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N the nine years since Mitchell, Kraybill, and

Zscheile (1) published a guantitative speetrophoto-

metric method for determination of linoleic and lin-
olenic acids in fats and oils, eonsiderahle attention has
been devoted to extension of the method, to improve-
ments in sensitivity, and to evaluation and application
of methods. Beadle and Kraybill (2) extended it to
include determination of arachidonic acid. Brice et al.
(3, 4, 5, 6) improved the sensitivity and aceuracy in
respect to determination of small proportions of the
con)ugated and nonconjugated acids by proposing
measurement of absorption before and after isomeri-
zation in KOH-glycerol, a medium more transparent
than KOH-ethylene glycol in air, and by applying
corrections for preformed conjugation and extrane-
ous background absorption. O’Connor ef al. improved
the purity of standards by excluding oxygen in their
preparation (7) and greatly improved the transpar-
ency of the KOH-ethylene glycol isomerization me-
dium by protection with an atmosphere of nitrogen
(8). Other methods, with variations in procedure de-
signed primarily to effect improvements in sensitivity,
have been described by Hilditch et al. (9), Baldwin
and Longenecker (10), Holman and Burr (11), Berk
et al. (12}, and others. Privett and Lundberg (13}
have studied the nature and extent of interferences
by autoxidized fatty acids in the application of spec-
trophotometric methods and have suggested means for
their removal. Typical applications of speetrophoto-
metric methods have been discussed by Beadle (14).
The Spectroscopy Committee of the American Oil
Chemists’ Society (15) has been conducting collabo-
rative tests on spectrophotometric analvses of fats
and oils for polyunsaturated fatty acids in an effort
to establish a suitable standard method of analysis
for the Society.

The present status of spectrophotometric methods
as applied to fats and olls may be summarized as fol-
lows: a) They are highly specific, within limits for
the common polyunsaturated constituents. b) They
provide a means of determining both conjugated and
nonconjugated fatty acids over a wide range of ocecur-
rence in mixtures. ¢) They are far more sensitive
than the thiocyanometric and other methods in detect-
ing small proportions of nonconjugated acids and in
the range below about 5% far more accurate. d) They
are capable of high reproducibility in experienced
hands. In the latter connection it must be empha-
sized that the method (for nonconjugated aecids) is
highly empirical since the procedure must be stand-
ardized within eclose limits for temperature and time
of isomerization, alkali concentration, sample size, and
type of reaction vessel. Usually the analyst does not
have satisfactory purified standards of his own and
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must rely on published procedures and constants and
use of a spectrophotometer preferably of the same
manufacture. However it has been our experience
that, even under these conditions, high reproducibil-
ity and satisfactory inter-laboratory comparisons are
readily obtained if all details of a standard procedure
are eclosely followed.

We are now in a position to examine the spee-
trophotometric method for accuracy and to improve
the accuracy. In our early work (4) on tallows and
greases appreciable discrepancies were noted between
spectrophotometric and thiocyanometric analyses for
linoleic acid. These were not particularly disturbing,
however, since the values were obtained assuming the
presence of linoleic, oleie, and saturated acids only;
moreover the accuracy of the thioccyanometric method
is not high for fats having less than 10% of polyun-
saturated acids. When the method was applied to a
number of seed oils and concentrates having high
contents. of linoleic or linolenic acids, serious discrep-
ancies between spectrophotometric and thiocyanomet-
rie analyses were encountered (4). For example, with
perilla oil the result for linolenic acid (glyceride ba-
sis) was 58.1% by the spectrophotometrie method and
65.2% by the thiccyanometric method; and with to-
bacco seed oil the result for linoleic acid (glyceride
basis) was 78.3% by the spectrophotometric and
73.0% by the thiocyanometric method. It was es-
tablished that the spectrophotometric method was at
fault in these cases since iodine values caleulated from
the spectrophotometric results, after separate deter-
mination of the saturated acids, did not agree with
observed iodine values.

In studyving these discrepancies between spectro-
photometric and chemiecal results, the possibility of
the existence in these rather rare oils of non-conju-
gating isomers in which the double bonds are sep-
arated by more than one methylenie group, perhaps
similar to those produced on hydrogenation of lino-
lenie acid, was first considered. Experience with other
more common oils such as linseed, however, showed
that the spectrophotometric results for linolenic acid
were quite generally low when the content of this
acid was high enough to make a comparison with the
chemical methods reliable. Since it seemed improbable
that the intensive chemical studies carried out on lin-
seed oil would have failed to reveal the presence of
substantial amounts of anomalous isomers of lino-
lenic or linoleic acids, an alternative explanation of
the discrepancy was sought.

