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TABLE L)

Richest Sources of Peooselinic Acid

Species family

frfora radiane (Umbeliferar)

Bifora teaniculata (Umbell: ferac)
Aralia spinosa {Araliaccact
Frachymene cacralar (Umbelliferae)
Dendropanax tnfudua (Araliaceae)
Apiunt lepropbylium (Umbelliferae)
Garmw fremontn {(Garryaceac)
federa briix (Araliacese)
Acanthopanax ipnosws (Araliaceae)
Eryngum nudicaule (Umbeliferae)
Crtbmum mantimum (Umbelliferae)
Astrantia maxima (Umbdliferae)
Ferula galbamiflug (Umbel:ferac?
Actinalema erymgroides (Urabelliferae)
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& Effects of Various Parameters on the Formation
of Radiolysis Products in Model Systems

M. VAJIDI and W W NAWAR, Department of Food Science, University of Massachusetts,
Ambherst, MA 01003, and €, MERRITT, Jr_, F ood Sciences Laboratory, US Army
Natick Research and Development L aboratories, Natick, MA 01760

ABSTRACT

Effects uf varivus parameres an the frmadion of radioiy»is prod-
Uity i tripadouting, prmitic achd, oleic acid, caprylic acid and capric
acid were investigated, A greacer yie!d of primary and recombuna-
tion  provucts wis obscrved in palmiric acid compared to that of
oleic ac:d, Ir general, kigher amounts of recombinatoen products
are forried in both acids when irradiated ac room temperature than
at <45 (., Ia the shor: chain acids, the wvidd of the iy dracarbon
recomhination product was enhanced in the Jiguid state, In contrast,
the kerune recombination prewduct was formaed in greater amounos
fram solid capric acid than from liquid caprylic acid. In the ahwerce
af nxyper, a lincar relatioaship was ohbta:ned between the Jose and
the yield of radiolysis prodacts in tripalmitin, In the presence of
oxypen, a considerable ncrease nothe formation of y-palmito-
actane, 13 and 02 airanes was obterved at roan Eempetature.

INTRODUCTION

Much of our knowledge regarding radiation chemistry of
fats 1s based on model systemis made from known conr
pounds. Such svsiems have included free farny acids (1),
methyvl esters (2} and tagveendes (34} The radiolytic
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behavior of these systems are similar and nclade such
mechanisms as decarboxyviation, dehydrogenaton, poly-
merizanon and cleavage at al points of the alky! chain,

Muost of the varly work on the effect of radianon
liprds was done 1n the presence of oxygen. Consequently,
the charyes taking puace in the fat were pardy the result of
rradiation-induced oxidation (3}, Litde difference, how-
cver, herween the radiolytie compounds (dennfied under
vacuum and im the presence of oxygen cowld be derected
if analysis is conducted immediately afier radianion, Never-
theless, storage of arraduazed stems in arr has produced o
variety ol oy pica. decomposition products (4.

[n the previous publicaton, the effects of radiatoen
paramciers on the formanoen of some relanvey small
molecular weight (MW) volanile compounds have been
reported (6). In the preseat study, the effeces of vanous
parameters Ddose, temperature, oxygen, chemical nature
and p?i)‘:‘-:ca: starct on the tormanon of the maor prinary
and recombinatian rakolysis  preducts in ompalmdin,
paimitic acid, ocic acid, capryiic and capric acids were
investigated.
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EXPERIMENTAL PROCEDURES

Triglveerides and acids were purchased from ICN Phar-
maceuticals Ine., Puinview, NY, and Applied Science Labs.
Inc., State Coliege, PA. Purity was established by gas
chromarography/mass spectrumetry  (GC/MS), The ro-
palminn was found to contain some «ipalmizin and palmiric
acid as impurities. These impunities were measured with the
aid of internal standards and approprate corrections were
applied.

trradiation treatment was done (Co®-7.5 x 10 * rads/
min)" at remperaryres controlled by admitting the ap-
propriate amount of liquid nitrogen yas through the use
of a thermocouple sensor. Samples under vacuum and air
were prepared at 5 g oand amospherie pressure, respee-
tively,

Fatry Acids

Experment §, Anaysis ot faury acids was done on 1 g of
the irridiated sanpics. Palmitic and oleic acids were irradi-
ated with 4 dose of 25 Mrads at (<45 €, VAC), (25 ¢, VAC)
and 125 C, AIR).

