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Edible fats and oils in their neat form are ideal candidates 
for Fourier transform infrared (FTIR) analysis,  in either 
the attenuated total reflectance or the transmission mode. 
FTIR spectroscopy provides a simple and rapid means  of 
following complex changes that take place as lipids oxidize. 
Safflower and cottonseed oils were oxidized under various 
conditions, and their spectral changes were recorded and 
interpreted. The critical absorption bands associated with 
common oxidation end products were identified by relating 
them to those of spectroscopically representative reference 
compounds.  The power and utilty of  F T I R  spectroscopy 
to follow oxidative changes was demonstrated through the 
use of "real-time oxidation plots:' A quantitative approach 
is proposed in which standards are used that  are spectro- 
scopically representative of oxidative end products and by 
which the oxidative state  of an oil can be defined in terms 
of percent hydroperoxides, percent alcohols and total  car- 
bonyl content.  B y  using either relative absorption as a 
basis or calibrating on representative standards, FTIR 
analysis provides a rapid means of evaluating the oxidative 
state of  an oil or of  monitoring changes in oils undergo- 
ing thermal stress. 

KEY WORDS: Alcohols, aldehydes, cis/trans double bonds, fats and 
oils, Fourier transform infrared spectroscopy, free fatty acids, 
hydroperoxides, oxidation, quality control. 

Autoxidation is a major deteriorative reaction affecting edi- 
ble fats and oils and is a primary concern to processors and 
consumers from a quality standpoint because the oxidative 
breakdown products cause marked off-flavors in an oil. 
Although relatively well understood in general terms, autox- 
idation is quite complex and variable depending on oil type 
and conditions of oxidation (1). A wide range of end pr~ 
ducts are associated with the autoxidative deten'oration of 
oils at ambient temperatures (2-5), the most important be ~ 
ing hydroperoxides, alcohols and aldehydes. Moistur~ hy- 
drocarbons, free fatty acids (FFAs) and esters, ketones, lac- 
tones, furans and other minor products may also be pr~ 
duced, with the FFAs becoming more important in ther~ 
maUy stressed off. In addition, there is significant cis to 
trans isomerization and conjugation of double bonds in the 
hydroperoxides formed as an oil oxidizes. The rate of oxida- 
tion and the distribution of accumulated products depend 
strongly on the oil somv~ fatty acid composition, degree 
of unsaturation, presence of metal ions and antioxidants, 
time and thermal stress, making it essential to have reliable 
means of assessing the oxidative status and of forecasting 
the oxidative stability of an oil. The American Oil Chemists' 
Society (AOCS) has a number of official methods to pro- 
vide an indication of the oxidative status of an oil (6), the 
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most common being the peroxide value (PV), the anisidine 
value (AV) and the thiobarbituric acid value These chemical 
methods, which are largely empirical in nature, measure 
either the primary or secondary products of oxidation, i.e, 
hydroperoxides or carbonyl-type compounds. 

Our research seeks to develop rapid, general-ptwpose 
Fourier transform infrared (FTIR)-based quality control 
methods for the food industry (7-11}. Recently, we have fo- 
cused on developing simple rapid methods for oil analysis, 
as oils in their neat form are ideal candidates for FTIR ap- 
plications. Methods for the determination of iodine value 
(12), saponification number (12) and FFA (13) have been de- 
veloped, and a number of other methods are in the develop- 
ment stage (PV and AV). The rationale for turning to a new 
version of an old technology, IR, is that FTIR spectrometers 
have many advantages over conventional dispersive instru- 
ments, with more energy throughput, excellent wavenumber 
reproducibility and accuracy, extensive and precise spectral 
manipulation capabilities (ratioing, subtraction, derivative 
spectra and deconvolUtion) and advanced chemometric soft- 
ware to handle calibration development (7). Because of these 
advantages, FTIR spectroscopy can provide much more in- 
formation on the characteristics, composition and/or chemi- 
cal changes taking place in fats and oils than can be ob- 
tained from conventional dispersive IR instruments. Ftm 
thermore from a practical viewpoint, FTIR quantitative 
analysis methods are generally rapid (1-2 min), can be auto- 
mated and reduce the need for solvents and toxic reagents 
associated with wet chemical methods for fats and oils 
analyses~ making the development of FTIR methods timely 
in view of present efforts to eliminate toxic solvents (14). 

Neat oils applied directly onto a multiple-pass attenuated 
total reflectance (ATR) crystal or pumped through a trans- 
mission flow cell provide high<luality spectr~ Solid fats can 
be handled analogously with an accxtrately thermostated 
(=+0.2~ ATR crystal or flow cell heated to a temperature 
above the melting point of the fat. Fats and oils, being 
relatively simple molecular systems composed primarily of 
triglycerides, exhibit fairly uncomplicated spectral Most of 
the important absorption bands lie in the range of =3500 
to 800 cm-1, a region where most of the more rugged trans: 
mission window/ATR materials transmit. 

The overall objective of the present work is to lay the foun- 
dation for the development of FTIR methods for assessing 
oil quality in relation to lipid oxidation and thermal stress 
(ag., frying oils). A prerequisite to using FTIR spectroscopy 
to assess the various end products of lipid oxidation is a 
basic understanding of the spectral changes taking place 
as an oil oxidizes. Fundamental IR characterization and 
identification of specific products formed from the oxida- 
tion of individual fatty acids and the decomposition of fatty 
acid hydroperoxides has been done (15,16), but there have 
been no comprehensive FTIR spectroscopic investigations 
of edible oils undergoing oxidation. Thus, there is a need 
to characterize the spectral changes occurring as off 
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oxidation proceeds, assign wavelengths to the more com- 
mon molecular species produced and assess potential spec- 
tral cross interferences so that  a generalized approach to 
monitoring and quantitating key products associated with 
oxidation can be developed. This paper describes the FTIR 
spectral techniques used to follow the main chemical events 
occurring as oils oxidize develops a means by which such 
events can be tracked on a relative basis and lays the founda- 
tion for a quantitative approach to measuring lipid oxida- 
tion. 

