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Abstract 
Oxidation was measured by oxygen consump- 

tion in a W a r b u r g  appara tus ,  modified to main- 
tain constant par t ia l  oxygen pressure by  auto- 
marie eleetrolytie generation of oxygen with 
automatic recording of the oxygen consumed. 

The decrease in rate of oxygen consumption on 
the lowering of par t ia l  oxygen pressure at at- 
mospheric pressure was found to depend on a) 
the vary ing  influence of the nonoxygen-dependent  
and the oxygen-dependent  reactions of the prop- 
agation which may  va ry  with the conditions 
such as the react ivi ty  of the substrate,  the tem- 
perature ,  and the p H  value but  which is not 
affected by light i r radia t ion;  b) the vary ing  rate- 
l imiting effect of slow oxygen diffusion, depending 
on the ratio between the rate of oxidation and the 
rate  of oxygen diffusion. 

Introduction 

O N E  W A Y  TO P R O T E C T  F A T  and f a t t y  food against  
oxidative rancidi ty  is to prevent  its exposure to 

oxygen. Exclusion of oxygen means mainly  storage 
(e.g., packaging)  in "vacuum" or in a protecting gas 
(generally ni trogen or carbon dioxide), i.e., in real i ty  
at low oxygen pressure. However  exact threshold 
values of oxygen pressure which are tolerable under  
certain conditions are not known. 

Oxygen pressures normal ly  present  in vacuum or 
gas packages are those which can be obtained under  
normal  technical conditions with regard  to the pump-  
ing system, the procedure of exhaust ing or gassing, 
and the packaging material ,  for  instance. They are 
generally said to correspond to a few per  cent of 
oxygen. Lower oxygen concentrations require special 
technical arrangements ,  which means an extra  eco- 
nomic burden. 

In  order to elucidate autoxidation at  low oxygen 
pressure, investigations of the rate  of oxidation at low 
oxygen pressure were carried out under  various con- 
ditions. Quali tat ive examinations of the com- 
position of the products  of oxidation at low oxygen 
pressure will be the subject of a fu ture  paper.  

Earlier Research 
Earl ier  research on such kinetic aspects has been 

published by Henderson and Young (2), especially by  
Bolland et al. (3-10),  and  recently by  Kare l  (11,12). 
The significance of low oxygen pressure was studied 
at low total  pressure. Lit t le has been done on the 
significance of low par t ia l  pressure of oxygen at  at- 
nmspherie total pressure because of the lack of suit- 
able appara tus  for such examinations at constant 
par t ia l  pressure of oxygen. 

In  the work published by  Bolland et al., esters of 
unsa tura ted  f a t ty  acids, generally linoleic acid, were 
oxidized dur ing effective shaking, i.e., under  conditions 
said to eliminate the l imit ing influence of diffusion 
of oxygen on the rate  of reaction. Under  such con- 
ditions the oxidation, expressed as oxygen consump- 
tion, was accelerated without any  preceding induction 

1 A prel iminary report  was read at the 4th Scandinavian Fat 
Symposium at Abo, Finland, September 1965. (See reference 1.) 
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period;  the rate of oxygen uptake varied l inearly with 
the total amount  of oxygen uptake. Bolland et al. 
were able to elucidate the pa r t  p layed by oxygen 
in the mechanism of autoxidation as well as to express 
the dependenee of the rate of oxidation on oxygen 
pressure by a rate  equation. The effect of oxygen 
pressure was calculated in terms of the relative values 
of oxygen uptake at such pressure compared with the 
oxygen uptake under  comparable standardized eon- 
ditions, e.g., at an oxygen pressure of 17 mm Hg. 

