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Infrared attenuated total re� ectance spectroscopy has been assessed
for the analysis of extra virgin olive oil samples from various Med-
iterranean sites and their adulteration by sun� ower oil. In this study
two different silver halide � ber-optic probes were separately tested
for the mid-infrared spectroscopic measurement of pure olive oil
samples and these same oils adulterated with sun� ower oil. One
� ber-optic probe contained an exchangeable U-shaped section of the
silver halide � ber, whereas the second probe consisted of a � ber-
coupled diamond crystal, which performed slightly less well than
the whole � ber probe. The optimum standard error of prediction
for the sun� ower oil concentrations in spiked olive oil samples, ob-
tained by optimized partial least-squares (PLS) calibration models
and leave-one-out cross-validation, was 1.2% by weight with the use
of a special variable selection strategy based on a pairwise consid-
eration of signi� cant respective minima and maxima of the opti-
mum PLS regression vector, calculated for broad spectral intervals.
Calibration robustness was proven by also using packages of 10
randomly selected samples within a further cross-validation for cal-
culating independent prediction values. The implications for prod-
uct monitoring are discussed.

Index Headings: Infrared spectroscopy; Attenuated total re� ection;
Silver halide � bers; Fiber-optic probes; Partial least-squares; Food
quality analysis; Olive oil adulteration.

INTRODUCTION

Mid-infrared spectroscopy has been applied in only a
few cases to the analysis of food products due to several
reasons. Mid-infrared spectra are rather complex, and, in
most cases, water is the major constituent of biosamples.
However, water-free samples were recently studied by
Dolmatova et al. when identifying modi� ed starches.1
More recently, the development of new analytical tools
has been reported, especially within the clinical chemis-
try � eld,2 where the handling of aqueous samples has
been mastered successfully.

Mid-infrared spectroscopy, using in particular the at-
tenuated total re� ection (ATR) technique, shows enor-
mous potential for the quantitative multicomponent anal-
ysis of bio� uids. For process analysis, different approach-
es have been used. One is the use of � ow-through cells,
for which the Circle cell from Spectra-Tech is a widely
used accessory, although other designs have been pro-
posed—e.g., the Tunnel cell from Axiom Analytical, Inc.
The optical design of the latter has also been used in
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immersion probes, employed, for example, for batch re-
action vessel monitoring.3 Another example of the use of
the ATR technique has been described by Picque et al.4
for the analysis of alcohol and lactate within a fermen-
tation process, and the determination of different sugars
in sugar cane juices has been illustrated by Cadet et al.5

Recently, the availability of mid-infrared � bers extrud-
ed from polycrystalline silver halide materials has en-
abled the construction of low-cost accessories. Aqueous
glucose measurements have been accomplished by using
� ber-optic evanescent-wave spectroscopy and a tunable
CO2 laser.6 The low optical losses within the � ber allow
the construction of � exible probes, which can, for ex-
ample, be employed by the analyst for easy remote sam-
ple analysis. In a recent study, spectra of in vivo skin
tissue of healthy subjects and of various cases of mela-
noma and nevus, measured by just such a technique, were
reported.7 Our previous experiences with � ber-optic
probes have also been published.8,9

Our interest here is in samples of vegetable oils, which
play an important role in avoiding malnutrition. The de-
termination of the authenticity of extra virgin olive oils
has become more important in recent years due to the
discovery of the deliberate adulteration and contamina-
tion of such products. There is signi� cant economic ad-
vantage to be gained from marketing lower quality prod-
ucts in the guise of top-quality oils. The assays of such
olive oil samples are dif� cult due to the composition of
the natural products, which show a variability through
different growing conditions (soils, climatic differences,
harvesting time, and plant genus themselves producing
fruits with slight differences in composition due to their
genetic variance). In the past, a number of alternative
techniques for assessing quality and authenticity have
been reported which include gas chromatography,10 CO2

laser infrared optothermal spectroscopy,11 and near-infra-
red spectroscopy.12

Early investigations on quantitative assays for adulter-
ants in extra virgin olive oil samples were carried out by
Lai et al.,13 who employed ATR mid-infrared spectros-
copy and partial least-squares (PLS) regression. Classi-
� cation of different vegetable oils was performed by Du-
puy et al.,14 who used, besides a horizontal ATR acces-
sory, a chalcogenide � ber probe from Graseby-Specac.
Wavelength selection was necessary for a further classi-
� cation study to be successful for the identi� cation of
various oils,15 and the importance of speci� c bands within
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TABLE I. Characteristics of the silver halide optical � ber.

