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Nonvolatile Components Produced in Triolein 
During Deep-Fat Frying 
Steven L. Hansen, Michelle R. Myers and William E. Artz* 
Department of Food Science, Urbana, Illinois 61801-4726 

Triolein was heated at 190~ (375~ in a deep-fat fryer 
for 12 h/day until high-performance size-exclusion chroma- 
tography indicated polymer formation had exceeded 20%. 
Increases in the free fatty acid, total  acid value, food oil 
sensor and p-anisidine values upon heating indicated that 
thermal oxidation and degradation of triolein had occur- 
red. After the initial sample (day 0), the peroxide values 
decreased to very low values. The amount of polymeric 
triacylglycerol material increased during heating. Linear 
regression analysis of percent polymer vs. heating time in- 
dicated that the sample would contain >/20% polymers 
after 51.1 h of heating. Capillary supercritical fluid 
chromatography (SFC) was used to determine the percent- 
age of triolein remaining after 12, 24, 36, 48 and 60 h of 
heating, which was 68.6, 53.9, 35.9, 33.0 and 19.0%, respec- 
tively. The average reaction rate constant (apparent first- 
order) for the change in triolein concentration, SFC, dur- 
ing heating was 0.0256 _ 0.0Oll h -1. 

KEY WORDS: High-performance size-exclusion chromatography, non- 
volatile oxidation products, supercritical fluid chromatography, triolein, 
trioleylglycerol. 

Oxidation and heating studies have been conducted on 
numerous lipid substrates, including methyl oleate and 
linoleate (1), trilinolein, triolein and tristearin (2), ethyl 
eicosapentaenoate, docosahexaenoat~ linoleate and lino- 
lenate (3), trilinoleylglycerol (4), trilinolenylglycerol (5} and 
synthetic triacylglycerols (TAGs} containing linoleate and 
linolenate (6} and mixtures of unsaturated and saturated 
TAGs (7). Classical oxidation analyses and high-performance 
size~exclusion chromatography (HPSEC) (7,8} have been 
used to monitor secondary oxidation products in heated fats 
and oils, such as free fat ty acids (FFAs), total acids, alde- 
hydes and polymers. However, an assay that  measures a 
single oxidation product or a limited number of oxidation 
products may not reflect the oil stability as accurately as 
an analysis that measures substrate concentration directly. 
For example, an assay that  has little utility for monitoring 
oil degradation during deep-fat frying is the peroxide value 
(PV) analysis. To determine oil stability, quantitation of 
either all of the oxidation products or the substrate would 
be the most accurate method. Capillary supercritical fluid 
chromatography (SFC) can be used to directly quantitate 
individual TAG substrate components and should be more 
accurate than any technique that  measures a single oxida- 
tion product or even a group of oxidation products. 

Oils used in deep-fat frying typically contain >96% TAG 
(monomer}, <4% polar material, 0.5% polymeric material, 
0.02% FFAs, 0.01% oxidized FFA and 0-7 ppm soaps prior 
to heating (9). As the oil is heated, the TAG concentration 
decreases, and the concentration of polar compounds, poly- 
meric material, FFA, oxidized FFA and soaps increase (9). 
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One area of concern is the type of polymerization products 
that  may form when oils are heated (10). Earlier research 
on frying oils indicated that  consumption of oil with exces- 
sive cyclic compounds (11), excessive thermal abuse (12) or 
an excessive amount of lower-molecular weight (LMW) com- 
pounds may affect health deleteriously (10}. It  has been sug- 
gested that TAG dimers and oxidized monomers are the pro- 
blem compounds, not the larger polymers {13}. The larger 
polymeric material is not absorbed as well as the dimeric 
and monomeric material (10). It is thought that  most of the 
early feeding study samples had much greater dimer and 
oxidized monomer concentrations than humans would 
normally ingest. Kubow {10) provided extensive details 
about the toxic consequences. Toxicity may not be a major 
problem in food otis, although further testing is needed 
(i0). 

