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Quant i tat ive  d e t e r m i n a t i o n  o f  the  vo la t i l e s  produced  
from o x i d i z e d  v e g e t a b l e  o i l s  is  an important  indicator  
o f  oi l  quality.  Five v e g e t a b l e  oi ls ,  low-eruc ic  acid 
r a p e s e e d ,  corn,  soybean,  s u n f l o w e r  and high o le ic  
sunf lower ,  w e r e  s tored  at 60~ for four  and e ight  days 
to  yie ld o i l s  wi th  severa l  l eve l s  o f  ox idat ion .  P e r o x i d e  
v a l u e s  o f  t h e  fresh  o i l s  ranged from 0.6 to  1.8 wh i l e  
t h o s e  o f  the  o x i d i z e d  oi ls  w e r e  from 1.6 to  42. Volat i le  
ana lys i s  b y t h e  mul t ip le  h e a d s p a c e  ex trac t ion  ( M H E )  
t e c h n i q u e ,  wh ich  in c ludes  a p r e s s u r e  and t ime  con- 
tro l led  in jec t ion  onto  the  gas  chromatography  (GC)  
c o l u m n  (a  c h e m i c a l l y  b o n d e d  capi l lary  c o l u m n ) ,  w a s  
c o m p a r e d  wi th  that  ob ta ined  by stat ic  h e a d s p a c e  gas  
c h r o m a t o g r a p h y  (SHS-GC).  Severa l  vo lat i l e  com- 
p o u n d s  indicat ive  o f  the  o x i d a t i o n  o f  p o l y u n s a t u r a t e d  
fatty  ac ids  from the  v e g e t a b l e  o i l s  w e r e  ident i f i ed  
and m e a s u r e d  by MHE; pure  c o m p o u n d s  o f  twe lve  
m a j o r v o l a t i l e s  a l so  w e r e  m e a s u r e d  by MHE, and p e a k  
area  w a s  de termined .  Mult ip le  e x t r a c t i o n s  o f  the  oi l  
h e a d s p a c e  provided a more  reproduc ib le  m e a s u r e  o f  
vo lat i l e  c o m p o u n d s  than  w a s  ob ta ined  by SHS-GC. 
C on centra t ion  o f  all vo la t i l e s  i n c r e a s e d  wi th  
i n c r e a s e d  o x i d a t i o n  as  m e a s u r e d  by p e r o x i d e  va lue  o f  
the  oil. 
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o le ic  s u n f l o w e r  oil, ox idat ion ,  p e r o x i d e  value ,  quanti-  
tat ion,  s o y b e a n  oil, static ,  s u n f l o w e r  oil.  

Volatile compounds formed during vegetable oil storage 
have been used as a measure of the oxidation; quantita- 
tion has varied with the method used for volatile analysis 
(1-3). However, accurate measurement  of vegetable oil 
volatiles by static headspace has not been reported. 
Static headspace analysis depends on an equilibrium of 
the partition between the volatiles in the sample and the 
surrounding gas inside a closed vial. Therefore, by 
including the partition coefficient into a calibration 
factor, an accurate concentrat ion could be determined. 
Kolb (4) and Kolb et al. (5) previously developed a 
stepwise gas extraction at equal time intervals called 
multiple headspace extraction (MHE) to quanti tate the 
volatile compounds  from liquid and solid materials; this 
method used the same equipment as for single static 
headspace analysis (SHS) and was not dependent  upon 
the sample matrix (6-7). Suzuki et al. (8) measured 
solvents in adhesive tape while Uhler and Miller (9) 
measured volatile halocarbons in butter  with multiple 
headspace extraction. The use of this extraction tech- 
nique of multiple injections from a single headspace vial 
to accurately determine the volatile constituents formed 
in vegetable oils is reported here. 
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MATERIALS AND METHODS 

Materials .  Twelve pure compounds  representing the 
major volatiles previously identified in vegetable oils 
(10,11) were obtained from Bedoukian Research Inc. 
(Danbury, CT): propanal, pentane, pentanal, pentanol, 
hexanal, 2-pentenol, 2/3-hexenal, 2-heptenal, octen-3- 
ol, 2,4-heptadienal, nonanal  and 2,4-decadienal. Each 
compound was diluted in hexadecane and 50 to 150 ng 
of each s tandard was measured into the sample vials for 
volatile analysis. 