Kare l  studied the dependence on oxygen pressure 
in two systems: linoleic a d d  in bulk and dispersed on 
a support ing substance with a large surface (rep- 
resenting conditions prevai l ing in dried food). For  
an in-bulk system, the course of oxidation expressed as 
oxygen consumption consisted of an induction period, 
followed by a period of constant rate of oxygen up- 
take. The nonaeeelerated post-induction course of 
oxidation results f rom the influence of the diffusion 
of oxygen into the sample which limits the rate of 
oxidation. In  these experiments by Karel  the rates 
of oxygen uptake at different oxygen pressures could 
be eompared direetly, and expressions were derived 
for the dependence of the rate of oxidation on the 
pressure of oxygen under  certain conditions, especially 
with regard to the size of the surface of the samples 
exposed to oxygen. In  the other system studied by 
Karel,  freeze-dried emulsions, oxygen has pract ical ly 
unlimited access to the oxidizable material .  Conse- 
quently the course of oxidation is accelerated as in 
the system studied by Bolland. But  the d ry  system 
shows certain complicating features, such as de- 
pendence on humidi ty  and on the nature  of the sup- 
por t ing material.  Such aspects will be discussed in a 
later paper  in eonnection with research under  similar 
conditions. 

Plan of Study 
To begin with, the dependenee of oxidation on the 

pressure of oxygen was investigated in emulsions of 
f a t ty  substances. Such studies in emulsions are of 
interest as emulsions play an impor tan t  pa r t  in food. 
Fur ther ,  such a system allows investigation of the 
significance of eertain conditions, e.g., the effect of 
water-soluble additives, such as antioxidants  and pro- 
oxidants, on the dependence on oxygen pressure. I t  is 
also of interest with respeet to studies on the effeet 
of diffusion. Invest igations in other systems, such 
as f a t ty  mater ial  in bulk and especially f a t ty  ma- 
terial dispersed on solid suppor t ing substances, will 
be the subject of later  papers.  These studies were 
carried out at  atmospheric total pressure. Compar-  
isons at low total  pressure are planned. 

The following factors were investigated for their 
influenee on oxidation at low pressure of oxygen: 
1) the absolute rate of oxidation, influeneing the 
significance of diffusion of oxygen, 2) the react ivi ty  
of the substrate, 3) temperature ,  4) light, 5) pH,  6) 
antioxidants,  7) metal  salts known as pro-oxidants 
and 8) conditions inherent  in d ry  systems. In  this 
paper  the results of investigations of I tems 1 to 5 
arc presented. I tems 6 to 8 will be t reated in following 
papers.  
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levels ranging from some tenths of 1% to 10% oxygen. 
Usually, for comparing the effect of certain conditions, 
a s tandard concentration of 1% oxygen was chosen. 

Oxygen Analys i s  

The oxygen content of the mixture was controlled 
by conducting the gas through a Beckman paramag- 
netic oxygen analyzer. The efficiency of gassing the 
Warburg  vessels with the gas mixture was checked by 
a Beckman polarographic oxygen electrode, mounted 
in a Warburg  vessel and connected to the last one of 
a series of manometers to be flushed with the gas 
mixture. 

In  order to control the constancy of oxygen pressure 
in the reaction vessel during the experiments, samples 
were taken by a syringe and injected into a gas chro- 
matograph (2S 0.91 molecular sieve column with 5A 
pores; He, 200 ml /min;  room temp.). Satisfactory 
results were obtained ; the deviation was not more than 
5-10 rel. % of the original concentration of oxygen 
(approx. 10% at low concentrations, approx. 5% 
in air). 

FIO. 1. Modified Warburg  apparatus  for automatic record- 
ing of O2-consumption at constant pressure of oxygen. 

Experimental Procedures 
Apparatus 

The course of oxidation at constant low pressure 
of oxygen was determined by measurement of the 
oxygen uptake. For  this purpose it was necessary to 
develop a suitable apparatus. In  the conventional 
manometric Warburg  apparatus the oxygen con- 
centration in the reaction vessel decreases during the 
experiment. At  low oxygen pressure such a decrease 
of oxygen concentration excludes the use of this ap- 
paratus. A new type of Warburg  apparatus with 
automatic electrolytic substitution of oxygen con- 
sumed was developed (Fig. 1). The electrolytic 
current is recorded automatically as a measure of 
oxidation at certain time-intervals. The amount of 
oxygen is calculated in accordance with the law of 
Faraday.  Results can be recorded directly as mm ~ 
oxygen. The apparatus represents a completely closed 
system independent of atmospheric pressure. A de- 
scription has been published earlier (13), and letters 
of patent have been granted. A paper with fur ther  
details on the apparatus is being prepared. 2 

The reaction vessels were shaken at a speed of 80 
strokes/rain and an amplitude of 3 cm. Shaking of 
the reaction vessel can generally eliminate the limiting 
effect on the rate of oxidation because of the slow 
diffusion of oxygen. Under the experimental condi- 
tions of these studies this was however not always the 
case, as will be shown below. 

