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ABSTRACT 

Oxidation of lipids in fish meal has been studied. 
The course of the reaction has been followed by 
means of oxygen absorption, peroxide values and 
chromatographic analyses. The latter has been used 
quantitatively, because the method of methylation of 
the unreacted fatty acids obtained by hydrolysis of 
the glyceryl esters has proved to be quantitative. The 
results indicate: (a) there are other oxygen-consuming 
reactions which account for up to 10 times the 
oxygen consumed by simple peroxidation of the 
polyunsaturated lipids; (b) increasing moisture con- 
tent has a marked prooxidant effect in all the 
oxidative reactions; (c) the overall rate of reaction is 
apparently independent of the peroxide concentra- 
tion in the lipid, possibly due to the fact that there is 
some resistance to the diffusion of  oxygen which 
produces deviations from the normal autocatalytic 
path of the reaction occurring when oxygen is fully 
available. 

INTRODUCTION 

One of the primary problems in the storage of food is 
the oxidation of its lipids. Normally, this oxidation 
proceeds rather slowly, due to the low degree of unsatura- 
tion of the fatty esters usually present. However, lipids in 
pilchard and anchovy meal have fatty acids with five or six 
degrees of unsaturation. This fact, together with the 
conditions of temperature and oxygen availability which 
occur during the production of the meal, produces a rate of 
oxidation high enough to cause spontaneous heating of the 
meal during its shipping and transportation, thus creating 
serious economical problems. These problems seem even 
more serious when the interaction between proteins and 
oxidized lipids is taken into account (1-2), because this 
phenomenon might cause a decrease in the nutritional value 
of the meal. 

It has been shown (3-4) that after the initiation period, 
and with enough oxygen, the mechanism of autoxidation of  
unsaturated lipids corresponds to a free radical process in 
which the resulting peroxy radicals produce an auto- 
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FIG. 1. Peroxide value as a function of the time elapsed between 
the addition of KI and the addition of water. + Run 1, �9 Run 2. 
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catalytic reaction, that can be represented by: 

d(O2)=-d(RH):k(RH) (ROOH) 
d t  d t  

Furthermore, it has been proved that the rate of this 
process is strongly irffluenced by the presence of  water, 
inorganic and organic substances (4-7). In particular, it has 
been found that below the monolayer value, water has a 
protective effect against oxidation. Above this value (5), 
however, this effect would not be so clear. 

The purpose of the present work was to provide 
information about the parameters affecting the rate of 
oxidation of lipids in fish meal, and to gather some 
information on the analytical techniques necessary to 
follow the oxidation quantitatively. 

EXPERIMENTAL PROCEDURES 

Material 

Whole pilchard or anchovy meal was obtained directly 
from factories in Arica, Chile. Immediately after produc- 
tion, the meal was put into sealed cans and sent to our 
laboratories, where it was kept at -30 C until it was used in 
the experiments. Except for the meal used in the tests 
related to the influence of grinding in the velocity of 
oxidation, all the material was screened between 50 and 
100 Tyler mesh. 

Oxygen Absorption 

The velocity of  oxygen uptake was measured using the 
standard Warburg manometric technique. 

Lipid Extraction 

The method of lipid extraction was the one described by 
Bligh and Dyer (8), with a slight change consisting in the 
acidulation of the water-methanol phase immediately after 
extraction, to obtain a better phase separation. This change 
improved the efficiency of the procedure by nearly 10%. 
The amount of lipid extraction remained approximately 
constant during the course of the oxidation, and the 
emission of volatiles has proved to be comparatively tow. 