Experiment H Caprylic and capric acids analyses were done
on 1-g samples sublected to 25 Mrads under vacuum at 25 C
and 10 C, respeciively. The samples were introduced to the
KOllssilicic acid column chromatograph (7) and the cthyl
ether eluate containing the radiolysis products was evapo
rated tor GC/MS analysis.

Triglyceride

Experment 1 Analysis of radivlysis products formed in
tripalmiztin was done on 1 g of sample. Four samples were
trradiated under vacuum and 25 Cardoses of 5,15, 25 and
30 Mrads.

Expennrent 1V, Qne-g samples of tnpalmitin were subjected
to 25 Mrads ar (<35 C and VAC), (25 C and VAC and
(25 Cand AlIR).

A Waters Associates Inc. Liquid chromatograph Model
201 equipped with 2-ml. injection woop and refractive index
derector was used for separarion of the major compuonent
classes by means of steric exclusion chmmalugraph_v (8).
Appropnate fractions were collected and evaporated for
GC/MS analvsis. Gas chromatographic dnd mass spectrom
etric data were obtamned on a 3% Dexil 40U column (5" =
1/8™) and a system composed of 4 PE Model 3920 gas
chromarograph coupled to a2 Dupont Model 21491 double
focusing mass spectrometer, Mass speoerral data were ac-
quired and anaiyzed using a dawa system employing HP
Mode! 2116 and DEC PDP 15/76 computers,

TADLE |

Radiolysis Products from Fatty Acids (average of 2 trials)

RESULTS AND DISCUSSION

Effect of Temperature and Oxygen
on the Radiolysis of Fatty Acids

This study was designed to determine the effects of rem
perature and oxygen on the formation of maior primary
radiolytic c¢compounds and the recombination producrs
of relatively nigh MW. As formation of long-chzm alkanes
and ketones is considerably greater for acids than tagly-
cerides, palmitic and oleic acids were chesen for this
study texperimert 1),

The cifect of temperature over a wide range (38 C and
-196 C) on the radiolysis of aliphatic carboxylic acids has
shown thar the solid phise radiolysis of these acids is
temperature-dependent (9}, A greater vidd of €O, in
sumples irradiated at 38 C compared to those at -196 C
may suggest vanarons in the type and extent of bond
homulysis (RCOOIL) in these samples, respectively. Due
to the higher yvield of COz (R- & COO) in samples irradi-
ated at higher temperature, one would expect ro observe
a yreater vieid of Ry recombination product. As scen in
Tabie I, a greater increase in the yield of triacontane (R3)
was vbserved for the sample irradiated at 25 C (G -0,05)
compared o thatirmadiazed at =45 C (G =0.02), With respect
to the ketone recambination product (RCOKRE, however,
temperatere did not play a significant roie. The higher
viend of lé-hentdacortanone (dipentadecyl keture) than
that of iriacontanc, from palmitic acid was observed for
both temperatures. Simidar findings were reported in the
study of nongascous products from the radiolysis of stearic
acid (10}, as a gpreaier vield of 18-penuatriavonta 9,.20-
dienone (diheptadeceny. ketone) was observed compared
te that of the hydrocarbon recombunation product etra-
tdacontane, The duthors suggested thar e considerable
dispariry betweer the 2 recombination products presum:
ahiy reflects not so much the relative liselthood of COOH
and COOIl homolysis as the chances of burh radicals
surviving to combine instead of abstracung hydrogen
from ncighbonng eemethyiene groups,