Gas-Mixing Equ ipment  

The oxygen-nitrogen mixtures were prepared in a 
gas-mixing equipment consisting of two 5-liter bottles 
vertically adjustable and connected to each other as 
shown in Fig. 2, one serving as the reservoir of the 
gas mixture, the other as pressure-balancing vessel. 
The gas reservoir is calibrated and connected at its 
top to a calibrated cylinder of some hundred ml volume 
for smaller amounts of gas to be mixed. A U-shaped 
manometer at the top of the cylinder checks the con- 
stancy of the pressure in the gas reservoir. 

The effect of low oxygen pressure was studied at 

2The apparatus will be manufactured by Shandon Ltd., England. FIG. 2. Gas-mixing equipment .  
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S u b s t r a t e s  

The substrates used in these experiments were 
emulsions of f a t ty  acids and esters, emulsified by 
ultrasonic t rea tment  af ter  addition of 0.17% of Tween 
20 and 0.1 M phosphate buffer ( p H  5 - p H  7). 

The f a t t y  acids and esters were obtained f rom 
Fluka,  Buchs, Switzerland, and f rom Mann, New 
York. Fo r  pre l iminary  experiments,  linoleic acid, 
"Fluka,  nati ir l ich" was used. This product  was ob- 
tained in 100-ml bottles, filled in 1-10 ml ampoules 
under  nitrogen, and stored at ref r igera tor  tempera-  
ture in the dark. Before the experiments the peroxide 
value was checked by iodometric t i tration. No higher 
peroxide value than 10 was tolerated. In  such a higher 
quali ty substrate as "Fluka,  puriss" the peroxide 
value was at  the most only a few units, and the 
substances obtained f rom Mann showed at the most 
only a slight positive reaction. 

E v a l u a t i o n  o f  t h e  R e s u l t s  

The course of oxidation in a system as described, 
shaken in the W a r b u r g  apparatus ,  is, as a rule, more 
or less accelerated and without any  appreciable in- 
duction period (Fig. 3). In  can be influenced by a 
l imiting effect on account of the rate of diffusion of 
oxygen into the sample, especially at  low oxygen 
pressure (Figs. 3 and 4). 

A simple way of expressing the effect of lowering 
of the oxygen pressure upon the rate of fa t  oxidation 
is to calculate the relative value of oxygen consump- 
tion at low oxygen pressure dur ing a certain period 
of time relative to the oxygen consumption in air. 
The durat ion of the experiments refer red  to was 
generally 18 hours. 

Owing to the accelerated course of the oxidation, at  
least in air, and the increasing influence of diffusion 
of oxygen with time in the case of low oxygen pressure, 
t h e  relative values thus obtained are dependent upon 
the time reference chosen. 

Comparing different systems on the basis of the 
same oxygen consumption in air  (dur ing a certain 
period of t ime) ,  it was found that,  in spite of the 
identical amount  of oxygen consumed, the course of 
t h e  oxidation dur ing this period, especially the rate 
of oxygen consumption at  the end of the period, might  
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FIG. 4. Rate of oxidation of linoleic acid as a function of 
total O~-consumption. 0.214 ~ ]inoleic acid, 25C, pit 6. 

be different. 
Therefore, with respect to the significance of the 

diffusion of oxygen shown below, it appeared  prefer-  
able to base the evaluation upon the rates at tained 
a f te r  a certain period of t ime and to calculate relative 
rates of oxygen consumption a t  low oxygen pressure, 
again relative to the rate in air. For  comparisons of 
the dependence of oxygen pressure in different sys- 
tems, these relative rate-values were calculated for  
the same rate in air. When evaluated on this basis, 
the results were found to be independent  of the over- 
all speed of the reaction (see below). 

Rate values were obtained by approximat ing  to a 
s t ra ight  line the oxygen uptake  for  a short  period 
(e.g., 2 hours) a f ter  a certain durat ion of the 
experiment.  

