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ABSTRAcr

Fourier transform near-inftared (FT-NIR) spectroscopy was investigated as a means of

quantitative analysis of edible fats and oils. Initially, a method of simultaneously

determining the c;s and Irans content, iodine value and saponification number of neat fats

and oils using a heated transmission flow cell was developed. Two partial least squares

(PLS) calibrations were devised, a process-specitic calibration based on hydrogenated

soybean oil and a more generalized calibration based on ManY ail types, the latter able ta

analyze oils from a variety of sources accurately and reproduclbly. Methodology for the

quantitative determination of the peroxide value (PV) of edible oils using a novel glass­

vial sample handling system was subsequently developed, based on the stoichiometric

reaction of triphenylphosphine with hydroperoxides to fonn triphenylphosphine oxide.

The PV calibration was derived using PLS regressio~ and the results of a validation

study demonstrated that PV could be quantitated accurately if a normalization routine was

used to compensate for the inherent dimensional variability of the vials. The vial sample

handling system was then used in the development of PLS IV calibrations for the process

analysis ofcommercial oil samples, and these samples were also used to evaluate a global

IV calibration devised by Bomem Ine. The discriminant features available through PLS

were shown to enhance the accuracy of the IV predictions by facilitating the selection of

the most appropriate calibrations based on the spectral characteristics of closely related

ails. The predictions obtained using the global IV calibration provided clear evidenee that

a generalized calibration based on a large and varied selection of oils could provide a

means of IV detennination by FT-NIR spectroscopy. Subsequently, a generalized FT-NIR.

trans calibration was developed and shown to yield trans values that were in good

agreement with those obtained by the AOCS mid-FTIR single-bounce horizontal

attenuated total retlectance method, having an accuracy and reproduclbility of ±1.1 and

%0.5% trans, respectively. The results of the research demonstrate that FT-NIR

spectroscopy coupled with the glass-vial sample handling system is a viable alternative to

mid-FTIR spectroscopy for the analysis of edible oils and couId be suitable as an

industrial at- or on-line quality control tool.
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RÉsUMt

L'utilisation de la spectroscopie près de l'infrarouge à transformation de Fourier (FT­

NIR) en tant que véhicule d'analyse quantitative des gras ainsi que des huiles comestibles

non traitées a été étudiée. Dans un premier temps une méthode ayant pour but de procéder

à la détermination simultanée du contenu cis et trans, de l'indice d'iode (IV) ainsi que du

nombre de saponification a été développée en ayant recours à une cellule de transmission

à circulation chauffante . Deux calibrages basés sur la moindre partielle des carrés (PLS)

ont été développés. Dans le premier cas un calibrage plus spécifique fut établi basé sur

l'utilisation d'huile de soya hydrogénée. Un calibrage plus universel fut ensuite effectué

reposant sur l'utilisation de différents types d'huiles de diverses provenances tout en

maintenant un niveau adéquat de précision. Une méthodologie visant à permettre une

détermination quantitative de la valeur de peroxyde (PV) des huiles comestibles fut

effectuée en ayant recours à un nouveau dispositif permettant la manipulation de

contenants d'échantillons de mesures différentes se basant sur la réaction

stœchiométrique du triphenylphosphine avec les hydropéroxydes et résultant en la

formation d'oxyde de triphenylphosphine. Le calibrage PV fut obtenu en utilisant une

régression basée sur la moindre partielle des carrés (PLS) et la validation des résultats a

permis de démontrer qu'il était possible de quantifier la valeur de peroxyde (PV) à l'aide

d'un facteur de correction normalisé tenant compte des variations dans les dimensions des

contenants. Ce nouveau système fut par la suite utilisé afin de procéder à l'analyse en

cours de production d'échantillons d'huiles commerciales. Il servit aussi de référence afin

de procéder à l'évaluation de la méthode de calibrage « Global IV » conçue par Bornem

Inc. L'utilisation de PLS a permis d'augmenter la précision des prédictions facilitant la

sélection des calibrages les plus appropriés basés sur les caractéristiques spectrales

d'huiles et ce, même dans les cas où elles sont extrêmement similaires. Les prédictions

obtenues à l'aide du «Global IV» ont démontré clairement qu'une méthodologie de

calibrage généralisée basée sur une grande sélection/variété d'huiles peut fournir un

moyen de détermination fiable de l'indice d'iode (IV) à l'aide de FT-NIR. Cette étude

servit de base à l'élaboration d'une méthode FT-NIR capable de prédire des valeun Irans

dans une grande variété d'huiles en concordance avec les méthodes mid-FI1R de

Il
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rétlectanee totale atténuée n'ayant qu'un point de réflexion (SB-HATR) de r AOCS avec

un niveau de précision de ± 1.1 et reproduetJble à ± 0.05%. Le travail effectué prouve

donc que l'utilisation de la spectroscopie fT-NIR tenant compte des variations dans les

mesures des contenants d'échantillons se compare avantageusement à la spectroscopie

mid-FITR en ce qui a trait à r analyse des huiles comestibles et se démarque clairement

comme une alternative en tant qu'outil d'assurance qualité à l'interne ou même

directement sur la ligne de production.
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CONTRIBUTIONS TO KNOWLEDGE

(1) Demonstnted that the rapid aad simultaDeous determination 01 cu and tnuu
conteat. iodine value aad .apoairacatioa aumber 0' edible 'ats and oils by
Fourier tnnsfonn near-iafrared spectroseopy usinl a tnnsmission now ceIl wu
possible.

The method developed demonstrates that an Ff-NIR spectrometer can be calibrated
for the prediction ofthese four parameters using mid-FI'IR data and that the FT-NIR.
method provides a rapid alternative 10 the commonly used chemical and physical
methods presently employed in the industry, an anaIysis only taking two minutes per
sample.

(1) Refined a lDethod for tbe determiDatioD 0' peroside value (pV) 0' edible 'ats aad
oils by Fourier transform aear-iafrared spectroscopy to aUo. low levels 01 PV to
be accuntely determioed usinl a disposable ......vial ..mple bandliag
accessory.

The method developed a1lows the accurate analysis of PV between 0 and 10, a range
of interest to the edible oil industry. The method developed uses convenient
disposable glass vials for sample handling, and PV is determined by
spectroscopically measuring the conversion of triphenylphosphine to
triphenylphosphine oxide when reacted with hydroperoxides.

(3) Developed oil-specilic Fr-NIR calibrations for the determination of IV and
implemented discrimination procedures to select .ppropriate calibrations and
detKt oudien u weil u vaiidatinR • "global" IV calibration developeel by
SomelD.

Diseriminate analysis was successfully used ta select calibrations based on IV,
spectral charaeteristies and/or factor scores and the performance of the oil-specifie
calibrations and the global calibration were validated using processor samples.

(4) Developed aleaeralized Fr-NIR tnIIu determioatioa method lor edible latlaad
oill

The Fr-NIR "ans calibration was developed ftom a wide selection of edible oils and
validated using processor samples. Oil-specifie calibrations were also developed and
utilized to select the MOst appropriate calibration based on the spectral characteristies
ofthe oil.

(S) Have demonstnted tbat the disposable ....s-vïal sample bandliDI system cao be
used for quantitative Fr-NIa aoatysiL

The need for a constant pathlengtb is • common assumption in spectroscopie
analyses. It bas been demonstrated that • degree of vial variability caR be tolerated
and &CCOunted for through the use of a spectral normaiization routine, facilitatüng the
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use ofchcap, simple to use glass vials for Fr·N'IR anaIysis.

(fi) Dlultnted tbe utility of PLS al a dilcrimiaaDt tool ia the analylÏl or eclible raa
and oill by Fr·NIR SpectrolCOPY

In quality control situations anaIysis of many oil types may take place, involving
multiple calibrations. Discriminate analysis cao be used ta select the correct
calibration based on selected characteristics and avoid applying the wrong calibration
to the wrong sample or detect anomalous samples.

(7) Have submiUed the Fr·NJR IV metbod for consideration al omcial metbod to
the American Oil Chemisa Society (AOCS).

Based on this research, a coUaborative study wu carried out and the results
submitted to the AOCS for consideration of FT-NIR IV detennination as an official
method of anaIysis, which is presently pencling approval. This is the tirst FT-NIll
quantitative instrumental method considered in the fats and oils sector.
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CBAPTER 1 GENERAL INTRODUCTION

Fats and ails are recognized as essential nutrients in the human diet~ being consumed in a

variety of forms. In the fats and ails industry~ routine analyses are generally carried out

using standardized chemical and physical methods sanetioned by the American Oil

Chemists Society (AOCS) and/or the Association of Official Analytical Chemists

(AOAC). However, since these methods tend ta be tedious, time-consuming, and

expensive and often require hazardous solvents and reagents, there is a growing demand

within the industry to replace these methods with automated instrumental methods.

Infrared (IR) speetrosoopy is a powerful technique for qualitative analysis as the IR

spectrum contains detailed and unique information about the chemical composition and

molecular structure of a substance. Although IR spectroscopy has been used extensively

for the qualitative analysis of fats and oils, quantitative analysis has largely been

restrieted to the determination of isolated Irans isomers. This has been due to the

limitations of traditional dispersive spectrometers, problems associated with sample

handling and the lack of the computational capabilities required for quantitative analysis

of multicomponent systems. This situation changed with the development of Fourier

transfonn infrared (FTIR) spectroscopy, paralleled with advances in data manipulation

techniques and chemometrics. Reductions in the capital cost of FTIR instrumentation in

the late 1980s led to consideration ofFI1R spectroscopy as a quantitative quality control

and process monitoring tool in the fats and oils industry.

A variety of indicator parameters are used to assess the quality of eciible fats and oils~

including peroxide value (PV), anisidine value (AV), saponification number (SN), iodine

value (IV), ftee fatty &Cid (FFA) content, and solid fat content (SFC), to name but a few.

The information provided by an inftared speetrum ofan oil is substantial and can often he

related ta such parameters. For example, the OH stretching region of the IR speetrum can

indicate the presence of moisture or hydroperoxides, the latter commonly measured by

the chemical PV test, while the intensities of the bands in the CH region and of the ester

linkage absorption are related to the average molecular weight of an oil, commonly
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evaluated by SN determinations. The COOH absorption is indicative of lipolysis or ftee

fatty acid (FFA) content of an o il, while the presence of spectral features related to

a1dehydes and ketones as weil as conjugated dienes is indicative of the accumulation of

secondary oxidation products commonly measured by the thiobarbituric acid (TBA) test

or the AV test. The isolated tram band provides a direct measure of isolated trons

isomers white the combination of CH cis and CH trans absorptions provides a measure of

total unsaturation or IV. The complete spectrum of a refined, melted fat characterizes its

overall triglyceride composition, which in tum can be related to its SfC, which could also

provide information on the relative amounts of saturated, monounsaturated, and

polyunsaturated fany acids in a fat or ail. Linking the information available ftom an IR.

spectrum to quality or chemical parameters of an oil in a quantitative manner would he of

great benetit to the edible oils industry for quality control purposes.

In 1990, the McGill IR Group was fonned to advance the application of FI1R

spectroscopy to food and edible oil analysis based on extending the potential utility ofthis

analytical technique ta the industry. Extensive research has been carried out over the past

10 years and a wide variety of mid-IR methods have been developed, demonstrating that

mid-FTIR spectroscopy can be utilized as a rapid analytical quality control tocL

However, the possibilities of extending this methodology to address the needs of the

industry for al- and on-line analysis are restrieted by inherent limitations of mid-IR.

spectroscopy.

A key problem related to in-plant QC analysis by mid-FI1R speetroscopy is that MOst of

the available instrumentation is not designed for operation in an industrial processing

environment. Vibration and variations in temperature and humidity strongly affect

instrument perfonnance, limiting most FTIR instruments to the laboratory. In addition

few reasonably priced instruments are sufficiently ruggedized to withstand the relatively

harsh conditions in a processing plantlO where, for example, equipment is often hosed

down. The ideal solution to these problems would he to locate the spectrometer in a

controlled environment and link it via fiber optics to one or more sampling locations, but

this alternative is not highly practicable al the present lime owing to the expense and low

2
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optical throughput of mid-IR-transmittins fiber optics. The possibilities for at-line or on­

line analysis are also severely restricted by the sample handlins limitations inherent to

mid-IR. spectroscopy. These limitations include the requirement for shon-pathlength cells

(typically 0.025-0.1 mm for oil analysis), owing ta the low energy output of mid-IR

radiation sources, and the limited selection of mid-IR transmitting œil window materials,

the commonly used materials being alkali halide salt crystals, which are water soluble and

easily fogged in a humid atmosphere.

On the other band, ta a large degree, many of these limitations can be overcome by

switching ta the near-IR (NIR) region. Summarizing, NIR instruments have greater

detector sensitivity, substantially more energy is available from the source, and

absorptivities are low in the NlR region, making it possible to use longer pathlengths

(e.g., 1-10 cm). In addition, quartz and even silica glass are suitable as window materials,

allowing the use of simple, disposable glass vials. The longer pathlengths facHitate the

use of f10w cells for on-line applications, and the availability of low-eost fiber optics

allows for remote analysis if desired. Furthermore, NIR instruments have been around for

many years and have found a wide range of applications in food analysis, and NIR

instruments are well-recognized in-plant quality control tools. However, the traditional

dispersive and filter instruments are hampered by the problem of calibration drift due to

wavelength instability over time. This problem is overcome with the advent of

commercial FT-NIR instruments, a laser reference in FT-NIR instruments providing exact

interferometer positioning. which in tum provides wavelength stabilitY and

reproducibility. As a consequence, wavelength drifts over lime and the resulting problem

ofcalihration drift are eliminated.

It is the hypothesis of this thesis that it should he possible to c:onvert Many of the mid-IR

methods developed for the analysis of fats and oils to Fr-NIR methods. In order to cake

full advantage of the sample-handling tlexibility of NIR. spectroscopy, the research

described in this thesis is concemed not ooly with Fr-NIR methodology development but

a1so with the evaluation of a new sample handling system that employs disposable glass

vials. Chapter 3 focuses on the conversion ofa generalized mid-IR analytical package for
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the simultaneous detennination ofcis and trans content, IV and SN to a FT-NIR method

using a conventional constant-pathlength transmission cell. In Chapter 4, an evaluation of

the vial sample handling system is made in relation to the development of a FT-NIR.

method for the determination of peroxide value (PV) and comparison of its performance

to that of a well-chancterized mid-IR PV method. Chapter S, which facuses specifically

on IV analysis using the vial accessory, describes the development of calibrations for

specifie commercial ail formulations, assesses a global IV calibration, and explores the

discriminate analysis features of PLS. Chapter 6 facuses on devising a generalized FT­

NIR Irons calibration and the implementation of discriminate analysis. Overall, the

research presented in these four ehapters serves to examine the potential utility ofFT-NIR.

spectroscopy is an alternative ta mid-FTIR spectroscopy as an analytical taol for the

ana1ysis of fats and oils, and the conclusions drawn from the results of this research are

presented in the final chapter.
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IR. spectroscopy has • long and illustrious history and has been one of the main tool5

available to chemists to obtain detailed information about the structure of molecules.

Given its broad scope and wide use~ out of neœssity this Iiterature review can only focus

on aspects relevant to the research canied out in tbis thais. This literature review will

highlight the basic principles of IR spectroscopy~ relevant instrumentatio~ applicable

sample handling techniques~ chemometric basic~ as weil as previous research relevant to

the work canied out.

1.1 Principles or IDrrared SpectrolCOpy

Electromagnetic radiation, of which the IR is a part, may be considered as a simple

undulating electro-magnetic harmonie wave~ the undulating forces being interconnected

electric and magnetic fields which interact with matter 10 give rise to IR absorptions (1).

Table 2.1 tabulates the regions of the electromagnetic spearum in terms of wavenumber,

ftequency and energy relative to the position ofIII (2).

The III region of the electromagnetic spectrum extends ftom 10 to 14300 cm-a, and is

conveniently divided~ both instrumentally and funetionalty, into near-~ mid- and far- IR

(Table 2.2). When IR ftequencies pus thraugh a sample, some of the ftequencies are

absorbed, white others are transmitted thraugh the sample without heing absorbed and an

IR spectrum is a plot ofabsorbance or uansmittance against ftequency or wavelength.

Molecular absorption of electromagnetic radiation over the IR region of the spectNID

promotes molecular transitions between rotational and vibrational energy levels of the

ground Oowest) electronic energy state (3). In the mid-IR and NIR regio~ oRly

vibrational modes are of concem and it is important to note that ooly the vibrations

resulting from a molecular dipole moment change give rise to III absorption bands.
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• Table 2.1. Regions orthe electromagnetic spectrum

12.0 GI/mol
12.0 Ml/mol

598 kI/moI
315 kJ/mol
153 kJ/mol

47.9 kJ/mol
2.40 kJ/mol

120 J/mol
1.20 J/mol

wavelength Wavenumber Frequenc:y photon energy
in vacuo, Ào in vacuo, v v hv

y-rays IOpm 10' an-I 30.0Ehz 19.9x 10-15 J
X-rays IOnm 10' an- l 30.0PHz 19.9x 10-11 J
Vacuum UV 200nm SO.OX 103 cm-' l.SOPHz 993x 10-21 J
Near UV 380nm 26.3x loJ cm-' 789THz S23x 10-21 J
Visible 780nm 12.8x 103 cm-' 384THz 255x 10-21 J
Neac-IR 2.Stml 4.Ox 103 cm-l 120THz 79.Sx 10-21 J
Mid-IR SOlJm 200 cm-· 6.ooTHz 3.98x 10-21 J
Far-IR 1 mm 10 cm-· 3000Hz 199x 10-24 J
Microwaves 100mm 0.1 cm-· 3.00GHz 1.99x 10-24 J

Name

IR. stands for iDfrarc:d lDd UV for ultraviolet. H SIaDds for die Planck co..... and NA for the
Avogadro constant

Table 2.2. Divisions orthe infrared region (1)

• Region Characteristic Wavelength Wavenumber
transitions range (nm) range (cm- l )

Near infrared (NIR) Ovenones 700-2500 14300-4000
Combinations

Middle infrared (MIR) Fundamental 2500-Sx104 4000-200
vibrations

Far inftared Rotations 5xI04.10' 200-10

•
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A non-Iinear molecule of n atoms bas 3n degrees of fteedom, which are distributed as 3

rotational, 3 transitional, and 3n-6 vibrational motions, each with a charaderistie

fundamental band ftequeney. These vibrational motions can be described in terms of

bond stretching and various types of bending vibrations as presented diagrammatically in

Figure 2.1 for a tri-alomie molecule or group AX2 (4). In the case of a linear molecule,

there are ooly two rotalional degrees of freedom, sinee rotation about the bond axis is not

possible and therefore, a linear AX2 molecule bu 3n-S nonnal vibrational motions.

In a simple A-B diatomie molecular model the ooly vibration that cao occur is a periodie

stretching along the A-B bond. This stretching vibration resembles the oscillations of two

bodies connected by a spring. Thus, to a tirst approximation, the model of a harmonie

oscillator can he used to describe this vibration, and the restoring foree (F) on the bond is

then given by Hooke's law:

[2.1]

where k is the force constant of the bond, and " is the displacement. Using this

approximation, the vibrational &equency v is then given by:

[2.2]

where c is the velocity of light, and I..l the reduced mass of the system, as defined by the

following equation:

[2.3]

•
where mA and mD are the individual masses ofA and B.
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• In reality, molecular vibrations are somewhat more complicated than a simple harmonic

oscillator model and involve quantum mechanics. While the Hooke's law would indicate

a continuum of vibrational states, the molecular vibrational energy levels are in fact

quantized:

E =(n+l/2)hv [2.4]

•

•

where h is Planck's constant, n is the vibrational quantum number, and v is the

fundamental vibrational frequency. Accordingly, a molecule will absorb IR radiation of a

particular frequency ooly when tbis frequency matches the frequency of one of the

mo1ecule's fundamental vibrational modes.

Molecular absorption of energy in the mid-IR region of eleetromagnetic spectrum (4000­

200 cm-I) is related to the fundamental vibrational modes, which correspond to transitions

from the ground-state vibrational level (n=O) to the fust excited vibrational level (0=1).

Equation [2.2] is the basis for group frequency determinations in mid-IR regiol\ the force

constant k, and the relative masses of the bonded atoms constituting the two most

imponant factors detennining frequency. There are however a host of other factors, bath

internai and extemal with respect to the molecule, which dietate the aetuaI absorption

frequency observed. These include electrical etTeets, steric etTeets, the nature, size and

eleetronegativity of neighboring atoms, phase changes and hydrogen bonding, all of

which individually, or in coneen, rnay cause shifts in the expected frequency.

Even though there are a variety of secondary facton that cao affect the frequency

observed, defined funetional groups do exhibit fairly characteristic absorption frequencies

that allow their presence in a compound to he established from its IR spectrum. Thus the

pattern ofabsorbed wavelengths for a molecule, its mid-IR specuum, cao be regarded as a

molecular "fingerprint", making mid-IR spectroscopy a very powerful qualitative

analytical tool that can he employed for the identification ofchernical compounds and the

elucidation of molecular structure. Mid-IR spectroscopy cao a1so he used for quantitative

9
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ana1ysis because the amount of IR. energy absorbed by a compound is proportional to its

concentration in the sample (Beer's Law).

As indicated by equation [2.4] in the harmonic oscillator approximation, quantum..

mechanical treatment prediets equally spaced vibrational energy levels. The equation also

suggests that only transitions from the ground-state vibrational level (n=O) to the tirst

excited vibrationallevel (n=l) will he observed (5) at room temperature. However, weak

overtone bands, corresponding to transitions to higher vibrational (cvcls, are always

observed experimentally. Due to the anharmonic nature of molecular vibrations, the

overtone ftequencies fall somewhat short of being integral multiples of the fundamental

vibrational ftequency. Anhannonicity also gives rise to combination bands, which

represent the simultaneous excitation of two fundamental vibrational modes. Because

overtone and combination bands are forbidden bands, they are approximately an order of

magnitude weaker than fundamental modes.

