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A general method is described for the identification of paraffin- and silicone-based surface treatments
applied to single-piece natural and 1 + 1 (cork agglomerate with two natural cork disks) cork stoppers
used to seal wine bottles. The method is based on Fourier transformed infrared spectroscopy (FTIR)
and attenuated total reflectance (ATR) analysis of ready-for-use stoppers. The absorbance in seven
wavelength bands selected as the most characteristic (2916 and 2850 cm™1, for paraffins, and 2963,
1258, 1079, 1010, and 787 cm™1, for silicones) was measured for both kinds of stoppers. Univariate
analysis of the results enabled identification of stoppers that had received surface treatment by
measuring the absorbance in two of the selected bands, representing paraffins and silicones,
respectively. The type of surface treatment used was identified by discriminant analysis. Using this
technique, we constructed a mathematical model using the seven bands studied. The model correctly
classified 100% of the stoppers used to construct it and 91.7% of the stoppers used for validation.

KEYWORDS: Cork stopper; surface treatment; paraffin; silicone; quality control; FTIR-ATR

INTRODUCTION wine: in the natural stopper, the direction of fluid flow coincides
with the longitudinal axis of cork tissue, being perpendicular
to pores and parallel to growth layers. In contrast, in the disk
of the 1+ 1 stopper, the direction of fluid flow is that of the

Cork stoppers are important for the preservation of wine and,
consequently, its qualityl( 2). To improve sealant properties
and wine preservation, the stopper surface is treated with =~ . : .
paraffins and silicones. This operation, also known as softening, radial axis of the tissue, parallel to pores, and perpendicular to
is part of the stopper finishing process, which also includes the growth layers (3)', ) .
previous operations of washing and application of a colored Among the various factors that can influence wine preser-
coating. By the application of a thin layer of paraffin and silicone Vation (dimensions of the bottleneck and stopper, type of
(~50 um thick) (3), the cork surface can be smoothed out, Wine, bottling conditions, and othersj+9), the presence (gnd
producing a continuous seal between the cork and the glass@mount) of surface treatment of the stopper is very directly
This treatment also facilitates insertion into and extraction from '€lateéd to the mechanical properties of the seal and, therefore,
the bottle of the stopper, by reducing friction. In addition, O Wine preservation, especially with regard to oxidatiag, (
stopper impermeability is improved. Thus, these treatments 11).
lubricate cork stoppers, facilitating the operation of bottling ~ To our knowledge, no method has been developed to date
machines, improving extraction, preventing wine leaks, and that enables identification of the coating applied to a given
acting as a barrier against absorption and migratibn6). stopper. Likewise, we are not aware of any quality control

Among the cork stoppers available on the market, the ones Procedures being used for these parameters by either the cork
used most often to seal wine bottles are the natural (traditional O the wine industry. However, the scientific literature contains
single-piece cork stopper) and-1 1 (technical) types. The 1~ Many references, in regard to other materials, on methods for
+ 1 stoppers have a cork agglomerate body to which two natural @nalyzing coating products and their raw materidi2<14):
cork disks, about 5 mm thick, are attached at each end. Therechemical, chromatographic, spectroscopic, and electrochemical
are some differences in the performance of these two types ofMethods; surface analysis methods such as ion and electron
stoppers, both from a physical and mechanical perspective and®€am techniques, ultraviolet/visible spectroscopy, X-ray analy-
with respect to corkwine interactions. These are due to SIS, microscopy, and other spectroscopic techniques; particle size
differences in composition as well as in the orientation of the determination; thermal methods; and others.
cork tissue on the surface of the stopper in contact with the Among the surface analysis techniques, FTIR spectroscopy

