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A rapid method for the quantitative determination of
peroxide value (PV) of vegetable oils by Fourier transform
infrared (F'TIR) transmission spectroscopy is described.
Calibration standards were prepared by the addition of -
butyl hydroperoxide to a series of vegetable oils, along with
random amounts of oleic acid and water. Additional stan-
dards were derived through the addition of mono- and
diglyceride spectral contributions, as well as zero PV spec-
tra obtained from deuterated oils. A partial least squares
(PLS) calibration model for the prediction of PV was
developed bhased on the spectral range 3750-3150 cm™1.
Validation of the method was carried out by comparing the
PV of a series of vegetable oils predicted by the PLS model
to the values obtained by the American Oil Chemists’
Society iodometric method. The reproducibility of the
FTIR method [coefficient of variation (CV) = 5%)] was
found io be better than that of the chemical method (CV
= 9%), although its accuracy was limited by the reproduci-
bility of the chemical method. The method, as structured,
makes use of a 1-mm CaF, flow cell to allow rapid sam-
ple handling by aspiration. The spectrometer was pre-
programmed in Visual Basic to guide the operator in per-
forming the analysis so that no knowledge of FTIR spec-
troscopy is required to implement the method. The method
would be suitable for PV determinations in the edible oil
industry and takes an average of three minutes per sample,
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The oxidation of fats and oils is an important deteriorative
reaction with significant commercial implications in terms
of product value, The initial oxidation products that accumu-
late are hydroperoxides, which may subsequently break
down to form lower-molecular weight compounds such as
alcohols, aldehydes, free fatty acids and ketones, leading to
autoxidative rancidity (1,2). Analytically, the American Oil
Chemists’ Society (AOCS) peroxide value (PV) determina-
tion is the standard method used to determine hydroperox-
ides in the edible oil industry, either directly or in a con-
trolled fashion via the active oxygen method, to determine
the oxidative stability of an oil {3). Our research group has

been working on the development of rapid and automatable

Fourier transform infrared (FTIR) spectroscopic methods
for the quantitative analysis of fats and oils, and we have
recently developed such methods to determine iodine value
(IV), saponification number (SN) (4) and free fatty acids
(FFA) {5). As PV determinations are commonly performed
in oil analysis laboratories, FTIR spectroscopy was explored
as a means of automating this analysis.

It has been recognized for some time that hydroperoxide
functional groups can be quantitatively determined by in-
frared (IR) spectroscopy. In 1972, Fukuzumi and Kobayashi
(6) reported a linear relationship between the intensity of
the hydroperoxide absorption band at 3550 em™ in CCl,
and the iodometric PV value for fatty acid methyl ester
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hydroperoxides. This basic information has not been utilized
in any practical way, largely because of the limitations
assoclated with dispersive instrumentation available at that
time and the relatively poor quantitative capabilities asso-
ciated with conventional TR spectroscopy. The advent of
FTIR spectroscopy, based on interferometry, has substan-
tially enhanced the sensitivity and quantitative accuracy
of IR measurements. The superior performance of FTIR in-
struments over traditional dispersive instruments is a result
of their higher energy throughput, their multiplexing capa-
bility (i.e, simultaneous detection of all frequencies), higher
signal-to-noise ratio and the use of a laser for internal wave-
length calibration (7). Because FTIR systems require on-line
computing capabilities, most units come equipped with
powerful software-based data handling routines, providing
the capability for repetitive scanning to improve the signal-
to-noise ratio, macro-command language programming facil-
ities to automate routine operations and sophisticated
chemometric software for multicomponent analysis. As
such, FTIR spectroscopy not only provides substantial spec-
tral information about the functional groups present in a
sample but also provides a means of data processing and
automating an analysis if an appropriate means of calibra-
tion can be devised.