Nonvolatile analyses were done on triolein to determine 
the amount and type of decomposition products formed dur- 
ing heating. The objective was to monitor the change in 
triolein that  occurred during deep-fat frying. 

EXPERIMENTAL PROCEDURES 

Oil sample preparation. Approximately 3.8 L of triolein, 
synthesized from oleic acid [/>99% by gas chromatography 
IGC)] and glycerol {ARCO Chemical Co., Newtown Square, 
PA), without added antioxidants, was heated in a deep- 
fat  fryer IModel F175A; Intedge Industries, Inc., Whip- 
pany, NJ) at 190~ for 12 h per day until polymer con- 
centration exceeded 20%. The capacity of the fryer was 
5.58 kg, and the surface area of the oil was 610 cm 2 {20.2 
cm X 30.2 cm). The fryer was approximately one-third full 
of oil. After each 12-h heating period, the fryer was turned 
off, and the oil was allowed to cool to approximately 
90-95~ Then, an oil sample of approximately 100-150 
mL was collected in an amber glass bottle, blanketed with 
nitrogen, capped, sealed with parafilm, and stored in a 
refrigerator (approximately 2-5 ~ C) until further analysis. 
The remaining oil and fryer were covered with aluminum 
foil until the next 12-h heating period. Oil analyses were 
conducted the next morning or as soon as possible there- 
afer. 

HPSEC. The HPSEC system consisted of an HP sol- 
vent delivery pump (Rainin Instrument Co., Woburn, MA}, 
electronic pressure module, dual-chamber Dynamax dyna- 
mic mixer, prime-purge valve, 7030 Rheodyne (Coati, CA} 
switching valve, 7125 Rheodyne injection valve with 20-~L 
sample loop and 7161 Rheodyne position-sensing switch, 
Phenogel 5 guard column (50 mm X 7.8 mm) (Pheno- 
menex, Torrance, CA} followed by two Phenogel (5 ~, 500 
/?k and 100 A) columns {500 mm X 8.0 mm} in series con- 
nected to a evaporative light-scattering detector {ELSD 
IIA; Varex Corp., Burtonsville, MD). 

Tetrahydrofuran (THF} was the mobile phase (1.0 
mL/min). THF (Optima; Fisher Scientific, Fair Lawn, N J) 
was filtered with 0.45 ~ HV discs (Millipore Corp., Bed- 
ford, MA}, and degassed before use. THF was kept under 
constant nitrogen gas purge while in use, and no butylated 
hydroxytoluene (BHT) was added as an antioxidant.  
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The ELSD I I A  was used under the following conditions: 
adjusted tempera ture  100 o C, heater  t empera ture  98.3 ~ C, 
exhaus t  t empera ture  59.5~ gas flow rate 39 m m  (top 
of ball in tube), pressure 11 psi, range 20 and t ime 
constant  0.5. Ultra-high puri ty {99.999%} nitrogen gas was 
used. 

Polypropylene glycol (PPG) M W  standards  of 4000, 
3000, 2000, 1000 and 425 (Aldrich Chemical Co., Mil- 
waukee, WI) were used to es t imate  sample component  
MWs as a function of retention volume (Vr). P P G  M W  
standards  were prepared at  approximate ly  20 mg/mL in 
THF, filtered with 0.45 ~ HV discs, and stored in an amber 
vial in a refrigerator until  use. The log of the MW of P P G  
s tandards  was plot ted vs. Vr. The MWs of the heated oil 
components  were es t imated  from their  Vr values f rom 
Equat ion  1. 

log MW = 6.2671 + (-0.13564)(Vr) [1] 

Peak area was determined with the D y n a m a x  Method 
Manager  Software Version 1.3.1 (Rainin I n s t r u m e n t  Co.). 

Oil samples were prepared for H P S E C  analysis by dis- 
solving a 30-~L sample  in 2970 ~L T H F  (1:100) and then 
by filtering with a 0.45 ~HV disc. All analyses were con- 
ducted in triplicate, and s tandard  deviations were deter- 
mined. 