with attenuated total reflectance (FTIR-ATR) has been widely

* To whom correspondence should be addressed. PHoBd, 913 476 used for the chemical and physical characterization of structures
784; fax,+ 34 913 476 767; e-mail, garcival@inia.es. (15, 16). ATR is an IR sampling technique that measures the
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Table 1. Commercial Products for Surface Treatments Used in the Table 3. Assignments of Selected Bands from the Paraffin and
Study Silicone FTIR-ATR Spectra
product treatment peak frequency
equalizer (colored coating dispersed in paraffin) T2 no. (em™) assignment
reticulatable silicone with organic solvent T3-A 1 2963 C-H stretch CH; asymmetric
reticulatable silicone without organic solvent T3-B 2 2916 C-H stretch CH, asymmetric
aqueous emulsion of paraffin and silicone T4-A 3 2850 C—H stretch CH, symmetric
paraffin T4-B1 4 1258 Si(CH3)0 stretch symmetric
silicone oil T4-B2 5 1079 Si—0-Si stretch symmetric
6 1010 Si—0 stretch
7 787 Si—C bonding

Table 2. Identification of Analyzed Samples

stopper sample to which silicone without organic solvent (T3-B) had been applied and
treatment type code natural stoppers treated successively with paraffin (T4-B1) and silicone
T1 rinsed with water 1+1 AT lubricant (T4-B2) were also studied. Ten different samples were
natural N-T1 obtained, which were homogeneous in terms of surface treatment and
T2 T1 +washed with hydrogen peroxide + 1+1 A-T2 type of stoppers.
colored coating dispersed in paraffin - natural N-T2 Finishing processes were applied to cork stoppers at a pilot plant
T3-A T2+ reticulatable silicone (with organic  1+1 AT3A belonging to Catalonian Cork Institute, in Girona, Spain. This organiza-
solvent) » ) natural N-T3A tion acquired stoppers and surface treatment products and applied the
T3-B T2 + reticulatable silicone (without 1+1 A-T3B ) -
organic solvent) products to stoppers; they provided the finished stoppers and sr_ngll
T4-A T2 + agueous emulsion of paraffin 141 A-TAA samples of the treatment products used. We do not know the origin
and silicone natural N-T4A and exact composition of the treatment products, other than that they
T4-B T2 + paraffin + silicone oil natural N-T4B were commercial products that are widely used in the stopper industry,
and that their composition basically included the products listdciie
1

changes in an infrared beam with totally internal reflection when _ 2. Infrared Spectroscopy.The FTIR spectrometer was an FTIR460

it comes into contact with a sample. An infrared beam is aimed Plus instrument from Jasco, equipped with a MIRacle ATR accessory
: - L - from Pike Technologies, with ZnSe lenses and a single-reflection

at a crystal with a high refractlve index at a certain angle. diamond ATR element. The crystal plate assembly of the MIRacle

Internal reflectance results in an evanescent wave that extend

. . Ssingle-reflection ATR features a round plate design with a diameter of
beyond the surface of the crystal into the sample held in contact; g\ in the centrally located sampling area. Resolution was4,cm

with the crystal. As this evanescent wave protrudes only8.5  and an average of 58 (autoaccumulation mode) spectra were ac-
um beyond the crystal surface and into the sample, optical cumulated to improve the signal-to-noise ratio. The contact pressure
contact between the sample and the crystal must be optimizedbetween clamp and sample was 10 psi. Data were collected using the
by applying pressure. Jasco Spectra Andlisis program.

We used this technique in the present study because of its 3. Analytical Method. A cork disk about 5 mm thick was obtained
simplicity and speed, as well as the minimal preparation of the from each stopper by cutting one end with a blade. For each sample,
material required. The collected data were later analyzed usingthree disks were obtained from different stoppers and they were
univariate and multivariate statistical techniques. measured in duplicate (main data set). The proposed model was

. S . validated using two more disks obtained from each sample, which were

The'refore, the mqln objectlve.s of our study were ,(',) tq analyzed once (validation data set). So, a total of eight determinations
estgbllsh a fast and simple analytical method for determining if (spectra) were obtained for each sample. All FTIR-ATR spectra were
a given cork stopper has undergone surface treatment and th@ecorded taking care that the point of contact of the lens did not coincide
type of product used, (i) to evaluate the potential of univariate in any case with pores present on the surface of the material. Baseline
(analysis of variance, ANOVA) and multivariate (canonical correction was applied to all spectra, adjusting the line at 900, 1800,
discriminant analysis and stepwise discriminant analysis) sta- and 3000 cm®. The noise level was set to 0.02 in absorbance.
tistical methods for differentiating the various types of surface ~ The chemical agents used in the surface treatments were also