NIR speetroscopy, in contrast to mid..1R spectroscopy, is concemed with the study of

overtones and cambination bands, which are predominantly found in the NIR region of

the spectrum (12,800-4000cm-1
). Generally speakin& there are four partially overlapping

band regions in the NIR: cambination bands, 1950-2500 nm (5100-4000 cm -1); tirst

overtone bands, 1500-2000 nm (6667-5000 cm -1); second overtone bands, 1050-1650 nm

(9524-6061 cm -1); and third ovenone bands, 700-1150 Dm (142857-8695 cm -1). Bonds

involving hydrogen, the lightest of the atoms, vibrate with Iarger amplitude when

undergoing stretching and u a consequence its motions deviate most appreciably ftom

harmonie vibrations and result in overtones. Consequently, almost ail the absorption

bands observed in the NIR portion of the spectrum arise from overtones of hydrogen

stretching vibrations involving ARy funetional groups or cambinations involving

stretching and bending modes of vibration of such groups. The bands in NIR region

overlap extensively and result in extremely diffUse and complex spectra that are poorly

resolved. Thus, a NIR spectrum does not provide any of the detailed spectral information

discernable by inspection ftom a mid-IR spectrum. However, with new sophisticated and

10
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advanced chemometric tools available substantial qualitative and quantitative information

can he extracted.

%.3 Instrumentation

Based on how IR radiation is resolved into its component wavelengths, IR spectrometers

can he divided into two general categories: dispersive and Fourier transform IR

spectrometers. In the 1940s, the tirst commercial dispersive scanning IR spectrometers

became available using a prism to resolve the IR radiation ioto ilS component

wavelengths. In the 1960s, the prism was replaced by a dif&action grating or a

gratinglprism combination, which allowed a substantial improvement in resolution.

Dispersive IR speetrometers, however, suifer from several disadvantages, typically slow

scan speed, poor wavelength accuracy/reproducibility and poor sensitivity. In the 1970's

FTIR spectrometers, based on an entirely different principle, were developed. These

instruments possess ail the capabilities of grating IR spectrometers, but are faster, more

sensitive and have unparalleled wavelength precision and accuracy. These factors, plus

decreases in the capital cost of these instruments popularized FTIR instruments, which

are have largely displaced mid-IR dispersive instruments in most laboratories.

2.3.1 Interferometry

FTIR spectroscopy is based on interferometry and thus ditTers fundamentally trom

traditional diSPersive IR speetroscopy. The Michelson interferometer, used in most FrIR

sPectrometers, consists of a moving mirror and a fixed mirror situated perpendicular to

each other (Figure 2.2).

A beamsplitter is employed to divide the beam of radiation from the IR source into two

parts, one part being reflected to the moving mirror and the other heing transmitted to the

fixedg mirror. When the beams are rellected back, they recombine at the beamsplitter,

producing a constructive/destructive interference pattern due to the difference in the

distances traveled by the two components of the bearn. After the IR
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Figure 2.2. Sc:hematic diagram ofa Michelson interferometer. (6)
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• energy bas been selectively absorbed by the sample, fluctuations in the intensity of the

energy reaching the detector are digitized in real time, yielding an interferogram. The

interferogram contains ail the information that is required to produce the IR. spectrum of

the sample, however, this information is in the lime domain. In order 10 obtain a

conventional IR. spectrum, the interferogram must be converted to the frequency domain

by Fourier transformation. In FTIR spectroscopy. the interferogram is usually a plot of

intensity as function of the path ditTerence between the fixed and the moving mirror,

known as retardation a, which is proportional to time t because the moving mirror travels

at constant velocity v, i.e.,

Fourier transformation of the interferogram 1 (a) then yields a spectrum with the r axis in

units ofwavenumbers (cm-I
), / (v), in accordance with the following relationship:

•

a= 2vt centimeters

1 (S) =0.5 H (V) J (V) cos 27tv6

[2.5]

[2.6]

•

-
where H(1I) is a single wavenumber dependent correction factor that accounts for

instrumental characteristics. Because carrying out a Fourier transfonn is computationally

intensive, the development and application of FTIR spectroscopy bas paralleled that of

the personal computer, which facilitated the time to wavelength domain conversion as

weil as providing benetits related to spectral data manipulation and chemometrics.

2.3.2 FTIR. Instruments

FTIR spectroscopy and its associated instrumentation is described in a number of

excellent books (7-10), hence ooly the more pertinent upects related to FTIR

spectrometers are summarized. Commercial FTIR instruments first became commercially

available in 1969, coming of age in the 1980s with the incorporation of chemometric

software that made it practical to develop and implement IR. calibrations. A1though a

variety of instrumental designs exist, ail FTIR instruments have specific elements in
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common; including a continuous source of IR radiation, an interferometer, a detedor and

a computer. The computer may control the optical components, colleet and store data,

perform signal averaging, carry out Fourier transforms and display the speetra. In

addition, ail FTIR instruments also have an internai reference laser to maintain

wavelength accuracy.

Common IR sources used in the mid-IR include, Nernst glowers, Globars and nichrome

coils, while for near IR, a tungsten lamp is the most widely used source. The Michelson

interferometer is the most commonly used interferometer design and ideally, the

beamsplitter is capable of precisely reflecting and transmitting SOOAt of the source

radiation. In praetice, MOst IR. transparent materials used as beamsplitter material require

a coating that only allows this ideal to be approximated. Thin films of germanium or

silicon deposited on cesium iodide for bromide, sodium chloride, or potassium bromide

beamsplitters are widely used for the mid-infi'ared region, while for the NIR a film ofiron

(DI) oxide deposited on calcium fluoride is generaUy used (11).

There are two classes of IR. detectors: thermal detectors and quantum detectors.

Generally, thermal detectors are not readily adapted to FTIR instruments because of their

slow response. Deuterated triglycine sulfate (DTGS) pyroelectric detectors are commonly

used for the mid-IR region. For improved sensitivity and response, as weil as high­

resolution worle, liquid-nitrogen-cooled mercury cadmium telluride (MCT) or indium

antimonide photoconduetive detectors are conunonly employed (7, Il). Lead sulfide

detectors are commonly used in near-IR region while Indium gallium arsenide (lnGAs)

detectors are also used when greater sensitivity is required.

Compared to traditional dispersive instruments, FTIR instruments have fewer optical

elements and no slits to attenuate radiation, resulting in higher energy throughput. FTIR

instruments are alsa charaeterized by significant reduetions in scan lime, due to its

multiplex advantage (Fellgett advantage), whereby ail wavelength elements ftom the

source reach the detec:tor simultaneously, resulting in higher signal-to-noise (SIN) ratios.

It is advantageous to measure ail spectral elements simultaneously, since the detector
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noise contribution is constant and is shared between all the spectral elements measured.

Compared to near-~ mid-IR sources are weaker and detectors cao be relatively noisy,

hence the NIR which combines stronger sources with more efficient detectors and are

rarely limited by detector noise. Lut, but not least is the incorporation of an internai

HeNe laser in FTIR instruments, which is used 10 maintain a very high degree of

wavelength accuracy, thus vinually eliminating wavelength drifts over time as a possible

source of instrumental error, whieh cao severely limât the accuracy of subsequent for

spectral data manipulations and the precision ofquantitative analysis.

1.4 Sample Handlinl Techniques

A wide range of sample types cao be analyzed by IR spectroscopy, ranging from solids to

gases that are weil described in reference books covering this topie (9,12,13). In this

researeh three sample handling methods were used: (a) a specialized oil transmission cell

accessory, (b) a transmission vial accessory and (c) an attenuated total refleetance (ATR)

accessory.

2.4.1 Transmission Cell Accessory

Transmission cells are the most common means of handling liquid sample for IR

spectroscopy. Figure 2.3 illustrates the common elements makïng up a transmission cell,

which May be demountable ta allow one to vary the pathlength by varYing the dimension

of the spacer set between the windows. One of the two IR transparent windows is drilled

to allow the liquid to be anaIyzed ta Oow into the gap between the windows via the

syringe inletloutlet ports. For quantitative worle, such cells are commonly sealed 50 as to

provide a stable, tixed pathlength.

The selection of the window material depends on the transmission range required as weil

as the IR characteristics of the sample ta he anaIyzed. Table 2.3 Iists the more commonly

used IR window materials, their transmission characteristics and their relative water
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Figure 2.3. Schematic diagram of an infrared transmission cell (5).

16



•

•

•

Table 2.3. Propenies ofinftared window rnaterials (5)

Material Transmission Solubility in water Refraetive
range (cm-I ) Index

Sodium Chloride(NaCl) 40,000-625 Soluble 1.49
Potassium Chloride (Ken 40.000-500 Soluble 1.46
Potassium Bromide (KBr) 40.000-400 Soluble 1.52
Calcium Fluoride (CaF2) 66.666-1.100 Very sliahtly soluble 1.39
Barium Fluoride (BaF2) 50.000-870 Sliahtly soluble 1.42
Infrared QUartz (Si02) 50.000-2.Soo Insoluble 1.74
Cesium Iodide (CsO 10.000-200 Very Soluble 1.74
Thallium Bromide-Iodide CKRS-S) IS,385-250 Very slightly soluble 1.74
Silver Chloride (AgCl) 25,000-435 Very slightly soluble 1.98
Silver Bromide (AgBr) 20,000-285 Very sliahtly soluble 2.2
Irtran-2 (ZoS) 10,000-715 Insoluble 2.2
Zinc Selenide (ZnSe) 10.000-555 Insoluble 2.4
Germanium (Ge) 5,000-850 Insoluble 4.0
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solubility. In the mid-IR regio~ when moisture is not an important consideratio~ low

cost KCI and NaCI windows are widely used, while rugged quartz windows, and even

glass, are commonly employed in near...IR anaIysis. Pathlength selection depends on the

strength of the bands of interest and is adjusted by changing the thickness of the spacer

placed between two windows. In mid-IR region, where absorptions are relatively strong,

pathlengths ranging ftom 0.015-0.025 mm are common for Iiquids, white in the NIR

longer pathlengths (1-5 mm) are common due ta the weaker absorptions.

Although a general tlow cell of the type illustrated in Figure 2.3 is useful for basic

experimental wode, the McGill IR Group bas designed a specialized accessory for the

analysis of fats and ails which is amenable ta "at- or on-line" analyses. Figure 2.4

illustrates a general view of the accessory's cell and housing, which is manufactured by

Dwight Analytical Solutions Ltd. (Toronto, Ontario, Canada). The housing is composed

of a temPerature controlled ccli block and a removable cell insert. The cell insert cm be

removed or tixed in place using two screws, allowing one ta readily change cells or take

an open beam background. Vacuum is used to load and empty the cell and a three way

valve is employed to control the tlow of the sample through the cell or through a cell

bypass line, allowing efficient rernova) of any previous sample from the larger volume

lines without passins ail the material through the cell as weil as reducing cross

contamination. The temperature control feature of this accessory is important in relation

ta the analysis of fats as a constant, elevated temperature is required to keep samples in a

liquid state during the analysis. This accessory and more advanced, automated versions of

it have been used for developing automated FI1R methods for the analysis of fats and oils

(15-18).

2.4.2 Transmission Vial Accessory

In the NIa, quanz is a common window material, rugged, but relatively costly, either as a

flow œil or cuvette. Glass is an inexpensive alternative and is readily available in the

fonn of relatively consistent pathlength vials. Bomem bas pioneered the use of
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Figure 2.4. Oil analysis accessory, ilIustrating its component pans (14).
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inexpensive glass vials as a means of sample handling in the NIR, having designed a

temperature controllable multi-vial holding black (Figure 2.5) in which vials can be

stored and analyzed.

The vial holder, depending on the diameter of the vial used, holds several to many vials,

of which only one can be in the IR beam, while balance are conveniently stored in the

black, which are equilibrating to the analysis temperature if the accessory is being heated.

The advantage of this sample handling approach is that there is almost no sample

preparation is needed, the vials can be labeled and are readily available for future

reference and re-analysis if necessary. The main disadvantage of this sample handling

system is that there is some variability in pathlength and curvature from vial to vial,

however, these issues can be addressed by spectral nonnalization routines.

2.4.3 Attenuated Total Refleetance Accessory

Total attenuated refleetance (ATR) is based on the attenuation of a totally intemally

retlected IR beam by a sample placed in contact with a high retlectance index material

known as internaI refleetion element (IRE). A detailed description of the principles of

ATR spectroscopy was published in a book by Hanick (19) and a recent review of the

applications of ATR to the analysis of food, including ails, bas been written by Sedman et

al. (20). The essential pan of ATR accessory is a crystal of infrared transparent material

having a high refraetive index. Typical materials used as ATR elements include zinc

selenide (ZnSe), KRS-5 (thallium iodinelthallium bromide), and germanium. Table 2.4

lists the properties of the more commonly used ATR materials.

When IR radiation strikes on the surface of high retleetance index materials above its

critical angle, instead of panial retleetion and partial rehetion, total internai retlection

occurs al the surface. The IR radiation undergoes multiple internai retlection as it travels

down the crystal, gjving rise to an evanescent wave al the surface of IRE. A sample

brought into contact with the crystal cao interact with the evanescent wave, absorb IR

radiation tram it and the FI1Il spectrometer, via its detector generate5 a conventional IR

spectrum. The evanescent wave decays exponentially as it propagate away nom the
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Figure 2.S. The Bomem MB-Serïes FT-NIll spectrometer with temperature-controlled
multi-vial holding black.
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Table 2.4. Properties ofcommon ATRcrystal materials (8,21)

Material Crystal RI Range(cm-1
) Comments

KRS-S 2.3S 20,000-250 Deforms under pressure, easily scratched,
toxie. sliahtlv soluble in water

ZnSe 2.42 20,000-600 Hard, brittle, attacked by acids and stroDg
alkalis

Si 3.42 8300-660 Hard. brime. inert
Ge 4.0 SSoo-6OO Hard, brittle, temperature sensitive

transmission range. opaque above 120°C
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surface of the IRE through the sample (Figure 2.6) and the depth of penetration is

attenuated to Ile of its total intensity. The effective pathlength (EPL) of AYR crystal is

defined by depth ofpenetration multiplied by the reftections it underg0e5 while traversing

the crystal.

ATR elements are most useful for samples with strong absorbtion bands, where short cell

pathlengths become limiting, as the pathlengths ofATRs are inherently shon (0.5-50 um).

The depth of penetration, and hence the EPL of an ATR. crystal is dependent on

wavenumber, decreasing with frequency, hence the resulting speetra have different

relative peak intensities than conventional transmission spectra. In addition, the crystal

material, its length and thickness, as weil as the angle of incidence also affect the

effective pathlength. Since samples are placed on the crystal surface, sample handling is

very straightforward for liquids and ATR. can also he used to obtain the spectra of solids.

Overall, a fair degree of latitude is available in dealing with general or particular

applications as a wide variely of ATR sampling accessories are now commercially

available, including fixed-angle and variable-angle types, single bounce (SB) and

multiple bounces types, and flow ceIls, many having a temperature control option if

needed. SB-HATR bas recently become the accessory of choice for lTans analysis for the

Association ofOfficial Analytical Chemists (22)

2.5 Cbemometrici

In order to carry out quantitative anaIysis, one of the key assumptions is that the

concentration of the constituents of interest in the samples are related 10 the data obtained

by the measurement technique used ta anaIyze thern. The ultimate goal is ta create a

calibration equation (or series of equations) which, then applied ta data of '~nknown"

samples measured in the same manner, will ICcurate1y prediet the quantities of the

constituents of interest. Since IR. spectroscopy is generally a secondary method of

anaIysis, development of a quantitative method requires calibration usins a set of

standards of known composition, either prepared gravimetrically or pr~analyzed by a

primary chemical method ta a1low one ta establish a relationship bctween III band
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Figure 2.6. Schematic drawing ofa horizontal ATR sampling accessory illustrating the
internai retleaion ofthe beam and its interaction with the sample on the surface ofthe
crystal (20).
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intensities and the compositional variable(s) of interest, usually concentntion. Once a

calibration bas been established, it cm he used for the prediction of the concentration of

unknowns. However, in order for these predictions to he accurate, they must he measured

under exaetly the same conditions on the sune instrument u the calibration set.

Furthermore, the composition of the calibration standards bas to he representative of the

unknowns.

The mathematical approaches used to develop calibrations are genera1ly referred to as

"chemometrics" and the science of chemometrics gives spectroscopists a variety of tools

by which quantitative methods cao be devised &om the anaIysis of spectral data. Each

mathematical approach, whether simple or complicated, bas its own advantages and

disadvantages, the basic theory and application of chemometric methods having been the

subjeet ofa number ofbooks and articles (14,23-27). The following section will provide a

briefoverview ofthe key approaches, ranging ftom basic Beer's law to more complicated

multivariate methods ineluding elassic least squares (CLS), inverse least squares (ILS),

principal components analysis (PCA) and partial least squares (PLS).

2.5.1 Beer's Law

The Beer-Lambert law, more commonly known as Beer's law, forms the basis of nearly

ail other ehemometric methods in use for the anaIysis of spectroscopie data. It defines a

simple Iinear relationship between concentration of an absorbing constituent in a sample

and its absorption band in a speetnlm:

~=&ÀbC [2.7]

•

where ~ is the sample's absorbance value al specific wavelength (or &equency) À., &À is

the absorptivity coefficient of the constituent al that wavelength, b is the pathlength

through the sample and C is the concentration of the absorbing component of interest.

The absorptivity coefficient is distinct ftam compound ta compound and trom

wavelength to wavelength, however, il is constant for a given compound al a selected
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wavelength. It cu be determined by measuring the absorbance of a sample containing a

known concentration of a constituent, or more precisely by preparing and measuring a

series of standards containing ditTerent concentrations of the constituent, spanning the

concentration range of interest 50 as to average out of random errors. Although Beer's

law is simple and straightforwar~ il cannot account for any absorbance contributions due

to other constituents which absorb at the wavelength of interest (AA) nor \:8R it model

interactions between constituents. Overlapping bands and component interactions are the

more often the nonn than the exception, and hence there is often a need ta analyze for

more than one comPQnent. In such cases Beer's Law becomes limiting and more

sophisticated mathematical approaches are required to obtain valid quantitative analyses

results.

2.5.2 Multicomponent Quantitative Analyses

Multicomponent analyses are designed ta determine the concentrations of several

components al a time and are based on the additivity of Beer's law, that is that the

absorbance at a specific frequency is the sum of the absorbance of ail sample components

absorbing at that frequency. The mathematical relationship(s) used ta prediet unknowns is

similar to Beer's law above but expressed in matrix fo~ multicomponent analyses being

classified as classicalleast squares (CLS), inverse least squares (aS) and factor analysis

(PLS) methods depending on how the matrices are formulated.

2.5.2.1 Classical Least Squares Method

Classicalleast squares (CLS), also known as K-matrix calibration, is based on the direct

representation ofBeer's Law in matrix Conn:

[2.8]

•
where A is a matrix of spectral absorbances, K is the matrix of absorptivity constants and

C is the matrix of constituent concentrations. The subscripts indieate the matrix

dimensionality: 1 is the number of ftequencies al which absorbance measurements are
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made, nt is the number ofcalibration standards, and n is the number of constituents in the

sample mixture. CLS calibrations do not necessarily require wavelength selection. As

long as the number of wavelengths exceeds the number of constituents, any number can

be used, even the entire spectnlm. Using more wavelengths tends to have an averaging

effect on the solution, reducing the etreeu of spectral noise and other random errors. The

main limitation of CLS is that this chemometric method can only he applied to systems

where the concentrations ofevery constituent in the sample is precisely known and do not

intera~ otherwise, unknown (undefined) constituents or their interactions with the

component of interest may result in erroneous results. In practice, it is often difficult to

meet the criteria of defining ail constituents in a sample or there being no interactions,

and to overcome these limitations ILS is a mo:"e practical alternative approach.

2.5.2.2 Inverse Least Squares (ILS) Method

Inverse least squares (ILS), al50 known as P-matrîx calibration, is based on the inversing

Beer's Law to solve for concentration and expressing it in matrix form:

C=PA [2.9]

•

Here concentration is expressed as a Nnction of the ab50rbances al a series of specitied

frequencies. In contrast to CLS, where absorbance at a given ftequency is calculated as an

additive funetion of the constituent concenUation, the matrix ofcoefficients (P) using ILS

cao still be calculated even if the concentrations of the other constituents in the mixture

are not known. This is Ut important practical advantage, however, the number of selected

frequencies amnot exceed the number of training sampies due ta the dimensionality of

the matrix equations. This limitation cannot be overcome simply by adding more training

samples, as this cao lead 10 colinearity. Colinearity accun when the absorbances in a

spectrum tend 10 change together as the concentrations of the constituents in the mixture

change, causing the mathematical solution to become less stable with respect to euh

constituent. Another limitation with n..S is overfitting. which prevents adding more

frequencies to the calibration model. Generally, adding more ftequencies to the

calibration model will increase its prediction accuracy, however~ at some point, the
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predictions will start ta deteriorate, as spurious spectral noise starts ta be modeled. Thus,

the advantageous averaging effeet, present in CLS, is greatly reduced when using as and

careful frequency selection is a key ta developing successful as calibration models.

2.5.2.3 Factor Analysis Meth04s

The third and most sophisticated chemometric method available for quantitative analysis

is factor analysis. Factor anaIysis shares the advantages of CLS and ILS approaches, but

overcomes most of their particular limitations. The main difTerence between factor

anaIysis methods and K-matrix and P-matrix methods is that factor analysis does not

build direct relationships between concentration and absorbance measurements at

specified frequencies, but rather relates ''variation spectra", to concentration. Variation

spectra are compressed spectral elements produced by factor techniques. They are also

termed spectral loadings, loading vectors, principal components or factors and represent

the changes in the absorbances at ail the wavelengths in the spectra. These can he used

instead of raw spectral data to build a calibration model. Subsequently, the sample

spectrum is reconstructed trom the "variation spectra" by multiplying each by a different

constant scaling factor and adding the results together undl the new spectnam closely

matches the unknown spectrum. The scaling constants used to reconstruet the spectra are

called "scores". Since the "variation spectra" are related to the concentration of the

constituents, the scores cao he used ta predict the concentration ofthe unknowns.

Principal component regression (PCR) and partial leut squares (PLS) are two most

widely used factor analysis methods. PCR is a two-step process, in the first step, principal

component analysis (PCA) technique is used to calculate the variation spedra and the

scores, and then the scores are regressed against the constituent concentrations. PCR does

not require frequency selection, any number, even the whole spectnam cao he used, and

PCA data compression allows using inverse regression to calculate model coefficients,

thus the model cao calibnte only for constituents of interest. However, there is no

guarantee PCA vectors directly conespond 10 constituents of interest. Like PCR, PLS

combines the full spectral coverage of CLS with partial composition regression of ILS.

However, PLS ditfers from PCR in that PLS aetually uses the concentration information
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during the decomposition process and is a one step process. The factors are directly

related to constituents of interest rather than largest common spectral variations. By using

PLS, the spectra containing higher constituent concentrations are weighted more heavily

than those with low concentrations, and the objective is to get as much as concentration

information as possible into the first few loading vectors.

