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ABSTRACT: A new FTIR approach was investigated for assess-
ing edible oil oxidative stability with the use of polymer IR (PIR)
cards as sample holders. This approach allows oil oxidation to be
monitored at moderate temperatures owing to the fairly rapid rate
at which unsaturated oils oxidize on the PIR cards. To assess the
FTIR/PIR card method, pure TAG—triolein, trilinolein, and trili-
nolenin—were loaded onto cards and placed in a chamber where
warm air (55°C) flowed over them continuously to facilitate oxi-
dation. At periodic intervals, individual cards were removed and
their FTIR spectra scanned, after which they were replaced in the
aeration chamber. All spectra were normalized to compensate
for variations in PIR card path lengths or oil loadings, and for each
card the initial spectrum recorded (t = 0) was subtracted from all
subsequent spectra taken over time to produce differential spec-
tra. With the use of a peak-find algorithm, the absorbance mini-
mum in the cis region (3017-3000 cm™") and the absorbance
maxima in the hydroperoxide (3550-3200 cm™"), isolated trans
(977-957 cm™), and conjugated trans regions (995-983 cm™)
were measured in the differential spectra and plotted as a func-
tion of time. For all three TAG, the loss of cis double bonds was
linearly related to the development of hydroperoxides and iso-
lated trans bonds for much of the oxidation process, whereas for
the polyunsaturated TAG a similar relationship also existed for
conjugated trans species. Based on an experimentally determined
hydroperoxide (ROOH) absorbance slope factor (0.06 mAbs/PV),
ROOH absorbance changes were converted to PV, allowing di-
rect PV monitoring as a function of time using the PIR cards. Trili-
nolenin, trilinolein, and triolein attained a PV of 100 mequiv/kg
oil after 43, 98, and 2889 min, respectively, their relative reac-
tion rates being similar to ratios published in the literature. The
assessment of the FTIR/PIR card method using TAG indicates that
it may be a practical and rapid means of oxidizing lipids and
tracking their oxidative state in terms of PV so as to provide a
measure of their oxidative stability.
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The autoxidation of polyunsaturated edible oils is of major con-
cern in relation to their stability and the quality of the products
in which they are incorporated. Oxidative breakdown of unsat-
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urated FA causes a variety of deleterious changes, affecting
both their functional and organoleptic properties (1) and reduc-
ing their bioavailability (2). Thus, for purposes of quality control
and estimation of shelf life of bulk lipids and lipid-containing
products, it is crucial to have a valid measure of the resistance
of lipids to oxidation (3), especially under conventional stor-
age conditions (4,5). For practical reasons, oxidative stability
assessment is usually carried out under conditions of acceler-
ated oxidation, commonly achieved through the use of elevated
temperatures (Table 1). In this regard, the two most commonly
used tests, the Active Oxygen Method (AOM) and the Oil Sta-
bility Index (OSI), have been criticized for using excessively
high temperatures at which the reaction pathways deviate sig-
nificantly from those taking place at room temperature (5). In
contrast, the Oven Storage Test (OST), commonly known as
the Schaal Oven Test, uses a relatively low temperature (60°C)
but, as a result, is a very slow test, typically lasting 4-8 d (7).
Thus, none of the methods listed in Table 1, nor any of the other
methods available for evaluating oil stability, meets the general
need for a practical, rapid method representative of oxidative
reactions occurring in oils stored under ambient conditions
(8.,9).

FTIR spectroscopy is a powerful instrumental tool for both
qualitative and quantitative analysis of edible oils owing to the
substantial functional group information contained within the
IR spectrum (10). FTIR spectroscopy has been used to study
oil oxidation either by sequentially recording the spectra of
samples taken over time from oils under oxidative stress
(11-13) or by continuously monitoring spectral changes in oils
spread on the surface of a heated, attenuated total reflectance
(ATR) crystal, where oxidation occurs fairly rapidly owing to
the high surface area of the oil exposed to air (11,14). The ATR
approach has the advantage of allowing the spectral changes
associated with oil oxidation to be monitored dynamically and
within a reasonable time frame (typically 24-48 h). However,
this technique, although useful for research purposes, is im-
practical for routine quality control monitoring of oil oxidation
as it requires that the spectrometer be dedicated to the analysis
of a single sample for the duration of the monitoring period.

