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A new Fourier transform infrared (FTIR) spectroscopic method based on single-bounce attenuated
total reflectance (SB-ATR) spectroscopy was developed for the analysis of distilled liquors and wines.
For distilled liquors, a partial least-squares (PLS) calibration was developed for alcohol determination
based on the SB-ATR/FTIR spectra of mixtures of ethanol and distilled water. An independent set of
12 different distilled liquor samples was predicted from the PLS calibration, and a standard deviation
of the differences for accuracy (SDD,) between actual and predicted values of 0.142% (v/v) was
obtained. The potential utility of SB-ATR/FTIR spectroscopy for the analysis of wines was initially
evaluated based on a comparison with Fourier transform near-infrared (FT-NIR) spectroscopy and
FTIR spectroscopy using a flow-through transmission cell. PLS calibrations for alcohol, total reducing
sugars, total acidity and pH were developed using pre-analyzed wine samples (n = 28), and for
SB-ATR/FTIR spectroscopy, the SDD, for the leave-one-out cross-validation statistics were of the
order of 0.100% (v/v), 0.707 g L™1, 0.189 g L=! (H,SQ,), and 0.230, respectively. Overall, the SB-
ATR/FTIR results were better than those obtained using FT-NIR spectroscopy and comparable to
those obtained with transmission FTIR spectroscopy. A PLS calibration based on preanalyzed wine
samples (n = 72) for the prediction of 11 different components and parameters in wines by SB-ATR/
FTIR spectroscopy was subsequently developed and validated using an independent sample set (n
= 77). Good coefficients of correlation between the reference and predicted values for the validation
set were obtained for most of the components and parameters except citric acid, volatile acids, and
total SO, The results of this study demonstrate the suitability of SB-ATR/FTIR spectroscopy for the
routine analysis of distilled liquors and wines.
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INTRODUCTION obtaining most of the relevant information using a single method

- . . ) of analysis would clearly be desirable.
Spirits are largely alcohol/water mixtures with only minor

levels of added or developed constituents present. Wines, on Near-infrared (NIR) spectroscopy might be considered a likely
the other hand, can have a complex provenance, and their qualipf@ndidate to meet this demand as it is a well-established
depends on both volatile (e.g., ethanol and aromatic compounds)€chnique for multicomponent analysis of agricultural and food
and nonvolatile (e.g., sugars, organic acids, tannins, nitrogenProducts ). Its utility for the analysis of alcohol in wines was
compounds, and mineral matter) constituents Z1L, As a initially demonstrated using filter-based NIR reflectance spec-
consequence, whereas the analysis for alcohol in spirits andtrometers, employing wavelengths of 2270, 2230, 2180, and
wines is routine for industrial quality control and government 1778 nm (6). Since then, NIR spectroscopic methods have also
regulatory purposes, more detailed analysis for other constituentsbeen developed for the analysis of alcohol in spirits using
in wines is also commonplace (8). Such analyses tend to be transmission measurements 8j,and flow injection analysis
tedious, and the availability of a simple and rapid means of (9), for monitoring alcohol and sugars during wine fermentation
(3), and for analyzing alcohol, sugars, and glycerol in botrytized-

* Author to whom correspondence should be addressed [telephone (514)grape sweet wines using fllter-bgseq reflectance spectrometers
398-7991; fax (514) 398-7977; e-mail ashraf.ismail@mcgill.ca]. (10). Recently, an FT-NIR transmission method was developed
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for the analysis of methanol in grape-derived distillation products etry, and for total reducing sugars, total acidity, volatile acidity, and
(11) and a reflectance NIR method was developed for the total SQ by colorimetry using an automated system (Skalar Analytical
analysis of 15 parameters in wines employing partial least- Inc., Tinstraat, The Netherlands). The products included red and white,
squares (PLS) regressioh?j. Overall, although NIR spectros- ~ dry, semisweet, and sweet wines from a wide variety of countries
copy is an adequate analytical tool for predicting the alcohol including Italy, France, Spaln,_ the United States, South Africa,
content in wines and spirits, it is limited in its ability to analyze €'Many, Canada, and Australia. All reagents were obtained from
other wine components. For example, although NIR methods Fisher SC|ent|f|f: (Montreal, PQT Canada) and were of an.alytlcal grade.
for the determination of sugar content have been developed for Instrumentation. A!I quantitative IR analyses were carried out using
sweet wines (10), the major NIR absorption bands of sugars 2" ABB Bomem (Quebec City, PQ, Canada) MB-150 dual-range (NIR/
are highly overlapped by the OH stretching and deformation mid-IR) FTIR spectrometer equipped with a deuterated triglycine sulfate