EXPERIMENTAL PROCEDURES 

Instrumentation. The ins t rument  used for this work was 
a Nicolet 8210 F T I R  spectrometer  (Nicolet Ins t rument  
Inc, Madison, WI), run under a DX operating system (17). 
To minimize water vapor and CO2 interferences, the in- 
s t rument  was purged with air from a Balston dryer (Bal- 
ston, Lexington, MA). A heated horizontal ATR sampl- 
ing accessory, equipped with 40 and 45 ~ ZnSe crystals, 
and a 90 t~ CaF2 flow cell were used in this study. All 
spectra were collected from 512 scans at a resolution of 
4 cm -z and a gain of 2.0. For oil oxidation monitoring ex- 
periments, the Nicolet spectrometer  was programmed 
with macro-command language (12) to automatically 
record spectra at specified t ime intervals, to abstract  ab- 
sorbance values (peak height) at pre-selected frequencies 
and to print  the results for each spectrum taken. The 
time/absorbance data matr ix was then entered into a stan- 
dard graphics program to produce "real-time oxidation 
plots: '  

Samples~oxidation. Commercial safflower and cotton- 
seed oil, obtained from a local retail outlet, were used as 
the base materials for the oxidation studies. Fi f ty  grams 
of each oil was poured into a 500-mL fritted funnel, packed 
with activated silica gel (60-200 mesh; Aldrich, Mil- 
waukee, WI), and eluted with 200 mL hexane to remove 
any oxygenated compounds from the oil, and the solvent 
was removed from the eluent on a rotary evaporator under 
reduced pressure. The oil purified by this procedure was 
used as a reference oil. The efficiency of this procedure in 
removing hydroperoxides and carbonyl compounds was 
assessed by carrying out the PV and AV tests  (6) on the 
unpurified and purified oils; PV was reduced from 2-6 to 
<1.0, and AV from 2-3 to <1.0, by the purification step. 
An F T I R  procedure was devised as a convenient test  for 
the presence of residual alcohols. For this test, 100/~L of 
deuterium oxide (D20) was added to a 2-mL aliquot of 
the purified sample to exchange any OH groups, thereby 
shifting their absorptions to lower frequency; ratioing the 
spectrum of the untreated port ion of the oil against  tha t  
of the D20-treated portion then allows the hydroxyl ab- 
sorptions in the spectrum of the untreated oil to be clearly 
observed, without  spectral interference from the absorp- 
tions of the base oil. 

Two sets of oxidation experiments were carried out, one 
at  lower temperatures (70-75~ with a heated ATR 
crystal and another at higher temperatures (100, 130 and 
230~ with a CaF2 flow cell. For the ATR work, 1 mL 
of a fresh oil sample was pipet ted onto the crystal  (sur- 
face area =8 cm2), and its single-beam spectrum was 
recorded and ratioed against a single-beam spectrum of 
air (clean crystal surface). Single-beam spectra were subse- 
quent ly  recorded at 0.5-h intervals from this sample as 

it  oxidized on the ATR crystal  and were automatically 
ratioed against the single-beam spectrum of the fresh oil 
recorded at t = 0. For the higher-temperature oxidation, 
a reservoir of oil (=100 mL) was placed in a heating man- 
tle, with the oil temperature  adjusted with a rheostat.  A 
positive-displacement piston pump {FMI Lab Pump 
Model QG50, Oyster  Bay, NY) was used to circulate the 
oil (=3 mL/min) from the reservoir through the CaF 2 
flow cell. A single-beam spectrum of the oil was collected 
as soon as the temperature  of the reservoir equilibrated 
to operating temperature (defined as t -- 0). Subse- 
quently, dry air was bubbled continuously through the oil 
@ =3 mL/min, and single-beam spectra were recorded 
every 0.5 h and ratioed against the spectrum recorded at 
t - - 0 .  

Oxidation reference spectra. Commercially available 
olive oil was spiked with compounds selected as spec- 
troscopically representative of primary and secondary pro- 
ducts  of oxidation, including (i) oleic acid, (ii) t-butyl 
hydroperoxide, (iii) hexanal, (iv) trans-2-hexenal, (v) trans, 
trans-2,4-decadienal, (vi) hexanol and (vii) trans-4-hexen- 
3-one (Aldrich Chemicals), all added at a level of 2% (w/w). 
A water-saturated sample (=0.02%) was prepared by ad- 
ding 1% water to olive oil, shaking and centrifuging 
(=10,000 X g) to remove residual free water. Spectra of 
these spiked samples were recorded on a 40 ~ ATR crystal 
at room temperature and ratioed against the spectrum of 
the unspiked olive oil to develop a spectral library. This 
l ibrary was used to assign the characteristic absorption 
bands of key functional groups of compounds tha t  may 
accumulate in oils undergoing oxidation. 

RESULTS AND DISCUSSION 

The concept of spectral ratioing. One of the fundamental  
s t rengths of F TIR  spectroscopy lies in its ability to ac- 
curately ratio spectra, allowing one to see small differences 
that  normally might not be apparent in the raw spectrum. 
The concept of spectral ratioing arises in F TIR  spec- 
troscopy because most  FTIR  spectrometers are single- 
beam instruments.  Thus, the single-beam spectrum re- 
corded for a sample (I s) consists of the emittance spec- 
t rum of the source on which are superimposed the absorp- 
tions of the sample as well as of air in the optical path. 
To eliminate the contributions of the source and the air 
background, the single-beam spectrum of the sample is 
digitally ratioed against a single-beam spectrum recorded 
with no sample in the beam (I0), yielding the absorbance 
spectrum of the sample [As = -log(Is/Io)]. Alternatively, 
the single-beam spectrum of the sample may be ratioed 
against  the single-beam spectrum of a reference (IR), 
thereby eliminating the spectral features common to the 
sample and the reference in addition to the contributions 
from the source and air background. This operation [As r 
= --log(Is/IR) ] is equivalent to a 1:1 subtraction of the 
reference spectrum ratioed against  an air background 
from the sample spectrum ratioed against the same 
background (As - AR), bu t  requires only a single 
mathematical  manipulation, i.e., 

A s -- A R = --log(Is/I o) -- [--log(IR/I0)] = --log(Is/I R) = AS r [1] 

Figure la  illustrates the absorbance spectrum of olive 
oil in its neat form on an ATR crystal, obtained by 

JAOCS, Vol. 71, no. 3 (March 1994) 



MONITORING THE OXIDATION OF EDIBLE OILS 

245 

It- 2,0- 

1.5- 

1.0- 

0.5- 

2.0 

1.5- 

~:~ 1.0. 

