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Abstract 
Earl ier  reported kinetic studies on the de- 

pendence of l ipid oxidation on oxygen pressure 
in emulsions were continued by s tudying this 
relationship in the presence of antioxidants.  
The substances tested represented two types of 
antioxidants,  phenolic inhibitors (a-tocopherol, 
BHA,  PG)  and  amino acid-retarders (glyeine, 
alanine, histidine, t ryp tophane) .  The inhibiting 
effect of the first mentioned group, i.e., the 
format ion of an induction period was, in general, 
not dependent  on oxygen pressure, while the 
re tardat ion caused by amino acids was stronger 
at  low oxygen pressure than in air. The effect of 
lowering oxygen pressure was pract ical ly the 
same, when phenolic inhibitors were added as 
without such addition. I t  was, however, enhanced 
by the addition of amino acid-retarders.  When 
representatives of these two types of antioxidants  
were added in combination, their  synergistic 
effect was considerably enhanced at low oxygen 
pressure. 

In t roduc t ion  
The role played by certain parameters  in the 

dependence of f a t  oxidation on oxygen pressure has 
been discussed in a previous paper  (Mareuse and 
Fredriksson, (1 ) ) .  Kinetic measurements of lipid 
oxidation in emulsions indicated that,  under  the 
conditions prevai l ing in oil-in-water enmlsions, the 
dependence of the rate of oxidation on oxygen pres- 
sure is influenced by the rate of oxygen diffusion as 
well as by certain principles inherent in the chain 
mechanism of lipid oxidation. 
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In  general, however, also other mechanisms are 
involved in lipid oxidation, e.g., the action of anti- 
oxidants. Fundamenta l  differences in dependence on 
oxygen pressure may exist between autoxidation and 
antioxidation. 

Lundberg  et al. (2) repor ted the antioxidative ef- 
fect of a-tocopherol to be limited by the oxidative 
breakdown of the antioxidant.  This oxidative break- 
down can be supposed to be influenced by oxygen 
pressure which, consequently, might  affect the dura- 
tion of the induction period. This has received atten- 
tion by Bolland and ten Have  (3,4) who studied the 
thermal  oxidation of ethyl linoleate. However, it was 
found tha t  the oxidative breakdown and, consequently, 
the antioxidative effect in certain cases, e.g., with 
hydroquinone, was independent  of oxygen pressure, 
while in other cases, e.g., with some hydroquinone 
derivatives, a relationship could be demonstrated to 
exist between the oxygen pressure and the anti- 
oxidative effect. This difference in behavior was 
ascribed to difference in redox-potential  (3-5) ,  low 
redox-potential  meaning relatively greater  liability for  
dependence on oxygen pressure.  Fur ther ,  Shelton (6),  
in experiments  on the oxidation of rubber  materials,  
found the rate  of oxidation in the presence of certain 
amines to be approx imate ly  proport ional  to the square 
root of the oxygen pressure. He states that  re tarded 
oxidation in the presence of an ant ioxidant  differs 
from non-retarded autoxidat ion in that  the rate of 
the former  is dependent  on oxygen concentration, 
while that  of the lat ter  is generally not. The dif- 
ferent  results obtained by these authors seem to de- 
pend upon the different types of antioxidants studied. 

This paper  reports  research in this regard, i.e., 
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studies of the dependence on oxygen pressure of the 
rate of linoleic oxidation in emulsions in the presence 
of various antioxidants.  

Wi th  respect to the type of their effect antioxidants  
may  be grouped into two main classes: inhibitors and 
retarders.  

Inhibi tors  give rise to an induction period (or a 
prolongation of such period) with little or no con- 
sumption of oxygen. The rate  of oxidation af ter  the 
end of the induction is in general the same as in the 
absence of an inhibitor. Retarders,  on the other hand, 
decrease the rate of oxidation without causing any  
substantial  induction period. 

Inhibi tors  operate by a radical chain-breaking mech- 
anism, while re tarders  prevent  the introduction of 
chain-init iating radicals (7). Examples  of inhibitors 
are compounds of phenolic type, e.g., tocopherol. 