FFA value. FFA values (as % oleic acid} of oil samples  
were determined by Official Method Ca 5a-40 of the 
American Oil Chemists '  Society (AOCS) (14). 

Acid value (AV). AVs (mg KOH/g sample) of oil samples 
were determined by AOCS Official Method Cd 3d-63 (14). 

p-Anisidine value (p-AV). The p-AV's of oil samples were 
determined by AOCS Official Method Cd 18-90 (14). 

PV. PVs (milliequivalents peroxide/1000 g sample) of oil 
samples  were determined by AOCS Official Method Cd 
8b-90 (14). 

Food oil sensor (FOS). The FOS (Model No. NI-21A; 
Nor thern  Ins t rumen t  Co., Lino Lakes, MN) measures the 
dielectric constant  of oil. Unheated  triolein was used to 
calibrate the FOS and determine the zero point. The pro- 
cedure followed was outlined in the manual.  

Statistical analysis. Statgraphics  (Statistical Graphics 
Corp., STSC, Inc., Rockville, MD) was used to perform 
analysis of variance with least  squares determinat ion 

(LSD) as the range tes t  on all of the classical oxidation 
analysis (Table 1). 

Sample preparation for SFC. The internal standard was 
tridecylglycerol (Nu-Chek-Prep, Inc., Elysian, MN), and 
the sample solvent was methylene chloride (Fisher Scien- 
tific). Triolein samples  were accurately weighed to 
• g and prepared a t  a concentrat ion of approx- 
imately 2 mg/mL, and the  internal s tandard  concentra- 
tion was approximately 1 mg/mL. Prior to injection, sam- 
ples were diluted to approximate ly  0.4 mg/mL, and the 
internal s tandard  was diluted to approximately  0.2 
mg/mL. 

Apparatus. The supercritical-fluid chromatograph was 
a Lee Scientific Model/3 501 (Lee Scientific, Inc., Div. 
Dionex, Salt  Lake City, UT) with a Valco A90 injector 
(Houston, TX) with a 0.2-~L internal loop operated in a 
t imed-spli t  mode with an injection t ime of 0.1 s. The 
capillary column was a 17-m SB-cyano-25 (50 ~m i.d., d~ 
= 0.25 ~m), with a s t a t ionary  phase  of 25% cyanopropyl, 
25% phenyl and 50% polymethyl  siloxane, and a mobile 
phase  of SFC-grade CO2 (Scott Special ty Gases, Inc., 
Plumsteadville,  PA). The separat ions were achieved with 
asympto t i c  densi ty p rogramming  (0.2 g/mL, asympto t ic  
ramp to 0.6 g/mL, 1:2 rise t ime 15 min, end t ime 60 rain) 
at  a column tempera ture  of 100 o C. The flame-ionization 
detection tempera ture  was 375~ The oven, pump and 
injector were controlled by  an ARC Turbo PC (American 
Research Corporation, Monterey Park, CA) with software 
from Lee Scientific, Inc. The chromatographic  data  were 
collected and analyzed with  a Hyunda i  386SX PC and 
Baseline software (Waters Chromatography, Milford, MA). 

Data analysis. Quanti tat ive analysis of triolein for SFC 
was determined based upon the internal standard and the 
response factor. Analyses were conducted in triplicate. 
S tandard  deviations were determined for each set of 
replicates. 

Linear regression (15) analysis was used to compare the 
H P S E C  and the SFC results. Analysis  of variance with 
LSD was used for the s tat is t ical  analysis of the results 
from the lipid oxidation analyses. 