< 
0.5- 

0.10" 

0.08 

0,06 

~" 0.04 
0 0.02- 

0.00 

- 0 . 0 2  
0.10 

0.05- 

0 . 0 0  

-0.05 

Y 

/ 

d 

I . . . .  I . . . .  I . . . .  I '  ' ' 1  . . . .  I '  
3500 3000 2500 2000 1500 1000 

Wavenumbers (cm- 1) 

FIG. 1. Attenuated total reflectance/Fourier transform infrared spe~  
tra of olive oil (a) and olive oil spiked wi th  0.5% trans, trans-2,4- 
decadienal (b) on a 40 ~ ZnSe crystal, the difference spectrum obtained 
by ratioing the single-beam spectrum of the spiked sample  against  
that  of the pure olive oil (c) and the  corresponding difference spec- 
trum for a 45 ~ ZnSe crystal  (d). 

ratioing the single-beam spectrum of the oil against the 
single-beam spectrum of air {bare crystal surface}. This 
spectrum illustrates the dominant spectral features asso- 
ciated with edible otis: the CH stretching absorptions in 
the region from 3050 to 2800 cm -1 (cis-C=CH, CH2, CH3 
and CH2/CH3 stretching bands}, the carbonyl absorption 
of the triglyceride ester linkage at 1744 cm -1, and the 
bands associated with the fingerprint region (1500-1000 
cm-1). In a hydrogenated oil, an additional strong band 
is observed in the 975-965 cm -~ region due to the C=C- 
H bending vibration of trans double bonds; measurement 
of this absorption band in the IR spectrum is the basis 
for the AOCS official method for the determination of 
isolated trans groups (6). Figure lb is the spectrum of the 
same oil spiked with 0.5% trans, trans-2,4-decadienal. In 
this spectrum it is difficult to detect the presence of this 
contaminant by simple inspection. Upon ratioing the spec- 
trum of the spiked sample against that  of the unspiked 
oil {Fig. lc), the spectral features of decadienal became 
quite apparent {bands in the regions 1750-1600 and 
1200-900 cm -~ as well as two weak bands in the 2850- 
2700 cm -~ region}, as the spectral contributions of the oil 
have been ratioed out, leaving a clear spectral window that 

allows the differences between the two oil samples to be 
detected. 

The ratio technique is a sensitive means of detecting 
relative spectral changes as long as the signal reaching 
the detector is strong enough to be measured accurately. 
For example, for regions of intense absorption in Figure 
la {i.e., the triglyceride ester linkage and major CH bands, 
where absorbance values are >2.0 absorbance units}, the 
signal reaching the detector is too small to be sampled 
properly, leading to digitization noise in the ratioed spec- 
trum as seen in Figure lc at =3000-2800 and =1750 
cm-k This problem can be avoided by reducing the effec- 
tive path length of the cell so that such bands are not as 
intense, and will ratio out, but at the expense of sensitivity 
in other regions. This is illustrated by comparing Figures 
lc and ld, the ratioed spectra obtained for the same spiked 
sample on a 40 and a 45 ~ ZnSe crystal, respectively, the 
latter having a lower depth of penetration and, hence, a 
s h o r t e r  effective path lengtl~ In Figure ld, negative peaks 
are  observed in the CH stretching region and at the posi- 
tion of the triglyceride ester linkage absorption, whereas 
digitization noise is observed in these regions in Figure 
l a  These negative peaks arise because of the dilution ef- 
fect produced by spiking, such that  the oil absorptions 
are more intense in the spectrum of the unspiked oil than 
in that of the spiked sample. Because of the lower depth 
of penetration of the 45 ~ crystal, the spectral features of 
trans, trans-2,4-decadienal are clearly much weaker in 
Figure ld than in Figure lc, with the weak bands in the 
2850-2700 cm -1 region not discernible In general, unless 
measurements are specifically required in regions of high 
absorption, it is best to use a longer path length and 
benefit from the resulting increased sensitivity. The ability 
to routinely carry out spectral ratioing (single-beam spec- 
tra) and/or its equivalent {spectral subtraction} in the case 
of absorbance spectra in an accurate and reproducible 
manner is a key element in our approach to developing 
FTIR-based methods for oil analysis. 

Analysis of oxidative reference compounds. A spectral 
library was prepared of compounds having functional 
groups representative of common oil oxidation products. 
Alcohols, saturated aldehydes and aft-unsaturated alde- 
hydes, which have been reported as major secondary ox- 
idation products {2,4}, were all represented in the spectral 
library by C6 homologues, with a,/3,r,&unsaturated alde- 
hydes represented by trans, trans-2,4-decadienal, a major 
decomposition product from heated oxidized linoleate (4}. 
t-Butyl hydroperoxide was selected to represent hydro- 
peroxides because of its stability. Although ketones are  
minor products in oxidized oils, a C6 allylic ketone was 
included in the spectral library to investigate the extent 
of overlap between the aldehyde and ketone absorptions. 
Oleic acid and water were also included in view of their 
possible presence in otis, particularly under hydrolysis con- 
ditions. While the literature abounds with spectral assign- 
ments for compounds of all these types {18,19}, it was 
necessary to obtain basic spectral data for these com- 
pounds in oil to account for any spectral shifts that might 
occur in this medium {e.g., as a result of hydrogen bon- 
ding}. Table 1 tabulates the functional group frequencies 
determined by an analysis of these reference spectra and 
gives their relative absorptivities in relation to the 
strongest absorbing functional group (v C=O of hexenal 
= 1.0).  
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TABLE 1 

Peak Positions and Relative Strengths of the Functional Group Absorptions of 
Representative of Products Formed in Oxidized Oils a 

Reference Compounds 

Compound Vibration Peak maximum Relative 
absorptivity c,d 

Water v OH 3650 and 3550 cm -1 NA 
Water 6 HOH 1625 cm -1 NA 
Hexanol v ROH 3569 cm -1 0.06 
t-Butyl hydroperoxide v ROOH 3447 cm -1 0.04 
Hexanal v RHC--O 2810 and 2712 cm -1 0.02 
Hexanal v RHC=O 1727 cm -1 0.20 
Hexenal b v RHC=O 2805 and 2725 cm -1 0.03 
Hexenal v RHC=O 1697 cm -1 1.00 
Hexenal v RC= CH-HC=O 1640 cm -1 0.10 
Hexenal d RC=CH-HC=O 974 cm -1 0.25 
2,4-Decadienal b v RHC=O 2805 and 2734 cm -1 0.03 
2,4-Decadienal v RHC=O 1689 cm -1 0.81 
2,4-Decadienal v RC=CH-HC=O 1642 cm -1 0.52 
2,4-Decadienal d RC=CH-HC=O 987 cm -1 0.27 
4-Hexen-3-one b v RC(= O)HC=CHR 1703 and 1679 cm -1 0.23 
4-Hexen-3-one v RC(=O)HC= CHR 1635 cm -1 0.32 
4-Hexen-3-one d RC(=O)HC=CH-R 972 cm -1 0.29 
Oleic acid v RCOOH 3310 cm -1 0.03 
Oleic acid v RC(= O)OH 1711 cm -1 0.25 