model to identify the type of treatment applied to a stopper. once the solvent had evaporated, after 24 h at room temperature.
In the FTIR-ATR spectra obtained, the absorbance at the frequency

of each of the bands selected was measuredTabée 3).
MATERIALS AND METHODS 4. Statistical Analysis.Differences between treatments were evalu-
1. Reagents and SamplesSingle-piece natural cork stoppers ated, and the most characteristic variables (IR spectra frequencies) or
(“extra” quality) and 1+ 1 cork stoppers subjected to different finishing ~combinations of variables were identified using several statistical
processes were studieBable 1 lists the commercial chemical agents ~ analyses: univariate (ANOVA) and multivariate analyses (stepwise

used in each operation, aff@ble 2 describes the samples by type of ~discriminant analysis, canonical discriminant analysis). All analyses
finish and stopper. were made with BMDP7M and CANDIS programs from BMDP

As shown inTable 2, four main types of finish were studied: T1, Release 7 (BMDP Statistical Software, 1992) and SAS (Statistical
water rinse; T2, water rinse followed by washing with hydrogen Analysis System, Version 8), respectively. In stepwise discriminant
peroxide + equalizing (colored coating dispersed in paraffin); T3, analysis, all frecuencies were forced to enter the model to ensure a
treatment T2 followed by silicone treatment; and T4, treatment T2 better result.
followed by treatment with a mixture of silicone and paraffin. Silicone
usually is dissolved in an organic solvent before application (T3-A), RESULTS AND DISCUSSION

whereas the mixture of silicone and paraffin is applied generally as an .
aqueous emulsion (T4-A). In light of current trends to use manufacturing ~Analysis of Surface Treatment Products.The FTIR-ATR

procedures which are more ecological and compliant with environmental SPectra obtained from the T3-B (reticulatable silicone) and
regulations, we considered it interesting to investigate the influence of T4-B1 (paraffin, seerable 1) are shown irFigure 1. These
the use of different application methods. Consequently,listoppers spectra allowed us to select characteristic bands (list&etite
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Figure 1. FTIR-ATR spectra of reticulatable silicone (—) without organic

solvent (product T3-B) and paraffin (--

(product T4-B1).

-) after eliminating organic solvent
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Figure 2. FTIR-ATR spectra of a 1 + 1 stopper without treatment, T1
(+-+) and of a 1 + 1 stopper treated with an aqueous emulsion of paraffin

and silicone, T4-A (—).

Ortega-Fernandez et al.

cork material. Multivariate statistical analyses may help to solve
this problem because they can use a large range of variables
(aborbances at different wavelengths) and combinations thereof
to differentiate nontreated stoppers (T1) from the rest. When
these methods are used, small differences in several wavelengths
may help to classify observations that are not clearly different.

Table 4lists, for the selected bands, mean absorbance values
and the associated standard deviations for the six measurements
made of each sample (main data set). All silicone-related bands
showed absorbance values below the noise level (0.02) in
samples T1 and T2, which were not treated with silicone.

Statistical Analysis. In all the bands considered, univariate
analysis of the variance (ANOVA) disclosed significant differ-
ences (p< 0.0001) between samples. In the bands related to
the presence of silicone, it is evident that this was due mainly
to the presence or absence of silicone. In the case of the other
two bands (2916 and 2850 cn), the differences are attributable
mainly to the lower absorbance of T1 samples, which is
appreciable in both bands, of the natural stopper and 1
stopper samples. This is because the amount of paraffin added
by T2 treatment, although small, is enough to produce a
significant increase in absorbance.