In  order to be able to base comparisons upon the 
whole course of the oxidation process, an a t tempt  was 
made to app ly  the rate equation recently used by 
Queneer (14), for  calculation of rate-constants. The 
rate of an autocatalyzed reaction, being a function of 
the degree of oxidation, i.e., oxygen consumption per  
unit  of time (y) being a funct ion of total oxygen con- 
sumption (x),  it can be expressed by y = k - x ~ (k and 
a = constants).  On log-log-paper the rate constant k 
is given by the intercept  on the y-axis. The value of a, 
represented by  the slope of the curve, expresses the 
acceleration of the reaction. The values for  a and k 
can be found either by drawing a best-fit s t ra ight  line 
on log-log-paper or by calculation by means of the 
least-squares method. Fo r  this purpose a SAAB-D 
21-computer was used. 

R e s u l t s  

Express ing the experimental  data by means of the 
rate  equation y = k �9 x ~, sat isfactory results were ob- 
tained for  oxidation in air, i.e., the experimental  and 
the calculated values were in good agreement.  IIow- 
ever, in the case of low oxygen pressure, the equation 
is less suitable (Fig. 18). 3 I t  consequently appeared 
more appropr ia te  to base evaluations and comparisons 
upon the calculation of relative rates discussed above. 

The Influence of the Absolute Rate of Oxidation 
upon the Relative Rate at Low Oxygen Pressure. The 
relative rate of oxidation at  low oxygen pressure in 
the emulsions is dependent  upon the diffusion of 
oxygen. The connection with the phenomenon of 
diffusion could easily be demonstrated.  Although the 
speed and ampli tude of shaking did not considerably 
affect the oxygen uptake  in air, it had a distinct effect 

"~Discussed on p a g e  407 .  



MAY, 1968 M A R C U S E  A N D  F R E D R I K S S O N :  F A T  O X I D A T I O N  AT L O W  O X Y G E N  P R E S S U R E  403 

Re[. 
rate 

0.8 o" / J  
0.6 / 
0.4 

0.2 

0 
0 2 4 ~ 2 

FIG. 5. R e l a t i v e  ] 'ate of o x i d a t i o n  of  l i no l e i c  ac id  as a 
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r a t e  in a i r  du r ing  the per iod  16-18 h r :  0.035 M: 15 mm ~ 
O~/hr, 0.214 M: 55 mm 3 Of/hr.  

upon the rate of oxidation at low oxygen pressure. 
The limiting effect of the diffusion of oxygen upon 

the oxidative process depends upon the ratio between 
the rate of diffusion and the rate of reaction. The rate 
of diffusion can be taken as constant for a certain 
pressure of oxygen and standardized conditions of 
shaking. The influence of the absolute rate of reaction 
upon the relative rate at low oxygen pressure was 
studied by variation of the fa t ty  acid content of the 
emulsions. 

The relative rate of oxygen consumption at low 
oxygen pressure was found to decrease with increasing 
concentration of the substrate, i.e., increasing rate of 
reaction, as shown in Fig. 5 for a slower and a more 
rapid reaction. The relative rates shown in Fig. 5 
were calculated for the period 16-18 hours when the 
rates in air were 15 and 55 mm3/hr  respectively. 

When these two reactions were compared for equal 
rates in air (30 mm3/hr) ,  attained after different time- 
periods (36-38 and 7-9 hours respectively), the values 
for the relative rate at low oxygen pressure were the 
same, as demonstrated in Fig. 6. The relative rate 
value, thus, is independent on the over-all speed of the 
reaction. Practically the same relative rates were 
obtained for identical rates in air of the emulsions 
of different fa t ty  acid content. 

