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ABSTRACT 
During the aging of red wine in oak wood barrels, or in alternative aging systems, 
interactions between the compounds released from wood, the compounds of the wine and 
oxygen can take place. The main objective of the present work was to study oxygen-
ellagitannin interactions by monitoring their levels in three model systems all containing 
the same amounts of French oak chips and only differing in the oxygen content: total 
absence, only the oxygen released from the chips and air-saturated (model systems F, 
OW and OS, respectively). This study has highlighted the influence of oxygen in the 
ellagitannins evolution and the relevance of the oxygen trapped into the oak chips, 
reporting for the first time the kinetics of oxygen release to the model wine. Furthermore, 
the indirect contribution of oxygen to the ellagitannin disappearance by boosting auto-
oxidative reactions has also been pointed out. Vescalgin seems to be the ellagitannin most 
affected by the initial oxygen levels. 

Keywords: dissolved oxygen, ellagitannins, oak chips, oxygen consuming kinetics, oak 
wood. 

INTRODUCTION  
Oak barrels allow wine to receive small quantities of oxygen, which facilitates the process 
of aging in barrels. Some published studies describe the evolution of dissolved oxygen 
(DO) in a model wine in contact with wood, measuring the DO decrease due to the fact 
that ellagitannins, some of the components that can be transferred from the wood, could 
consume the oxygen.1,2 Other papers analyze the transfer kinetics of the main 
ellagitannins of oak wood to aging wines.1–6 In addition, there is undoubtedly interest in 
discovering the amount of oxygen that wood contributes to the wine (auto-oxygenation) 
either by adding wood chips7 or even by the staves when the barrel is filled with wine.8 
All these studies supply very significant information regarding the wood, ellagitannins 
and oxygen interaction. However, no studies have tackled the three aspects 
simultaneously, i.e. evaluating the oxygen and the ellagitannins provided by the oak wood 
to the aging wine, the decrease in dissolved oxygen in the wine due to consumption by 
some of the compounds that the wood release to the wine and finally, the role of the 
ellagitannins supplied by the wood in the decrease in the dissolved oxygen present in the 
wine.  
The scenario is complex as, when oak wood is added to a wine (oak chips), they begin to 
soak releasing to the wine the oxygen adhering to their surface. This oxygen is not 
considered oxygen from the wood since it is not trapped in the porosity of the wood itself. 
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When the wood starts to be impregnated with the wine and the liquid begins to fill the 
void spaces in the wood (wood porosity), the air contained in the wood is displaced so it 
commences to soak first and to flood afterwards. The problem lies in the fact that when 
the wood enters into contact with the model wine, an extraction process of a series of 
hydro soluble compounds with a great oxygen consumption capacity (reductants) occurs 
and these are postulated as buffer compounds acting by limiting wine oxidation.9,10 
Because of this, the measurement of dissolved oxygen present in the model wine does not 
reflect the oxygen contributed by the wood, but rather only the oxygen remaining after 
the oxygen interaction with the compounds released by the wood, among which 
ellagitannins stand out. Therefore, it is important to take into account the oxygen 
contained in the oak wood as an oxidizing agent of the compounds released by the wood. 
The objectives of this work are to evaluate the role of ellagitannins as oxygen-consuming 
compounds and the importance of oak chips as natural micro-oxygenators. For this, it is 
necessary to study the evolution of dissolved oxygen and the content of ellagitannins in a 
model wine treated with oak chips. This paper presents, for the first time, the results 
obtained on simultaneously evaluating the oxygen and the ellagitannins contributed by 
French oak chips to a model wine in different scenarios: when the model wine only has 
the oxygen provided by the oak wood (to evaluate the most normal situation when treating 
wines with alternatives), when the model wine and the oak wood are completely free from 
oxygen (in order to evaluate the ellagitannins content in a completely oxygen-free 
scenario) and when wine has the maximum oxygen content possible in a winey situation 
(air saturated medium). 
 
MATERIALS AND METHODS 
 
Wood. Medium toasted French oak chips (Quercus petraea (Matt.) Liebl.) supplied by 
OenoWood International (Cognac, France) were used, with an average size of 1.2-1.5 cm 
long; 0.9-1.1 cm wide, 0.1-0.3 cm deep, 0.562 g/cm3 density and a weight/surface ratio 
of 0.1 g/cm2. The porosity of the oak wood (63.2%) was calculated as described 
elsewhere.11 A medium level toasting process (160-170ºC during 20 min) was carried out. 
The oak chips dose used was 10 g/L. 
 