Although similar behavior was observed for owcic acid
(Table 1), the considerable inerease in the vield of recom-
binativn products such as tetratnacontadiene and dihepta-
deceny. ketone may ot be solely attributed o the effect
of temperature, obvivusiy, the physical state of the producrt
(salid/liquid) plays an important role in view of the depen-
Jence of free mdical mobility un the physical state of the
product. Similar behavior was nbserved in the radiolysis of
crystailine oleic acid (111 as an increase 1n the yield of
hyvdrocarbons greater then heptadecene was aobsenved in tae

25 Mrads 25 Mrads 25 Mrads
{45 C + VAC) {25 C+ VAC) (25 C + AIR)
Compound (mg/g) (G) (mg/g) {2} (mg/g) (G)
Palmitic acid

. Pentadecane 192 1{.85 3.6 04 +05 38 214 215 4.0
Triacontane 0.28+001 0,02 0.57 £ 0,04 0,05 (.58 £ 003 0.05
Pentadecyl ketone 105 £005 0.09 122002 0.1 1.04 £ 0.05 0.09

' Oleic acid

Heptadecane 48 =*+0,1 0.8 50 +»0.25 0.84 49 02 0.8
Tetratriacontadiene 013001 0,01 028+ 0,01 0,02 0,3 +0.1 Q.02
Ieptadecenyl ketone 0342001 003 0.74 1 0.02 0,06 0.72 0,01 0.04
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liquid samples {35 C) compared to those of the solid
samples irradiated at-78 C,

In contrast to the yield of recombination products, the
yield of the primary products in both acids (pentadecane
and heptadecene) was not dependent on the temperature
or physical state of the product, Although Jones (9) has
reported a temperature dependency for COp yield over a
wide range of temperature (38 C and -1946 C), onc would
expect to observe less dependence for the yield between
samples irradiated at 2 narrow temperature range, As shown
in our study, we did not observe a significant difference in
the vyield of prmary hydrocarbons for the temperature
range of 25 C and 45 C. Similar findings were observed in
the study of oleic acid (11} as a slight change in the yield of
heptadecene was observed between the sample irradiated at
temperatures of -78 C and 35 C. It appears that vibrational
encrgy of the carboxyl moiety and ultimately decarboxyla-
tion is affected by the temperature of irradiation to the
extent that, at very low temperatures, vibrational activity
is reduced considerably but increases signifieantly with the
rise in temperature,

In general, a greater yield of primary and recombination
products was observed in palmitic acid compared to that of
oleic acid {Table 1). These results may be rationalized on
the basis of the different localization of the electron loss
upon irradiation (12),

No significant change was observed in the yield of
radiolysis products between samples irradiated under
vacuum and air (Table I),

Etfect of Salid vs Liquid

In order to eliminate the temperature effect and chemical
differences (saturation and unsaturation) between the 2
acids, caprylic and capric acids were chosen to determine
the effect of physical state on the formation of recombina-
tion products {experiment II), Because the chemical nature
{carbon no.) of these zcids is similar, any differences ob-
served in the yield of the recombination products can be
.attributed mainly to the behavior of solid and liquid states,
As shown in Table 11 2 major recombinanon preducts of
interest (alkanes and ketones) were identificd and exam-
ined. The yield for tetradecane was enhanced considerably
in the liquid state compared to octadecane in the solid
state. In contrast, the ketone was formed in a greater yield
in the solid sample nonadecanone (dinonyl ketone from
capric acid) than in the liquid sample pentadecanone
(diheptyl ketone from caprylic acid), Furthermore, for
capric acid, nonyl ketone was formed in a greater quantity
{G=0.19) than octadecane {(G=0,09}, Different behavior
appears for the liquid caprylic acid as a slightly higher
yield of tetradecane {G=0.23) was obscrved compared to
that of the ketone (G=0.17),