Fig. 7 shows the dependence of the relative rate on 
the rate in air at an oxygen level of 1% for emulsions 
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. . . .  0.035 ~ l inoleic  ac id  (25C, p H  6) ,  ca lcu la ted  for  the 
same ra te  in  a i r  (30 mm 3 O J h r ) ,  a t t a i n e d  for  0.214 ~[ a f t e r  
7 hr, for  0.035 ~ a f t e r  36 hr. 
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of varying fa t ty  acid content. 
The Influence of the Reactivity of the Substrate 

upon the Rate at Low Oxygen Pressure. Consequently, 
in a study of the effect of low oxygen pressure on the 
oxidation of substrates of various reactivity such as 
oleie, linoleic, and linolenic acid as well as their esters, 
the varying influence of diffusion at different rates 
of reaction had to be taken into account. The various 
substrates were investigated as far  as possible at the 
same rate of oxidation in air by adjust ing the con- 
centration of the fa t ty  acids and esters in the emulsion. 
Linoleic acid and linolenic acid were compared at the 
concentration of 0.214 ~ (Fig. 3) and 0.036 ~ (Fig. 8) 
respectively. These emulsions had practically the same 
consumption of oxygen in air during 18 hours, but 
the shape of the curves was not the same, as can be 
seen by comparison of Figs. 3 and 4, on one hand, and 
Figs. 8 and 9, on the other. As compared with linoleic 
acid, the oxidation of linolenie acid is relatively 
slower in the beginning, but more accelerated later on. 

The relative rates of oxidation at low oxygen pres- 
sure were found to be different for linoleic and lino- 
lenic acid. This is demonstrated in Fig. 10, which 
shows relative values for the oxidation of linoleic and 
linolenic acid at low oxygen pressure, calculated on 
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Fro. 9. Rate of oxidation of linolenic acid as a function 
of total O2-consumption. 0.033 ~ lino]enic acid, 25C, pH 6. 

the basis of the same rate in air. The dependence on 
oxygen pressure is greater  for  linolenie acid. 

In  experiments with oleie acid emulsions it was 
found to be smaller. Relative values for  substrates, 
such as oleic acid, na tu ra l ly  had to be compared at 
a lower rate  level. In  Fig. 11 the relative rates at 
low oxygen pressure of 2 substrates with different 
react ivi ty-- l inoleic  and linolenic a c i d - - a r e  compared 
on different rate levels, due to different concentration 
of the snbstrate. 

Similar observations were made regarding the de- 
pendence of the rate of oxidation of f a t t y  acid esters 
on oxygen pressure. The react ivi ty of the ethyl or 
methyl  esters of linolenic acid is less than that  of the 
acid and their  oxidation, consequently less dependent 
on oxygen pressure (Fig. 10). 

The Influence of Temperature upon the Rate at 
Low Oxygen Pressure. The experiments were usually 
carried out at 25C. In  order to s tudy the significance 
of t empera ture  for  the relative rate of oxidation at 
low oxygen pressure, investigations were made at  
temperatures  between 25C and 40C. The difference 
in the influence of the pressure of oxygen at different 
rates of reaction had to be considered, and the reaction 
rates of oxidation at  low oxygen pressure had to be 
compared at the same rate in air. Again the shape 
of the curves of oxidation in air  was somewhat dif- 
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FIO. 10. Relative rate of oxidation as a function of O~- 
concentration for linoleic acid, - . - . - .  linolenic acid 
ethyl ester, - - - -  linolenic acid, calculated for the same rate 
in air (40 mm ~ O.~/hr), 25C, pH 6. 

ferent  in spite of comparable substrate concentration 
(Fig. 12):  at higher tempera tures  relat ively slower 
in the beginning but more accelerated later  on. The 
dependence on oxygen pressure increased with in- 
creasing tempera ture  (Figs. 12 and 13). 

:The Influence of Light upon the Rate at Low Oxygen 
Pressure. Fur ther ,  the effect of lowering oxygen 
pressure was studied in the case of light i r radiated 
oxidation. In  general, the experiments were carried 
out with the samples protected as fa r  as pract ical ly 
possible against  the influence of light. No considerable 
difference in oxygen consumption was observed when 
the samples were shielded more effectively against  
light. 

The reaction vessels were i r radia ted by light f rom 
incandescent lamps (Lumalampa  SW 53 40W 3000 
lx ) .  Such i rradiat ion doubled the rate of oxidation 
in air. When the relative rate  of oxidation at low 
oxygen pressure was compared in pairs of non- 
i r radia ted and i r radia ted samples with the same rate of 
oxidation in air, these pairs  showed pract ical ly the 
same dependence on oxygen pressure (Fig. 14). The 
difference between the results obtained for  thermal ly  
accelerated oxidation on one hand and photo-oxidation 
on the other is discussed below. 

