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I 
N T H E  L I T E R A T U R E  concerning antioxidants  for 

fats  the different investigators usual ly "have com- 
pared various ant ioxidants  on an equal weight 

percentage basis (1, 2, 3, 4, 5). Although valuable 
information has been obtained for  a large number  
of compounds, quant i ta t ive comparisons of effective- 
ness are difficult or impossible to make. Morris  and 
Riemenschneider compared various compounds on an 
equivalent molar  basis within each series but  ex- 
pressed the over-all data  on an equal weight per- 
centage basis (6). In  a s tudy of ant ioxidants  for  
carotene in mineral  oil (7) Bickoff compared more 
than  100 phenolic compounds on an equivalent molar  
basis. 

In  a t tempts  to provide a quant i ta t ive expression 
for  comparison of ant ioxidants  for  fats  the terms 
"pro tec t ion  f a c t o r "  and "an t iox idan t  i n d e x "  have 
been used. Both are defined as the ratio of induction 
period of t rea ted  sample to tha t  of un t rea ted  sub- 
strate. Riemenschneider et al. have presented data  
which indicate that  comparisons and correlations 
based on these figures are valid only if the data  are 
obtained with precisely the same substrate (5). This 
restriction seriously limits the value of the da ta  in 
the l i terature.  

In  the present  paper  evaluations were made on an 
equivalent molar  basis, and results have been ex- 
pressed in te rms of "catechol index . "  The eatechol 
index is defined as the ratio of the ant ioxidant  activ- 
i ty of a test compound to that  of an equivalent molar  
concentration of catechol. This index is thus a pure  
number  which simultaneously involves all the con- 
siderations of concentrat ion of antioxidant,  induction 
period of t rea ted  sample, induction period of un- 
t reated substrate,  and, at least to some extent, the 
substrate on which the assay was made. Evidence 
is presented which indicates that,  for  a given anti- 
oxidant, this equivMent will remain near ly  constant 
with different lots of a substrate p repared  over a 
period of several years. These evaluations were made 
with an oven-incubation method modified to give a 
degree of reproducibi l i ty  higher than  tha t  reported 
for other methods (8, 9, 10). 

Experimental 
~ A T E R I A L S  A N D  M E T H O D S  

Oven. A s tandard  labora tory  air-oven was equipped 
with an efficient air  agi ta tor  and thermostat .  The 
range of variat ions in temperature ,  100 •176 was 
determined f rom readings made at all the possible 
sample positions in the oven. 

Glassware. The only items of special equipment  
used were small glass containers for the experimental  
samples. Microbeakers 4 (inside diameter  11.2 •  
mm. and height approximate ly  I cm.) were placed in 
Petr i  dishes (9 cm. in diameter) .  The procedure used 

1 Journal  paper no. 981, Purdue  Agricul tural  Experiment Station. 
'2 Present  address :  Universal  Oil Products  Company, Des Plaines, Ill. 

Present address: Depar tment  of Agricnltural  Chemistry, Univers i ty  
of Wyoming, Laramie,  Wyo. 

81 

in cleaning glassware closely resembled that  outlined 
by Fore  et al. (4),  except tha t  the microbeakers were 
given an addit ional  t rea tment  with hot conc. H2S04- 
conc. H N Q  mixture  before rinsing. The glassware 
has been in use for  several months without noticeable 
loss of precision or accuracy in the tests. 

Antioxidants. The compounds tested were the best 
qual i ty  available f rom the manufac ture r ,  and m a n y  
were used without  fu r the r  purification. Those which 
were reerystall ized (Table 3) showed little change in 
act ivi ty  with purification. 