Although both PCR and PLS have Many advantages over CLS and n..S, its main

limitation is choosing the appropriate number of loading veetors or factors. Vcetors are

calculated and added to the calibration model in the arder of importance, either based on

variance in PCA or by concentration weighted variance in PLS. Henee, overfitting is a

common problem, where more vectors than are actually necessary are included in the

calibration model resulting in modeling instrumental or random noise rather than changes

in concentration. On the other band, when the calibration model does not have enough

vectors "underfitting" is possible. In the former case, the model is very sensitive ta noise

rather than concentration changes, while in the latter it is not adequately responsive to

changes in concentration. Unfortunately, there is no clear demarcation of the transition

nom desired "constituent" vectors into "noise" vectors 50 as to avoid under or over­

fitting. There are techniques that aid in selecting what would seem an appropriate number

of factors, such as the leave-one-out cross-validation method. This is done by performing

the calibration n times with n-l standards with the nth standard being predicted as an

unknown. The predieted residual error sum of squares (PRESS) is then calculated ftom

the errors in the predictions obtained for ail n standards predicted by performing n

calibrations, this process termed a cross-validation. The PRESS values obtained are then

plotted as a ronetion of the number of factors employed in the calibration. Ideally tbis plot

is a down-sloping asymptote and the point at which the number of factors does not reduee

the PRESS value significantly is considered ta he the optimal number of factors for the

model.

Although ail the chemometric methods discussed have uses for developing quantitative

relationships between spectral data and concentration, in the case of NIR. spectroscopy,
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the diftùse nature of the spectra make it difticult to work with anything but the more

sophisticated multivariate techniques, by and large PLS.

J.6 Edible Oil Ânalylil by FI1R Spectroscopy

Quality control analyses based on chemical and physical characteristics of fats and oils

are commonly canied out in the edible fats and oils industry. A number of "official"

analytical methods sanctioned by the American Oil Chemists' Society (AOCS) and/or the

Association of Official Analytical Chemists (AOAC) are widely used. Most of these are

traditional wet chemical methods, which are tedious, lime consuming, and expensive.

Furthermore, siSnificant amounts of solvents and reasents are generally required for these

methods, which are often bath hazardous and environmental unfiiendly. Substantial

research has taken place over the last decade with the objective of replacing the more

common chemical methods with FTIR. instrumental methods.

The application of IR spectroscopy to fats and oils analysis dates back to the beginning of

2011\ century. In 1905, Coblentz published the tirst compilation of IR spectre, including

the spectra of several faUy acids and vegetable oils, followed in 1920 by Gibson's a paper

entitled "The infta-red spectra of vegetable oils" (21). In practical terms no further

analytical progress was made in relation to fats and oils until the late 1940s and early

1950s. At this time IR spectrometers became commercially available as a result of

technological advances spurre<! on by World War ll. In 1959, a tentative quantitative IR

Irans analysis method was adopted by the AOCS as Official Method Cd 14-61(29). Most

IR lipid work up to the late 1980'5 tended to be quite fuodamental and related to

molecular structure and identification of constituents. Quantitative analyses were

considered, but the dispersive instruments were generally not weil suited to the task and

there wu a lack of suitable and readily accessible chemometric tools. The introduction of

FTIR spectroscopy in the late 1960s revolutionized and revitalized IR. spec:troscopy that

had been eclipsed by other powerful techniques such as nuclear magnetic resonance

(NMR) spectroscopy and gas chromatography (OC). However, in practical, analytical

tenns, quantitative FIlR spectrosc:opy did not emerge until the late 1980's when the

combination of cheap computing power, new chemometric techniques and lower cost

instNmentation made Fl1R. more atTordable and available. As of 1990, • substantive

30



•

•

•

body of research bas been carried out 10 develop the quantitative analysis of fats and oils

and it has since become apparent that FTIR spectroscopy is Iikely to play an important

role in quality and process control of fats and oils (30)

F11Il spectroscopy bas been used for band assignment. the characterization of fats and

oils, the detection of adulterations, the determination oC iodine value (IV), saponification

number (SN), trans content, free fany acids and solid Cat index (SFl) determination as

weil as monitoring oil oxidation. Several reviews have been published on e<lible oil

analysis by IR spectroscopy (14,31-36) and the subsequent sections will Cocus on those

aspects relevant to this thesis.

2.6.1 Mid-IR Fats and Oils Analysis

2.6.1.1 Band Assignments

In order to use IR spectra to analyze fats and oils qualitatively and quantitatively, in either

the mid or neac-IR, one needs to understand the spectral characteristics (band

assignments) in relation to lipid structure and their funetional groups as weil as those of

their decomposition produets or constituents commonly present. In the mid-~

fundamental bands are weil resolved and cao he assigned to funetional groups oC the

components oC fats and oils. The assignments of the major bands oC fats and oils were

established as a result oC the fundamental studies of the IR spectra ofCaUy acids and esters

and triglycerides carried out in 19S0s (37-41). Figure 2.7 presents a typical ATR mid-IR

spectrum oC an eclible oil with its corresponding band assignments tabulated in Table 2.S.

The bands al the high frequency end orthe spectrum (36S0-359O cm-I
) in Figure 2.7, but

not listed in Table 2.5, are bands due to the absorption ofhydroxyl groups. These include

~..ter (H-oH), alcohols (R-QH) and primary oxidation produets, hydr0Pel'Oxides (Ro­

OH) and their breakdown produets that often accumulate in ails as they oxidize. Aside

nom the well-defined bands Iisted in Table 2.5, there are still sorne bands which are

difticult 10 assign in the "fingerprint" region (ISSo-6OOc:m-I
). Ahemed (42) and co­

workers assigned the band al 1400 cm-I 10 terminal methyl groups on the aliphatic chains.
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Figure 2.7. A typical ATR mid-IR spedrum ofedible oil (45).
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Table 2.5. Selected characteristic inftared absorption bands ofvegetable oils
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Band
1
2
3
4
S
6
7
8
9
10
Il
12

Band Position (cm-i)
3025
3008
2953
2925
2854
1746
1666
1654
1459
1161
967
722

Assignment
Vsym(=C-H) ("ans double bonds)
vsym(=C-H) (cis double bonds)
vuym(C-H) (CH] groups)
VII)'ID(C-H) (CH2 groups)
v.,...(C-H) (CH2 and CH] groups)
v(C=O) (ester linkage)
v(C=C) (trans)
v(C=C) (cis)
CH2 scissoring defonnation
v(C-O)
Out-of-plane =C-H bending (trans)
CH2 rockins
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Absorptions of some bending vibrations of the methylene group are produced between

1350 and 1150 cm-l (43). Sylverstein (4) and co..workers assigned bands between

1240and 1163 cm- l to C..C(=O)-O band of saturated esters, and this band will shift to

lower ftequency in unsaturated esters. They al50 assigned the band between 1064 and

1031 cm- l to O..C..C band of esters derived Û'om primary alcohols, and this band will sbift

to 1100 cm- l for the secondary alcohols. van de Voort and ~workers (15) related the

band at 914 em-· to the bending vibration of cis disubstituted olefinie groups, white Wolf

et al. (44) related it ta vinyl groups.

Other than sorne of the more subtle absorptions in the fingerprint region whieh are still

open to interpretation, fats and oils have generally been weil charaeterized in the mid..IR.

2.6.1.2 Analytieal Methods

Mid..IR spectroscopy, in particular FTIR spectroscopy, bas been undergoing significant

evolution in relation to quantitative analysis of fats and oils, being developed as an

alternative to common AOCS chemieal methods. As this thesis focuses on this aspect in

relation to FT..~ the subsequent discussion summarizes literature relevant to the work

undertaken.

2.6.1.2.1 Determination oflodine Value

One of the most widely performed analysis in the fau and oil industry is the

determination of the degree of unsturation or iodine value (IV), as it is an important

indicator of the likely development of rancidity, as weil as heing an important

hydrogenation process control parameter. IV is traditionally determined titrimetrically

based on measuring the consumption of iodine after carrying out the reaction illustrated in

equation [2.10):

•
RHC=CHR' + Iz -+ RHIC..CIHR' [2.10]
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the IV being expressed as the number of centigrams of iodine absorbed per gram of

sample (29). The method is time consuming and uses hazardous chemical5y hence the

industry would like to replace with a more efficient and environmentally fiiendly method.

In 1971 ~ Arnold and Hartung published work related to the detennination of the degree of

unsaturation of fats and oils by means of IR spectroscopy (46). Table 2.6 summarizes

subsequent studies in terms of sample fo~ technique and their respective references.

As FTIR spectroscopy is our key concem, FTIR analysis for IV began with Man (49)

who modeled unsaturation using the peak height ratios of the C-H stretching vibration

bands al 3010 and 2854 cm-a. A mid-FTIR/ATIl method for the direct prediction of IV

was developed by van de Voort el al. (6). In this wor~ a PLS calibration model was

developed to prediet the IV based on 13 pure triglycerides used as calibration standards.

As suc~ tbis method can be considered to be "universal" as it eliminates the need of

chemical analyses of calibration standards. In 1995~ van de Voort et al. (15) extended this

approach to a customer designed flow through transmission flow accessory, considered

more stable than the ATR accessories then available. In 1998~ the Oow œil method was

validated by the independent analysis of more than 100 hydrogenated rapeseed and

soybean samples (17) which resulted in excellent matches (within 1 IV unit) between

FTIR. PLS predictions and OC IV data. Recently, a method for the simultaneous

determination of IV and trans content trom the FTIR spectra of neat fats and oils

recorded on a heated SB-HATR sampling accessory (52) has been developed. In this

work, PLS regression wu employed for the development of the calibration models~ and a

set of nine pure triacylglycerols served as the calibration standards, with good agreement

(50<1) obtained with OC reference data. Man el al. (50) developed a rapid FTIR method

for determining palm oil IV using a PLS calibration covering the range of 3050 to 2984

cm·a~ which corresponds to the absorption band of=C-H cis stretching band. This method

wu demonstrated to he accurate (50<0.151) and rapid (<2 min.lsample) and they alsa

compared various multivariate calibration techniques (S 1).
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Table 2.6. Summary of methods investigated to detennine the degree of unsaturation of
fats and oils

Parameter Sample Techniaue Reference
A30301A2B,7 Dissolved Dispersive Arnold el al., 1971 (46)

A16'1 Net Dispersive Bernard etai., 1980 (47)
A3D07 Dissolved Dispersive Muniategui et al. li 1992 (48)
AJO1oIA28,4 Neat FI1RIATR Afran et al., 1991(49)
PLS(A32()().2600 and A 1600(1000) Neat FI1RIATR van de Voort el aL, 1992 (6)
PLS(A32()().2600 and A 1600(1000) Neat FTlR/Cell van de Voort el aL, 1995 (15)
PLS(A32()().2600 and A 1600(1000) Neat FI1RICel1 Sedman et al.. 1998 (17)
PLS(A30,o.2984) Neat FTIR/Cell Man el al... 1999 (SO)
PLS(AJ02'.2992) Neat FTIR/Cell Man et al... 1999 (SI)
PLS Neat FTIR/ATR Sedman el al... 2000 (52)
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2.6.1.2.2 Determination oftrans Content

In natural fats and oils, MOst unsaturated bonds are in their cis configuration. Trans

isomers are commonly produced during hydrogenation to produce fats commonly used in

the formulation of margarine, shortenings and other hardened fat produets. T,ans isomers

are also found naturally in milk and beef fat as a result of hydrogenation in the rumen by

microorganisms. Trans fatty acids are of increasing concem to nutritionists and the

medical comrnunity due to their association with various metabolic disorders and heart

disease (53..55). As a consequence, in late 1999, the V.S. Food and Drug Administration

(FDA) tabled legislation to amend the nutrition labeling regulations to require the

inclusion of trans fatty acids as part of the saturated fat component, together with a

footnote reporting the trans fatty acid content. Trans content, previously only an

industrial process control parameter, May become a legal labeling requirement in the near

future and in effect force processors to have the ability to analyze for trans content.

Trans double bonds have strong absorptions over 980..965 cm-I due to =CH deformation.

The isolated tralls double bond exhibits a characteristic, strong absorption band al 967

cm-l, which forms the basis for the various IR methods for the determination of total and

isolated tralls contents. The development of analyses in relation to trans content has been

reviewed by Ratnayake (56), U1berth and Henninger (S7), Firestone and Sheppard (S8).

The basic AOCS procedure for isolated trans detennination (Cd 14..61) was introduced in

1946 (S7) and was based on the use of a dispersive IR instrumentation. Carbon disulfide

was used to dissolve triglycerides, fatty acids and fatty acids methyl esters and the

transmission spectrum recorded over the region 1110 cm- I to 910 cm- l
. The absorbance of

the isolated trans double band at 967 cm-1 is measured after baseline correction and the %

trans content determined by comparison with an elaidic acid analyzed under the identical

conditions. Since its implementation, a number of approaches aimed al increasing the

accuracy of the IR method have been suggested, sorne of which have been incorporated

into newer revised methods, AOCS Cd 14..95 (59), AOAC Method 994.14 (60) and the

IUPAC Method, 2.207 (61). Most modifications were aimed al correcting background

interference (62-66) and there have been improvements to calibration and reference

materials (67).
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The introduction ofFTIR. and new sample handling systems, such as ATR and specialized

transmission flow cells have also led to the improvement of trans detennination.

Computer aided FTIR, with its inherent advantages including better signal-to-noise ratios,

high energy throughput and high wavelength accuracy, as weil as the spectral ratioing

capability, in combination with new chemometric techniques, have been successfully

applied to determine isolated trans contents directly on neat oils. FI11l enables superior

baseline correction, allows the elimination of CS2, and eliminates the need to convert oil

to ils methyl esters.

Lanser and Emken (68) developed a FTIR method based on measurement of the area of

the trans peak and obtained good agreement with of capillary Ge. Sleeter and Matlock

(69) developed a FTIR procedure for measuring the trans content of oils directly in their

neat methyl ester form, eliminating the need for CS%. U1berth and Haider (70) used

spectral subtraction to correct for sloping baselines, which enables the accurate

measurement of low-Ievels of Irans. They were also the tirst to use PLS chemometric

procedures to quantitate trans, however, the analytical performance of their calibration

was not validated. A more versatile PLS-FTIR. method for simultaneous detennination of

cis/trans contents ofneat edible fats and oils was developed by van de Voort et al. (1 S) in

which pure triglycerides were used as calibration standards. This method wu automated

with a custom designed tlow-through œil and the instrument prosrammed to automate the

analysis procedure. One of the advantages of this method was that the calibration derived

could be transferred between instrument~ with no need to recalibrate from instrument to

instrument. This work has been extended to simultaneously determine cis!trans content,

IV and SN (16) and employs spectral ratioing technique facilitated by Fl1R instruments.

The single-beam FTIR. speetrum of the fat or oil being analyzed was ratioed against the

single-beam spectrum of similar reference oil that is free of Irons groups. Thus the

contributions oftryglyceride absorptions to the Irans peak and the sloping background are

eliminated. Mossoba et al (71,72) a150 demonstrated that a horizontal baseline was readily

obtained by ratioing the single.beam spectrum of the sample against that of a reference

material that is trans ftee using ATa, which requires only that a neat sample be poured

onto the surface ofthe ATR crystal. One problem with this approach is that attention must
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he paid to the selection of trans free oil wbich should be similar in composition to the

samples to be analyzed. The precision of tbis method was found to be superior to those of

transmission IR official methods by an international collaborative study (73). Spectral

ratioing was adopted by the AOCS in 1996 as Recommended Practice Cd 14d-96 for the

quantitation ofisolated trans isomers at levels equal to or greater than 1% (59). Reœntly,

a SB-FTIR. method was developed for simultaneous determination of IV and trans

content as mentioned in 2.6.1.2.1 (52), good agreement (80<0.35) was obtained with

AOCS FTIRlSB·HATR method. Another sample handling technique, the use of a

disposable IR card was also studied in its application in trans detennination (74)

indicating that comparable results could be obtained using this technique.

2.6.1.2.3 Saponification Number

Saponification number (SN) is related to the average molecular weight of the triglycerides

in fats and oils and is determined by acid/base titration after saponification (hydrolysis) of

the triglycerides into glycerol and free fatty acids:

3·CH:zOCOR + 3KOH -+ 3-CH:zOH + 3RCOOK [2.11]

•

with the saponification number being defined as the number of milligrams of potassium

hydroxide required to saponify 1g ofsample (28). The saponification number is indicative

of its source and is used to monitor changes in interesterification processes, to monitor

lipid fraetionation and is an integral analysis for the determination of hydroxyl number of

mon(HJiglyceride emulsitiers. An ATRIFI1R method was developed by van de Voort et

al. (6) to determine the SN using a PLS calibration based on pure triglycerides, tbis

concept also having been incorporated in a subsequent transmission method (15).

2.6.1.2.4. Determination ofPeroxide Value

Under aerobic conditions, autoxidation is a major deteriorative reaetion which takes place

in edible oils adversely atTeeting their organoleptic and functional properties. Peroxide

Value (PV) expressed as milliequivalents of peroxides per kilogram ofoil is often used to
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• assess the oxidative stability of fats and ails, there being two AOCS methods available•

Cd 8\>-90 and Cd8-53 (29). Bath methods, which ditTer in the solventsu~ are based on

the stoichiometric conversion of KI to molecular iodine by hydroperoxides in an acetic

environment and subsequent titration of iodine with standardizeci sodium thiosulfate ta

determined the amount ofthe molecular iodine released.

Raon + 2I1 + 2r -+ 12 + ROH + H20

h + 252032
• -+ s..oi- + 2r

[2.12]

[2.13]

•

•

PV detennination by FI1R spectroscopy has taken two taeks. one based on measurements

related to the absorption of the 0-8 stretching of the hydroperoxide group and the other

based on IR measurement of produets fonned when rcagents react with hydroperoxides

stoichiometrically. The tirst approach, which uses the ROO-H stretching absorption

around 3550 cm·1 (75) is workable. but problematic due 10 hydrogen bonding.

overlapping 0-8 stretching absorptions nom alcohols and interference nom the overtone

of the ester carbonyl band. van de Voort et al. (76) was able to obtain a calibration using

PLS, however, the calibration process wu considered too complex for practical industrial

implementation. A rapid FTIR method was developed by Moh and co-workers (77) to

measure PV in crode palm and crude palm kemel ail. Calibration standards were prepared

by oxidizing crude palm oil in a fermentor al 60°C over a period of 24 hours and the PLS

calibration was built based on the 3710-3210 cm·1 spectral region with a single point

baseline at 3710 cm-l
. The PV could be predieted by this method to within 1.5 PV. This

group also developed a FTIR method for PV determination in thermally oxidized palm

olein and the FTIR method wu found to he better than that ofthe chemical method (78).

To overcome the complexity of the calibrations associated with direct measurements of ­

OOH, Ma et al (79) developed a primary FTIR spectroscopic method for PV

detennination based on the stoichiometric reaction of triphenylphosphine (TPP) with

hydroperoxides to produce triphenylphosphine oxide (TPPO). Accurate quantitation of

the TPPO formed in this reaction by measurement of its intense absorption band al 542

cm-1 provides a simple means of detennining PV. They extended this method nom a
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transmission cell ta a 3M IR card (80). Due to unanticipated tard fiinging in the region

where the measurements were normally made, the calibration based on the TPPO peak

height at 542 cm-· failed. However, the development of a PLS calibration eliminated the

interfering effect ofthe mnges and allowed the TPPO band to he measured accurately.

2.6.2 NIR Fats and Oils Analysis: Band Assignmcnts and Analytical Methods

Unlike mid-IR, there are no characteristic peaks for a given compound or functional

group al a selected wavelength in the NIR, rather there is more or less a continuum of

overlapping bands which represent largely C-H overtones and cambination bands. As

shawn in Figure 2.8, the NIR cao be roughly divided into the fust (6200-5300 cm-·) and

second (8900-8000 cm-·) overtones of C-H stretching vibrations, as weil as the

cambination band regions 4900-4500 cm-l and 7400-6700 cm-· due ta cambinations

involving the C-H stretching vibrations and other H vibration modes. Relatively Uttle

work bas been done on fats and ails in the NIR, however, the spedra of free fatty acids

were studied by Holman and Edmondson (81) who assigned the absorptions at 5952

(1680 nm), 4651(2150 nm) and 4562 cm-· (2190 nm) to vibrations ofe-R bonds bound ta

cis-unsaturation. Murray (82) found that fany acids have charaeteristic spectral patterns

around 5882 to 5780 cm-· regioR and NIR absorption bands around 6250-5555 cm-·

(1600-1800 nm) and 4762-4545 cm-· (2100-2200 nm) are assigned to the straight carbon

chain and cis double bonds, respeetively. In 1958, Holman et al. (83) identified the bands

al 6849 and 4831 cm-· (1460 and 2070 nm) as characteristic of hydr0Pel'0xides and

assigned them to the overtone of the oo-H stretching absorption and combination

absorption involving lhis vibration mode.

The lack of explicit spectral information associated with neat Iipids has limited the utility

ofNIR. FT-NIR is a relatively new form ofNIR instrumentation which can he considered

an enhancement of conventional dispersive and tilter based NIR. instrumentation. The

advantages of implementins FI1R spectroscopy to the NIR region of the spectrum are not

as great as in the mid-IR, as the N'IR bas more energy available and better detecton.

There are however still gains overall, specitically, in terms of wavelength accuracy,

which improves the calibration development and perfonnance characteristics.
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Figure 2.8. FT-NIR spectrum ofa vegetable oil in a 8 mm (a.d.) glass vial.
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In tenns of fats and oils analysis~ NIR spectroscopy has been used mostly to characterize

and classify various of fats and oils and to detect oil adulteratio~ two important issues in

the industry. NIR spectroscopy in conjunction with discriminant anaIysis has been used

to differentiate between vegetable ails (84) and PCS was applied to c1assify nine

vegetable oils (85) based on their PCA scores. The feasibility of identifying adulterants in

extra virgin olive oil by NIR. spectroscopy with the use of discriminant analysis bas been

demonstrated and adulteration could be measured to within ±O.90JO (86~87). Holman et al.

(81) related absorbance at 4651 cm- l to the iodine value of fat while Wetzel (88)

investigated the relationship between oil structure and NIR response. Sato et al (89~90)

studied NIR patterns in relation to fatty acid composition and Hong et al. (91) suggested

that NIR spectroscopy could potentially serve as a nondestruetive method for the rapid

determination of palmitic~ oleic and linoleic acid contents of oils.

Booth el al. (92) used NIR ta monitor ail oxidation in used frying fats and oils, finding it

suitable for the determination of free faUy acid conten~ dimer and polymer triglycerides.