Refined, bleached and deodorized corn, soybean, low 
erucic acid rapeseed (LEAR), sunflower and high oleic 
sunflower oils were used in this study. Samples of these 
oils were stored in glass bottles with air in the headspace 
at 60~ using a modified Schaal oven method (12); 
samples were removed at 4 days and 8 days. Peroxide 
values were determined by AOCS method Cd 8-53 (13). 

Methods. Volatile analysis was accomplished by multi- 
ple headspace extraction using a Perkin Elmer 2000 GC 
(Norwalk, CT) equipped with a Perkin Elmer HS100 
headspace sampler. Oil samples (0.5g) were weighed 
into 25 mL vials, sealed and heated at 90~ for 30 min for 
the thermosta t  time. After the vial was pressurized for 
30 sec, the sample was injected onto the gas chromatog- 
raphy (GC) column for a 30 sec period. The vial was 
vented and equilibrium established before the next 
injection. Each vial was sampled 3 times for multiple 
extraction, and each sample was replicated 3 times for a 
statistical analysis. The GC analyses were made using a 
DB-1701 capillary column (30m X 0.32mm) (J&W, 
Cardova, CA) by temperature  programming from -20~ 
to 250~ at 5~ The carrier gas was helium with a 
velocity of 28 cm/sec. The mode of operation was 
splitless. 

The headspace temperature  was very critical for 
analyzing vegetable oils. At temperatures  above 90~ 
decomposition of hydroperoxides resulted in generation 
of volatile compounds with each subsequent thermosta t  
time and peak size increased instead of decreasing after 
each extraction. If the temperature  was too low, sample 
size would be so small that  GC peaks representing the 
individual volatiles would not show up on the second or 
third extraction. The temperature  that  gave the best 
results was 90~ 

Single headspace sampling (SHS) was accomplished 
using the Perkin Elmer HS100 headspace sampler with 
one extraction from each vial. Conditions were the same 
as multiple headspace, and each sample was replicated 
3 times. The volatiles were quanti tated by s tandard  
additions of each volatile compound analyzed (14). 

Compositional data  of the oils were made by GC 
analysis of the fat ty acid methyl esters by AOCS method 
Ce 1-62 (13) using a SP-2330 column (0.32mm X 30m) 
(Supelco, Bellefonte, PA). 
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RESULTS AND DISCUSSION 

Multiple headspace  ex t r ac t i ons  involving the  r epea t ed  
w i t h d r a w a l  of volati le c o m p o u n d s  in the  headspace  of a 
so lu t ion  can  be re la ted  to a l iquid-l iquid ex t r ac t ion  as 
wi th  a series o f s e p a r a t o r y  funne l s  which  depends  on  the  
pa r t i t i on  coefficients of the  two liquids. The l iquid in a 
sample  vial is at  equi l ibr ium with  the  gas phase  above it, 

TABLE 1 

Fatty Acid Composition of  Vegetable Oils 

High oleic 
Fatty acid Corn LEAR a Soybean Sunflower sunflower 

(percent) 

C 16:0 11.4 4.8 10.8 6.8 9.9 
C 18:0 1.9 1.7 3.8 3.9 8.3 
C 18:1 24.9 61.0 22.9 14.2 82.5 
C 18:2 56.8 22.4 55.5 74.5 9.3 
C 18:3 9.0 8.1 
C 22:1 1.2 

aLow erucic rapeseed. 