Substrate. Bleached and deodorized moisture=free 
lard served as the substrate  for  all the tests repor ted 
here. The lard, as received, contained 0.7-1.0% roofs- 
ture which was removed as the benzene azeotrope by 
heat ing the lard, in batches of 1.5 kg., with 250 ml. 
of benzene at 145~ for  about 2 hrs. or at 100~ 
for  6 hrs. Af te r  the excess benzene was removed by 
distillation, the lard  was cooled to about  50~ trans-  
fe r red  to 500-ml. glass-stoppered flasks, and stored at  
- -20~ Dur ing  the dry ing  and cooling the lard  was 
st i rred vigorously in a s t ream of nitrogen. Succes- 
sive batches were designated as Lards  A, B, C, and D. 

Procedure for Testing Antioxidants. An appro-  
pr ia te  amount  of the ant ioxidant  (500 mieromols of 
catechol or 250 micromols of dimerie-type compounds, 
such as NDGA)  was dissolved in f reshly  distilled 
ethanol, and the solution was made up to 50.0 ml. 

A 5.0-ml. port ion of this solution was added to 50.0 
g. of the lard which had been melted and weighed 
into a 125-ml. Er lenmeyer  flask. Af te r  thorough mix- 
ing the ethanol was removed under  reduced pressure 
by  holding the mix tu re  at  80~ for  10 rain. with 
f requent  shaking. An automatic  pipette,  s tandardized 
for  the purpose, was used to t rans fe r  0.2 g. of the 
ant ioxidant-substrate  mixture,  containing 1 micromol 
of the ant ioxidant  per  gram of substrate,  to each of 
about 20 microbeakers. In  an al ternate  procedure 
t ransfers  were made with a modified Mohr pipet te  
which had been heated at the 0.3-ml. mark,  drawn out 
and cut to deliver 0.2 g. of fat.  Deliveries with this 
pipet te  were quite reproducible (ca. 2.5% error) .  The 
micr0beakers were placed in a covered Pet r i  dish in 
the air  oven at  100 •176 To follow the course of 
the autoxidat ion reaction, at hour ly  intervals o~e 
or more microbeakers were removed without  taking 
the Pet r i  dish f rom the oven. The peroxide value 
(expressed in millimoles of peroxide oxygen per  kil- 
ogram of fa t )  was determined by the method of 
Wheeler (11) as adapted  to small samples by Rie- 
mensehneider et al. (12) and fu r the r  modified in this 
laboratory.  Fo r  this determinat ion the 0.2-g. sample 
in the mierobeaker was placed in a 50-ml. Erlen-  
meyer  flask; 3 ml. of glacial acetic acid and freshly 
redistilled chloroform (3:2) and ] ml. of sa turated 
K I  solution were added. Af te r  1 minute  10 ml. of 
distilled water  and 4 drops of 1.0% starch solution 
were added, and the l iberated I2 was t i t ra ted  with 

4Microbeakers purchased from R. P. Oargille, 118 Liberty street, 
New York, N. Y. 
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0.01 N Na2S2Q. Af te r  the final stage of the induc- 
tion period was reached (peroxide value 15 or more) ,  
three mierobeakers were removed for each hourly  
reading to provide an indication of the reliabili ty of 
the peroxide values obtained. 

To minimize pro-oxidant  act ivi ty of the antioxidants  
and to avoid inconveniently long induction periods, 
the more active ant ioxidants  were tested at  concen- 
trat ions of 0.25 or 0.5 mieromol per  g ram of sub- 
strate. The relationship between concentrat ion of an- 
t ioxidant  and  the corresponding increase in induction 
period was a s t raight  line for  NDGA, cateehol, and 
hydroquinone up to 3 micromols per  g ram of lard 
(less than  0.05% by  weight) .  Although all of the 
more active compounds were tested at  lower concen- 
trations, some of the inactive compounds were tested 
at a level of 5 micromols per  g ram of lard. 

Calculations. All results  were expressed in terms 
of the "eatechol  index . "  Cateehol was selected as 
the s tandard  for  reference because of its reproduci-  
bili ty as an antioxidant,  its stabil i ty on the shelf, and 
the avai labi l i ty  of good quali ty commercial  samples. 