In general, it is understood that localization of the
excess ¢nergy in the carboxy or hydrocarbon moiety of the
acid determines the fate of decarboxylation of a farty acid
molecule, Homolysis of the covalent bonds involving

TABLE II

RCO-OH and RCOO-H has been indicated during radiation
of carboxylic acids (13), As a result, the observed products
such as R; and RCOR appear to be ratonalized in terms
of homolysis yielding radicals capable of reacting with
entities in their immediate vicinity,

It has been suggested (10) that the formation of R,
from radiolysis of fatty acid probably arises from decar-
boxylation of an H-bonded pair of fatty acid molecules
through a single excitation event:

- HO
[A] R—C fc—R—AMfL-.- {R*+2C0,; +H; + R*]—=~R—R

QH- - O

Such 2 sequence might be triggered by COO-H homolysis,
followed by the abstraction of hydrogen from the other
cartboxy group by the resulting high energy hydrogen atom.
Likewise, formation of ketones {(RCOR) may involve
essentially simultaneous creation of 2 juxtapared radicals
with high probability of combining within the intact
crystal marrix:

yu-‘--uo\
[B] R—C G—R—"\"Ve e |RCO + GOy +H; 0+ Re]—»RCOR
OH....Of

This complex transformation may well be precipitated by
CO-OH homolysis and high energy HO* radical which could
effectively abstract hydrogen from the neighboring carboxy
group (10), It should be realized that, although in the
radiolysis of fatty acids both reaction mechanisms (A&B)
are in operadon, their reactivities are temperature- and
phase-dependent,

On the basis of previcus data and our findings, the
following observations on the relative yields of radiolysis
products as a function of physical state (solid vs liquid)
are summarized here for the saturated acids:

Salid Liquid
R = R
R, < R,
A W
RCOR RCOR

Furthermore, in view of the data collected, a general
scheme has been drawn to explain the effects of phase
variations:

pathway | a=RCOO+—R- + L0,

RCOOH RCOR RCOIL B R.

pathwiy I[4RCQs =R + QO

In view of these relative yields for the radiolysis com-
pounds and the higher yield of CO, from solid phasc
radiolysis of fatty acids {10} compared to the liquid phase,
it may be justified to associate the relatve likelihood of
pathways [ and II with the solid and liquid samples, respec-

Recombination Products from Fatey Acids {average of 3 trials)

Capric acid Caprylic add
25 Mrads 25 Mrads
(10 C + VAQ) (25 C + VAC)
Compound (mg/g) (8] Compound (mg/g) (G)
Octadecane 059+ 007 009 Tetradecane 1.12+0,1 0,23
Nonyl ketone 134 2014 0.19 Heptyl ketone 0.98 + 0,08 0.17
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tively, Consequently, in the solid state radiolysis of satu-
rated farry acids, in view of the higher yicld of R* radical
and lack of mobiiity, one would expect to observe a greater
yield of R and thus a2 lower quantity of R; hydrocarhon,
The higher vield of RCOR 1n solid samples may be ex-
plained 1n terms of the higher stability of RCO- radical
in the condensed phase having no alternative than to
combine,

In the liquid state, hgweyer, in view of the greater free
radical mobulity, one would expecr an vpposite behavior
leading to lower quantities of R* and a higher yield of R,
hydrocarbon. The lower vield of RCOR compared to R;
could be due 1o the free mobility of RCQ* radical uitimare-
1y dissociating (R+ +« €CO) 1o contribute to a higher yield of
R; asindicated in Table 11

In general, on the basis of vur findings and results
obtained from previous studies, 1t appears thar differences
11 yield of radiolysis products can be atrribured ro the
combined cffects of homuolytc behavior with charge
localization and rhe nature of the free radical surviving its
environment under the influence of temperature and
phase varauons ro either abstract hydrogen or combine
with other radicals to form the corresponding recumbina-
tion products.