Peroxide Value 

The peroxide value was determined by the AOCS 
method (Cd 8:53) with minor alterations, consisting in the 
addition of water and titration not only 1 min after the 
addition of KI, but also after 10 and 20 min. The curves 
obtained are shown in Figure 1. These curves suggest that 
some secondary oxidation of the sample occurs during 
titration and, consequently, the peroxide value was taken as 

TABLE I 

Fatty Acid Distribution in Fish Meal Lipids 

Fatty acid wt% 

14:0 8.95 
16:0+16: 1+17:0+17:1 39.47 
18:0+18:1  24.07 
20:1+18:4 1.13 
Unknown 1.94 
20:5 14.72 
22:5+22:6 8.08 

Less than 1%: 15:x, 18:2, 18:3, 20:0, 20:4, 22:1, 24:0 
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TABLE II 

Quantitative Validity of the Method of Esterification 

Run 1, 45 C, 45% R.H. Run 2, 45 C, 65% R.H. 

Time, Time, 
hr A a B b C c hr A a B b C c 

0 18.9 23 .3  42.2 0 17.6 22.9 40.5 
4.2 16.5 26 .0  42.5 19.6 13.2 26.5 39.7 

23 .7  14.2 27.5 41.7 91 .4  8.5 30.4 38.9 
29 .0  13.7 28.8 42.5 189.8 7.0 32.9 39.9 
47 .6  13.0 29 .8  42 .8  262 . 3  5.3 34.5 39.8 
52.9 12.4 30.5 42.9 
72 .0  11.2 32.1 43 .3  

aA, per cent of polyunsaturated lipid in total fat. 
bB, per cent of polymers, related fatty substances and oxidized 

lipids. 
cc, per cent of polyunsaturated lipids, polymers, related fatty 

substances and oxidized lipids = A+B. 
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FIG. 3. Rate of oxygen absorption as a function of the moisture 
content of the fish meal. �9 Run 1, + Run 2. 

the extrapolation of the straight line to its intersection with 
the axis corresponding to time O. 

Concentrat ion of  Polyunsaturated Lipids 

The method used to analyze the mixture of fatty 
compounds that exist in the fish meal has two parts: (a) the 
hydrolysis of the lipids, followed by an esterification with 
methanol of the fatty acids thus obtained, and (b) the 
chromatographic analysis of the resulting methyl esters. 
Part (a) was performed using the procedure of rapid 
preparation of fatty acid esters developed by Metcalfe et al. 
(9). Part (b) was carried out in a Perkin Elmer 800 flame 
ionization gas chromatograph. Conditions were: column, 
1/8 x 100 in., 10% BDS on Chromosorb 60-80; tempera- 
ture, 145 to 205 C, with a programmed increase of 0.8 
C/min; carrier gas, N2, 1 cc/sec. 

A typical distribution of methyl esters is seen in Table I. 
All the runs performed have shown that acids 20:5 and 
22:6 account for about 90% of the fatty esters being 
oxidized. The remaining 10% is made up of  minor amounts 
of acids 18:3, 18:4, 20:4 and 22:5. The knowledge of the 
molecular weights has permitted the concentration of 
reactive lipids to be expressed as #mol  of polyunsaturated 
lipid per gram of fat. 

Lipids in fish meal consist mainly of  fatty triglycerides, 
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FIG. 2. Rate o f  oxygen absorption as a funct ion o f  the rate o f  
disappearance of polyunsaturated lipid. �9 45 C, 20% R.H.; �9 45 C, 
20% R.H.; ~ 30 C, 45% R.H.; o 45 C, 45% R.H.; x 45 C, 45% R.H. 

plus a certain quantity of polymers, related fatty com- 
pounds and products of previous oxidation. When the 
hydrolysis and further esterification, which rapidly produce 
a phase of methyl esters dissolved in petroleum ether, are 
conducted, two possibilities of behavior can be expected: 
(a) The polymers, related fatty compounds and products of 
oxidation are easily esterified. In this situation it should be 
expected that the yield of the esterification, expressed as 
grams of methyl ester per gram of fat, should remain 
approximately constant during the oxidative process. (b) 
On the other hand, if these polymers and products of 
oxidation are not easily esterified, or if even esterified they 
are not obtained in the petroleum ether phase due to polar 
effects, a decrease in the yield of esterification should be 
expected during the process of  oxidation. This decrease 
should therefore be related to the decrease in polyunsatu- 
rated lipids detected in the chromatograph. 