a n d  the  rat io of the  c o n c e n t r a t i o n  of the  volati le compo-  
n e n t  in the  gas phase  to the  c o n c e n t r a t i o n  of the  volati le 
in the  liquid co r r e sponds  to the  pa r t i t i on  coefficient of 
the  c o m p o n e n t  be tween  the  two phases.  A par t i a l  
sampl ing  of the  to ta l  gas vo lume is r emoved  f rom the  vial 
wi th  each ex t r ac t ion  a nd  is e lu ted  on to  the  GC column;  
the  c o r r e spond i ng  peak  r ep re sen t s  t h a t  concen t r a t i on .  
The ra t io  be tween  the  two phases  or the  pa r t i t i on  
coefficient r e ma i ns  the  s ame  af ter  equi l ibra t ion  while 
the  c o n c e n t r a t i o n  of the  c o m p o u n d  in bo th  phases  is 
smal ler  t h a n  it was  originally. When the  vial is s ampled  
again, the  co r r e spond ing  peak  will be smal le r  t h a n  the  
first. After  r epea t ed  ex t rac t ions ,  the  GC peak  gets 
smal ler  as the  c o n c e n t r a t i o n  of volatile decreases.  The 
to ta l  a m o u n t  of the  volati le equals  the  s u m  of all the  
peaks. The r epea ted  sampl ing  of the  equi l ib r ium head-  

space  follows the  m a t h e m a t i c s  of a f i r s t -order  r eac t ion  
(5). The decrease  in c o n c e n t r a t i o n  (C) wi th  t ime  (t)  is 
p r o p o r t i o n a l  to the  overall  concen t r a t i on :  - d C / d t  = kC. 
The c o n c e n t r a t i o n  at  a ny  t ime (Ci) depends  On the  ini t ial  
c o n c e n t r a t i o n  (Co) a n d  the  e x p o n e n t  k which  inc ludes  
the  pa r t i t i on  coefficient: Ci = Co e-kt. 

With un i fo rm sampl ing  a n d  equal  t ime intervals  of 
headspace  ex t rac t ions ,  t ime can  be rep laced  by the  

TABLE 2 

MHE Volatile Analysis  of  Vegetable Oils 

Volatile compound (ppb) a 
1 2 3 4 5 6 7 8 9 l0 b 11 125 

Corn sample 
Day (PV)* 

0 (0.8) 0.8 3.9 7.8 0.8 0.2 
4 (1.8) 2.0 5.0 10.9 29.9 1.2 6.2 0.4 1.3 14.0 
8 (3.0) 8.9 53.4 24.0 85.5 5.7 18.4 0.7 3.4 16.0 

Low erucic rapeseed sample 
Day (PV) 

0 (1.8) 4.2 2.4 5.5 3.8 11.4 1.4 2.2 7.0 1.8 
4 (3.5) 10.9 39.9 59.5 4.6 64.0 5.8 5.7 21.2 3.1 60.3 8.6 14.8 
8 (17.3) 11.9 132.2 48.4 9.4 86.0 11.8 11.1 27.6 1.7 106.8 16.5 26.9 

Soybean sample 
Day (PV) 

0 (0.6) 1.0 1.9 2.8 0.4 0.3 0.3 
4 (1.6) 3.6 33.2 19.1 33.8 3.3 4.8 16.7 0.8 19.2 1.8 7.5 
8 (4.5) 4.5 91.9 44.0 70.6 3.6 6.4 30.1 1.1 50.0 3.4 16,4 

Sunflower sample 
Day (PV) 

0 (0.8) 5.5 2.9 7.5 2.8 1.3 
4 (19.6) 2.8 281.4 40.1 1.6 118.9 7.3 34.8 1.2 1.0 30.4 
8 (41.6) 4.5 605.6 61.3 2.7 183.9 13.7 52.2 2.2 2.4 89.7 

High oleic sunflower sample 
Day (PV) 

0 (0.6) 1.4 2.8 4.1 5.8 1:5 1.1 0.5 
4 (3.2) 2.0 21.4 7.6 1.2 18.7 5.8 7.9 10.9 9.4 
8 (6.7) 4.0 134.4 20.5 3.4 35.0 10.4 20.7 23.8 24.5 

