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ABSTRACT 

The stability of unsaturated metlayl 
esters of fatty acid adsorbed on silica gel 
and silicic acid was studied by gas liquid 
chromatographic estimation of disappear- 
ance relative to a saturated internal stan- 
dard. Variables included silica-ester ratio, 
agitation, adsorbent particle size, and 
degree of unsaturation. Under the con- 
ditions of  the experiment, destruction of 
substrate unsaturated ester at 80 C was 
more a function of time than of unsatu- 
ration or initial purity. 

I NTRODUCTION 

It was recently shown (1,2) that stability of 
unsaturated oil and methyl esters of polyun- 
saturated fatty acids is greatly increased when 
adsorbed on silica gel. This finding was con- 
sidered significant, not only from a practical 
viewpoint but also because of its possible 
implication of a mechanism of autoxidation 
different from that elucidated in solutions or in 
neat oils (3-6). It may also have a bearing on 
the mechanism of autoxidation of lipids in 
some ordered arrangement as in layers or 
membranes (7,8), a reaction that has been 
implicated in oxidative tissue damage as in the 

1Dept .  of  Chemis t ry ,  Univers i ty  of  Sou the rn  Cali- 
fornia ,  Los Angeles 90007 .  

aging process (9). 
In a further extension of this research, a 

comparison has been made of the rates of 
oxidation of methyl esters with different de- 
grees of unsaturation adsorbed on silica gel. The 
results appear to confirm the different mecha- 
nism of autoxidation of adsorbed polyunsatu- 
rates. 

MATERIALS AND METHODS 

Pentane, cyclohexane, diethyl ether, silica 
gel (J.T. Baker 3405, lot 34110) and silicic acid 
(J.T. Baker 0324, lot 32080, 200-325 mesh) 
were reagent grade and were used without 
further purification. The adsorbents contained 
some metal impurities, as determined by emis- 
sion spectroscopy. The ppm of Fe, Co, Ni, Cu, 
Ca and Mg were 100, not  detected (ND), 0.8, 
0. 1, 45 and 120, respectively, for the silica gel, 
and 5, ND, 0.5, 0.2, 1 and 0.1, respectively, for 
the silicic acid. Traces of Ti, AI and Na were 
observed; no detectable amounts of Cr, Sr, Ba 
or Ag were found. Methyl linolenate, methyl 
eicosapentaenoate and methyl docosahexaeno- 
ate were of variable purity, which was checked, 
in part, by UV spectrum and gas liquid chro- 
matographic (GLC) purity. 

A rotating shaker was altered in such a way 
that vigorous agitation of the solid adsorbent 
could be achieved. The shaker was maintained 
at 80 C. 

T A B L E  1 

Oxida t ion  o f  U n s a t u r a t e d  Esters on Silica Gel at 80 C 

Per cen t  ox id ized  
Methyl  T ime ,  
esters  days E x p e r i m e n t  1 a E x p e r i m e n t  2 b E x p e r i m e n t  3 b 

18:3 2 67 --- 63 
20 :5  2 70  - -  
22 :6  2 . . . . .  69 ,64  
18:3 4 89 87 82 
20:5  4 91 . . . .  
22 :6  4 ~ 83 90 

aDisappea rance  o f  0.5 mg  u n s a t u r a t e d  es ter  on 0.5 silica gel was m e a s u r e d  relat ive to 0.1 
m g  Me 18:0.  The unsa tura ted  esters  c o n t a i n e d  s ignif icant  con juga t ion .  Gas l iquid c h r o m a -  
t og raphy  on EGS. 

bDi sappea rance  o f  0 .5-0.6  nag u n s a t u r a t e d  esters on 0.5 g silica gel was m e a s u r e d  relat ive 
to 0 .05 m g  Me 16:0  and 0.1 mg  Me 20 :0 .  Gas l iquid c h r o m a t o g r a p h y  on OV-1.  
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T A B L E  I I  

E f f e c t  o f  G e l - U n s a t u r a t e d  E s t e r  R a t i o  

Methyl 
ester 

Gel Per c e n t  o f  
U n s a t u r a t e d  or ig ina l  o x i d i z e d  a 

ester ,  g / r a g  2 Days  4 Days  

1 8 : 3  0 . 2 0  63  88  
1 .0  67  89  
2 . 0  62  90  

2 0 : 5  0 . 1 9  62 88  
0 . 9 2  70  91 
1 .8  6 8  87 

aDisappearance of 0.5 mg of unsaturated ester was 
measured relative to 0.1 mg Me 18:0. Gas liquid chro- 
matography on EGS. (Experiment 1 oxidation values 
for gel-ester ratio = I also appear in Table I.) 