Ia-Io 
Catecholindex----  M 

Ie--io 

In  this equation Io  is the induction period of lard 
alone, Ie is the induction period of the lard which 
contains i micromol of catechol per gram, I a is the 
induction period of the lard containing the antioxi- 
dant  to be tested, and M is the concentration of the 
ant ioxidant  in micromolar  equivalents per  g ram of 
lard. The induction period of a sample is taken as 
the point, on a peroxide value vs. t ime graph, at 
which a peroxide value of 20 intersects a regression 
line fitted to peroxide values between 15 and 80. 
The point can be read f rom the graph  or, more pre- 
cisely, calculated f rom the equation 

~? + b-~ - -  20 Sx Sy 
x ~ , where ~ - -  and :~ ---- : 

n n n 

x is the t ime in hours, y the peroxide value, b the 
regression coefficient or average deviation in y with 
respect to x. 

Observations Concerning the Method. The proce- 
dure used init ial ly for  testing antioxidants  involved 
the incubation of a 10-g. sample of antioxidant-sub- 
strate mixture,  f rom which a 0.2-g. aliquot was taken 
periodical ly and the peroxide value was determined. 
The in termi t tent  removal  of the sample f rom the oven 
to take aliquots dur ing  the induction period, even for  
periods as short as 15 seconds once each hour, was 
found to lengthen the induction period mater ia l ly  
and erratically,  p robably  because of the resul tant  
cooling. The use of a number  of small samples made 
possible the removal of only enough mater ia l  for  a 
test, without  dis turbing the remainder.  Since the 
inside diameter  of the microbeaker was soon observed 
to affect the rate  of peroxide development,  the tol- 
erance in beaker sizes was restr icted as stated above. 

The use of dried lard  gave f a r  bet ter  reproducibil-  
i ty  in the results than  the use of moist lard as re- 
ceived. Dur ing  dry ing  the peroxide value of the lard  
fell f rom about 2 to 0. The induction period of the 
dried lard  alone was sl ightly longer than  that  of the 
moist lard, and the induction periods of the dried 
lard-ant ioxidant  mixtures  were considerably longer 
than  those obtained with the corresponding moist 

lard-ant ioxidant  mixtures.  When water  was added 
to the dried lard-ant ioxidant  mixtures,  the induction 
periods were erratic. These results were in agreement  
with the work done with d ry  and moist air  with the 
active oxygen method by Nagy  et el. (13). 
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F I G .  1. R e g r e s s i o n  c u r v e s  s h o w i n g  r e p l i c a t e  d a t a  w i t h  d i f f e r -  
e n t  a n t i o x i d a n t s .  

A. L a r d  alone. 
B. H y d r o q u i n o n e  (1.0 mic romol  p e r  g r a m  of  l a r d ) .  
C,. Catechol (1.0 mie romol  p e r  g r a m  of l a r d ) .  
D. N D G A  (0.5 micromol  p e r  g r a in  of l a r d ) .  

Results  and Discussion 

Figure  1 shows some typical  results obtained with 
this method. The regression lines were plotted to show 
the order of agreement  between slopes of different  
stabili ty curves. Of 48 regression lines calculated, 
the slopes of two samples differed highly significantly 
f rom the average of the other slopes obtained that  
day, as shown by  an analysis of variance. Since the 
divergent slopes were taken to be an indication of a 
competing reaction and hence of contamination, the 
data for these samples were disregarded. 

The reproducibi l i ty  of the method is i l lustrated in 
Table I. The over-all average var ia t ion was 2.07%. 
Table I I  i l lustrates the calculation of the catechol 
index and shows the results for N D G A  from the data 
obtained with four  different batches of lard. The 
agreement  between these data  (1.30, 1.39, 1.47, 1.42) 
indicates the val idi ty  of comparisons of eatechol in- 
dexes determined with different lards. Table I I I  lists 
the indexes calculated for 28 compounds. 