The Influence of pH upon the Rate at Low Oxygen 
Pressure. The significance of the p H  value for  the 
effect of low oxygen pressure was studied in the range 
of p H  5 to 7. The s tandard  value in these experiments 
was p H  6. Oxygen consumption as a function of 
p H  shows a max imum at about p H  6 (Fig. 15a). The 
oxygen consumption at the different pH-values  is 
however not exactly comparable as the course of the 
oxidation is somewhat different (Fig. 15b). A t  p H  
5, oxidation is at first slower than  at  p H  6; la ter  
on, it is more accelerated. This phenomenon is rem- 
iniscent of the different course of oxidation obtained 
for  a relatively more reactive substrate,  e.g., ]inolenie 
acid, and oxidation at  a higher temperature .  As in 
all such cases of a more pronounced induction, the 
effect of lowering the oxygen concentration on the 
rate  of oxidation was s tronger  at  p H  5 (Fig. 15b). 

Also at p i t  7, oxidation is slower that  at  p H  6, and 
the shape of the curve for oxygen consumption is 
different. Af te r  a relatively rapid  initial period, the 
uptake of oxygen is somewhat re ta rded;  a f terwards  
it is accelerated again. 

At  p H  7, at  at p H  5, the decreasing effect of 
lowering the oxygen pressure upon the rate of oxida- 
tion is more pronounced than  a t  p H  6 (Fig. 15b). 

The relative rate at different pH,  obtained in the 
experiment  shown in Fig. 15b, was at p H  5: 0.58, 
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FIG. 11. Relative rate of oxidation in 1% O~ as a function 
of the rate in air (16-18 hr) for ~ linoleie acid (same 
as Fig. 7), - - - -  linolenic acid (25C, pH 6). 
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a t  p H  6: 0.69, and  at p H  7 : 0 . 5 6  (calcula ted on the 
same rate  in  a i r :  18 m m 3 / h r ) .  

Discussion 
These resul ts  show tha t  the dependence  of the ra te  

of fa t  oxidat ion on oxygen pressure  in  emulsions is 
in  p a r t  a t t r i bu t ab l e  to condi t ions  i n h e r e n t  in  the chain-  
react ion system of au tox ida t ion  a n d  in  p a r t  a t t r ib -  
u table  to the l im i t i ng  effect of diffusion of oxygen. 
The influence of oxygen diffusion in  the system u n d e r  
s tudy  var ied  f rom ins ign i f ican t  to s t rong,  depend i ng  
upon  the circumstances.  

F o r  systems not  inf luenced by  oxygen diffusion, 
the rate  of oxidat ion can-according  to Bol land-be  
expressed as a f u n c t i o n  of oxygen pressure  (p% = 

pa r t i a l  pressure  of oxygen)  by  the equa t ion :  

d ( 0 2 )  
- - k  ( R H )  ( R O O H )  f ( P o ) , w h e r e  

dt  
(P%) 

f ( P % ) -  n +  ( p % )  

,o 
r 
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FIG. 13. Relative rate of oxidation of linoleic acid as a 
function of O~-concentration at 25C - - - ,  at 40C . . . .  , 
calculated for the same rate in air (40 mm3/hr) pH 6. 
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FIG. 14. The O2-consnmption of oxidation of linoleic acid in 

air and in 1% 02 as a function of time without illumination 
- -  0.214 M linolcic acid, with illumination . . . .  0.035 
]inoleic acid, pH 6. 

k a nd  n being exper imen ta l  constants .  
The re la t ion  between oxygen pressure  a nd  rate  of 

oxidat ion is dependen t  especial ly u p o n  the two m a i n  
react ions of chain p ropaga t ion  and  the i r  ac t iva t ion  
energy  : 

Ac t iva t i on  energy  

I . R * + 02 > R O 0  * 4 -  5 kca l /mole  
II .  R O 0  ~ + R H  > R O O H  + R ~ 8-14 kca l /mole  