Effect of Dose on the Radiolysis of Tripalmitin

In this study, the amounts of B radiolysis produces were
determined corresponding o irradiation Jdoses rarmang
from 5 to 3u Mrads (experiment 1), Figure 1 presents the
yield of radinlyuc compounds as a function of the corres-
ponding doses. As shown, the dusesvield relationship
foliows a linear pattern up to 30 Mrads,

Effect of Temparature and Oxygen

An artempt was made to estabiish the effect of temperature
and oaygen on the formation of radielysis producis in
tripalmiznin reradiated at 25 Mrads (experiment 1V}, Table
Nl presents the vield of 10 radiolysis products under
various conditions, A greater vield for hevadecanal was
observed 1t Tow wemperature and absence of oxvgen,
According to a previous study (101, electron capture by
the carboxy proap in a facey acid moiecule 5 probably a
maior mechanism for the aldehyde formation. As a result,
the anion radical (RCO;H'TY furmed dunng radiation s
stable a: low remperatures and, upon wanming, is replaced
by the acyl mdical leading to the turmation of aldehy de,
Ar zltemadive radomabizaton for the grearer vield of
aldehyde is the build-up of an :nzermediate (RCO2*Ha T 4t
low iemperature and caprure of 1 thermai electron by this
ivn to yield a radical wpe REOIN, believed to be a
major aldehyde precumsor (10), Perhaps a similar mech-

TABLE 1N

Radiolysis Products from Tripalmitin (average of 4 trials)

anism is also functioning in the case of rrigiycerides. Fur-
thermore, it is likely that, as the pemsistence of carbonyl
radical (RCQ) is enhanced at low temperature, its mobility
1s reduced, thus combining with the surrounding hydrogen
to form a greater yield of aldehyde at low remperatures.
The presence of oxygen, on the other hand, could lead o
the formation of carbonyl oxidation products or fatly acids
wiich could ultimately lead ro the loss of aldehy de,

As shown in Table 111, the effect of oxygen on the yield
is considerable fur the major alkanes and 7 paimirolactone.
Tridecane (n-3) and tetradecane (n-2) were increased
whereas the major hydrocarbon (pentadecance) was reduced.
This may be explained on rhe basis of free radical localiza-
tion along the farty acid molecule, In addition to the rad-
ical formation at the carbuxy group, free radicals can be
also formed at the a-position and 1o a lesser degree along
the chain at the 8- or f-positions. Consequendy, in the
presence of air, oxy free radicals produced ar these posi-
tions would lead to the greater formation of n-2 and n-3
alkanes.

In a1 previous report (14), we suggest a frec radical
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o .2
|
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FIG. 1. The yield of radiolysts products from tripalmitin a0 a

funcdon of dose.

25 Mrads 25 Mrads 25 Mrads -
(VAC/43 C) {VAC/25 C) {AIR/25 ()
Compound (mg/g) (G) {mg/g) (G) (mg/g) (G)
Tridecane o 0 0 0 026007 4,05
Tetradecane 0,09 + 0,01 0.02 0.09 + 0.01 g.02 08101 - 0.16
Pentadecane 20001 037 131001 .58 220+02 04
Hexadecanal ) 0,55 £0.06 0.09 028 £ 0,02 0,04 0,16 £ 0,03 003
Methyl palmitate 0.14 + 0.01 0.02 021+0.04 .03 0,45+ 0.09 0.06 -
Ethyl palmitate 0.26 * 0,02 0.03 110 0.1 .15 1,20+ 0.1 0.16
Palmitie acid 5.60+1.1 080 1040+ 1.2 1,60 1340 1.7 2.0
y-palmitolactone 0.35 +0.06 0.05 0.26 £ 0.02 0.04 1.50+01 0.23
1,2:Propanediol dipalmitate 3.10 £ 0,1 0.25 340 £0.01 0.24 3.20+£ 007 0,23
1,3-Propanedicl dipaimitate 140t 0,1 a.11 1,80+ 001 a.12 150+01 0.1
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mechanism for the formation of lactones in samples irradi-
ated under vacuum, llowever, in samples. irradiated in air,
formation of 9y-palmitolactone was considerably enhanced
(Table III), The effect of oxygen on the increased yield
of vy palmitolactone could be attributed to the formation
of oxy free radicals leading to the formation of the stable
5-member ring lactone,
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& Characterization of Minor Constituents

in Commercial Oleic Acid!