CO r 6.__~7 6.1 5.1 5.6 3.9 6.__6_6 5.7 6.2 7.0 3.0 8.4 8.___7 

*Peroxide value (PV) in parentheses. 
al)propanal 2)pentane 3)pentanal 4)pentanol 5)hexanal 6)2-pentenol 7)2/3-hexenal 8)2-heptenal 9)octen-3-ol 10)2,4-heptadienal 
11)nonanal 12)2,4-decadienal. 

bIncludes both trans, trans and trans,cis isomers. 
cCoefficient of variation (average) (CO). 
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FIG, 1. Partition coefficient of  hexanal by MHE (standard and in 
soybean oil). 

n u m b e r  of ex t r ac t i ons  (n) .  GC peak  a r e a  is p r o p o r t i o n a l  
to concen t r a t i on ,  a n d  Co can  be rep laced  by the  first  a rea  
(A1). Time can  be replaced  by n-1 a n d  the  to ta l  a rea  (Ai) 
is: Ai=Ale-k*(n-l). 

F rom the  logar i th im of the  equat ion:  i n  Ai = -k* ( n - l )  
+ 1 n A1, the  l inear  regression can  be accompl i shed  where  

y = I n  A1 a n d  x = k*, a nd  k* can  be d e t e r m i n e d  f rom the  
GC d a t a  f rom only 3 or 4 ex t rac t ions .  The to ta l  a m o u n t  
of volati le c o m p o u n d  p r e s e n t  in the  sample  is ob ta ined  
f rom the  sum of all the  peak  areas  a nd  can  be wr i t t en  as 
the  geometr ic  progression:  Sum A i = A~ [1 + e -k* + e -2k* + 
e-(n-l) k" ] which  can  be simplified as, Sum Ai = A1/!  -e-k*. 

Hexanal ,  an  i m p o r t a n t  ox ida t ion  p r o d u c t  f rom poly- 
u n s a t u r a t e d  fa t ty  acids, was  used as the  c o m p o u n d  to 
d e m o n s t r a t e  how the  c o n c e n t r a t i o n s  were ca lcu la ted  
(5). After  3 headspace  ex t r ac t i ons  of h e x a n a l  in hexade-  
cane,  the  to ta l  a rea  was  ca lcu la ted  for the  s t a n d a r d  by a 
l inear  regression of the  n a t u r a l  log of the  peak  areas  a n d  
the  pa r t i t i on  coefficient d e t e r m i n e d  from the  slope of 
the  l inear  equat ion.  The pa r t i t i on  coefficient of h e x a n a l  
in the  ini t ial  oil a n d  the  s to red  oils is shown  by the  slope 
0.5 in Figure 1. The to ta l  h e x a n a l  peak  a rea  f rom the  
ini t ial  soybean oil a n d  the  s to rage -damaged  oils was  
ca lcu la ted  by the  same  m e t h o d  as used for the  s t a nda rd :  
h e x a n a l  ( s t a n d a r d )  wi th  n u m b e r  of ex t r ac t i ons  (n)  1, 2, 
a n d  3 with a reas  of 84,208, 56,080, a n d  38,012 respec- 
tively, to ta l ing  256,012; a n d  h e x a n a l  in oil wi th  n u m b e r  
of ex t r ac t ions  (n )  1, 2, a nd  3 with areas  of 74,254, 45,016, 
a n d  18,377 respectively, to ta l ing  147,766. 

The weight  of the  h e x a n a l  s t a n d a r d  was  61ng; the  
weight  of the  h e x a n a l  in the  oil was ca lcu la ted  to be 
35ng. The c o n c e n t r a t i o n  of each of the  twelve volati les in 
the  five oils was  d e t e r m i n e d  for 0, 4 a n d  8 day  s torage 
times. 