bination bands of ki h f detector. The spectrometer was purged with dry air from a Balston air
combination bands ot water, making the measurement of sugarsyje (Lexington, MA) to avoid spectral contributions from atmospheric

imprecise below 30 g t(13). water vapor and carbon dioxide. SB-ATR spectra were recorded with
Although mid-IR spectroscopy has generally found much Iess the use of a Harrick (Ossining, NY) ZnSe accessory equipped with a
practical application than NIR spectroscopy in the analysis of temperature controller (Watlow System Integrators, Decorah, IA).
agricultural and food products, it has been successfully employedDuring sample analysis, the SB-ATR crystal was covered with a glass
in the analysis of alcohol in alcoholic beveragéd,(15) and microscope slide to avoid any alcohol evaporation during spectral
has recently been shown to be a suitable technique for therecording, and the sample temperature was maintained #t@Q °C
analysis of multiple components in wines, including tartaric acid, to minimize spectral changes due to temperature variation. For purposes
malic acid, lactic acid, total acidity, pH, volatile acidity, reducing ©f comparison, FT-NIR and FTIR analyses were carried out with a
sugars, fructose, glucose, and glycerbb{18). However, at 1000-um quartz cell and a.50—um Cafeell, respectively, both
present, Fourier transform infrared (FTIR) wine analysis is Erc])egggztaEtﬁgi r‘;"; eSr%gO.ls;gml;slrgg g;‘_)ognsggr;‘inggﬁéi%s ;ggg':;rs
basically restricted to proprietary commercial instrumentation 2 ' :
dedicated to this application but based on the design of FTIR for FT-NIR, transmission FTIR, and SB-ATR/FTIR analyses were 16,

ik | Th le-handli int ted int 32, and 32 co-added scans at resolutions of 16, 8, and &,cm
milk analyzers. The sampleé-nandiing accessory Integraled INto o ghactively. The spectra of all samples were ratioed against a

EE?OSSQ f?%f;?\g]niislgi(c:)?wrpc(gllatgaui?) pteedm\i,/ﬁLaté;ic;l%rg\:\?s”e;ndﬂow- background single-beam spectrum recorded immediately prior to
i ¢ . ' collection of the spectrum of the sample.

having a fl?(ed. path Igngth Of”5.0/‘m' Despite th,'s short path _H_PLC_ analys_is of_ wines fgr glycerol, fruct_ose,_and organi(_: acids
Length,fWhl(tJh 'Eg;equ'rzd t? “m'ttth_e _overr]\_/vf;]ellmlnlg |Rf aIbS%rpI- (citric acid, malic acid, tartaric acid, and lactic acid) was carried out
Ions or water Lo), products containing high levels of alconol  employing a Hewlett-Packard 1050 HPLC system, equipped with an
and/or sugar would require dilution prior to analysis in order ultraviolet detector set to 192 nm. Separation was carried out isocrati-
to keep the major absorption bands of these components oncally on a 7.8 mmx 300 mm Rezex ROA-Organic Acid column
scale. The present work was undertaken to develop FTIR manufactured by Phenomenex Inc. (Torrance, CA) using 0.0025 N
analytical methodology that utilizes a more versatile single- sulfuric acid at a flow rate of 0.5 mL mift and a column temperature
bounce attenuated total reflectance (SB-ATR) sample-handlingof 52+ 0.1 °C.