Table II suggests that in our experiments the second 
possibility occurred quite accurately. In fact, it can be seen 
that the percentage of polymers and oxidized substances, 
considered as 100 minus the yield of the esterification, 
increases during oxidation to the same extent as the 
percentage of polyunsaturated lipids decreases, since the 
sum of both quantities remains constant. 

This result indicated that, due to the rapidity of the 
Metcalfe method, it is possible to measure easily the 
amount of  polymers and oxidized substances in lipids, 
making it also useful as an industrial test. This test, 
combined with only one chromatographic measurement, 
provides direct information about the evolution of  the 
concentration of reactive lipids in the meal. From another 
point of view, this procedure should provide an easy way of  
isolating the products of  oxidation, because they are 
obtained as a residue below the petroleum ether phase. 
Unfortunately,  it has not been possible to determine the 
exact composition of these residues and, therefore, it is not 
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FIG. 4. Evolution of the concentration of polyunsaturated lipid 
for meal under 65% R.H. (D) and under 20% R.H. (o). 
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FIG. 5. Evolution of the concentration of hydroperoxides for 
meal under 65% R.H. (o), and under 20% R.H. (=);--- is the value 
of d(RH)/(RH)dt for each condition. 

known whether these substances have been esterified or 
not. 

The chromatographic technique has permitted the 
identification and measurement of  the reactive lipids in the 
meal in a very accurate and reproducible way. This 
technique, when compared with the iodine index, has 
shown considerable advantages, due to the fact that 
different meals revealed different correlations between their 
iodine index and chromatographic values, probably due to 
the tendency to react with iodine shown by polymers and 
products of oxidation. 

Moisture Sorption Isotherm 
The sorption isotherm was prepared by means of the 

desiccator method (18) at 30 C. A B.E.T. plot showed that 
the men�9  value occurs at a moisture content of 
approximately 3-4%, on a dry basis. 

Oxygen Diffusivity 
In order to estimate the oxygen diffusivity in fish meal, 

a sample of  material was allowed to oxidize until its rate of 
oxygen absorption was negligible. Then it was kept in 
vacuum for several hours in order to produce the 
desorption of the oxygen physically solved in the meal. 
Once the vacuum was broken the velocity of oxygen 
absorption was measured during 3 hr. Since the average 
diameter of these particles was known, it was possible to 
deduce the value of the diffusion coefficient from the time 
needed to return to equilibrium (18). 

Oxidation of Samples 
The oxidation of the samples was performed in several 

small fixed bed reactors submerged in a thermostatic bath. 
The flow of air had controlled relative humidity and 
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FIG. 6. Moisture adsorbed as a function of equilibrium water 
activity (per cent R.H. 100) for fish meal at 30 C. 
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FIG. 7. Rate of disappearance of polyunsaturated lipid as a 
function of the concentration of polyunsaturated lipid. �9 45 C, 20% 
R.H.; �9 45 C, 20% R.H.; zx 30 C, 45% R.H.; o 45 C, 45% R.H.; x 
45 C, 45% R.H., D 45 C, 65% R.H. 

temperature, and it was high enough to insure that the 
oxygen concentration did not have any noticeable varia- 
tions throughout the reactor. 

RESULTS AND DISCUSSION 
Oxygen Consumption 

Meal was oxidized under controlled temperature and 
relative humidity. The concentration of polyunsaturated 
lipid was followed by the above method,  and, simul- 
taneously, the velocity of oxygen uptake was measured. 
The curves thus obtained were computer-fitted to evaluate 
accurately the velocity of disappearance of polyunsaturated 
lipids. 

The relationship between the velocity of oxygen 
absorption and the velocity of consumption of reactive 
lipids, both expressed as #mole/hr /g  fat, is shown in Figure 
2. It can easily be seen that there are other oxygen-con- 
suming reactions which account for up to I0 times the 
oxygen consumed by the simple peroxidation of polyun- 
saturated lipids. The relationship between oxygen 
absorption and lipid consumption is variable, depending on 
the temperature, moisture content and time of reaction. 