This paper presents a new FTIR approach for measuring ox-
idative stability through the use of disposable polymer IR (PIR)
cards. This approach provides a means of overcoming the sin-
gle-sample limitation of the ATR technique and allows oxida-
tive changes to be monitored at more moderate temperatures.
In this study, the PIR oxidation/analysis system was evaluated
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TABLE 1
AOCS Methods Commonly Used for Assessing Oil Oxidative Stability

Method AOCS method? Test conditions Strengths Weaknesses
Oven Storage Test Recommended Practice 60°C, end point based Moderate Very slow,
(OST) Cg 5-97 on sensory evaluation,  temperature, lacks precision
PV, or GC volatile simple
compounds method
Active Oxygen Official Method 97.8°C, end point Very fast, High
Method (AOM) Cd 12-57 defined as PV = 100 inexpensive temperature,
(declared mequiv/kg oil unrepresentative
obsolete in 1993) of storage
conditions
Oil Stability Index Official Method 100-140°C, Very fast, High
(OSI) Cd 12b-92 end point based on automated temperature,
conductivity due to unrepresentative
volatile short-chain of storage
organic acids conditions

IReference 6.

using pure TAG rather than more complex lipid systems so as
to simplify the interpretation of the spectral data obtained.

MATERIALS AND METHODS

Materials. Triolein (3C18:1) and trilinolein (3C18:2) were ob-
tained from Sigma-Aldrich (St. Louis, MO), and trilinolenin
(3C18:3) was obtained from Nu-Chek-Prep (Elysian, MN); all
had a purity of 299%. Sunflower oil was purchased from a local
supermarket.

PIR cards. For this work, samples were applied onto
Thermo Nicolet (Madison, WI) dual-aperture Type 2 ST-IR™
PIR cards (Scheme 1). The cards fit into a standard FTIR cell
mount (5.0 X 10.8 cm) and consist of a microporous polytetra-
fluoroethylene (PTFE) polymer sandwiched between two card-
board layers having two 1.90-cm apertures. The polymer is
transparent to mid-IR radiation except in two spectral regions
(1270-1100 and 660—460 cm™") where PTFE absorbs.

Sample preparationloxidation. 3C 18:1° 3C18:2’ and 3C 18:3 Were
used as model systems to study lipid oxidation on the PIR cards.
Cards were loaded by applying three drops (~0.075 g) of neat
TAG onto both sides of the aperture using a disposable 3.5-mL
transfer pipette. The sample was spread over the entire aperture
using a cotton swab to ensure a uniform distribution, and then
the aperture was blotted with a tissue to remove any excess sam-
ple. Each TAG was loaded onto the aperture pairs of two cards
(four replicates of each TAG), and the cards were placed into a
Plexiglas aeration chamber installed in a laboratory oven (Lab-
Line Instruments, Inc., Melrose Park, IL). The aeration chamber
was connected to a vacuum line to aspirate warm oven air past
the cards at a controlled rate and to exhaust any volatiles pro-
duced by the oxidation process, thereby eliminating their possi-
ble prooxidative effects. The chamber exit air temperature was
monitored using a thermocouple and was maintained at 55 +
4°C. Each card was periodically removed from the chamber, the
time recorded, and the spectrum of each of its apertures scanned,
a process that takes about 2 min. In a separate series of experi-
ments, 200 UL of neat TAG was applied onto the surface of a
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heated horizontal ATR (HATR) accessory equipped with a 45°
ZnSe crystal (Thermo Nicolet) maintained at 57 + 0.5°C, and
spectra were collected at preprogrammed intervals. All ATR
spectra were corrected to compensate for changes in effective
path length as a function of wavelength to produce conventional
constant-path-length spectra.

Instrumentation/data collection. The PIR cards were
scanned using a Bomem FTIR spectrometer (MB Series; ABB
Bomem, Inc., Québec, Canada) run under Bomem-Grams/386
software (Thermo Galactic, Salem, NH), and the ATR experi-
ments were run on a SDXC FTIR spectrometer under OMNIC
software (Thermo Nicolet). Both instruments were equipped
with deuterated triglycine sulfate detectors and purged with
dry, CO,-free air supplied by a Balston dryer (Balston, Lexing-
ton, MA). The PIR card spectra were collected by co-addition
of 16 scans and ratioed against an open-beam background spec-
trum, whereas the ATR spectra were acquired using 512 scans
and ratioed against the spectrum of the clean crystal. All spec-
tra were collected at a resolution of 4 cm™!.

