
tion of the vitamin ,Ire probably environ- 
mental rather than hereditary. The  
failure of cobalt bullets in animals located 
at  Tifton and Reidsville to result in in- 
creased production of vitamin Blp sug- 
gests that the supply of cobalt is not the 
primary factor limiting secretion of the 
vitamin in milk elaborated by animals 
situated at these two locations. 

In this study and in the majority of 
reports in the literature of vitamin BIZ 
content of coivs' milk, major portions 
of the variation observed are associated 
\vith difrerences in milk produced by one 
animal a t  different times and with dif- 
ferences in milk produced by various 
animals maintained under the same en- 
vironmental conditions. For example, 
Gregory, Ford, and Kon (J )  observed 
that day-to-day and animal-to-animal 
variations in concentrations in milk \vere 
greater for vitamin BIZ and biotin than 
for thiamine, riboflavin, pantothenic 
acid, or vitamin Bs. This extreme varia- 
tion indicates that secretion of the vitamin 
into milk is ultimately influenced to a 
great extent by conditions Jvithin the 
animal lvhich can change markedly in a 
short period of time or which ~ o u l d  vary 
among different animals maintained 
under the same environmental condi- 
tions. 

Little is known of the actual mecha- 
nisms by which vitamin BI? is synthesized 

in the rumen or of the factors which con- 
trol its secretion into milk. Investiga- 
tions of types of microorganisms which 
synthesize vitamin BIZ and of conditions 
in the rumen which Tvould support 
growth of these organisms. of substrates 
and cofactors required in the biosyn- 
thetic pathLLays, and of factors involved 
in transportation of the vitamin from 
rumen to udder  ill probably be neces- 
sary before it would be possible to predict 
the vitamin BI? content of milk accu- 
ratel) or to produce milk of uniformly 
high vitamin B12 content. 
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The effec:t of high energy radiations on several antioxidants dissolved in methyl myristate 
or methyl1 linoleate has been studied. When used at a concentration of 0.01 yo in methyl 
myristate and irradiated under vacuum, 27% of butylated hydroxyanisole, 50% of 
propyl gallate, and all of the tocopherol were destroyed with a dose of 5 megarads. 
In oxygein the same dose almost completely destroyed all antioxidants. Citric acid did 
not protect propyl gallate from destruction. No further changes occurred during storage 
of vacuum-irradiated samples. Destruction was greater in methyl myristate than in 
methyl I iriolea te. 

RRADIATION of fats produces free radi- I cals xvhich, in the presence of oxygen. 
form hydroperoxides. Tz'ith unsaturated 
fats chain oxidation reactionsare initiated 
and autoxidation proceeds rapidly. An- 
tioxidants have been shown to have no 
effect on the formation of peroxides dur- 
ing irradiation (5) and are much less ef- 
fective in preventing accumulation of 
peroxides during storage of irradiated 
materials than in simple autoxidation. 
This can be attributed either to the large 
number of chain reactions initiated by 

irradiation or to the destruction of anti- 
oxidant during irradiation. 

Several investigators have reported 
that tocopherols are readily destroyed as 
a result of irradiation (3, 8-72, 7 4 .  but 
it has been suggested that other antioxi- 
dants such as propyl gallate and butyl- 
ated hydroxyanisole can be added to 
fats prior to irradiation to prevent or 
minimize loss of stability ( 7 ;  9 ) .  How- 
ever, little information was available on 
the effect of irradiation on common anti- 
oxidants. This paper reports the de- 

v 0 l. l 4, 

struction of propyl gallate, butylated 
hydroxyanisole, and tocopherol when 
irradiated and stored under different 
conditions. 

Experimental 

Materials Used. The samples of 
irradiated methyl myristate and methyl 
linoleate containing the antioxidants 
studied were the same as those described 
earlier (5). 

Determination of Antioxidants. The 
analytical procedure was a modification 
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of the methods described by Mahon and 
Chapman (73) and Austin ( Z ) ,  using the 
ferric chloride-bipyridine reagents of 
Emmerie and Engel (7). Color was 
developed and measured in the same 
solution, using absolute ethanol to dis- 
solve the reagents and the sample. 

REAGENTS. Ethanol was purified by 
refluxing for several hours over granu- 
lated aluminum (8-mesh) and potassium 
hydroxide followed by distillation 
through a 6-bulb Snyder column. 