and0.03 

and0.03 

and0.02 

~ d 0 . 3 8  

~l'he bonds of each functional group that are responsible for the absorption band(s) are presented in bold]italic 
type. 
bAll double bonds in the trans form; CRelative to a value of 1 for the strongest absorption band. 
dValues are for spectra recorded in the attenuated total reflectance mode. 
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FIG. 2. The OH stretching region (3800-3100 cm -1) in the attenu- 
ated total reflectance/Fourier transform infrared spectra of oxida- 
tion reference compounds obtained by ratioing the singl~beam spec- 
tra of olive oil spiked with the reference compound against the single- 
beam spectrum of pure olive oil: (a) H20; (b) hexanol; (c) t-butyl 
hydroperoxide; (d) oleic acid; (e) spectrum obtained by co-adding spec- 
tra a-d. All reference compounds were added at 2% (w/w), except for 
H20, which was added to saturation levels. 

Table 1 shows t h a t  each  of t he  v a r i o u s  t y p e s  of oxida-  
t ion  p r o d u c t s  g ives  r i se  to  d i sce rn ib le  a n d  c h a r a c t e r i s t i c  
a b s o r p t i o n s  in t h e  F T I R  s p e c t r u m .  S o m e  c o m m e n t s  are  
w a r r a n t e d  w i th  r e s p e c t  to  t he  p o s i t i o n s  of these  absorp-  
t ions .  F i g u r e  2 p r e s e n t s  t he  O H  s t r e t c h i n g  region  in t h e  
water,  t -bu ty l  hydroperoxide~ hexano l  and  oleic ac id  refer- 
ence spec t ra ,  p lus  t h e  c o m p o s i t e  s p e c t r u m  o b t a i n e d  b y  
c o - a d d i n g  these  spec t ra .  F i g u r e  2 a - d  i l l u s t r a t e s  t h a t  t h e  
hyd roxy l  a b s o r p t i o n s  of all  t he se  c o m p o u n d s  occur  in t he  
s a m e  v i c in i t y  {3800-3100 cm -1) a n d  are i nhe ren t ly  b r o a d  
due  to  hyd rogen  bond ing .  F i g u r e  2e~ t h e  c o m p o s i t e  spec- 
t rum,  i l l u s t r a t e s  t h e  ex t ens ive  ove r l ap  t h a t  occurs  if all  
t he se  c o m p o u n d s  are  p r e s e n t  s i m u l t a n e o u s l y  in equa l  
a m o u n t s .  E v e n  w i t h  th i s  overlap,  m o s t  peaks ,  excep t  for 
t h e  hexano l  b a n d  a n d  t h e  lower f r equency  c o m p o n e n t  of 
t he  w a t e r  band ,  a p p e a r  to  be  su f f i c i en t ly  s e p a r a t e d  to  
enab le  iden t i f i ca t ion .  The  p resence  of a lcohol  can  be  
e s t a b l i s h e d  by  c o m p a r i n g  the  i n t e n s i t y  of the  water/al- 
cohol  o v e r l a p p i n g  b a n d  to  t h a t  of t h e  h igher  f requency  
c o m p o n e n t  of t he  w a t e r  b a n d  and/or  t h e  o the r  charac te r -  
i s t i c  a b s o r p t i o n  of w a t e r  a t  1625 c m  -1 (not  shown}. 

F i g u r e  3 i l l u s t r a t e s  t he  ca rbony l  r eg ion  in the  hexanal ,  
hexenal ,  decad iena l ,  hexenone  and  oleic acid  reference 
spec t ra ,  p lus  the i r  c o m p o s i t e  spec t rum.  The  a ldehydes  all 
e xh ib i t  C = O  s t r e t c h i n g  b a n d s  in t h e  1730-1680 cm -~ 
region,  as  shown in F i g u r e  3a-c ,  as  well  as  weake r  C H  
s t r e t c h i n g  b a n d s  b e t w e e n  2820 a n d  2700 cm -~ (not 
shown}. The  presence of a,~ u n s a t u r a t i o n  causes  a subs tan-  
t i a l  sh i f t  of t he  C - O  s t r e t c h i n g  b a n d  to lower wavenum-  
bers  (from 1727 c m  -1 for hexana l  to  1697 cm -1 for t rans -  
2-hexenal),  which  is  a c c e n t u a t e d  b y  t h e  presence  of an  ad- 
d i t i ona l  c o n j u g a t e d  doub le  b o n d  (1689 c m  -1 for t rans ,  
t r a n s - 2 , 4 - d e c a d i e n a i ) .  The  a f t - u n s a t u r a t e d  a ldehydes  can  
a lso  be  d i s t i n g u i s h e d  b y  the i r  C = C  s t r e t c h i n g  a b s o r p t i o n  
a t  =1640 c m  -1, wh ich  exh ib i t s  e x c e p t i o n a l  i n t e n s i t y  due  
to  c o n j u g a t i o n  w i t h  t h e  a ldehyde  group,  and  the i r  b a n d s  
in t h e  t r a n s  C = C H  b e n d i n g  region.  I n  t h e  l a t t e r  reg ion  
(not  shown}, t rans ,  t r a n s - 2 , 4  d e c a d i e n a l  exh ib i t s  an 
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FIG. 3. The carbonyl region (1750-1600 cm -1) in the attenuated total 
reflectance/Fourier transform infrared spectra of oxidation reference 
compounds obtained by ratioing the single-beam spectra of olive oil 
spiked with the reference compound against the single-beam spec- 
trum of pure olive oil: (u) hexanal; (b) trans-2-hexenal; (c) trans, 
trans-2,4-decadienal; (d) trans-4-hexen,3-one; (e) oleic acid; (f) spectrum 
obtained by co-adding spectra a-e. All  reference compounds were 
added at 2% (w/w). 

additional characteristic absorption at 987 cm -~ due to 
the conjugated trans double bonds, whereas trans-2- 
hexenal absorbs at 974 cm -~, characteristic of the iso- 
lated trans double bond. On the basis of the characteristic 
spectral features of these reference aldehyde compounds, 
it should be possible to distinguish in general between 
saturated, a,/~unsaturated and afl,),,&unsaturated alde- 
hydes. 