Hong el al. (93) determined PV in edible ails and established a multiple regression

equation with a standard error of prediction (SEP) of PV of 1.098 meqlkg. Talcamura et

al. (94) also employed NIR spectroscopy to determine lipid oxidation and found that the

intensity of the peak at 4798 cm-) was highly correlated to peroxide value. Two

wavelength (4807 and 4950 cm-I) were selected by Cho and co-workers to build the

calibration to prediet PV of rancid soybean ail (95) and the SEP was 9.67 meqlkg oil.

PLS was used by Moh et al. (96) to build a calibration model for crude palm oil PV

determinatio~ the calibration using 7407-6756 cm-l with a single point baseline at 6605

cm-I ~ with the predicted results being compatible with chemical method (SO<O.17). A

Ff-NIR method was also developed by Dong et al. (97) for the detennination of PV

based on stoichiometric reaction ofTPP with hydroperoxides to fonn TPPO. Unlike the

mid-IR method of Ma (79)~ TPP and TPPO absorptions overlapped extensively in NIR,

however~ with PLS~ the TPPO formed could be measured accurately. Ismail et al. (98)

investigated the suitability of Fr-NIR spectroscopy as a technique for the bulle

characterization of oils through the measurement ofIV, cis and trans content. Their work

indicated that FT-NIR spectroscopy~combined with PLS, could be suitable for cis, lTans
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and IV determination. They related the absorption at 8563 cm- l to the cis double bond and

a shoulder at 8S03 cm-l, not resolvable with traditional dispersive NIR spectromete~to

the Irans double bond, however, tùrther refinement of the calibration model was needed

to obtain more accurate predictions.

2.7 Conclusion

Over the past 10 years, extensive research has been canied out by MeGill IR Group and

other researchers into the development of mid...FTIR methodology for the analysis of fats

and oils. As a result, a variety of mid...IR methods have been developed, demonstrating the

potential of FTIR spectroscopy as useful analytical quality control tool for the rapid

analysis of fats and ails. However, mid...IR instrumentation, largely designed for a

research environment, is generally not rugged enough for operation in an industriai

setting, where it would be susceptible to vibration, temperature fluctuations and humidity.

NIR instrumentatio~ traditionally designed for industrial environments is weil accepted

by process engineers and quality control departments. Many of the mid...FTIR methods

developed, although of interest to the edible ails industry, falter due to sample handling

issues and/or the lack of robustness of the instrumentation. ABD Bomem, a manufacturer

of FT...NIR instruments recognized the market potential of IR analysis as applied to fats

and oils, however, quantitative methodology was lacldng. It was their contention that

what cao he done by mid...FTIR spectroscopy should he possible by Fr...NIR spectroscopy

and they sought out the McGill IR Group as a partner to carry out the fundamental

research to investigate and develop FI1R methods. This overview of the basics of FTIR

instrumentatio~ sample handling, chemometrics and relevant prior research should

provide adequate background and a context for the research results presented in

succeeding chapters in relation to the new FT-NIR methods developed.
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CHAPTER 3 RAPID DETERMINATION OF CIS AND TRANS CONTENT,
JODINE VALUE, AND SAPONIFICATION NUMBER OF EDmLE OILS DY
FOURIER TRANSFORM NEAR-INFRARED SPECTROSCOPY

3.1 Abstnet

Fourier ttansfonn near inftared (FT-NIR) spectroscopy was evaluated as a means of

simuitaneously detennining the cis and trons content, iodine value, and saponification

number of neat fats and ails. Reference values for these parameters were obtained from

oils using a previously developed mid-FTIR Edible Oil Analysis Package. Two partial

least squares (PLS) calibrations were developed for a Smm heated tlow cell, the first a

process calibration based on hydrogenated soybean samples and the second a more

generalized calibration based on an oil sample matrix cootaioing Many oil types and

designed to remove any correlations among the parameters measured. Each calibration

performed weil with its own validation samples; however, only the non-correlated

calibration was able ta analyze ail samples accurately from a variety of sources. It was

round that NIR analysis maintained the internai consistency between cis/trans and IV,

and the accuracy and reproducibility orthe predictions were in the order of±1.S and ±1.0

units, respectively, for ail parameters evaluated. FT-NIR is shown to be a very workable

means of determining cisltransllV values and saponification number for eclible fats and

oils, and it provides a rapid alternative ta the commonly used chemical and physical

methods presently employed in the industry.

Keywords: c;s content, Fourier transform near-infrared spectroscopy, FT-NIR, iodine

value, oil analysis, panial least squares, PLS, saponification number, "ans content

3.% IntroduetioD

Some key factors which determine the chemical and physical propenies ofedible fats and

oils include the relative degrec of unsaturation or iodine value (IV), the type of

unsaturation (cis or trons) and the weight-average molecular weight or saponification

number (SN). Fats and oils commonly undergo processes such as hydrogen&tion, which

modify the physico-chemica1 characteristics of fats and oils by chansing the IV and
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cis!trans ratio. for which specifie values are often targeted. Hence monitoring changes in

these parameters during a process is important as they define the quality and funetionality

of the end product. In addition, the Irans content may hecome of potential regulatory

interest because of its association with arteriosclerosis and heart discase (1) and may one

day be a required analysis for labeling purposes. Although AOeS methods are available

to measure these parameters. the official methods tend to laborious, and the industry is

always on the a1ert for more rapid and efficient ways ofcarrying out routine analyses.

The McGill IR Group has focused on the development of rapid methods for edible oil

analysis using Fourier transform mid-infrared (mid-FTIR) spectroscopy (2-5) specifically

in relation to industrial quality control applications. A rapid, quantitative mid-FI1R

method was developed ta simultaneously determine cis and trans content, IV, and SN, the

calibration being based on pure triglyceride standards and using partial least squares

(PLS) as the chemometric approach (6). A1though mid-FI1R transmission speetroscopy

is gaining acceptance as an analytical tool in the edible oil seetor, near infrared (NIR)

spectroscopy has seen more use in industrial applications because NIR instruments are

more rugged and less energy limited than mid-FTIR spectrometers, cao use glass or

quartz cells, and have sensitive detectors. In particular, NIR. reflectance instruments are

widely used by the food industry for the rapid quantitative detennination of moisture,

Iipid, protein, carbohydrates and fiber in agricultural and food products (7). In the case of

edible ails, NIR transmission techniques can he employed; they eliminate Many of the

difficulties usociated with retlectance spectroscopy, especially in relation to calibration

development and maintenance. A number of oil processors have expressed an interest in

Fr-NIR-based edible oil applications. in particular peroxide value. IV and "ans analyses.

An transmission FT-NIR oil analysis method for the npid determination of peroxide

value (8) bas been described previously, and this paper presents the method development

protocol, calibration and validation of an Fr-NIR method for the simultaneous

determination ofcis, Irans, IV and SN parameters ofedible fats and oils.
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3.3 Materials and Methods

3.3.1 ail Samples, Calibration Standards and Validation Sampies

Hydrogenated soybean and rapeseed oils with a wide variety of cis!trans and IV values

were obtained courtesy of a major ail processor. Other ails, including coconut ail,

soybean ail, olive oil, canola oil, corn ail and sunflower oil, were obtained tram retail and

commercialoutlets. Trisun HB 95, a panially hydrogenated, high-trans (65%) sunflower

oil (Lot #3R147) was obtained trom SVO Specialty Produets, Inc. (Eastlake, OH).

Two sets ofcalibration standards were employed in this work. The tirst set, comprising of

32 hydrogenated soybean ail samples and covering a wide range of trans values (-0-5001'0

Irans), was employed to develop e calibration designed ta monitor a particular

hydrogenation proccss. for the development of a universel calibration, 29 samples were

prepared by mixing a varidy of commercial fats and oils of varying cis, trans, IV and SN

values, Trisun HB95 being used ta extend the Irans value range of the blends. These

samples were combined with Il commercial hydrogenated soybean and Il hydrogenated

rapeseed samples to produce a calibration set which covered a broader range of cisltrans

IV and SN values than would be found in any single ail type as weil as obviating cis!trans

and IV intercorrelations. for validation of the two calibrations developed, hydrogenated

rapeseed and soybean oils not used in either calibration set were employed as validation

samples. The referencc values for cis content (expressed as percent triolein), Irans content

(expressed as percent trielaidin), IV and SN for all the calibration standards and

validation samples were obtained using the mid-FTIR Edible ail Analysis Package (EOA

Package) developed by the McGill IR Group and described in a previous publication (6).

3.3.2 Instrumentation and Sample Handling

FT-NIR spectroscopy was canied out using a Bomem FT-NIR spectrometer (Hartmann &.

Braun MS-Series, Bornem, Inc., Quebec) capable of covering the spectral range of

12,000-2000 cm-l, controlled byan IBM-compatible 486 DX-66 MHz PC Noning under

Windows-based Bomem-Gramsl386 (Galaetic Industries Co., Salem, NB) software. The

instlUrnent and optical path were purged with a continuous flow ofdry air trom a Balston
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dryer (Balston, Lexington, MA) to minimize water vapor and COz interferences. Basic

spectroscopic work was carried out UsiDg a heated transmission t10w œil accessory (S)

with quartz windows and having a path length of Smm; the system was capable of

handling preheated fats and oils in their neat state (Dwight Analytical Solutions Ltd.,

Toronto, Ontario). The accessory was maintained at 80 ± 0.2oC ta ensure that fats were

liquefied, the samples being melted in a microwave oven prior to being loaded into the

flow œil. Ff-NIR spectra of the samples were collected over the range of 10,000-4000

cm-l, an open beam emittance spectrum being collected first, followed by the collection

of a sample emittanœ spectrom (128 co-added scans for each). These were then being

ratioed and transfonned ioto a conventional absorbance spectrum. Mid-FI1R

spectroscopy wu canied out using a Nicolet Magna FTIR spectrometer (Nicolet

Instroment, Madison, WI), ta obtain reference c;s!transllVISN data using the EOA

Package. Data obtained nom this system wu used as reference values to calibrate the FT­

NIR system and validate its predictions.

3.3.3 Calibration

The spectra of the calibration standards together with the cis!transIIVISN data obtained

trom the mid-fTIR EOA package were input into Omnîc TQ Analyst chemometrics

program (Nicolet Instnunent Corp., Madison, WI) 10 develop NIR calibrations.

Correlation spectra, which relate spectral changes ta the values of the parameter of

interest, as weil as variance spectra, which illustrate regions of spec:traI variance in the

standards, were generated. These were employed ta ISSist in identifyins spectral regions,

which could he used 10 develop predictive PLS models for cis and "ans content, IV and

SN. The predicted residual error sum of squares (PRESS) test as weil as the root mean

square error (IlMSE) associated with the cross validation of the calibrations tested were

used 10 select optimal calibrations. The performance of the calibrations u weil u the

validations wu assessed using Iinear regression, with accuracy and reproducibility

assessed using mean ditTerences (MD) and standard deviation of the differences (SDD)

according 10 the method oCYouden and Steiner (9).
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3.4 Results and Discussion

3.4.1 General Considerations

NIR spectroscopy differs filndamentally trom mid-IR spectroscopy, because the speçtra1

profiles in the NIR region contain less spectral detail and consist of overlapping and

poorly defined overtone and cambination bands arising from the fundamental absorptions

occurring in the mid-IR region. Most of the strong absorption bands in the NIR. region are

CH overtone and cambination bands. The region covering 6200-5500 cm- l comprises the

fU'st v CH overtone, whereas 8500-8200 cm-l is usociated with the second v CH

overtone. CH2 combination bands appear in the 4500-4000 cm-l range. The absorbances

near 8475 and 5900 cm-lare due to strong -CH=CH- (cis double bond) overton~ the

respective combination bands being found near 4657 and 4566 cm -1(10). The trans

overtone and combination bands are very weak and can he difficult to measure, tending to

be overwhelmed by stronger absorptions. In tenns of edible ails, Sato et al. (11) reported

that MOst of the more obvious spectral differences in their NIR spectra are evident in the

62S0-S555 cm-l and 4762-4545 cm -1 regions. Holman et al. (12) related changes in

absorbance at 4651 cm-1 to the IV of fats and oils, whereas Weuel (13) correlat~ NIR

absorbance changes at 5952, 4675 and 4529 cm-l to salid-fat index, degree of

unsaturation and SN, respectively. A1though these citations indicate that absorptions at

selected wavelengths correlate with various physicochemical properties of fats and oils,

the absorption bands in the NIR region overlap 50 extensively that traditional univariate

anaIysis techniques are seneraJly not applicable. Because of this, it is mandatory to malee

use of advanced chemometric techniques such as PLS ta obtain meaningful quantitative

data. PLS is a sophisticated multivariate anaIysis technique that bas largely been

pioneered for NIR applications and bas played a major role in the recent resurgence of

quantitative mid-IR spectroscopy. The key ditrerence between PLS and multiple linear

regression approaches is that a PLS calibration does not entail establishing direct

relationships between concentration and absorbance measurements al specified

ftequencies (i.e., peak heights or peak areas), but rather develops a model by compressing

the spectral data for a set of calibration standards ioto a series of mathematical "spectra",

known as loading spectra or Caeton. PLS decomposes the spectnJm of each calibration
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standard into a weighted sum of the loading spectra, and the weights given ta each

loading spectrum, known as "scores" li are regressed against the concentration data for the

standards. When the spectrum ofan unknown is analyz~ PLS attempts to reconstruct the

spectrum tram th~ loading spectra, and the amounts of each loading speetrum employed

in reconstructing the speetrum, i.e' lI the ~~scores". are then used ta predict the

concentration of the unknown (14). A PLS calibration can, in prineiplell he based on the

whole spectrum, although in praetiee the analysis tends to be restrieted to regions of the

spedrum that exhibit variations with changes in the concentrations of the components of

interest. As such, the use of PLS cao provide signifieant improvements in precision

relative 10 methods that use only a limited number of &equencies. In addition, PLS treats

concentration rather than spectral intensity as the independent variable and is thereby is

able to compensate for unidentitied sources of spectral interferenee (i.e' lI overlapping

bands), which are common in NIR spectroscopy.

Certain restrictions are inherent in the PLS method. Fir~ any PLS calibration model will

only give accurate predictions for samples lhat are weil represented by the calibration

standards. Second, in a multicomponent analysis the predictions obtained trom a PLS

model will refleet any intereorrelation that exists in the calibration set. Hence, for a

generalized calibration it is essential that the values of ail parameters measured vary

independently. However, in developing a calibration for a specifie produet line, tbis may

he neither necessary nor readily feasible, as the samples eonveniently available for

calibration may contain components whose concentrations are inherently correlated. In

the present work, IWo tyPes of calibration models were developed, one based on samples

taken tram an industrial soybean hydrogenation process and the other based on a wide

variety of oil types. For the tirst calibration, anaIysis of the calibration standards by mid­

FTIR spectroscopy demonstrated that the c;s and "ans contents are inversely related and

highly correlated (Figure 3.1). In contrast, the second calibration wu designed to have

more variability in ail parameters as weil as to ensure that there were no intercorrelations

between any pair of parameters (Figure 3.2). 80th calibration approaches are vaUd, but

they ditTer in the scope ofapplication ofthe calibrations derived.
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Figure 3.1. Cis and trons mid-FI1R values for the soybean process calibration set,
illustrating their intercorrelation.
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Figure 3.2. Cis and trans values of the generalised calibration set, illustrating how
intercorrelation was avoided ensuring that these variables would be evaluated
independently.
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3.4.2 Development ofa Calibration Based on Process Samples

Figure 3.3 illustrates the mean, variance, and correlation spectra for the calibration set,

comprising samples taken tram a soybean oil hydrogenation process. The cis, "ans and

IV correlation spectra strongly resemble each other because of the inherent correlation

between the three parametcrs in question within tbis set of process sampIcs. SN was not

considered in tbis analysis, as it is effectively invariant.

The variance speetrum shows that there are three main regions in which there arc

significant spectral variations, 8700-8000 cm··, 6100-5350 cm·· and 4900-4500 cm··, with

sorne minor variations around 7200 cm··. The correlation spectra, which relate the

changes in the values of each parameter to spectral changes, are more complex; however,

the regions of high correlation correspond to those in which the most spectral variation is

observed. These regions basically correspond to the first and second CH overtone regions

(6200-5300 and 8900-8000 cm··) and the carresponding CH cambination band regions

(4900-4500 and 7400-6700 cm··). A number of calibrations were assessed using these

regions and combinations thereof On the basis of the RMSE of the predictions for a

separate set ofvalidation samples, the first combination band region encompassing 4777­

4553 cm·· using a single point baseline at 4800 cm·· was found to produce good

calibrations for ail three parameters with a minimum predictive error. Figure 3.4

illustrates the one:-to-one correspondence between the NIR IV predictions for a set of

soybean validation samples and the mid-fTIR reference values. Similar validation plots

were obtained for cis and trans content, and Table 3.1 summarizes the MDa and SODa

for the three parameters measured.

Another basis for evaluating the calibrations is to assess whether they are internally

consistent, as there is a defined relationship (Equation [3.1]) between cisltrans content

and IV, as has been discussed elsewhere (6):

•
IV =O.8601cis + O.8601tTans [3.1]
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Figure 3.3. Mean, variance and cisitranslIV correlation spectra of the soybean calibration
standards.
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Figure 3.4. Plot of predieted vs. aetual IV for the process validation samples. Linear
regression equation forced through the orisin is y = 1.005x, SO =0.99, .'=0.999. For
abbreviation see Figure 3.3.
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Table 3.1. MD&, SDOa and CV for process soybean validation samples relative to the
mid-IR reference values1

Parameter n MDa SODa CV

Cis 23 -0.26 0.96 1.03

Trans 23 -0.02 0.39 0.93

IV 23 -0.28 1.04 0.57

lMD, mean diJJerence; SDD, standaRI deveaatJon of tbe difl'erences; CV, coefficient oC vanaboa; mad-IR,
mid-infrared; Il, number ofsamples; IV, iodine value; a, aa:uracy

For abbnMahons sec Table 3.1

Table 3.2. MD&, SODa and CV for rapeseed validation samples relative to the mid-IR
reference values1

Parameter n Mda SODa CV

cis 15 -6.53 1.41 2.46

trans 15 0.00 1.89 4.14

IV 15 -4.62 1.50 1.81
..

•
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• This relationship was assessed by calculating IV from the FT-NIR c;s and Irans

predictions using Equation [3.1] and comparing these values to the FT·NIR IV

predictions. The relation between the calculated and predicted IV values was:

CaicIV = 1.OO5PredIV SO = 0.93 r= 0.999 [3.2]

•

•

indicating that the internai consistency expected to exist between the cis, Irans and IV

predictions is maintained for the soybean validation set.

As noted earlier, one can expect that a calibration based on a set of process samples will

not be generally applicable because the built-in correlations between cis and Irans content

are a potential source of predictive error. Ta evaluate the magnitude of this etTect,

samples of hydrogenated rapeseed oil were analyzed. Table 3.2 presents the Iinear

regression equations and statistics of the FT-N'IR predictions for these samples regressed

against their mid-FTIR reference values. As cao he seen from the data in Table 3.2, there

are detinite changes in MD and SDD values relative ta those noted in Table 3.1. In

particular, the MD values for the cis and IV parameters indicate that the FT-NIR rapeseed

predictions are significantly biased while the SDO for IV and trans is three to four times

greater for the rapeseed than for the soybean validation samples. The IV predictions are

graphically shown in Figure 3.5 and illustrate the magnitude of the errors which can result

when a calibration model with a buHt-in correlation is applied ta samples \\'hich do not

refleet that correlation.

3.4.3 Generalized Calibration

Ta minimize the potential errors introduced by developing a calibration based on samples

having intercorrelated variables, a calibration set wu designed ta remove ail

intercorrelations between the parameters of interest. This set consisted of 29 samples

prepared by mixing various oils a10ns with 22 samples of hydrogenated soybean and

rapeseed ails. Figure 3.6 presents the Mean, variance and correlation (for c;s, trans, IV

and SN) spectra for tbis calibration set. The Mean and variance spectra presented in

Figure 3.6 appear to he quite similar ta the corresponding spectra in Figure 3.3 for the
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Figure 3.S. Plot of predieted vs. aetual IV for the rapeseed validation samples. Linear
regression equation is y = -0.291 + 1.062x, SD = 1.43, r'= 0.991. For abbreviation see
Figure 3.3 .
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calibration standards.

•
67



•

•

•

process calibration set. However, Figure 3.6 differs ftom Figure 3.3 in that substantial

differences between the cis, trans, and IV correlation spectra now exist because there are

no intercorrelations between these parameters. As a result, it cao he expected that the

optimum spectral regions for calibration will be different for each parameter and thus

have ta be determined independently, making the development of the calibration a more

time-consuming pracess.

Table 3.3 presents the optimal regions chosen for the calibration ofeach parameter on the

basis ofthe RMSE obtained from a leave-one-out cross-validation, and Table 3.4 presents

the cross-validation MD and SDO statistics for accuracy for bath the process-based and

the generalized calibrations. Il can be seen that the process-based calibrations perform

somewhat better, Iikely owing to the supporting intercorrelation of the three parameters

measured. In the generalized calibration approach, PLS bas to evaluate cach of the

parameters independently, resulting in sorne loss of accuracy; however, tbis approach has

the advantage that the calibration devised can readily handle a wide variety of samples,

rather than being restrieted to samples having particular characteristics. The generalized

calibration was validated with a set of 61 sampies of hydrogenated soybean and rapeseed

ails. A plot of IV predictions vs. the reference IV values for the validation samples being

presented in Figure 3.7. Table 3.S, which summarizes the accuracy and reproducibility

statistics for the four parameters, shows that the accuracy of the generalized calibrations

is largely in line with the leave-one-out cross-validation results (Table 3.4), indicating

that cis, trans, IV and SN cao be measured to within 1.3 units of the mid-IR. reference

values. The reproducibility of the predictions, evaluated using a subset of 20 of the

validation samples analyzed two weeks apart, is within one unit for each of the four

parameters.

Based on the results obtained in tbis study, it is apparent that FT-NIR is capable of

providing high-quality cis, trans, IV and SN data from edible ails if the system is

properly calibrated. With the use of a heated tlow œil accessory a typical analysis takes

about IWo minutes per sample, and analysis can he canied out "at-" or "on-Iine". The

critical issue is ofcourse calibration as FT-NIR is a secondary method ofanaIysis. In this
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Table 3.3. Optimized calibration regions for cis/translIV/SN calibrations

Region (cm-I
) Baseline (cm-I

) c;s tram IV SN
4698-4553 4825 +1 +
6085-5938 6638 + +
8975-7189 7575 + + +
4779-4564 4800 +
5238-5056 2563 +
8441-7582 7575 +
8477-8857 7575 +

1ne plus symbol indicates that the associaIed spec:traI repOlI and basclane wcre uscd ID the calibration
model for the paramctcr. SN, saponific:ation number; for OIber abbreviation !Ce Table 3.1.

