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Abstract 
BACKGROUND: The most frequent renewal of barrels of different origins and species 
is a current trend but this demand does not match the current availability of wood. An 
alternative could be the use of Q. humboldtii wood. However, there is little information 
about its composition. Due to this, the aim was to study low molecular weight phenols 
(LMWP), ellagitannins and volatile compounds in untoasted and toasted Q. humboldtii 
oak, and compare these with the species traditionally used in cooperage: Q. petraea 
(French and Romanian) and Q. alba (American).  
RESULTS: The LMWPs in Q. humboldtii were comparable to those in Q. petraea and 
Q. alba. Ellagitannin composition in Q. humboldtii was similar to that in Q. alba. The
toasting process improved volatile composition, mainly in Q. humboldtii, presenting the
highest concentration of several volatile compounds.
CONCLUSION: The results indicate that Q. humboldtii could be considered suitable for
aging wine, although it is necessary to continue the study of this wood species to confirm
its potential use in oenology.

Keywords: ellagitannins, low molecular weight phenols, Quercus humboldtii, seasoning, 
toasting, volatile compounds. 
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INTRODUCTION 
Due to the constant search to improve wine quality, and the new trends in 

winemaking, the current predisposition is to use newer oak barrels of different origins 
and species. Therefore, demand for oak wood in oenology is constantly increasing, and 
in recent years an imbalance between the quantity of oak wood available and the number 
of oak barrels produced in cooperage has been detected. Thus, it is of interest and also 
necessary to study the use of different origins and species of oak wood rather than the 
traditional ones (French and American), as demonstrated by the number of studies 
focusing on this subject. 

The extraction of different phenolic and volatile compounds from oak into the 
wine during aging depends mainly on the pool of potential extractable compounds 
originally present in the oak. The chemical composition of this oak is affected by two 
main groups of factors: on the one hand, the oak species, its geographical origin, and the 
silvicultural treatment of the tree, 1-4 and on the other, the processing of the wood in 
cooperage, that is, the method used to obtain the staves, especially the degree of oak 
toasting during barrel manufacture, 1,5,6 , and also the method of seasoning (natural or 
artificial, length, and location). 5,7 

Low molecular weight phenols are important components of heartwood and 
contribute to the wood with color, smell, taste, and mechanical resistance properties. 
These compounds can also influence the color, astringency and bitterness of the wine. 8 
Ellagitannins are responsible for hardness and the avoidance of microbiological 
alterations in oak woods. 9 These compounds can act as antioxidants in wines due to their 
ability to consume oxygen, 10,11 although they degrade easily once solubilized in the wine, 
both in the presence and absence of oxygen, 10 and may contribute to astringency and a 
sensation of bitterness. 12-14 Volatile compounds play a key role in wine quality, especially 
regarding aroma, but their concentration depends on many factors, mainly the toasting 
process. 15,16 This process modifies a wide range of compounds in the oak. Thus, a variety 
of mono- and dimethoxylated phenols, cinnamic acids, benzoic acids, and aldehydes are 
formed from the lignin degradation by hydrolytic and oxidative processes. This 
degradation would contribute to an increase in the levels of phenolic aldehydes and 
volatile compounds, degrading ellagitannins. 17 

An interesting alternative source of oak wood could be Q. humboldtii from 
Colombia, which is currently used for the aging of alcoholic drinks such as Rum or 
Brandy. 18 Nowadays, certain cooperage companies which provide this type of oak wood 
for the aging of distilled beverages are trying to sell this wood to the wine industry on the 
basis that it is of the same quality as that traditionally used for aging wine. Moreover, the 
usual method of seasoning this wood in cooperage is artificial as an oven is used.. 
However, there is little information about Q. humboldtii in winemaking, and it has only 
been found that its wood showed similar vanillin concentrations to Q. faginea, and a 
balanced syringaldehyde/vanillin relationship, a marker usually used to characterize 
quality oak wood, suggesting that Q. humboldtti has potentially good properties for wine 
aging. 19 Moreover, the phenolic composition of green Q. humboldtii has been 
characterized as and compared to traditional oak with the most abundant phenolic acids, 
aldehydes and ellagitannins being the same as in traditional oak wood (Q. alba and Q. 
petraea), and with a phenolic composition closer to American ones. 20 On the other hand, 
to our knowledge there is no information that characterizes other low molecular weight 
phenolic, ellagitannins and volatile compounds in untoasted and toasted Q. humboldtii 
oak, so this study could provide more knowledge and information of interest.  

As already mentioned, various authors have studied certain oak wood sources of 
different origin and species with the aim of providing information about other types of 

Martínez-Gil, A., Cadahía, E., Fernández de Simón, B., Gutiérrez-Gamboa, G., Nevares, I., & del Álamo-Sanza, M. (2018). 
Phenolic and volatile compounds in Quercus humboldtii Bonpl. wood: effect of toasting with respect to oaks traditionally 

 used in cooperage. Journal of the Science of Food and Agriculture. https://doi.org/10.1002/jsfa.9190

UVaM
OX



oak as an alternative to French (Q. petraea and Q. robur) and American (Q. alba) oaks, 
which have traditionally been used in winemaking. Hungarian and Russian oak woods 
have been shown to have a lower content of oak lactones, trans and cis-isoeugenol, and 
higher odor intensities than the American and French ones. 21 The unheated volatile 
concentration of Portuguese (Q. pyrenaica) oak wood was lower than that of French (Q. 
petraea) and American (Q. alba) ones; however, its content improved greatly after the 
toasting process. 16 Quantitative differences were found in low molecular weight 
phenolic, especially in American (Q. alba) species compared to the Spanish (Q. robur, 
Q. petraea, Q. pyrenaica, and Q. faginea) and the French (Q. robur, and Q. petraea) ones. 
7 Prida and Puech 3 observed that East European wood held an intermediate position 
between American and French oaks according to their ellagitannins and oak lactone 
levels, and are characterized by high values of eugenol, aromatic aldehydes and 2-
phenylethanol. 

For these reasons, the aim of this study was to evaluate the low molecular weight 
phenols, and ellagitannins by HPLC-DAD, and volatile compounds by GC-MS of 
untoasted and toasted oak wood of Q. humboldtii (Colombian oak), and to compare it to 
the species traditionally used in cooperage, such as Q. petraea (French oak) and Q. alba 
(American oak) as well as others more recently introduced (Q. petraea from Romania). 