Figure 3d illustrates the spectrum of trans-4-hexen-3- 
one, an allylic ketone. The C=O stretching absorption is 
a doublet with one component, corresponding to the s-cis 
isomer (19), appearing where saturated ketones normally 
absorb, while the second absorption, corresponding to the 
s-trans isomer, is in close proximity to the C--O stretching 
absorption of trans, trans-2,4-decadienal. It also exhibits 
C=C stretching and trans C=C-H bending absorptions 
that  overlap with the corresponding bands of trans-2- 
hexenal. Thus, it would be difficult to distinguish either 
saturated or unsaturated ketones from aft-unsaturated 
aldehydes in an oxidized oil, especially as these com- 
pounds are generally present in trace amounts. Aldehydes, 
however, can be definitively distinguished from ketones 

a 

b 

A 

C 
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FIG. 4. Attenuated total reflectance/Fourier transform infrared spec- 
tra of safflower oil heated to 76~ on the surface of a 45 ~ ZnSe ATR 
crystal: (a) t = 16 h; (b) t = 8 b; (c) t = I h. The spectra have been 
ratioed against  the spectrum recorded at t = 0. 

on the basis of their characteristic CH stretching absorp- 
tions in the 2820-2700 cm -1 region. 

The last major functional group of interest is the car- 
boxyl group of FFAs, represented by oleic acid, which ab- 
sorbs at 1711 cm -1 (Fig. 3e), as well as in the OH stretch- 
ing region, as discussed earlier. The carboxyl group pro- 
duces a clean, single band in the C=O stretching region; 
however, as shown in the co-added spectrum (Fig. 3f), this 
absorption lies between two aldehyde bands (hexanal a n d  
trans-2-hexenal) and would be difficult to distinguish in 
the spectrum of an oxidized oil unless FFAs are present 
in relatively large amounts. 

Overall, based on the co-added spectra in the hydroxyl, 
carbonyl and trans double bond regions (not shown}, the 
indications are that  substantial spectral information 
should be available if products of the types represented 
by the reference compounds are formed during the ox- 
idative process. To acertain whether this expectation is 
met in real systems undergoing oxidation, a variety of oils 
were oxidized under accelerated conditions and followed 
spectrally as a function~of time. Examples of the results 
from these experiments are presented below to illustrate 
the types of spectral changes observed in oils undergo- 
ing oxidation. 

Moderate heating--saff lower oil. To simulate moderate 
but accelerated oxidative conditions, safflower oil was 
placed on a heated (75 ~ C) horizontal ATR accessory. The 
combination of temperature and the large surface area of 
the oil that  is exposed to air speeds up the autoxidative 
process. As such, the system simulates the active oxygen 
method (AOM), except that oxidative changes can be 
monitored in real time as oxidation proceeds. Figure 4 il- 
lustrates the spectra recorded at t = 1, 8 and 16 h, ratioed 
against the spectrum recorded at t = 0. These spectra 
were acquired oa a 45 ~ ZnSe crystal to minimize digitiza- 
tion noise in regions of intense oil absorptions. As oxida- 
tion progresses with time, one can readily see, from left 
to right in Figure 4: (i) the appearance of a broad band 
in the OH stretching region (3800-3200 cm-1), (ii) a 
decrease in the CH stretching vibrations (3050-2800 
cm-1), (iii) a large decrease in the triglyceride ester 
linkage absorption (1744 cm-1), (iv) the appearance of 
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peaks on the low frequency side of the triglyceride ester 
linkage absorption and (v) a sharp rise in peaks in the 
trans double bond region (1000-900 cm-1). All positive 
bands in Figure 4 are an unambiguous indication of the 
production of new molecular species. However, negative 
bands do not  necessarily represent the loss of functional 
groups. For exampl~ the sharp decrease in the triglyceride 
ester linkage absorption could be taken to imply tha t  an 
extensive amount  of hydrolysis has taken place; however, 
not  only is this unlikely under these moderate conditions, 
it definitely does not occur, as there is no spectral evidence 
of concurrent  FFA formation. In fact, the decrease in the 
ester linkage absorption (and in some of the CH absorp- 
tions) is caused by oxygen being chemically incorporated 
into the oil as oxidation products are formed. This oxygen 
uptake, in effect, dilutes the sample relative to the refer- 
ence, and, as a consequence, bands tha t  are common to 
the sample and the reference oil do not  ratio out perfectly, 
but  instead exhibit negative intensity in the ratioed spec- 
trum. For each absorption band of the oil, the negative 
band intensity in the ratioed spectrum due to this oxygen 
uptake effect is proportional to its intensi ty in the oil's 
absorbance spectrum {i.e, its spectrum ratioed against 
air}, and thus the greatest  effects are observed for the 
strongest absorption bands, such as the triglyceride ester 
linkage absorption. One can determine whether a negative 
band is due solely to the oxygen uptake effect or to a com- 
bination of this effect and the actual loss of a functional 
group by comparing its intensi ty to tha t  of a s trong 
reference band associated with a stable and relatively 
unreactive functional group. The absorption band of the 
triglyceride ester linkage, which is one of the more stable 
bonds in an oil system unless thermally stressed (>200~ 
can serve as such a reference band, provided that  the path  
length of the IR cell is sufficiently narrow to avoid 
digitization noise on ratioing this band (e.g., 45 ~ ZnSe 
ATR). Under these conditions, dividing the peak height 
of the (negative) ester linkage band in the ratioed spec- 
trum, obtained at t = x h, by the height of this band in 
the absorbance spectrum (i.e, ratioed against air; Fig. la), 
recorded at t = 0, provides a measure of the dilution of 
the sample due to the oxygen uptake effect: 

% dilution (t = x h) = % decrease in peak height @ 1744 cm -1 
= (IA1744r(t = x h)]/A1744(t = 0)) x 100 [2] 

where A1744 r and A1744 are  the peak heights of the trigly- 
ceride ester linkage absorption in the ratioed spectrum 
at t = x h and the absorbance spectrum at  t = 0, respec- 
tively. As the extent  of dilution is proportional to the 
amount  of oxygen taken up by the sample~ this measure 
is, in effect, an indicator of the overall extent of oxidation. 
The percent decrease in peak height tha t  any other nega- 
tive band represents can be calculated in the same man- 
ner [IA~r(t = xh)]/A~(t = 0)) X 1 0 0 ]  and compared to the value 
obtained for the ester linkage band (see inset in Fig. 5). 
A definitive difference in these values is indicative tha t  
changes beyond the oxygen uptake effect contribute to 
the negative band intensity. 