The  color reagents were 0.1% 2,2’- 
bipyridine (Eastman Organic Chemicals) 
in purified absolute ethanol and 0.0832% 
FeCl3.6H20 (Mallinckrodt, AR) also in 
purified ethanol. 

PROCEDURE. Methyl Myristate. An 
aliquot of the methyl ester containing 
the antioxidant (0.2 ml. for propyl 
gallate, 0.3 ml. for butylated hydroxy- 
anisole. and 0.8 ml. for a-tocopherol) 
was weighed into a 5-ml. volumetric 
flask. The  sample was dissolved in 2 
ml. of bipyridine reagent, an  equal 
amount of the ferric chloride solution 
was added, and the mixture was made 
up to the 5-ml. volume with purified 
absolute ethanol. After mixing. the 
color was allowed to develop a t  room 
temperature in the dark for 40 minutes 
and the absorbance of the solution was 
measured at  522 mw in a Beckman 
spectrophotometer against distilled 
water. The absorbance of the reagents 
was determined also using an equal 
amount of pure methyl myristate. free of 
antioxidant, and this value was applied 
as a correction to the absorbance of the 
samples. Light is known to influence 
the rate of chromogenesis during this 
reaction and, to minimize this effect, 
the addition of the reagents, mixing of 
the reaction mixture. and transfer from 
the volumetric flask to the spectro- 
photometer cuvettes were performed in 
an  amber light of less than 1 foot-candle 
intensitv. 

Methyl Linoleate. This compound 
was slightly oxidized and it reacted 
with the Emmerie and Engel reagents 
to give blanks that were too high when 
0.2 ml. of ester was used. For this 
reason. antioxidant measurements in 
irradiated methyl linoleate have been 
limited to one sample containing 0.170 
propyl gallate. This high concentration 
of antioxidant allowed the use of only 
0.02 ml. of sample and this amount of 
methyl linoleate gave satisfactory blanks. 

Standard curves were obtained for 
each antioxidant by performing the 
analyses of known concentrations of the 
substances dissolved in pure unirradiated 
methyl myristate. 

Results and Discussion 

Antioxidant Measurements. Pro- 
cedures for measuring antioxidants in 
fats usually require a preliminary extrac- 
tion of the antioxidant from the fat with 
an aqueous-alcoholic solvent. The solu- 
bility of methyl esters of fatty acids in 
aqueous methanol precluded the use of 
such techniques for these studies. Fur- 
thermore, because of the large number of 
samples to be analyzed, a rapid method 
capable of measuring antioxidants 

directly in the substrate was desired. 
The  ferric chloride-bipyridine procedure 
first introduced by Emmerie and Engel 
(7) was selected for this purpose because 
it is sensitive, simple, and applicable to 
all antioxidants that were to be studied. 
Its nonselectivity was not a problem, 
since no combination of antioxidants 
was to be used. Citric acid, which was 
used as a synergist with propyl gallate, 
has no effect on the determination of 
the latter and in these mixtures only 
propyl gallate is measured. 

Figure 1 shows the standard curves 
obtained for the three phenolic antioxi- 
dants studied. All three compounds 
obey Beer’s law but differ considerably 
in their response to the analytical pro- 
cedure. There appears to be no simple 
relationship between the intensity of 
color given by an antioxidant and its 
molecular weight or the number of 
phenolic groups present in the molecule. 
However, the slopes of the curves agree 
with the generally accepted antioxidant 
activity of the three compounds, with 
butylated hydroxyanisole slightly lower 
than propyl gallate and a-tocopherol 
much weaker than the other two. 

As already reported (5), irradiation 
of methyl esters free of antioxidant pro- 
duces small amounts of compounds able 
to reduce ferric to ferrous ions and thus 
give apparent antioxidant values. Al- 
though the nature of these reducing sub- 
stances is unknown, they can be calcu- 
lated in terms of any of the antioxidants 
employed by using the corresponding 
standard curve. When expressed as 
propyl gallate, the color developed was 
equivalent to 6, 11, and 14 mg. per kg. 
of ester after irradiation bvith 2, 5, and 
8 megarads, respectively. \t’hen cal- 
culated as a-tocopherol, however, these 
values were much higher and became 30, 
56, and 71 mg. per kg. for the same doses. 
The level of these materials remained 
the same lvhether irradiation was per- 
formed in vacuum or in an atmosphere 
of nitrogen, and it was not affected by 
storage. 