The Coefficient of Determination between these two bands
is very high R2 = 0.999). Examination of individual data (not
shown) confirmed that the absorbance of T1 stoppers was in
every case lower than 0.260 in the 2916 ¢érband and lower
than 0.185 in the 2850 cmi band. In contrast, in T2 stoppers,
the minimum absorbances were 0.295 and 0.215, respectively,
with the exception of a single observation that displayed values
of 0.246 and 0.176. Consequently, measurement of the absor-
bance at any of these bands and establishment of a cutoff value
for each (for example, 0.277 for 2916 chor 0.200 for 2850
cm 1) allowed the correct classification of 23 of the 24
observations of T1 and T2 samples (96%).

On the other hand, although the differences between samples
in some bands can be significant, univariate analysis does not

3) for paraffin and silicone, which were components of the gajiow to readily differentiate between observations on stoppers
products useld for surface treatments. Bands 1258, 1079, 1010that have received treatments T3 and T4. Multivariate analysis
and 787 cm* are specific of silicone. Bands 2963, 2916, and \yas used to overcome this problem, being more efficient than

2850 cnt, which are less specific, corresponding to-& univariate analysis because in the latter variables are analyzed
bonds, had intensities that differed greatly in both types of jhgependently.

compounds. The 2963 crhband is due to Ckland occurs in
silicones exclusively as the only alkane. It also occurs as a minor
feature in paraffins as a terminal Ggroup. The 2916 and 2850
cm! bands are due solely to the @Hinctional groups, wich
do not occur in silicones but are dominant in paraffins an
present in the cork material. Therefore, there may be some
overlap between Cirom paraffins and from underlying cork
(Figures 1and?2).

Multivariate analysis was carried out in two steps: first,
discriminant analyses (canonical and stepwise) were conducted
for all samples of the main data set; analyses were then re-
d peated only for samples that were not clearly differentiated in

the first step. All analyses yielded significant results{(9.001)
for all the statistics considered (Wilk’s Lambda, Pillai’'s Trace,
Hotelling-Lawley Trace, and Roy’s Greatest Root).

Analysis of Cork Stoppers.The type spectra of a nontreated The results of analysis were interp_re_ted using,_ in addition to
1 + 1 stopper (T1) and of a ¥ 1 stopper treated with an  9roup means and the matrix of coefficients (not included), the
aqueous emulsion of paraffin and silicone (T4-A), in which the caqonlcal structure (correlation between canonlcal and or|g|nal
selected bands (Table 3) are clearly identifiable, are shown in Variables) shown ifable 5. The total cumulative proportion
Figure 2. These spectra exhibit bands corresponding to the cork féached with the first canonical function (Canl) was 0.8468,
matrix, the most intense occurring at 1735¢ntue to carbonyl ~ Which increases to 0.9428 if the second (Can2) is added and
bonds, mainly from suberin, and bands at 161600 cnt?, reaches 0.9819 if the third canonical function (Can3) is also
due mainly to carbohydrate and lignin-©. The latter can included. The squared canonical correlations obtained were 0.99
overlap with those of silicone. and 0.93 for the first and second canonical functions (Canl and

Although the effective cork coating thickness is theoretically Can2), respectively.
greater than the depth of penetration of the beam, underlying The data are plotted iRigure 3, grouped by finishing process
cork spectra is detected, probably due to a very thin, irregular, applied Table 2), as projections on the first two axes. The
or fractured treatment layer. Some operations with spectra (suchresults obtained after canonical analysis of the dagble 5)
as subtraction of spectra from nontreated stoppers) failed to yieldindicate that the first canonical axis correlated closely with the
clear results, probably because of the heterogeneity of underlyingpresence of silicone bands and clearly separated T1 and T2
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Table 4. Means and Standard Deviations (n = 6) of Absorbances at the Characteristic Bands by Stopper Types and Surface Treatments