With these considerations in mind, it is useful to ex- 
amine each of the major  spectral regions in some detail 
(see i-iii). 

(i) O H  region. Figure 5 shows a detailed view of the 
3800-2800 cm -1 region for the same experiment as in 
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FIG. 5. Spectral overlay plot illustrating changes in the 3800-2800 
cm -1 region of the attenuated total reflectance (ATR)/Fourier 
transform infrared spectrum of safflower oil heated to 76~ on the 
surface of a 45 ~ ZnSe ATR crystal as a function of time. The overlaid 
spectra were recorded at 30-min intervals and have been ratioed 
against the spectrum recorded at t = 0. Inset: Percent decrease in 
the peak heights of the cis-C=CH stretching ( e )  and triglyceride 
ester linkage (/x) bands vs. time. The arrow indicates the magnitude 
of the dilution of the oil due to the oxygen uptake effect. 

Figure 4. The broad peak centered at 3444 cm -t is the O- 
H stretching vibration of hydroperoxides, a peak assign- 
ment established by early work on the oxidation of methyl 
linoleate (15). There is no indication of alcohol being 
formed as the peak remains symmetrical  throughout  the 
experiment, as judged by measuring the intensities at 
points 100 cm -1 on either side of the maximum, nor is 
there any evidence of water or FFA formation. The pro- 
gressive increase in the hydroperoxide band with time is 
accompanied by a decrease in the peak at 3011 cm -1, 
assigned to the C-H stretching vibration of cis double 
bonds. This represents a net loss of cis double bonds as 
opposed to an oxygen uptake effect, as seen by the much 
greater percent decrease in this band relative to the trigly- 
ceride ester linkage band (Fig. 5, inset). The negative band 
at 2922 cm -1 (Fig. 5), assigned to the CH2 stretching 
vibration, al though comparable in magnitude to the cis 
band, can be largely attributed to an oxygen uptake effect, 
given tha t  this band is an order of magni tude stronger 
than the cis band in the absorbance spectrum (see Fig. 
la). Hence, Figure 5 clearly indicates tha t  there is signifi- 
cant formation of hydroperoxides coupled with a concomi- 
tant  loss of cis double bonds, a well-known characteristic 
of lipids undergoing oxidation under moderate conditions 
(2). 

(ii) Carbonyl region. Figure 6 illustrates the changes tak- 
ing place in the carbonyl region (1750-1650 cm-~), ex- 
cluding the triglyceride ester  linkage band discussed 
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FIG. 6. Spectral overlay plot illustrating changes in the 1750-1600 
cm -1 region of the ATR/Fourier transform infrared spectrum of saf- 
flower oil heated to 76~ on the surface of a ZnSe ATR crystal as 
a function of time. The overlaid spectra were recorded at 30-min in- 
tervals and have been ratioed against the spectrum recorded at t 
= 0. See Figure 5 for abbreviation. 
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FIG. 7. Spectral overlay plot illustrating changes in the 1050-900 
cm -1 region of the ATR/Fourier transform infrared spectrum of saf- 
flower oil heated to 76~ on the surface of a ZnSe ATR crystal as 
a function of time. The overlaid spectra were recorded at 30-min in- 
tervals and have been ratioed against the spectrum recorded at t 
= 0. See Figure 5 for abbreviation. 

earlier. The most  significant change is the appearance of 
two bands at 1726 and 1698 cm -1 with these positions 
being almost identical to those associated with the 
characteristic absorptions seen for hexanal and 2-hexenal 
in olive oil, respectively (Fig. 3a and b), and it is likely that  
these peaks are representative of saturated and a,/3- 
unsatura ted aldehydes. There is no indication in these 
spectra tha t  any FFAs are formed under these conditions, 
as there is no overt absorption band at  1711 cm -~. As 
noted in our discussion of the library reference spectra, 
the identification of ketones in the presence of aldehydes 
is difficult, so it  is not  possible to determine from Figure 
6 whether ketones are being produced. Within the region 
shown in Figure 6, there is a small negative band centered 
at 1650 cm -1, which is due to the C=C stretching absorp- 
tion of unsaturated fa t ty  acids in the triglycerides. A plot 
of the type shown in Figure 5 showed tha t  the negative 
intensity of this band is not  solely due to an oxygen up- 
take effect but  can be a t t r ibuted to a net  loss of C=C 
bonds. However, changes in the C=C stretching absorp- 
tion in the spectra of oxidized oils would generally be dif- 
ficult to interpret  because of the shifts in position and 
large differences in the extinction coefficient of this ab- 
sorption for cis and trans double bonds and for double 
bonds conjugated with carbonyl groups, such as are com- 
monly found in products  of oxidative breakdown of oils. 

(iii) trans Double  bond region. Major changes take place, 
as oxidation proceeds, in the region between 1000 and 900 
cm -1 (Fig. 7), where the C=C-H bending vibrations of 
trans double bonds occur. The appearance of two bands 
at 987 and 953 cm -~, in approximately a =2:1 ratk~ is ap- 
parent in the early stages of oxidation, while later on, the 
band at 987 cm -1 exhibits a slight shift toward higher 
wavenumbers and a shoulder on this band, at 969 cm -~, 
becomes apparent. This region has been extensively in- 
vestigated in the spectra of hydroperoxides formed and 

isolated from methyl  linoleate undergoing oxidation (16), 
with the peaks observed at 982 and 948 cm -1 (in CS2 
solution) assigned to cis, t rans-conjugated  dienes. In the 
spectrum of a mixture  of trans, trans and cis, trans con- 
jugated dienes, a shift of the 982 cm -1 band to 985 cm -1 
was observed, whereas the pure trans, t rans-conjugated  
diene exhibits a single band at 988 cm -1. Taking into ac- 
count  the slight shifts in peak positions on going from 
CS2 solution to neat  oil, Figure 7 demonstrates the for- 
mation of conjugated dienes, with the amount  of trans, 
trans conjugated dienes relative to cis, trans conjugated 
dienes increasing as a function of time, as well as the for- 
mation of isolated trans bonds, indicated by their char- 
acteristic absorption at 969 cm-L 

Real - t ime  ox idat ion  plots.  Based on the results shown 
in Figures 4-7, it is possible, by using the F T I R  ratio 
method, to follow the appearance or disappearance of the 
major functional groups in an oil as a function of t ime as 
oxidation proceeds. To obtain a graphical representation 
of the relative changes in the functional group absorptions 
during the course of oxidation, the spectrometer was pro- 
grammed to measure the absorbance values (peak heights) 
at  the wavenumbers listed in Table 1 for the peak max- 
ima of the functional group absorptions at specified t ime 
intervals during oil oxidation experiments. The values at 
each wavelength measured were subsequently normalized 
with respect to the maximum absorbance value reached 
at  tha t  wavelength (AJAr m~) during the course of the ex- 
periment  and plot ted against t ime to produce a plot tha t  
represents the course of the oxidation process (real-time 
oxidation plot). 