The spectrophotometric standards used heretofore
have been highly purified linoleic, linolenie, and
arachidonic acids or their esters, prepared by bromi-
nation-debromination procedures. Such preparations
are known (16) or suspected to contain substantial
proportions of geometric isomers other than the
natural all-cis varietv. Strong evidence has been
obtained in this laboratory (17) that differences in
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geometrical configuration result in significant differ-
ences in ultraviolet absorption characteristics after
alkali-isomerization. The main points of this evidence
are that: a) methyl esters of natural* polyunsatu-
rated acids prepared by chromatographic methods
(17) differed significantly from debromination esters
in their ultraviolet absorption intensities after the
analytical alkali-isomerization procedure; b) methyl
linoleates prepared by chromatography and by low
temperature fractional crystallization (18) were not
significantly different in these ultraviolet absorption
intensities; e¢) 9 ecis, 12 cis linoleic acid isomerized
with alkali 20 times faster than the trans-trans iso-
mer and produced a mixture of dienoic conjugated
isomers in the analytical alkali-isomerization proce-
dure having a specific extincetion coefficient at the
maximum more than five times that of the latter
(19); and d) restandardization of the spectrophoto-
metric method, using methyl esters of natural linoleic
and linolenic acids as standards, resulted in improved
accuracy of spectrophotometrie analyses for perilla
ail, linseed oils, and tobacco seed oils. The latter re-
sults were presented before the Society in 1948 (20).
More recently Hilditch, Patel, and Riley (21) have
presented evidence that the analytical extinction coef-
ficients of linolenic acid prepared by physical meth-
ods differ appreciably from those of linolenic acid
prepared by debromination, thus confirming work
at this laboratory (17). They found no appreciable
difference, under their conditions of isomerization
however, for the two types of linoleic acid.

The primary purpose of the present paper is to
present complete results on a restandardization of
speetrophotometric methods for the determination of
polyunsaturated fatty acids in natural fats and oils,
using as standards the purified methyl esters of natu-
ral linoleie, linolenic, and arachidonic acids prepared

#The word ‘“‘natural” is used throughout this paper to mean the natu-
ral geometrical forms of polyunsaturated acids.

by erystallization and chromatographic methods by
Riemenschneider et gql. (17, 22). The paper inecludes
results previously reported (20) on the restandardi-
zation of spectrophotometric methods with natural
linoleic and linolenie acids; an extension of the in-
vestigation to include natural arachidoniec acid; and
application of the restandardized methods of analysis
to a wide selection of fats, by which it is shown that
higher accuracy is obtained.

Restandardization

Natural methyl linoleate was prepared chromato-
graphically as previously deseribed (fraction 5, refer-
ence [17]) from tobacco seed oil, with the following
characteristics: iodine value 172.8 (theory, 172.5);
melting point —35° to —34°C.; nf’" 1.45932; pre-
formed conjugation, by spectrophotometric analysis,
dienoic 0.1%, trienoic 0.00%, tetraenoic 0.00%. An
additional preparation had similar characteristics,
with an iodine value 172.2. All iodine values reported
in this investigation were determined by the 14 hour
Wijs method.

Natural methyl linolenate, prepared chromatograph-
ically from linseed oil as previously described (frac-
tion 3, reference [17]), had the following character-
istics: iodine value 260.2 (theory, 260.5); melting
point —46.5° to —45.5°C.; nf*” 1.47074;> preformed
conjugation, dienoic 0.2, trienoic 0.00%, and tetra-
enoie 0.00¢%. Two additional preparations had similar
characteristies, with iodine values shown in Table 1.

Natural methyl arachidonate, prepared from beef
suprarenal glands by chromatographiec and frae-
tional distillation procedures (22), had the following
characteristics : iodine value 316.1 (theory, 319); n%)’
1.47986 ; preformed conjugation, by spectrophotomet-
ric analysis, dienoic 0.9%, trienoic 0.02%, tetraenoie

5This value was erroneously reported in reference (17) as having
been determined at 25°.

TABLE 1

New Standardization Data. Average Observed Specific Extinction Coefficients (Adjusted to Acid Basis and Referring to Solutions in Absolute
Methanol) for Methyl Esters of Purified Natural Polyvnsaturated Fatty Acids After Alkali Isomerization at
180°C. Under Various Conditions

Specific Extinction Coefficients After Isomerization

i |
Acid Sample I{;dirle ’ \ E In 11¢ KOH-Glycerola In 6.59 KOH-Ethylene Glycol
cd - T alue ! / 1 - - - 3
No. (Bster) | (mu) i 30 minutes | 45 minutes i 25 minutes ; * 45 minutes
] % Air Ne Air N, L A Noo | Air N
Linoleic 1 1728 | 233 i 911 ... i 93.0 ... 91.9 92.2 93.4 93.2
2 172.2 ‘ [ e e : 944 ... T 94.9
Linolenic 3 260.2 233 | 60.1 ' | 614 585 583
4 259.6 60.2 61.8 59.1
5 259.1 ‘ ..... 61.5 59.2
{ { i
3 268 ‘ 493 ... 50.6 49.1 49.3
4 49.2 ... L L L 504 | .. 49.3
5 0 e e b 488 ] 50.9 | ... 49.4
Arachidonic 6 316.1 233 56.9 56.4 55.4 ) . 57.0 | e 54.6
7 314.9 57.0 55.1 573 e | e 54.9
8 3157 L Ll e 545 | 56.5 | e 53.8
9 3180 | ) . e 545 | el Ll
6 268 53.4 53.3 47.1 47.7 525 | .. 44.4
7 53.4 46.5 47.2 525 e L 45.2
8 L e 472 | e 53.8 | 45.0
9 O OO (I 44.8 | e b e e
‘ _ —
6 i 315 20.6 21.1 22.7
7 206 | 220 ... 22.1
8 f i 20.6 21.8 24.2
9 | LT 201 | L R

2 8ix-inch reaction tubes, swirled 1 minute out of bath after introduction of sample. Brice et al., references (3) and (4).

b Six-ineh reaction tubes, swirled at 3 one-minute intervals out of bath after introduction of sample; conditions similar to Mitchell et al., refer.

ence (1).