T A B L E  I 

V a r i a t i o n  in I n d u c t i o n  P e r i o d s  B e t w e e n  Repl ica tes  
(Ana lyses  m a d e  on d i f f e ren t  days )  

L a r d  A n t i o x i d a n t  

A None  
B None  
C None  
D None  
A N D O A  
B NDGA 
C N D G A  
D N D G A  
A Catechol  
D Catechol  
D H y d r o q u i n o n e  

Cone. a 

0.5 
0.5 
0.5 
1.0 
1.0 
1.0 

I n d u c t i o n  
per iods  

(hours) 
2.18,  2.10 
2.19,  2.01,  2 .25 
1.88, 2.06 
1.90,  1.95, 1.90 
9.04, 8.99, 9.29 
9.96,  9.78 
9.95, 10.20, 9.85 
7.00, 7.14, 7.01 
7.57, 7.48 
5.47, 5.60, 5.53 
4.54,  4.66, 4.16 

A v e r a g e  
var ia -  
t i o n  b 

% 
1.9 
4.2 
4.6 
2.0 
1.3 
0.9 
1.3 
0.8 
0.5 
0.7 
4.5 

a Micromols  p e r  g r a m  of lard .  
b A v e r a g e  v a r i a t i o n  f r o m  the m e a n  value,  expressed  as p e r c e n t a g e  of 

the  m e a n  value.  
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T A B L E  I I  
Compar i son  of S tab i l i z ing  Effects of 0atechol  and  N D G A  on 

F o u r  Different  La rds  

La rd  

A 

B 

C 

D 

d a n t  

None 
N D G A  
Catechol 

None 
N D G A  
Catechol 

None 
N D G A  
Catechol 

None 
ND@A 
Oatechol 

I 

1.0 

1.0 

0.5 
1.0 

0.5 
1.0 

I n d u c t i o n  per iods  

I Observed I a - I o  

( hour s )  ( h o u r s )  
2.14 
9.11 6.97 
7.52 5.38 

2.15 
9.87 7.72 
7.74 5.59 

1.97 
10.00 8.03 

7.43 5.46 

1.90 
7.05 5.15 
5.52 3.62 

Cateehol 
index b 

1 . 3 0  
1.OO 

1 .39  
1.OO 

1 . 4 7  
1.00 

1.42 
1.00 

a Mieromols per  g ram of lard.  
b Rat io  of ac t iv i ty  to t ha t  of an equiva lent  amoun t  of eatechol. 

I o - - i n d u c t i o n  per iod of l a rd  alone. 
I n - - i n d u c t i o n  per iod of la rd  wi th  an t ioxidant .  

The use of a calibrated Mohr pipet  instead of an 
automatic  pipet  had no statistical effect on the cate- 
chol indexes but did decrease the spread in perox- 
ide values within the three samples tested each 
hour. Dry ing  the lard at 100~ for  6 hrs. instead 
of 145~ for  2 hrs. also had no statistical effect on 
the indexes, but the lower t empera ture  was used to 
insure a min imum of degradat ion or polymerization. 

Relationships between s t ructure  and  ant ioxidant  
act ivi ty were shown in several cases (Table I I I ) .  
The monohydroxybenzenes,  with the exception of the 
di-tert-butyl-p-cresols, were inactive. The meta-,  di-, 
and t r ihydroxybenzenes  showed little or no activity. 
The ortho and para dihydroxybenzenes,  taken as a 
whole, had about equal activities. Within  the ortho 
t r ihydroxy  series the ester grouping reduced the ac- 
t iv i ty  more than  the free carboxyl group as compared 
to the paren t  compound. The effect probably  resulted 
f rom the synergist ic action of the free carboxyl group 
(4), which would tend to mit igate the deactivat ing 
effect. 