TABLE 3 

Volatile Analysis of  Vegetable Oils by SHS 

1 2 
, ,  _ _  i 

Corn 
Day (PV)* 

0 (0.8) 0.8 1.9 
4 (1.8) 0.9 4.0 9.1 
8 (3.0) 6.2 69.6 20.1 

Low erucic rapeseed 
Day (PV) 

0 (1.8) 4.0 1.5 3.4 
4 (3.5) 6.5 47.8 31.3 
8 (17.3) 11.7 119.9 45.3 

Soybean 
Day (PV) 

0 (0.6) 0.5 0.8 
4 (1.6) 3.0 7.8 18.6 
8 (4.5) 3.9 95.2 41.0 

Sunflower 
Day (PV) 

0 (0.8) 5.7 2.8 
4 (19.6) 3.4 258.3 29.9 
8 (41.6) 5.7 296.7 46.0 

High oleic sunflower 
Day (PV) 

0 (0.6) 1.2 2.4 2.8 
4 (3.2) 1.9 23.2 5.9 
8 (6.7) 3.6 126.2 24.9 

3 4 
Volatile compound (ppb) a 

5 6 7 8 9 l0 b 11 12 b 

5.2 0.8 0.3 
23.9 0.1 7.4 0.0 1.7 8.8 
80.2 0.6 206 0.1 2.3 5.4 

0.2 8.5 0.1 1.7 3.9 1.8 
0.3 59.3 3.8 0.5 18.2 0.2 43.3 9.5 7.4 
8.5 70.9 7.4 1.7 25.5 0.1 68.6 13.6 14.4 

0.1 
0.1 

1.6 0.3 0.6 0.6 
32.7 2.4 0.5 10.3 0.1 17.4 2.2 5.6 
54.2 1.9 0.7 28,5 0.1 42.8 0.6 12,3 

0.1 
0.2 

7.2 3.4 1.0 
86.1 0.6 28.8 0.1 0.9 23.9 

146.2 1.3 49.5 0.1 2.6 60.3 

CO c 6.__55 4.7 8. 5 12.2 

4.8 1.5 0.9 0.8 
20.6 0.6 18.3 10.6 7.4 
43.6 1.5 31.8 18.1 14.6 

4.4 11.9 8.5 7,3 15.5 9.7 8. 7 9.4 

See Table 2 for footnotes. 
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The fatty acid composition of each test oil is presented 
in Table 1. Oils with the highest linoleate concentrat ion 
had greater amounts  of pentane and hexanal formed 
from the decomposition of 13-1inoleate hydroperoxide 
(11,15). Both pentane and hexanal increase to the 
greatest extent during the storage of sunflower oil, 
followed by the oxidation of corn, soybean and high oleic 
sunflower oil (Table 2). LEAR oil and high oleic sunflower 
have the greatest amount  of oleate; therefore nonanal  
formed from the decomposition of oleate hydroperox- 
ides is higher in these two oils (16). 2,4-Heptadienal, the 
product  from linolenate oxidation, is formed only in 
LEAR and soybean oil. 

Changes in the concentrat ion of the individual volatile 
compounds  that  were formed during storage of each oil 
were measured by the MHE method (Table 2). Concen- 
tration of all volatiles increased with oxidation except 
for pentanal  and octen-3-ol in LEAR oil. Pentane showed 
the greatest increase in each oil except for high oleic 
sunflower oil in which hexanal showed the greatest 
increase. 

When the volatiles were measured by the single 
headspace technique, the volatiles increased with stor- 
age except for decadienal in corn oil, octem3-ol in LEAR 
oil and 2-pentenol and nonanal  in soybean oil (Table 3). 
When individual compounds  were compared using both 
methods, there was little difference in the quantities of 
the compounds  present in the lesser amounts. Compar- 
ing the major compounds,  there were differences specif- 
ic to certain oils. Pentane was present in about the same 
concentrat ion for all oils by each method except for 
sunflower oil; i.e. pentane concentrat ion after 8 days was 
2 times greater using MHE than with SHS. Pentanal and 
hexanal were 1.7 times higher in high oleic sunflower oil 
by MHE than by SHS. Heptenal was about the same 

concentrat ion in all oils by either method. 2,4- 
Decadienal showed 1.5 greater concentrat ion in sun- 
flower oil by MHE than by SHS. Multiple headspace 
extraction showed a greater reproducibility than single 
headspace sampling, the average coefficient of variation 
with MHE was lower for all volatiles studied except for 
pentane and propanal. 
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