Gas Liquid Chromatography 

Analyses  for  the first e x p e r i m e n t s  were 
p e r f o r m e d  wi th  polar  co lumns .  A Barber-  
Co lman  Model  20 appa ra tus  was equ ipped  wi th  
a 6 f t  x 1/8 in. 12% DEGS co lumn.  A 
Barber -Colman  Model  10, wi th  a f lame- 
ion iza t ion  d e t e c t o r  was equ ipped  wi th  a 40  in. 
x 6 m m  12% EGS co lumn .  Because the re ten-  
t ion  t ime for  22 :6  at  the  m a x i m u m  recom- 
m e n d e d  t e m p e r a t u r e  (195 C) was ca. 45 min,  
la ter  analyses were p e r f o r m e d  using a n o n p o l a r  
co lumn.  A 40  in. x 6 mm 3% OV-1 c o l u m n  was 
used in the  Barber -Colman  Model  10. The  
r e t e n t i o n  t ime  of Me. 2 2 : 6  on the  n o n p o l a r  
c o l u m n  was 22 min  at 185 C and  20 psig A. 

Calculations 

The progress of a u t o x i d a t i o n  was measured  
on GLC by the  d i sappearance  of  the  unsa tu-  
ra ted  m e t h y l  ester  relat ive to tha t  of  an added 
sa tu ra ted  ester.  The s a tu r a t ed  ester  was pre- 
sumed  u n c h a n g e d ,  a l t hough  it is recognized  
t ha t  s a tu ra t ed  esters may  au tox id ize  (10) .  F r o m  
relative a u t o x i d a t i o n  rates  of 1 : 1 0 0 : 1 0 0 0  for  
Me 18:0,  Me 18:1 and  Me 18:2 (11) ,  i t  was 
p r e s u m e d  t h a t  the  sa tu ra t ed  ester  would  be 
subs tan t ia l ly  u n c h a n g e d  as long  as a t race of 
u n s a t u r a t e d  es ter  r emained .  

The  per  cen t  of  the  original u n s a t u r a t e d  
ester  r ema in ing  was e s t ima ted  f rom the  ra t io  
unsat . -sat ,  a f te r  ox ida t ion  and  ex t r ac t ion .  This 
ra t io  was divided by the ini t ia l  unsat . -sat ,  ra t io  
and  mul t ip l i ed  by  100. Weight ra t ios  were used 
for ca lcu la t ion  of  the  ini t ial  m ix tu re s  unless  
GLC ind ica ted  gross deviat ion.  In these  in- 
s tances,  GLC init ial  ra t ios  were used. Single 
values in tables  r ep resen t  single ch r om a t og r am s .  

Procedure 

The  d i sappearance  of  u n s a t u r a t e d  m e t h y l  
esters relat ive to  s a tu r a t ed  in te rna l  s t andards  
was measu red  by GLC. Methyl  esters  were 

depos i t ed  on  a silica s u p p o r t  by  p i p e t t i n g  
appropr ia t e  vo lumes  of  u n s a t u r a t e d  and sat- 
u ra ted  ester  so lu t ions  i n to  a flask con ta in ing  a 
cyc lohexane  slurry of  silica gel or silicic acid. 
Cyc lohexane  was used to p repare  the  s t andard  
so lu t ions  since t hey  cou ld  be s to red  at -20 C in 
the  solid state.  I t  was h o p e d  t ha t  immobi l i -  
za t ion  in this  m a n n e r  migh t  decrease  au tox i -  
da t ion  dur ing s torage and,  indeed  the  poly-  
unsat . -sat ,  ra t ios  of  f reshly  mixed  - s t o c k  
so lu t ions  showed  no  s ignif icant  decrease dur ing  
6 m o n t h s  of storage.  C o n c e n t r a t i o n s  of  unsa tu-  
ra ted  m e t h y l  esters  in the so lu t ions  were ca. 0.5 
m g / m l  cyc lohexane .  