Process Based Calibration Generalised Calibration
Parameter n MDa SODa n MDa SDOa

cis 25 0.015 0.75 51 -0.046 1.58
trans 25 0.069 0.49 SI 0.009 1.44
IV 25 0.059 0.69 51 -0.070 1.00
SN 25 NA NA 51 0.001 1.93..

INA. DOt applicable. For othcr abbnMaUon sec Table 3.1.

Table 3.4. Cross-validation data for calibrations based on correlated process sampies and
for generalized calibrations based on non-correlated calibration standards1

•
Table 3.5. Validation data for the soybean and rapeseed oil samples predieted using the
generalized calibrations1

Parameter Mda SDCa Na MDr SDOr Nr
cis -0.346 1.184 60 0.263 0.778 20

trans -0.272 1.028 60 -0.455 0.451 20
IV -0.030 0.889 60 0.891 0.686 20
SN -0.453 1.345 60 0.625 1.074 20

1Na, nwnbcr of samplcs for whic:h aa:uracy was cva1uaaed; Nr, nwnbcr of samplcs for which
reproducibility wu evaluaaed; for otbcr abbn:viatiODS sec Table 3.1

•
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study, reference data were conveniently obtained by mid-IR. spectroscopy using our EOA

Package. In the industriai setting such data would be obtained using standard chemical

methods or by gIS chromatography. We have demonstrated the inherent limitation

associated with the use of process samples as standards for the development of PLS

calibrations if the measured parameters are highly correlated. This does not prevent one

from calibrating on such samples; however, it is important to ensure that the standards

used are representative of the sampies ta be anaIyzed and that the limited !cope of

applicability of the calibrations be recognized. Our preference is to employa generalized

calibration approach and prepare calibration samples, in which the parameters are not

correlated, thereby providing the capabilitY to analyze a wide range of oil samples. In

conclusion, IV, SN, cis and trans content of fats and oils can be determined by FT-NIR

analysis, providing a more rapid and convenient alternative to conventional chemical and

physical methods of analysis.
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BRIDGE

Chapter 3 demonstrated that PLS calibrations couId be derived for FT-NIR using a

conventional transmission œil to allow for the simultaneous detennination of cis, Irons,

IV and SN. In the following chapter the efficiency of a newly devised, simple to use

glass-vial sample handling system is evaluated. This evaluation was based on the

contention that successful marketing of FT-NIR instrumentation for edible oil analysis,

hinged not ooly on being able to obtain accurate results, but also on ensuring that sample

handling was simple and convenient. In particular, Bornem our industrial collaborator

suggested the use of cheap, readily available, disposable glass vials. Such vials have

inherent dimensional variability and present a curved surface, that are additional

constraints on the level of accuracy one might obtain relative to a constant pathlength

flow cell. Vials were evaJuated through the development of a FT-NIR method for the

analysis of low end peroxide values, using as a reference a weil characterized and

accurate mid-FTIR PV method.
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CllAPTER .. DETERMINATION OF PEROXIDE VALUE SY FOURIER
TRANSFORM NEAR-INFRARED SPECfROSCOPY

4.1 Abstnct

A Fourier transform-near infi'ared (FT-NIR) method originally designed to determine the

peroxide value (PV) of triacylglycerols at levels of 10-100 PV wu improved upon to

a1low for the anaIysis of PV between 0 and 10 PV, a range of interest ta the edible oil

industry. The Fr-NIR method uses convenient disposable glass vials for sample handling

and PV is determined by speetroscopically measuring the conversion of

triphenylphosphine (TPP) to triphenylphosphine oxide (TPPO) when reacted with

hydroperoxides. A partial-least-squares (PLS) calibration was developed for 8mm o.d.

vials by preparing randomized mixtures of TPP and TPPO in a zero-PV oil. The method

was validated with samples prepared by gravimetric dilution of oxidized oil with a zero­

PV oil. It was shown that the American Oil Chemists' Society primary reference method

was quite reproducible (±O.S PV), but relatively insensitive to PV differences al lower (0­

2) PV. The FT-NIR method on the other band was shown to he more accurate overall in

tracking PV, but slightly less reproducible (±O.9 PV) due to working close to the limit of

detection. The sensitivity and reproducibility of the FT-NIR method could he improved

upon through the use of larger diameter vials combined with a detector having a wider

dYllélmic range. The proposed FT-NIR PV method is simple to calibrate and implement

and can be automated to aJlow for routine quality control analysis ofedible fats and oils.

KEY WORDS: Fourier Transform infrared speetroscopy, FT-IR, FT-NIR, oil analysis,

peroxide value

4.1lntroductioD

The oxidation of fats and oils is an important deteriorative reaction with significant

commercial implications in terms of produet value. The initial oxidation produets that

accumulate in triacylglycerols are hydroperoxides, which may subsequently break down

to form lower-molecular weight compounds, such u alcohols, aldehydes, ftee CaUy acids,
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and ketones, ultimately leading to rancid produet. There are two standard chemical

methods (Cd 8b-90 and Cd 8-53) approved by the American Oil Chemists' Society

(AOCS) for the determination of hydroperoxides (1). Both are iodometric procedures for

determining peroxide value (PV), ditTering ooly in the solvent used. A1though claimed to

be relatively simple, reasonably sensitive, reUable, and reproducible, the iodometric

method is labor-intensive and uses significant amounts of reagents and solvents of

environmental concern.

The McGiH IR Group has worked on the development of methods for the edible ail

industry based on Fourier transfonn infrared (FTIR) and near-infrared (FT-NIR)

spectroscopy that allow quantitative analyses ta he carried out directly on neat fats and

ails, conferring the advantages of analytical speed and automation (2). In terms of PV

methodology development, the first FTIR method developed was based on the

measurement of the characteristic O-H stretching absorption band of hydroperoxides in

the mid-IR (3). Subsequently, a simpler and more aecurate mid-FTIR method (4) was

developed, based on the well-charaeterized stoichiometrie reaetion of triphenylphosphine

(TPP) with hydroperoxides to fonn triphenylphosphine oxide (TPPO). This reaetion

(Figure 4.1) is rapid and complete when an excess of TPP is present. Accurate

quantitation of the TPPO is readily achieved by measuring the intensity of the unique and

intense mid-IR absorption band ofTPPO at 542 cm-a. The mid-IR method developed was

aecurate, reproducible and very sensitive, capable of measuring PV down to - 0.2 PV (4).

Subsequent work related ta monitoring the progress of oxidation in rapeseed lubricants

led to the development of other FT-NIR. methods for PV determination (5,6). Based on

the same concepts as the mid-IR method, the FT-NIR approach provided access to a

simpler and more eonvenient sample handling syste~ making use of readily available

glass vials. Because the objective was to monitor oxidative stress, in a manner analogous

to the active oxygen method (AOM), the FT..NIR method was originaHy devised to

measure PV trends over a broad range of PV's (0-100). In this paper, we describe the

upgrading of the Ff-NIR PV method for the determination ofPV over the range oCo-I0

PV.
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Figure 4.1. Reaction of triphenylphosphine (TPP) with hydroperoxides to form
triphenylphosphine oxide (TPPO) and alcohol.
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4.3 Materi'" and Metbods

4.3.1 Oil Samples

Canola oil~ used as the base oi1~ was obtained locally. The oil was passed through a

column of microwave-activated silica gel ta remove partially polar oxygenated

molecules~ in particular any residual hydroperoxides. The silica gel-treated canola oil was

verified to be peroxide.free by the AOCS standard method (Cd 8b-90) (1). Reagent..grade

TPP (>990At) and TPPO (>99',10) were obtained ftom Aldrich Chemicals (Milwaukee~ W1),

and separate concentrated stock solutions (4()GAa~ w/w) ofTPP and TPPO were prepared in

chloroform.

4.3.2 Instrumentation and Sample Handling

The instrument used for this study was a Bomem FT-NIR. spectrometer (MB..Series,

Bomem Inc.~ Quebec) equipped with a deuterated triglycine sulfate (DTGS) detector

capable of scanning the spectral range of 12~000-2000 cm-l. The spectrometer was

controlled by an IBM-compatible Pentium 2DO-MHz PC ruoning under Windows-based

Bomem-Gramsl32 software (Galaetic Industries Co., Salem, NH). The sample handling

accessory used in this study was a temperaturCH:Ontrollable multi-vial holding black

(Bornem Inc., Quebec) maintained al JO°C, capable of accepting 8 mm o.d. transparent

glass vials (Kimble Glass Inc.~ Vineland, NJ) which had a volume of -1 mL. For sample

analysis, vials were tilled with - 0.7-1.0 ml of ail and scanned over the spectral range of

12,()()()..4000 cm-l. AIl sample and background spectra were recorded by co-adding 128

scans al a resolution of 4 cm-l. Background spedra were collected every 30 min through

an empty vial placed in the vial holder in the IR beam and each sample spectrum was

ratioed against the most recently colleeted background spectrum (Figure 4.2).

4.3.3 Calibration Standards and Validation Samples

Stock solutions (0.58) of TPP and TPPO (4CJDAa in chloroform) were separately

incorporated into 100 g ofzero--PV canola oil to produce base oils which contained 1S PV
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Figure 4.2. DitTerential spectra of (a) TPP, (b) TPPO, and (c) TPP + TPPO in canota oil
produced by ratioing out the spectral contributions of canola oil. See Figure 4.1 for
abbreviations.
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equivalents of TPP or TPPO, respectively. Calibration standards (-8g) having

randomized TPPrrPPO ratios were then prepared by gravimetrically mixing various

amounts of zero-PV canola oil with the two base oils (Table 4.1). Randomization was

visually veritied by plotting the concentrations of TPP and TPPO against each other to

ensure that the two-dimensional space of possible combinations of TPPrrPPO

concentrations was fairly uniformly spanned (Figure 4.3). Ofeach standard, -0.7 mL was

transferred to an 8-mm NIR. sarnple vial and scanned as described above. The spectral

data was norma1ized to unit area over the region of 9100-7560 cm-l and then stored to

disk for subsequent development of a partial-leut-squares (PLS) calibration model using

Omnîc TQ Analyst chemometric software (Nicolet Instroment Co., Madison, WI).

Correlation and variance spectra were generated to detennine where most of the spectral

changes in the calibration set took place. These regions were then explored for calibration

development and retinement. Each calibration was assessed by using the leave-one-out

cross-validation procedure and optimized in terms of the appropriate number of factors by

minimizing the predieted residual error sum of squares (PRESS). Validation samples

were prepared by gravimetrically mixing oxidized canola ail (pV -13) and zero-PV

canola oil to produce sarnples having PV values within the range of 0 to 10. Two

additional sets of validation sampies were prepared in the same manner utilizing olive or

sunflower oil, respectively, instead ofcanola oil.

4.3.4 Sample Analytical Protoœl

For sample analysis, the protocol consisted of adding SOJ.&1 of 400At stock TPP-chloroform

solution with a precalibrated repipette to ISg ofthe sample, mixing for 20 sec on a Vortex

mixer and then transfening ca. 0.7 ml ta an 8 mm (o.d.) NIR vial. The amount ofTPP

added was sufficient to react with all the hydroperoxides in an oil having a PV of -15,

weil in excess of the measurement range considered (0-10 PV). After scanning the

sample, the PV wu predieted from the PLS TPPrrPPO calibration. The validation

samples were also anaIyzed in parallel by the AOCS chemical PV method (Cd 86-90) (1).
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Table 4.1. Calibration matrix oC oil containing TPP and TPPO Cor developing a partial·
least-squares PV calibration l

Std. No. Pure oil 15PV 15 PV PV PV
(g) TPP Oil TPPO Oil TPP TPPO

Stock(a) Stock(a)
1 0 8 0 15.13 0
2 7.1772 0.6184 0.2701 1.16 0.53
3 6.0437 0.706 1.2777 1.33 2.52
4 6.0861 1.2208 0.6934 2.31 1.37
5 5.1475 1.7925 1.2974 3.29 2.49
6 6.5499 0.1468 1.3255 0.28 2.62
7 3.5888 3.4366 1.0816 6.41 2.11
8 5.1104 2.2196 0.6419 4.21 1.27
9 4.7146 1.1785 2.1124 2.23 4.18
la 4.7901 0.6036 2.6548 1.13 5.22
Il 3.7153 0.4532 3.9275 0.85 7.68
12 4.3947 2.2084 1.5682 4.09 3.04
13 4.0141 0.86 3.226 1.61 6.3
14 3.209 1.276 3.5474 2.4 6.99
15 3.1966 2.181 2.52 4.18 5.05
16 2.8168 0.6746 4.5317 1.27 8.94
17 2.718 0.1146 5.1514 0.22 10.21
18 2.8407 3.1268 1.9246 5.99 3.86
19 2.9425 4.7076 0.3127 8.94 0.62

PV a pcroXldc value, the amounts of TPP (molec:ular welpa • 262.28) and TPPO (molccular WClght =­
278.29) added to zao.PV canola oil arc cxpresscd in tenns of PV cquivalcms. based on the stoichiometry
of the reactïon bctween TPP and hydropcroxidcs to Conn TPPO. 0i1 contaiDiDg 1 PV WlÎt of ROOH as
dctcnnined by the standard iodomctric Ra:tion would react with 0.5 mmol TPPlkg oil, producing 0.5 mmol
TPPOlkg oil Renee, 1 PV c:quMIent of TPP = 0.1311g TPPIkg oil and 1 PV cquivalcnt of TPPO =
0.1391g TPPOlkg oil
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Figure 4.3. A plot illustrating the relative concentrations of TPP and TPPO in the PLS
calibration standards. The concentrations of TPP and TPPO are expressed in terms of PV
equivalents, in accordance with the stoichiometry of the reaetion between TPP and
hydroperoxides to fonn TPPO (1 PV equivalent ofTPP =0.13118 TPPlkg oil and 1 PV
equivalent of TPPO = 0.13918 TPPlkg oil). The two dimensional space of possible
combinations of TPPtrPPO concentrations is represented by the ara below the dashed
line. See Figure 4.1 for abbreviations.
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4.4 Results and Discussion

4.4.1 General Spectroscopy

The NIR spectral charaeteristics of TPP and TPPO in canola oil at low concentrations

were investigated by adding each component individually to zero-PV canola oil7

recording the Fr-NIR spectra of the spiked oils, and ratioing out the spectral

contributions of the canola oil to produce "ditTerential speara77
• Figure 4.2 shows the

differential spectra ofTPP, TPPO, and a mixture ofTPP + TPPO between 4800 and 4500

cm-l
. TPPO has similar spectral features to TPP, but the major bands are shifted toward

shorter wavelengths. When TPP reaets with hydroperoxides in oil to produce TPPO, bath

TPP and TPPO are simultaneously present in the oil and the bands of these two

components will overlap (Figure 4.2c). Quantitation under these circumstances requires

the use of more sophisticated chemometric techniques such as PLS regression (7).

4.4.2 PLS Calibration.

Table 4.1 presents the calibration standard matrix used for the PLS calibration. The FT­

NIR determination of PV requires that the amount of TPPO fonned by the reaetion

between hydroperoxides and TPP be quantitated in the presence of unreaeted TPP, thus

the calibration must be completed with standards containing both TPP and TPPO. The

concentrations of TPPO and TPP in the standards, expressed in terms of PV equivalents,

are plotted agunst each other in Figure 4.3 ta illustrate their lack ofcorrelation. This is in

accordance to PLS requiring tbat the calibration standards contain randomly varying

amounts of potentially interfering components in the samples to be analyzed. A PLS

calibration model using five factors wu developed ta predict PV based on the

quantitation of TPPO using the region 4695-4553 cm-l referenced to a single baseline

point al 9143 cm-l. Figure 4.4 presents a plot of predieted versus aetual TPPO

concentratio~ expressed in PV equivalents, obtained from cross validation of the PLS

calibration. The linear regression equation for tbis plot was y =0.390 + O.904~ having a

correlation coefficient of0.98 and a SD of±O.55 PV.
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Figure 4.4. A cross validation plot of predicted peroxiide value (PV) vs calculated PV
based on the gravimetric addition ofTPPO. See Figure 4.1 for abbreviations.
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4.4.3 Validation

The PLS calibration model was validated by analyzing a series of sampies prepared by

gravimetric dilution of an oxidized canola ail with a zero-PV canola oil. Duplicate

analyses were performed two days apart and the Mean ditTerence for reproducibility

(MOr) and the standard deviation of the ditTerences (SDDr) for the NIR duplicate

predictions were 0.27 PV and ca. ±O.90 PV units, respectively. These validation samples

as weil as the oxidized oil used ta prepare them were also chemically analyzed by the

AOeS PV method (Cd 8~90) (1). In addition, the PV of the validation samples were

calculated trom the chemical PV of the base oxidized oil and the gravimetric dilution

factors. Figure 4.5 illustrates the validation plot obtained by plotting the FT-NIR­

predicted PV for the validation samples versus their calculated PV, the linear regression

equation for this plot being y =0.036 + 0.875x, with a correlation coefficient of 0.964 and

an SD of± 0.95 PV. The Mean difference for accuracy (MD.) and the standard deviation

of the differences (SDD.) for the NIR duplicate predictions were -1.0 PV and ca. ±O.67

PV units, respectively. A plot of FT-NIR.-predicted PV vs. aetual chemical PV (Figure

4.6) indicates some curvature, its Iinear regression equation being y = 1.672 + O.861x,

having a correlation coefficient of0.93 and a SO of 1.35 with MD. and SDD. being -0.95

and ± 1.41 PV, respectively.

A careful assessment of duplicate analyses by the AOeS chemical method indicated that

the reproducibility of the chemical method was very good, producing a Mean ditTerence

for reproducibility (MDr) of 0.21 PV and a SDDr of ±a.54 PV. A plot of the duplicates

against each other (Figure 4.7) was linear (r = 0.994), had a slope close to 1 (1.09), with

an intercept close to zero (-0.26 PV) and a 5D of±O.44 PV. These data for the chemical

method clearly indicate that one cao routinely reproduce PV results to within ca. ± 0.50,

weil within the general expectation of the method of ±1.0 PV. However, a plot of the

individual chemical PV results versus calculated PV for the gravimetrically diluted

oxidized canola ail samples (Figure 4.8) reveals that the relationship is curvilinear, fining

a quadratic relationship quite weil and on this basis, having an SD ofca. ±O.72 PV. These

results indicate that the chemical PV method, although quite reproducible, does not
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Figure 4.5. Plot of FT-NIR-predicted PV vs. calculated PV for gravimetrically diluted
oxidized canola oil samples. See Figure 4.4 for other abbreviations.
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Figure 4.6. Plot of FT..NIR.predicted PV vs. chemical PV for gravimetrically diluted
oxidized canola oil samples. See Figure 4.1 and 4.4 for abbreviations.
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Figure 4.7. Plot of PV data obtained from duplicate chemical analyses of the
gravimetrically diluted oxidized canola oil samples. See Figure 4.4 for abbreviations.
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Figure 4.8. Plot of duplicate (-, • ) chemical vs. calculated PV values of gravimetrically
diluted oxidized canola oil. See Figure 4.4 for abbreviations.
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• necessarily respond Iinearly, being relatively insensitive to changes in PV al lower PV

values. Without this more careful analysis, it would have been reasonable to conclude that

the nonlinearity between instnlmental and chemical results (Figure 4.6) is due to the

secondary method rather than the primary referenœ method, but tbis is clearly not the

case. Based on our experience, the reproducibility and sensitivity of the reference method

tends to he the limiting factor.

To investigate the scope of applicability of the PV calibration devised in this wor~

validation sets prepared with olive and sunf10wer oil and their PV predicted from the

canola oil calibration. Linear regression of the predicted PV against the chemically

determined values yielded the following equations for olive and sunflower oils,

respeetively:

These results indicate that the calibration tracks the PV changes quite weil; however, the

values are biased in an ail dependent manner. This etrect is Iikely due to a combination of

factors, i.e., the presence of interfering absorptions of the oil in the measurement regjon

as weil as due to area normalization attributing any changes in area to a pathlength

change whereas these changes may arise from ditTerences in fatty acid composition

between ail types. The regression errors above indicate that PV calibrations are

transferable between oil types. However, if absolute rather than relative PV values are

required, regression equations of the types given above need to he developed. In contrast

the mid-IR method previously developed (4) is oil-independent and thus universally

applicable. Somewhat better reproducibility was also obtained in the mid-IR method,

which uses a fixed pathlength transmission œil. However, the use of disposable vials in

the N1R method confers advantages of lower cast and simpler sample handling while still

providing satisfaetory reproducibility provided that the spectra are nonnalized to

compensate for the variability between and within vial lots. Based on the results obtained

•

•

FTNIR.-PV =-29.18 + 0.899 PV

FTNIR.-PV = 13.13 + 1.123 PV

r= 0.97

r=0.99

5D =0.50

SD =0.38

[4.1]

[4.2]
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in this study, it is elear that one cao readily determine the PV of oil samples by FT-NIR

spectroscopy over a PV range of 1-10, with a reprodueibility ofca ±1.0 PV.

From the standpoint of analysis, the method is quite straightforward, requiring only the

weighing of the sample ioto the vial, addiog a fixed amount ofexcess TPP, mixing gently

and scanning the spectrum of the sample. Weighing cao be eliminated if accurate and

reprodueible repipettes are used and the method standardized. The use of disposable glass

vials, being panicularly attractive trom the standpoint of convenience, is an added

benefit. Modem FTIR systems, being programmable, eiTectively allow one to automate a

method by developing a user-fiiendly interface and building the PLS calibration into the

system 50 that a PV value is presented directly to the user after scanning the sample. An

FT-NIR instrument configured and calibrated in the manner described in this paper would

he a useful tool for the routine quality control analysis of finished and stored oil produets.
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BRIDGE

Lipton, a US based food company, invited FTIR manufacturers to partieipate in a

collaborative study to demonstrate their ability to deliver IV data using FTIR

spectroscopy. This required correctly classifying the oil samples among four types and

accurately predicting IV values for a series of '''unknown'' oils, provided by Lipton, who

had determined the IV data by standard AOCS methods. The McGili IR Group

participated in tbis collaborating study on behalf of Bornem and developed product­

specifie IV calibrations for the oils provided by Lipton and also used the ""unknowo" oils

to evaluate a "'Global" IV calibration developed by Bomem. The Lipton eollaborative

study was used to validate the performance of the vial sample handling system which had

performed weil using spectral normalization (Chapter 4) and also provided an opponunity

to explore the discriminant abilities of PLS.