The reaction rate constant ,  k, has been defined as an 
"average" apparent  reaction rate constant,  where ln(S/So) 

* 1 * 2  * 3  * 4  = k t  a n d  k t  = k l (  T ) t ~ -  k 2 (  T ) t -~- k 3 (  T ) t J r  k 4 (  T ) t , 1 . . 2 . 3 . 4 . 
etc. The substra te  or tr lolem concentratmn at t~me zero is 

TABLE 1 

Analysis of Triolein Heated at 190~ (12 h/day) 

p-Ansidine Peroxide FOS f 
Time (h) FFA a Acid value c v a l u e  d value e reading 

0 0 .1  + 0 .0  b'g 0 .1  +_ 0 .0  g 2.1 ---t-_ 0 . 4  g 2 .9  + 0.1 g - - g  
12 0 .3  �9 0 .0  h 0 .5  4- 0 .1  h 48 .3  -!--- 0 .3  h 1 .3  4- 0 .1  h 2 . 1 6  • 0 .01  h 
2 4  0 .4  _+ 0.1 h'i 0.7  - -  0 .1  i 72 .8  • 0 . 4  i 0 .3  +-- 0.1 i 3 .61  +_ 0 .02  i 
3 6  0 .4  +_ 0 .0  j 0 .9  + 0 . ~  87 .9  + 1 .5  j 0 .2  +_ 0 .1  i,j 5 . 2 2  + 0 .03  k 
4 8  0 .4  +_ 0 . 0  / 1.1 + OA k 97 .9  -+ 2 .4  k 0 .1  + 0 .0  j 'k 6 . 7 2  + 0 .03  k 
6 0  0 .6  +- OA k 1 .4  + 0.01 98 .3  + 2 .2  k 0 .0  + 0 .0  k 8 . 4 5  _+ 0 . 0 3  z 

aFFA = free fatty acid (as % oleic acid). 
bAverage of three replicates + standard deviation. 
cUnit of measure = mg KOH/g sample. 
d U n i t  of measure ---- absorbance/g sample, measures the amount of aldehydes, principally 
2-alkenals and 2,4-dienals. 
eUnit of measure = milliequivalents peroxide/1000 g sample. 
fFOS = food oil sensor. 
g'h'i 'j 'k'lValues with the same letter are not significantly different from each other at the 
5.0% level. 
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So, a n d  t h e  s u b s t r a t e  c o n c e n t r a t i o n  a t  any  o t h e r  t i m e  is 
S. The  k a t  T 1 is  kliT ), a t  T 2 t h e  h is  h 2 (  T ), etc~, where  T1, 

1 . 
T2, T3, T4, e t a  are  t he  off t e m p e r a t u r e s  ~ u r m g  each  24-h 
h e a t i n g  per iod ,  which  inc ludes  t he  h e a t i n g  t e m p e r a t u r e  
(190~ the  amb ien t  t e m p e r a t u r e  af ter  cool ing (22~ and  
the  t e m p e r a t u r e s  be tween  22 a n d  190 o C, d u r i n g  the  cool- 
ing  a n d  h e a t i n g  per iods .  The  t i m e  i n t e r v a l s  t 1, t 2, t 3, t 4, 
etc. c o r r e s p o n d  to  t he  t i m e  i n t e rva l s  when  the  oil  was  a t  
T1, T2, T3, T4, etc., respec t ive ly .  