U n d e r  o r d i n a r y  condit ions,  p r opa ga t i on  is con- 
t rol led by  React ion I I ,  which is no t  dependen t  on 
oxygen pressure.  Genera l ly ,  React ion I is much  fas ter  
t h a n  React ion I I ,  a n d  the reduc t ion  of the over-all  
rate of oxidat ion is re la t ive ly  smal l  when  oxygen 
pressure  is decreased. U n d e r  cer ta in  condi t ions  how- 
ever React ion I I  is favored a nd  React ion  I is ge t t ing  
a more r a t e - l imi t ing  character .  I n  such cases the 
dependence  on oxygen pressure  is enhanced,  a n d  a 
reduc t ion  of the rate  of oxida t ion  may  be obta ined  a t  
re la t ive ly  high values  of oxygen pressure.  I n  other  
words, the decrease of the re la t ive  rate  of oxida t ion  
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FIG. 15a.  The O~-consumption (18 hr) of oxidation of 
linoleic acid in air at various pH 0.214 ~ linoleic acid, 0.1 
phosphate buffer, 25C. 
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owing to the lowering of oxygen pressure is enhanced. 
Such an effect favor ing Step I I  may  be caused by the 
react ivi ty of the substrate (10). This is in conformity 
with the results reported above, showing a relatively 
greater  rate decreasing effect of lowering oxygen 
pressure in the case of a more reactive substrate, e.g., 
linolenic acid, than a less reactive one, e.g., linoleic 
acid (Figs. 10 and 11). 

Fur ther ,  the dependence of the rate of oxidation on 
oxygen pressure was enhanced with increasing tem- 
perature,  as shown in the experiments at 25C and 
40C (Figs. 12 and 13). This phenomenon has also 
been reported by Bateman (10) for  the system and 
conditions he studied. I t  can be explained by the 
relatively large tempera ture  coefficient of Reaction I [  
compared with the other steps of propagat ion  and 
termination.  I t  may also be a result more or less of 
oxygen solubility: the lower oxygen content of the 
emulsion at higher tempera ture  reinforces the l imiting 
influence of the diffusion of oxygen. 

The greater  rate-decreasing effect of lowering oxygen 
pressure in a more reactive substrate or at a higher 
tempera ture  may be correlated to a certain change of 
the shape of comparable curves of oxygen uptake:  
at first slower, later on more accelerated. Similar 
changes were observed on var ia t ion of the pH,  espe- 
cially when the p H  was lowered f rom 6 to 5. I t  may  
be supposed that  the changed conditions at p H  5 
have a similar influence upon the rate-decreasing 
effect of the lowering of the oxygen pressure as greater  
react ivi ty  and higher tempera ture  and thus explain 
the results reported above (Fig. 15b). 

In  the experiments on the influence of light, the 
relative values at low oxygen pressure were the same 
for i r radiated as for nonirradia ted samples (Fig. 14). 
According to Bateman and Gee (7), photo-oxidation 
and thermal  oxidation differ in their  mode of initia- 
tion. In  photo-oxidation the chain mechanism proceeds 
with the photolytic generation of free radicals. How- 
ever light i r radiat ion has no effect upon the reactions 
of propagat ion  and termination.  Consequently ac- 
celeration of oxidation by i l lumination of the sample 
should not cause any change in the relative rate of 
oxidation at low oxygen pressure. 

In  contrast  with Bolland, Karel  worked under  con- 
ditions of a well-defined limited surface area and 
consequently with diffusion of oxygen as a rate-l imiting 
factor. Therefore constant rates of reaction were ob- 
tained. The relationship between these constant rates 
of oxidation (Ro) and the par t ia l  pressure of oxygen 
(p02) was expressed by the equation: 

1 (p%) 
Ro-- 

kl + k2/(po 2 ) k2 + kl/(p% ) 

The constants kl and k2 vary with the surface area 
and with the temperature. A certain similarity exists 
between the expressions of Bolland and Karel for the 
dependence of the rate of oxidation on oxygen 
pressure. 

Whereas, according to Bolland, the rate of oxida- 
tion in their experiments is not limited by the diffusion 
of oxygen and whereas the conditions studied by 
Karel are characterized by pronounced limitation be- 
cause of more or less slow oxygen diffusion, the 
experiments on fat oxidation in emulsions herein re- 
ported are complicated by the varying limiting effect 
of diffusion of oxygen upon the rate of reaction. 