accessory and a standard benchtop FTIR spectrometer, thereby Calibration Development and Validation. For the determination
reducing the cost of implementing FTIR wine analysis. The of alcohol in spirits, calibration standards were prepared by blending
advantages of the recently developed SB-ATR accessd@ps ( anhydrous ethanol with distilled water to cover a range of 25%
were exploited in previous work in our laboratory for the (v/v) alcohol, and the validation_set_ comprised 12 distilled quuor_
quantitative analysis of sugars during lactose hydrolysis in milk Samples. Both standards and validation samples were analyzed using
(20). These include higher energy throughpl®)(and more 2" An]fonﬁf)‘”’.‘alr denls't.y ”l'etf]r (Graz, Ausrtlr'z) according to the Associa-
precise temperature control by comparison with the multiple- "©" Q.CI) |C|af,§gayt|ca| € ﬁm'stsd ?et ° 9|82.1§1];’(). Flor :"?es'
reflection devices traditionally employed for ATR measure- an initial set of 28 samples that had been analyzed for alcohol content,
ments. Furthermore, a ZnSe SB-ATR accessory provides acceng’ total acidity, and total reducing sugars by standard methods was

. ! et sed for comparing the utility of the SB-ATR method to more
to much more spectral information than the transmission cell conyentional FT-NIR and FTIR transmission methods. A larger set of

employed in commercial FTIR wine analyzers owing to its very 149 wines was then used to assess the feasibility of employing FTIR/
short path length, as well as the much lower transmission cutoff SB-ATR spectroscopy for the simultaneous determination of 11
of ZnSe compared to that of CaFOn the basis of these components (alcohol, total reducing sugars, fructose, total acidity,
considerations, the present study was undertaken to evaluateolatile acidity, tartaric acid, malic acid, citric acid, lactic acid, glycerol,
the utility of SB-ATR/FTIR spectroscopy for the analysis of and SQ), with 72 of the wines used for calibration and 77 serving as
distilled liquors and wines. In the first part of the study, alcohol Validation samples.

determination in spirits, which are relatively simple matrices,  All calibrations were developed by applying PLS regressia) (
was assessed. Subsequently, a comparative evaluation of SBusing Omnic TQ Analyst software (Nicolet Instrument, Madison, WI).
ATR/FTIR spectroscopy relative to FT-NIR and FTIR transmis- The correlation, variance, and pure component spectra generated from
sion methods for the analysis of wines was carried out. Finally, e PLS software package were used to select regions in developing

the simultaneous determination of 11 constituents in wines by and optimizing the calibration model for each component. The optimal
SB-ATR/FTIR spectroscopy was investigated number of factors used for each component was determined from the

minimum point on the predicted residual error sum of squares (PRESS)
plot. The overall suitability of the calibration model ultimately
MATERIALS AND METHODS developed was assessed by calculating the mean difference for accuracy
Samples, Chemicals, and Reagenténhydrous alcohol (ethanol)  (MDa), standard deviation of the differences for accuracy (§D&nd
was obtained from Commercial Alcohols Inc. (Brampton, ON, Canada), Standard error of cross-validation (SECV) between the leave-one-out
and 12 distilled liquor samples (rum, gin, vodka, brandy, scotch, and cross-validation predictions and values obtained by the reference
whiskey) were obtained from local liquor stores. A total of 177 wine method(s). For validating the FTIR/SB-ATR method employing 77
samples were obtained courtesy of the central laboratory of thét€ocie preanalyzed wine samples, the performance of the method was evaluated
des alcools du Québec (SAQ), all of which had been analyzed for by calculating the MR SDD,, and standard error of prediction (SEP)
alcohol content by distillation and densitometry, for pH by potentiom- between the predicted and reference values.
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A FT-NIR hg Table 1. Regions Employed in FT-NIR, Transmission FTIR, and
’ S SB-ATR/FTIR PLS Regressions for a Comparative Study Employing

0.60 28 Wine Samples

FTIR regions (cm™?)