Structure
Core material
Core size diameter
Numerical apertur
Refractive index

Uncladded � ber
Solid solution of AgBr/AgCl/AgI
750 mm
0.5 for � ber length . 2 m
2.2

Attenuation at 10 mm
at 5 mm

Maximum length
Inner cover
Outer cover

,0.1 dB/m
,0.3 dB/m
10 m
Loose polymer tube
PEEK tube

FIG. 1. Experiment setup with FT-IR spectrometer and � ber probe cou-
pling to spectrometer and external MCT detector.

the � ngerprint region of infrared spectra for the charac-
terization of edible oils has recently been emphasized by
Gillen and Cabo.16 The composition of olive oil samples
mixed with edible seed oils at different concentrations
was studied by the same authors, who recorded mid-in-
frared transmission spectra of several blends.17 A com-
parison of methods using mid-infrared and Raman spec-
tra for the authentication of edible oils was presented re-
cently by Marigheto et al.18 Another issue with respect to
olive oil composition analysis is the determination of lip-
id oxidation in edible oils, which has been tackled by
near-infrared spectroscopy.19 Alternatively, the oxidative
deterioration of edible oils by heating has been inten-
sively analyzed by the group of Moya Moreno et al. by
using Fourier transform infrared (FT-IR) spectroscopy;
see for example Ref. 20. Other important key components
in olive oil are free fatty acids, which have been quan-
ti� ed by straightforward ATR spectroscopy, using PLS
calibration models based on speci� c mid-infrared wave-
number intervals.21

The analytical challenge here is the quanti� cation of
sun� ower oil in extra virgin olive oil samples by mid-
infrared ATR spectroscopy using a � ber-optic probe,
which needs high-quality spectroscopy, in particular high
spectral reproducibility and large signal-to-noise ratios.
The set of olive oil samples used here was unique, be-
cause it had been collected from many different areas
within Greece, so that for the � rst time the regional var-
iance in composition could be taken into account for
adulterant assay development and robustness testing.
Multivariate calibration with partial least-squares, based
on spectral intervals in the mid-infrared spectral range
with and without additional wavelength selection, was
considered. The selection procedure generally led to im-
proved performance and robustness of the calibration
models. Results obtained here are compared with those
of a previous study for which Fourier transform Raman
spectroscopy was applied.22

EXPERIMENTAL

Infrared spectra were recorded on an FT-IR spectrom-
eter (Model Vector 22; Bruker Optik GmbH, Karlsruhe,
Germany), equipped with a � exible silver halide optical
� ber probe for remote ATR spectroscopy. The infrared
beam exiting the FT-IR spectrometer was coupled into
the silver halide � ber by an off-axis parabolic mirror with
a numerical aperture of 0.6. The characteristics of the
silver halide optical � ber, supplied by infrared � ber sen-
sors (Aachen, Germany), are presented in Table I.

The silver halide � ber-optic probe had a shaft contain-
ing one � ber for transmitting and one � ber for receiving

infrared energy from the ATR measuring head. The trans-
mitting and receiving � bers were 2 m in length with a
diameter of 750 mm and a numerical aperture of 0.5. The
shaft length was 20 cm (12 mm in diameter) and had
means for attaching exchangeable short U-turned silver
halide � ber sections for ATR measurements (for the ex-
perimental setup, see Fig. 1). The sensitivity of the ATR
element depends on the length and the bending radius of
the silver halide � ber, which is in contact with the sample
medium. The maximum sensitivity is reached at the low-
er end of the bent � ber piece and can easily be increased
by reducing the bending radius down to values smaller
than the diameter of the � ber. In the experiments pre-
sented in this paper, a � ber ATR element with a bending
radius of 4 mm was used. The receiving � ber was directly
coupled to a liquid nitrogen-cooled semiconductive mer-
cury-cadmium-telluride detector (MCT) with the use of
a microlens at the � ber end facing the detector element
(Infrared Associates, Inc., Stewart, FL). The signal was
ampli� ed by a preampli� er, which was matched to the
detector to ensure low noise.