¢Ten-inch reaction tubes, blanketed with nitrogen. Am, Oil Chem. Soc, Tentative Method Cd7-48; J. Am, Oil Chem. Soc., 26, 399 (1949).
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0.00%. Four: additional preparations had similar
characteristics, with iodine values shown in Table 1.

For purposes of comparison a sample of methyl
arachidonate prepared by bromination-debromination
procedures, having an iodine value 321 (theory, 319)
and an octabromide number 100.6 was available to us
through the courtesy of J. B. Brown of Ohio State
University. This preparation was previously used by
us as a spectrophotometric standard (23), but de-
tailed data on its specific extinetion coefficients after
isomerization have not heretofore been published, ex-
cept for its absorption curve (Pig. 1, page 273 of
reference 6). Preformed conjugation, by spectropho-
tometric analysis was: diene, 0.3%; triene 0.009% ;
tetraene 0.5%. .

These purified methyl esters were subjected to al-
kali isomerization for various lengths of time by the
glycerol-air method previously described by Brice et
al. (3, 4). The standardized conditions of this method
include: adding an aceurately weighed sample (ap-
proximately 0.1 gram) of the ester to 11 grams of
glyeerol solution containing 11.09% KOH by weight
and about 0.1% pure stearic acid (to hasten saponi-
fication of the ester), and heating at 180°C. in a cov-
ered 6 x 1 inch test tube.

The absorption spectra of methyl esters of the nat-
ural acids after-alkali isomerization are shown in Fig.
1. Curves relating time of heating and specific ex-
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Fic. 1. Ultraviolet absorption curves for methanol solutions
of purified methyl esters of natural acids after alkali-isomeri-
zation in KOH-glycerol solution for 45 minutes at 180°C.

tinetion coefficients® in absolute methanol at the wave
lengths® used for analytical purposes are shown in
Figures 2, 3, and 4 for the three natural esters (ad-
justed to acid basis). For comparison, curves are
shown for bromination-debromination acids (3) un-
der similar conditions.

Inspection of these curves reveals significant dif-
ferences between the natural and the bromination-de-

% Specific extinction coefficient is defined as k == D/he where D is the
excess spectral density of solution over solvent in an equal cell, ¢ is
the concentration in grams per liter, and b is the internal thickness of
the cell in centimeters, All data were obtained on a Beckman Model
DV spectrophotometer with concentrations and cell lengths adjusted to
give spectral densities in the range 0.2 to 0.8.

TWave lengths 233 and 234 my are the positions of the absorption
maxima for the conjugated dienoie products of isomerized linoleic and
linolenic acids, respectively; 268 mg, the position of the principal ab-
sorption maximum for the conjugated triencic product of isomerized
linolenic acid; and 315 mg, the longest wave length absorption maximum
for the conJugated tetraenoic product of isowerized arachidonic acid.
Wave lengths 233 and 315 mp are to be preferred over wave lengths
232 and 316 my, previously used (3, 4).
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Fia. 2. Specific extinetion coefficients after isomerization at
180°C. in KOH-glycerol-air for various lengths of time. Natu-
ral methx] linoleate caleulated to acid basis (absolute methanol
solvent) ; hromination-debromination linoleie acid (reference 3,
sample 7. ahsolute ethanol solvent).
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Fi16. 3. Specific extinetion coefficients after isomerization at
180°C. in KOH-glyeerol-air for various lengths of time. Natu-
ral methyl linolenate caleulated to acid basis (ahsolute methanol
solvent) ; bromination-debromination linolenic acid (reference 3,
sample 8, absolute ethanol solvent).

bromination acids in the initial rates of conjugation,
in the rates of destruction of conjugation (except for
the dienoic components), and in the absorption inten-
sities of the conjugated components at a given time of
isomerization. For example, at 30 minutes time, the
specific extinction coefficient at 233 mp for the natu-
ral linoleic acid is higher, and that for the natural
linolenic acid at 268 my is lower, than the coefficients
for the corresponding bromination-debromination
acids. These differences are in a direction which
would account for the diserepancies discussed above
in the spectrophotometric analyses of tobacco seed oil
and perilla oil, in which bromination-debromination
acids were used as standards. While the differences
for arachidonic acid are significant, they are rela-
tively unimportant in the analysis of common animal
fats which contain 1% or less of this acid.
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16, 4. Specific extinction coefficients in absolute methanol
after isomerization at 180°C. in KOH-glyeerol-air for various
lengths of time. Natural methyl arachidonate; bromination-
debromination ester (sample 11); both caleulated to acid basis.