92



•

•

•

CHAPTER S DISCRIMINATION OF EDIBLE OIL PRODUcrS AND
QUANTITATIVE DETERMINATION OF THEIR IODINE VALUE DY
FOURIER TRANSFORM NEAR-INFRARED SPECfROSCOPY

S.l Abstract

This work demonstrates the application of partial least squares (PLS) analysis as a

discriminant as weil as a quantitative tool in the anaIysis ofedible fats and oils by Fourier

transform near-inftared (FT-NIR) spectroscopy. Edible fats and oils provided by a

processor were used to calibrate a FT-NIR spectrometer to both discriminate between

four oil fonnulations as weil as detennine the iodine value (IV). Samples were premelted

and analyzed in glass vials maintained at 7SoC to ensure that the samples remained liquid.

PLS calibrations for the prediction of IV were derived for each ail type by using a subset

of the sampies provided as the PLS training set. For each oil formulation (type),

discrimination criteria were established based on the IV range, spectral residual and PLS

factor scores output &om the PLS calibration model. It wu found that all four oil types

could he unambiguously differentiated trom each other and all the validation samples,

including a set of blind validation samples provided by the processor, were correctly

classified. The PLS-predicted IVs for the validation samples were in goad agreement with

the gas chromatography IV values provided by the processor. Comparable predictive

accuracy was obtained nom a calibration derived by combining samples of ail four oil

types in the training set as weil as a global IV calibration supplied by the instrument

manufacturer. The results of this study demonstrate that by combining the rapid and

convenient anaIytical capabilities of Ff-NIR spectroscopy with the discriminant and

predictive power of PLS, one cao both identify oil type u weil as predict IV with a high

degree of confidence. These combined capabilities provide processors better control over

their process.

KEY WORDS: Discriminant analysis, fats and oils, Fourier transform near-infrared

spectroscopy, iodine value, quality control, partialleast squares, quality control.
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5.1lDtroductioD

The application of near-inftared (NIR) spectroscopy in edible oil analysis bas

predominantly involved its use for the rapid quantitative determination of the oil content

in oilseeds, with relatively little work being canied out on the analysis of ails peT se.

Most work on NIR. oil analysis development bas focused on classifying and/or

discriminating between oil types as weil as detecting adulteratio~ particularly of olive ail.

Bewig et al. (1) used a filter-based NIR instrument ta differentiate between four types of

oils (cottonseed, canola, soybean, and peanut) using discriminant analysis based on

Mahalanobis distance principles. Sato (2) used prineipal-component analysis (PCA) ta

classify vegetable oils using second-derivative NIR. sPeCtra, PCA providing the benefit of

using ail the spectral data eollected rather than only the data al selected wavelengths.

Wesley et al. (3,4) worked on olive oil adulteration and demonstrated that it is possible to

etTectively use NIR spectroscopy in conjunetion with PCA to prediet both the purity of

olive oil and the type of adulterant as weil as to quantitate the adulterant using partial­

least-squares (PLS) resression. These studies indicate that discriminant analysis, PCA,

and PLS are potentia11y powerful tools for qualitatively eharaeterizing oils as weil as

detecting adulteration and estimating the levels ofadulterants.

The MeGi11 IR. Group has focused on the development of Fourier transform infrared

(FTIR) spectroscopie methods for the rapid quantitative analysis of edible oils, based on

measurements in the mid-IR region of the spectrum (5-9). Recently, two FT-NIR ail

anaIysis methods have been developed, one for the determination of peroxide value (PV)

and the other for the simultaneous determination of cis content, tram content, iodine

value (1V), and saponification number (SN) ofedible ails (10,11). This work has elicited

positive feedback trom industry sources, citing the ease of sample handling and

amenability to at...line and on-line implementation as important attributes of FT...NIR oil

anaIysis methods. For NIR oil analysis, disposable glass vials are simply filled with neat

sample and discarded after measurement. Thus, NIR analysis is more suitable for

industrial applications than mid-IR analysis, which employs transmission IR cells with

narrow path lengths (typically 0.025 mm) and salt windows. NIll analysis cao also be

performed remotely with the use of low-cost NIR-ttansmitting fiber optics. Conventional
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dispersive NIR instruments can be unreliable in terms of maintaining calibration stability,

but this problem bas been largely overcome with a new generation ofFT...NIJl instruments

which have superior wavelength reproducibility and stability, thereby minimizing

calibration drift and reducing the need to recaJibrate.

In recent years, several groups have used NIR spedroscopy to characterize and classify

ditTerent types of fats and oils. This work bas largely becn based on the application of

qualitative analysis techniques such as discriminant analysis based on measurements at

selected wavelengths and PCA. However, quantitative anaIysis techniques sueh as PLS

can also serve as a basis for classification through the setting of discrimination criteria

based on the output obtained trom the calibration models. There is substantial interest in

the edible oils sector in instrumental models for bath rapid identification of the type of oil

and the quantitative of specifie oil parameters such as IV and trans content as weil as

discriminating between oils. This work repens the protocol and results of an investigation

of the capabilities ofFr...NIR spectroscopy as a practical at-line process control tool for

discriminating between various fonnulated oil produets as weil as determining their IV.

5.3 Materials and Metbodl

5.3.1 Oïl Samples

For this work, four sets of fats and oils (A-D) were sent ta the McGiIl IR Group by an ail

processor. These samples had ail been preanalyzed for IV by gas chromatography (Ge),

and the Ge-IV data were provided with the samples. The IV of the samples ranged from

133.3-134.8 for oil A, 91.3-%.3 for oil B, 117.1-118.8 for ail C, and 113.7-117.0 for ail

D. In addition, 35 unknowns alsa were provided as a blind validation set to he used in

evaluating the accuracy of produet classification and IV detennination by FT-NIll

spedroscopy. The FT-NIR. prediction results obtained for these sampies were

subsequently sent to the processor, who then made the classification and Ge IV data for

these samples available for statistical analysis.
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5.3.2 Instrumentation and Sample Handling

The instrument used in this study was a Bomem FT-NIR analyzer (Bomem Inc., Quebec)

equipped with a deuterated triglycine sulfate (DTGS) detector capable of scanning the

spectral range of 12,000-2000 cm-l . The spectrometer was controlled by an IBM­

compatible 486 DX-66 MHz PC ruoning under Windows-based Bomem-Grams/386

software (Galactic Industries Co., Salem, NB) and AIRS, a specifie quality assurance

program produced by DHe Analysis (Cleveland, OH). The sample handling accessory

used in this study was a temPerature-controllable multivial-holding block capable of

accepting 8-mm (o.d.) transparent glass vials (Kimble Glass Inc., Vineland, NJ), having a

volume of -1 mL. Figure S.1 illustrates the sample handling accessory installed in the

spectrometer. The temperature of the sample handling accessory wu held at 7SoC (±

0.2°C). For sample analysis, vials were filled with 0.5-0.7 mL of oil or premelted fat and

scanned over the range of 12,000-4500 cm-l
.

Ail sample and background spectra were recorded by co-adding 128 scans at a resolution

of 16 cm-1. Air background spectra were collected every 30 min with the vial holder in

the IR beam, and sample spectra were ratioed against the most recently colleeted air

background. The ratioed spectra were subsequently normalized to account for inherent

variations in the vial pathlength by using a normalization routine in the AIRS software.

S.3.3 Standards, Software, and Calibration

From each oil produet category provided, 20 samples were used as calibration standards

and S samples were employed as validation samples. The calibration standards were

scanned twice and the glass vial containing the sample wu rotated 90° in the vial holder

between the two scans. The validation standards were run in duplicate. The spectra of the

calibration standards together with the Ge IV data obtained trom the processor were

combined in the PLSPlus chemometrics program (Galaetic Industries Co., Salem, NIl) to

develop PLS-NIR IV calibrations. The predieted residual error sum of squares (PRESS)

test as weil u the root Mean square deviation (RMSD) usociated with the cross

validation of the calibrations tested were used to select optimal calibrations. The
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Figure S.l. The Bornem (Quebec, Canada) MS series Fourier transfonn near-infrared
(FT-NIR) spectrorneter with temperature-controlled multivial-holding block.
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performance ofthe calibrations was evaluated by Iinear regression of the cross-validation

predictions and the predictions for the validation samples apinst the OC data provided by

the oil processor, with uncertainty and reproducibility usessed using man differences

(MD) and standard deviation of the ditTerences (SDD) according to the method of

Youden and Steiner (12). In addition 10 the PLS calibrations developed for IV using the

samples provided, a global IV calibration provided by Bornem wu alsa assessed. This

calibration was developed using a broad selection of edible ails and fats that were

collected ftom over 15 facilities worldwide (13). These oils and fats varied in type and

degree of hydrogenation. Oil classification wu carried out using AIRS, which provides a

means by which to disaiminate between sample types or categories based on (i) the PLS­

predicted value of a parameter being measured; (ii) the spectral residual, representing the

sPeCtral data not fit by the PLS calibration model; or (iii) the PLS factor scores associated

with the spectrurn, or any combination of the three, u explained below.

5.3.4 Concepts and Principles of the FT-NIR PLS Method

PLS is a powertùl multivariate anaIysis technique that bas largely been pioneered for NIR

applications and bas played a major raie in the recent resurgence of quantitative mid-IR

spectroscopy. PLS develops a calibration model by compressing the sPeCtral data for a set

of calibration standards into a series of orthonormal buis veetors, known as loading

spectra or factors. The buis veetors selected ta model the spectra of the calibration

standards emphasize the spectral variations due ta differences in concentration and do not

model variations due to random noise, hence the name partial least squares. A PLS

calibration can, in principle, he based on the whole spectrum, a1though in praetice the

anaIysis tends to be restrieted ta regions of the spectrum that exhibit the strongest

variations with changes in the concentrations of the companents of interest. PLS

decomposes the spectrum of each calibration standard into a weighted sum of the loading

spectra, and the weights given ta each loading spectrum, known as "scores", ue regressed

apinst the concentration data for the standards. When the spectrum of an unknown is

analyz~ PLS reconstructs the spectrum ftom the loading spectra. The amounts of each

loading spectNm employed in reconsuueting the spectrum, i.e., the "scores", ue then
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used to prediet the concentration of the unknown. PLS al50 generates a spectral residual,

whieh corresponds to the ditference between the actual and the reconstrueted spectrom.

The scores and spectral residual provide usefut information for the detection of outliers,

i.e., sampies whose spectra differ significantly trom those of the training set. Outlier

detection is valuable in relation to assessing quantitative accuracy in the prediction of

unknowns sinee, ifan unknown is an outlier, the PLS-predicted value for the parameter of

interest cannat be considered reliable. It also provides a meaos of classifying an unknown

as heing part of the population modeled by the training set, likely being part of this

population or not being part of this population on the basis of selected criteria. These

criteria may be based on the value of the parameter being predicted, the magnitude of the

spectral residual, and the factor scores detennined for the unknown. The underlying basis

for eaeh ofthese criteria is as follows: (i) Value within range. If an unknown is pan of the

population represented by the training set, then the value of the predicted parameter

should be within the range of values spanned by the training set. (ii) Residual. When an

unknown is predicted, a residual spectrum is computed by subtraeting the aetual spectrum

of the sample ftom the synthetie spectrum generated by PLS. In order to obtain a

numerical value for the magnitude of the residual, the absorbance values at eaeh data

point of the residual spectrum are squared and then summed, and then the square root of

the sum is taken. If an unknown is part of the population represented by the training set,

then the value of the spectral residual should not exceed the average residual encountered

in the training set by a large factor. The lower limit for the spectral residual is necessarily

set to zero because a zero residual would represent a perfect fit of the spectral data for the

unknown. (iii) Factor scores. When a sample is anaIyzed using PLS, the output includes

the contribution (factor score) of cach loading spectrum or factor to the synthetic

spectrom generated by PLS. When the factor scores for an unknown are within the range

of the scores obtained for the training set, it is • very strong indication that the sample

truly belongs to the population modeled by the training set. Thus, the criterion based on

factor scores is probably the most important classification tool orthe three.
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The concepts, up to this point, consider only • single population, but can be expanded ta

consider several sample populations simuItaneously. In our work, four oil types

(populations) were considered with the objective being to classify unknowns as belonging

to one of these types as weil as to determine IV. In principle, provided the oil types are

sufticiently distinct ftom cach other trom a spectral standpoint, tbis can he achieved by

developing a PLS calibration for the prediction of IV for each oil type and then

classifying the unknowns on the basis of the output &om PLS. This type of classification

cao be implemented through the AIRS software package, which allows one to develop a

method to carry out the following sequence of events: (i) When a sample is analyzed by

AIRS, the IV will he predicted trom each of the PLS calibration models developed for the

ditTerent oil types and the discrimination criteria selected for each model (based on range,

residual and factor scores) will be applied. (ii) Provided that the sample belongs to one of

the oil types and that there is sufficient difference between the oil types, the sample

analyzed will pass the discrimination criteria for only one of the models and will

accordingly be classitied as belonging to the corresponding oil type. (iii) The IV

prediction ftom the selected calibration model will then be reported.

The creation of a method of this type by the AIRS software extends PLS beyond its basic

predictive capabilities, providing a basis for classification of a sample within a defined

class or among defined classes of oil types. This ability can be particularly useful in

quality control situations where one may want not only to predict the value of a parameter

but also to continn to which oil type the sample belongs.

5.4 Results and Discussion

The concepts and principles discussed above have been applied in the development of a

FT-NIR method Cor the discrimination among four defined oil types provided by a

processor. PLS calibrations for the prediction ofIV trom the FT-NIR spectra in the region

between 9100 and 7560 cm-1 were first individually developed for each oil type using 20

oil samples of that type as the training set. This spectral region was chosen u it contains

on-scale overtone bands c:ontaining informaûon related 10 the degree of unsaturation.
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Table S.1 presents the Mean, SO, and range of the Ge IV data of the standards used for

the development ofthe PLS calibrations, as weil as the cross-validation statistics obtained

trom those calibrations in terms of mean difference (MD.) and standard deviation of the

differences (SOO.). The MD. and SODa retlect, respectivety, the bias and the random

error of the PLS predictions. The cross-validation statistics indicate that the IV

theoretically can be predicted to within a standard deviation of 0.20 IV units or less for

oils A. C and D, whereas for ail B, the SDD. is -0.50.

Figure S.2 presents a composite plot of the individual cross-validation predictions for

each of the ail types, showing each oil grouping in a tight cluster except for oil B, which

appears to be composed of two subgroups. This somewhat broader spread for oil B May

explain the substantially higher SOD.obtained for tbis oil. In relation ta the feasib ility of

discriminating between the four oil types on the buis of IV only, oils C and D could

potentially pose problems. Although fairly similar in their IV values, careful inspection of

their respective SD and ranges indicates that their IV values in fact have no overtap. On

the other band, on the basis of the PLS cross-validation predictions, the situation is less

clear-cut in terms of discriminating between oils C and D on the basis of predicted IV

alone because the SDD. values for bath these ails exceed the ditTerence between their

ranges. Therefore, a more elaborate discrimination strategy was employed.

Three discrimination criteria based on predicted IV, the spectral residual, and the factor

scores were used for classification of samples among the four oil types. In the case of

factor scores, the score ranges for only the first two factors in the calibration model were

found to be sufticient for discrimination between the four oil tyPes. Figure S.3 presents a

schematic representation of the three discrimination criteria set up in the AIRS program

ta determine whether a validation sample belongs to oil tyPe A. The diagram indicates

how the program renders its decisions as ta whether a sample belongs, Iikely belongs or

does not belong to the ail type A population using the three criteria. As shown, each

criterion is defined by two sets of limits. The inner region 1 represents the region where a

sample is considered to he part of the population, while samples falling in regions n are

likely part of the population, and samples Calling into regions m are definitely not part of
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Table 5.1. OC IV data and PLS cross-validation statistics for oil types A_Dl

oc, gas chromatograpby, IV, lodine value, PLS, paniallcast squares, SO, saandard deviation; SDD..
staDdard devialion of dift'erences~ MD.. mean difference.

Oil MeanGC-1V SDGC-IV Ranae OC-IV PLS-MD. PLS-SDDa N
ail A 134.01 0.39 133.3-134.8 0.0005 0.2164 20
ails 93.90 1.79 91.3-96.2 0.0001 0.4827 20
aile 117.85 0.51 117.1-118.8 0.0020 0.1940 20
anD 115.36 1.11 113.7-117.0 -0.0047 0.1468 20..

•
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Figure 5.2. Composite plot of the cross-validation results for the four calibrations,
showing the predieted iodine value (IV) for the individual training sets vs. the sas
chromatography (OC) IV data. • Oil A, • oil B, • oil C • ail D.
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Figure 5.3. Schematic representation of the partial least squares (PLS) based
discrimination criteria (predieted IVJ spectral residual and factor scores) used ta accept
(region 1), accept with qualification (regions D) and reject (regions DI) the ail samples as
belonging to ail type A. See Figure S.2 for abbreviation.
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the population. As noted earlier, region 1 is rigorously defined on the basis of PLS results

obtained for the training set, and the limits of this region should in theory he the basis for

acceptance or rejection of a sample as belonging to a population. The calculated rate of

incorrect classification (i.e., a false positive) based on these rigorously defined

discrimination criteria is trequently less than 1 part in 1 million. It is much more likely,

however, that a sample belonging to a eenain population will not he classified as such

(i.e., a false negative), owing to minor deviations in the spectra, and thus a degree of

tolerance is built into the discrimination criteria based on the variability of the spectra in

the training set. Hence, the additional set of limits (regions n) is included for each

discrimination criterion, which can be adjusted to attain a degree of discrimination

commensurate with the characteristics of the samples one is working with. In our wade,

the limits defining regions Il were set as follows: range, limits of region 1 ± root mean

square error obtained ftom cross validation of the calibration; residual, lower limit is zero

by default; upper limit is twice the upper limit of region 1; and factor scores, limits of

region 1 ± half the range spanned by region I.

Table 5.2 presents the classifications obtained for 20 validation samples, five trom each

ail type, using the three discrimination criteria based on these limits as weil as each

discrimination criterion individually. For the majority of the samples, the use of the inner

region 1 yields the correct classification with each of the individual discrimination

criteria. The results for ail A illustrate the need to build sorne tolerance into the

discrimination criteria. Because the value ofthe spectral residual trom the PLS calibration

for oil A is very small, three of the five validation samples belonging to this ail type

would be rejected on the basis of the spectral residual discrimination criterion with the

use of region 1 only. However, when the spectral residual discrimination criterion is

extended ta include regions n, the sample identification is inconclusive in several cases,

indicating the need ta base the classification on more than a single discrimination

criterion. The results from the classification when the three discrimination criteria were

combined in the AIRS program were l000At correct; the samples marked with an asterisk

in Table S.2 were tlagged by the AIRS program u possible outliers without any

indication ofwhich criteria were marginal.
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Table 5.2. Classification of 20 validation samples among oil types A-D using PLS-based
discrimination criteria

Sample Aetual Range, Residual, and Range Residual Factor Scores
code (GC) IV Factor Scores.' 2 Only· OnJy· Only··2

AI073 134.266 A* A A*. B* A
AI078 134.506 A A A.B* A
AI083 133.993 A* A A* A
AI088 134.238 A A A.B* A
AI093 133.927 A* A A* A
B1566 95.2383 B B B B
81571 94.3976 B B B B
81576 94.2613 8 B B B
81581 94.6988 B B S B
81586 94.8791 S* 8 B B*
C2216 118.76 C* C C. D*. B* C*
C2221 118.01 C C C. D*. B* C
C2226 118.528 C* C* C, D*, B* C
C223 1 118.293 C C C*, 0*, S* C
C2236 118.133 C C C, 0*, S* C
02556 115.378 0 D D, C*. S* D,C-
02561 115.233 D D D, C*, S- D
02566 115.481 D D D. C*. S* D
02571 115.173 D D D. C*. S* D
02576 115.108 D D D. C*. B* D

Classific:abon ofsamplcs Wltbout an asICrisk as basal on R:pon 1, 1bose \VIth an astensk on re810ns n.
2Factor scores wcre tbosc for the firsl two factors in the c:ah'bratioo model. Sec Table 5.1 for abbn:viations.
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For circumstances in which classification is not of interest per se, we investigated the

predictive performance of • calibration developed for the four oil types combined

together rather than calibrating for each oil type individually. In addition, we evaluated

the relative predictive accuracy of a '~global calibration" developed and supplied by

Bornem (13). Table S.3 presents the MD and sno for uncmainty and reproducibility for

the pooled data for the validation samples. As cao be seen, the individual and combined

calibrations perform comparably, while the global calibration bas a small bias « 1.0 IV

unit) and a somewhat larger error associated with it. The global calibratio,\ which wu

developed using an extensive selection of oil types (13), actually performs very weil in

tracldng IV, but requires a bias adjustment in order to match the agreement obtained with

the calibrations developed for the specifie ail types. As secn &om the data in Table S.3, it

does not matter whether one calibrates on oil types individually or together, except that

the capability for classification is clearly lost in the latter case. However, the combined

calibration has the advantage that it can he applied over a wider IV range with the

possibility of interpolation for blends of the ditTerent types of oils, which have IV values

outside the ranges of the individual ail types.

Although additional information was not provided by the processor about the samples

supplied for evaluation in this study, one cao surmise, based on the IV data provided, that

ails C and D are two different blends of oils A and B. If this were the case, quality

control would he interested in knowing which oil or blend is being processed and

verifying that the IV is within specifications. By using the individual calibrations, one is

capable ofhoth classifying a sample as one of the four oil types and obtaining an accurate

value for its IV. If a fonnulation error bas been made (e.s., blendins oils A and B in the

wrong ratio), the sample would he rejected as an outlier by ail four individual calibrations

and no IV predietion-would be obtained. In this situation, having a combined calibration

would be useml. On the basis of the discrimination criteria for the combined calibration,

it would he possible to ascertain whether the sample is in fact some blend ofoils A and B

and, ifit is, ta obtain a prediction for its IV. Taking this a step funher, if the sample were

completely unrelated to oils A and B and their blends, the combined calibration would

reject the sample an~ by resoning to the global calibntion, the IV value could be
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Table S.3. Mean difference and standard deviation of the differences orthe IV predictions
for 20 validation samples trom the individual, combined, and global calibrations relative
to the OC IV reference values

a - UDœrtamty, r - reproduclblbty. Sec Table S.l (or otbcr abbm1aUons.

Statistic1 Individual Combined Global calibration
calibrations calibration

MD. 0.15 0.02 0.89
SDD. 0.32 0.33 0.49
MDr 0.01 0.03 -0.08
SDDr O.lS O.lS 0.34
- - . .. ..

•
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predicted7 possibly providing a clue as to what type of oil the sample may be. The

scenario described above iUustrates how the AIRS program would allow one to analyze

and troubleshoot a sample by FT-NIR spectroscopy and make praetical use of a PLS­

based classification method in a quality control situation.