(i) Oxidat ion  at  modera te  temperatures--saf f lower~cot-  
tonseed  oil. Figure 8 is a real-time oxidation plot for the 
initial stages (15 h at  76~ of autoxidation of safflower 
oil, showing the relative changes in the hydrol~eroxide, 
aldehydes cis and trans absorbances as a function of time. 
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FIG. 8. Real-time oxidation plot for safflower oil at 76~ showing 
the normalized peak heights of the major functional group absorp- 
tion bands vs. heating time; +, c/s C=CH stretching absorption (3011 
cm-);  A, t r a n s  C=C-H conjugated (987 cm-l); x, ROOH (3444 
cm-1); *, R'CH2CHO (1726 cm-1); V, t rans  C=CH isolated (969 
cm-l); e ,  R"C=C-CHO (1698 cm-1). 

As such, it clearly shows that after an initial period of 
stability (induction period), there is a loss of cis double 
bonds with a concomitant appearance of hydroperoxides, 
aldehydes and trans double bonds. No alcohols or FFAs 
were in evidence in this experiment. In contrast, in a 
subsequent experiment on cottonseed oil, oxidized at the 
same temperature but for a longer period of time (50 h), 
a more complicated real-time oxidation plot is obtained, 
which has been separated into three frames for clarity 
(Fig. 9a-c). Once again, there is a rapid depletion of cis 
double bonds and the production of aldehydes (Fig. 9a), 
with a,/3-unsaturated aldehydes being the last to appear. 
Figure 9b illustrates the trans, trans and cis, trans con- 
jugated dienes rising steadily, reaching a maximum, and 
subsequently beginning to decrease, while the band due 
to isolated trans bonds rises rapidly and then begins to 
plateau. Figure 9c illustrates that both hydroperoxides 
and alcohols are being formed in this system, showing an 
initial rise up to 20 h, followed by a drop and plateau, 
respectively, subsequently followed by a rise in the relative 
absorbance values of both products. A closer examination 
of this region of the spectrum (Fig. 9d) indicates that, in 
actual fact, hydroperoxides (&) are produced initially, max- 
imize and then start to decrease; however, the absorbance 
values measured for the hydroperoxide band continue to 
rise due to overlap with the continually rising alcohol band 
(e). The inflection point at =30 h in the alcohol plot is 
also an anomaly due to the alcohol band being pulled 
down by the decrease in the overlapping hydroperoxide 
band. Referring back to Figure 9b, a similar effect causes 
the plateau in the isolated trans plot, the band being 
dragged down by the concurrent drop in the cis, 
trans/trans, trans double bond signal, due to the close pro- 
ximity of these two bands. When spectral subtractions 
were carried out to compensate for these overlaps, both 
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FIG. 9. Partitioned real-time oxidation plot for cottonseed oil at 76~ 
(a) +,  cis C=CH stretching absorption (3011 cm-1); V, R'CH2CHO 
(1726 cm-1); e ,  R"C=C-CHO (1698 cm-1); (b} O, t rans  C--CH con- 
jugated {987 cm-1); *, t rans  C=CH isolated (969 cm-l); (c) A, ROOH 
(3444 cm-ll; e ,  R'OH (3544 cm-1); (d) overlaid spectra in the OH 
stretching region, illustrating the overlap of the ROOH and R'OH 
bands. 

the hydroperoxide and the conjugated diene absorptions 
in fact dropped to negligible values by the end of the ex- 
periment. Thus, although real-time oxidation plots pro- 
vide an excellent overview of the chemical changes tak- 
ing place as oils oxidize, some caution is required in in- 
terpreting them in absolute terms, especially in the case 
of hydroperoxides. 

(ii) Thermally  s t ressed  oil--safflower. To study the ox- 
idation behavior of oils under various degrees of thermal 
stress, FTIR spectra were recorded in the transmission 
mode, the oil being heated and oxidized in a reservoir and 
cycled continuously through a transmission flow cell. Saf- 
flower oil was heated to 100, 130 and 230~ for 40, 160 
and 200 min, respectively, with spectra recorded every 20 
min. Figure 10 illustrates spectra recorded at the end of 
each heating stage over the three main spectral regions. 
Looking at the OH stretching region, only hydroperox- 
ides are present after 40 min at 100~ while after 160 min 
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FIG. 10. The Fourier transform infrared spectra in the OH stretching, 
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FIG. 11. (a) Partial real-time oxidation plot for the RO-H (A, 3544 
cm -1) and R'C(=O)O-H (o ,  3324 cm -1) stretching absorptions for 
safflower oil heated from 130 to 230~ and then maintained at 230~ 
for 200 min; (b) corresponding overlaid spectra, illustrating the shift 
in the OH stretching absorption maximum from 3544 to 3526 cm -1 
as the temperature is increased. 

at 130~ the hydroperoxides have disappeared and alco- 
hols have formed. Under extreme thermal stress (230~ 
for 200 min), there is an extensive formation of FFAs, as 
indicated by the appearance of a band at 3324 cm -1 {OH 
stretching band of the carboxyl group}, as well as alcohols; 
however, the alcohol band appears to have shifted slightly. 
In the carbonyl region, at 100~ a small amount of un- 
saturated aldehydes is evident, while at 130~ a,~-unsat- 
urated aldehydes have formed in significant amounts, and 
saturated aldehydes have increased further. At 230 ~ the 
predominant band in this region is at 1711 cm -1 due to 
the formation of FFAs, with some saturated aldehydes re- 
maining, but aft-unsaturated aldehydes have disappeared 
completely. The spectra in the t rans  double bond region 
illustrate the initial formation of cis, t rans  and  trans, t rans  
conjugated dienes at 100~ followed by the progressive 
conversion of the conjugated bonds to isolated t rans  
bonds on going to 130 and 230~ A real-time oxidation 
plot is presented for only the alcohols and the FFAs in 
Figure l la .  Raising the temperature to 230~ initiates 
thermal hydrolysis as evidenced by the rapid increase in 
FFAs. There is a concurrent slope change in the alcohol 
plot, just as the FFAs begin to be released. Figure l l b  
illustrates the detailed spectral changes associated with 
the real-time oxidation plot (Fig. lla) There is a band shift 
in the alcohol region coinciding with the appearance of 
FFAs. Interpreting these spectra, there is a shift from the 
production of alcohols from hydroperoxide breakdown 
(3544 cm -~) to the appearance of alcohol functional 
groups associated with mono- and diglycerides {3526 
cm-~), produced when FFAs are liberated. Although this 
is a minor spectral change, it demonstrates that  one can 
even differentiate between different types of alcohols in 
the spectra of oxidized oils. 