Fig. 5 shows similar rate curves at selected wave
lengths for some typieal natural oils and fats. It is
highly significant that the 268 mu curve for linseed
oil parallels that for the natural linolenie acid rather
than that for the bromination-debromination acid.
Shape differences are less critical in the case of cot-
tonseed oil and lard. In all three cases however a
reasonably constant proportion of polyunsaturated
acid is caleulated by using the data for a sample
gnd the natural acid at each of the various times of
Isomerization.

It is apparent, particularly from Figures 2 and 5,
that the optimum time of isomerization selected for
analytical purposes is longer than 25 minutes (1, 2,
15) or 30 minutes (3, 4) as previously used. It was
pointed out in a previous publieation (3) that 45
minutes was more favorable. At 25 or 30 minutes the
contribution to the extinction coefficient at 233 mp
by linoleic acid is inereasing (Figures 2 and 5) while

that due to linolenic acid is decreasing (Fig. 3). Va-
riations in the rapidity of saponification of a sample,
or variations in the total time of isomerization due
to initial manipulations, would result in errors of
analysis or in poor reproducibility, particularly for
linoleic and linolenic acids. At 45 minutes however
where k,,, for linoleic acid has reached a maximum
and the total time of isomerization is longer, the pos-
sibility of error is reduced, and both accuracy and
reproducibility should be greater.

Standardization was carried out with the new prep-
arations for several sets of conditions of isomerization
so that some of the various methods proposed or in
current use could be compared when applied to actual
samples. Average observed specific extinction coeffi-
cients for several preparations are shown in Table
I. Inspection of these data indicates no significant
differences, where comparisons are available, for
isomerization in air and in nitrogen. Adopted stand-
ard values are assembled in Table II. These data
comprise averages of replicate determinations and
averages of data in air and nitrogen for the new
preparations of Table I, and a tabulation of data
for bromination-debromination acids.

Methods of Calculation

The data of Table I1 were used in deriving the
equations of Table III for the simultaneous determi-
nation of linoleie, linolentie, and arachidonic acids in
oils and fats (percentage of acid in sample) for the
conditions indicated. The coefficients k’,, k’,, and k’,
refer to observed specific extinction coefficients, after
isomerization of the sample, at wave lengths 233, 268,
and 315 mp unless corrections for extraneous back-
ground absorption are to be applied as discussed
below.

Brice et al. (3, 4) introdueed the use of corrections
for extraneous background absorption in the speetro-
photometric determination of small proportions of
polyunsaturated fatty acids in various materials. The
varigus corrections proposed were designed to im-
prove the accuracy of analyses for small proportions
of conjugated and nonconjugated polyvunsaturated

TABLE II

Adopted Specific Extinction Coefficients in Absolute Methanol for Purified Natural Polyunsaturated Fatty Acids After Alkali Isomerization at 180°C.
Under Various Conditions. Data for Bromination-Debromination Acids Under Similar Conditions Are Listed for Comparison

KOH-Glycerol-Air

i KOH-Ethylene Glycol (Air or Ny)

|-

Acid A 30 Minutes i 45 Minutes 25 Minutes 45 Minutes
Nat, Debrom. Nat. Debrom. Nat. Debrom, Nat, Debrom.
) ) ) [T i) w0 [+ ey @ 1] (0
Linoleic 232 90.6 88.9 934 90.1 91.7 e 93.5
233 91.1 89.2 93.9 90.3 921 e 93.9 e
234 90.2 88.6 93.3 89.8 91.6 ... 86.0 93.4 ...
Linolenic 232 59.5 60.0 58.2 57.9 60.7 ... 585 ...
233> 60.2 60.5 58.6 58.5 61.6 ... 59.0 ...
234 60.9 61.0 59.2 59.1 622 . 60.9 59.8 .
268 49.3 53.4 48.6 51,3 50.7 . 53.2 493 ...
Arachidonic 232 56.1 55.8 54.5 55.3 56.1 554 ... 53.8 52.
233@ 56.8 56.5 55.0 56.0 56.9 56.2 .. 54.5 53.7
234 57.6 57.2 55.8 56.8 57.8 57.1 59.3 55.5 544
268 53.4 56.3 46.8 50.3 52.8 544 53.4 44 8 44.6
315@® 19.1 21.1 20.3 21.0 21.5 239 ... 22.9 24.2
316 182 19.6 19.6 19.8 20.6 22.6 22.6 22.0 22.
Background
Factors Fater 4.08 4.14 4.08 4.30 4.05 ... 405 ...
F, 0 2.06 2.03 2.06 2.12 2.06 2.20 2.12 2.20

(@WWave-lengths recommended for analysis.
) Average of all observed values for preparations listed in Table I.

(The data for arachidonic acid are new; data for linoleic and linolenic

acids are Brice et al,, J. Opt. Soc. Am., 35, 532 (1945).