The  flasks, c o n t a i n i n g  cyc lohexane ,  silica 
and ester ,  were swirled to mix  the  c o n t e n t s  and  
the so lvent  was r e m o v e d  u n d e r  vacuum on a 
ro t a t i ng  evapora to r ,  be low 50 C. The  dry pow- 
der  was t r ans fe r red  to  a clean 125 ml Erlen-  
meye r  flask to avoid an es ter  fi lm on the  inside 
surface of the  original flask. 

The  flasks were h e a t e d  at  80  C open  to air. 
Por t ions  (80 -200  mg) were r emoved  at intervals  
w i th  a small  porce la in  spoon  for  GLC analysis.  
The  silica was t r ans fe r red  to  a 9 in. glass 
disposable  Pasteur  p ipe t te  c o n t a i n i n g  a small  
plug of  pyrex  wool .  Esters were ex t r ac t ed  f rom 
this small  c o l u m n  wi th  two  or three  1 ml 
po r t i ons  of  d ie thy l  e ther .  The  solvent  f rom 
each e x t r a c t i o n  was evapora t ed  in a s t ream of  
n i t rogen  before  the  nex t  ex t rac t ion .  The  1 ml 
vials con ta in ing  the  so lvent  were held in a 
hea t ing  b lock  at 35 C un t i l  the  solvent  had  jus t  
evapora ted ,  and  the  resu l t ing  m e t h y l  es ter  
mix tu re  was sub jec ted  to  GLC analysis as 
rapid ly  as possible.  

RESULTS 

Several types  of  e x p e r i m e n t s  were carr ied 
out ,  all at 80 C. This  t e m p e r a t u r e  was con-  
ven ien t ly  accessible,  ye t  h igh enough  so tha t  
reasonably  fast o x i d a t i o n  ra tes  prevailed.  I t  was 
first c o n f i r m e d  t h a t  th in  f i lms of  u n s a t u r a t e d  
esters, t ha t  is, f i lms no t  adso rbed  on silica gel or  
on silicic acid bu t  s imply spread  on the b o t t o m  
of a 125 ml E r l e n m e y e r  flask, u n d e r w e n t  the  
n o r m a l  rapid  au tox ida t i on .  Samples  of 0.25-0.5 
mg Me 18:3 were 21% oxid ized  af te r  30 min  
and 63% oxid ized  af te r  1 hr  at 80 C. Similar  
samples  of  Me 22 :6  were 66% oxidized  af te r  30  
min  and  96% oxid ized  a f te r  l hr.  Esters w i th  
d i f fe rent  degrees o f  u n s a t u r a t i o n  oxidize at 
d i f fe ren t  rates,  as is usual ly  expec ted .  The  ra te  
is cons iderab ly  more  rapid  t h a n  w h e n  adsorbed ,  
since, as seen below,  the  same a m o u n t  of  e i the r  
es ter  requi red  4 days for  80-90% ox ida t ion .  
Thus the  earlier obse rva t ion  of decreased sur- 
face ox ida t ion  (2)  is con f i rmed .  
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Most  of the  e x p e r i m e n t s  were carr ied ou t  
wi th  the  use of  silica gel as the  adsorben t .  A 
first set of  resul ts  is given in Table  I, u n d e r  run  
1. We were conce rned ,  however ,  t ha t  a l t hough  
freshly opened  vials of mater ia l  were used,  
there  was ev idence  of  c o n t a m i n a t i o n  by  oxi- 
da t ion  produc ts .  The 1 8 : 3 / 1 8 : 0  ra t io  was 4.49 
by GLC for a m i x t u r e  made  up to have a ra t io  
of  4 .80  w/w.  Worse, the  2 0 : 5 / 1 8 : 0  ra t io  was 
2.95 by GLC as c o m p a r e d  to  5.23 w/w. Also, 
the UV spectra  ind ica ted  the  presence of  some 
con juga ted  diene in the  18:3 mater ia l  and of  
b o t h  con juga ted  d iene  and  t r iene  in the  20 :5  
mater ia l .  I t  is k n o w n ,  of course,  t ha t  in the  
usual a u t o x i d a t i o n  studies,  impur i t i es  can have 
s ignif icant  e f fec ts  (3 ,6 ,12-14) .  