0.40

component FT-NIR regions (nm) transmission SB-ATR

] alcohol 2368-2207 1000-1500 850-1500
= 0.20 reducing sugar 1851-1666 1108-1500 956.7-1500
O 3000-2800
“9) total acidity 23682207 1108.3-1500 1108.3-1500
O 0.00 1700-1800 1700-1800
< pH 1851-1389 1000-1500 956.7-1500

3000-2800

-0.20

Table 2. Cross-Validation Results for PLS Calibration Models
Developed for the Determination of Alcohol, Reducing Sugar, Total
Acidity, and pH by FT-NIR, FTIR, and SB-ATR/FTIR Spectroscopy

1 1 1 " 1 L 1 " L 1 3

1000 1200 1400 1600 1800 2000 2200 2400

Wavelength (nm) Based on a Calibration Set of 28 Wine Samples, Including Linear
0351 B. SB-ATR/FTIR Regression Equations and Values of R, SECV, MD,, and SDD,
L 1046 component method eguation R SECV  MD, SDD,
I alcohol FT-NR  Y=0231+0982X 0991 0110 000 0.109
0.25 [% (viv)] FTIR Y=0059+0.996X 0991 0111 001 0.109
SB-ATR  Y=0061+0995X 0993 0102 000 0.100
reducing sugar FT-NIR ~ Y=1479+0.341X 0500 0764 -0.04 1123
2 QL™ FTIR Y=0946+0.584X 0735 0697 -0.01 0.863
5015 SB-ATR  Y=0.605+0.711X 0.837 0613 -006 0.707
o total acidity FT-NR  Y=2874+0152X 0270 0167 000 0.304
2 (QL*H,S0y) FTR Y=0453+0.863X 0882 0142 -001 0.146
o] SB-ATR Y=1164+0656X 0787 0156 000 0.189
< 0.05 pH FT-NR ~ Y=2107+0.390X 0548 0202 001 0.283
: FTIR Y=1213+0.654X 0706 0222 002 0246
SB-ATR  Y=1416+0582X 0713 0190 -0.01 0.230
-0.05 1 N 1 " 1 i 1 ) . .
1400 1200 1000 800 The PLS ca}llpratlo.ns were used to evaluate the alcohol
_1 content of 12 distilled liquors representing a variety of products.
Wavenumber (cm") The predicted alcohol contents were compared to the results