@DData of Beadle and Kraybill, J. Am. Chem. Soc., 66, 1232 (1946).
(®kogs/ |[kops— Y% (koez+ kazs) ] for linolenic acid.
Okays/[Kais— Y% (Kaos+ kaee) ] for arachidonic acid.
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TABLE 111

Equatiops for the Simultaneous Determination of Percentages of Linoleic
(x), Linolenic (y), and Arachidonic (z) Acids for Various Conditions
of Isomerization at 180° (., for Natural Acid Standards and De-
bromination Acid Standards. Subscripts 2, 3, and 4 Refer to
Measurements at 238, 268, and 315 mu Unless Otherwise
Noted. For Vegetakle Oils k’y Is Assumed to be Zero

Natural Acids \‘ Debromination Acids
30 Min. Glycerol-Air
x=1.121k5—1.270 k's+

x=1.098 k’s—1.340 K’y 4+
43 %

0.48 %', (1) 0.39 k', (18)
¥y=2.028 K5 —567 Kk, (2) | v=1.873 K3 5.00 Kk, (14)
2=524%, (3) 7= 4.74 k'y (15)

45 Min. Glycerol-Air

x==1.065 k', —1.284 k’3-}- x=1.107 k's—1.263 k'3 +
! 0.07 k'

0.08 k', (4) . P (16)
y=2.058 k3 —4.74 k', (5) vy=1.949 kK's—4.67 k', (17)
z =4.93 k', (6) 7 =4.76 k' (18)

25 Min. Ethylene Glycol (Air or N)
x=1.086 k's—1.319 k’s+ x=116 kK';—1.33 k'

0.37 k', (7) +0.09 kK, (18)s
Y=1.972 K3 —4.84 K, (8) y=1.88k'y—4.43 k', (19)2
z2=4.65k, (9) 7 =443 K, (20)a

45 Min. Ethylene Glycol (Air or N2)
x=1.065k',—1.274 k'y—
04 k’

0. . (10)
y=2.028 k'5—3.97 k', (11)
z =437k, (12) z2==4.13 k',

*Am, Oil Chem. Soc. Tentative Method Cd 7-48, subscripts 2, 3, and
4 referring to 233, 268,and 316 mu. The constants used in this method
are derived from data of Beadle and Kraybill, J. Am. Chem. Soc., 66,
1232 (1944) which refer to 234, 268, and 316 my.

fatty acid components in such materials as animal
fats and their soaps, partly hydrogenated animal fats
and their soaps, and preparations of oleic and satu-
rated acids. These corrections were based primarily
on observations that in animal fats: a) an appreciable
proportion of conjugated dienoic material is present
before alkali-isomerization and this material is stable
to heat (see reference 6, Fig. 4, curve T and Th);
b) before and after alkali-isomerization an apprecia-
ble portion of the observed absorption near 233 mp
may be due to COOR groups (3); and ¢) before and
after the isomerization an appreciable proportion of
the observed absorption near 268 and 315 mp is due
to an approximately linear extraneous background.
Although some assumptions and uncertainties are in-
volved in these detailed corrections, their application
makes possible an unquestionable increase in the ac-
curacy of determining small proportions of conjugated
and nonconjugated polyunsaturated constituents.
Some attempts have been made (3, 4, 15) to apply
this detailed method, with its numerous corrections,
to the spectrophotometric analysis of common vege-
table oils. Experience has shown however that such
application is unnecessarily laborious for most pur-
poses and, in fact, can lead to erromeous results for
linolenic acid if present in substantial proportion. The
method of correction for background absorption in
the 268 mpy region (see Figure 3 and equation [8]
of reference 3) involves absorption measurements on
pure linolenic acid after alkali-isomerization at its
relatively sharp maximum near 268 mp and its rela-
tively sharp minima near 262 and 274 mp. The value
of the ‘‘background factor’” (F, in Table II) caleu-
lated from these measurements are, as expected, sensi-
tive to slit-width changes and to wave length errors,
much more so than k,,, itself. The data for the values
of F; in Table II apply to spectrum band widths of
approximately 2.5 mp (slit width 0.85 mm.) in this
region. In some illustrative tests with a sample of
linolenic acid the value of F, decreased by 7% when

the slit widths on a given instrument were varied
from 1.1 mm. to 0.6 mm.. while k,,, increased by only
19 ; on two different spectrophotometers set for slit
widths 0.85 mm., the values of F, differed by 6.5%,
while the values for k., differed by only 1.29%. Such
differences are attributable to slit width and small
wave length errors. They are of minor importance in
dealing with the determination of small proportions
of linolenie acid but illustrate the danger of attempt-
ing to apply the background correction method to snch
samples as linseed oil and soybean oil. In the latter
cases background absorption is probably negligible.

Experience has shown that a number of simplifi-
cations in the calculations previously proposed (3,
4) for a complete spectrophotometric analysis can be
made without sacrifice of accuracy. The following
recommendations for calculation retain the wuseful
features of background corrections where small pro-
portions of polvunsaturated fatty acids are present;
omit determination of trace and minor preformed
conjugated constituents; omit determination in vege-
table oils of tetraemoic constituents as arachidonic
acid since tetraenoic absorption in such cases has
been shown due to oxidation of linolenic acid (6);
and retain maximum simplicity in the calculation of
results for vegetable oils.