There are three possible explanations for this phenome- 
non: (a) the existence of simple protein oxidation; (b) the 
existence of protein oxidation catalyzed by the presence of 
lipid peroxides, according to the mechanism suggested by 
Zirlin and Karel (2); and (c) the existence of further lipid 
peroxidation, due to its high degree of polyunsaturation. In 

TABLE IIl 

Influence of Grinding on the Rate of Oxygen Absorption 

Oxygen absorption, 
Run Sample /~mol/hr/g meal 

1 Normal fish meal 2.68 
Same meal, 

thoroughly milled 5.57 

2 Normal fish meal 2.32 
Same meal, mildly milled 2.90 

3 Meal screened between 
18 and 50 mesh 4.08 

Same meal, milled and 
screened between 50 
and 100 mesh 7.29 

Id., Screened between 
100 and t70 mesh 13.71 
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FIG. 8. Values of (ROOH)avera~e , and d(RH)/ 
(RH'dt)me~,~e ---, as a function of time'(F) (dimensionless units). 
kL 2 (R~6)2713 = 200; klL2 (RHo)/D = 12; kL2(RHo) (02 ext)/D = 
100; (ROOHo)/(RHo) = 0.2; f(x) = 0.05 (x/L) 2 (0 2 ext). 

1955 Tappel (10) analyzed the copolymerization of oxi- 
dized fats with protein, reporting an absorption of 4 moles 
of oxygen per linoleic acid mole incorporated in the 
copolymer. Other workers reported that dimers and trimers 
formed during the autoxidation of ethyl linoleate contained 
2 moles of oxygen per mole of ethyl linoleate. 

The first explanation is easily discarded. In fact, solvent- 
extracted meal does not show any tendency to absorb 
oxygen. Similar findings have been reported by Martinez in 
freeze dried salmon (7). The second and third explanations 
seem equally acceptable, though recent research carried out 
by Heiss (personal communication) in our laboratories 
strongly suggests that the extra consumption of oxygen is 
primarily due to post oxidation of previously peroxidated 
lipids. In other words, having five or six degrees of 
unsaturation makes the lipid so reactive that it is able to 
undergo several oxidative reactions. It should be pointed 
out that in some cases the oxygen absorbed is more than 
five or six times the quantity of disappeared lipids, thus 
leaving the possibility that some protein oxidation exists. 

Influence of Moisture Content 

To investigate the influence of moisture content on the 
rate of oxidation of the meal, parts of the same sample 
were humidified to different levels, and then their velocity 
of oxygen absorption was measured. The result of this test 
is shown in Figure 3, where it can be concluded that an 
increasing moisture content increases the rate of oxidation. 
As this increment could have been associated either with 
the reactions of direct peroxidation of polyunsaturated 
lipids, or with the secondary reactions mentioned above, 
two samples of the same meal were humidified to different 
moisture contents, and were allowed to oxidize at 45 C. 
Figure 4 shows the changes of the concentration of 
polyunsaturated lipid in both samples, and Figure 5 shows 
the changes in their peroxide value (the dotted lines in 
Figure 5 will be discussed later). It can be inferred that 
both the consumption of polyunsaturated lipid and the 
reactions involving peroxide disappearance are enhanced by 
high moisture contents. 

In principle, these results seem to contradict the findings 
of other workers (4,7) who have reported a decrease in the 
rate of oxidation with increasing moisture content. How- 
ever, this contradiction is clarified by the observation of the 
water adsorption isotherm of fish meal (Fig. 6) where it can 
be seen that the whole range of moisture content studied 
falls within the capillary range, because in fish meal the 
monolayer value occurs at a low moisture content. 