 
MATERIALS AND METHODS 
Wood samples 

For this study, four different oak woods (origin and/or species) were used: 
Quercus petraea (Matt.) Liebl. (called French and Romanian oak), Quercus alba L. 
(called American oak) and Quercus humboldtii Bonpl (called Colombian oak). French, 
Romanian, American oaks were imported to Chile as green wood to the cooperage, 
Tonelería Nacional Chile LTDA. Therefore, the drying of these woods was carried out as 
usually done by this cooperage for oak wood. This process is a natural seasoning in the 
open air for 30 months, watering daily in summer according to the cooperage procedure. 
After seasoning these stave woods presented humidity between 11 and 13%. On the other 
hand, the Colombian oak staves were imported after a semi-accelerated seasoning process 
as usual in cooperage when this oak is used for brandy and rum aging. This accelerated 
seasoning is carried out with steam in special chambers, where the temperature gradually 
increases, starting with a temperature of 22 °C in the first few days of drying and ending 
with a temperature of 60 °C. This process is finished when the moisture content of the 
wood (MC) is approximately 12 to 14%, which takes approximately 3 weeks. Then the 
oven is turned off, and the wood is slowly adjusted to room temperature (36-48 hours). 

After seasoning, all the kinds of wood staves were toasted in an industrial-scale 
convection oven, normally used by the cooperage for alternative products. Toasting was 
defined by this cooperage as medium-plus toasting, which consists of a temperature ramp 
up to 200 °C and for a total of 140 minutes. 

Three representative batches of each type of wood were prepared for the chemical 
analyses. Six pieces were taken from each batch of wood and ground, sawdust was 
obtained using a planer-thicknesser and this was  sieved and mixed, taking the sawdust 
ranging in size from 0.80 to 0.28 mm as the representative batch sample. A total of 12 
representative samples were studied for different oak woods (Q. petraea from France and 
Romania, Q alba, Q. humboldtii) before toasting (defined as non-toasted) and another 12 
representative samples after toasting (defined as toasted).  
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Standards 
In the case of low molecular weight phenolic compounds, reference compounds 

were purchased from Fluka Chemie AG (Buchs, Switzerland) (gallic acid), Sigma 
Aldrich (Steinheim, Germany) (vanillic acid, syringic and coniferyl aldehydes), Apin 
(ellagic acid), Chem Service (West Chester, PA) (syringic acid), Extrasynthèse (Genay, 
France) (sinapaldehyde). For ellagitannins, standards of vescalagin, castalagin, roburin A 
and E, and grandinin were used. For volatile compounds, all standards (γ-hexalactone, 2-
octanol, 4,5-dimethylfurfuraldehyde, o-vanillone, 3,4-dimethoxyphenol, furfural, 5-
methylfurfural, 5-hydroxymethylfurfural, furfuryl alcohol, trans-β-methyl-γ-octalactone, 
cis-β-methyl-γ-octalactone, guaiacol, 4-ethylguaiacol, 4-vinylguaiacol, eugenol, cis-
isoeugenol, trans-isoeugenol, syringol, vanillin, acetovanillone, benzaldehyde and 2-
phenylethanol) were provided by Sigma Aldrich (Steinheim, Germany). 

 
Low molecular weight phenols and ellagitannin extractions 

The sawdust samples (1 g) were extracted with 100 mL of methanol/water (1:1) 
at room temperature and in darkness for 24 h, using the method described by Fernández 
de Simón et al. 22 for low molecular weight phenols and by Fernández de Simón et al. 23 
for ellagitannins. After removal of the methanol in a rotary evaporator at a temperature 
below 40 °C, the aqueous solution was extracted with diethyl ether and ethyl acetate and 
then freeze-dried. The diethyl ether and ethyl acetate extracts were taken to dryness, 
dissolved in methanol/water (1:1) and used for the HPLC quantitative determination of 
low molecular weight phenolic compounds (ellagic, gallic, syringic and vanillic acids and 
coniferyl, sinapic and syringic aldehydes), and the freeze-dried aqueous extract for that 
of ellagitannins (castalagin, vescalagin, grandinin, roburin A, B, C, D and E). 
 
Analysis of low molecular weight phenols and ellagitannins by HPLC-DAD 

Low molecular weight phenols were analyzed using the method explained by 
Cadahía et al. 7 and  ellagitannins according to the method of Cadahía et al. 24 An Agilent 
1200 HPLC equipped with a diode array detector and  a C18 Hypersyl ODS (5 µm) 
column (20 cm × 4 mm i.d.), protected with a precolumn of the same material, was used. 
Low molecular phenols: the elution conditions were modified as follows: flow rate, 1 
mL/min; temperature, 30 °C; solvent A= H2O/PO4H3 (999:1), solvent B= MeOH/PO4H3 
(999:1) and a linear gradient was used, 0 to 100% B, in 70 min. Detection was at 325 nm 
(with a bandwidth of 150 nm) and UV spectra (240-400 nm) were also recorded. 
Chromatographic peaks were identified by comparing their retention time and the UV 
spectra with those of reference compounds and quantitative determinations were carried 
out by the external standard method. Ellagitannins: a gradient profile was used, 0-10% B 
in 0-40 min, 10-30% B in 40-70 min, 30-100% B in 70-90 min; and detection was at 325 
nm (with a bandwidth of 150 nm). Quantitative determinations were carried out in 
accordance with the external standard method. Roburins B-D were expressed as roburin 
A because they are also dimers. 

 
Volatile compound extraction  

Maceration to extract the volatile compounds from sawdust was  based on the 
method described by Chatonnet et al. 25 The sawdust samples (2 g) were soaked in 100 
mL of hydroalcoholic (12% ethanol, 6 g L-1 tartaric acid, pH 3.2) for 15 days at a room 
temperature of 20ºC in darkness. After filtration of the mixture 300 µL of five internal 
standards were added (γ-hexalactone, 2-octanol, 4,5-dimethylfurfuraldehyde, o-
vanillone, and 3,4-dimethoxyphenol at a dose of 0.5 mg mL-1 in ethanol). The 
hydroalcoholic solution with the oak aromas and the standards were then extracted using 
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a previously reported methodology. 26 For that, prepacked cartridges (total volume 3 mL) 
filled with 200 mg of LiChrolut EN resin (Merck, Darmstadt, Germany) were used. 