A second � ber-coupled probe with a diamond ATR
sensor element was developed. The probe allows two in-
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FIG. 2. (A) Absorbance spectrum of an olive oil sample measured by
the silver halide � ber probe (a), absorbance noise from two consecutive
single-beam spectra with olive oil sample (128 scans, 4 cm21 spectral
resolution) (b), and degradation of � ber sensor transmission after mea-
surement of 100 olive oil spectra (c). (B) Absorbance spectrum of an
olive oil sample measured by the � ber coupled diamond probe (a);
absorbance noise under same conditions as given above (b).

ternal re� ections in the diamond prism, which was im-
mersed in the sample to be measured. Following the IR
radiation attenuation by the sample, a second � ber led the
infrared radiation to the detector as described above (see
Fig. 1C).

The spectroscopic performance of both the silver ha-
lide � ber-optic probe and the � ber-coupled diamond
probe concerning absorption band intensities and spectral
noise is presented in Fig. 2. All absorbance spectra were
recorded with a measuring time of 1 min for 128 coadded
scans and a spectral resolution of 4 cm21. In the long
wavelength region, the spectral response was limited by
the cutoff of the MCT detector at 580 cm21, whereas for
the short wavelength region, scattering losses of the silver
halide � bers reduced the signal-to-noise ratio signi� cant-
ly. Because of the low single-beam intensities around
3000 cm21, the photometric accuracy reached with the
� ber-optic probe was degraded compared to that of the
diamond probe, so that the absorption band intensities in
that region differ signi� cantly from each other.

Measurements were obtained for all 88 samples in a
set covering one year’s harvest from different Mediter-
ranean sites (22 pure olive oil samples and 66 spiked
samples containing 2, 5, and 10% by weight of sun� ower
oil, respectively). The samples were stored in the dark at
room temperature. After measurements using the � ber

probe, a time lapse of 3½ months occurred before the
sample set was measured again with the diamond probe.
One turbid sample contained a signi� cant amount of wa-
ter and was discarded from the calibrations.

Absorbance spectra from 3000 to 600 cm21 were col-
lected with the shaft of the silver halide � ber-optic probe
� xed in a mechanical holder and dipped into the olive oil
sample to be studied. The probe was cleaned with ethanol
between samples. A background measurement with the
� ber probe was recorded after each sample measurement
to ensure that sample contamination by the previous sam-
ple was completely avoided. Any degradation of the � ber
transmission could be detected by inspecting the ratio of
corresponding spectra of the cleaned sensor tip. An ex-
ample is provided with Fig. 2A for measurements at the
end and the beginning of the measurement campaign, il-
lustrating the attenuation within the sensing � ber piece
after the measurement of about 100 samples of olive oil.
Background measurements for the diamond sensor tip
were recorded every eight samples to compensate for any
possible drift—e.g., changes in temperature of the source
or in the spectrometer atmosphere. The diamond tip and
the lower casing of the probe, which came into contact
with the sample, were cleaned after every measurement
with ethanol and dried by pressurized nitrogen gas. Dur-
ing the measurements the spectrometer was continuously
purged by dry nitrogen.

Multivariate calibration using absorbance spectra was
carried out by using the partial least-squares PC-software
package from CAMO, ASA, Oslo, Norway (the Un-
scrambler) and a second package programmed in MAT-
LAB (The Mathworks, South Natick, MA) by the au-
thors. Apart from full spectrum interval regression, a spe-
cial wavelength selection procedure was chosen, which
rendered improved and more robust models for statistical
calibrations. The selection was done stepwise by using
pairs of selected individual wavelengths, as suggested by
the decreasing weights of the minima and maxima of the
optimum PLS regression vector, calculated from all sam-
pling points within a broad spectral interval provided by
a priori knowledge of sun� ower oil absorption bands; for
further details, see Ref. 23.