RESULTS AND DISCUSSION 

H P S E C  was  u s e d  to  d e t e r m i n e  when  t h e  t r io le in  s a m p l e  
had  r eached  a t a r g e t  level of p o l y m e r i z a t i o n  (20%}. Pre- 
v ious  work  i nd i ca t ed  t h a t  t he  concen t r a t i on  of p o l a r  com- 
p o u n d s  [ d e t e r m i n e d  b y  co lumn  c h r o m a t o g r a p h y  (CC)] or  
ox id ized  F F A  could  be  u s e d  to  d e t e r m i n e  when  an  oil is 
cons ide red  excess ive ly  d e t e r i o r a t e d  a n d  shou ld  be dis- 
ca rded  (16). However,  o the r s  (17) feel t h a t  a va lue  of 27% 
for t h e  p o l a r  m a t e r i a l  m a y  n o t  be  t h e  b e s t  ob j ec t ive  cri- 
t e r ion  for d i s c a r d i n g  oil because  i t  is b a s e d  on a non l inea r  
co r re l a t ion  of ox id ized  FA. W i t h  t he  a d v a n c e m e n t  in  col- 
u m n  pe r fo rmance  (reduct ion in pa r t i c l e  size and  increased  
r ig id i ty) ,  H P S E C  is cons ide red  a m u c h  more  eff ic ient  
m e t h o d  (7,8} [much f a s t e r  (30 min) a n d  more  reproduci -  
ble] of  a n a l y s i s  for h e a t e d  oils. In  add i t ion ,  t he  high-  
mo lecu la r  we igh t  ( H M W )  compounds ,  as  d e t e r m i n e d  b y  
H P S E C ,  m a y  se rve  as  a more  usefu l  i n d i c a t o r  of oil 
de t e r io ra t ion  because  of the i r  low vo la t i l i t y  and  increased  
s t a b i l i t y  (8). The  m a j o r  d r a w b a c k  to H P S E C  is t he  equip-  
m e n t  cos t  r e l a t ive  to  CC. O the r s  have  u s e d  H P S E C  suc- 
cessful ly  to  ana lyze  hea t ed  oils, espec ia l ly  t he  H M W  com- 
p o u n d s  f o r m e d  d u r i n g  h e a t i n g  (7,8). S o m e  i n v e s t i g a t o r s  
have c o r r e l a t e d  the  a m o u n t  of p o l a r  c o m p o u n d s  to  poly-  
mer ic  m a t e r i a l  (7) or  to  ox id ized  F F A  and  p o l y m e r i c  
m a t e r i a l  (7,16). Oil  a n a l y s e s  such  as  F F A ,  AV, p-AV, PV, 

iodine va lue  (IV) and  v i scos i ty  have been  used  to  e s t i m a t e  
oil  d e g r a d a t i o n  in  h e a t e d  oils. None  are  cons ide red  com- 
p l e t e ly  s a t i s f a c t o r y  (8,18). 

The  M W  of t h e  c o m p o n e n t s  in each  p e a k  was  deter-  
mined  by  E q u a t i o n  1 (in the  E x p e r i m e n t a l  Procedures  sec- 
t ion) for H P S E C .  Prev ious  work  i n d i c a t e d  t h a t  oil was  no 
longer  a c c e p t a b l e  for f r y i n g  if  i t  c o n t a i n e d  t>20% poly-  
mer ic  m a t e r i a l  (7). Triolein reached  >/20% p o l y m e r  forma-  
t i on  (def ined as  dimer,  t r i m e r  and  t e t r a m e r )  on d a y  5 (60 
h) (Table 2). F i g u r e  1 shows t h e  H P S E C  s e p a r a t i o n  a f t e r  
0 and  60 h of h e a t i n g  a t  190~ Linear  regress ion ind ica ted  
t h a t  t r io le in  r e a c he d  20% p o l y m e r  f o r m a t i o n  a f t e r  51.1 
h of h e a t i n g  a t  190~ Othe r s  (7) have  i n d i c a t e d  t h a t  
monoene- r i ch  oi ls  t h a t  have  been  a i r -hea t ed  have  d i s c a r d  
t i m e s  of 32 h. M o l e c u l a r  we igh t  d i s t r i b u t i o n s  (MWD),  as  
d e t e r m i n e d  b y  H P S E C  Vr values ,  i n d i c a t e d  h ighe r  M W  
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FIG. 1. (A) High-performance size-exclusion chromatogram (HPSEC) 
of Day 0 (nonheated, 0 h) triolein: peak 4 = triacylglycerol (TAG) 
monomer and peak 5 = LWM (low-molecular weight) products. (B) 
HPSEC of Day 5 (60 h) triolein: peak 1 = TAG tetramer, peak 2 - 
TAG trimer, peak 3 = TAG dimer, peak 4 = TAG monomer, and peak 
5 = LMW products. 