In preliminary development work carried out on the use
of FTIR spectroscapy as a method for the determination’
of PV, a relatively simple calibration approach was attemp-
ted first. It was based on the use of t-butyl hydroperoxide
(TBHP) as a standard, added to peroxide-free canola oil, and
ratioing the spectrum of the spiked oil against that of the
peroxide-free oil to obtain a clearly resolved hydroperoxide
band. This approach, with a simple dual wavelength calibra-
tion (3444/2225 cm™), produced excellent calibration curves
and predictions for that base oil. However, predictions for
oils other than the base oil did not always correspond well
with the chemical PV values. Based on a careful analysis
of the FTIR spectra of other oils, relative to the base canola
oil used (8), it became apparent that variable amounts of
other OH-containing components present in each oil, ie,
alcohols, FFAs and water, all of which exhibit absorptions
that overlap with the hydroperoxide band, interfere with the
hydroperoxide determination. Variations in the triglyceride
composition of the oils are also possible sources of spectral
variability. With so many potential sources of interference
and variability affecting the PV determination, more
sophisticated chemometric techniques were called for. For
situations of this nature, one of the most powerful chemo-
metric approaches available is the partial least squares (PLS)
method (9), which is capable of accounting for interactions,
underlying absorptions, overlapping bands and other fac-
tors that may affect the spectra as the concentrations of
all components change. PLS is a powerful tool in such ¢ir-
cumstances and has been used successfully to develop a
robust calibration for the direct prediction of IV and SN
of edible fats and oils (4). This paper describes the develop-
ment of a practical, automated FTIR method to determine
PV, illustrating the utility of PLS for multivariate analysis
of FTIR data.
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EXPERIMENTAL PROCEDURES

Instrumentation/sample handling. IR spectroscopy was
carried out with a Nicolet (Madison, WI) “Impact 400"
FTIR spectrometer, interfaced to a 486/33MHz PC operat-
ing under Windows-based Nicolet Omnic 1.1 software. The
instrument and sample compartment were purged with
dry air produced by a Balston dryer (Balston, Lexington,
MA) to minimize water vapor and CO, interferences.
Sample handling involved the aspiration of oil samples
through a 1022-um pathlength CaF, flow cell via 1/16”
id. silicone tubing, allowing the rapid filling and empty-
ing of the cell. A valve was used to control the vacuum,
thereby regulating the filling of the cell and facilitating
the sequential analysis of samples. The cell was purged
of the previous sample by passing =3 mL of the next sam-
ple through the cell, and a trap was used to collect spent
oil. The cell was rinsed with hexane every =5 samples to
avoid oil build-up on the cell windows. Spectra were re-
corded by co-adding 128 scans at a resolution of 4 cm™!
and were ratioed against a 512-scan background spectrum
recorded from the clean, empty cell.
Reagentsistandards. A 3M solution of TBHP in isooc-
tane was obtained from Aldrich Chemical Company (Mil-
waukee, W) and used for the preparation of calibration
standards. This solution was diluted with isooctane, and
its PV was determined in triplicate by the AOCS iodo-
metric method (3). Six commercial edible oils (olive, corn,
soy, sunflower, canola and peanut) were purchased locally
and analyzed in duplicate for their PV. A set of 30 primary
calibration standards were prepared by adding TBHP,
oleic acid and water in random amounts (w/w) to the six
base oils. The PV of the standards was calculated from
the PV of the base oil plus the PV contributed by the
added TBHP. A series of fractionally distilled monogly-
cerides derived from vegetable oils was provided by
Eastman Chemical Co. (Rochester, NY), and diglycerides
(1,3-dilinolein and 1,3-dielaidin) were obtained from Sigma
Chemical Co. (St. Louis, MO). These mono- and digly-
cerides were added to canola oil at a =1% level, and the
FTIR spectra of the mono- and diglyceride-spiked oils and
that of unspiked canola oil were recorded. The spectra of
the spiked oils were ratioed against that of the unspiked
canola oil to obtain difference spectra representative of
mono- and diglycerides in an oil. The primary calibration
set was further expanded through the technique of spec-
tral addition and subtraction (4), incorporating contribu-
tions of the mono- and diglycerides and the inclusion of
overtone bands representative of the six calibration oils.
To obtain overtone spectra (free of hydroperoxides, FFA
and alcohols) 500 ul. D,0 was added to 5 mL of each of
the base oils. After centrifugation to remove excess D,0,
the spectra of the deuterated samples were recorded, all
the OH absorptions having been shifted to lower frequen-
cies due to H-D exchange. These spectra were also multi-
plied by a scaling factor (0.8-1.2) to provide variability
in the intensity of the overtone band to account for poten-
tial variability in SN. In total, the final calibration set was
composed of 81 spectra (standards).
Calibration/validation. Calibration development was car-
ried out by using the Nicolet QuantIR® Calibration and
Prediction Package (10), which includes a PLS calibration
routine. The optimum number of spectral factors to be in-

cluded in the calibration model was selected on the basis
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of significant changes based on the F-statistic in the pre-
dicted residual error sum of squares (PRESS) test. The
“leave one out” cross validation routine was used to assess
the predictive accuracy of the calibration model. Further
validation of the calibration model developed was carried
out by chemically analyzing 25 vegetable oils in varying
states of oxidation for their PV and comparing the FTIR-
predicted results to those obtained by the chemical
method.