 
Analysis of volatile compounds by GC-MS 

The separation, identification and quantification of volatile compounds from the 
wood extract were carried out using an Agilent 7890A gas chromatograph, coupled with 
a 5975C mass spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA). The unit 
was equipped with a fused silica capillary column (60 m × 0.25 mm i.d., and 0.5 µm phase 
thickness, DB-Wax, J & W Scientific, Agilent). The carrier was helium applied at a flow 
rate of 1 mL min-1. The temperature of the injector was 250 ºC and 1 µL of oak or wine 
extract was injected. The oven temperature was initially held at 40ºC for 5 min, then 
increased linearly at a rate of 2 ºC min-1 up to 130 ºC and held at that  for 5 min; after 
that, it was again increased at a rate of 2ºC min-1 up to 180ºC and held for 2 min; finally, 
i was increased linearly at a rate of 4ºC min-1 up to 230 min. Two injections were carried 
out: one in split mode (50:1) for furfural and 5-methylfurfural and the other in splitless 
mode for the rest of the volatile compounds analyzed (5-hydroxymethylfurfural, furfuryl 
alcohol, trans-β-methyl-γ-octalactone, cis-β-methyl-γ-octalactone, guaiacol, 4-
ethylguaiacol, 4-vinylguaiacol, eugenol, cis-isoeugenol, trans-isoeugenol, syringol, 
vanillin, acetovanillone, benzaldehyde and 2-phenylethanol). Ionization was by electron 
impact at 70eV. The operating method was a scan mode at m/z between 30 and 300. The 
NIST library was used for identification. Quantification was based on eight-point 
calibration curves of the respective standards (Sigma-Aldrich, Steinheim, Germany) (R2 
> 0.95) in a 12% (v/v) ethanol solution with 6 g L-1 of tartaric acid at pH 3.2; analyzed 
under the same conditions.  
 
Statistical analysis 

This was carried out using the SPSS Version 21.0 statistical package for Windows 
(SPSS, Chicago, USA). Low molecular weight phenol, ellagitannins and volatile 
compounds were processed using variance analysis (ANOVA). Differences between 
means were compared using the Duncan test at 0.05 probability level. Principal 
component analysis (PCA), using Stagraphics Centurion 16.2.04, StatPoint Technologies, 
Inc. (Warrenton, United States), was performed individually with the low molecular 
weight phenol, ellagitannins and volatile compounds in the non-toasted and toasted 
woods.  

 
RESULTS AND DISCUSSION 
Low molecular weight phenol content in oak woods  
  Table 1 shows the LMWP obtained in Q. petraea (French and Romanian oaks), 
Q. alba (American oak) and Q. humboldtii (Colombian oak) woods after seasoning (non-
toasted) and toasting.  

The most abundant low molecular weight phenols in non-toasted wood were 
ellagic acid followed by gallic acid (Table 1). In toasted oak wood, the most abundant 
compounds were ellagic acid, sinapic aldehyde and coniferyl aldehyde. This result, both 
in non-toasted and toasted woods, coincides with that observed by other authors. 7 

Ellagic acid concentration in non-toasted wood showed non-significant 
differences among the different species or origins, and represented 68 to 90% of total 
LMWP (Colombian and American oaks, respectively). These results are in agreement 
with those described in the bibliography in Q. petraea and Q. alba.7 However, non-toasted 
Colombian oak presented the highest gallic acid concentration, with approximately twice 
as much as that in the other oaks. Therefore, gallic acid contribution to the total LMWP 
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was high in Colombian oak (29%), whilst being 10-18% (Rumanian and French, 
respectively) in Q. petraea and only 2% in American oak. The other acids studied found 
at lower concentrations -, syringic and vanillic acid  had lower concentrations in Q. 
humboldtii, except in the case of vanillic acid in Romanian oak which presented a similar 
concentration (Table 1).  

Thus, total concentration of phenolic acids in non-toasted woods was higher in Q. 
humboldtii than in Q. alba; however, no significant differences were found when 
comparing Q. humboldtii to Q. petraea (Table 1). The phenolic acids in Q. petraea and 
Q. alba after the toasting process presented higher or similar concentrations to those 
found before toasting (non-toasted), these results being similar to those observed by 
Cadahía et al. 7 Therefore, the toasting process increased the total phenolic acids in these 
oak species (Q. petraea and Q. alba,) by between 45 and 69%.  Table 1 shows that 
syringic and vanillic acids increased in all oak woods due to the toasting process, while 
ellagic acid only did so in Q. petraea from France and Q. alba, since the concentration in 
Q. petraea from Romania and Q. humboldtii remained constant. However, gallic acid 
concentration in Q. alba and in Q. petraea from Rumania increased, remained constant 
in French oak wood and even decreased in the case of Colombian oak: after toasting this 
was approximately 68% in Q. humboldtii , which  showed a decrease of 16% of total 
phenolic acids (Table 1). The concentration of some compounds, like gallic acid, has been 
seen to increase in Acacia heartwood after light and medium toasting, but to decrease at 
a higher toasting intensity (185 ºC for 45 min). 27 In this study, the toasting intensity is 
the same for all oaks, with all of them being toasted at the same time in the same oven. 
The differences could thus be because this oak may have a different composition in 
compounds not studied in this work, possibly lignin. 

After toasting ellagic acid had the highest content but its contribution to the total 
LMWP decreased with toasting, representing around 22 to 35% of the total(Colombian 
and French oaks, respectively). This was due to the increase of other compounds by 
toasting being higher (coniferyl and sinapic aldehydes). Ellagic acid was higher in French 
oak than in American wood, an already known fact; moreover, its concentration in 
Colombian oak was similar to that in the American one. Although after seasoning the 
Colombian oak had the highest gallic acid, after the toasting process this and the 
American were those with the lowest concentration of this compound. Though Q. 
humboldtii oak before seasoning had low syringic and vanillic acid concentrations, after 
toasting it had the highest content, but syringic acid showed no differences in comparison 
with French oak. Consequently, Colombian toasted wood presented a similar total 
concentration of phenolic acids to American oak, and lower than Q. petraea but only 
significantly as regards French wood (Table 1). 

With respect to the aldehydes, the non-toasted Colombian oak together with the 
Romanian were those with the lowest concentrations of coniferyl and syringic aldehydes. 
However, Q. humboldtii had the highest sinapic aldehyde content. 