Data processing. A reference absorbance spectrum of each
TAG was taken at t = O for both the card and the ATR experi-
ments. An automated data processing routine was developed
(1) to correct for offset/tilt of the spectral baseline, (ii) to normal-
ize each spectrum to unit height of the maximum of the v(CH)
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absorption band at ~2854 cm™!, the absorption maximum being
located within the range of 2865-2840 cm™! by a peak-find al-
gorithm, (iii) to subtract the 7 = 0 spectrum from all subsequent
spectra to produce differential spectra, (iv) to find peak max-
ima or minima within selected spectral ranges, and (v) to out-
put the peak locations and the corresponding absorbance values.

Bulk oxidation/PV calibration. Fresh sunflower oil (100 mL)
was oxidized by passing oven-warmed air over the vigorously
stirred oil, maintained at 60°C, for 6 d. The oxidized oil was used
to prepare a set of standards, ranging from 4.5 to 80% oxidized
oil, by gravimetrically diluting it with aliquots of fresh sunflower
oil. These standards as well as the oxidized oil and the fresh oil
were loaded onto PIR cards in the same manner as the TAG to
acquire their FTIR spectra. After spectral normalization and sub-
traction of the spectrum of the fresh oil, the location and ab-
sorbance value of the ROOH absorption maximum in the spec-
trum of each standard were measured. Seven of the standards
were also analyzed for PV by the FTIR/triphenylphosphine
(TPP) method developed by Ma et al. (15), which uses a 190-
pwm KCl transmission cell. These standards, in which the percent-
age of oxidized oil ranged from 4.5 to 20%, were further diluted
60-fold with fresh sunflower oil to bring the hydroperoxide lev-
els into the analytical range of the method (0—15 PV) and were
analyzed in duplicate. The ROOH absorbance data obtained
from the normalized PIR card spectra of the standards were re-
gressed against the PV data (adjusted by the dilution factor) to
obtain a PV absorbance slope factor (ASF), expressed as
mAbs/PV, for card spectra normalized to unit height of the
~2854-cm™! band. The ASF is representative of the product of
the extinction coefficient and the path length.

TABLE 2
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RESULTS AND DISCUSSION

Analytical concepts and issues. Ideally, a method for assessing
oxidative stability of oils should meet three basic criteria: (i)
oxidation takes place efficiently at low to moderate tempera-
tures (40-60°C), (ii) significant and measurable oxidative
changes occur within hours, and (iii) a simple quantitative mea-
surement is available to provide an estimate of the comparative
stabilities of oils. Our previous work (11,14) suggested that
these criteria potentially could be met through the application
of FTIR spectroscopy to dynamically monitor oil oxidation, but
the method developed was impractical for routine use since
only a single sample could be monitored per test and each such
test would monopolize the FTIR spectrometer for an extended
period of time. In subsequent work, in which 3M-PIR cards (St.
Paul, MN; now discontinued) were used for the quantitative
analysis of PV and trans content of edible oils (16,17), it was
noted that polyunsaturated oils loaded onto these cards oxi-
dized quite rapidly. This observation led us to consider the sub-
stitution of microporous PIR cards for the ATR accessory used
in our earlier work, as it would facilitate the analysis of multi-
ple samples as well as free the spectrometer for other uses.