With ill-conditioned linear equation systems, such as
found in analytical spectroscopy with the use of rather
similar samples for calibration, the validation of calibra-
tion models (i.e., testing their prediction performance) is
of utmost importance. For such calibrations, the standard
error of calibration (SEC) is not an appropriate statistic,24

although with well-conditioned, largely overdetermined
linear equation systems, the differences between SEC and
corresponding results obtained from testing with calibra-
tion-independent samples decrease. The calibration data
are usually split into calibration and validation subsets,
which is a reasonable strategy when a large number of
standards are available or the composition complexity of
the calibration samples is low. An appropriate spectral
quality (i.e., high signal-to-noise ratio, good baseline sta-
bility, adequate photometric accuracy, and absence of sig-
nal nonlinearities) is essential. With a limited number of
standards under more adverse conditions, cross-validation
with ‘‘leave-one-out’’ strategy is frequently used. Here,
one standard is removed from the calibration set, a re-
gression is calculated, and the concentration is predicted
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FIG. 3. (A) Absorbance spectra of sun� ower oil (a) and of an olive
oil sample (b); (B) difference spectra of olive oil samples contaminated
by sun� ower oil with a concentration of 10% (a), 5% (b), and 2% (c),
respectively (the spectra were obtained by scaled absorbance subtraction
using the pure olive oil spectrum).

by using the calibration model for that single standard.
These steps are repeated, until all standards are consid-
ered. The root mean squared error of prediction [RMSEP
5 (S (cref, i 2 cpred, i)2 /M)1/2 with M samples, or standard
error of prediction (SEP)] is a suitable statistic for deter-
mining the optimum calibration model with stepwise in-
creased number of PLS factors. In order to study the ro-
bustness of our calibration models, leave-ten-out cross-
validation was also applied after an additional sample or-
der randomization within the whole calibration sample
population. SEP results are reported for the calibration
models with spectral variable selection.

All spectra � les were initially imported from the
JCAMP-DX format25 into the Unscrambler multivariate
analysis program. For our own calibration MATLAB
package, all spectra and calibration data were transferred
to a personal computer for further data processing using
the MATLAB binary export format of the Unscrambler
package.

RESULTS AND DISCUSSION

The spectra of pure sun� ower and olive oil samples
show only slight spectral differences, which can be attri-
buted to the differences in composition (the glycerolesters
of the following fatty acids are found on average in sun-
� ower oil: 66.2% linoleic acid, 25.1% oleic acid, 5.6%
palmitic acid, 2.2% stearic acid, 0.9% arachic acid; mean
composition of olive oil: 66.3% oleic acid, 12.3% linoleic
acid, 8.9% palmitic acid, 4.9% eicosanic acid, 4.7% pal-
mitoleic acid, 2.4% stearic acid, 0.8% behenic acid, 0.6%
linolenic acid, 0.3% arachic, 0.2% myristic acid; oleic
acid as the main constituent can amount up to 85%).26

Example spectra are shown in Fig. 3A, whereas in Fig.
3B the spectra resulting from the addition of 2, 5, and
10% sun� ower oil, to a native olive oil sample, are
shown. The difference spectra were obtained with the sil-
ver halide � ber probe. These slight differences become
even harder to observe when the geographical variance
in composition further complicates the picture.

Differences in the spectra recorded by using the silver
halide � ber and diamond probe are evident in Fig. 2. This
is because of the different geometry of the probes, their
different refractive indices, and the strong absorptions
within the diamond material. This contrast gives rise to
some additional absorption bands within the spectral re-
gion of 2700 to 1800 cm21. The differences for the pop-
ulation mean spectra are shown in Fig. 4A, where it is
seen that, as well as intensity differences, there is also a
slight wavenumber shift for the 1750 cm21 absorption
band between the two probes, which has its origin in the
dissimilar refractive indices of the different ATR crystals
employed. Various statistical � gures for the two popula-
tions of spectra are provided in Figs. 4B and 4C. The
lowest traces refer to the so-called property correlation
spectrum s, which is calculated by using the concentra-
tion values of sun� ower oil in the samples measured:

s 5cavAmccmc /[ cmc]Tcmc

where cmc is the vector of mean-centered sun� ower oil
concentration values, cav is the mean value, and Amc is
the matrix of mean-centered sample spectra. The result-
ing spectrum is proportional to the � rst loading vector of

the PLS matrix decomposition, which is usually normal-
ized to unit length; see for example Ref. 27. Under the
condition that other components are uncorrelated to the
sun� ower oil concentration, an all-positive spectrum is
obtained, representing the absorbance spectrum of the
spiked compound at the population mean concentration.
For both probes, a very similar property correlation spec-
trum is obtained.