Table 1 shows that Q. alba was the oak with the highest concentration of total 
aldehydes in non-toasted woods. Aldehydes showed a significant increase in their 
concentration after toasting. This result coincides with that observed by Cadahía et al. 7 
The highest increase of LMWP from seasoning to toasting was observed in the total 
aldehyde content, increasing from 1263 to 1799 µg g-1 of wood (Romanian and 
Colombian oaks, respectively). The total phenolic aldehyde content did not show any 
significant differences among species or origins after toasting (Table 11). 

Thus, after the toasting process, coniferyl and sinapic aldehydes did not show any 
significant differences among the different species or origins. These two compounds were 
those that increased most during toasting, so sinapic aldehyde contributed a great deal to 
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the total LMWP representing around 38 to 47% (Romanian and Colombian oaks, 
respectively) and coniferyl aldehyde was around 15 to 22% of total LMWP (Q. petraea 
and Q. alba, respectively). However, although the syringic aldehyde concentration was 
low in Q. humboldtii before toasting, this oak showed the highest concentration after this 
process, but without any significant differences with respect to Q. alba (Table 1).  

Thus, syringic aldehyde and vanillin are considered as markers for the aging of 
distilled beverages since they are useful for evaluating the quality of aged ones. 28,29 In 
addition, during the aging of wines in oak barrels, lignin is degraded into syringic 
aldehyde and vanillin, the latter contributing to the vanilla flavors typical of all wines 
aged in oak barrels. 30 Puech and Jouret 31 reported that a syringic aldehyde/vanillin ratio 
between 1.4 and 2.5 indicates a balance between the products of lignin degradation. In 
our samples, this ratio ranged from 1.51 to 4.74 in the Q. alba and Q. humboldtii oak 
woods (Table 1 and 3); however, this ratio was 3.49 in Q. petraea of French origin, and 
3.06 in Q. petraea from Romania, being higher in all oak woods except Q. alba than that 
reported by Puech and Jouret 31 in different species of toasted oak woods, and higher than 
that obtained by González et al. 19 in Q. humboldtti toasted oak wood. 

The principal component analysis (PCA), shown in Figure 1, was carried out to 
evaluate the discriminant power of LMWP for the four kinds of oak wood studied before 
(a) and after (b) the toasting process.  

Before toasting, the percentage of variance was 77.01% with two components 
(principal components 1 and 2 explaining 58.72% and 19.00% of the variance, 
respectively). Component 1 shows a wide distance between Q. humboldtii with respect to 
Q. petraea and Q. alba (Figure 1a). It has been noted that the most significant parameters 
to differentiate Q. humboldtii oak from the traditional ones were gallic acid, sinapic 
aldehyde and ellagic acid. The second component was principally correlated positively to 
syringic, gallic and vanillic acids, with the French oak being located more on the positive 
side of the second component axis.  

The percentage of variance in Figure 1b (PCA of toasted woods) was 87.79%, 
component 1  explained 57.04% of the variance and component 2  26.74%. Component 
1 has a closer negative correlation with syringic acid, vanillic acid, coniferyl aldehyde, 
sinapic aldehyde and syringic aldehyde with Q. humboldtii, the oak situated furthest to 
the left of the negative side of the first principal component axis. The second component 
did not differentiate either species or origin.  

Considering this, it can be observed that the Colombian wood differentiated very 
clearly from the rest of the species before toasting, which may be due to a different 
composition of the fresh wood or to the different seasoning method used. However, after 
the toasting treatment there is a greater similarity in its composition to the species 
traditionally used in cooperage, especially since ellagic acid decreased its contribution to 
total LMWP and increased the contribution of coniferyl and sinapic aldehydes with the 
last two compounds having similar concentrations in all the species studied. 

 
Ellagitannins 
 Table 2 shows ellagitannin compounds obtained from Q. petraea (French and 
Romanian oaks), Q. alba (American oak) and Q. humboldtii (Colombian oak) after 
seasoning and toasting. 

The most abundant ellagitannin compounds in non-toasted woods were castalagin 
and vescalagin as reported by Glabasnia and Hofman. 12 Castalagin represented 29 to 34% 
of total ellagitannins in non-toasted oak woods (French and Colombian oaks, 
respectively). Vescalagin represented 17 to 35% of total ellagitannins in non-toasted oak 
woods (Colombian and French oaks, respectively). The compound with the next highest 
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concentration was roburin D, 14 to 20% of total ellagitannins (French and American oaks, 
respectively). Therefore, it could be stated that the relationship between the different 
ellagitannins in Q. humboldtii is of the same order as in traditional oak woods. As in non-
toasted wood, the major ellagitannins in traditional toasted oaks were castalagin and 
vescalagin, these results being consistent with those observed by other authors3,32. 
Castalagin presented 63 to 54% of total ellagitannins in traditional toasted oak woods 
(American and Rumanian oaks, respectively) and vescalagin 25% to 15% (French and 
American oaks, respectively). However, after toasting the Colombian oak did not present 
the same relationship with respect to traditional ones among ellagitannins, since 
castalagin and vescalagin represented 15 to 11% of total ellagitannins, respectively. The 
major compounds in this oak were roburin D and grandinin with 38 to 22% of the total. 
Roburin C was the lowest quantified ellagitannin in non-toasted and toasted oak wood, 
as reported by Cadahía et al., 24 this compound also being the lowest in Q. humboldtii oak 
(Table 2). This concentration represented 0.9 to 4.9% of total ellagitannin compounds in 
non-toasted oak woods (French and American oaks, respectively), and 0.5 to 1.8% in 
toasted ones (French and American oaks, respectively). 

Regarding the quantitative contents in the composition of non-toasted oak woods, 
Q. humboldtii and Q. alba presented a lower concentration of monomers (castalagin and 
vescalagin), pentosylated monomers (grandinin and roburin E), dimers (roburin A+B) 
and roburin D than Q. petraea. Also, Q. humboldtii showed the lowest roburin C content 
after Q. alba. In addition, differences due to geographical origin were found, since French 
oak showed higher castalagin, vescalagin, roburin E and roburin A+B concentrations than 
Rumanian wood, though they are the same species (Q. petraea) (Table 2). 