Model wine. Hydroalcoholic solution (12.5%) of pH 3.5 was used. This solution has been 
proved not to consume oxygen by measuring the DO consecutively in a hermetically 
sealed container. All the tests were carried out in triplicate in 1.15 liter clear glass 
containers (DURAN Group GmbH, Germany) which, as they were endowed with butyl 
septum, maintained water/air tightness throughout the experiment (this was checked 
beforehand).  
 
Experimental design. Different simultaneous tests were carried out providing 
comprehensive knowledge of the evolution of the dissolved oxygen and the ellagitannins 
released into the model wine stored with French oak chips for 120 days. Specifically, the 
DO and the ellagitannin total and individual (castalagin, vescalagin, grandinin and 
roburin E) contents were evaluated in a deoxygenated model wine with deoxygenated 
chips, that is free from oxygen (model system F), in a deoxygenated model wine with 
chips (model system OW) and in a model wine saturated with air and with chips (model 
system OS). Finally, the increase in wood weight was evaluated when it was flooded by 
the model wine (impregnation test) (Figure 1). All the tests were carried out in triplicate. 
A detailed explanation of determination procedures of oxygen kinetics and wood 
impregnation can be read in Supporting Information. 
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Measurement of DO. The monitoring of DO was performed with integrated optical 
oxygen sensors in the transparent bottles closed with butyl septum to ensure no oxygen 
contamination. The sensors were spots of oxygen sensitive redflash indicators 
(PyroScience GmbH, Aachen, Germany) glued to the inner wall of the clear glass 
containers [resolution: 0.01% O2 (0.005 mg/L) at 1% O2, 0.05% O2 (0.025 mg/L) at 20% 
O2; Accuracy: ±0.02% O2 (0.01 mg/L) at 1% O2 or ±0.2% O2 (0.1 mg/L) at 20% O2], 
which allow DO readings by means of nine optical fibers connected to three FireStingO2 
optical oxygen meters (PyroScience GmbH, Aachen, Germany). The samples were kept 
at a constant room temperature of 15±0.5°C. The oxygen sensors of each bottle were 
calibrated according to the manufacturers’ protocol, with measurements performed at two 
calibration points: oxygen-free water (0% air saturation) and air-saturated water (100% 
air saturation). Measurements were performed in ultrapure water in saturation conditions 
according to ISO 5814:2012 (ISO, 2013) and in oxygen-free water at a concentration of 
0 mg/L. The 0% calibration standard was prepared based on a strong reductant; in this 
case, sodium dithionite (Na2S2O4) (Panreac, Barcelona, Spain) at a concentration of 30 
g/L. 
  
All oxygen-measuring equipment had a temperature probe, pressure transducer and 
humidity sensors used for temperature, pressure and humidity compensation. The 
corresponding temperature probes were in contact with bottles, independently from the 
luminescence equipment so as to have other means of correcting the measured values and 
ensuring the quality of the measurements.  
 
Phenolic composition of the oak chips. In order to study the total phenolic composition, 
oak chips were ground and the powder was exhaustively extracted (5 extractions, 15 min 
of sonication per extraction) in triplicate with a solution of methanol:water (50:50) 
previously sparged with Nitrogen. Extracts were concentrated in a rotary vacuum 
evaporator and dissolved in ultrapure water. Samples were analyzed by means of HPLC-
DAD-MSn-multiple reaction monitoring (MRM) analysis after the addition of (-)-
gallocatechin (0.015 mg/mL) as internal standard and filtration (0.45 µm hydrophilic 
PVDF ClarinertTM Syring Filters, Agela Technologies, Wilmington, DE 19808, USA). 
This first preliminary study can supply information about the phenolic potentiality of the 
wood employed in the present study. However, the extractability of the phenolic 
compounds is influenced by the size of the wood piece from which they are extracted.12 
For this reason, the same extraction procedure and analysis methodology were directly 
applied to the oak chips to determine their phenolic profile, which is more related to the 
extraction that would take place in the model systems of the present study and which 
might be used as a reference for the extraction process in the model systems. 
 