In the following, k’,.,, k’.qs, K a1; are observed spe-
cific extinetion coefficients after isomerization and k..,
the coefficient before isomerization, subseripts denot-
ing the wave lengths; k’,, k’,, k’,, and k, are the fore-
going observed coefficients after correction for any
extraneous absorption, the subscripts denoting the
number of conjugated double bonds involved; and
x, v. z, and C, are the percentages of linoleic, lino-
lenic, arachidonie, and conjugated dienoic acids in
the sample.

Linoleic acid:

A. Small proportions. If k’,,, is less than 20 (exam-
ples are animal fats and preparations of oleic and

50 T T T T T T T T
COTTONSEED OIL 233 my

LINSEED OIL 233 mp

LINSEED OIL 268 my

LARD 233 mp
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Fie. 5. Specific extinetion coefficients in absolute methanol
after isomerization at 180°C. in KOH-glycerol-air for various
lengths of time, for cottonseed oil, lingeed oil, and lard.
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stearic gqids) preformed conjugated diene may not
be negligible. C, should be determined by the fol-
lowing equation :

€, =100k,/119 — 0.84 k, (21)

In this expression k, = k,,, — k,, where k, is 0.07
for fats and esters, and 0.03 for acids and soaps.
The corrected coefficient k’, should be ecaleculated
by the following equation:

K, ==k, — k, — 0.03 (22

These two equations are essentially those presented
in a previous publication (3).

B. Substantial proportions. If k’,,, is 20 or more (ex-
amples are common nondrying and semi-drving
vegetable oils), C, need not be determined and
k’,,, need not be corrected.

C. Special cases. In oils and fatty materials known
to eontain substantial proportions of dienoic con-
Jugated acids or other constituents having ap-
preciable absorption near 233 mu which is not
destroyed by the alkali-isomerization (such as de-
hydrated castor oil, tall oil, erude cottonseed oil,
or sesame oil), special corrections and calculations
will be necessary.

Linolenic acid:

A. Small proportions. If k’,. is less than 1 (exam-
ples are animal fats and some vegetable oils such
as tobacco seed oil), the observed specific extine-
tion coefficient must be corrected for extraneous
background absorption using equation (8) of ref-
erence (3):

k,z - Fs [k,zes - 1/2 (k’zez + k'f_)n)] (23)

The appropriate value of ¥, is taken from 'Table
II. The result is not necessarily of high accuracy
since F, is dependent on slit width and since
background absorption in this region may not be
strictly linear.

B. Substantial proportions. If k’,, is 1 or more (ex-
amples are linseed oil, soybean oil, and special
concentrates of animal fats) background absorp-
tion may be ignored and k', = k’,,.

C. Special cases. Oils known to contain appreciable
proportions of trienoic conjugated acids (such as
tung oil, oiticica oil, and certain cucurbit oils) or
other constituents having appreciable absorption
near 268 my which is not destroyed by the alkali-
isomerization will require special corrections and
caleulations.

Arachidonic acid :

A. Small proportions. If k', is less than 1 (animal
fats and oils), the observed specific extinction co-
efficient must be corrected for extraneous back-
ground absorption using the method of equation
(10) of reference (3):

k,4 - F4 [k’315 - 1/2 (ksos + kszz)] (-24)

The appropriate value of F, is taken from Table I1.
For vegetable oils k’, and k’,,; are assumed to be
zero since arachidonie acid is not present.

B. Substantial proportions. If k’,,, is 1 or more (spe-
cial concentrates of animal fats) background ab-
sorption may be ignored and k7, = k’;;;.

C. Special eases. Animal fats or concentrates con-
taining appreciable proportions of fatty acids of
higher unsaturation than arachidonic acid will re-
quire special corrections and calculations.

Analysis of Samples

A number of samples of vegetable oils and animal
fats were subjected to speetrophotometric analysis in
order to establish whether more reliable results were
obtained, using the natural fatty acids as standards.
Samples having known content of saturated fatty
acids, or having been freed of saturated acids by
low temperature crystallization, were used for this
purpose. This permitted determination of oleic acid
in the sample by difference:

w=(100/f)—(s+C,+x+y+z) (25)

where w is the percentage of oleic acid and s the
percentage of saturated acids in the sample; and f =
1 if the sample is fatty acids, 1.050 if methyl esters,
and 1.045 if glycerides. The iodine value of the sam-
ple, I,, was then calculated from the analysis by the

relation
I=[L,w+1,(C;4x)+Ly+1,2]/100  (26)

where I, = 88.9, I, = 181.0, I, = 273.7, and I, =
333.7, the iodine values of the pure fatty acids. The
caleulated iodine value was then compared with the
observed iodine value of the sample.

Average results for duplicate spectrophotometrie an-
alyses and for calculated and observed iodine values
and their differences are shown in Table IV. Many
of the samples were run under different conditions
as well as for different standards. Calculations were
made in accordance with the recommendations out-
lined in the preceding section, except for those made
by A.0.C.S. Tentative Method Cd 7-48.

