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Abstract 
The recent t rend toward increased use of poly- 

unsa tura ted  vegetable oils in the human diet 
has emphasized the need for bet ter  ant ioxidant  
systems than those current ly  available. This 
need led to a research p rogram in which a va- 
r ie ty  of experimental  antioxidants  were evalu- 
ated. Their selection was influenced by  general 
requirements for  food additives and by the re- 
suits of pr ior  ant ioxidant  studies in various fields. 
Emphasis  was placed on hydroxybenzene types, 
par t icu lar ly  subst i tuted hydroquinones. Oxida- 
tive stabil i ty tests employing the s tandard  A 0 M  
procedure and ] ] 0 P  shelf storage were used to 
screen the antioxidants  in polyunsatura ted  oils. 
The type and number  of subst i tuent  groups on 
hydroquinone had considerable effect on antiox- 
idant  potency. Some of the experimental  com- 
pounds, such as 4,4 '-methylenebis(5-accnaphthe- 
nol) and monoalkylhydroquinones,  were several 
times as effective in the test oils as food-approved 
antioxidants current ly  available. 

Introduction 

F OR NEARLY 20 YEARS synthetic antioxidants have 
played an important part in preserving the qual- 

ity of a variety of edible fats, oils, and food products 
(1). The most widely used, food-approved stabilizers 
include butylated hydroxyanisole (BHA), butylated 
hydroxytoluene (BIIT), propyl gallate (PG), and 
nordihydroguaiaret ic  acid (NDGA) .  Their  s t ructures  
are as follows: 

OH OH 

B H A  B H T  

COOCH2CH2CHa  

CH3 

OH 

PG N D G A  

These "p r imary"  antioxidants  are used f requent ly  in 
mixture  with a synergist  or a metal  deactivator such 
as citric acid. Government  regulations controlling 
the use of these direct  additives in food were out- 
lined in a recent paper  (2). Lundberg  (3) has tab- 
ulated both synthetic and natura l  food-approved sta- 
bilizers employed throughout  the world. 
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Despite the widespread use of antioxidants,  it ap- 
pears that  improvements  in food antioxidants  are 
needed. For  example, the use of ant ioxidants  in 
polyunsaturated vegetable oils, such as safflower oil, 
is restr icted due to the relat ively low stabilizing value 
of antioxidants  in these oils. Fur thermore ,  other de- 
ficiencies of individual  antioxidants are indicated, 
such as the odor of B H T  and BHA,  the lack of 
"ca r ry  through"  of PG and NDGA in food produets, 
the bit terness of NDGA, and the coloration of PG 
and NDGA due to their  contact with iron under  
some conditions of fa t  storage and food preparat ion.  
Finally,  more effective antioxidants which permit  
adequate stabilization at  lower concentrations are 
desirable. 

These considerations led to a screening program 
aimed at  the development of more ve r sa t i l e  antiox- 
idants to meet current  needs in a broad range of 
fat, oil, and food products. This paper  discloses the 
results of accelerated oxidation and shelf storage 
tests on about 60 experimental  and food-approved 
antioxidants  in safflower oil. The most effeetive com- 
pounds were tested also in cottonseed oil. A broad 
var ie ty  of types of antioxidants,  about 500 compounds, 
were evaluated dur ing this program.  The selection 
of these compounds was influenced by  general re- 
quirements for  food additives, as well as by the re- 
sults of pr ior  studies of antioxidants  in such sub- 
strates as foods, pet roleum products,  and polymers.  
However,  because of excellent potency as antioxidants 
in other applications, a number  of experimental  com- 
pounds which possessed possible defects were included 
purposely.  For  example, some po]yhydroxybenzene 
derivatives form undesirable colored complexes with 
metals, some sulfur  compounds present  odor prob- 
lems, and some ni trogen compounds are toxic. 

The l i terature  discloses numerous references to a 
var ie ty  of antioxidants  which have been proposed 
for fa ts  and oils. Most of these articles have been 
summarized by Piskur  and others in annual  litera- 
ture surveys (4,5). Examples  of the diversi ty of these 
antioxidants,  which include both na tu ra l  and syn- 
thetic products,  are shown in Table I. Other aspects 
of ant ioxidant  technology arc pertinent.  Fo r  example, 
Miller and Quackenbush discussed the effect of elec- 
tron-repell ing and electron-at tract ing substi tuents on 
the potency of phenolic antioxidants (6). K im and 
1,2ummerow found that  both potency and physical 