Figure 1. FT-NIR (A) and SB-ATR/FTIR (B) spectra of 20, 40, and 60% obtained using the Anton Paar density meter giving MiDd
(viv) solutions of ethanol after subtraction of water absorptions. The shaded SDD;, values of 0.03 and 0.163% (v/v) for FT-NIR and 0.02
area represents the spectral region ultimately used for PLS calibration. and 0.142% (v/v) for SB-ATR/FTIR; however, regression was
not performed as there was inadequate variability in the alcohol
content [ranging from 40 to 41% (v/v)] to produce meaningful
RESULTS AND DISCUSSION regression data. The MDand SDR} data indicate that the
Distilled Liquor Ana|ysisl A|though there are many ways alcohol content of the distilled quuor prOdUCtS inVeStigated could
of measuring alcohol in distilled liquors, the most commonly Pe predicted to within 0.17% (v/v) of the density meter values,
used official methods are those invo|ving physica| measurementSWith no significant bias indicated between the reference and IR
(21, 23-25). NIR (7—9) and mid-IR (1415) transmission methods, and that the FT-NIR and SB-ATR/FTIR methods
methods have also been investigated and developed, with NIRPerformed comparably.
methods dominating. Owing to the simplicity of the distiled ~~ These results indicate that the SB-ATR/FTIR method is
liquor matrix, the NIR spectra of distilled liquors exhibit some readily able to quantify alcohol content in spirits to a similar,
fairly well-defined combination and first overtone bands of the if not higher, degree of accuracy as the FT-NIR procedure. The
O—H, C—H, and C—O stretching and bending vibrational results are also comparable to those reported in publications on
frequencies of ethanoBJ, whereas the mid-IR spectra exhibit both NIR (7—9) and mid-IR (1415) methods for the analysis
two strong bands at 1046 and 1086 ¢rdue to the fundamental  of distilled liquors. With respect to the previous mid-IR methods,
C—O stretching vibrationsHigure 1). Because transmission FT-  which were based on the use of transmission cells, the SB-
NIR spectroscopy has been shown to be a suitable techniqueATR procedure has the advantage that sample dilution is not
for the determination of alcohol in distilled liquord,(8), it required.
was used as a basis of comparison in the evaluation of an SB- Comparison of Transmission FT-NIR, Transmission FTIR,
ATR/FTIR method. The spectra of ethanol/distilled water and SB-ATR/FTIR Methods for Wine Analysis. A prelimi-
mixtures were used to develop PLS calibrations for the nary comparative feasibility study was carried out by developing
transmission FT-NIR and SB-ATR/FTIR procedures, and the PLS calibrations for four parameters (alcohol content, total
spectral regions ultimately used to derive the PLS calibrations reducing sugars, total acidity, and pH) in wines by using
are shown irFigure 1. The calibrations were assessed by leave- transmission FTIR and FT-NIR as well as SB-ATR/FTIR spectra
one-out cross-validation, and linear regression of the cross-of 28 preanalyzed wine samples. The spectral regions employed
validation predictions versus the actual values yieldeg ealue in the optimized PLS calibration models for each of the four
of 0.999 for both methods with an SECV of 0.065 and 0.080% components are presentedliable 1. Table 2 summarizes the
(v/v) for the FT-NIR and SB-ATR/FTIR methods, respectively. leave-one-out cross-validation results in terms of the linear
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regression equations relating the cross-validation predictions to
the values obtained by the reference methods, together with the
corresponding values fd®, SECV, ML, and SDDQ. The FT-
NIR cross-validation data indicated poor agreement between
the predicted and reference method values for all of the
components except alcohol. Better overall agreement between
the predicted and reference method values was obtained with
both the transmission FTIR and SB-ATR/FTIR calibrations.
Again, the best results were obtained for alcohol, whereas the
results for reducing sugars, total acidity, and pH are very much
in line with what has been reported in the literature for FTIR
wine analysis using a transmission cell (16).

The performance of the SB-ATR calibrations was generally
comparable to that obtained with the conventional transmission

cell, despite the much shorter effective path length of the SB- c
ATR accessory, and is in fact superior in the case of reducing

sugars. This is likely due to the lower transmission cutoff of

the ZnSe crystal as compared to Gafndows, through which

the transmission of IR energy declines rapidly between 1110
and 1000 cm?, where the strongest absorption bands for sugars
and alcohol are found1@). In addition, owing to the short
effective path length of the SB-ATR accessory, all of the spectral
information in the regions where water absorbs is available, and
the CH stretching (30062800 cntt) and carbonyl stretching
bands (1800—1600 cm) are on scaleFigure 2 illustrates the
“pure component” spectra generated by the Turbo Quant Analyst
software, each of which corresponds to the first loading spectrum

in a PLS calibration for the component in question. The pure
component spectra reveal that there is significantly less spectral E
information available in the transmission cell spectra. This is
especially the case for total acidity, where the region between
1750 and 1600 cmi is totally “blanked out” due to off-scale
water absorptions, whereas the SB-ATR spectra exhibit the
characteristic carbonyl stretching absorption of carboxylic acids.
One consideration arising in the use of the ATR technique =
for quantitative analysis is the dependence of the effective path
length on the depth of penetratiod,) of the evanescent IR
radiation emerging from the surface of the ATR crystal. The
depth of penetration, in turn, is dependent on the refractive index
of the sample in accordance with the equation

— in2 _ 211 T T T T
d, = AR 27eny[Sin"(0) = (n;/ny)’] 3 2500 2000 1500 1000

Absorbance Absorbance
| L
!