In relation to the ellagitannin composition in toasted oak woods, the differences 
were similar in comparison with that found in non-toasted oak woods. Q. humboldtii and 
Q. alba were those with the lowest content of each ellagitannin, although in this case 
without any significant differences with respect to Romanian oak as regards some 
(roburin E and roburin D), or in grandinin when compared to French oak. Thus, 
comparing toasted Q. petraea of both origins, French oak presented a higher content of 
castalagin, vescalagin, and roburin A+B, while exhibiting lower amounts of grandinin 
than Romanian oak wood; these differences due to geographical origin were also 
observed by Prida and Puech. 3 

Therefore, total ellagitannin concentration in non-toasted and toasted oak wood 
was lower in Q. humboldtii and Q. alba than in Q. petraea (Table 2). Total ellagitannin 
content decreased during toasting in all oak wood species. During the toasting process, a 
variety of hydrothermolysis and pyrolysis reactions take place degrading wood 
constituents, including ellagitannins. 33 In addition, it has been shown that roburins A-E, 
grandinin, vescalagin, and castalagin decreased during toasting 24 with this decrease  
usually being higher when the toasting temperature increases. 32 It ranged from 83 to 87% 
in wood traditionally used in cooperage, and decreased by 92% in Q. humboldtii oak 
wood in our samples at 200ºC. Thus, the toasting process affects the ellagitannin 
composition of Q. humboldtii more than the rest of the oak woods studied. These results 
concerning ellagitannin content in toasted Q. alba and Q. petraea oaks have also been 
reported by several authors. 3,24,32 

Another principal component analysis (PCA) was carried out to evaluate the 
discriminant power of ellagitannins for the four kinds of oak wood studied, before (Figure 
2a) and after (Figure 2b) toasting. PCA was defined mainly by one component, since 
component 1 was 93.48 % and 82.73% of variance, respectively (non-toasted and toasted 
woods), and the second component was 4.50% and 14.71%, respectively. The main 
component (PC 1) differentiated the European oaks from the Q. humboldtii and Q. alba 
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woods and has a closer positive correlation with all ellagitannins in both non-toasted and 
toasted woods. However, component 2 in the non-toasted wood principally differentiated 
the American from the Colombian oak. This component is especially correlated positively 
with vescalagin, castalagin, A, B and E roburins. Once toasted, the composition of the 
Colombian wood resembled American oak even more; thus neither component could 
separate these two oaks. Moreover, after the toasting process, component 2 separated the 
French oaks from the Romanian ones. This was positively correlated with grandinin and 
roburin C, thus defining Romanian oak. In addition, a high variability in Q. petraea 
(French and Romanian oaks) was observed, which has been reported by several authors. 
24 However, Q. alba and Q. humboldtii presented similar compound concentrations.  
 
Volatile compounds 
 Table 3 shows the  volatile compounds in Q. petraea (French and Romanian oaks), 
Q. alba (American oak) and Q. humboldtii (Colombian oak) in non-toasted and toasted 
woods. 

The most abundant volatile compounds in non-toasted wood were 5-
hydroxymethylfurfural, vanillin, trans-β-methyl-γ-octalactone, and cis-β-methyl-γ-
octalactone, which represented 85 to 88% in the oak woods traditionally used in 
cooperage but 18% in Q. humboldtii. These compounds also presented high 
concentrations in non-toasted French and American oaks in the study by Fernández de 
Simón et al. 4 Table 3 shows that furfural was not detected in these non-toasted oak wood 
samples. Also 5-hydroxymethylfurfural or trans-β-methyl-γ-octalactone were not 
detected in the Colombian non-toasted wood nor was guaiacol in Q. petraea. Furfuryl 
alcohol, 4-ethylguaiacol, 4-vinylguaiacol, and cis-isoeugenol did not show any statistical 
differences among the studied non-toasted oak woods. Cadahía et al. 5 found similar 
concentrations of these compounds in non-toasted oaks and also no significant differences 
between Q. petraea from France and Q. alba. Non-toasted Q. humboldtii wood presented 
the lowest concentration of vanillin after Q. petraea, with the highest one in Q. alba oak 
(Table 3). Moreover, Q. alba showed the highest content of cis-β-methyl-γ-octalactone, 
acetovanillone, benzaldehyde, and 2-phenylethanol, and these compounds did not show 
any significant differences between Q. petraea and Q. humboldtii. However, Q. petraea 
non-toasted oak wood presented the highest concentration of 5-hydroxymethylfurfural 
while French wood had the lowest one and Romanian oak showed the highest 
concentration of trans-β-methyl-γ-octalactone. Finally, Q. humboldtii wood evidenced 
the highest content of guaiacol, and trans-isoeugenol.  

However, in toasted oak wood the most abundant compounds were furfural, 5-
methylfurfural, 5-hydroxymethylfurfural, cis-β-methyl-γ-octalactone and vanillin. These 
represented 96 to 99% of total volatile compounds (Colombian and French oak, 
respectively). In contrast, 4-ethylguaiacol, benzaldehyde and 2-phenylethanol showed the 
lowest abundance in toasted oak woods, and represented 0.03 to 0.10% of total volatile 
compounds (Q. petraea of Romanian origin and Q. humboldtii, respectively).  

Regarding toasted oak woods, 2-phenylethanol was the only compound that did 
not show any significant differences in concentration among the different origins and 
species. In toasted wood, Q. humboldtii exhibited higher amounts of several volatile 
compounds with respect to the other oak woods studied. These compounds were 5-
methylfurfural, furfuryl alcohol, guaiacol, 4-ethylguaiacol, 4-vinylguaicol, cis-
isoeugenol, trans-isoeugenol and syringol. In addition, this oak also presented the highest 
concentrations of eugenol together with the Romanian one. Prida and Puech 3 also 
observed a higher eugenol content in Q. petraea from Romania than that  from France 
and Q. alba. The odor descriptors usually used to characterize the aromatic contribution 
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of these compounds in wines are almond, caramel, moldy hay, burnt sugar, honey, smoke, 
phenolic, spice, flower, pink pepper and clove. 34,35 However, Q. humboldtii showed the 
lowest furfural, 5-hydroxymethylfurfural and cis-β-methyl-γ-octalactone concentrations, 
compounds with bread, almond, sweet, oaky, coconut and vanilla aroma notes. 34 On the 
other hand, Q. alba toasted oak wood presented the highest concentration of furfural, cis-
β-methyl-γ-octalactone, vanillin, acetovanillone and benzaldehyde. The fact that furfural 
and/or cis- octalactone are found in high concentrations in American oak has been 
observed by other authors 3-5,36-38; however, as regards vanillin and benzaldehyde this is 
not clear since some of these authors found a higher concentration in Q. alba and others 
in Q. petraea. Romanian oak wood evidenced the highest content of 5-
hydroxymethylfurfural, and trans-β-methyl-γ-octalactone.  