According to the mechanism suggested by Labuza et al. 
(5), it is possible that in this region of capillary condensa- 
tion the rate of oxidation increases due to an enhancement 
of the mobility of  the reactants. Nachenius (11) has 
reported that the shape of the adsorption isotherm in fish 
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FIG. 9. Evolution of the profiles of polyunsaturated lipid (W), 
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meal is strongly influenced by the quantity of soluble salts 
present. This fact should confirm that water in fish meal 
exists mainly in the state of capillary consensation (12). 
Kinetics 

Figure 5 shows the changes of peroxide value for two 
runs conducted at different relative humidities. The dotted 
lines, which have an initial value corresponding to the initial 
p e r o x i d e  value, are the values of the function 
d(RH)/ (RH'dt ) ,  obtained by means of chromatographic 
analysis and multiplied by a constant factor to have them 
coincide with the initial values of the peroxide curves. 

If there should be a kinetic relationship of the type 

d ( R H ) / d t  = - k ( R H ) ( R O O H )  

it is dear that the dotted and full lines should coincide 
exactly. The big difference that can be observed between 
these lines clearly indicates that the overall kinetic behavior 
is quite different from the normal autocatalytic behavior of 
peroxidizing lipids. In fact, Figure 7 shows that the overall 
rate of reaction can be empirically expressed as simply as 
d(RH)/dt = -k(RH) n, in which n is an exponent not above 
5.0 and not below 4.0, and in which the peroxide value has 
no significant importance. 

There is one fact, closely related to these experimental 
findings, which deserves further discussion. In 1957, 
Dreosti and Rowan (13) measured the heating rates of  
milled and unmilled meals in adiabatic calorimeters, and 
concluded that at all stages of storage milled fish meal 
oxidizes faster than unmilled meal. On the other hand, 
Table III shows three short tests in which the rate of 
oxygen absorption of milled and unmilled meal are com- 
pared. These results suggest that oxygen diffusion might 
play an important role in the phenomenon. Based on this 
assumption, it is possible to develop a mathematical model 
of the peroxidation of lipids included in a solid support 
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wh ich  resists the  p e n e t r a t i o n  of  oxygen .  The  ma in  
a s sumpt ions  of th i s  mode l  are: (a) there  is no  ex te rna l  
res is tance  to the  d i f fus ion  of  oxygen  at the  gas-part icle  
i n t e rphase ;  (b)  the  p h e n o m e n o n  is i s o t he r m a l ;  (c) the  ra te  
of  oxygen  c o n s u m p t i o n  varies l inear ly  w i t h  par t ia l  oxygen  
pressure and  w i t h  l ipid and  perox ide  c o n c e n t r a t i o n  inside 
the  par t ic le ;  (d)  the re  is a s lab- type  geome t ry ;  and  (e) there  
is a b imo lecu l a r  ra te  of  pe rox ide  d e c o m p o s i t i o n  (16) .  

With  these  a s sump t i ons  t h r ee  s imu l t aneous  equa t ions  are 
readi ly  ob t a ined ,  each  descr ib ing the  ba lance  o f  p o l y u n s a t u -  
ra ted  lipid,  pe rox ide  and  oxygen ,  respect ive ly :  

d ( R n ) / d t  = - k ( R H )  ( R O O H )  ( 0 2 )  
d ( R O O H ) / d t  = k ( R H )  ( R O O H )  ( 0 2 ) -  k I ( R O O H ) 2  
D ~ 2 ( 0 2 ) / 6  x2 = ~ ( 0 2  )/6 t + k ( R H ) ( R O O H ) ( O  2 ) 

The  b o u n d a r y  c o n d i t i o n s  are:  

( R H ) = R H o  O < x < L  t=O 
( R O O H ) = R O O H o  O < x < L  t=O 
( 0  2) = f(x)  O < x < L  t=O 
6 ( O 2 ) / 6 x = o  x=O t > O  
(O2)  = c o n s t a n t  x=L t > O  

where  k and  k I are k ine t i c  cons t an t s ,  L is the  d i m e n s i o n  o f  
the  par t ic le ,  D is the  oxygen  di f fus ivi ty ,  t is the  t ime  of 
r eac t ion ,  RHo and  R O O H o  are t he  in i t ia l  c o n c e n t r a t i o n s  of  
react ive  l ipid and  peroxide ,  and  f (x)  indica tes  t h a t  ini t ia l ly  
there  is a small  a m o u n t  of  oxygen  inside the  part icle.  