New samples  of  esters  were the re fo re  used 
for  runs  2 and  3 of  Table I. No con juga ted  
dienes were seen in e i the r  sample .  Moreover  the 
2 2 : 6 / 2 0 : 0  ra t io  was 5.44 by  GLC and 5.52 
w/w,  or the  same wi th in  e x p e r i m e n t a l  e r ror ;  
even be t t e r  ag reemen t  was f o u n d  be tween  the  
18:3/20:0 ratios.  The results  of  the  three  runs  
are essent ial ly  the  same, however ,  and it thus  
appears  t h a t  the  presence of  ox ida t ion  impur i -  
ties does no t  mater ia l ly  af fec t  the  ox ida t ion  
rates of  the  adso rbed  ester.  As a p recau t ion ,  
however ,  all s u b s e q u e n t  runs  were made  wi th  
the  second set of samples.  

A second series of  e x p e r i m e n t s  was p l anned  
to d e t e r m i n e  the ef fec t  of  va ry ing  the ra t io  of  
ester  to  silica gel. The resul ts  of  a 10-fold 
var ia t ion  are s u m m a r i z e d  in Table II. No 
s ignif icant  e f fec t  is present .  

A po in t  o f  i n t e r e s t  was w h e t h e r  our  uni-  
fo rmly  slow ox ida t i on  rates  for  the  adsorbed  
esters cou ld  poss ibly  be a re f lec t ion  of  oxygen  
di f fus ion to  the  surface as a ra te  l imi t ing  step. 
To check this  poss ibi l i ty ,  Me 18:3 and Me 22 :6  
adsorbed  on silica gel were a l lowed to oxidize 
u n d e r  cond i t ions  of  v igorous  shaking  such  tha t  
the  part icles  were c o n t i n u o u s l y  t umb led .  The  
resul ts  of  the  d y n a m i c  ( shaken)  and stat ic 
( u n s h a k e n )  runs are given in Table  III. There  
appears  to be no  ef fec t  of  great ly increas ing the 
ease of  access of  oxygen  to the  silica gel 
particles.  

The 2-4 day per iods  used for  mos t  of the  
runs a l lowed suff ic ient  ox ida t i on  to occur  for  
any dif ferences  in rates  b e t w e e n  the var ious 
esters to  be magnif ied .  I t  was desirable,  how- 
ever, to  inves t igate  the  ox ida t i on  rate  law more  
closely by o b t a i n i n g  values for  the  degrees of 
ox ida t ion  at  sho r t e r  t imes.  A set of such runs  
gave results  s u m m a r i z e d  in Table  IV. These  
results ,  be ing  r e p o r t e d  as per  cen t  of original 
ester  oxidized,  necessar i ly  exh ib i t  more  sca t t e r  
than  do the  data  for  the longer  t imes.  The po in t  
is t ha t  ou r  ac tual  m e a s u r e m e n t  is of  the relat ive 

T A B L E  III 

C o m p a r i s o n  o f  D y n a m i c  a n d  S t a t i c  
Oxidation o f  U n s a t u r a t e d  Es te r s  a t  80  C 

Per  c e n t  o f  
M e t h y l  T ime ,  or ig ina l  o x i d i z e d  a 

es te r  days  D y n a m i c  S ta t i c  

18 :3  2 58 (60)  b 50  (54)  b 
2 2 : 6  2 63  63  
18 :3  4 88 83 
2 2 : 6  4 91 88 (87)  b 

a D i s a p p e a r a n c e  o f  0 . 5 - 0 . 6  m g  u n s a t u r a t e d  es te r  o n  
0 .5  g sil ica gel was  m e a s u r e d  re la t ive  to  0 .05  m g  Me 
t 6 : 0  a n d  0.1 m g  Me 2 0 : 0 .  Gas  l iqu id  c h r o m a t o g r a p h y  
on  O V - I .  

b D u p l i c a t e  gas l i qu id  c h r o m a t o g r a p h y  va lue .  