The induction period caused by  an inhibitor may,  
as mentioned above, last unti l  the ant ioxidant  has been 
more or less oxidized, and may  in this case be de- 
pendent  upon oxygen pressure. This, however, is not  
generally representative.  In  other circumstances a 
large amount  of ant ioxidant  may  still be present  at 
the end of the induction period. 

Retarders  lowering the rate  of oxidation are, e.g., 
amines as studied by  She]ton (6) and amino acids, 
especially histidine and t ryptophane,  earlier studied 
by Marcuse (8-10).  

The mechanism of the antioxidative action of amino 
acids has recently been studied by  Mitsuda et al. (11), 
who found it  probably  to depend on electron donation. 
Fur ther ,  chelating with metal  traces is involved, as 
shown by Marcuse (12,13). 

E x p e r i m e n t a l  P r o c e d u r e s  

The antioxidants  of inhibit ing type  studied were 
~-tocopherol, BHA,  B H T  and PG (propyl  gallate),  
those of re ta rd ing  type  were some amino acids: 
glycine, alanine, histidine and t ryptophane.  The ex- 
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Fro. 2. Relative rate (to air) of linoleie aMd oxidation 
as a function of O~ concentration, 0.07 M ]inoleic acid, pH 6, 
- - -  reference, ~ 0.005% a-tocoprerol added. 

per iments  were carried out either with addit ion of 
one of these substances or with the combined addit ion 
of one representat ive of each group, such a com- 
bination being regarded as synergistic. The kinetics 
of the dependence of the rate  of oxidation on oxygen 
pressure were studied in Iinoleie acid emulsions. 

The course of oxidation was determined by  mea- 
surement  of oxygen uptake  in a previously described 
modified W a r b u r g  appara tus  (14) with automatic  
electrolytic substitution of oxygen consumed. All 
experiments  were carried out at  atmospheric pressure,  
the range of oxygen pressure studied general ly cor- 
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responding to 0.5-5%. The results were recorded as 
oxygen uptake  as a function of time. 

As discussed earlier (1) the rates at low oxygen 
pressure were fur ther  calculated relative to tha t  in 
air  and then recorded as a function of the oxygen 
pressure. As a rule, the p H  in the experiments re- 
ported was 6. Exceptions will be mentioned. The 
durat ion of the induction period is expressed as the 
time for a certain consumption of oxygen, to be 
reached, usually 100 mm 3. 
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FIG. 5. 02 consumption of linoleic acid oxidation at various 

O~ concentrat ions as a funct ion of t ime, 0.11 M linoleic acid, 
pH 7, - - -  reference, - -  0.05 M glycine added. 

Results 
Experiments W i t h  An t iox idan t s  of  I n h i b i t i n g  Type 

Figures  1 to 3 give the results of experiments with 
the addition of o.-toeopherol, br inging about the forma- 
tion (or prolongation) of an induction period. The 
effect of low oxygen pressure, corresponding to 1% 
oxygen at  atmospheric pressure,  was studied for  its 
influence upon the length of the induction period 
and the post-induction rate of oxidation. The former  
was general ly not p ro longed- -prov ided  the antioxida- 
tive effect was strong enough to inhibit  oxygen con- 
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sumption during the induction period more or less 
completely; the latter, i.e., the post-induction rate, 
was decreased to practically the same extent as in the 
absence of an antioxidant (Fig. 1 and 2). 

At  a ratio of antioxidant to substrate concentration 
not sufficient for complete cessation of oxygen uptake 
dur ing the induction in experiments in air, the 
residual inductionat oxygen consumption was more or 
less suppressed at low oxygen pressure and the 
induction period somewhat prolonged thereby 
(Fig. 3). 