I t  has been assumed that these chro- 

mogenic substances developed to the 
same extent in the samples containing 
the antioxidants as in the irradiated 
antioxidant-free controls. In  Tables I 
to 111, the antioxidant contents of the 
samples have been corrected by sub- 
tracting from the measured values the 
antioxidant equivalents calculared from 
the color given by the irradiated con- 
trols. In the case of tocopherol this 
correction often resulted in negative 
values which have been recorded as 
zero. This suggests that a lower amount 
of these reducing substances accumu- 
lated in the samples containing tocoph- 
erol than in the controls. Although 
this may be true also for propyl gallate 
and butylated hydroxyanisole, it is not 
apparent from the available data. The  
antioxidant contents shown in the 
tables, therefore, may be slightly too 
low, but the error for propyl gallate and 
butylated hydroxyanisole should be in- 
significant because the corrections for 
these antioxidants are small. 

Destructon of Antioxidants in Methyl 
Myristate. Table I shows the effect 
of irradiation and storage under vacuum 
at different temperatures on the anti- 
oxidant content of methyl myristate. 

All three antioxidants studied show 
some destruction as a result of irradia- 
tion under vacuum. Tocopherol is 
most sensitive and only one tenth of the 
amount added remained after irradia- 
tion with 2 megarads, and higher doses 
resulted in complete destruction. Propyl 
gallate is considerably more resistant to 
destruction than tocopherol, only half 
of the amount used being destroyed by a 
dose of 5 megarads. Citric acid had no 
protective effect on the destruction of 
propyl gallate during irradiation and 
subsequent storage under vacuum. Of 
the three antioxidants studied, butylated 
hydroxyanisole is most resistant to ir- 
radiation under vacuum and only about 
40y0 of the amount present was de- 
stroyed after a dose of 8 megarads. 

In all cases? antioxidant destruction 
was noted when the samples were first 
examined as soon after irradiation as 

ANTIOXIDANT CONTENT - MG 

Figure 1. Standard curves for determination of 
antioxidants 
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Table 1. Antioxidant Content of Methyl Myristate Irradiated and Stored under Vacuum 
Antioxidant Content ( M e q . / K g . )  after Sforage under Specified Conditions - 

-20°  c. __-- 2 O  c. ~- Dose, 25' C. 
Mega-  0 2 8 20 2 8 20 2 8 20 

0.01 C,U a-Tocopherol 0 112 . .  . . .  . . .  . . .  . . .  116 . .  . . .  . . .  
2 11 . .  . . .  . . .  47 44 2 . .  . . .  . . .  
5 0 0 0 0 0 0 0 0 0 0 
8 0 . .  . . .  . . .  0 0 0 . .  . . .  . . .  

Anfioxidant rads week weeks weeks weeks weeks weeks weeks weeks weeks weeks 

0.01 Propyl gallate 0 113 . .  113 115 . . .  117 119 . .  116 123 
2 95 85 100 98 92 88 95 97 95 100 
3 58 56 55 61 55 60 71 61 59 60 
8 41 38 62 35 60 49 62 51 53 48 

0.01 c; Propyl gallate + 0 120 . .  . . .  . . .  . . .  119 125 . .  . . .  
0.01 ('; citric acid 2 95 . .  . . .  . . .  99 102 90 . .  . . .  

3 57 53 59 55 60 56 54 53 57 59 
8 40 . .  . . .  . . .  55 59 31 . .  . .  

0,Ol ''I Butylated hydroxy- 0 122 . .  . . .  . . .  . . .  123 121 . .  . . .  . . .  
anisole 2 112 . .  . . .  . . .  112 115 114 . .  . . .  . . .  