Although the oxidation conditions and oils studied here 
are not all-inclusive, they were adequate to produce most 
of the compounds commonly associated with lipid oxida- 
tion and serve to illustrate the information obtainable by 
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FTIR  spectroscopy in monitoring oil oxidation. Practical 
applications based on this approach can be envisaged, eg., 
real-time monitoring of oil on a heated ATR crystal  be- 
ing utilized as a modified AOM or use of a flow cell system 
for on-line monitoring of frying oils. 

Quan t i t a t i v e  aspects .  Based on the results obtained 
from this limited spectroscopic survey of changes taking 
place in oils undergoing oxidation, it is clear tha t  relative 
changes can be readily measured, although there are some 
problems in interpreting such changes in the case of over- 
lapping bands (e.g., alcohol and hydroperoxide absorp- 
tions). Generally, the key products  of interest  in assess- 
ing the oxidative s ta tus  of oils are hydroperoxides, alco- 
hols and aldehydes, with FFAs becoming impor tant  in 
high-temperature stressed otis. Judging from our spectral 
study, F T I R  spectroscopy could be fur ther  developed in- 
to a relatively simple technique for the quantitat ive deter- 
mination of common oxidation products  in oils. We have 
already developed a quant i ta t ive method for the deter- 
mination of FFAs in oils based on the ratio concept 
presented in this paper (13}; however, a number of con- 
siderations require elaboration for the fur ther  develop- 
ment  of a generalized method of quantitation, as outlined 
below. 

(i) Obta in ing  a reference oil. A crucial consideration in 
making use of the ratio method is tha t  one should have 
a high degree of confidence tha t  the reference oil is free 
of oxidative contaminants.  If  a compound to be analyzed 
for, or some other contaminant absorbing at the frequency 
used for its measurement,  is present in the reference oil, 
the absorption band of this compound in the ratioed spec- 
t rum of the sample will be reduced in intensi ty to the ex- 
tent  tha t  the contaminant  is present in the reference oil. 
As such, one would detect changes relative to the reference 
oil, but  would not obtain an accurate concentration value. 
This is not  a problem if one is confident tha t  the reference 
oil is "fresh"; however, it  is best  to ensure a zero baseline 
by cleaning up the reference oil. A simple procedure is to 
pass the oil through activated silica gel, which removes 
all compounds with any degree of polarity {water, alcohols, 
hydroperoxides, aldehydes, FFAs, eta). The efficacy of this 
procedure was assessed spectrally and confirmed by PV, 
AV and FFA determinations. To determine spectroscop- 
ically tha t  alcohols, FFAs and hydroperoxides were com- 
pletely removed, the spectrum of the purified oil was 
ratioed against tha t  of a fraction of this oil tha t  had been 
t reated with D20. This t rea tment  converts all OH func- 
tional groups to OD functional groups, which absorb at  
a lower frequency due to their higher mass, and thus ratio- 
ing against the D20-treated sample provides a clear win- 
dow in the OH stretching region. No OH bands were 
observed in the spectra of the silica gel-treated samples, 
indicating tha t  alcohols, FFAs and hydroperoxides were 
completely removed. Hence, the silica gel t rea tment  pro- 
vides a simple means of obtaining a "clean" reference oil. 

(ii) Ox ida t ion  cal ibrat ion s tandards.  With the avail- 
ability of a "clean" reference oil, it is possible to prepare 
calibration standards by spiking this oil with compounds 
tha t  are spectroscopically representative of the major ox- 
idation products, e.g., t-butyl hydroperoxide, hexanol, hex- 
anal, trans-2-hexenal  and trans, trans-2,4-decadienal. This 
approach is both  simple and practical and expresses the 
absorbance values of oil samples in terms of the equimolar 
concentrations of the reference compounds. In formulat- 

ing a quanti tat ive approach of this nature, one has to con- 
sider the potential  interferences due to the overlap of 
water, hydroperoxide and alcohol absorptions in the OH 
region and the extensive overlap of bands in the carbonyl 
region. These interferences can be accounted for by prepaP 
ing a set of s tandards containing randomized quantit ies 
of the reference compounds in a clean oil and carrying out 
multivariate analysis, which provides cross corrections for 
the overlapping bands. A number  of mathematical  ap- 
proaches are available, the simplest being multiple regres- 
sion based on peak height measurements.  Alternatively, 
F TIR  chemometric  packages, based on P- or K-matrix 
{20,21} or part ial  least squares methods {22}, may be 
employed. Such software works directly with spectral data 
and can typically abstract  absorbance values and]or in- 
tegrated intensities from the spectra, calculate the calibra- 
tion factors, and print  out the concentrations of un- 
knowns. Once a calibration is achieved, it would be useful 
to express the oxidative state  of an oil in terms of % t- 
butyl  hydroperoxide, % hexanol, and, by summing all the 
aldehyde and ketone contributions, % total carbonyls. 
Alternatively, similar techniques could be used to relate 
selected absorptions to well-known chemical measures of 
oxidation, eg., PV and AV. Ei ther  approach would take 
some effort to develop; however, once this is done, the spec- 
troscopic and mathematical  elements could be pre- 
programmed into the spectrometer, resulting in a method 
that  would be simple and directly applicable to the quality 
control of oils, but  requiring no spectroscopic knowledge 
to carry out  an analysis. 

This s tudy demonstrates the power and utility of FTIR 
spectroscopy in following and determining the relative 
state  of oxidation of an oil under a variety of conditions. 
The capability to assess the relative oxidative state  of an 
oil sample or to monitor oil oxidative processes by FTIR 
spectroscopy in real time appears to be workable and 
should be especially useful to the general quality control 
of edible oils. The next  challenge will be to develop, pro- 
gram and assess the quanti ta t ive approaches suggested 
and establish whether  concurrence between F T I R  spec- 
tral changes and conventional chemical methods can be 
obtained, so tha t  the F T I R  results can be expressed in 
analytical terms with which the edible oil indust ry  is 
familiar. 
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