a m o u n t  of  ester  no t  oxidized,  and  the  per  cen t  
ox ida t ion  is o b t a i n e d  by c o m p a r i n g  this  mea- 
s u r e m e n t  wi th  t h a t  for  an u n t r e a t e d  or refer- 
ence sample.  Each  m e a s u r e m e n t  separa te ly  is 
subject  to  ca. 5% u n c e r t a i n t y  in abso lu te  value, 
a l t hough  the precis ion is ac tual ly  s o m e w h a t  
be t ter .  The ef fec t  is t h a t  the  smaller  the  degree 
of reac t ion ,  the more  u n c e r t a i n  is its ac tual  
value. A r epo r t ed  10% degree of  r eac t ion  is, for  
example ,  p r o b a b l y  subjec t  to  50% relative 
error.  With  this  aspect  in mind ,  there  appears  to  
be no  s igni f icant  d i f fe rence  in ox ida t ion  rate  
be tween  the  various esters,  w i th  the  possible 
excep t ion  of  the 3.5 hr  results .  

Final ly,  we wished to tes t  for  sensi t ivi ty  to  
at least  m i n o r  changes  in the n a t u r e  of the  
adsorben t .  This was done  by car ry ing  ou t  a set 
of  runs us ing  silicic acid. The resul ts  are given in 
Table  V. Silicic acid appears  to  be a s o m e w h a t  
more  iner t  s u p p o r t i n g  mater ia l  t han  silica gel, 
a l t hough  the  e f fec t  is no t  large. I t  shou ld  be 
n o t e d  t h a t  the  a p p a r e n t  e s t e r -adsorben t  rat ios 
may n o t  be s t r ic t ly  c o m p a r a b l e  be tween  the  
two adsorben t s .  The silica gel was 60-200  mesh,  
while the  silicic acid was 200-325 mesh;  the  
average part icle sizes and  p robab ly  also the  
specific surface areas were thus  di f ferent .  In  
addi t ion ,  the  loss in weight  on ign i t ion  was 
8.2% for the  silica gel and  23.8% for the silicic 
acid, accord ing  to the  m a n u f a c t u r e r ' s  specifica- 
t ions.  This means  t h a t  the  n u m b e r  of  surface 
sites per  gram of  mater ia l  was p r o b a b l y  dif- 
ferent  for  the  two  adso rben t s ,  even for  the  
same mesh  size part icles.  Moreover  the  na tu re  
of such  sites may have been  s o m e w h a t  d i f fe ren t  
because of  the  d i f fe ren t  water  c o n t e n t .  

DISCUSSI ON 

The above  resul ts  appear  to  suppo r t  the  
fo l lowing i m m e d i a t e  conclus ions :  (a) Ox ida t ion  
rates for  adsorbed  u n s a t u r a t e d  esters are one-  
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TABLE IV 

Early Stages of Oxidation a 

Methyl ester Hours 80 C Per cent oxidized Average per cent oxidized 

18:3 3.5 O, 6.8 3.4 
22"6 3.5 16.6 (17.2), b 20.2 18.4 
18:3 5.75 c 16.5, 20.1 18.3 
22:6 5.75 c 28.8 (29.0), b 21.9 25.3 
1 8 : 3  22 c 48.2, 47.3 47.8 
22:6 22 c 56.5, 53.4 55.0 

aDisappearance of 0.5-0.6 mg unsaturated ester on 0.5 g silica gel was measured relative 
to 0.05 nag Me 16:0 and 0.1 mg Me 20:0. Gas liquid chromatography on OV-1. 

bDuplicate gas liquid chromatography value was not used in average to prevent weighting. 
CSamples were removed and stored at -20 C and extracted just before analysis. 

t w e n t i e t h  to  o n e - t h i r t i e t h  as fast as those  for  
esters in bulk.  (b)  The  ox ida t i on  ra tes  of  
adsorbed  esters  are n o t  sensi t ive to  (c) the  
e s t e r - adso rben t  ra t io  at  the  level of  1 mg/g,  (d)  
var ia t ion  in the  ease of  access of oxygen  to  the  
surface of  the  par t ic les  of  adso rben t ,  or (e) to  
the molecu la r  weight  or the  degree of  unsa tu -  
ra t ion  of  the  ester.  Final ly ,  (f)  the ra te  may  be 
sensit ive to  the  type  of  silicious a d s o r b e n t  used.  