TABLE 2 

Molecular Weight Distribution of Triolein Heated at 190~ (12 h/day) as Determined by High-Performance 
Size-Exclusion Chromatography 

Time (h) 

Sample 0 12 24 36 48 60 

Tetramer a 
V r (mL) --  --  --  19.2 -4- 0 . 0  b 18.9 --+ 0.1 19.0 +-- 0.0 
% Area --  -- --  0.4 __ 0.0 1.0 + 0.2 4.2 +-- 0.2 
MW c --  -- --  4600 5100 4900 

Trimer 
V r (mL) --  21.0 +_ 0.0 21.0 + 0.0 21.0 +_ 0.0 21.0 --+ 0.0 21.0 +-- 0.0 
% Area --  0.4 +_ 0.0 2.0 +_ 0.1 4.0 _+ 0.1 7.3 _+ 0.0 11.2 +-- 0.2 
MW -- 2600 ' 2600 2600 2600 2600 

Dimer 
V r (mL) --  22.3 +_ 0.0 22.3 +_ 0.0 22.3 _+ 0.0 22.3 + 0.0 22.3 +_- 0.0 
% Area -- 1.9 +_ 0.1 4.6 --4-_ 0.1 7.0 _+ 0.2 9.1 --+ 0.1 11.1 + 0.2 
MW -- 1700 1700 1700 1700 1700 

Monomer 
V r (mL)  24.2 ---- 0.0 24.2 +-- 0.2 24.2 +__ 0.0 24.2 + 0.0 24.2 --+ 0.0 24.2 ----- 0.0 
% Area 92.3 + 0.1 90.7 _+ 0.5 87.4 +_ 0.6 83.7 --+ 0.5 77.9 __ 0.1 69.8 +_- 0.2 
MMW 970 960 970 970 970 970 

LMW Prod. 
V r (mL)  32.2 ---- 0.4 32.1 +-- 0.7 31.0 + 0.5 30.6 + 0.2 30.4 --+ 1.1 29.5 + 0.3 
% Area 7.7 + 0.1 7.0 +_ 0.5 6.0 +-- 0.7 4.9 __ 0.7 4.7 _+ 0.2 3.7 + 0.2 
MW 80 80 120 130 140 180 

aTentative identity based on molecular weight estimates. 
bAverage of three replicates -- standard deviation. 
CAverage molecular weight estimated based on retention volume (Vr). 
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(ca. 975 g/mole) for the H P S E C  monomer  peak  com- 
ponents  as compared to the actual  MW of triolein (MW 
= 885.45 g/mole). The higher MW value may  be due to 
the use of P P G  MW standards,  which may  have different 
hydrodynamic volumes than  TAG. Currently, there are no 
polymeric TAG MW standards  available for cal ibrat ing 
H P S E C  columns, a factor  t ha t  may  result  in an over- 
es t imat ion of TAG MWs. 

Generally, there was a statistically significant (P < 0.05} 
increase in the FFA values, the AV, the p-AV and FOS 
reading after each 12-h heat ing period (Table 1). The mos t  
notable exception was the absence of a statistically signifi- 
cant  change in the FFA value from 24 to 48 h of heating. 
The PV generally decreased after  each heat ing period, as 
expected. Triolein FFA and AV increased with increased 
heat ing  (Table 1). Other  invest igators have found similar 
results for FFA values and AV for oil used for deep-fat 
f rying (2). On Day 5 (60 h), a FFA concentrat ion of 0.6% 
and an AV concentrat ion of 1.4% corresponded to 26.5% 
polymer  (Tables 1 and 2). The aldehyde (p-AV) content  in- 
creased substant ia l ly  after  day 1 (12 h) and less so there- 
after, reaching a plateau at  Days  4 (48 h) and 5 (Table 1), 
thus possibly indicating tha t  polymer formation exceeded 
aldehyde format ion at  the later  s tages of heating, or tha t  
the decreased monomer concentration resulted in reduced 
aldehyde production and concentration. Earl ier  work 
determined tha t  1.0% oxidized FA corresponded roughly 
to 15% polymeric mater ial  for heated TAG (16}. Others 
have indicated t ha t  the FFA content  does not  correlate 
particularly well with the polymeric material  content (19}. 