The differences between calculated and observed
iodine values are averaged and summarized for the

TABLE V

Average Differences, Using Natural and Debromination Acid
Standards, Between Calculated and Observed Jodine Values
{Data Calculated From Table IV)

Todine Value
Average Cale.-Obs. Values
Type of o0il No. No. a -
or fat Samples |Analyses Debromination
Range Natu-
ral Brice Cd
et al.® 7-48b
Perilla........... 1 1 207 —1.2 —7.0 |
Linseed.......... 3 10 182-192 0.9 —19 | —0.5
Soybean......... 4 11 135-160 0.4 1.4 2.4
Cottonseed..... 4 1 108-152 01 1.3 3.9
Tobacco seed., 1 1 172 0.1 6.5
Lard......cccoo. 1 4 67 0.3 1.1 1.1
Tallow........... 1 4 44 1.9 2.1 1.8

aQee Tables 1T and T1I. Preparations of reference (4).
bAm, Oil Chem. Soe. Tentative Method Cd 7-48.

various sample types in Table V. It will be noted
in Tables IV and V that the caleulated-observed
iodine values for the debromination acid data of Brice
et al. (3, 4) are smaller than those for data calcu-
lated from A.0.C.S. Tentative Method (Cd 7-48 (15),
which is based essentially on debromination acid data
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of Beadle and Kraybill (2). The explanation for this
is probably due to the fact that the former prepa-
rations were subjected to distillation and erystalliza-
zation after debromination. They should therefore
differ less from the natural acids than the prepara-
tions of Beadle and Kraybill, which were not so
treated.

Discussion and Conclusions

Study of Table IV indicates that when the natural

acids are used as standards: a) for all samples the
results for linoleic acid are appreciably lower and
those for linolenic acid appreciably higher than when
debromination acid standards are used; and b) with
few exceptions the observed iodine value is satisfac-
torily accounted for and the difference between cal-
culated and observed iodine values are larger when
debromination acid standards are used. The first ob-
servation could of eourse have been predicted from
the standardization data of Table I and by itself fur-
nishes no criterion for deciding the question of proper
standards. However in combination with the data for
individual (Table IV) and average (Table V) dif-
ferences between calculated and observed iodine val-
ues, there is little doubt as to the superior accuracy
of the natural acid standards.
It should be pointed out that a number of diffi-
culties are attendant on attempting to demonstrate
the superiority of the natural acid standards by this
method. The spectrophotometric method is highly
empirical, and any experimental error either in the
standardization or in the analysis of the sample which
affects the result for linoleic or linolenic acid, par-
ticularly the latter, may affect the caleulated iodine
value materially. For example, in the case of linseed
oil 21 the difference between calculated and observed
iodine values for the natural acid standards was 3.2
units for the 30-minute GA technique, and —2.7 units
for the 25-minute EGA technique. This is probably
the only serious inconsistency of this nature obtained
however. Another source of error lies in the neces-
sity for separate determination of saturated acids. In
order to reduce this source of error samples were in-
cluded which had been carefully freed of saturated
acids, but any superiority of these concentrates for
the purpose is not apparent from the data.

Probably the most serious difficulty in attempting
to use the difference between calculated and observed
iodine value as a criterion is present in cases where
both linoleic and linolenic acids occur in substantial
proportions, as in the linseed oil types and to a lesser
extent in the soybean oil types. As stated above, the
use of the natural acid standards results in lower val-
nes for linoleic and higher values for linolenic acid
as compared with use of the debromination standards.
In such cases there will be some compensation of
errors in the caleculated iodine value. Hence the dif-
ference between calculated and observed iodine value
should under the cirecumstances be a relatively poor
criterion when linoleic and linolenic acids are both
present in substantial proportions. It should how-
ever be a good eriterion for samples free of or low
in linolenic acid and high in linoleic acid (e.g., tobacco
seed fatty acid concentrate 14), or vice versa (e.g.,
perilla oil 22). Inspection of Tables IV and V bear
out this point. The iodine value differences for the
two types of standards are larger and more clear-cut
for perilla oil, tobacco seed oil fatty acid concentrate,

cottonseed oil and methyl esters, and soybean oil and
methyl esters, in approximately the order given. Re-
sults for iodine value differences are less clear-cut for
the linseed oil types which contain high proportions
of linolenic acid and substantial proportions of lin-
oleic acid; also for tallows which contain only low
proportions of the polyunsaturated fatty acids and
for which the iodine values of the unsaponifiables
were not determined. It is concluded that the use
of natural fatty acids as standards in the speetro-
photometric method leads to substantially greater ac-
curacy in the analysis of natural fatty materials for
polyunsaturated acids than does the use of bromina-
tion-debromination acids.

A brief diseussion of the results obtained under
different conditions of Isomerization is appropriate.
Agreement between analyses of a given sample under
different conditions (Table IV) are in general quite
satisfactory in spite of the highly empirical nature
of the method and the limited standardization data
available in some cases. Reasons were given above,
in a discussion of Figures 2-5, for expecting higher
reproducibility with the longer isomerization time of
45 minutes. Calculation of the average percentage of
difference between duplicate determinations for the
vegetable oil type samples of Table IV indicates a
somewhat better reproducibility for the 45-minute
isomerization time. For linoleic acid the average per-
centage of difference for 45 minutes was 0.51, and for
25 and 30 minutes, 0.95; for linolenic acid the average
percentage of difference for 45 minutes was 0.59, and
for 25 and 30 minutes, 0.71. In this laboratory the
45-minute glycerol-air method is preferred for gen-
eral use because of its simplicity and high precision;
the 45-minute ethylene-glycol-nitrogen method is a
close second because of the greater transparency of
reagent blanks. All of the methods examined should
however give satisfactory results with proper care.