5 88 89 38 88 92 96 92 91 94 90 
8 72 . .  . . .  . . .  76 72 73 . .  . . .  . . .  

possible. Although some of the values 
obtained on stored samples differ ap- 
preciably from the concentrations meas- 
ured before storage, there is no general 
trend to indicate either further destruc- 
tion or regeneration of antioxidant dur- 
ing storage. The  cccasional large dif- 
ferences in the antioxidant content of 
similar stored samples are beyond the 
limits of experimental error of the ana- 
lytical method employed and, therefore, 
they represent real .variations in antioxi- 
dant concentration. They may reflect, 
in part, variations in the actual dose 
received by individual samples. defective 
seals which permittyd contamination of 
the atmosphere of the sample u i th  oxy- 
gen, or other unkno\\n and uncontrolled 
factors 

When based on the over-all total 
doses received by ihe samples, the G 
values for destruction of antioxidants are 
very lo\\ (between 13 04 and O . l l ) ,  but 
this is still 100 to 500 times higher than 
the values expected from chance ioniza- 
tion of the antioxidant molecules, cal- 
culated from the mole concentration of 

the antioxidants in the substrate. The 
destruction of these antioxidants, there- 
fore, appears to be caused to only a 
slight extent by the direct action of 
ionizing radiations on the antioxidant 
molecules and largely through secondary 
reactions between activated substrate 
molecules and the antioxidant. 

On  a mole basis, the destruction of 
propyl gallate is approximately 2570 
greater than that of BHA. BHL4 is also 
more resistant than propyl gallate to 
destruction by heat, as evidenced by the 
carry-through antioxidant activity of 
BHA in baked and cooked products (6). 

Table I1 shows that the antioxidants 
are destroyed much more rapidly in an 
atmosphere of oxygen than in vacuum. 
4 dose of 2 megarads destroyed com- 
pletely all tocopherol and about 807, of 
propyl gallate. Again, citric acid had 
no effect on propyl gallate destruction. 
In  an  atmosphere of oxygen, butylated 
hydroxyanisole was slightly more sensi- 
tive to irradiation than propyl gallate, 
a t  least 90y0 being destroyed by 2 
megarads. In  most cases, storage at  the 

higher temperature resulted in further 
slight losses. The pronounced destruc- 
tive effect of oxygen cannot be due to 
autoxidative chain reactions because, 
although free radicals are formed (4),  
no chain propagation is initiated in 
saturated materials such as the methyl 
myristate employed in this study (5 ) .  
This greater destruction is more likely 
to be due to reaction of activated anti- 
oxidant molecules with oxygen or with 
the highly ioxidizing hydroperoxide radi- 
cals which have been shown to result 
when the myristate alkyl free radicals 
originally formed react with oxygen (4). 

Destruction of Antioxidants in 
Methyl Linoleate. Table 111 shows the 
destruction of propyl gallate added to 
methyl linoleate at a concentration of 
O.lYO and irradiated under vacuum or 
in an atmosphere of oxygen. With such 
a high antioxidant concentration, irradia- 
tion under vacuum resulted in the loss 
of less than 12yc of propyl gallate a t  the 
highest irradiation dose used. In  con- 
trast, irradiation under oxygen with the 
same dose destroys nearly 9070 of the 

Table II. Antioxidant Content of Methyl Myristate Irradiated and Stored under Oxygen 

- Antioxidant Content (Meq. lKg .1  after Sforage under Specified Conditions 

Dose, __  25' C. 2 O  c. -20° c. 
M e g a -  0 2 8 20 2 8 20 2 8 20 

Antioxidant rads week weeks weeks weeks weeks weeks weeks weeks weeks weeks 

. . .  . . .  . . .  0 01:; a-Tocopherol 0 110 113 109 112 . . .  . . .  . . .  
0 . .  0 0 0 . . .  . . .  . . .  

5 0 0 0 0 0 0 0 0 0 
0 0 0 . I .  . . .  . . .  

. . .  . . .  2 

8 0 
. . .  
. . .  . . .  . . .  

0 01 Propyl gallate 0 112 110 103 112 114 113 116 113 115 115 
2 22 15 14 10 11 10 7 18 15 13 
5 14 5 4 0 6 4 3 15 12 11 
8 14 8 2 3 7 5 4 16 13 10 

0.01 c; Propyl gallate 0 113 . . .  
0.01 5;; Citric acid 2 19 . . .  117 118 124 . . .  . . .  . . .  

14 8 8 . . .  . . .  . . .  . . .  . . .  
5 14 8 5 9 7 5 5 13 13 15 . . .  . . .  8 13 * . .  7 7 9 . . .  . . .  . . .  

. . .  . . .  0.01 mc Butylated hy- 0 121 * . .  123 123 117 . . .  . . .  . . .  
droxyanisole 2 6 2 2 4 . . .  . . .  . . .  