The  data  were t es ted  wi th  var ious  ra te  laws, 
using average values for  the  degrees of oxida-  
t ion of  each  es ter  at each  of  the  var ious t imes,  
as o b t a i n e d  f rom the  indiv idual  obse rva t ions  
r epo r t ed  in Tables I-IV. The resul ts  agree fairly 
well wi th  the  first  o rder  ra te  law, A / A  o = e "kt, 
where  A /Ao  deno te s  the  f rac t ion  of  es ter  
r ema in ing  at t ime  t, an d  k is the a p p a r e n t  first 
order  ra te  cons t an t .  The c o r r e s p o n d i n g  semi- 
logar i thmic  p lo t  is s h o w n  in Figure 1. With the 
e x c e p t i o n  of  the  3.5 hr  po in t  for Me 18:3,  all 
of  the  data  lie suf f ic ien t ly  close to a s t ra ight  
l ine for  d i s t inc t ions  b e t w e e n  the  esters to  seem 
u n w a r r a n t e d ,  in c o n f i r m a t i o n  of  p o i n t  (e) 
above.  ( S o m e w h a t  b e t t e r  ag reemen t  does  resul t  
if  separa te  s t ra ight  l ines of  sl ightly d i f fe ren t  
slope are f i t t ed  to  the  18:3 and  the  22 :6  po in t s ,  
bu t  it is d o u b t f u l  t h a t  the  precis ion of the  data  
jus t i f ies  this  level of  detai l . )  The data  do no t  fit  
a s imple  second  o rde r  p lo t  ( A o / A  vs. t)  at all, 
n o r  do they  give a s t ra ight  l ine when  p l o t t e d  as 
A / A  o vs. t l / 2 ,  or as (1 -A/Ao)2  vs. t.  These  last 
are fo rms  some t imes  fo l lowed  when  d i f fus ion  
t h r o u g h  a deepen ing  layer  of  mater ia l  is in- 
volved (15a) .  

R e t u r n i n g  to the first o rde r  plot ,  the line in 
Figure 1 is d rawn so as to  i n t e r c e p t  A /Ao  = 
90% at t = 0; this  gives a b e t t e r  fi t  to the  po in t s  
than  does a l ine drawn to  A / A  o = 100%. Such  
an i n t e r c e p t  suggests the  presence  of  a fast 
c o m p o n e n t  to  the  ra te  law. This c o m p o n e n t  
cou ld  be bulk phase  ox ida t ion  occur r ing  dur ing  
the  p repa ra t i on  of  the  sys tem,  bu t  we have no  
reason  to  believe t h a t  ou r  p rocedures  cou ld  
have caused an acce le ra t ion  of  this  o rd inar i ly  

slow process.  A n o t h e r  e x p l a n a t i o n  is suggested 
below. I t  shou ld  be n o t e d  t ha t  the  3.5 hr  p o i n t  
for  Me 18:3 would ,  i f  given full weight ,  suggest 
a 1-2 hr i n d u c t i o n  period.  A more  de ta i led  
inves t iga t ion  would  be n e e d e d  to  es tab l i sh  such 
a fea ture ,  however .  

The  resul ts  for  silicic acid are i nc luded  in 
Figure 1. If  f irst  o rder  behav io r  is assumed,  the  
ox ida t ion  ra te  is a b o u t  two- th i rds  of  t h a t  on  
silica gel. The data,  while l imi ted ,  are fi t  bes t  by  
a l ine drawn to 100% A/A  o at t = 0, suggest ing 
tha t  no  fast  c o m p o n e n t  is p resen t  in the  ra te  
law. 