Differences are, however, evident for the standard de-
viation spectrum of the populations measured. Inspection
of the standard deviation for the C5O stretch vibration
band reveals that the standard deviation is a factor of 3
larger than that of the corresponding ‘‘spectrum’’, cal-
culated from the spectral population recorded with the
use of the diamond probe. The shape of the standard de-
viation spectrum obtained with the silver halide probe
resembles that of the oil spectra, which underlines that
most of the spectral variance is due to overall intensity
changes, whereas the reproducibility of spectral measure-
ment is much higher with the diamond probe. Therefore,
the variation because of sun� ower additions becomes the
dominating factor. The similarity of the standard devia-
tion spectrum and that of the property correlation spec-
trum, derived from spectra obtained with the diamond
probe, is remarkable. We calculated another statistical � g-
ure, is the variance cal-2 2 2 2s 5 s 2 s , where sdif total pure total

culated from all sample spectra measured by the individ-
ual probes, and is the spectral variance calculated2spure



APPLIED SPECTROSCOPY 567

FIG. 4. (A) Difference spectrum of the mean population spectrum of
pure and contaminated olive oil samples as measured by the diamond
probe minus that as measured by the silver halide � ber probe. (B) Prop-
erty correlation spectrum using the sun� ower oil concentrations (a),
standard deviation spectrum of the population spectra (b), and difference
of the spectral variances as calculated from all samples minus variance
of the pure olive oil samples (c). Spectra were obtained with the silver
halide � ber probe. (C ) as for part B, but spectra were measured by the
� ber-coupled diamond probe.

FIG. 5. Standard error of prediction for PLS calibration models derived
for the sample population measured by the silver halide � ber probe in
dependence of the number of selected spectral variables and the number
of PLS factors used for calibration model calculation.

TABLE II. PLS calibration results for predicting sun� ower seed oil concentration in different olive oil samples. The SEP values were
obtained by leave-one-out cross-validation (exemplary results from leave-ten-out cross-validation are listed in parentheses).

Probe type Spectral range (cm21) Number of variables PLS rank SEP (%)

Fiber
Fiber
Fiber
Fiber
Diamond

3060–2730, 1790–1630, 1500–630
1790–1630, 1500–630a

1500–630
Spectral variable selectiona

3060–2730, 1790–1630, 1500–630b

705
534
451
28

1411

7
14
12
12
12

2.6
1.7
1.8
1.2 (1.2)
1.8

Diamond
Diamond
Diamond
Diamond

1500–630
1500–630 (without two outliers)
Spectral variable selectionb

Spectral variable selectionb

902
902
26
36

15
16
7

17

1.9
1.75

1.5 (1.5)
1.4

a ,b The spectral variable selection was based on the spectral intervals that led to optimum calibration results.

for the pure olive oil samples only. The variance differ-
ence, calculated for the silver halide probe, highlights
spectral features which are clearly related to the sun� ow-
er oil additions (see Fig. 4B, upper trace).

A selection of spectral intervals was tested for multi-
variate calibration based on partial least-squares. Results
of these calculations are summarized in Table II. Best
results for standard errors of prediction, obtained from
cross-validation, were around 1.8%, when data from
broad spectral intervals were employed. The number of
wavelengths required for optimal spectroscopic calibra-
tion is still a subject of intense debate. Several investi-
gations have been reported, where results were compared
from full-spectrum PLS calibration with those improved
values from multiple linear regression (MLR); for the lat-
ter, usually a reduced number of spectral variables is se-
lected for spectral calibration. With our selection strategy,
signi� cantly improved results were obtained. In Fig. 5,
the standard error of prediction is plotted vs. the number
of spectral variables, and a third axis provides the depen-
dency on the number of PLS factors used for the respec-
tive individual calibrations. The global minimum under
these conditions is found for 28 spectral variables and a
PLS rank of 12 (SEP 5 1.2%). The spectra recorded by
means of the diamond probe were slightly more noisy
compared to the other probe used, so that the optimum
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FIG. 6. Illustration of spectral variables selected under the scheme of
choosing extreme values of an optimum regression vector which was
calculated from a broad spectral interval evaluation. The variables are
indicated by open circles within the property correlation spectra which
were obtained from the ATR spectra recorded from pure and adulterated
olive oil sample and corresponding sun� ower oil concentrations, using
the silver halide � ber probe (a) and the � ber-coupled diamond probe
(b), respectively.