Absorbance

Absorbance
g

Absorbance

Absorbance

where/, is the wavelength of the IR radiatiom, is the refractive Wavenumbers (cm™)
index of the ATR crystaln; is the refractive index of the sample,
and 6 is the angle at which the IR radiation strikes the ATR
crystal face (26). The effective path length thus may vary from
sample to sample, depending on the refractive index of the
sample material, whereas the calibration model is based on the’
assumption of a linear relationship between IR absorbance and
concentration and, hence, a constant path length. In the case ofength may be estimated to bel.5%, which can be considered
distilled liquors, the value of the refractive index is almost to be acceptable in relation to the errors presentebainle 2
invariant as the amount of alcohol in these types of products is for the alternative FT-NIR and FTIR transmission methods.
almost always between 40 and 41% (v/v), with extremely low Overall, on the basis of the initial comparative result3 able
concentrations of other constituents. For wines, the refractive 2, it was concluded that SB-ATR/FTIR spectroscopy has the
index is almost entirely dependent on the levels of alcohol and potential to serve as a means by which multicomponent analysis
sugar, ranging from 1.34 for low-alcohol, dry wines to almost of wines can be carried out.

1.36 for high-sugar, high-alcohol wines. According to the Multicomponent Wine Analysis by SB-ATR/FTIR Spec-
equation above, for the SB-ATR accessory employed in the troscopy. Winemakers, enologists, and governments have an
present study, which employs a ZnSe crystal and ‘aatiyle interest in a variety of components and parameters that affect
of incidence, this range corresponds to a variation2f6% in the quality of wine, are indicative of adulteration or provenance,
the effective path length. Because the effective path length or affect revenue. In this study, PLS calibrations were developed
represented by the calibration model would correspond to an for a total of 11 components and parameters using a diverse set
intermediate refractive index value, the errors in predicted of 149 wine samples, for which reference values were obtained
concentrations resulting from this variability in the effective path by combining data from the Sd¢édes alcools du Québec and

Figure 2. “Pure component” spectra derived for (A) pH, (B) total reducing
sugar, and (C) total acidity from FTIR transmission spectra and for (D)
pH, (E) total reducing sugar, and (F) total acidity from SB-ATR spectra of
28 wine samples.
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Table 3. Regions Employed in PLS Regressions for the Analysis of 11 PLS calibration models for the prediction of these two param-
Components in Wines by SB-ATR/FTIR Spectroscopy eters based simply on mixtures of ethanol, glycerol, fructose,
_ and glucose as calibration standards was investigated. However,
region large biases were obtained when wines were analyzed using
1500-850 1500957  1500-1108 1801-1500 ~ 3000-2800 these calibrations, indicating that these simple calibration
component cm—t cm—t cm—t cmt cm—t

standards did not adequately model the spectra of wines. This

alcool * - - - - finding is consistent with results obtained by Schindler et al.
fructose - + - - + . . L . . -

citric acid + - + + (4) in their investigation of a calibration set consisting of model
tartaric acid + - + + solutions as an alternative to preanalyzed wines.

rgr;;lggrifld . - N : B Satisfactory agreement between the FTIR-predicted and
lactic acid + - _ + _ reference values was also obtained for glycerol, a component
reducing sugar - + - - + present in wines as a fermentation byprod&it)( and for the
yolatle acly B * ; N : individual organic acids, with the exception of citric acid. Better
tg& g%z'ty + _ _ _ - results were obtained for total aciditi & 0.925) than for the

individual organic acids, which may be attributed to differences
in the precision of the reference methods as well as to possible

