30 rain at  120C. A m o u n t s :  abou t  
1007, each. See Fig .  9 for  l ist  of  samples .  

been applied to the analysis of a wide variety of lipid 
materials. Procedures and applications have recently 
been reviewed by Mangold (67). 

The application of thin-layer chromatography to 
the separation of monomer, dimer, and polymer 
methyl esters has recently been investigated in the 
author's laboratory (68). Samples were resolved by 
both adsorption and reversed-phase partition chro- 
matography. For adsorption chromatography, Silica 
Gel G (R.esearch Specialties Corporation, Richmond, 
California) (1/1 slurry with water) was spread with 
a 250~ fixed thickness applicator (Brinkmann Instru- 
ments, Inc., Great Neck, New York) on 20 • 20 em 
glass plates, and dried 1 hr at 105C. The plates were 
cooled, and spotted with 10,0 ~g of sample, using a 
10 ~1 syringe pipet (Model 701N, Hamilton Company, 
Whittier, California). Tile spots were developed for 
1 hr with isooeatane-ethyl acetate (9/1, v/v) ,  and 
dried 45 rain in a forced-air oven at 130 C. The spots 
were identified by spraying with 1(1% phosphomolyb- 
die acid in alcohol, followed by heating for 30 min 
at 120C. 

Praetionation of a nmnber of oxygenated methyl 
esters, methyl esters of oxidative and thermal dimers 
and trimers, and methyl esters derived from heated 
cottonseed oil is shown in Figure 8. The thermal 
dimer and trimer were Emery's commercial products, 
prepared by thermal polymerization of linoleie acid. 
The cottonseed methyl esters were prepared from cot- 
tonseed oil heated in the presence of air for 192 hr 
at 225C. The oxidative dimer and trimer were iso- 
lated by mieromolecular distillation of the cottonseed 
methyl esters. Acetylation of methyl 12-hydroxy- 
stearate decreased its polarity and consequently in- 
creased its rate of migration. Aeetylation of the 
oxidative and thermal dimers and trimers did not 
affect their chromatographic behavior. 

For partition chromatography, the plates, prepared 
as described above, were cooled to 5C, and dipped in 
a cold (5C) 5% solution of DC200 (Dow Corning 
Corporation, Midland, Michigan) in ethyl ether. Air 
dried plates, oven-dried at 105C for 1 hr, were spotted 
as described above, and developed for 1 hr with ace- 
tronitrile-methyl alcohol-ethyl acetate-water (2/2/1/1, 
v /v /v /v ) .  The spots were identified with the phos- 
phomolybdie acid reagent. A ehromatogram of the 
nfixture described above is shown in Figure 9. The 
oxygenated monomers migrated well ahead of and 
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FIO. 10. Gas  e h r o m a t o g r a m s  of  o x i d a t i v e  a n d  t h e r m a l  d imer s .  

were separated from the other components (normal 
mononieric esters, and oxidative and thermal dimers 
and trimers). The monomer esters from heated cot- 
tonseed oil were separated into two spots (Fig: 9, No. 
9); representing oleate and palmitate (lower spot), 
and linoleate (upper spo't). 

Gas Chromatography. Although special techniques 
are required for analysis of high molecular weight 
compounds, advances in methodology have made it 
possible to use gas chromatography for routine analy- 
sis of a wide variety of these materials. For example, 
Vanden Heuvel and coworkers (69) used small 
amounts of very stable substrate (SE-30 silicone rub- 
ber from General Electric Co., Silicone Products 
Dept. Waterford, N. Y. at temperatures around 220C 
in a commercial gas chromatography with argon 
ionization detector to separate mixtures of sterols and 
steroids. Huebner (70) used high temperature chro- 
matography for analysis of glyeerides. He analyzed 
mixtures of synthetic and natural triglycerides using 
column packings coated with SE-30 liquid phase, and 
temperature programming from 250 to 400C. These 
examples of separation of high molecular weight ma- 
terials suggest that gas chromatography could also 
be applied to analysis of niethyl esters mixtures of 
nmnomers, dimers, and trimers. The use of thin coat- 
ing~ of stable liquid phases, short eolmnns, tempera- 
lure programming, and sensitive detectors should help 
accomplish this goal. 

Preliminary investigation in the author's laboratory 
has shown that methyl ester dimers from thermally 
and  0xidatively polymerized fats can be chromate- 
graphed. Figure 10 shows chromatograms of thermal 
and oxidative methyl ester dimers obtained with an 
ionization detection instrument (Chromolab, manu- 
factured by Glowall Corp., Glenside, Pa.).. The ther- 
mal dimer was prepared by esterifying a sample of 
Emery ' s  commeriea! dimer acid, and the oxidative 
dimers represent a molecularly distilled methyl ester 
dimer fraction prepared from cottonseed oil heated 
at 225C for 192 hr in the presence of air. A 6-ft 
~[6 in. o.d. coiled glass column was packed with 1% 
SE 52 silicone gum rubber on 80-100 mesh Gas- 
Chrom P (Applied Science Laboratories, state Col- 
lege, Pa.). The column temperature was 296C detector 
temperature was 270C and outlet argon flow rate, 70 
ml/min. Temperature programming should permit 

the simultaneous analysis of monomer and dimer acids 
in polymerized fats. 
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