Peroxides were only present  in low concentrations after 
the first days of heat ing (Table 1) due to the rapid decom- 
position of peroxides at  temperatures  above 100~ (8,20). 
PV determinat ion is a good indicator of oxidation only 
at  lower tempera tures  (8). Low values suggest  tha t  there 
was little oxidation during overnight refrigerated storage 
of the sample. 

FOS readings increased with heat ing  t ime (Table 1), in- 
dicating an increase in the dielectric constant  or the ratio 
of polar to nonpolar  components .  The increase in FOS 
values may  be due to an increase in the polar i ty  of the 
oxidation products  retained in the oil and not  the total  
amount  of LMW products because the LMW product con- 
centrat ion decreased during heat ing (Table 2). After  60 
h of heating, a total  polymer  concentrat ion of 26.5% cor- 
responded to an FOS reading of 8.45. The polymer/FOS 
ratio increased from 1.06 for Day 1 (12 h) to 3.13 for Day 
5 (60 h), suggest ing t ha t  the rate  of polymer  format ion 
exceeded the rate of polar  compound formation. 

SFC provides much greater  specificity than  does 
H P S E C  for determining substrate  TAG concentration. In 
cont ras t  to HPSEC,  TAG differing by a single double 
bond [e.g., OLL and LLL (where O is oleic acid and L is 
linoleic acid)] can be separated with capillary SFC (21) 
with an appropriate  s ta t ionary  phase  (22). Therefore, any 
change in the TAG st ructure  induced as a result  of oxida- 
tion (cleavage of a 5-6 carbon fraction, format ion of a 
hydroxy FA from the addit ion of a hydroxy radical and 
an alkly radical, or even crosslinking via a carbon-carbon 
bond of two adjacent  FAs on the same TAG) would re su l t  
in a substantial  change in the retention t ime with capillary 
SFC, unlike with HPSEC.  

Summaries  of the concentrations of the samples, as well 
as the recoveries and losses of triolein during heating (SFC 

and SEC), are presented in Table 3. The percentage of 
triolein from Day 0 was equivalent to a recovery of 100%, 
and the values for the percent triolein remaining in the 
sample  for each day of heat ing were divided by Day 0 to 
obtain the percent recovery for triolein. The chromato- 
g rams  of Day 2 (24 h) and Day 5 (60 h) are presented in 
Figure 2. 

A plot  of In (S/So) vs. t ime for the loss of triolein dur- 
ing heat ing indicated tha t  the reaction rate was an ap- 
parent  first-order reaction for SFC data  (Fig. 3), where S 
= substrate  concentration at t ime t and So = initial sub- 
s t ra te  concentration. The k is an "average" k because the 
heat ing was not  continuous, but  in termi t tent  (12 h heat- 
ing, then 12 h cooling). The average k for triolein loss dur- 
ing heating, SFC, was (25.6 _ 1.1) • 10 -3 h -1 and the 
correlation coefficient -- 0.97, while the rate constant  
based on the H P S E C  results was (49.9 +_ 3.2) • 10 -4 h -1 
and the correlation coefficient was 0.94. Linear regression 
analysis (15,23} indicated tha t  the slope for the SFC data  
was significantly greater  than  the slope for the H P S E C  
da ta  (P < 0.05). The In S/So data  for SFC and H P S E C  
was not significantly different for Day 0, but  was for Days 
1-5 (Fig. 3). The degradat ion rate  determined from the 
SFC data  was over five t imes t ha t  predicted from the 
H P S E C  data, which indicates t ha t  the monomer peak  

TABLE 3 

Triolein Recovery During Heating 
Supercritical Fluid Chromatography (SFC) 

Time Sample conc. a Triolein conc. b % Triolein 
(h) (mg/mL) (mg/mL) recovery 

0 0.469 0.470 _+ 0.012 c 100.0 
12 0.410 0.282 _+ 0.003 68.6 
24 0.451 0.219 + 0.015 48.7 
36 0.444 0.171 +_ 0.006 38.5 
48 0.482 0.159 + 0.009 33.0 
60 0.456 0.087 -!-_ 0.002 19.0 
aConcentration of sample as weighed. 
bConcentration of triolein in sample calculated from SFC data and 
corrected for response factor. 
CAverage of three replicates +_ standard deviation. 
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FIG. 2. Supercritical fluid chromatogram of Day 2 (24 h) and Day 
5 (60 h) triolein. The upper chromatogram is Day 5 and the lower 
is Day 2. The internal standard (tridecanoin) eluted between 27 and 
28 min, and the triolein eluted after 45 min. FID, flame-ionization 
detector. 