TABLE I 

Examples f rom the Literature of Antioxidants  Proposed for  Fats and Oils 

1. Derivatives of diphenylamine and phenylenediamines (18) 
2. Biphenyltetrol  derivatives (19) 
3. Te t rae thyl th iuram disulfide (20) 
4. Hydroxy  chroraans (21) 
5. 1-(3 ,4-Dihydroxyphenyl)-2-propen-l -one derivatives (22) 
6. ~-Alkylmercaptoketones (23) 
7. 6-Ethoxy-l ,2-dihydro-2,2,4-tr imethylquinoline (24) 
8. 2 ' ,4 ' ,5 ' -Tr ihydroxybutyrophenone  and  homologs (25) 
9. Gentisic acid and  sodium gentisate (26) 

10. 1-Phenyl-3,5-pyrazolidinedione (27) 
11. Thiobisphenols and methylenebisphenols (28) 
12. Osage orange extract (29) 
13. Quercet in derivatives (30)  
14. Toeopherols (31) 
15. eonidendrols  (32) 
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propert ies  of B H T  in corn oil were affected by vari-  
ous substi tuents on the r ing-methyl  group (7). Beal 
et al. studied the stabil i ty of safflower oil and its re- 
sponse to ant ioxidants  (8). The effects of light and 
metals on the stabil i ty of certain edible oils have 
been described (9,10). In  a recent extensive review 
on the polymerization of dry ing  oils, Wex]er dis- 
cussed the mechanisms of oxidation and its inhibition 
by antioxidants  (11). Finally,  Lundberg  has sur- 
veyed the general ut i l i ty  of antioxidants  in a wide 
var ie ty  of products  (12). 

Exper iments  and Results  

Two different oils were used in this work. These 
were commercial lots of refined safflower and cotton- 
seed oils, which contained no added antioxidant.  Both 
had zero peroxide content as received, and were kept  
re f r igera ted  in glass containers unti l  used. They were 
selected because of the recent interest in use of poly- 
unsa tura ted  fats  in the human  diet. 

All of the antioxidants  were screened at 0.05 wt 
% concentration in the safflower oil by two different 
oxidative stabil i ty tests. One of these was the well- 
known active oxygen method (AOM) of Riemen- 
schneider (13), wherein air is bubbled through a 
25-ml oil sample at 210F. The other test consists 
of storing 25-ml oil samples at  110F in loosely capped 
4-oz amber  glass bottles in a dark, forced-air oven. 
In  each test, oil s tabil i ty consists of determining the 
time required to develop a peroxide number  of 70 
(meq peroxide /kg  oil) by the Wheeler iodometric 
procedure (14). The use of two different oxidation 
tests provided information on the effects of temper-  
a ture  and dynamic aeration on ant ioxidant  potency. 

Following the screening phase, selected antioxidants  
were tested in both oils at lower concentrations which 
are more in line with current  practice. 

Discuss ion 

While food-grade antioxidants must  meet several 
var ied requirements,  it is obvious that  first they must  
be effective in re ta rd ing  oxidation. Thus, potency 
was selected as the basis for the screening program. 
Due to the number  of compounds evaluated in the 
program,  only single tests were conducted dur ing the 
screening phase. However, the results of duplicate 
tests by both the AOM and the l lOF  storage pro- 
cedures are shown for several compounds in Table 
I I  and indicate reasonably good repeatabil i ty.  

T A B L E  I I  
Potency of C~ammercial Ant iox idan t s  in  Safflower Oil 

Antioxidant 
Entry 0.05 wt % in  oil 

Oil l i fe (t ime to 
peroxide no. 70) ~a 

AOM Storage 
a t  210F  a t  110F 

hr  days 

7 
8 

9 
10 
11 

12 

None (control)  9 21 

Food-approved antioxidants 
Buty la ted  hydroxyanisole  ( B t t k )  9 ;10 b 21 ;21 ~ 
Buty la ted  hydroxytoluene ( B HT)  13 ; 12 49 ; 50 
Propy l  gallate ( P G )  24 ;23  103 ;81 
Nordihydroguaiaretic acid ( N D G A )  12 56 
2', 4 ' ,5 ' -Tr ihydroxybutyroph enone 21 ; 18 90 ; 101 

Other commercial antioxidants 
3,3 ' -Thiodipropionic  acid 65 193 
Di laury l  3,~'-Thiodipropionate 