An aspect  of  possible i m p o r t a n c e  to  any 
discussion of  m e c h a n i s m  is the  fol lowing.  The  
specific surface area of  ou r  samples  is ca. 300  
m2g  -1 (16 ,17) .  I f  we take  the  radius of  325 
mesh  mater ia l  to  be ca. 2x10  -4 cm and  the  
dens i ty  of  silica gel to  be ca. 2.5, t h e n  for  
spherical  part icles  the specific surface area is ca. 
0.5 m2g  -1. Thus  mos t  of  the  " s u r f a c e "  of our  
adso rben t s  mus t  be in te r io r  surface;  the  mate -  
rials are highly porous .  The  adsorbed  esters are 
p r o b a b l y  d i s t r ibu ted  fair ly u n i f o r m l y  th rough-  
out  the  in te r io r  of  each  part icle .  A possibi l i ty  
t ha t  mus t  be cons idered ,  t he re fo re ,  is t h a t  a 
bu lk- type  r eac t ion  is occur r ing  in our  sys tems 
bu t  t ha t  i t  is slow because  of  be ing  l imi ted  in 
rate by tha t  of  d i f fus ional  access of  the  oxygen .  
The lack of  d e p e n d e n c e  of  the  ra te  on  the  
degree of  ag i ta t ion  is n o t  diagnost ic ,  since 
d i f fus ion of oxygen  i n to  and  t h r o u g h  individual  
part icles  cou ld  be the  slow step.  There  are, 
however ,  some coun t e r i nd i ca t i ons .  Oxygen  dif- 
fusion in to  part icles  shou ld  n o t  obey  a first 
order  ra te  law; also qual i ta t ive  observa t ions  on 
the  t e m p e r a t u r e  d e p e n d e n c e  of  the  ox ida t ion  
ind ica te  t ha t  i t  is m u c h  larger t han  would  be 
expec t ed  for  a gas d i f fus ion  process.  For  
example ,  the  earl ier  resul ts  (2)  ind ica ted  ca. 
30% ox ida t ion  of esters wi th  th ree  or more  
bonds  on  silica gel a f te r  63 days at 4 C while 
the  p resen t  results  show tha t  on ly  ca. 1 day is 
requi red  at  80 C. The c o m p a r i s o n  generates  an 
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T A B L E  V 

O x i d a t i o n  o f  U n s a t u r a t e d  
Esters  on  Silicic A c i d  a t  80  C a 

M e t h y l  T i m e ,  Per c e n t  o x i d i z e d  

es te r  days  E x p e r i m e n t  2 E x p e r i m e n t  3 

1 8 : 3  2 -- 5 2 , 4 5  
2 2 : 6  2 - -  43  
1 8 : 3  4 77  75  
2 2 : 6  4 73  7 8 , 7 6  

a D i s a p p e a r a n c e  o f  0 . 5 - 0 . 6  m g  u n s a t u r a t e d  es ters  
was  m e a s u r e d  re la t ive  to  0 .05  m g  Me 1 6 : 0  a n d  0.1 m g  
Me 2 0 : 0  o n  0 .5  g silicic acid .  Gas  l i q u i d  c h r o m a t o g -  
r a p h y  o n  OV-1 .  

apparent  act ivat ion energy of  11 kcal mo1-1. 
Gas diffusion coeff icients  are propor t iona l  to 
the average molecular  veloci ty  and hence to 
T1/2 (18). Ano the r  poin t  is that  the more 
unsaturated esters should provide a deeper  
oxygen " s ink" ;  more oxygen  would have to 
diffuse in to  a particle for a given degree of loss 
of  original ester and a slower rate of disappear- 
ance would  be expected ,  cont rary  to our  
observation. Finally,  the absolute rates are 
rather small to be explained in terms of gas 
diffusion. The react ion itself does no t  appear to 
be of  the bulk type,  since we observe lit t le if  
any induct ion  period. 

Our tentat ive conclusion is that the rate 
l i m i t i n g  step is a direct chemical  react ion 
be tween oxygen and adsorbed ester, uncompl i -  
cated by the free radical chains involved in the 
bulk react ion (4). A calculat ion is instructive at 
this point.  A loading of  I mg ester per grain of  
adsorbent  of  surface area 300 m2g -1 corre- 
sponds to an apparent  film thickness of ca. 0.03 
A. The actual thickness of  a hydrocarbon  chain 
is ca. 3 A so that  only ca. 1% of the surface is 
actually occupied.  Adsorbed ester molecules  are 
thus far apart on the average and it is very 
unlikely that  they  would  be able to part icipate  
in a cooperat ive or chain process. A first order 
rate law should be obeyed  since oxygen  diffu- 
sion is now no t  considered to be rate con- 
trolling. There should be no induct ion  period. 