JAOCS, Vol. 71, no. 11 (November 1994) 



NONVOLATILE COMPONENTS IN TRIOLEIN 

1243 

_= 

0 20  40  6 0  80 
Time (h) 

FIG. 3. Determination of "average" first-order reaction rate coustants 
from high-performance size-exclusion (HPSEC) and sapereritical fluid 
chromatographic  (SFC) analys i s  of heated triolein. The snbstrate  or 
triolein concentrat ion  at t ime zero is So, and the  subs trate  concen- 
trat ion at any other t ime  is S. The  "average" apparent  react ion rate 
cons tan t  ___ the  s tandard  error for the  H P S E C  data  is  (49.9 ----- 3.2) 
X 10 -4 h -1. The correlat ion coeff ic ient  is 0.94. For the  S F C  data,  
the  correlation coeff ic ient  is 0.97 and the  "average" apparent  reac- 
t ion rate  cons tant  is (24.5 • 1.1) X 10 -3  h -1. 

f rom t h e  H P S E C  d a t a  was  no t  j u s t  t r i o l ey lg lyce ro l  b u t  
c o n t a i n e d  a s u b s t a n t i a l  a m o u n t  of t h e r m a l l y  a l t e red  or  
ox id i zed  subs t r a t e .  

Theore t ica l ly ,  a d e t e r m i n a t i o n  of t h e  r a t e  of loss  b a s e d  
on an  a c c u r a t e  a n a l y s i s  of t he  s u b s t r a t e  c o n c e n t r a t i o n  
shou ld  be  more  a c c u r a t e  t h a n  a r a t e  d e t e r m i n e d  f rom a 
concen t ra t ion  de t e rmina t i on  of one of several  reac t ion  pro- 
duc t s ,  p a r t i c u l a r l y  b e c a u s e  a p a r t i c u l a r  r e a c t i o n  p r o d u c t  
c o n c e n t r a t i o n  cou ld  be  a l t e red  by  s l i g h t  d i f ferences  in 
h e a t i n g  condi t ions ,  r eac t ion  c h e m i s t r y  or  s u b s t r a t e  s t ruc-  
ture.  The  H P S E C  d a t a  (% polymer} do n o t  ag ree  w i t h  
losses  p r e d i c t e d  f rom t h e  S F C  da ta .  The  d a t a  s u g g e s t  
t h a t ,  a l t h o u g h  H P S E C  ana lys i s  m a y  be  an  exce l l en t  
a n a l y s i s  for m o n i t o r i n g  f r y i n g  oil qual i ty ,  i t  m a y  n o t  ac- 
c u r a t e l y  ref lect  t he  loss  of TAG s u b s t r a t e  d u r i n g  hea t ing ,  
and  t h a t  one needs  to  be  careful  a b o u t  d r awing  inferences  
a b o u t  t he  r a t e  of o x i d a t i o n  b a s e d  on  t e s t s  spec i f i ca l ly  
d e s i g n e d  for a l i m i t e d  n u m b e r  of o x i d a t i o n  p roduc t s .  
H P S E C  d a t a  s u g g e s t  t h a t  m u c h  of t h e  m a t e r i a l  t h a t  co- 
e lu tes  w i t h  t he  " m o n o m e r "  d u r i n g  H P S E C  h a s  been  
a l te red ,  p a r t i c u l a r l y  t o w a r d  the  e n d p o i n t  of 20% or  m o r e  
p o l y m e r i c  ma te r i a l .  F u r t h e r  e v a l u a t i o n  of th i s  m a t e r i a l  
is  wa r r an t ed .  
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