The potential use of PIR cards in this capacity required that
a number of issues be addressed. First, to compare spectral
data from different cards, one must be able to compensate for
the variability in polymer film thickness and sample loading
by normalizing all spectra to unit height of an appropriate ab-
sorption band, as discussed previously in relation to the dis-
continued 3M cards (16,17). Second, with the Thermo Nico-
let PIR cards used in this study, there is the additional com-
plication of ongoing sample diffusion because, unlike the 3M
cards, these PIR cards do not incorporate a nonporous barrier
around the perimeter of the aperture to limit sample spread-
ing to a defined area. Thus, comparison of the spectra
recorded from a single card over time, as well as those
recorded from different cards, requires spectral normaliza-
tion. Third, the use of a peak-find algorithm was necessary to
determine normalization factors accurately and to measure
absorbance changes associated with oxidative changes, owing
to band shifts occurring as a result of oxidation or other fac-
tors. These various issues, as well as the need to automate the
analysis of the large amounts of spectral data generated dur-
ing the oxidation experiments, were addressed by writing a
data processing routine incorporating the steps outlined in the
flowchart presented in Scheme 2.

Literature Peak Locations for Oxidation Indicator Bands, Spectral Ranges Searched to Find the Spectral
Maximum or Minimum (cis), and Baseline Points Employed to Which AAbs Values? Were Referenced

Absorption Literature Peak-find Baseline 1 Baseline 2
band (em™) range (em™) (cm™) (em™)
ROOH 3444P 3550-3200 3649.0 3649.0
cis 3011-3005¢ 3017-3000 3049.2 3049.2
Conjugated trans 987> 995-983 1004.8 929.6
Isolated trans 969 977-957 1004.8 929.6

9AAbs: difference in absorbance data.
bReference 11.

“Reference 18; position shifts from 3011 cm™ for 3C ., to 3009 cm™ for °C, 4., and 3005 cm™ for 3C, ;.
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FIG. 1. Time series differential spectra of trilinolenin (3C13;3)3 (A) ROOH
(~3433 to ~3408 cm™") and cis (~3011 cm™) absorptions, illustrating hy-
droperoxide formation and progressive shifting of the ROOH band with
concomitant loss of cis double bonds; (B) trans region, showing the initial
formation of conjugated trans species (~987 cm™') followed by the for-
mation of species containing isolated trans bonds (~971 cm™).

PIR card differential spectra. For this work, pure triolein,
trilinolein, and trilinolenin were selected as model systems
since Cl&1 o Cl&2 - and Cl&3 . are common constituents of edi-
ble oil TAG. The raw spectral data obtained from the cards
were processed in the sequence outlined in Scheme 2 to pro-
duce differential spectra and extract both peak location (cm™)
and absorbance (AAbs) data for the absorption maxima (mini-
mum for cis) within the spectral regions outlined in Table 2,
the AAbs data subsequently being plotted as a function of time
to generate “real-time oxidation plots.” Figure 1 presents a typ-
ical time series of differential spectra for 3C18:3 undergoing ox-
idation, focusing on selected regions in which obvious spectral
changes take place as oxidation proceeds. In these differential
spectra, produced by subtraction of the ¢ = 0 spectrum, all the
invariant spectral features associated with the oil are removed,
leaving only the spectral changes associated with the oxidation
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process. Figure 1A illustrates the decrease of the cis double
bond absorption (~3011 cm™!) over time with the concomitant
formation of hydroperoxides (absorption initially at ~3433 cm™!
and gradually shifting to ~3408 cm™), whereas Figure 1B il-
lustrates concurrent changes in the trans region, showing the
initial formation of conjugated rrans species (~987 cm™") fol-
lowed by the appearance of isolated trans absorptions (~971
cm™!). Time series spectra of both 3C18:2 and 3C18:1 were simi-
lar in form, the exception being the absence of conjugated trans
absorptions in the case of 3C18:1 as oleic acid has only one dou-
ble bond. However, the AAbs magnitudes of the oxidation in-
dicator bands differed markedly among the three TAG.