FIG. 8. Calibration results for sun� ower oil concentrations added to
olive oil samples (spectra were obtained with the � ber-coupled diamond
ATR probe). (A) Standard error of prediction from leave-one-out cross-
validation for PLS-calibration models based on 26 selected spectral var-
iables from the spectral interval of 3060–630 cm21 vs. number of PLS
factors. (B) Scatter plot of PLS predicted sun� ower oil concentrations
vs. values obtained by weight (the straight line is the ideal calibration
function).

FIG. 7. Calibration results for sun� ower oil concentrations added to
olive oil samples (spectra were obtained with the silver halide � ber ATR
probe). (A) Standard error of prediction from leave-one-out cross-vali-
dation for PLS calibration models based on 28 selected spectral vari-
ables from the spectral interval of 1790–630 cm21 vs. number of PLS
factors. (B) Scatter plot of PLS predicted sun� ower oil concentrations
versus values obtained by weight (the straight line is the ideal calibra-
tion function).

standard error of prediction, found for 36 spectral vari-
ables and a PLS rank of 17, was 1.4%.

Detailed calibration results for the cases comprising a
selection of less than 30 spectral variables are presented
below. The speci� c spectral wavenumbers chosen for op-
timized prediction are elucidated in Fig. 6, which are
based on the spectral data recorded by means of the two
sensor probes employed. A presentation within the cor-
responding property correlation spectra is used, which
also represent the scaled PLS regression vectors based on
the respective � rst PLS factors. This regression vector is
shaped by further implementing PLS factors to improve
the prediction performance of the calibration models. For
the calibration models that were based on a reduced num-
ber of spectral variables, well-conditioned linear equation
systems resulted with SEP values which change only in-
signi� cantly after the optimum calibration matrix rank
has been reached. The least-squares solution is obtained
by the inversion of the full-rank calibration matrix. The
corresponding Figs. 7A and 8A illustrate the PLS rank
dependency of the SEP values under the constraint of 28
and 26 spectral variables selected, whereas Figs. 7B and
8B provide the scatter plots for the optimum PLS cali-
bration models using leave-one-out cross-validation.
Nearly identical SEP values were obtained when a cross-
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FIG. 9. ATR spectra of Nujol obtained with the � ber-coupled diamond
probe (a) and that recorded using the silver halide � ber probe (b); also
shown in c is the difference spectrum of traces b minus a.

validation strategy under leave-ten-out was applied. The
regional variation in olive oil composition gives rise to
the broad scatter in the ordinate values, which cannot be
overcome with the IR calibration methodology. We also
tested the prediction performance under the scheme
whereby, successively, samples from two regions were
deleted simultaneously from the calibration sample set,
using leave-eight-out cross-validation. The SEP value for
the � ber-coupled diamond sensor, for example, was the
same with an eight PLS factors model, when compared
to the result calculated with leave-one-out cross-valida-
tion.

When we compare our previous PLS calibrations
(without wavelength selection) based on Fourier trans-
form Raman spectra of these pure and adulterated olive
oil samples with the results obtained in this study, we
note a marked improvement with these techniques: There
is a signi� cant reduction in the prediction error by a fac-
tor of 2.5 compared to the evaluation of corresponding
FT-Raman data. However, the ATR measurement tech-
nique requires that the sample be brought into contact
with the sensing probe, whereas the FT-Raman technique
allows for a spectrum measurement through the glass
container.

The diamond-based probe is often recommended for
ATR measurements, in particular when chemical inert-
ness is required or high pressure must be applied to
achieve good contact of the sample with the ATR crystal,
but spectral artifacts connected to such a measurement
are seldom discussed. Another example is provided here
with Nujol spectra, which were recorded with both
probes (see Fig. 9). The mid-infrared spectrum of this
compound possesses broad spectral intervals free of ab-
sorption bands. For highlighting the artifacts, the differ-
ence spectrum is shown, which also again illustrates
slight wavenumber shifts in the positions of strong ab-
sorption bands under the ATR measurement conditions
inherent for both sensor types.