T A B L E  11I 
Compar ison  of 28 Compounds Tested as Ant iox idan t s  for La rd  

Catecbel 
index 

Monohydroxy conlpounds 
Phenol  .......................................................................... 
Salicylic acid .............................................. :. ................. 
m-t tydroxybenzoic  acid ................................................ 
p-Hydroxybenzoic acid ............... ; ................................. 
p- ter t -Buty lphenol*  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4 .6-Di- ter t -buty l -m cresol .............................................. 
2,6-Di-tert .butyl-p-cresol* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

o-Dihydroxy compounds 
Catechol* ...................................................................... 
Protocatechuic  acid .................................................... 
Pyrocatechuic  acid ............................ : .......................... 
p- ter t -Buty lcatechol*  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
N D G A  .......................................................................... 

m-Dihydroxy compounds  
ResorcinoI  ..................................................................... 
a-Resorcylic acid ........................................................... 
~-Resorcylic acid ........................................... : .............. 
'y-Resorcylic acid ........ : ................................................. 

p-Dihydroxy compounds 
Hydroqu inone*  ............................................................. 
Gent is ic  acid* .............................................................. 
Toluhydroquinone*  ....................................................... 
2,5-Di- ter t -buty lhydroquinone* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
a-Tocopherol ................................................................. 
Bu ty la ted  hydroxyanisole  ............................................. 

Polyhydroxy compounds 
Pyrogal lo l  ........................................ ~ ............................ 
Gallic acid* ................................................................... 
P ropy l  ga l la te  ............................................................... 
Ph lorogluc inol  .............................................................. 
Hydroxyhydroqu inone*  ................................................ 
Hexahydroxybenzene .................................................... 

0.0 
0.0 
0.0 
0.0 
O.O 
0.31 
2.35 

1.00 
1.00 
0.0 
1.56 
1.41 a 

0.0 
0.0 
0.0 
0.16 

0.78 
1.O0 
0.94 
0.31 
0.31 
1 .25  

3.91 
2.97 
1.87 
0.16 
2.66 
0.0 

* Recrystal l ized before testing'. 
a Calculated for 0.5 mieromol per  g r am of lard.  

The comparat ive  activities of hydroquinone,  2,5-di- 
tert-butylhydroquinone,  cateehol, and p- ter t -bu ty l -  
catechol suggested that  a bulky alkyl group act ivated 
the compound if para to the ortho active groups but  
deactivated if ortho to para active groups, perhaps  
by a steric effect. Morris  and Riemenschneider also 
found that  alkylated cateehol was more effective than 
eatechol itself (6). 

The act ivat ing effect of tert butyl  groups was again 
demonstrated in the buty la ted  cresols a l though in 
these compounds the deact ivat ing effect was not ap- 
parent .  Bu ty la ted  hydroxy-anisole and a-tocopherol, 
while speci~al cases, seemed to conform to the ob- 
served generalizations. 

Hexabydroxybenzene  and  pyroeatechuic (2,3-di-  
hydroxybenzoic) acid, the inactivities of which are 
not readi ly  explained on the basis of structure,  were 
both insoluble in lard and hence inactive (17). The 
slight activities exhibited by two of the meta com- 
pounds were considered to be the result  of impuri t ies  
or experimental  error, or both. 

Summary 
An oven incubation method for  determining the 

relative effectiveness of antioxidants  is described, 
which has yielded results with an over-all average 
variat ion of 2.07%. The ant ioxidants  were compared 
on an equivalent molar  basis, and potencies are ex- 
pressed as a "catechol i ndex . "  

The catechol index of a given ant ioxidant  is de- 
fined as the ratio of its ant ioxidant  act ivi ty to that  
of an equivalent molar  concentrat ion of cateehol. 
I t  provides a quant i ta t ive measure of the relative 
effectiveness of various antioxidants,  which takes into 
consideration the concentration of antioxidant ,  the 
induction periods of the stabilized sample and con- 
trol substrate,  and, at least to some extent, the sub- 
strate used. 

Catechol indexes of 28 phenolic compounds are given 
and discussed, and several relationships between struc- 
ture  and antioxygenie act ivi ty  are pointed out. 
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