Therefore, total volatile composition in non-toasted woods was lower in Q. 
humboldtii than traditional oaks, with significant differences with respect to Q. alba and 
Q. petraea from Romania; however, none were found when compared to French Q. 
petraea (Table 3). The toasting process increased the volatile composition of oak wood, 
as has been reported by various authors. 4,5 A perceptible increase due to the toasting 
treatment was higher in the Q. humboldtii oak wood, since its initial concentration 
increased 103 times, followed by Q. petraea of both origins (France and Romania), which 
showed a 49-fold increase, and finally Q alba with a 29-fold increase. In spite of the high 
increase due to toasting, total volatile composition in the Colombian wood remained 
significantly lower than in Q. petraea from Romania and Q. alba, but statistically similar 
to Q. petraea from France (Table 3). This was due to the compounds whose concentration 
increased most after toasting which were furfural and 5-hydroymethylfurfural, 
representing 90-96% of the total volatile composition after toasting, while Q humboldtii 
and Q petraea from France had lower concentrations of these. Other authors, Cadahía and 
Fernández de Simón, 39 also reported that these two compounds were the most abundant 
in toasted oak woods.  

The last principal component analysis (PCA) was performed with the aim of 
identifying and evaluating the volatile compounds as this could differentiate oak 
according to species and origin, Q. petraea (French and Romanian oak), Q. alba 
(American oak) and Q. humboldtii (Colombian oak) before and after toasting (Figures 3a 
and b, respectively). These figures provide a graphical representation of the oak sample 
projections for each group on a plane defined by two main components (1 and 2). Before 
toasting, the percentage of variance was 68.71% with two components (component 1 
explained 36.65% of the variance and 2 explained 32.06%). After toasting, the percentage 
of variance was 73.87% with two components (component 1 explained 51.05% of the 
variance with component 2 explaining 22.82%). It shows a wide distance between Q. 
humboldtii with respect to Q. petraea and Q. alba samples, both before and after toasting, 
since component 1 had the most weight of variance. This component could only separate 
Q. humboldtii from the traditional ones. Q. humboldtii in figure 3a (non-toasted PCA) 
was located on the negative side of the first principal component axis defined by guaiacol, 
4-ethylguaiacol, eugenol, trans-isoeugenol, cis-isoeugenol, vanillin and 5-
methylfurfural; however, in figure 3b (toasted PCA) Q. humboldtii samples were located 
on the positive side of first principal component axis defined, like the other PCA, by 
guaiacol, 4-ethylguaiacol, trans-isoeugenol, cis-isoeugenol and 5-methylfurfural and also 
by 5-methylfurfural, 4-vinylguaiacol, and syringol. In this figure, component 1 again 
shows what is described above about the different behavior of the Colombian wood after 
toasting when compared to the woods traditionally used in cooperage for wine. 

In both cases (non-toasted and toasted) Q. alba oaks and Q. petraea ones (French 
and Romanian) were separated in component 2, while Q. humboldtii wood was situated 
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between the two, being closer to Q. petraea, especially after toasting (Figure 3). As 
regards this component, non-toasted and toasted Q. petraea woods were defined by 
furfural, trans-β-methyl-γ-octalactone and 5-hydroxymethylfurfural. Before toasting they 
were also defined by syringol and after toasting by eugenol, cis-isoeugenol and 5-
methylfurfural.  
According to the information provided by the variables related to PCA 1, and PCA 2 it 
has been concluded that Q. humboldtii wood volatile composition differed from  that of 
Q. petraea and Q. alba oak woods while being more similar to European woods than 
American ones. 
  
CONCLUSION 

Q. humboldtii (Colombian oak) showed interesting attributes of quality in relation 
to its low molecular weight phenolic, ellagitannins and volatile composition, points to be 
considered for cooperage. Non-toasted Q. humboldtii oak wood evidenced the same 
concentration of total phenolic acids and aldehydes as Q. petraea.The total low molecular 
weight phenols concentration in the toasted Colombian oak was statistically similar to the 
other oak woods Total ellagitannin concentration in non-toasted and toasted Q. 
humboldtii and Q. alba oak woods was much lower than in Q. petraea from France and 
Romania, beingsimilar to that in Q. alba. The significant concentration of volatile 
compounds quantified in toasted oak wood from Q. humboldtii with respect to the others 
suggests that this oak wood may be considered an important source of some volatile 
compounds. Ellagitannins and volatile composition of the oak woods more than the total 
low molecular weight phenols concentration allowed the differentiation of Q. humboldtii 
oaks compared to those traditionally used. Toasted Q. humboldtii oak wood presented the 
highest concentration of 5-methyl furfural, furfuryl alcohol, guaiacol, 4-ethylguaiacol, 4-
vinylguaiacol, cis and trans-isoeugenol, and syringol. Moreover, Colombian oak showed 
the lowest furfural, 5-hydroxymethylfurfural and cis-β-methyl-γ-octalactone 
concentrations. Thus, Q. humboldtii wood volatile composition differed from that of Q. 
petraea and Q. alba. 
 Considering the results obtained, Colombian Q. humboldtii wood can be 
considered suitable for aging wine, although further study is needed to adapt its treatments 
in cooperage and to evaluate its potential for oenology. 
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Table 1. Low molecular weight phenolic compounds concentration (µg g-1 of wood) obtained in wood of Quercus petraea (French and 
Romanian oak), Quercus alba (American oak) and Quercus humboldtii (Colombian oak) after seasoning (non-toasted) and already toasted 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All parameters are given with their standard deviation (n = 3). Different letters in the same column indicate significant differences (p<0.05) between 
the different oak woods.  