stopper treatment
type code 2963 cm~t 2916 cm~! 2850 cm~t 1258 cm~! 1079 cm~! 1010 cm™! 787 cm~!
1+1 Tl 0.190 £ 0.225 0.136 + 0.026
T2 0.362 + 0.030 0.263 +0.023
T3-A 0.111 +0.005 0.336 + 0.032 0.242 +0.022 0.162 + 0.015 0.163 + 0.015 0.178 £ 0.019 0.085 +0.016
T3-B 0.149 +0.010 0.354 +0.028 0.254 +0.021 0.227 £ 0.022 0.227 +0.023 0.273 +£0.031 0.174 £ 0.024
T4-A 0.162 + 0.006 0.352 +0.026 0.249 + 0.020 0.271+£0.014 0.248 £ 0.011 0.333+0.028 0.241 + 0,028
natural Tl 0.211 +0.028 0.149 + 0.021
T2 0.345 +0.061 0.250 + 0.045
T3-A 0.096 + 0.019 0.286 + 0.049 0.206 + 0.035 0.144 +0.032 0.145 +0.033 0.161 +0.041 0.070 £ 0.028
T4-A 0.126 + 0.011 0.255 +0.049 0.180 + 0.036 0.215 +0.025 0.198 + 0.022 0.249 + 0.036 0.161 +0.039
T4-B 0.133 + 0.006 0.474 +0.033 0.350 + 0.027 0.196 + 0.021 0.182 +0.018 0.223 +0.033 0.142 +0.041
Table 5. Correlations between Canonical and Original Variables (Total Table 6. Coefficients of Canonical Variables Obtained in the Stepwise
Canonical Structure) Obtained in the Analysis of Data from All Analysis of Samples T3 and T4
Samples
frequency
frequency (cm™Y Canl Can2 Can3
(em™) Canl Can2 Can3 2963 100.12946 ~145.15605 ~114.82286
2963 0.988788 0.095957 0.040962 2916 6.46430 —59.88147 211.74842
2916 0.364106 0.341772 0.812855 2850 —27.34450 130.37238 —274.68315
2850 0.345317 0.335286 0.831082 1258 —311.90335 —68.64839 65.46975
1258 0.974687 0.151781 —-0.035702 1079 348.63784 48.89615 —-102.96270
1079 0.980758 0.089278 -0.014013 1010 —69.10664 11.76743 57.62066
1010 0.959691 0.175456 —-0.044962 787 24.77833 38.33499 —28.09413
787 0.888080 0.320281 —0.074609

matrix was identical to the one obtained by the jackknifed
samples from T3 (A, B) and T4 (A, B) samples, as is logical in classification method, which is a special case of the general
light of the results of univariate analysis. cross-validation method. The good results obtained with the

The second canonical axis correlates with the bands characdatter classification confirm the stability of the model.
teristic of paraffins and also clearly separates T1 from T2  As can be observed iffigure 4, the analysis performed
samples and T3 from T4 samples. Only one observation of the notably improved the separation between groups. The first axis
T2 group, the exception detected by univariate analysis, is enables separation of T3 and T4 treatments. To appreciate the
included in the T1 group. This indicates that multivariate effect of the application method, it is necessary to use the axe
analysis did not improve the results of univariate analysis insofar Can2, which separates T4-A from T4-B, and T3-A from T3-B.
as differentiating T1- from T2-treated stoppers. On the other  Stepwise discriminant analysis provides classification func-
hand, the analysis did not allow differentiation between the types tions that allow us to assign new observations to one group or
of stopper used (natural and-# 1) or between the various  another based on measurements of the original variables
application methods. (absorbance at each frequencypble 7 describes the clas-

In an attempt to improve the separation between treatments,sification functions, which allow new cases to be assigned to
multivariate analyses were repeated using only observations onthe group for which this function yields the highest value.
T3-A-, T3-B-, T4-A-, and T4-B-treated stoppers. In this case,  The model was validated using data obtained from the
the cumulative proportion of total dispersion was 0.5182 with validation collection. The percentage of correctly classified
the first variable (Canl), 0.9001 with the second (Can2), and observations in this case was 91.7% (11 of 12). The only
1.0000 with the third (Can3). The coefficients of each variable incorrectly classified case was possibly due to the heterogeneity
with the canonical variables obtained are providedable 6. of cork, a natural product, and to the presence in the cell wall
This model allowed for correct classification of 100% of the of compounds that are chemically similar to those applied
observations on stoppers of the calibration set. The classification
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Figure 3. Canonical discriminant analysis of data from all samples. Plot Figure 4. Stepwise discriminant analysis of data from samples T3 and
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Table 7. Constants and Coefficients of Classification Functions (4) Fugelsang, K.; Callaway, D.; Toland, T.; Muller, C. Coating
Obtained in the Stepwise Analysis of Samples T3 and T4 agents for corksAust. N. Z. Wine Ind. J1997,12, 185—187.