CONCLUSION

The � ber-based ATR probes proved to be powerful
tools for determining the concentrations of olive oil sam-
ples contaminated by sun� ower oil additions. Contribu-

tions greater than 2% by weight could be quanti� ed with-
out ambiguity with the silver halide � ber probe. There is
a slight deterioration in the spectral performance, which
does not perturb the analysis over a long time interval,
as long as proper background spectra are recorded for
calculating the absorbance spectra. Another advantage is
that, after probe degradation, the probe can be replaced
without problems. This design also allows different types
of probes to be optimized for sample attenuation of the
IR radiation. The performance of the diamond probe is
slightly lower with respect to random noise features,
which can be overcome, within the transparent spectral
regions, by accumulating more interferograms. The re-
mote sensing capability is another positive feature, which
is similar to that for � ber probes used in the near-infrared
spectral range that are based on quartz � bers. Such de-
vices have been mostly employed, with the use of diffuse
re� ectance for powders or transmission spectroscopy for
� uids, for the identi� cation of raw materials on receipt
(e.g., in the pharmaceutical industry), as well as for ver-
i� cation of the composition of pharmaceutical formula-
tions before the � nal products leave the plant premises.
Similar powerful probes can be constructed with silver
halide � bers, employing the ATR measurement technique
for liquids, as well as for powders.
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9. H. M. Heise, L. Küpper, and L. N. Butvina, Sensors Actuators B

51, 84 (1998).
10. L. Webster, P. Simpson, A. M. Shanks, and C. F. Moffat, Analyst

125, 97 (2000).
11. J. P. Favier, D. Bicanic, J. Cozijnsen, B. Van Veldhuizen, and P.

Halander, J. Am. Oil Chem. Soc. 75, 359 (1998).
12. I. J. Wesley, F. Pacheco, and A. E. J. McGill, J. Am. Oil Chem.

Soc. 73, 515 (1996).
13. Y. W. Lai, E. K. Kemsley, and R. H. Wilson, Food Chem. 53, 95

(1995).
14. N. Dupuy, L. Duponchel, J. P. Huvenne, B. Sombret, and P. Le-

grand, Food Chem. 57, 245 (1996).
15. D. B. Dahlberg, S. M. Lee, S. J. Seth, and J. A. Vargo, Appl.

Spectrosc. 51, 1118 (1997).
16. M. D. Guillen and N. Cabo, J. Agric. Food Chem. 46, 1788 (1998).



570 Volume 55, Number 5, 2001

17. M. D. Guillen and N. Cabo, Fett/Lipid 101, 71 (1999).
18. N. A. Marigheto, E. K. Kemsley, M. Defernez, and R. H. Wilson,

J. Am. Oil Chem. Soc. 75, 987 (1998).
19. H. Takamura, N. Hyakumoto, N. Endo, T. Matoba, and T. Nishiike,

J. Near Infrared Spectrosc. 3, 219 (1995).
20. M. C. M. Moya Moreno, D. Mendoza Olivares, F. J. Amezquita

Lopez, J. V. Gimeno Adelantado, and F. Bosch Reig, Talanta 50,
269 (1999).

21. E. Bertran, M. Blanco, J. Coello, H. Iturriaga, S. Maspoch, and I.
Montoliu, J. Am. Oil Chem. Soc. 76, 611 (1999).

22. A. N. Davies, P. McIntyre, and E. Morgan, Appl. Spectrosc. 54,
1864 (2000).

23. H. M. Heise and A. Bittner, Fresenius’ J. Anal. Chem. 359, 93 (1997).
24. R. Marbach and H. M. Heise, Trends Anal. Chem. 11, 270 (1992).
25. R. S. McDonald and P. A. Wilks, Jr., Appl. Spectrosc. 42, 151

(1988).
26. Römpps Chemie-Lexikon, O.-A.Neumüller, Ed. (Franckh’sche Ver-

lagshandlung, Stuttgart, 1985), 8th ed.
27. H. M. Heise, R. Marbach, G. Janatsch, and J. D. Kruse-Jarres, Anal.

Chem. 61, 2009 (1989).