Summary

Spectrophotometric methods of analysis for the
polvunsaturated constituents of oils and fats have
been carefully vestandardized for several conditions
of alkali-isomerization, using purified methyl esters
of linoleie, linolenie, and arachidonic acids prepared
by physical rather than by chemical means. A num-
ber of vegetable oil and animal fat samples were
subjected to spectrophotometric analysis, and the re-
sults based on natural and on bromination-debromina-
tion fatty acid standards were compared. The natural
fatty acid standards lead to significantly higher accu-
racy and their use in the spectrophotometric analysis
of natural fatty materials is strongly recommended.
Results obtained under different conditions of isom-
erization were in satisfactory agreement. An isomer-
ization time of 45 minutes is recommended rather
than 25 or 30 minutes. The glyecerol-air technique is
preferred for general use because of its simplicity and
high precision. The ethylene-glycol-nitrogen technique
is a close second choice because of the greater trans-
pareney of reagent blanks.
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The Chemistry of Polymerized Oils. |. Characteristics of Some

Pilchard Stand Qil Fractions

F. J. JOUBERT and DONALD A. SUTTON, Nationa! Chemical

Research Laboratory, Pretoria, South Africa

HE work reported here is a part of a long-term

research being undertaken by this Laboratory

into the organic and physical chemistry of ther-
mally polymerized oils. In order to place this and
the future communieations of the series into their
proper perspective it is first desirable to discuss
briefly some of the main aspects of present day knowl-
edge relating to the composition of stand oils against
the general background of polymer chemistry.

Current Views on Stand Oil Chemistry

The growth of polymer molecules during the ther-
mal treatment of triglyceride oils results from the
presence of olefinic double bonds which are situated
near the center of the fatty acid chains in most vege-
table oils but are fairly evenly distributed along the
more highly unsaturated portion of most fish oil fatty
acid chains, Although the structures of the thermally
formed linkages between chains are not yet known
with absolute certainty, two differing hypotheses have
been advanced and disecussed in detail. Aecording to
the first hypothesis (17, 22), which commands the
support of the majority of authors in this field, Diels-
Alder reaction takes place by the addition of a double
bond in one chain to the ends of a conjugated diene
system already present or formed by heating in an-
other chain so that the linkage consists of a cyclo-
hexene ring substituted in four neighboring positions.
According to the second hypothesis (28) a hydrogen
atom detached from a methylene group flanked on
one or both sides by double bonds adds to one end of
a double bond in another chain with the result that
the two chains become linked by a single carbon-car-
bon bond. It has been pointed out (29) that it is
unnecessary to assume, as most authors have, that the
alternative structural hypotheses are mutually exclu-
sive and, in fact, it is not impossible that both may
oceur together. It is reasonable to expect that the
position of the formed linkages with respect to the
length of the chains concerned will have an important
influence on the viscous and other physical properties
of a given stand oil and furthermore that the strue-
ture of the linkages themselves will considerably in-

fluence physical properties. In this connection one
may quote the fact that comparatively minor alter-
ations in chemical structure alter considerably the
physical properties of many polymer types (5). Apart
from these structural considerations it is to be ex-
pected that the molecular weight distribution of a
given stand oil will largely determine its physical
properties.

Molecular Weight Distribution of Stand Oils

Theoretical Considerations. The theory of molecu-
lar weight distribution in polyecondensation reactions
between pure monomers has been developed by Flory
(19), and the degree of deviation, which exists in
practice from the mathematically necessary basic as-
sumption that no intramolecular reaction occurs, has
been tested by comparing observed and calculated
gel points. Thus in the cases of the glycerol/phthalic
acid system and of the pentaeryvthritol/adipic acid
svstem the observed extents of reaction at the gel
points were found to be somewhat greater than the
calculated figures, indicating a minor but definite de-
gree of intramolecular reaction so that the number
average molecular weights, weight average molecular
weights, and complete molecular weight distributions
calculated by using Flory’s equations in conjunction
with the measured extents of reaction at any given
time deviate, but not considerably so, from those
which actually exist in the cases studied by Flory.

The relevance of Flory’s work to the case of stand
oils and other surface coating materials has already
been recognized (24, 32) although Bradley who early
recognized (12) the importance of funectionality con-
siderations and who has published widely on the stand
oil problem (12-15), differs from Flory at some points
(17). Flory’s theory may be very usefully applied in
qualitative terms to the interpretation of several im-
portant physico-chemical aspects of stand oil forma-
tion. For example, the viscosity/time relationships
observed during thermal polymerization are of the
same general type as those Flory records for poly-
esterification reactions, which have been interpreted
by him in terms of his general theory. Again, the