HPLC analyses performed in our laboratory. About half of the inadequacy of the FTIR method in differentiating among the
samples were employed as calibration standards, with thevarious organic acids. The poor results for citric acid are due
balance serving as an independent validation set. to. its very onv concentration, as naturally occurring levels in
In the development of the PLS calibration models, five broad Wine are typically below 0.1 g T (27), and very few of the

spectral regions were initially selected by examining the pure S&mples available for this study contained.30 g L.
component spectra. The optimal spectral region or combination HOWeVer, citric acid is sometimes added to wines to increase
of spectral regions for the prediction of each of the 11 parameters the total acidity content or to prevent casse, a winemaking term
was chosen by evaluating the cross-validation statistics. TheUSed to describe cloudiness or formation of a precipitate due to
regions ultimately selected are summarizedTable 3. The an excess of certain metal salt_s (27)._ If quantitation of citric
optimized calibration models were validated by comparing the acid in these types of samples is required, a calibration model

PLS-predicted values for the 77 preanalyzed wines in the based on wines spik_ed with known amounts of citric acid to
validation set to the reference method valu€sable 4 sum- extend the concentration range and enhance the spectral response

marizes the data obtained for all 11 parameters, including the ¢@n be developed.

ranges of the values spanned by the validation set and the linear In addition to citric acid, volatile acidity and total S@ere

regression equations relating the PLS predicted values to thepoorly predicted. Volatile acidity levels were too low and

reference method values as well as the valueRfSEP, MD, spanned too narrow a range of concentration{0.3 g L™*

and SDR. For purposes of comparison, the SEP and $DD H2SQy) to develop an adequate calibration, whereas total SO

values reported by Patz et al§) and Dubernet and Dubernet present at the parts per million level in wines, does not produce

(17), respectively, for FTIR wine analysis using a commercial an adequate signal to calibrate on at concentrations 0

wine analyzer are also included Trable 4. ppm (16), and its spectrum is complicated by its multiple ionic
The predicted values for the parameters evaluated in the initial States, which are sensitive to the sample matrix pF.(

trial (alcohol, reducing sugars, and total acidity) corresponded A detailed comparison between the SEP and sb&lues

well to the reference method values for the validation samples; obtained in this study and the values from the literature given

compared to the initial trial set ifable 2, higherR values in Table 4 would not be informative because the analytical

were obtained (>0.90) because the data sé&tiole 4 spanned performance achieved for each component is highly dependent

a larger range of concentration values. A high correlation value on the precision of the reference method used to analyze the

(0.987) was also obtained for fructose. It may be noted that the calibration and validation samples and the number and types

validation set was uniformly distributed over the entire range of wine samples used in the calibration and validation sets.

of alcohol content, whereas for sugars, most of the wines were However, overall, the data iable 4 indicate that the SB-

dry with only a few of them being semisweet or sweet. The ATR/FTIR results are comparable to those obtained in studies

possibility of simplifying the calibration process by developing using a commercial FTIR wine analyzer equipped with aLaF

Table 4. Linear Regression Equations Relating PLS Predictions to the Reference Values for a Validation Set of 77 Wine Samples Ranked in Terms
of Decreasing R Value with Comparison of SEP and SDD, to Data Published from Studies Using a CaF, Transmission Flow-through Cell