SHERMAN S. LIN?, YUKINOBU MURASE>, DAVID B.S. MIN*, OLIVER A.L. HSIEH
and STEPHEN S. CHANG, Department of Food Science, Cook College, Rutgers,

The State University of New Jersey, New Brunswick, NJ 08803

ABSTRACT

Minor constituents were isolated from a mixture of commercial
oleic acid manufactured from beef tallow by 10 different companies,
Silicic acid was used as an adsorhent to isolate the minor constitu-
ents. They were first separated into acidic and nonacidic fractions.
Each fraction was then separated into numcrous subfractions by
stepwise gradicnt clution liquid chromatography, using silicic acid
as the adsorbent, The subfractions which had an adverse effect on
the color stability of oleic acid during heating were characterized
with functional group analysis, elemental analysis and IR spectro-
photometry. The minor constituents amounted to ca. 1.18% of the
commercial oleic acid. They were complex mixtures with multiple
functional groups. Some of the subfractions cancained 2-3 times as
much oxygen in the molecule as oleic acid. They had molecular
weights ranging from 308 to 830 which are from monomers to
trimers of oxidized oleic acid. These minor components contained
carbonyl, ester and hydroxyl groups and deuble bends. Some of the
nonacidic minor constituents may contain amide groups. Most of
the acidic subfractions were dark red, viscous liquids and the non-
acidic subfractions were dark green or greenish-brown, semisolid
substances, A relationship was established that the greater the polar-
ity of the minor constituents, the greater is its adverse c¢ffect on the
color stability of oleic acid during heating.

INTRODUCTION

Commercial olcic acid has a tendency to develop a dark
color during heating. Lin ct al. (1) reported that this dis-

!Paper of the Journal Series, New [ersey Agricultural Experi-
ment Station, Cook College, Rutgers, The Szate University of New
Jersey, New Brunswick, NJ 08903,
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coloration is partially due to oxidation and partially duc to
the presence of minor constituents. The effects of the 2
factors are synergistic and thus accentuate the darkening
of the commercial oleic acid when it 15 heated under uir.
Removal of the minor censtituents from commercial oleic
acid by silicic acid treatment drastically improved its color
stability. The present paper is an attempt to characterize
the chemical nature of the minor constituents.

EXPERIMENTAL PROCEDURES
Material Used

The mixed commercial oleic acid (MCOA) used for this
investigation was a composite sample of commercial oleic
acid manufactured from beef tallow by 10 companies, Each
company submitted an oleic acid sample which was a com-
posite of diffcrent grades of oleic acid produced by that
company.

Isolation and Fractionation of Minor Constituents
from MCOA

The procedurc for the isolation and fractionation of minor
constituents from MCOA is shown in Figure 1, and is essen-
tially the same as that previously rcported (2). The sample
(29 kg) was passed through 10 parallel chromatographic
columns (4.4 x 55 cm), each packed with 300 g of silicie
acid (100 mesh, Mallinckrodt 2847). The silicic acid was
purified and activated according to the method of Sahasra-
budhe and Chapman (3). The oleic acid that passed through
the columns was practically colorless and was considered
purified oleic acid (POA). The colored substance originally
present in MCOA was adsorbed on the silicic acid column.
The silicic acid columns which retained the minor constitu-
ents of MCOA were first eluted with hexane to remave all
the residual free fatty acids, It was then eluted with ethyl