RESULTS

General spectroscopy. Hydroperoxide moieties exhibit
characteristic absorption bands between 3600 and 3400
cm™ due to their -O0-H stretching vibrations, with the
peak maximum being a function of the polarity of the
medium and the extent of hydrogen bonding (11). Figure
1 (bottom panel) illustrates the 3800-3200 cm™ region of
the spectrum of a sample of canola oil with a PV of =80
recorded in a 100-um CaF, cell. The band observed at
3473 cm™! is the overtone of the triglyceride ester car-
bonyl absorption (1748 ¢cm™), being approximately dou-
ble its frequency. No apparent hydroperoxide absorption
band is discernible in this spectrum. One of the strengths
of FTIR spectroscopy is its ability to ratio out common
features in the spectra of two samples that differ in a con-
stituent. Upon ratioing the oxidized canola oil against the
same oil free of hydroperoxides, a band centered at 3444
cm™! appears [Fig. 1 (center panel)]. The low intensity of
the hydroperoxide absorption band in Figure 1 (center
panel) indicates that a longer pathlength cell is required
to measure PV at the levels found in processed oils (PV
< 10). Accordingly, a 1022-um CaF, cell was assembled
to maximize the hydroperoxide absorbance without los-
ing detector linearity. Figure 1 (top panel) is a spectrum
of TBHP spiked oil in the 1022-um cell ratioed against
the spectrum of a peroxide-free oil, illustrating the absorp-
tion band of TBHP, which is similar to the “natural
hydroperoxide” band in the spectrum of the oxidized oil.
The TBHP band is centered at 3444 cm™!, confirming
the assignment of this band in the spectra of oils to the
-O0-H stretching vibration of hydroperoxides. This sim-
ple TBHP spiking and ratioing approach was used to
develop our original dual-wavelength ratio calibration pro-
cedure, mentioned briefly in the introduction.
Although TBHP is not representative of lipid hydro-
peroxides in its chemical behavior (it is quite stable), its
spectral behavior is similar to that of hydroperoxides
formed in oxidizing oils, as illustrated in Figure 1. In ad-
dition, the extinction coefficient determined for the hydro-
peroxide band of TBHP by serial dilution in oils was not
significantly different from the extinction coefficient of
hydroperoxides formed under accelerated oxidative condi-
tions in any of the six base oils. As such, TBHP appears
to be spectroscopically representative of lipid hydroperox-
ides in general and can therefore be used as a convenient,
stable standard. Preparing calibration standards by
adding known weights of TBHP to oils avoids the exten-
sive analytical effort usually exerted in calibrating a sec-
ondary method, such as FTIR, against a primary chemical
method. As noted in the introduction, although excellent
calibrations were obtained by the ratioing technique, with
an accuracy of +0.65 PV relative to the calculated value
obtained from the amount spiked and a reproducibility
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FIG. 1. Bottom panel: Fourier transform infrared spectrum of the 3800-3200 cm ! region of canola oil [peroxide value (PV) = 80] in a
100-ym CaF, transmission cell. Middle panel: spectrum of the same sample as in the bottom panel, ratioed against the spectrum of peroxide-
free canola oil. Top panel: spectrum of #-butyl hydroperoxide (TBHP)-spiked canola oil in a 1022-um cell ratioed against the spectrum of

peroxide-free canola oil.

of £0.35 PV spectroscopically, this approach failed be-
cause real oils contained varying amounts of other OH-
containing constituents (water, FFA and alcohols), which
threw off the FTIR predictions to such an extent that the
method was unworkable. For these reasons we had to
abandon this relatively simplistic approach and make use
of a more sophisticated chemometric method, PLS.
PLS calibration. The power of PLS is based on its
ability to mathematically correlate spectral changes to
changes in the concentration of a component of interest
while simultaneously accounting for all other significant
spectral factors that perturb the spectrum (9). As such,
any calibration to be devised must account for all the vari-
ability that may be encountered in the samples to be ana-
lyzed. Based on detailed spectral investigations of oils
undergoing oxidation under various conditions (8), the
main sources of variation that can be expected to interfere
with the determination of hydroperoxides were found to
be moisture, FFAs and alcohols (mainly mono- and digly-
cerides) and variability in the overtone band, which is
dependent upon the SN of the oils being investigated. Ac-
cordingly, a global set of calibration standards was devised

with TBHP to model the spectral contribution of lipid
hydroperoxides by including water, FFAs, mono- and di-
glycerides and overtone variations in random amounts.
The calibration standards were designed to meet the two
requirements for a valid PLS calibration: (i) that no cor-
relation exists between the concentrations of the interfer-
ing components and the component of interest; and (ii)
that the concentration range of such components en-
countered in the samples to be analyzed is adequately
spanned. For this calibration we chose a FFA range of
0-2%, mono- and diglycerides from 0-1.5% and water from
zero to saturation (=1%), which covered the ranges en-
countered in the samples we originally had problems with
in our dual-wavelength PV method.