 Q. petraea Q. alba Q. humboldtii 
 French oak Romanian oak American Oak Colombian oak 

Non-toasted 
Acids     

Ellagic acid 613.19 ± 44.88 a 597.74± 58.13 a 419.94 ± 90.05 a 562.05 ± 193.61 a 
Gallic acid 139.28 ± 43.12 c 70.90 ± 30.01 b 8.51 ± 1.24 a 244.05 ± 26.39 d 

Syringic acid 8.15 ± 0.73 c 6.33 ± 0.88 b 6.54 ± 0.80 b 3.49 ± 0.52 a 
Vanillic acid 7.95 ± 0.53 c 4.07 ± 0.66 a 6.59 ± 0.75 b 4.05 ± 0.08 a 
Total acids 768.57 ± 62.24 b 679.04 ± 9.64 b 441.58 ± 20.40 a 813.64 ± 195.40 b 
Aldehydes     

Coniferyl aldehyde 3.74 ± 0.40 b 2.91 ± 0.34 a 3.99 ± 0.33 b 2.47 ± 0.05 a 
Sinapic aldehyde 6.41 ± 0.66 c  3.42 ± 0.38 a 5.28 ± 0.51 b 10.18 ± 0.29 d 

 Syringic aldehyde 12.13 ± 0.41 b 8.90 ± 1.19 ab 18.15 ± 4.27 c 5.51 ± 0.39 a 
Total aldehydes 22.27 ± 1.10 b 15.23 ± 1.56 a 27.42 ± 4.36 c 18.16 ± 0.60 ab 

  Toasted   
Acids     

Ellagic acid 1012.05 ± 233.90 b 786.61 ± 199.45 ab 641.69 ± 45.72 a 552.53 ± 99.36 a 
Gallic acid 157.27 ± 34.74 b 160.98 ± 31.01 b 69.87 ± 12.97 a 78.27 ± 13.85 a 

Syringic acid 26.11 ± 5.18 ab 24.59 ± 5.39 a 19.82 ± 2.13 a 33.84 ± 3.18 b 
Vanillic acid 10.79 ± 1.14 a 13.07 ± 2.44 a 13.86 ± 1.94 a 21.06 ± 1.10 b 
Total acids 1206.22 ± 261.78 b 985.24 ± 237.16 ab 745.24 ± 51.28 a 685.71 ±116.50 a 
Aldehydes     

Coniferyl aldehyde 428.41 ± 98.88 a 339.54 ± 72.42 a 513.97 ± 122.29 a 485.45 ± 60.62 a 
Sinapic aldehyde 1162.04 ± 234.30 a 867.44 ± 151.86 a 1007.98 ± 207.35 a 1181.60 ± 104.50 a 
Syringic aldehyde  78.68 ± 12.20 a 70.86 ± 14.42 a 86.23 ± 16.60 ab 110.93 ± 8.64 b 
Total aldehydes 1669.14 ± 343.77 a 1277.83 ± 233.92 a 1608.18 ± 346.20 a 1817.15 ± 166.25 a 
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Table 2. Ellagitannin concentration (µg g-1 of wood) obtained in wood of Quercus 
petraea (French and Romanian oak), Quercus alba (American oak) and Quercus 
humboldtii (Colombian oak) after seasoning and after toasting 

 Q. petraea Q. alba Q. humboldtii 

 French oak Romanian oak American Oak Colombian oak 

  Non-toasted   
Monomers     
    Castalagin 9941.73 ± 1200.14 c 7455.44 ± 2215.01 b 1357.86 ± 86.68 a 541.81 ± 75.28 a 
    Vescalagin 11763.17 ± 2645.92 c 6643.83 ± 2051.53 b 895.62 ± 52.50 a 272.03 ± 36.94 a 
pentosylated monomers     
    Grandinin 1878.33 ± 155.54 b 1976.19 ± 505.07 b 357.39 ±45.16 a 224.65 ± 20.72 a 
    Roburin E 3294.31 ± 501.52 c 23211.44 ± 680.49 b 299.72 ± 24.89 a 165.51 ± 23.46 a 
Dimers     
    Roburin A+B 1997.08 ± 325.30 c 1355.27 ± 298.30 b 176.82 ± 25.4 a 35.59 ± 5.64 a 
pentosylated dimers     
    Roburin C 303.55 ± 27.89 c 279.78 ± 20.57 c 202.36 ± 6.76 b 45.12 ± 2.67 a 
    Roburin D 4679.15 ± 614.07 b  3862.19 ± 1036.34 b 843.73 ± 48.83 a 320.44 ± 33.38 a 
Total ellagitanins 33857.31 ± 3033.26 c 23894.14 ± 3316.12 b 4133.49 ± 126.51 a 1605.16 ± 95.62 a 

  Toasted   
Monomers     
    Castalagin 3344.38 ± 1314.90 c 1975.80 ± 152.21 b 346.57 ± 154.81 a 17.05 ± 19.90 a 

    Vescalagin 1455.92 ± 600.01 c 869.99 ± 71.06 b 82.10 ± 40.65 a 12.78 ± 9.11 a 

pentosylated monomers     
    Grandinin 85.73 ± 45.03 a 305.47 ± 66.63 b 41.14 ± 9.95 a 25.33 ± 6.97 a 
    Roburin E 302.41 ± 210.58 b 163.51 ± 40.17 ab 17.48 ± 16.48 a 11.12 ± 4.91 a 

Dimers     
    Roburin A+B 238.97 ± 96.06 c 140.49 ± 10.24 b 18.62 ± 2.50 a 3.82 ± 0.53 a 

pentosylated dimers     
    Roburin C 29.80 ± 18.05 bc 41.02 ± 11.48 c 9.65 ± 2.95 ab 1.08 ± 0.89 a 

    Roburin D 377.39 ± 283.48 b 183.71 ± 76.11 ab 36.76 ± 9.86 a 43.97 ± 8.12 a 

Total ellagitanins 5834.59 ± 1491.72 b 3679.98 ± 200.75 b 552.33 ± 161.55 a 115.15 ± 24.87 a 
  
All parameters are given with their standard deviation (n = 3). Different letters in the same column indicate 
significant differences (p<0.05) between the different oak woods.  
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Table 3. Volatile composition (µg g-1 of wood) obtained in wood of Quercus petraea (French and Romanian oak), Quercus alba 
(American oak) and Quercus humboldtii (Colombian oak) after seasoning and toasting 