We next  consider  the possible nature of the 
oxidat ion  step itself. One possibili ty is that the 
adsorbent  inhibits oxida t ion  by isolating the 
ester molecules f rom each o ther  so that  no 
chain react ion is possible. The observed rate 
might then be similar to that  of  the init iation 
step of  the bulk reaction.  The diff icul ty with 
this picture is that  the rate of oxidat ion  should 
be at least approx imate ly  propor t ional  to the 
number  of  double bonds in the ester molecule ,  
cont rary  to observation.  

The above diff iculty is resolved if active sites 
are present,  capable of  catalyzing oxidat ion  at a 
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double bond,  wi th  only one double bond 
activated per molecule  of ester. The rate of 
oxidat ion would  now conform to observation 
(3). The restr ict ion to one activated double 
bond per molecule  can be accounted for in at 
least two ways. One possibili ty is that  the 
spacing between activating adsorpt ion sites does 
not  match  the distance between double bonds,  
so that  only one bond in a given molecule  can 
be opt imal ly  adsorbed. 

An alternative possibil i ty is that  the active 
sites are those of  metal  impurit ies.  Metal oxides 
are catalysts for the oxidat ion  of various 
organic molecules,  and of  course metal  ions are 
known to be catalysts in the homogeneous  
au toxida t ion  of  unsaturated esters (14,20). 
Al though the free radical aspect of  autoxi-  
dat ion is usually emphasized,  the possibili ty of 
nonfree  radical ini t iat ion in the presence of  
trace metal  impuri t ies  has been considered 
(21,22). Transit ion metals such as cobalt ,  man- 
ganese, nickel,  i ron and copper  are especially 
active. This possibili ty could  take one of  two 
forms. Ester adsorpt ion might  be localized on 
metal  oxide sites, but  with the sites far enough 
apart that  only  one double bond per molecule  
is activated. This would  be a s to ichiometr ic  
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mechanism.  Less than  a s to ich iomet r i c  number  
of  sites would  be needed ,  however ,  if surface 
diffusion al lowed ester  molecules  to migrate to 
a catalyt ic  site for  react ion.  For  first order  
kinet ics  to  be observed,  it  would  be necessary 
for  the site react ion to  be the slow step.  Not  
m u c h  is k n o w n  about  surface diffusion rates on 
solids, but  indica t ions  are that  they  can be 
quite appreciable  ( i  5b), so this dynamic  mecha-  
nism may no t  be unreasonable .  

The 100 ppm of  iron in the silica gel 
cor responds ,  on a mole  basis, to ca. 0.5 mg of 
unsa tura ted  ester.  If the i ron were ent i re ly  on 
the surface, this amoun t  would  barely suffice to 
provide the adsorp t ion  sites necessary for  the 
s to ich iomet r ic  mechan i sm;  the a m o u n t  would 
p robab ly  be suff ic ient  to  accoun t  for  the 
possible fast c o m p o n e n t  in the oxida t ion ,  how-  
ever. Nei ther  iron no r  the o the r  likely candi-  
dates,  nickel and cobal t ,  are p resen t  in 
suff icient  a m o u n t  in e i ther  adso rben t  to  hold 
the quant i t ies  of  ester used. While the s toichio-  
metr ic  mechan i sm thus seems to be ruled out ,  
the dynamic  one could  still apply.  It is of 
course suggestive tha t  the silicic acid was less 
active than the silica gel and also con ta ined  
smaller amoun t s  of  t ransi t ion metal  impuri t ies .  

We believe that  the present  results establish a 
potent ia l ly  i m p o r t a n t  p h e n o m e n o n ,  namely  the 
reduced  rate and nonau toca t a ly t i c  nature  of the 
oxidat ion  of  adsorbed  unsa tu ra ted  esters. A 
n u m b e r  of  addi t ional  parameters  remain to be 
studied.  These include the dependence  of  the 
oxida t ion  rate on the partial pressure of the 
oxygen,  on tempera ture ,  on the degree of 
hydra t ion  (or of  heat  t r e a t m e n t )  of the adsorb- 
ent ,  and on the surface concen t r a t i on  of  metal  
impuri t ies .  Our present  data may ref lect  this 
last parameter :  The disappearance of  the fast 
c o m p o n e n t  to the rate law on going f rom silica 
get to  silicic acid could  be due to there  being a 
smaller concen t r a t ion  of some active impur i ty  
in the la t ter  adsorbent .  
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