Oxidation in air was not limited by diffusion of 
oxygen, but oxidation at a lower concentration of 
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FIG. 15b. The O2-consumption of oxidation of linoleic acid 
in air  and in 1% 02 as a funct ion of time at p i t  5 . . . .  , 
p H  6 - - - ,  p H  7 , 0.035 M linoleic acid, 0.1 
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oxygen could be. The degree of l imitation because of 
slow diffusion of oxygen increased with decreasing 
oxygen concentration. As a consequence, the course 
of oxygen uptake  became increasingly less accelerated 
with decreasing oxygen pressure. This phenomenon 
is enhanced at higher concentration of the substrate 
and longer durat ion of the experiment,  i.e., at  higher 
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rates of reaction when the ratio between the rate of 
reaction and the rate of diffusion is becoming more 
significant. 

As the rate of diffusion is influenced by the efficiency 
of shaking, this factor was kept as constant as possible. 
A series of measurements  of diffusion of oxygen into 
samples shaken in Warburg vessels was carried out 
by means of a Beckman oxygen electrode (results to 
be published elsewhere).  The results showed that 
constancy of the shaking conditions is essential. Cer- 
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Fro .  18. R a t e  o f  o x i d a t i o n  of  l inole ic  ac id  as a f u n c t i o n  o f  
to t a l  O,~-consumption, in  1 %  02:  - - - -  e x p e r i m e n t a l  d a t a ,  

c a l c u l a t e d  v a l u e s  ( y = k . x ' ) ,  0.035 ~ l inole ic  ac id ,  
25C, p H  6. 

TABLE I 
a-Values of the Rate Equation y ~ - k . x  a Applied to the Experimental 
Data of 02-Consumption of Linoleic Acid at Various 02-Concentration a 

02-Concentration 21% 10% 5% 2% 1% 0.5% 

a-~c'alue 0.34 0.36 0.33 0.22 0.07 0.02 
Mean square 

deviation 0.035 0.026 0.039 0,037 0.081 0.106 

a At low 0e-concentration the applied rate equation is less suitable, 
as shown by the increasing mean square deviation. 

tain discrepancies of secondary importance may re- 
sult f rom not completely comparable shaking. 

The similar expressions of Bolland and Karel  for  
the dependence of the rate of oxidation on oxygen 
pressure, both representing hyperbolic curves, were 
obtained by plot t ing inverted values of relative rates 
or rate constants against  inverted values for the 
pressure of oxygen:  approximate ly  s t raight  lines 
could be drawn. 

Such a procedure does not yield s t ra ight  lines for 
an oxidation which increasingly is limited due to 
the influence of diffusion of oxygen. Only dur ing an 
early period (e.g. up to a rate of 40 mm3/hr)  can 
an approximate ly  s t raight  line be obtained (Fig. 16). 
When the reaction proceeds (e.g. to a rate of 55 
mm3/hr ) ,  the l imitation because of slow diffusion of 
oxygen causes a deviation f rom the s t ra ight  line 
(Fig. 17). 

As mentioned above, the expressing of the experi- 
mental  data  by means of the rate equation y----k �9 x ' ,  
which gives sat isfactory results for  oxidation in air, 
is less suitable for low oxygen pressure. This is 
caused by the rate-l imiting influence of the slow dif- 
fusion of oxygen. The values calculated for  k showed 
an apparen t  increase with decreasing oxygen pressure, 
which does not correspond to any  such real tendency. 
In  Fig. 18 experimental  data  are compared with values 
calculated by means of the equation: at low oxygen 
pressure the curve of the experimental  values, at first 
accelerated, slowly passes into a course of constant 
rate on account of the rate-l imiting influence of oxy- 
gen diffusion. The calculated values however show a 
certain deviation f rom the experimental  ones; the 
complicating influence of oxygen diffusion is ignored 
with somewhat incorrect values for k consequently. As 
a positive result of these at tempts,  the values calculated 
for  a, indicating the degree of acceleration, can serve 
as an expression for the influence of diffusion of 
oxygen: these values considerably decrease with de- 
creasing oxygen pressure (Table I ) .  
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