(at 0 .072%)  9 113 
4,4 '-Thiobis [ 6-tert.-butyl-m-eresol ] 8 19 
2,2"-Thiobis [ 6-tert.-butyl-p-cresol] 10 21 
6-Ethoxy-l ,2-dihydro-2,2,4- 

t r imethy lqu ino l ine  11 14 
N, N'-Diphenyl-p-phenylenediamine 11 

The effect of oxidation test t empera ture  on anti- 
oxidant potency was of interest. Fo r  most of the 
compounds included in this study, ant ioxidant  rat-  
ings did not va ry  apreeiably between the AOM test 
and the l l 0 F  storage procedure. In  other words, 
a compound ra ted "good" by  the AOM test was also 
"good" in the 110F storage phase. I t  is interesting 
that  in the absence of antioxidants  the stability, or 
life, of the safflower oil was 9 hr  by the AOM test 
and 21 days by the ]10F storage procedure. 

Food-Approved Antioxidants 

The food-approved antioxidants  had moderate-to- 
low potency in safflower oil (Table I I ) .  The most 
effective of them, PG, increased the A 0 M  life to 
24 hr and the l l 0 F  storage life to about 92 days. 
PG was followed in decreasing order of activity by 
2 ' ,4 ' ,5 ' - t r ihydroxybutyrophenone  ( T H B P )  (15), B H T  
and NDGA, and BHA.  

Other Commercial Antioxidants 

Several other commercial antioxidants,  some of 
which are not approved for direct addition to foods, 
are listed in Table I I  also. They include well-known 
sulfur  and nitrogen derivatives which are said to 
be effective antioxidants in products  other than foods. 
With the exception of 3,3'-thiodipropionic acid 
( T D P A ) ,  these antioxidants  had little activity. De- 
spite food approved for some applications, apparent ly  
T D P A  is not used appreciably  in edible products 
due to odor and solubility problems (1). 

H y d r o q u i n o n e  a n d  C a t e c h o l  D e r i v a t i v e s  

Several hydroquinone derivatives were fouud to be 
potent antioxidants  in polyunsa tura ted  vegetable oil 
(Table I I I ) .  In  fact, the act ivi ty of hydroquinone 
itself (39-hr AOM life) was increased to about 80 
hr by the presence of certain subst i tuent  groups. 
This enhancement would have been even more pro- 
nounced if the comparison had been made on a molar  
basis ra ther  than a weight basis. With  one alkyl 
group on the benzene ring, the highest potency was 
obtained with the butyl  group (about 80 hr) .  In  
regard to the alkyl group configuration, little dif- 
ference in potency was observed between the sec.- 
butyl  and the t e r t . - b u t y l  groups by the A 0 M  test, 
but a highly branched oetyl group was superior to 

T A B L E  I I I  
Potency of 1{ydroquinone and Catechol Der iva t ives  in Safflower Oil 

Antioxidant 
E n t r y  0.05 wt  % in oil 

Oil l ife (time to 
peroxide no. 70) a 

AOh{ Storage 
at 210F at 110F 

hr  days 

1 None (control)  9 21 
2 t t y d r o q u i n o n e  39 191 
3 Methylhydroquinone  69 330 
4 2 ,3-Dimethylhydroquinone  36 261 
5 2 ,5-Dimethylhydroquinone  36 161 
6 2,3,5 -Tr imethylhydroquinone  19 65 
7 Tet r  amethylhydroquinone  9 9 
8 I sopropy lhydroqu inone  68 320 
9 s ee.-B u ty lhydroqa inone  80 256 

10 tert.-Butylhydroquino~e 79 372 
11 2,5 -D t-ter t -buty lhydroquinone  42 263 
12 Pen tu  50 203 
13 Cyclohexylhydroqtt inone 49 175 
14 Octylhydroquinone  46 208 
15 (1 ,1 ,3 ,3-Tetramethylbutyl )  hydroquinone  61 253 
16 Dodecylhydroquinone 34 162 
17 )s  61 296 
18 Chlorohydroquinone  22 80 
19 3 ,6-Dihydroxyphthal ic  acid 10 44 
20 n i e t h y l  3 ,6-dihydroxyphthala te  9 25 
21 Catechol 12 25 
22 4-tert.-ButylcatechoI 12 38 
23 3-~Iethyl-6-isopr opylcatechol 13 69 

a Meq p e r o x i d e / k g  oil. 
b Dupl ica te  tests, a Meq p e r o x i d e / k g  oil. 
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T A B L E  I V  
Effect  of Subs t i t uen t s  on Po t eney  of t t y d r o q u i n o n e  in Safflower Oil 