Table 1 summarizes the 81 calibration standards pre-
pared and used to develop the PLS calibration. Standards
1-30 are the primary calibration standards, physically
prepared by adding increasing amounts of TBHP and ran-
dom amounts of water and FFA to the six base oils. Addi-
tional standards were generated by adding or subtract-
ing spectral contributions from a series of mono- and di-
glycerides. For the spectral contributions of the mono- and
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TABLE 1

Calibration Mixture for Partial Least Squares Calibration®

S#  Oil + Component PV S# 0Oil + Component PV S#  0Oil + Component PV
1 Can+W+O 358 28 Sun+O+T 1820 55 Pnt OVT 0.00
2 Canm+W+O+T 1397 29 Sun+ T 28.56 56 Soy OVT 0.00
3 Can+T 23.74 30 Sun+ W+ O 3940 57 Sun OVT 0.00
4 Can+T 3292 31 S02+ M 1397 58 803+ D 23.74
5 Can+ 04T 4274 32 80T+ M 472 59 805+ D 42.74
6 Cm+0 154 33 S10+ M 3407 60 S07+ D 4.72
7 Cm+T 4772 34 S12+ M 2312 61 S09 + D 24,97
8 Cm+ T 1449 35 Si6+ M 610 62 Si11+D 11.63
9 Cn+WH+0O+T 2497 36 S184+ M 2632 63 S13+ D 32.25

10 Cn+W+O+T 3407 37 S20+ M 4723 64 Si6+ D 6.10

11 Olv+W+4+ 0 1163 38 S22+ M 1191 65 S18+ D 26.32

12 Olv+0+T 23.12 39 8S25+ M 4125 66 S21 + D 1.67

13 Olv+O0O+T 3225 40 S28+ M 1820 67 S24+ D 31.11

14 OWw+0+T 4050 41 S30+ M 3940 68 S27 4+ D 9.18

15 Olv+0 51.69 42 S01 - M 3568 69 828+ D 28.56

16 Pat+ W+ 0O 6.10 43 S09 — M 2496 70 Can VOVT 0.00

17 Pnt+ T 1662 44 S12 - M 23.12 71 Can VOVT 0.00

18 Pnt+ T 26.32 45 Sl4 - M 40.50 72 Crn VOVT 0.00

19 Pant+0+4+T 3500 46 S17T—~ M 1662 73 Crn VOVT 0.00

20 Put+ O+ T 4723 47 S19 — M 3500 74 OlvVOVT 0.00

21 Soy+ W+ 0O 167 48 S20—- M 47.283 75 Olv VOVT 0.00

22 Soy+0+4+T 1191 49 S22 - M 1191 76 Pnt VOVT 0.00

23 Soy + O+ T 21.87 50 S26 - M 3.0 77 Pnt VOVT 0.00

24 Soy +O+ T 3111 51 S30 - M 3940 78 Soy VOVT 0.00

25 Soy+ W+ T 41.25 52 Can OVT 0.00 79 Soy VOVT 0.00

26 Sun + O 3.50 53 Crn OVT 0.00 80 Sun VOVT 0.00

27 Sun+ W4+ T 9.81 54 Olv OVT 0.00 81 Sun VOVT 0.00

%Base oils: canola (Can), corn (Crn), olive (Olv), peanut (Pnt), soybean {Soy) and sunflower (Sun). Other ab-
breviations: W, water; O, oleic acid; T, t-butyl hydroperoxide; S, selected samples; M, monoglycerides; D,
diglycerides; OVT, overtone bands of each oil; VOVT, variations of OVT; PV, peroxide value.

diglycerides to be representative of real samples, the
spectra of the individual mono- and diglycerides dissolved
in an oil were recorded (the spectrum of the oil itself
ratioed out being 1) to ensure that any hydrogen-bonding
effects and other interactions were represented in their
spectra. The remaining standards are simply the spectra
of deuterated base oils, where deuteration clears the OH
stretching region and leaves only the overtone band. The
overtone spectra set was generated by multiplying stan-
dards 52-57 by scaling factors in the range of 0.8-1.2 to
account for any variability in the overtone band between
oils resulting from differences in SN. These overtone spec-
tra also served as definitive spectra for zero PV. This
technique of generating additional calibration standards
by spectral co-addition was used successfully in develop-
ing PLS calibrations for the determination of IV and SN
(4), minimizes the actual number of samples that must
be prepared and provides an efficient means of introduc-
ing additional variability to the calibration set. Figure 2
shows the overlaid spectra of the 81 standards and il-
lustrates the spectral variability associated with the
various components present in the standards.