component range of concentration equation R SEP SEP? MDa SDD, SDD,?
alcohol 7.3-17.0% (vIv) Y =-0.235+1.020X 0.997 0.099 0.21 0.01 0.101 0.08
reducing sugar 1.3-116.6gL™* Y=-0.729 + 0.970X 0.992 2.180 0.86 -0.94 2.231 241
fructose 0-64.48 gLt Y =-0.179 + 1.040X 0.987 1.606 0.62 -0.08 1.630
total acidity 2.7-6.3 g L1 (H2S04) Y=0.172 + 0.906 X 0.925 0.178 0.13¢ -0.17 0.182 0.07
lactic acid 0.03-347¢gL! Y=0.366 + 0.821X 0.901 0.291 0.20 0.12 0.317 0.30
glycerol 2.07-1553gL™? Y=2.136+0.796X 0.864 0.824 0.49 0.84 0.894 1.315
malic acid 0-454gL™! Y=0.498 +0.700X 0.768 0.651 0.16 0.26 0.727 0.12
tartaric acid 0.43-381¢gL! Y=0.432+0.764X 0.709 0.388 0.38 -0.09 0.404 0.11
volatile acidity 0.21-0.83 g L™ (H,S04) Y =0.281+0.472X 0.625 0.105 0.071¢ 0.04 0.14 0.022
total SO, 0-250 ppm Y=54.27+0.307X 0.569 211 17 -5.9 38.8
citric acid 0-3.37¢gL™! Y=10.126 + 0.081X 0.384 0.104 -0.11 0.497

a SEP values from Patz et al. (16). ® SDD, values from Duberet and Dubernet (17). ¢ SEP values for total acidity and volatile acidity in Patz et al. (16) expressed as
g L~ tartaric acid and g L=! acetic acid, respectively.
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flow-through cell L6, 17) (Table 4). Given the results ifable

2 for the SB-ATR accessory and a a®1 Cak, transmission
cell, which can be directly compared with each other because
they are based on a common sample set, an@laiole 4, it

may be concluded that SB-ATR/FTIR spectroscopy can provide
comparable sensitivity to commercial FTIR wine analyzers,
capable of measuring concentrations of components at levels
of >0.1 g L1 (16, 17).

Conclusion. This study has demonstrated the suitability of
SB-ATR/FTIR spectroscopy for the analysis of distilled liquors
and wines. The determination of alcohol in distilled liquors is
a simple analytical procedure, and calibration can be performed
using a small set of ethanol/distilled water mixtures as standards.
In contrast, multicomponent wine analysis is a complex
undertaking, requiring a very careful selection of the wines used
as calibration standards to represent the population of interest
and substantial investment in quality reference method analyses.
This drawback pertains equally to commercially available FTIR
wine analyzers (1617). In this context, the use of gravimetri-
cally prepared solutions containing the pure components of
interest as calibration standards would clearly be advantageous.
However, an investigation of this possibility in the present work
indicated that such an approach was not viable owing to the
complexity of the wine matrix, corroborating the findings of a
previous study (4).

As an alternative to the transmission cell employed in FTIR
wine analyzers, the SB-ATR accessory yielded comparable
analytical performance. In addition, it provided a very simple
means of sample handling, as only a drop of sample is required
to cover the surface of the ATR crystal for analysis and the
sample can simply be wiped off the crystal, which is then ready
for the next analysis after a quick rinse with water. Furthermore,
the SB-ATR sample-handling accessory can be adapted for
automated flow-through analysis, which would avoid the need
to cover the crystal to prevent evaporation and to clean the
surface of the crystal between samples. Generally speaking, this
method provides a means of analyzing a wide range of alcoholic
beverages, including products high in alcohol and/or sugar
content without any need for prior dilution of the sample. The
proven suitability of an SB-ATR accessory for wine analysis
makes it possible to readily implement FTIR wine analysis
methodology on a standard benchtop FTIR spectrometer,
furnishing a less costly alternative to the purchase of a dedicated
analyzer. Furthermore, the standard SB-ATR accessory can be
adapted to a flow-through configuration to accommodate high-
volume analytical applications in distilleries, wineries, and
commercial and regulatory laboratories.

ABBREVIATIONS USED

ATR, attenuated total reflectance; FTIR, Fourier transform
infrared; FT-NIR, Fourier transform near-infrared; HPLC, high-
performance liquid chromatography; IR, infrared; iEnean
difference for accuracy; NIR, near-infrared; PLS, partial least
squaresR, coefficient of correlation; SB-ATR, single-bounce
attenuated total reflectance; SRBtandard deviation of the
differences for accuracy; SECV, standard error of cross-
validation; SEP, standard error of prediction.
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