A n t i o x i d a n t  E n t r y  0.05 w t  % in oil 

R on hydroqu inone  
O H  Oil l i fe  ( t ime  to 
1 peroxide  no. 70)  ~ 

I [[--R A O M  Sto rage  
" ~ /  a t  2 1 0 F  at  110/~ ~ 

r h r  days  1 2,6-Di-tert.-butylphenol 9 28 
O t t  2 2,6-Di-ter t . -butyl-4-ethylphenol  10 36 

3 2,6-Di-tert-butyl-4-isopropylphenol 11 31 
1 None  ........ 9 21 4 2,4, 6 -Tr imethylphenol  11 29 
2 t I y d r o q u i n o n e  - - I t  39 191 5 6-tert.-Butyl-2,4-xylenol 11 33 
3 2 ,5 -Dihydroxypheny l  6 2,4, 6-Tr is  (1-methylhepty l )  phenol  9 

methyl  ke tone  - - C O C H a  9 22 7 1 ,2 ,3-Benzenetr io l  28 177 
4 2', 5 " -n ihydroxybu ty ro -  8 4-Butyl - l ,2 ,8-benzenet r io l  28 165 

phenone  --COOHeCH=.CHa 9 26 9 1 ,2 ,4-Benzenet r io l  89 511 
5 (1 ,1 ,3 , a -Te t ramethy lbu ty l )  - 10 5-$ert.-Butyl-l,2,4-benzenetriol 30 145 

hydroqu lnone  CH~ CHa 11 Gallic ac id  27 88 
[ [ 12 I Iexy l  gal la te  22 89 

--CCH~CCI-I3 61 253 13 1-Naphthol  15 31 
] [ 14 1 ,5-Naphtha lenedio l  25 100 

CH8 CI-I~ 15 1 ,7-Naphtha lenedio l  26 80 
6 P h e n y l h y d r o q u i n o n e  --C6Ho~ 37 169 16 5-Acenaphthenol  92 320 
7 Me thoxyhydroqu inone  --OC.tt~ 61 296  17 4 ,4 ' - i~e thylenebis  (5 -acenaph theno l )  115 544 
8 P h e n o x y h y d r o q u i n o n e  --OC6H~ 30 112 18 6-tert.-Butyl-2,2-dimethyl-5-benzofuranol 16 29 
9 Gent i s i c  acid  - - G O O H  14 37 19 7-tert.-Butyl-2,2,4-trimethyl-6-chromanol 11 27 

10 P ropy l  gen t i sa t e  - -C  0 0 CH~CtIeCI-Ia 9 21 
a Meq p e r o x i d e / k g  oil. 
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T A B L E  V 
Po tency  of Miscel laneous  I I y d r e x y  A r o m a t i c  Compounds  in  Safflower Oil 

Oil l i fe  ( t ime  to 
peroxide  no.  70)  a 

Antioxidant E n t r y  0.05 w t  % in oil 

a iVfeq p e r o x i d e / k g  oil. 

a normal octyl group. In  regard to the effect of the 
number  of alkyl groups on the benzene ring, the 
data for five different methyl-subst i tuted hydroqui- 
nones provide an interesting comparison (entries 3-7, 
Table I I I ) .  While the presence of one methyl  group 
caused an increase in potency, the presence of two, 
three, or four  methyl  groups caused a progressive 
decrease in potency to the point of complete inac- 
t ivi ty for te t ramethylhydroquinone.  The superior i ty  
of one alkyl substi tuent over two is seen also in the 
case of the tert.-butyl derivatives (entries 10 and 11). 
A methoxy group appeared  to be a desirable sub- 
st i tnent on hydroquinone (en t ry  17), but  a ehloro 
group reduced the potency (ent ry  18). 

In  contrast  to the hydroquinone series, cateehol 
and two of its a]kylated derivatives had low anti- 
oxidant potency in safflower oil. 

Addit ional  information on the effect of substi tuents 
on the potency of hydroquinonc is shown in Table 
IV. The re]lowing groups caused reduction in anti- 
oxidant value:  ketone (entries 3 and 4), carboxy 
(ent ry  9), and ester (en t ry  10). The oetyl group 
was superior  to the phenyl  group (entries 5 and 6), 
and the methoxy group was preferable  to the phenoxy 
group (entries 7 and 8). I t  should be emphasized 
that  these group effects, as well as the relative rat-  
ings assigned to the different ant ioxidant  types, may 
not apply  in other substrates, such as gasoline or 
rubber. 