Since this  sys tem is non l inea r ,  it has  been  pu t  in a 
d imens ion less  f o r m  and  it has  b e e n  compute r - so lved  wi th  a 
f ini te  d i f fe rence  m e t h o d  (16)  for  several values of  the  
d imens ion less  pa rame te r s  thus  created.  The  t e n d e n c y  of  
these  resul ts  was always the  one  seen in Figure 8, w h i c h  
d e s c r i b e s  t h e  c h a n g e  o f  ( R O O H ) a v e r a g  e and  
d ( R H ) / ( R H ' d t ) a v e r a g  e as a f u n c t i o n  of  t ime.  These  values 
were o b t a i n e d  by  c o m p u t i n g  the  average value  o f  t he  
c o n c e n t r a t i o n s  of  react ive  l ipid and  pe rox ide  inside the  
par t ic le ,  because  the  e x p e r i m e n t a l  measure  is based on  the  
t o t a l  e x t r a c t i o n  and  m e a s u r e m e n t  of  the  fat  in the  par t ic les  
be ing  s tudied.  The  c o m p a r i s o n  b e t w e e n  Figures  5 and  8 is 
r emarkab le ,  and  it readi ly  suggests t h a t  oxygen  d i f fus ion  in 
f ish meal  p roduces  a dev ia t ion  f rom the  n o r m a l  au to -  
ca ta ly t ic  pa th  of  r eac t ion ,  since the  average c o n c e n t r a t i o n  
Of one  r eac t an t  has  less i m p o r t a n c e  t h a n  the  c o n c e n t r a t i o n  
in those  par ts  of  the  par t ic le  in w h i c h  the  ra te  of  r eac t i on  is 
m a x i m u m .  Figure  9 shows the  evo lu t ion  of  the  oxygen ,  
react ive  lipid and  pe rox ide  prof i les  inside a part icle .  

I t  mus t  r e m a i n  clearly s ta ted  t ha t  an  accura te  
desc r ip t ion  of  the  p e r o x i d a t i o n  of  l ipids in fish meal  shou ld  
take  in to  a c c o u n t  o t h e r  i m p o r t a n t  facts ,  such as: (a) the  
ex is tence  of  o t h e r  oxygen  c o n s u m i n g  reac t ions ;  (b)  the  ra te  
of  pe rox ide  d e c o m p o s i t i o n  is no t  necessar i ly  b imolecu la r ;  
and  (c) f u r t h e r  e x p e r i m e n t a l  work  is needed  to d e t e r m i n e  
more  accura te ly  the  value of  the  d i f fe ren t  pa rame te r s  t h a t  
def ine  the  p rob lem,  especial ly  the  ra t io  b e t w e e n  d i f fus iona l  
and  k ine t i c  cons t an t s  and  the  r e l a t ionsh ip  b e t w e e n  the  
mic roscop ica l  s t r uc tu r e  of the  meal  and  its d i f fus iona l  
cons tan t s .  In  any  case, th is  m a t h e m a t i c a l  mode l  proves,  in 
general ,  t h a t  d i f fus iona l  res is tances  no t  on ly  p r oduce  a 

decrease  in the  ra te  of  p e r o x i d a t i o n ,  b u t  also changes  in t he  
overall  k ine t ic  behav ior .  