Of particular interest in Figure 1 is the very large shift (~25
cm™!) over time in the position of the ROOH band toward
lower wavenumbers, well away from the literature value of
3444 cm™' (11). Subsequently, much later in the oxidation
process, there was a shift back toward higher wavenumbers,
resulting from the breakdown of hydroperoxides to alcohols,
which absorb at ~3544 cm™" (11). The ROOH band shifts were
common to all the TAG and also were observed when the TAG
were oxidized on a heated ATR crystal at 57°C. In contrast,
only minimal (1-2 cm™) shifts of the cis, conjugated trans, and
isolated trans bands occurred over time. Guillén and Cabo (12)
also reported a shift of the ROOH band toward lower
wavenumbers as oils underwent oxidation at 60°C, but to a
somewhat lesser extent. Similar band shifts observed in the
FTIR spectra of alcohols at high concentrations in n-decane
have been attributed to cluster formation (19); thus, it may be
postulated that the ROOH band shift is due to extensive inter-
molecular hydrogen bonding of hydroperoxides resulting from
their accumulation at high concentrations in the card matrix at
the moderate temperatures used. In experiments performed to
investigate this further, sunflower oil was oxidized at 60°C for
6 d and then serially diluted with fresh sunflower oil to produce
seven standards ranging from 10 to 100% oxidized oil. The PIR
card spectra of these standards showed a shift of the ROOH
peak maximum to lower wavenumbers concurrent with the in-
crease in the intensity of this peak as the proportion of oxidized
oil in the samples increased, confirming the concentration de-
pendence of the position of the ROOH band (Fig. 2). Addi-
tional standards were also analyzed for PV in a transmission
cell by the FTIR/TPP method (15) to determine an ASF for the
ROOH band in the normalized card spectra, allowing ROOH
absorbance values to be converted to PV. Based on the value of
0.06 mADbs/PV obtained, it became apparent that unusually
high PV (1000-7000 mequiv/kg oil, depending on the TAG)
are reached during oxidation of the TAG on the PIR cards,
which could account for the large ROOH band shifts observed.

The pronounced shift of the ROOH absorption maximum
over time made it impossible to track the changes in this band
properly by measurements at a fixed peak location, making it
imperative to incorporate a peak-find routine in the analysis of
the spectral data (Scheme 2). This routine also compensated
for the differences in the position of the cis band in the spectra
of the three TAG (Table 2) and for the slight variability (3—4
cm™!) in the positions at which the conjugated and isolated



RAPID MONITORING OF OXIDATION BY FTIR SPECTROSCOPY

b
g 8

g8
g

ROOH peak maximum (cm’)
® R
N »
.2

g
2

) 40 60 80 100
Oxidized oil in sample (%)

FIG. 2. Plot of position of absorption maximum of ROOH peak in poly-
mer IR (PIR) card spectra of standards prepared by serial dilution of oxi-
dized sunflower oil with fresh sunflower oil vs. the percentage of oxi-
dized oil in the standards.

trans absorptions appear as oxidation proceeds. In this regard,
the effects of variability in peak locations are likely to be mag-
nified when mixed glycerides, such as real oils, are analyzed.

Real-time oxidation plots. Figure 3 presents “real-time oxi-
dation plots” (AAbs vs. time) for the three TAG, illustrating the
cis, ROOH, isolated frans, and conjugated trans band ab-
sorbance changes measured from the differential spectra using
a peak-find routine to compensate for band shifts. For all TAG,
there is a loss of cis double bonds with a concurrent rise in hy-
droperoxides and in isolated trans and conjugated frans
species, except in the case of 3C18:1’ which does not give rise
to conjugated trans species. For times beyond those presented
in Figure 3, the plots generally plateau and then the curves for
the ROOH and frans absorptions begin to drop. When the
plateau in the cis plots is reached, the cis absorption is no
longer discernible in the raw (unsubtracted) spectra, indicating
virtually complete depletion of cis double bonds. As expected,
the general rate of change and magnitude of AAbs increase
with the number of double bonds in the TAG. Very similar real-
time oxidation profiles were obtained when the TAG were oxi-
dized on a heated ATR crystal at 57°C; however, it took ap-
proximately twice as long to attain a similar oxidative state in
terms of relative absorbance changes. From a practical perspec-
tive, this accelerated rate of oxidation represents an important
advantage of the PIR card method over the ATR method.