Similar results were obtained after  addition of PG 
or B H A  (Fig. 4). In  other experiments the effect 
of low oxygen pressure corresponding to only a few 
tenths of 1% of oxygen was studied. Similar results 
were obtained to those reported above. 
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FIG. 8. Relative rate (to air) of linoleie acid oxidation as 
a function of O2 concentration, 0.07 M linolelc acid, pl=[ 6, 
- - -  reference, - -  0.01 M histidlne added. 

E x p e r i m e n t s  W i t h  A n t i o x i d a n t s  o f  R e t a r d i n g  T y p e  

The experiments with the addition of amino acids 
were carried out in emulsions added with glycine 
or alanine, known to have a weak retarding effect, 
and histidine and t ryptophane which retard oxidation 
more effectively (8-10). 

Addition of glyeine (Fig. 5 and 6) or alanine 
lowered tile relative rate of oxidation at low oxygen 
pressure. The influence of glycine and alanine was 
studied at p H  7, as it had been shown earlier that  
the antioxidative effect of these amino acids is rather 
small at p t I  < 7. Addition of histidine (Fig. 7 and 8) 
or t lTptophane (Fig. 9 and 10) lowered the relative 
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rate  of oxidation at  low oxygen pressure considerably 
more than  did glycine or alanine. 

Combined Addi t ion  of An t iox idan t s  of  Inh ib i t i ng  
a n d  R e t a r d i n g  Type 

Since amino acids are known as syngerists enhanc- 
ing the antioxidative effect of antioxidants of phenolic 
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F i e .  12. Relative rate of linoleic acid oxidation as a function 
of 02 concentration 0.11 g tinoleic acid, p H  7, - - -  reference, 

0.05 M glycine added, -.-.- 0.005% a-tocopherol + 0.05 M 
glycine added. 

type,  fu r the r  experiments  were carried out to s tudy 
the dependence on oxygen pressure in the presence 
of both phenolic ant ioxidants  and amino acids. Low 
oxygen pressure caused a certain prolongation of the 
induction as well as a larger  decrease of the relative 
rate  of oxidation than  in reference with the addition 
of amino acids alone. This is shown in Figures 11 
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TABLE I 

Lineleic Acid Oxidat ion With  Addition of a-Tocopherol and  His t id ine  
(0.07 M Linoleic Acid Emulsion, 0 .005% Tocopherol, 0.01 1~ 

His t id ine) .  H o u r s  for  100 mm ~ Os-Consumption 
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TABLE II 

Linole~c Acid Oxidation With  Addit ion of BHA and  His t id ine  
(0.07 1M: Linoleie Acid Emulsion, 0 . 0 0 0 2 %  BHA,  0.001 ]Yl 

I t i s t id ine) .  H o u r s  for 100 mm~ Os-Consumption 

With  addit ion of Wi th  addi t ion of 

% 02 Reference His t id ine  & % 02 Reference His t id ine  & 
Histidine Tocopherol toeopherol His t id ine  B H A  B I t A  

21 5.5 6.5 18.0 29.0 21 4,5 6.0 17.5 22.0 
0.5 8.5 11.0 23,0 43,0 1 6.5 9.5 22.0 33.0 

Retardation Retardation 
at 0 , 5 %  02 3.0 4,5 5,0 14,0 a t  0 . 5 %  O~ 2.0 3,5 4.5 11.0 
relat ive (to a i r )  1.0 1.5 1.7 4.7 relative (to a i r )  1.0 1.8 2.3 5.5 

and 12 for a-toeopherol and glyeine (pH 7) and in 
Figures 13 and 14 for ~-toeopherol and histidine 
(pH 6). The prolongation of the induction period at 
low oxygen pressure after combined addition of 
tocopherol and histidine or of BHA and histidine is 
demonstrated in Tables I and II. 

D i s c u s s i o n  

The studies reported above showed that the two 
types of antioxidants studied, inhibitors and re- 
tarders, differ in their effect upon the dependence on 
oxygen pressure of linoleic acid oxidation in emul- 
sions. Inhibitors give rise to the formation (or 
prolongation) of an induction period, but do not 
affect the rate (post-induction rate) of oxidation. 
Retarders, on the other hand, decrease the rate of 
oxidation but do not produce an induction period. 
This difference is sometimes pointed out in the litera- 
ture. Often, however, the terms antioxidant, inhibitor 
and retarder are used without differentiation. 