Final ly ,  one  po in t  w h i c h  mus t  be  discussed is t ha t  the  
ra te  of  oxygen  a b s o r p t i o n  in fish meal  varies s t rongly  w i t h  
t e m p e r a t u r e  ( the  ac t iva t ion  energy was f o u n d  to be  19.6 
Kca l /mole ) ,  and  in d i f fus ional ly  con t ro l l ed  processes a 
small  t e m p e r a t u r e  d e p e n d a n c e  is usual ly  expec ted .  How- 
ever, the  e s t ima t ion  of  the  oxygen  dif fus ivi ty  gave a value 
as low as 10 -7 cm2/sec ,  wh ich  is s imilar  to  the  values of  
o x y g e n  dif fus ivi ty  in  po lymers  such  as n y l o n  and  poly-  
olefins,  and in th is  k ind  of  mater ia l  d i f fus ion  is an ac t iva ted  
process ,  w i th  ac t iva t ion  energies as h igh  as the  one  
m e n t i o n e d  above.  

F u r t h e r m o r e ,  it is i m p o r t a n t  to  take  i n to  accoun t  t h a t  in 
po lymer i c  mater ia ls  t he  presence  of  wa te r  vapor  o f t e n  
accelera tes  the  d i f fus ion  of  oxygen  (14) .  This fact  shows 
t h a t  h igh  mois tu re  c o n t e n t s  could  poss ibly  enhance  lipid 
p e r o x i d a t i o n  in f ish meal ,  at  least  par t ia l ly ,  t h r o u g h  the  
m e c h a n i s m  of  raising the  oxigela d i f fus ivi ty .  

ACKNOWLEDGMENTS 

M. Rutman and J. Kras.uk expressed continued interest in this 
investigation. This work is part of the program "Curing of Fish 
Meal" of the Department of Technology, Fisheries Development 
Institute, financed by the Corporation de Fomento de la Produc- 
cion, Chile, and was taken in part from a thesis in Chemical 
Engineering by M.D. Waissbluth at the Universidad de Chile. 

REFERENCES 

1. Roubal, W.T., and A.L. Tappel, Arch. Biochem. Biophys. 
113 :150  (1966). 

2. Zirlin, A., and M. Karel, J. Food Sci. 34:160-164 (1969). 
3. Farmer, E.H., H.P. Koch and D.A. Sutton, J. Chem. Soc. 

1943:541. 
4. Maloney, J.F., T.P. Labuza, D.H. Wallace and M. Karel, J. Food 

Sci. 31:878 (1966). 
5. Labuza, T.P., H. Tsuyuki and M. Karel, JAOCS 46:409-416 

(1969). 
6. Tjhio, K.H., T.P. Labuza and M. Karel, Ibid. 46:597-600 

(1969). 
7. Martinez, F., and T.P. Labuza, J. Food Sci. 33:241-247 (1968). 
8. Bligh, E.G., and W.J. Dyer, Can. J. Biochem. Physiol. 

31:911-917 (1959). 
9. Metcalfe, L.D., A.A. Schmitz and J.R. Pelka, Anal. Chem. 

38:514-515 (1966). 
10. Tappel, A.L., Arch. Biochem. Biophys. 54:266 (1955). 
11. Nachenius, R.J., Annual Report No. 19, South African Fishing 

Industry Research Institute, Capetown, 1965, p. 43. 
12. Rockland, L.B., Food Teehnol. 23:1241-1248 (1969). 
13. Dreosti, G.M., and A.N. Rowan, Annual Report No. 11, South 

African Fishing Industry Research Institute, Capetown, 1957, 
p. 39. 

14. Crank, J., and G.S. Park, "Diffusion in Polymers," Academic 
Press, London, 1968. 

15. Lapidus, L., "Digital Computation for Chemical Engineers," 
McGraw Hill, 1962. 

16. Tobolsky, A.V., D.J. Metz and R.B. Mesrobian, J. Amer. Chem. 
Soc. 72:1942 (1950). 

17. Stitt, F., "Fundamental Aspects of the Dehydration of Food- 
stuffs," Society of Chemical Industries, London, p. 67. 

18. Crank, J., "The Mathematics of Diffusion," Oxford University 
Press, London, 1956. 

[Rece ived  S e p t e m b e r  8, 1970]  