 Q. petraea Q. alba Q. humboldtii 
 

French oak Romanian oak American oak Colombian oak 

Non-toasted 
furfural nd nd nd nd 

5-methylfurfural 0.34 ± 0.51 a 2.09 ± 0.58 b 2.25 ± 0.19 b 2.76 ± 0.29 b 
5-hydroxymethylfurfural 13.99 ± 3.45 b 15.23 ± 3.63b 3.83 ± 1.05 a nd 

furfuryl alcohol 1.07 ± 0.09 a 1.01 ± 0.04 a 0.97 ± 0.04 a 0.97 ± 0.02 a 
trans-β-methyl-γ-octalactone 1.82 ± 0.10 a 13.24 ± 6.47 b 4.99 ± 0.36 a nd 
cis-β-methyl-γ-octalactone 5.93 ± 6.08 a 7.67 ± 4.30 a 50.15 ± 20.96 b 0.02 ± 0.00 a 

guaiacol nd nd 0.05 ± 0.01 b 0.10 ± 0.01 c 
4-ethylguaiacol 0.03 ± 0.00 a 0.03 ± 0.01 a 0.03 ± 0.00 a 0.04 ± 0.01 a 
4-vinylguaiacol 0.50 ± 0.01 a 0.50 ± 0.04 a 0.51 ± 0.06 a 0.49 ± 0.07 a 

eugenol 0.46 ± 0.22 a 2.04 ± 1.55 b 1.85 ± 0.03 ab 2.65 ± 0.08 b 
cis-isoeugenol 0.21 ± 0.03 a 0.20 ± 0.04a 0.22 ± 0.09 a 0.22 ± 0.01 a 

trans-isoeugenol 0.69 ± 0.01 a 0.69 ± 0.01 a 0.73 ± 0.02 a 0.95 ± 0.06 b 
syringol 0.08 ± 0.00 a 0.10 ± 0.01 b 0.09 ± 0.01 ab 0.09 ± 0.00 ab 
vanillin 6.06 ± 0.66 b 5.81 ± 0.80 b 10.58 ± 2.18 c 1.97 ± 0.19 a 

acetovanillone 0.29 ± 0.04 a 0.31 ± 0.02 a 0.42 ± 0.07 b 0.26 ± 0.01 a 
benzaldehyde 0.07 ± 0.02 a 0.05 ± 0.02 a 1.06 ± 0.15 b 0.05 ± 0.01 a 

2-phenylethanol 0.73 ± 0.28 a 0.40 ± 0.03 a 1.79 ± 0.91 b 0.25 ± 0.09 a 
Total volatile  32.28 ± 3.55 ab 49.38 ± 4.79 bc 79.50 ± 12.01 c 10.81 ± 0.95 a 

Toasted 
furfural 924.15 ± 129.00 b 1149.63 ± 162.83 c 1363.16 ± 41.56 d 533.53 ± 26.20 a 

5-methylfurfural 27.74 ± 4.55 b 23.41 ± 5.05 ab 16.92 ± 2.00 a  45.40 ± 1.32 c 
5-hydroxymethylfurfural 579.01 ± 76.76 ab 1191.90 ± 285.05c 804.27 ± 59.41 b 463.42 ± 38.03 a 

furfuryl alcohol 1.20 ± 0.04 a 1.56 ± 0.06 a 1.50 ± 0.09 a 12.32 ± 0.45 b 
trans-β-methyl-γ-octalactone 2.05 ± 0.21 a 19.51± 9.75 b 3.47 ± 0.42 a 0.06 ± 0.01 a 
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cis-β-methyl-γ-octalactone 12.65 ± 1.41 b 13.27 ± 7.28 b 27.10 ± 3.84 c 0.30 ± 0.09 a 
guaiacol 0.40 ± 0.03 a 0.55 ± 0.12 a 0.93 ± 0.20 b 3.74 ± 0.26 c 

4-ethylguaiacol 0.14 ± 0.01 a 0.11 ± 0.01a 0.26 ± 0.08 b 0.61 ± 0.02 c 
4-vinylguaiacol 0.49 ± 0.01 a 0.51 ± 0.02 ab 0.54 ± 0.04 b 0.67 ± 0.03c 

eugenol 1.60 ± 0.21 a 5.59 ± 0.50 b 2.07 ± 0.26 a 3.34 ± 0.19 b 
cis-isoeugenol 1.74 ± 0.11 a 2.11 ± 0.62 a 1.52 ± 0.44 a 7.23 ± 0.49 b 

trans-isoeugenol 1.96 ± 0.05 a 2.24 ± 0.39 a 2.90 ± 0.24 b 5.39 ± 0.30 c 
syringol 1.43 ± 0.08 a 1.92 ± 0.52 a  3.39 ± 0.66 b 10.14 ± 0.87 c 
vanillin 22.54 ± 3.89 a 23.18 ± 0.80 a 57.00 ± 12.79 b 22.36 ± 1.21 a 

acetovanillone 1.44 ± 0.19 a 1.34 ± 0.10 a 4.33 ± 1.29 b 2.29 ± 0.20 a 
benzaldehyde 0.16 ± 0.01 a 0.15 ± 0.01 a 0.27 ± 0.04 b 0.17 ± 0.01 a 

2-phenylethanol 0.27 ± 0.09 a 0.43 ± 0.13 a 0.40 ± 0.23 a 0.38 ± 0.02 a 
Total volatile 1578.96 ± 255.45 a 2437.42 ± 386.85 b 2290.02 ± 370.89 b 1111.37 ± 163.88 a 

All parameters are given with their standard deviation (n = 3). Different letters in the same column indicate significant differences (p<0.05) between the different 
oak woods. nd=not detected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 

Martínez-Gil, A., Cadahía, E., Fernández de Simón, B., Gutiérrez-Gamboa, G., Nevares, I., & del Álamo-Sanza, M. (2018). 
Phenolic and volatile compounds in Quercus humboldtii Bonpl. wood: effect of toasting with respect to oaks traditionally 

 used in cooperage. Journal of the Science of Food and Agriculture. https://doi.org/10.1002/jsfa.9190

UVaM
OX



Figure 1. Principal Component analysis results carried out with all low molecular weight phenolic compounds found in Quercus petraea, (French 
and Romanian) Q. alba, (American), and Q humboldtii (Colombian) oak woods. PCA of non-toasted wood (figure 1a) and PCA of toasted wood 
(figure 1b). 
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Figure 2. Principal Component analysis results carried out with all ellagitannins found in Quercus petraea, (French and Romanian) Q. alba, 
(American), and Q humboldtii (Colombian) oak woods. PCA of non-toasted wood (figure 2a) and PCA of toasted wood (figure 2b). 
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Figure 3. Principal Component analysis results carried out with all volatile compounds found in Quercus petraea, (French and Romanian) Q. alba, 
(American), and Q humboldtii (Colombian) oak woods. PCA of non-toasted wood (figure 3a) and PCA of toasted wood (figure 3b). 
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