5.4.1 Analysis ofUnknowns

Although the results presented in Table S.3 were derived using proper validation

techniques and samples, an additional blind validation study was condueted to provide an

added degree of confidence in the method. Table S.4 presents the results obtained for

classification of the blind unknowns as weil as their IV predictions from the individual,

combined, and global calibrations. This table also includes the information provided to us

after completion of the validation study by the proc:essor supplying these samples.

Twenty of the 3S samples were identified by the processor as belonging to oil types A-D,

and ail but one of these had been correctly classitied by the FT-NIR Methode

Approximately half of these correct classifications were based on the less rigorously

defined discrimination criteria (regions D), again illustrating the need to build sorne

tolerance into the discrimination criteria. It is particularly noteworthy that despite the

similarity of ail types C and D in tenns of their IV5, the Fr-NIR method was successful

in distinguishing between these two ail types.

Five unknowns were incorrectly blended samples of oil type B that had been deliberately

included in the validation set to test the capability of the FT-NIR method to detect

formulation errors. AIl five of these sampies were rejected by the calibration model for

oil type B and ooly passed the discrimination criteria for the combined calibration model.

The IV predictions obtained for these samples from the combined calibration model

indicated that the IVs of these samples were about S IV units above the IV range for oil

type B. This example provides an excellent illustration of the point made previously

regarding the utility of the combined calibration model in cases of formulation effon.

The 10 remainins unknowns were identified by the processor as being of types E and F,

and thus did not belong to any oC the ail types on which the FT-NIR method wu
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Table 5.4. PLS-based classification and IV predictions for a blind sample set

Classification based on regJon L exœpt for tbose marked Wlth a superscnpt, ïndieatmg that the
discriminalion aiteria ddincd in tenns of range (R). spccUa1 œsidual (r). or factor scores (f) wcre only met
wbcn dassifieatiOll wu bascd on regioDS D.
2Samplc rejedcd by the aiibralion model as DOt bdoDJÏDI to tbe popdarion represented by the training seL
]Samplc reported by the processor to bave bccn incorm:tly blcndcd

Code PLS PLS-IV PLS-IV PLS-IV Actual Actual
Classification1 Individual Combination Global Classification IV

U2696b B 95.05 94.61 94.89 B 95.39
U270lb Br 95.37 95.02 95.34 B 94.87
U2706b B 94.92 94.77 95.14 B 94.27
U2711b B 95.22 94.78 95.3 B 94.53
U2716b Ar 134.4 134.2 135 A 134.1
U2721b Br 95.76 94.62 95.5 B 94.37
U2726b A 134.3 134.2 135.1 A 133.9
U2731b Ar 134.5 134.3 134.9 A 133.7
U2736b Ar 134.4 134.2 135.4 A 133.8
U2741b A 134 134 134.8 A 134.0
U2746b -~ - 101.4 102.5 B:J 102.4
U2751b - - 101.2 102.2 B:J 102.2
U2756b - - 101.3 102.3 B:J 102.5
U2761b - - 101.5 102.2 B:J 102.4
U2766b - - 101.5 102.4 B:J 102.4
U2771b CIlr 117.2 117.2 116.9 C 117.4
U2776b Cr 117.3 117.2 117.3 C 117.5
U2781b - - 116.5 117.5 C 117.36
U2786b C 117.3 117.2 117.4 C 117.2
U2791b D 115.6 115.4 117.4 D 115.7
U2796b ~ 117.3 117.3 117.4 C 117.7
U2801b Dn 115.6 115.4 116.8 D 113.9
U2806b D 115.7 115.6 116.7 D 115.6
U2811b D" 115.6 115.2 117.4 D 115.5
U2816b D 115.6 115.6 116.9 D 115.6
U2821b C 117.4 117.1 117.4 E 122.0
U2826b Dr! 116.9 116.8 116.8 E 122.0
U2831b Cau 117.2 117 116.8 E 122.0
U2836b Clu' 117.2 116.9 116.9 E 122.7
U2841b ct 117.4 117 117.1 E 122.7
U2846b - - - 64.78 F 70.63
U2851b - - - 65 F 67.64
U2856b - - - 64.69 F 67.81

U286 lb - - - 64.62 F 67.92
U2871b - - - 64.69 F 67.73

1

•

•

•
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calibrated. The five samples of type F were all correctly rejected by each of the individual

calibration models as weil as the combined calibration model. However, the FT-NIR

method classified four samples of type E as oil type C and the fifth one as oil type D. In

addition, the FT-NIR-predieted IVs for the samples ofoil type E are S IV units lower than

the GC-determined IV reponed by the processor, in contrast 10 the generally good

agreement overall between the FT-NIR and OC values shawn in Table 5.4 and examined

in more detail below. Ta investigate the reasons for tbis discrepancy, we determined the

IVs of these sarnples, as weil as those of nine samples of oil types A-D, using a Fourier

transform mid-IR (FTIR) method previously developed in our laboratory (9). We also

analyzed two samples ofoil type E and one sample ofoil type C by the AOCS iodometric

method (14). The results of these various analyses corroborated the FT-NIR predictions,

indieating that the Ge IVs for the samples identified as belonging to ail type E are

incorrect. Accordingly, it may be concluded that the samples provided to us may not have

been the same as the ones analyzed by the processor, accounting for the seemingly

incorrect classification ofthese five samples by the FT-NIR method.

For the 20 samples belonging ta ail types A-D, the predicted lYs obtained from the

individual calibration for the assigned ail type, the combined calibration, and the global

calibration were compared to the IVs obtained by OC analysis. The results showed that

the individual, combined and global calibrations yielded MD of 0.32, 0.04 and 0.83 IV

uniu, respectively, and SDD of0.56, O.SI, and 0.87, respectively, relative to the Ge data.

These results are similar to those shawn in Table S.3 for the initial validation set and

again illustrate that s1ightly better matching of the OC data is acbieved using the oil­

specifie calibrations as opposed 10 the global calibration.

ln our previous work (11), we demonstrated the utility ofPLS as a quantitative analysis

tool for the prediction of IV as weil as c;s and trans content of fats and oils by FT-NIR

spectroscopy. In the present work, we have demonstrated that PLS calibrations can also

be employed to classify samples among defined oil types. We also have shawn that when

IV calibrations are specifically developed for defined oil types, the agreement between

the NIR predictions for unknowns and the data obtained by the reference method is better
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than that obtained ftom a global calibration based on a broad range of calibration

standards. The global calibration was able to predict all the samples provided for this

study without tlagging them as outliers. For the analytical performance of the global

calibration to he comparable to that of the specifie calibrations, a validation process is

required to determine the bias and correct il. This study bas demonstrated that FT-NIR oil

analysis, when fully exploiting the combined predictive and discriminant capabilities of

PLS, is a powerful and practical analytical quality control tool.
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BRIDGE

The ability of the generalized FT-NIR IV calibration to analyze processed edible oils

accurately led ta considering the development of a generalized trans calibration. Trans

anaIysis bas become increasingly important since legislation was tabled by the US Food

and Drug Administration which proposes new trans nutritional labeling regulations. The

samples provided by Lipton, for which trans infonnation was also available, were used ta

validate the generalized trans calibration developed. The discriminate capabilities of PLS

developed in Chapter S were employed to provide an increased level of confidence in the

predictions obtained, a factor aucial to implementing such methodology in an industrial

situation.
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CHAPTER , TRANS DETERMINATION OF EDIBLE ons DY FOURŒR
TRANSFORM NEAR-INFRARED (FT-NIR) SPEcrROSCOPY

6.1 Abstract

A generalized partial-leut-squares (PLS) calibration Cor determination of the trans

content of edible fàts and oils by Fourier transform near-in&ared (FT-NlR) spectroscopy

with the use of a-mm disposable glus vials Cor sample handling and measurement wu

developed. The Irons contents of a broad range of oils were determined using the AOeS

single-bounce horizontal attenuated total reftectanee (SB-HATR) mid-in&ared

spectroscopie procedure, these trans reference data being usee! in the development of the

generalized FT-NIR. calibration. Additional refined and product-specific calibrations

were also develop~ and ail the calibrations were assessed Cor their predictive

capabilities using two sets of validation samples, one comprising a broad range oC oil

types and the other restrieted to ails with specifie characteristies. The FT-NIR. trans

predictions obtained using the generalized calibration were in good agreement with the

SB-HATR results, the values were accurate and reproducible to within ±1.1 and %0.5 %

Irans, respectively, compared to a reproducibility of ±O.40 % Irans obtained for the SB­

HATR method. The accuracy of the predictions obtained from the generalized Fr-NIR.

calibration for particular oil types was not significantly improved by supplementing the

base training set with samples of these specifie types. Calibrating ooly these oil types

did, however, produce a substantial improvement in predictive accuracy, approaching that

of the SB-HATR method. These product-specific calibrations produced seriaus predictive

errors when non-representative samples were analyzed. The incorporation oC a

supplementary disaiminate analysis routine was found to be a powerful safeguard in

flagging non-representative sampies as outliers and could also be used to select the

calibration most appropriate for the charaeteristics of the sample being analyzed. Overall,

it was concluded that Fr-NIR spectroscopy provides a viable alternative to the SB­

HATRlmid-FTIR method for trans determination, making use of more industrially robust

instrumentation and equipped with a simpler sample handling system.
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KEY WORDS: Edible oil analysis, Fourier transform near·infi'ared spectroscopy, FT·

NIR, partialleast squares, PLS, trans content

6.2 IatroductioD

Tirans fatty acids (TFA) in edible fats and oils have been implicated in the etiology of

arteriosclerosis and heart disease (1,2) and the U.S. Food and Drug Administration (FDA)

has recently published a proposed amendment of their regulations on nutritional labeling

(3). This will require that the amount of "ans Cany acids in foods, as weil as dietary

supplements to be included in the amount and percent daily value declared for saturated

Catty acids. TFAs are commonly produced ftom unsaturated fany acids during

hydrogenation in a concurrent side reaction, in which' some of the c;s double bonds are

incompletely hydrogenated and converted to the trans configuration instead. The degree

of hydrogenation, as weil as the levels of TFA formation, are key determinants of the

quality and functionality of fats and oils, and monitoring of TFA formation is a useful

way of tracking and controlling the hydrogenation process.

Mid-infrared spectroscopy has been the predominant means of determining the trans

content of fats and ails since 1940's (4). The advent ofFourier transfonn infrared (FI1R)

spectroscopy has led to substantive improvements in compeosating for interfering

triglyceride absorptions, eliminating the need to saponify and methylate the oils to

produce fatty acid methyl esters (5). A related infrared spectroscopie technique, near­

inftared (NIR.) speetroscopy, is widely used in the food industry for quality control

applications, being a rapid, reliable and nondestruetive means of anaIyzing various

materials, without reageots or solvents. NIR instruments are more mgged and less energy­

limited than mid-IR spectrometers, and offer more flexible sample handling options,

making it possible to analyze samples in low-cost and convenient glass vials. These

advantages are also inherent to Fr-NIR spectrometers, with the added benefit of highly

repeatable measurements owiog to the use of a Helium-Neon reference laser to ensure

wavelength accuracy. Wavelength accuracy is the key to obtainiog robust calibrations and

facilitates the transfer of calibrations tram one instmment to another. generally a

problematic process with traditional grating or tilter-based instruments.
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The McGiIl IR Group bas worked extensively on the development ofnpid FI1ll methods

for the analysis of eclible oils, with a focus on mid-FI1R spectroscopy. One of the tirst

Irons analysis methods developed was part ofa mid-FfIR edible oil anaIysis package that

simultaneously allowed the determination ofcis and trans content u weil as iodine value

(IV) and saponification number (SN) using PLS calibrations based on pure triglyceride

standards (6). Subsequently, it wu shown that a Fr-NIR spectrometer equipped witb a S­

mm quartz transmission cell could be used to accurately determine cisltransIIVISN when

calibrated using mid-FI1R spectroscopie data (7). Bomem, an FI'IR instrument

manufacturer with an interest in developing praetical ail analysis instrumentation,

developed a "global" Fr..NIR IV calibration for 8..mm glass vials based on a broad

variety of oil samples, the reference values for this calibration being provided by OC (8).

Subsequently, more accurate oil specifie IV calibrations were developed and employed

using discrimination criteria based on various types of information provided by these

calibrations (9). This work led to the conclusion that a generalized, instrument­

transferable, FT-NIR IV calibration would provide sound IV analytical data and that the

calibration could be further refined with processor-specitic ails if additional accuracy wu

needed. A NIR IV method based on the use of a global calibration is being considered by

the Aoes for official method status.

This paper expands on the concepts developed as a result of the IV warle. The objective of

tms research was to develop a generalized tram calibration for a Fr-NIR spectrometer,

equipped with a heated sample-handling accessory that uses 8..mm disposable vials. The

overall goal is to provide processors with a rapid and simple means of determining tl'ans

content with instrumentation more suited to the industriai quality control environment.

6.3 Materials and Methods

6.3.1 Oïl Samples, Calibration and Validation Standards

Oil samples representins a broad range of oil types and degrees of hydrogenation were

obtained from California Oils Co. (Richmond, CA), BUDse Foods (Bradley, IL) and

Lipton (Baltimore, MD). The reference tram values (expressed as % trielaidin) for ail the
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CalifomialBunge group (CBG) oils were obtained using the AOCS single-bounce

horizontal attenuated total reflection mid-IR mcthod (S). For the calibration of the

reference method~ triolein and trielaidin were obtained from Nu-Chek Prep~ IDe. (Elysian,

MN) and an ultra-degummed bleached expeller soybean reference oil wu obtained ftom

Owensboro Grain Co. (Owensboro, KY). In the case of the Lipton group (LG) samples,

trans data obtained by the new AOCS OC method (S) were provided by the processor.

The training set for the generalized trans calibration consisted of 44 CBO oil samples,

which included, among others, undefined commercial shonenings and palm, corn,

almond, soybean, canola, and watnut oils, both hydrogenated and nonhydrogenated.

Figure 6.1 provides a frequency histogram of the trans content distribution in the training

set, which ranged from -0 to SOOA» trons. The LG samples consisted of four sets of 40

preanalyzed, but undeclared oil types, only identified by being grouped as A-D (Table

6.1). A second trans calibration set wu prepared by adding 20 LG samples, five of each

type, to the 44-sample base training set used for the general calibration. Additional

calibrations were developed for each specific LG oil type (A-D) by using 20 samples of

each group to develop individual group calibration training sets as weil as a combined LG

calibration training set consisting of S samples from each oil type. The makeup of the

various calibration training sets is summarized in Table 6.2. Two sets of validation

samples were used to evaluate ail the calibrations. None ofthese validation samples were

used in any of the calibration training sets. The first validation set (Va1-I) consisted of 21

samples seleeted from the CBO oil group while the second set (VaI-2) eonsisted of 20 LG

sampies obtained ftom oil groups A-D (five fiom each).

6.3.2 Instrumentation and Sample Handling

A Bornem (Bornem Ine., Quebec, Canada) MBI5SS FTIR spectrometer, configured for

near-IR operation and equipped with a deuterated triglycine sulfate (DTGS) detedor, was

used for this study. The spectrometer was controlled by an IBM-compatible 486 DX 66­

MHz PC running under Windows-based Bomem-Gramsl386 software (Galaetic·
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Figure 6.1. A frequency distribution plot illustrating the Irans values of the samples in the
training set used to derive the generalized calibration (Cal-l).
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Table 6.1. Mean trans values, their standard deviations and ranges for oil sampies within
Lipton (LG) oil groups A...D

Oil Type % "ans
Mean SD Range

A 0.567 0.099 0.33-0.71
B 26.921 1.207 25.20-28.81
C 8.893 0.714 7.80-10.17
0 8.898 0.656 7.95-10.12

Table 6.2. Summary of the sample makeup of the training sets used for the various l1'ans
calibrations

Calibration COBIOils LG~ Oils
Cal-I 44 sampies osamples
Cal-2 44 sampies 20 samples (5 each ofoil types A, B,

C. and D)
Cal-3 osampies 20 sampies (5 each ofoil types A, B,

C. andD)
Cal-4a osamples 20 samples ofoil type A
Cal-4b osamples 20 samples ofoil type B
Cal-4c osamples 20 samples ofoil type C
Cal-4d osamples 20 samples ofoil type D

CalifonuaIBunge Group
2Lipton Group
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Industries Co., Salem, NB) and AIRS, a specific quality assurance software package

(DHC Analysis, Cleveland, OH). A Nicolet (Madison, WI) Magna FI'IR. spectrometer

operating under Nicolet OMNIC E.S.P. software and equipped with a heated ZnSe SB­

HATR accessory (Graseby-Specac, Smyma, GA) wu employed for the determination of

the reference trans values by AOCS Official Method Cd 14d-97 (S).

For acquisition of Ff-NIR spectra, samples were transferred to 8-mm o.d. transpuent

glass vials (Kimble Glass Ine., Vineland, NJ) having a nominal volume of -1 mL. The

vials were placed in a temperature-controlled, multivial sample holding block (Bomem

Ioc.) maintained al 68 ± tOC. Ali sample and background spectra were recorded by co­

adding 128 scans al a resolution of 16 cm-lover the spectral range of 10,000-4000 cm-·.

Open-beam background spectra were collected every 30 min with the vial holder in the IR.

beam, and each sample spectrum was ratioed against the most recent background

spectrum colleeted. To compensate for inherent variations in vial pathlength, the ratioed

spectra were normalized to unit area over the region of 9100-7560 cm-1 by using a

normalization routine provided with the AIRS software.

6.3.3 Near·IR Calibration and Validation

The spectra of the trans calibration standards along with their respective reference "ans

values were input into the Galactic PLSPlus chemometrics program (Galaetic Industries

Co.) to develop PLS calibrations. Correlation and variance spectra were generated to

identify spectral regions that contain information related tG variations in trans content,

and these regions were then explored for calibration development and refinement. Each

calibration wu assessed by using the leave-one-out cross-validation procedure, and

optimized in terms of the appropriate number of factors by minimizing the predieted

residual error sum of squares (PRESS). The performance of the calibrations, as weil as

their respective cross-validations, was assessed using linear regression, with accuracy (a)

and reproducibility (h) calcuJated as mean difTerences (MD) and standard deviations of

the difTerences (SDD) for r or a according to the method ofYouden (10).
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6.4.1 SB-HATR R.esults

The calibration of any secondary method, such u an FT-NJR. tTans method, is strongly

dependent on the accuracy and reproducibility of the reference method upon which it is

based. The new AOCS SB-HATR mid-FTIR. trans method (5) wu used to obtain the

reference trans values for the cao oil samples. The SB-HATR method itself requires

calibration based on the use of two-component gravimetrically prepared mixtures of

trielaidin and triolein. This method entails ratioing of the spectra of these standard~ u

weil as those of the sampies subsequently analyzed, against the spectrum of. zero-tTans

reference oil, with quantitation being based on measurement of the area under the isolated

Irans absorption band between 990 and 945 cm-· in the ratioed spectra. The calibration

equation obtained by Iinear" regression of the Mean area from duplicate speelr. of the

calibration standards vs. the gravimetric Irans content was:

• Area =0.37008 + 0.38121(% Irans) ,,= 0.997 SD=0.58 [6.1]

Subsequently, the 44 oil samples constituting the training set for the Fr-NIR. calibration

were analyzed in duplicate by the SB-HATR. method and their trOllS contents were

predicted using equation [6.1]. The duplicate predictions are plotted against each other in

Figure 6.2; the equation for the line is:

% transi =0.0181+(1.0086 • % trans2) ,,= 0.999 SD =0.40 [6.2]

•

The SO associated with equations [6.1] and [6.2] indicate that the reference method cao

be reproducible ta within ±O.40% trons and accurate to ±O.60% trans. For comparative

purposes, selected LG samples, analyzed by Ge, were also analyzed by the SB-HATR

method, and the Ge Irons data were regressed against the FI1R-predicted trans contents

to obtain an estimate of their relative degree of concurrence, which is summarized by

equation [6.3].
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Figure 6.2. Duplicate predictions ofCGS calibration standards by SB-HATIl method
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• Ge % vans =0.24 + 0.975 SB-HATR % trans r=O.998 SD =0.92 [6.3]

•

•

Equation [6.3] indicates that the LG Ge data, obtained using the MW AOCS OC method

(5), are a remarkably good match ta the SB-HATR data, corroborating the observations of

Adam et al. (Il) that general concurrence between Ge and IR tram data is finally being

achieved.

6.4.2 Speetroscopyand Calibration DevelopmentlAssessment

Figure 6.3 illustrates the spectral charaeteristics of a law-tram and a high-Irans eclible oil

across the NIR and mid-IR regions of the spectrum. Owing to the low intensity of NlR

absorption in comparison with mid-IR. absorption, the absorbance in the NIR region

(10,000-4000 cm-a) bas been magnified IO-fold to allow detail to be seen. The bands in

the NIR region are broad and nebulous in comparison with the detailed structure observed

in the mid-IR region. What is particularly noteworthy about these spectra, in relation to

the quantitation of trans content, is the Jack of any discernable difference between the

spectra of the low- and high-trans oils in the NIR region, whereas the mid-IR portion of

the spectrum shows a clear-cut, strong trans signal al 967 cm-I
. A1though the NIR region

contains much of the same information as the mid-IR region, extensive band overlap

makes it more difficult to extraet tbis information since the NIR bands correspond to

overtones and combinations of the fundamental vibrations that give nse ta mid-IR

absorption bands. As a result, in most cases the ooly means of carrying out quantitative

work in the NIR region is to make use of more sophisticated chemometric techniques,

such as (PLS), which provide a meaos of developing a calibration by mathematically

correlating spectral changes to changes in the measure of interest. In the present work, we

have employed PLS to derive a generalized FT-NIR calibration for the prediction of Irans

content.