As to antioxidants of the inhibiting type, tile in- 
duction period brought about by the addition of the 
substances studied, mainly toeopherol, was on the 
whole not prolonged by lowering of the oxygen pres- 
sure; neither was the post-induction rate of the oxy- 
gen uptake decreased to a higher degree than the rate 
of uninhibited autoxidation. This shows the antioxida- 
tire effect of these substances not to be dependent on 
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oxygen pressure within the range of oxygen pressure 
studied. This conclusion is in good agreement with 
the results of other research, e.g., work by Bolland 
and ten Have (3,4) who found substances such as 
hydroquinone to react only with radicals in the 
termination process of the chain mechanism and not 
to be directly attacked by molecular oxygen, provided 
the normal oxidation reduction potential is >0.6 V. 
At a normal redox potential of <0.6 V the anti- 
oxidant may be directly attacked by molecular oxygen. 
Substances of this type, besides being less effective 
as antioxidants, will be more or less dependent on 
oxygen pressure. 

The normal oxidation reduction potential for a- 
tocopherol was given by Gohimbic (15) as 0.77 V. 

The radicals formed during propagation may be 
of alkylperoxy and alkyl-type. According to Bateman 
and Morris (16), the type formed is dependent on 
oxygen pressure: in air alkyl-peroxy radicals are pre- 
ponderant; at low oxygen pressure, (a few mm t tg)  
this preponderance is changed in favor of alkyl- 
radicals. Since the length of the induction period in 
the experiments reported above is practically the same 
in air aBd at low oxygen pressure, the efficiency of 
the inhibitors tested appears to be the same for both 
types of radicals. However, oxygen pressures still 
lower than those studied in these experiments are re- 
quired for a real preponderance of alkyl radicals and 
definite conclusions. 
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of O~ concentration, 0.07 M linolelc acid, pH 6, - - -  reference, 
- -  0.01 M histidine added, -.-.- 0.005% a-tocopherol ÷ 0.01 M 
histldlne added. 

As for amino acid-retarders the rate  lowering effect 
of low oxygen pressure was enhanced or, in other 
words, the antioxidative effect of addition of amino 
acid was s tronger  at low oxygen pressure than in air. 

These results are similar to those repor ted by  Shel- 
ton (6),  mentioned above. He found the re tard ing  
effect of certain amines on the rate of oxidation of 

OIL CHEMISTS'  SOCIETY VOL. 46 

r u b b e r  t o  be  d e p e n d e n t  o n  o x y g e n  p r e s s u r e .  A d i r e c t  
a t t a c k  o f  o x y g e n  u p o n  t h e  s u b s t r a t e  a n d  u p o n  t h e  
r e t a r d e r  w a s  s h o w n  to  p l a y  a d o m i n a n t  r o l e  i n  c h a i n  
i n i t i a t i o n  i n  r e t a r d e d  o x i d a t i o n ,  w h i l e  t h e  ro le  p l a y e d  
b y  p e r o x i d e  d e c o m p o s i t i o n  is m o r e  or  less  l i m i t e d ,  
t h i s  i m p l y i n g  d e p e n d e n c e  u p o n  o x y g e n  p r e s s u r e .  

T h e  m e c h a n i s m  of  t h e  e n h a n c e d  a n t i o x i d a t i v e  effect  
o f  a m i n o  a c i d  a d d i t i o n  a t  l o w  o x y g e n  p r e s s u r e  is, h o w -  
ever ,  n o t  y e t  f u l l y  u n d e r s t o o d .  I t  m i g h t  b e  t e n t a t i v e l y  
e x p l a i n e d  b y  o x i d a t i v e  d e s t r u c t i o n  o f  t h e  r e t a r d e r  
d u r i n g  i t s  a n t i o x i d a n t  a c t i o n .  
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