In the card spectra of all three TAG, the loss of cis ab-
sorbance correlates linearly with the concurrent increase in
ROOH absorbance well into the oxidation process, with the
isolated trans and conjugated frans absorbances showing simi-
lar correlations in the case of the two polyunsaturated TAG.
These correlations remain constant until well into oxidation
and then deteriorate fairly abruptly during the advanced stages.
Figure 4 presents an overlay plot showing the interrelationships
among the four oxidation indicator bands for 3C18:3, with Table
3 providing the linear regression data for all three TAG. These
data indicate that the parameters measured are closely interre-
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FIG. 3. Real-time oxidation plots (AAbs vs. time) obtained for (A) 3C1s;3/
(B) trilinolein (*C,4.,), and (O) triolein (*C,4.,) using the PIR card method;
(@) cis, () ROOH, (A) isolated trans, and (#) conjugated trans. For ab-
breviations see Figures 1 and 2.

lated; however, because the relationships differ to some extent
among the three TAG, it was concluded that only the ROOH
absorption, which is an unambiguous measure of oxidation, can
serve as a reliable basis for comparison between samples of dif-
ferent composition.

Conversion of absorbance data to PV data. Although dy-
namic oxidative profiles can be generated from the PIR card
absorbance data, it is desirable to convert these data to PV data
S0 as to obtain a quantitative measure of relative oxidative sta-
bility. By dividing the AAbsgyqy; values by the ASF of the
ROOH band, determined to be 0.06 mAbs/PV by a serial dilu-
tion of oxidized sunflower oil as described above, PV vs. time
plots were generated (Fig. 5). Figure 5, which shows only a
small initial portion of the PV oxidative data, provides a basis
for comparing the relative stabilities of the TAG through the
use of a PV end point. An end point of PV 100, selected to
match the end point used in the AOM method, is reached after
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43,98, and 2889 min for 3C18:3, 3C18:2, and 3C18:1’ respectively.
On this basis, *C 131 18 very stable to oxidation, taking about 3
d to reach a PV of 100, whereas 3 Cs., and 3C18:3 oxidize very
rapidly, in a matter of hours. Their relative reaction rates are
1:2.28, close to the ratio of 1:2 that would be predicted on the-
oretical grounds. The relative reaction rates for 3¢ 1817 3 Cig0
and °C 133 are 1.0:29.5:67.2, in fairly good agreement with the
relative rates of oxidation of 1:41:97 reported for ethyl oleate,

TABLE 3
ROOMH, Isolated trans, and Conjugated trans AAbs Values
as a Function of cis AAbs Values for the Three TAG

Isolated Conjugated
TAG ROOH vs. cis trans vs. cis trans vs. cis
3Clas” -0.961 -0.420 -0.472
182 -1.238 ~0.429 ~1.551
i d
3C g€ -1.150 — NA

“Values are slopes from linear regression performed using the first 15 points
(forced through the origin) in the linear portion of the corresponding plot; in
all cases, R? > 0.957.3C .5, trilinolenin.

byalues are slopes from linear regression performed using the first 15 points
in the linear portion of the corresponding plot, in all cases, R* > 0.994.
3(:13;2/ trilinolein.

“Value is slope from linear regression performed using the first 47 points in
the linear portion of the corresponding plot, R? > 0.996. 3C, 4, triolein.
dNonlinear relationship.
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FIG. 5. PV vs. time plot for °C, 5., (&), °C4., (#), and °C,,., (M), ob-
tained by converting PIR card ROOH absorbance data to PV data using
the absorbance slope factor derived from oxidized sunflower oil serially
diluted with fresh sunflower oil. For abbreviations see Figures 1 and 2.
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ethyl linoleate, and ethyl linolenate (20). These results point to
the general ability of the PIR card method to provide quantita-
tive data related to the oxidative state of lipids in PV terms, val-
ues well understood in the industry.

Based on the study of model lipids, the FTIR/PIR card
method appears capable of dynamically monitoring the ox-
idative stability of edible oils at moderate temperatures, par-
ticularly polyunsaturated oils. The model studies show that
four oxidation indicator bands can be used to track oxidation
and that they are all interrelated. The spectral data can be ex-
pressed in terms of PV, thereby providing a measure tradition-
ally used in the assessment of oxidative stability without the
need for titrimetric analyses. The advantages of the PIR card
method include flexibility, simplicity, speed, and conve-
nience, and the rapid rate of oil oxidation on these cards
makes it practical to monitor oxidation at moderate tempera-
tures and facilitates multisample analyses. With the concep-
tual foundation for the FTIR/PIR card method established,
further studies will be carried out with real oils to determine
whether the method is suitable for the routine assessment of
oxidative stability.
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