With this global calibration matrix, an optimal PLS
calibration was developed to predict the PV of oils by us-
ing the spectral range of 3750-3150 cm™, with 3750
cm™! as a single point baseline. The selection and op-
timization of the wavelength range, the type of baseline
configuration, number of factors and assessment of the
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validations is an iterative process, guided by the inter-
pretation of the spectra and statistical parameters such
as the PRESS test (10).

Figure 3 illustrates the calibration piot obtained from
the PLS calibration model in terms of predicted vs. ac-
tual PV for the 81 standards, with an overall mean
error of 0.85 PV and a standard deviation of 1.3 PV. The
“leave one out” cross validation procedure, designed as
a preliminary test of the accuracy of the calibration,
indicated that the predictions should be accurate to within
* 1.2 PV. Examination of the validation plot did not
reveal any obvious outliers in the calibration set.

Analysis of oils for PV. To verify the ability of the
calibration to perform adequately with real unknown
samples, 25 pre-analyzed vegetable oils that covered a
wide range of PV were predicted by FTIR. Figure 4
presents a plot of the predicted vs. chemical PVs for
these samples, which produced an overall standard
error of prediction of 2.66 PV. Based on an average PV
of 23.9 for these samples, an SE of 2.66 PV represents
a coefficient of variation (CV) of =11.1%, compared to
an overall CV of 9.0% for duplicate chemical analyses of
these samples. In terms of reproducibility of the FTIR
method, duplicate analyses had a standard deviation
of the difference for reproducibility (SDD,) of = 1.3 PV,
compared to an SDD, of 2.15 PV for duplicate chemi-
cal analyses. As such, the overall reproducibility of the
FTIR method is better than that of the chemical method;
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FIG. 2. Overlaid Fourier transform infrared spectra in the 3800-3200 em™! region of the 81 standards used for the partial least squares
calibration, indicating the key sources of variability in the spectra. :

however, the accuracy of the FTIR method is inherently
limited by the reproducibility of the chemical method
against which it is calibrated.

DISCUSSION

In our initial approach to the development of an FTIR

PV method, we had hoped to obtain a relatively simple
calibration based on ratioed spectra with TBHP as a stan-

dard. It was found that spectrally the situation was much

more complicated due to interferences being caused by
other OH-containing components, including alcohols,
FFAs and water, which may be present in variable
amounts. PLS provided a means of accounting for such
variability and producing a robust calibration. However,
development of such a calibration requires a detailed un-
derstanding of the interfering spectral contributions, their
magnitude and the means by which this variability could
be incorporated. As such, the development of a PV calibra-
tion is a fairly complex undertaking, and would be difficult
for anyone not familiar with FTIR spectroscopy and PLS.

In this paper, we have succeeded in our primary objec-
tive of developing a workable calibration that allows one
to directly predict the PV of an oil from its FTIR spec-
trum. Several additional objectives must be met to im-

" plement this method for routine analysis. First, the in-
strument must be pre-programmed so that the operator
does not require any knowledge of FTIR spectroscopy and
is guided through the analysis by prompts/instructions
from the PC interfaced to the spectrometer. This has been
accomplished by programming the analytical procedure
through the use of Microsoft Visual Basic within the
Macros/Pro programming environment of the Nicolet Om-
nic software (10) that drives the spectrometer. A PV analy-
sis program has been developed that prompts the operator
to aspirate the sample into the cell, scans the oil and
predicts PV by means of the PLS calibration model de-
veloped. The second requirement for the practical applica-
tion of this technology is to achieve transferability of the
calibration so that the method can be implemented on dif-
ferent instruments without the need for recalibration. We

" have described the basis for such a calibration transfer
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FIG. 3. Plot of the predicted peroxide value vs. the actual peroxide
value for the 81 calibration standards as derived from the partial
least squares calibration (PLS).

technique, based on the use of triolein as a calibration
transfer standard (4). We are currently studying the ap-
plicability of this approach to the PV calibration, which
we will report in a subsequent paper.
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