8 12 6 7 12 . . .  . . .  . . .  
. . .  . . .  . . .  

5 10 4 3 8 6 4 12 6 8 16 . . .  . . .  . . .  
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Table 111. Propyl Gallate Content of Irradiated Methyl linoleate 
Propyl Gollote Contenf (Meq. lKg.1 ofter Storage under Specified Conditions 

2.5’ C .  2 O  c. -2o3 c. 
lrrodiofion Dose, 0 2 8 20 2 8 20 2 8 20 

Atmosphere Megorods week weeks weeks weeks weeks weeks weeks weeks weeks weeks 

Vacuum 0 1015 , . .  . . .  . . .  . . .  1000 1013 
2 959 . . .  . . .  . . .  986 984 970 . . .  . . .  . . .  
5 939 903 870 924 915 912 963 939 907 946 
8 897 . . .  . . .  . . .  940 938 910 . .  . . .  . . .  

Oxygen 0 1023 . . .  . .  1063 985 952 . . .  . . .  . . .  
2 571 . . .  . . .  . . .  517 562 394 . . .  , .  . . .  
5 151 55 77 75 134 116 60 157 159 145 
8 115 . . .  . . .  . . .  121 54 43 . . .  , . .  . . .  

antioxidant. There is no significant 
change in the antioxidant content of the 
samples irradiated under vacuum during 
postirradiation storage. 

In general, the antioxidant concentra- 
tion in the samples irradiated and stored 
under oxygen continues to decrease 
during storage at  the higher tempera- 
tures. This further destruction of anti- 
oxidant is probably due to the continued 
autoxidation of these samples during 
storage (5). 

The  G value for the destruction of 
propyl gallate in methyl linoleate during 
irradiation in vacuum is again low 
(0.07 to 0.13). but in spite of the higher 
concentration of antioxidant, the G 
value is still 15 to 25 times greater than 
\vhat would be expected on the chance 
ionization of the antioxidant molecules 
during irradiation. As in the case of 
methyl myristate, this indicates also 
that the antioxidant is destroyed mostly 
by secondary reactions, although. in this 
case, this effect appears to be less than 
with methyl myristate. This may sug- 
gest that the linoleate free radicals are 
destroyed more rapidly through re- 
combination and polymerization than 
through reaction with antioxidant mole- 
cules. Rose et  u l .  ( 7 1 )  arrived at a 
similar conclusion from their observa- 
tions that a-tocopherol was more sensi- 
tive to radiations when dissolved in 
methyl myristate than in methyl linole- 
ate. 

To detect possible differences in the 
effectiveness of antioxidants in radiation- 
induced oxidation and simple autoxida- 
tion, identical amounts (0.005%) of 
butylated hydroxyanisole were added to 
two samples of methyl linoleate, one 
irradiated in oxygen to a peroxide value 
of 240 meq. per kg. and the other au- 
toxidized a t  room temperature to a similar 
peroxidevalue (200 meq. per kg.). Fig- 
ure 2 shows that the same amount of anti- 
oxidant was considerably more effective 
in preventing further oxidation of the 
autoxidized sample than of the irradia- 
tion-oxidized sample, even if a correction 
is applied for the difference in the original 
peroxide content of both samples. Such 
a correction can be effected approxi- 
mately by considering only the portion 
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Figure 2. Comparison of efficiency of 0.005% BHA 
added to radiation-oxidized and autoxidized linoleate 

of the autoxidized curve above a peroxide 
value of 240. This is shown as a broken 
line in Figure 2. Such a procedure 
gives a slight overcorrection because. 
lvhile the autoxidized sample oxidized 
from its original peroxide value to a 
peroxide content of 240. some of the an- 
tioxidant originally added would have 
been destroyed. Comparison of the 
autoxidation of both samples above the 
peroxide value of 240, therefore. means 
that the autoxidized material has a 
slightly lower antioxidant content than 
the irradiated sample. The lower ef- 
fectiveness of BHA in the irradiated 
sample may be explained by the large 
number of short-chain reactions that 
were initiated during irradiation as 
compared to the smaller number of 
longer chains prevailing in the autoxi- 
dized material. Since antioxidant ac- 
tion is due to interruption of chain re- 
actions. these compounds lvould be 
expected to be more effective under the 
latter conditions. 
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