The FT-NIR spectra of the samples in the Cal-l training set (Table 6.2) were inpu~ along

with their SB-HATR reference trans values into a chemometrics program ta develop a

generalized PLS calibration. Correlation and pure-component spectra as weil as PRESS

and cross-validation results hidkated that the regions selected in our initial study

124



•

0.0

Near-IR • • Md-IR •
0.6 1stContirdion

Regtn (of scale)

1st OIselle

'"OS Fllgion \ Qi Rllgion

\
Ester
lillGge Isdaled

8 -n..(46'M!t
0.4

1~ ~OIsme \Rgion
2m amtiraion

~
0.3 \ R84Îcn

\

• t 021i (b) HighTI'a'lS 01

~ Isd;ted

01
Trans (<1"t

W8\eIll.l1lber (an-1)
Figure 6.3. Collated near/mid-IR spectra of <a> a low-trans oil and (b) a high-trans oil,
illustrating the key spectral features associated with the two IR. spectral regions. The
fundamental trans absorption al 967 cm·· is readily discernable in the mid-IR. region. The
absorbance values in the region from 10,000 to 4000 cm-' have been magnified by a
factor of lOto provide greater detail.
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(7) were optimal for the determination of trans content. The optimal spectral regions were

found ta be 8975-7189 cm-· with a single-point baseline at 7575 cm-III 5238-5056 cm-·

with a single-point baseline at 5247 cm-·) and 4779-4564 cm-I with a single-point baseline

at 4800 cm-I
. The Cal-l PLS model used five factors and Figure 6.4 illustrates the cross­

validation plot of FT-NIR predicted t1'ans vs. SB-HATR trans content, expressed as %

trielaidin with its Iinear regression equation being:

FT-NIRtrans =0.17 + O.99*SB-HATRtrans r=0.995 SD = 1.51 [6.4]

The MDa and SOOa for the predictions tram the Cal-l calibration relative to the ATR

trans values were -0.05 and 1.51, respectively, quite similar ta the results obtained in our

rltst FT·NIR trans study (7). In that study, as in the present work, the reference values

were obtained by mid-FTIR. spectroscopy; however, a PLS-based method using a 25-J,.UIl

transmission Oow cell was employed instead of the SB-HATR method. The comparable

accuracy obtained in the two studies indicates that the performance of the two mid-FTIR

trans methods is essentially equivalent, such that either can serve as a reference method

in the development of an FT-NIR calibration. It a1so indicates that the use of glass vials

for sample handling, with the use of a spectral normalization procedure to compensate for

their inherent pathlength variability (9), does not appear to detraet from the general

performance of the FT-NIR predictive capability relative to the use of a constant

pathlength transmission cell.

Although the Fr-NIR. predictions obtained clearly track the reference values (Figure 6.4),

the overall cross-validation SO is 1.5% trans, about three times that of the, of the SB­

HATR reference method. CaI-l was subsequently validated using two sets of validation

oilSt Val-l (CaO samples) and Val-2 (LG samples). Table 6.3 illustrates the MD and

SDn obtained for bath accuracy and reproducibility of the Fr-NIR predictions for these

two validation sets relative to thcir respective reference methods. Overall, the SDOr for

duplicate FT-NIR Irons predictions is very similar to that of the reference SB-HATR

method. The SODa reflects a somewhat better accuracy than indicated by the cross­

validation results (±l vs. ±1.5), most likely because the calibration training set
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Figure 6.4. A cross-validation plot of Foutrier transfonn near-infived (FT-NIR) trans
predictions obtained using the Cal-} vs. the single bounce horizontal attenuated total
refleetance (SB..HATR) trans reference values.
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Table 6.3. Mean ditTerences (MD) and standard deviations of the ditTerences (SDD) for
reproducibility (r) and accuracy (a) obtained for samples anaIyzed with the general (Cal­
1) and the refined (CaI-2) trans calibrations u usessed using the two validation sets
(Val-l and Val-2)

Validation Set Reference Cal-i Statistics CaI-2 Statistics
Method

Val-l N = 21 AOCS MDr = -0.08 SDDr =0.55 MDr = -0.1S SDD, = 0.42
CBG10ils SB-HATR MD. =-0.06 SODA = 1.13 MD. =0.02 SDD.=1.12

Val-2 N = 20 AOCSGC MDr =-O.04 SDDr = 0.38 MDr = -O.OS SDD, = 0.38
LG2 0ils MD. = -0.15 SODa = 1.11 MD.=-O.27 SDD. = 1.01

l CalüomlaIBunge Group
1Lipton Group•

•
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spanned a wider range of trans values than the validation samples. The similarity of the

snoa values for the two validation sets provides funher evidence of the general

consistency between the AOCS SB-HATR and AOCS-GC reference methods. The SDD.

values are about twice the SO for the SB-HATR method in equation [6.1]. This somewhat

poorer accuracy is not surprising given the need to extract the trans specbal information

from weak overtone and harmonie bands rather than the sharp, fundamental band present

in the mid-IR. region.

In this context, we also evaluated whether CaI-l could be further refined to better predict

LG type samples by the inclusion of 20 additional representative samples in the training

set (Cal-2). The MD and son statisties for this calibration are presented together with

those for Cal-} in Table 6.3. The aecuraey of the predictions for the Val-2 set did not

improve appreciably with the inclusion of LG sampies in the training set, implying that

the training set for Cal-! modeled the LG samples adequately. Subsequently, a calibration

was developed specitically for the LG oils. Five samples ofeaeh oil type, for a total of 20

samples, were used to develop the calibration (Cal-3). The reference values for this

calibration were provided by Ge analyses, and the optimized Cal-} spectral regions were

employed. Cal-3 was used to predict Val-l and Val-2 and the prediction statistics, in

terms of MD and SDD for reproducibility and accuracy, are given in Table 6.4. As

expeeted, since Cal-3 is specifie to LG samples, it is useless for predicting Val-l oils.

However, Cal-3 does a very good job of predieting the trans values for the VaI-2 (LG)

samples. The SODa is about ±O.SO% trans, significantly better than ±I.l% Irans for Cal­

I.

6.4.3 Discriminate Analysis

When implementing a PLS calibration, the PLS-predieted values for samples whose

spectra differ signitieantly from those of the training set cannat be considered reliable.

This is weil illustrated by the results presented above for Cal..]. Because the training set

for this calibration was restrieted to four specifie oil types (LG oil types A-D), the trans

predictions obtained for Val-} oils were off by 20010 or more. Similarly, if a sample

129



•

•

•

Table 6.4. MD and SDD for reproducibility and accuracy obtained for sampies anaIyzed
using the general Lipton group calibration (Cal-3) using the two validation sets (Val-I
and Val-2)

Validation Set Reference Method Cal-3 Statistics
Val-l N = 21 AOeS MD.. =-O.76 SDD..= 0.91

CBOI SB-ATR MD. = -14.11 SDD. = 17.30
Val-2 N = 20 AOeSGC MD, = 0.18 SDD.. =0.61

LG2 MD. = 0.48 5DD.=0.62
CalüomlaIBunge Group

2Lipton Group
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were atypical in any way (e.g., containing excess free Cany acids or heavily oxidized

relative to the samples in the training set), it may not be accurately predicted. Thus,

praetical implementation of a PLS calibration should incorporate some means for

deteeting "outiiers", i.e., samples that are not weil represented spectroscopically by the

samples used to derive the calibration.

The AIRS software includes discriminate analysis capability, which can be used to

determine whether spectra of samples are consistent with the characteristics of the

calibration training set. As detailed in a previous paper (9), the use of discriminate

analysis for outlier detection can be based on a variety of criteria, including the PLS­

predicted value of the parameter of interest, the spectral residual, or the factor scores.

These three types of discrimination criteria were devised for Cal-l. Based on these

criteri~ none of the samples in Val·} and Val·2 were identified as outliers. This provides

further evidence that the Val-2samples were adequately modeled by the general Cal-}

training set. Refining this calibration by the addition of LG samples to the training set

(Cal·2) did not provide a signifieant improvement.

In the case of Cal-3, ail the samples in Val·1 were flagged as oulliers when tested against

the discrimination criteria established for this calibration, as would be expected on the

basis of the makeup of the training set (Table 6.2). Ali the samples in Val-2 passed the

Cal-3 discrimination criteria. Subsequently, four calibrations, Cal4 (a-d), were developed

specifical1y for each LG oil type and discrimination criteria were set ta determine whether

the AIRS discriminate analysis routine could distinguish among the four oil types. Since

the trans ranges of oil types C and D overlap appreciably (see Table 6.1), difficulty in

distinguishing between ails of these two types might be anticipated. However, the AIRS

discriminate analysis routine was readily able to distinguish among samples ofail four oil

types. This capability eould be very useful as it not ooly provides a means of ensuring

that the calibration in place is appropriate for the sample being analyzed, but also can he

used to automate the selection of the most appropriate calibration trom among a set of

available calibrations. The AIRS software tests the sample speeuum using the

discrimination criteria for each calibration and uses this information to select the most
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appropriate calibration ta predict the Irons content of the sample. Thus, samples of

different oil types can be analyzed in random order without any need for operator

intervention to select an appropriate calibration.

Based on our experienee to date (91 we are finding that discriminate anaIysis is • very

powerful and important tool, which, in our opinion, should he an integral part of any IR

spectroscopie analytieal method to he implemented in an industrial situation. The

application of discriminate analysis routines helps eliminate errors sueh as mixing up a

sample or analyzing one that is spoiled or contaminated, thereby providing an extra

degree of confidence in the analytical results.

6.5 Conclusion

This study demonstrates that despite th e lack of a discernable Irans absorption band in

the NIR ponion of the spectrurn, the Irons content ofedible fats and ails cao be predicted

trom their FT-NIR spectra through the application of PLS. Dy employing a training set

comprising of a wide variety of ail types, a generalized calibration was developed that

allowed the tram content of unknown samples, analyzed in disposable glass vials, to be

predicted with an accuracy of -±1.1% Irans. Supplementing the calibration training set

with a subset of a specifie oil type or group does not appear to improve the aecuracy of

the basic calibration. On the other hand, it is possible to obtain more accurate predictions

by calibrating on a more limited training set of oils having specifie characteristies (e.g.,

canola oils undergoing a standardized hydrogenation process). These more restricted

calibrations are strictly limited to oils having the charaeteristics reflected by the training

set, and discriminate analysis is an important supplementary tool for these types of

calibrations because it provides the capability to flag samples that do meet this

requirement. The generalized Ff-NIR Irans calibration does not match the performance

eharacteristics of the mid-FTIR SB-ATR method, but when specifie calibrations are

developed for well-defined oil types, the aecuraey approaches that of the mid-FI1R

method. NIR speetroscopy is clearly a competitive, alternative approaeh to mid-IR

spectroscopy for the rapid detennination of the trans content of fats and ails. Il has the
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advantage of using more robust instrumentation and a simpler sample handling system

better suited ta the industrial QC environment. Supplemented with the AIRS discriminate

analysis package, the Fr-NIR. system evaluated provides a practical means for the edible

oil sector to comply with the new Irans labeling requirements recently proposed by the

FDA.

6.6 Acknowledgments

The authors thank Mike Adam ofLipton as weil Califomia Oils Co. and Bunge Foods for

supplying oil samples used in this study and Dr. M.M. Mossoba of the U.S. Food and

Drug Administration for providing the ultra-degummed bleaehed expeller soybean ail.

Special thanks to the Natura) Sciences and Engineering Research Couneil of Canada

(NSERC) and Bornem Inc. for the finaneial assistance to allow this research to he canied

out under the auspices of the Collaborative Research and Development (CRD) program.

6.7 References

1. Haumann, B.F., Dietary Fats Still Spark Controversy, INFORM 5:358 (1994).

2. Aro, A., Epidemiological Studies of trans Fatty Acids and Coronary Heart Disease, in
Trans Fatty Acids in Human Nutrition, edited by J. L. Sebedio and W. W. Christie,
The Oily Press, Dundee, Scotland, pp235-260 (1998)

3. Federal Register, Vol. 64, No. 221 (Nov., 17, 1991)

4. Official and Tentative Methods ofthe American Oi! Chemists' Society, edited by V.C.
Mehlenbacher, American Oil Chemists' Soclety, Chicago (1946) Tentative Method
Cd 14-61

5. Official Methods and Recommended Practices ofthe American Oil Chemins' Society,
edited by D. Firestone, 5111 edition, AOCS Press, Champaign (1998) Method Ce Ig­
96, Cd 14d-97, and Ce If-97

6. van de Voort, F. R., A. A Ismai) and J. Sedman, A Rapid Automated Method for the
Determination of cis and trans Content of Fats and Oils by Fourier Transform
Infrared Spectroscopy, J. Am. Oil Chem. Soc. 72:873-880 (1995)

7. Li, H., F. R. van de Voort, J. Sedman, and A A Ismail, Rapid Determination of cis
and trans Content, lodine Value, and Saponification Number of Edible Oïls by

133



•

•

•

Fourier Transform Near-Infrared Spectroscopy, J. Am. Oil Chem. Soc. 76:491-497
(1999)

8. Anonymous, A Global Iodine Value Calibration for the Oil and Fat Analyzer,
Application Note ABB Bomem Ine. Quebec, Canada. (1999)

9. Li, Hui, F. R. van de Voort, A A Ismail, J. Sedman, R. Cox, C. Simard, and H. Buijs.
Discrimination ofEdible Oil Products and Quantitative Determination ofTheir lodine
Value by Fr-NIR Spectroscopy, J. Âm. Oil Chem. Soc. 77:29-36 (2000)

10. Youden, W. J. and E.R Steiner, StatisticaJ Manual of the AOAC, Association of
Official Analytical Chemists, Arlingto~ VA (1975)

Il. Adam, M., M. M. Mossoba, T. Dawson, M. Chew, and S. Wasserman, Comparison of
Attenuated Total Reflection Inftared Spectroscopy to Capillary Gas Chromatography
for trans Fatty Acid Determination, J. Am. Oil Chem. Soc. 76:375-378 (1999)

134



•

•

•

CRAPTER 7 GENERAL CONCLUSION

The research described in this thesis was undertaken to develop FT-NIR spectroscopy as

a quantitative method applicable to the analysis of fats and oils for process quality control

purposes. The foundations for edible oil analysis by mid-FTIR spectroscopy have been

developed by the McGill IR Group over the last 10 years, and this work resulted in a

variety of viable mid-IR methods. In particular, an FTIR Edible Oil Analysis Package,

which allows one to simultaneously determine cis/tralls content, IV and SN of neat fats

and oils, was extensively developed, automated and validated. This analytical package

was chosen as a vehicle by which to test the hypothesis that a quantitative method based

on the mid-lR region of the spectrum should be transferable to the NIR region. Thus, the

tirst aspect addressed was whether the cis/tralls content, IV and SN analysis could be

performed in the NIR region. As in the mid-IR method. a heated transmission cell was

employed. leaving the key variable simply the spectral region from which the calibrations

were derived. As described in Chapter 3. FT-NIR PLS calibrations were successfully

developed to allow the determination of cisltra1ls. IV and SN values for edible fats and

oils with a heated tlow cell accessory. The FT-NIR analysis could be carried out at-line,

with a total analysis time of about 2 minutes per sample. This work also demonstrated the

inherent limitation associated with the use of process samples as standards for the

development of PLS calibrations when parameters are highly correlated. A1though

correlated parameters do not prevent one from calibrating on such samples, it is crucial

that the standards used for calibration are representative of the sampies to be analyzed and

that the limited scope of process calibrations be recognized.

Having established that FT-NIR speetroscopy was suitable for quantitative analysis of

fats and oils, the focus shifted to evaluating disposable glass vials as an alternative to

cuvettes or tlow cells as a sample handling syste~ using a well-characterized mid-IR PV

method as a reference method. It was shawn that PVs ranging from 1 to 10 could be

accurately measured with a reproducibility of -±I.O PV, the key ta accurate quantitation

being the use of a spectral normalization routine to compensate for the pathlength

differences between vials. In contrast to the mid-IR PV method, for which the calibration

is oil independent, the NlR calibration is ail dependent and hence not universally
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applicable. The scope of the calibration can~ however, be maximized by using a broader

selection of oil types in formulating the calibration. The pivotai result of this study was

that the use of disposable vials should not significantly limit the accuracy of FT-NIR

analyses, and this provided the impetus to develop more generalized FT-NIR analyses.

Chapters 5 and 6 extended the applications of the vial sample handling system to FT-NIR

methods developed specifically for independent IV and tralls determinations,

respectively. In Chapter 5, PLS calibrations were developed for four oil types. and

discrimination criteria that allowed the four oil types to be unambiguously ditTerentiated

from each other were established based on the predieted values of IV, the spectral

residuals and the PLS factor scores output from the PLS calibration models. Using these

criteria, the validation samples provided by an oil processor, including a set of blind

validation samples, were ail correetly classified, and the FT-NlR IV predictions were in

excellent agreement with Ge data provided by the processor. Thus~ discriminate analysis

was demonstrated to be a powerful tool for differentiating between oil types and was

shown to work weil in selecting appropriate calibrations and avoiding sampling errors.

lncluded as part of this study was the evaluation of a ""global" IV calibration based on

sorne 1200 preanalyzed fats and oils. developed by Bornem. This calibration was intended

to provide sorne of the generalized characteristics of the "universal" mid-lR calibration

based on pure triglyeerides. The FT-NIR global calibration worked weil, providing good

approximations of IV for a wide variety of oils. although it did not perform as weil as the

oil-specifie calibrations. The positive results obtained for the global IV calibration led to

the work deseribed in ehapter 6, which was undertaken to investigate whether a

generalized calibration for the determination of isolated Irans isomers. A tralls calibration

was developed based on a broad range of commercial oils and was shown to perform weil

with both processor samples and samples that were part of an AOeS collaborative study

of the SB-HATR mid-FTIR method. The discriminant features available through PLS

were incorporated into the FT-NIR method to select calibrations and deteet outliers. The

results from the generalized FT-NIR PLS calibration as weil as from refined and produet­

specifie calibrations were compared to those obtained using the Aoes SB-HATRlFTIR

method. ft was found that the FT-NIR trans predictions obtained using the generalized
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calibration were in good agreement with the SB-HATRlFTIR results~ with an accuracy

and reproducibility of ±1.1 and ±O.S% trallS, respectively. Il was also found that for any

particular oil type, the accuracy of prediction would be improved with oil-specifie

calibrations, with the supplementary discriminate analysis routines being a powerful

safeguard in flagging non-representative samples and selecting the calibration most

appropriate to the characteristics of the sample being analyzed.

In combination, the four chapters (publications) comprising this work serve to

demonstrate that FT-NIR spectroscopy can serve as a multicomponent, quantitative

analytical tool for the fats and oils industry. The FT-NIR method developed for the

determination of cis and tralls content, IV and SN in fats and oils, much Iike the original

mid-FTIR method, would be of interest to most processors carrying out refining,

blending, hydrogenation or interesterification operations. The downside of this

multicomponent analytical method is that it was dependent on mid-IR data for its

calibration. The subsequent independent IV and tralls calibrations developed (Chapters 5

and 6) for specifie oil types as weil as more generalized calibrations verified that an FT­

NIR spectrometer equipped with the vial sample handling accessory is capable of

producing quantitative results. The FT-NIR methodology developed in this work was

designed to meet the demands made by the fats and oils industry for instrumental methods

that overcome the time, hazards and reagent disposai issues associated with traditional

wet chemical methods. The development of mid-FTIR methods was the tirst resPOnse to

these demands. However, mid-FTIR spectrometers, although superior in perfonnance and

sample handling capabilities to traditional dispersive IR speetrometers, are, by and large,

not weil suited to the rough and tumble world of at- or on-line process control. NIR

instruments, on the other hand, have been designed for harsher environments and have

proven to be rugged and versatile process control instruments. Industrial application was

the main impetus for this research, the overall objective being to draw on concepts,

methods, and tools employed in the development of mid-IR edible ail analysis

methodology and transfer them to FT-NIR instruments. Although FT-NIR instruments are

still relatively new and have never been used for quantitative edible oil analysis, market

studies indicated that the instrumentation and in particular the vial sample handling
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system would appeal ta POtential users if key analyses such as IV and trans could be

developed. The work carried out has enabled the transition from mid-FTIR ta FT-NIR

spectroscopy, tirst by developing a FT-NIR cisltrans, IV and SN method that parallels the

mid-lR method previously developed by the McGilllR Group, then by evaluating the vial

sample handling accessory using a well-defined stoichiometric PV method, and finally by

producing independent FT-NIR IV and tratls methods. These methods in turn were

further strengthened by implementing the powerful discriminant capabilities of PLS,

which should ultimately become a standard feature of any PLS-hased method.

Discriminate analysis brings with it the ability to select the most appropriate calibration

and can provide warnings when samples have spectral characteristics that are not modeled

by the calibration.

Based on the work carried out, it is the author's beliefthat FT-NIR spectroscopy will be a

competitive alternative to mid-FTIR spectroscopy because the instrumentation is more

robust and the vial sample handling system is cheap, works weil and is convenient ta use.

Ultimately, for an instrumental method ta be acceptable for routine quality control work,

sirnplicity of operation is a must since it is important that non-technical individuals be

able to carry out the analysis. One of the more tangible results of the work described in

this thesis is that ABB Bornem Inc. (Quebec, Canada) is successfully marketing FT-NIR

instruments for edible oil analysis, and the Bomem IV analysis is being marketed (Figure

7. 1) as child' s play (3). Ultimately, behind the scenes this is not the case; but once

programmed with the method and the calibration and interfaced for QC, the Bomem HOii

Analyzer" is straightforward to operate.

As a consequence of the work carried out, a struetured FT-NIR IV method has also been

devised based on the global IV calibration evaluated in ehapter 5. Although not included

as a formai part of the thesis, this FT-NIR IV method is presently being considered for

official method status by the AOeS based on the results of an extensive international

collaborative study involving 10 laboratories in 8 countries (1), including the McGili IR
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The fT·NIR based Cil & Fat anatyzer oombines
simpliclty of use with unsurpassed accuracy.

Anyone Gan obtaln a reliable iodin~ value
ln two minutes: simpiy fill the di~ble
liial Wlth 1 cc of sample. place it ln the
011 & Fat analyzer and start your anal~is.

Each analysis com under 25 cents.

BO".

Replace your woet chemistry with the
Oil & Fat anaIyzer. InC1e~ an"lySl~

throughput and meet your OA cost
objectives .

~termination of iodine value. as/trans.
moisture and other parameters can be
ch.Id's play. Cali us and find out how!

•
450. SolInt-Jean·lLIptbte Ave, Quebec. QuetIec. Cm.da G2E '555
Phone: (418) 811-2944. North Amena: (BOO) &58 FTlR. Eurnpe' 31 736440030
Fac (418) Bn-2834. e-mail: FTlRCItJomem.com

Figure 7.1. Bomem's advertisement ofFT-NIR IV detennination package in INFORM.
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Group. Should this new method be accepted~ it will bring additional credibility to the

general concept that FTIR spectroscopy may be the next generation of oil analysis

methodology (2). Having demonstrated that quantitative analysis of fats and oils is

possible by FT-NIR speetroscopy, the door is now also open to other analyses as weil as

on-line analysis facilitated by the availability of low-cost NIR-transmitting optical fibers.

With AOCS recognition pending for the FT-NIR IV method and active marketing of this

new methodology underway. the author has had the fortune of seeing a concept through

to practice, making the effort expended very satisfying.
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