(5) Six, T.; Feigenbaum, A. Mechanism of migration from ag-
variable T3-A T3-B T4-A T4-B glomerated cork stoppers. Part 2: Safety assessment criteria of
2063 1464.5468 628.796 1562.918 2994.228 agglomerated cork stoppers for champagne wine cork producers,
2916 ~1175.960 -1921.955 —1285.460 -1821.010 for users and for control laboratoriéod Addit. Contam2003
2850 1362.194 2635.996 1431.422 2073.285 20, 960—971.

1258 -364.296 855.766 1396.348 -914.114 (6) Six, T.; Feigenbaum, A.; Riquet, A.-M. Mechanism of migration
igzg 7%-3(1)}1 —g;j-‘l‘gg —1332-%3 1332-222 from agglomerated cork stoppers: |. An electron spin resonance
287 642816 569219 850353 577940 investigation.J. Appl. Polym. Sci2002,83, 2644—2654.

(7) Chatonnet, P.; Labadie, D. Controle de la conformité des
bouchons: objectifs et parameétres a I' usage des professionnels.
Rev. Fr. Oenol2003,198, 26-29.

(8) Godden, P.; Francis, L.; Field, J.; Gishen, M.; Coulter, A.;
Valente, P.; Hoj, P.; Robinson, E. Wine bottle closures: Physical

constant -59.211 —73.295 -81.119 —-98.054

(paraffins), such as natural cork waxes. Thus, to improve the

model, it would be desirable to increase the number of characteristics and effect on composition and sensory properties

observations from the main set. of a Semillon wine. I. Performance up to 20 month post-bottling.
Finally, it must be noted that no significant differences were Aust. J. Grape Wine Re2001,7, 64-105.

found between groups based on the type of stopper (natural and (9) Amon, J. M.; Simpson, R. F. Wine corks: A review of the

1+ 1) used. We thus concluded that tissue orientation had no incidence of cork related problems and the means for their

significant effect on absorbance in the studied bands, and that avoidanceAust. Grapegrower Winemaké&®86, 63-81.

the classification procedure described can be used indistinctly (10) Keenan, C. P.; Gailkkara, M. Y.; Chistie, G. B. Y.; Heyes, D.

with both types of stopper. N. Oxygen permeability of macrocrystalline paraffin wax and
Conclusions.The proposed analytical method enables iden- relevance to wax coatings on natural corks used as wine bottle

closures Aust. J. Grape Wine Re$999,5, 66—-70.

tification of the presence of surface treatments in cork stoppers. . -
Waters, E.; Williams, P. The role of corks in the random

o -+ (11)
By determination of the absorbance at the selected bands, it ( . : :
was possible to differentiate the type of treatment applied to a ig'gat'on of bottled winesAust. N. Z. Wine Ind. J1997,12,

given stopper as well as the application method used. However, (12) Anderson, D. Coatingsnal. Chem2001,73, 2701—2703.
FTIR-ATR analysis did not enable determination of the type (13) anderson, D. G.; Vandeberg, J. T. Coatingsal. Chem1979,
of stopper (1+ 1 or natural). 51, R80—R90.

This method correctly classified 91.7% of a set of stoppers (14) Smith, P. B.; Pasztor, A. J.; McKelvy, M. L.; Meunier, D. M.;
not used to construct the model, on which a single measurement Froelicher, S. W.; Wang, F. C. Y. Analysis of synthetic polymers
was made. We conclude that the characteristics of the proposed and rubbersAnal. Chem1999,71, 61R—80R.

method make it certainly applicable in industry settings. (15) Yang, P.; Meng, X. F.; Zhang, Z. Y.; Jing, B. X.; Yuan, J.; Yang,
W. T. Thickness measurement of nanoscale polymer layer on
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