O t h e r  I t y d r o x y - A r o m a t i c  C o m p o u n d s  

A series of a]kylated phenols, with var ia t ion in 
number,  location, and configuration of the alkyl 
groups, were relatively ineffective as antioxidants  in 
safflower oil (Table V) .  Some of these compounds 
were similar to B H T  in potency. 

In  the benzenetriol series, 1,2,4-benzenetriol was 
very effective (89-hr AOM life),  being more potent 
than 1,2,3-benzenetriol. 

In  the naphthol  series, 1,5-naphthalenediol and 1,7- 
naphthalenediol  were much more effective than 
1-naphthol. Certain naphthalenediols presumably  can 
lose protons, while funct ioning as antioxidants,  to 
assume quinoidal s t ructures  in the manner  proposed 
for hydroquinone and eateehol, as follows: 

O H  O 

A01~I S to rage  
at 2 1 0 F  at  l l 0 F  

h r  d a y s  

Among the most potent  antioxidants  found in this 
work were 5-aeenaphthenol and 4.4 '-methylenebis(5- 
acenaphthenol) ,  as seen in entries 16 and 17 of Table 
V (16). The la t ter  compound, which has the follow- 
ing structure,  increased the AOM life of the safflower 
oil to 115 hr. 

H ~ C _ _ C H 2  

CH2~ 
O H  O H  

Certain chromanols and benzofuranols,  which have 
s t ructura l  components similar to those of BHA,  have 
been proposed as antioxidants  (17). However,  in saf- 
flower oil, compounds of these types (entries 18 and 
19, Table V) were relat ively inactive. Their  s t ru t -  
tures are : 

E x t e n s i v e  E v a l u a t i o n  

( C H  3) 3C J ~ ' ~ O " ~  C H  3) 2 

CH 3 

On the basis of potency, solubility, and other con- 
siderations, tert.-butylhydroquinone ( T B H Q )  was 
selected for extensive comparison with food-approved 
antioxidants  as a potential  stabilizer for  edible fats  
and oils. I t s  s t ructure  is as follows: 

OH ~ C(CH3) a 

OH 

The results of both the AOM test and the l l 0 F  
storage tests at several concentrations of ant ioxidant  
in safflower and cottonseed oils are shown in Figures  
1 and 2. tert.-Butylhydroquinone was quite superior  
to the food-approved antioxidants  in both oils at con- 
centrations f rom 0.01 to 0.05%. At  a concentration 
of 0.025%, tert.-butylhydroquinone was between two 
and three times as effective as propyl  gallate in in- 
creasing oil life in both oxidation tests. 

In  summary,  the need for  more useful antioxidants  
in polyunsatura ted  edible oils led to a screening pro- 



686 T H E  J O U R N A L  O F  T H E  A M E R I C A N  O I L  C H E M I S T S '  S O C I E T Y  V O L .  43 

AOM LIFE, 
HR. 

80 

60 

40 

20 

STORAGE LIFE, 
110~ DAYS 

H 400 -TBHQ 

300 

PG 
THBP 100 BHABNT ~ B H T  THBP 

i I T q ~ , f f i I TBHAj 
0.02 0.04 0.06 0.02 0.04 0.06 

ANTIOXIDANT CONCN. IN ANTIOXIDANT CONCN. IN 
SAFFLOWER OIL, WT. % SAFFLOWER OIL, WT. % 

FzG. 1. A n t i o x i d a n t  p o t e n c y  in  s a f f lower  oil .  

gram which disclosed several experimeutal  stabilizers 
with higher potency than current  food-approved anti- 
oxidants. Good correlation was observed between the 
210F AOM and the 110F storage rat ings for nlost 
of the antioxidants  studied. On the basis of encour- 
aging pre l iminary  results and toxicity studies, one 
of these compounds, tert.-butylhydroquinone, is un- 

AOM LIFE, 
HR. 
80 

60 

40 

20 

TBHQ 

.••THBP 
BHT 
BHA 

I I I I I i 
0.02 024 0.06 

ANTIOXlDANT CONCN. IN 
COTTONSEED OIL, WT. % 

STORAGE LIFE, 
llO~ DAYS 

400 TBHQ 

300 ~ ~  
PG 

200 .*** 
P 

100 T 

BHA 
r i i i ] J 

0 0.02 0.04 0.06 

ANTIOXIDANT CONCN. IN 
COTTONSEED OIL, WT. % 

FIG. 2. A n t i o x i d a n t  p o t e n c y  in  c o t t o n s e e d  oil. 

dergoing fu r the r  evaluation for potential  use as a 
food-grade antioxidant.  
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