Analysis of the ellagitannins extracted from the oak chips in the model systems. An 
aliquot of each of the triplicates of each model system was sampled at ten different 
moments during the study period. Samples were diluted 1:1 with acidified water (acetic 
acid, pH 3.5). Then, (-)-gallocatechin was added to the samples as internal standard (0.015 
mg/mL) and samples were filtered (0.45 µm hydrophilic PVDF ClarinertTM Syring 
Filters) before the HPLC-DAD-MSn-MRM analyses. 
 
HPLC-DAD-MSn-MRM analysis. HPLC-DAD analyses were performed in a Hewlett-
Packard 1100 series LC (Agilent Technologies, Waldbronn, Germany) with a previously 
developed HPLC method.13 MS detection was performed in an API 3200 Qtrap equipped 
with an ESI source and a triple-quadrupole linear ion trap mass analyser controlled by 
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Analyst 5.1 software (Applied Biosystems, Darmstadt, Germany). Mass conditions have 
also been previously optimised and validated for the qualitative and quantitative analyses 
of oak ellagitannins.14 To be precise, the four main oak ellagitannins (castalagin, 
vescalagin, roburin E and grandinin) were quantified through a multiple reaction 
monitoring analysis (MRM) in negative mode. Castalin and vescalin were quantified as 
castalagin equivalents, from the peaks observed in the XIC (extracted ion chromatogram) 
at m/z 631 and corrected by the signal of the internal standard in the XIC at m/z 305. The 
evolutions over time of ellagic acid and compounds related to the thermal degradation of 
lignin (coniferaldehyde and sinapaldehyde) were monitored from the peaks observed in 
the chromatogram recorded at 250 nm. 
 
Data modelling. Microsoft Excel 2013 (Redmond,WA, USA) and SOLVER function 
were used for regression analysis. Experimental data were fitted to a model comprising 
different processes following a first order kinetic each one. Fitting was done by non-linear 
regression, minimizing the squared errors by using an iteration protocol based on the 
robust and reliable generalized reduced gradient (GRG) method. The goodness of fit of 
the models was assessed using determination coefficient (R2). Default values were 
randomly selected before starting the fitting and negative values were restricted during 
fitting.  
 
RESULTS AND DISCUSSION 
 
Impregnation of the oak chips during wine aging. 
The weight increase of the chips involves adding model wine to the wood: this addition 
of liquid is in the form of bound water until the humidity of the wood reaches the Fiber 
saturation point (FSP), which is 30% in oak (Figure 2a). The water is not bound above 
30%: it is known as free water and occupies the void space, which entails wood porosity, 
displacing the air trapped in it, which contains 20.96% oxygen. Thus, the oxygen 
transferred by the chips over aging time due to wood impregnation was calculated by the 
increase in weight evaluated in the impregnation test. Figure 2b shows the results obtained 
in the 3 repetitions carried out.  
 
Evolution of oxygen released from oak chips.  
The transfer of the oxygen contained in the wood was observed and, according to the 
results, it can be stated that 95% of the oxygen from the oak chips is transferred in the 
first month of aging (Figure 2b). It needs to be mentioned that approximately 0.2 mg of 
oxygen were released per g of chips after 60 days (Figure 2b), as an average increase of 
2.2 mg oxygen was quantified in the model wine due to the increase in weight of the wood 
with a density of 0.562 g/cm3. This result is similar to that determined by Piracci,7 who 
estimated that the wood in the chips with a density of 0.645 g/cm3 had a porosity of 28-
30% (obtained from the difference in weightings before and after submerging the chips 
in water). These data7 were used to determine that, when the chips flooded with the wine, 
they would provide 0.135 mg oxygen per g of oak chips. A correct estimate of the oxygen 
contained in alternative products (oak chips, staves, cubes…) which are added to wine is 
very important in wine aging processes. The wine needs to count on the oxygen necessary 
to evolve appropriately during these processes of aging with wood products, so the dose 
of oxygen provided by the wood itself needs to be added to that added by active or passive 
micro-oxygenation.15  
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In addition, Figure 2b shows the evolution of the measured DO present in the 
deoxygenated model wine from the moment when it enters into contact with chips (OW). 
The results indicate that the kinetics of oxygen transfer from the chips is greater than the 
oxygen consumption kinetics in the first day of aging, because of which a constant 
increase in DO content is observed in the model wine until that time. Afterwards, and 
although the oxygen transferred from the chips increases due to its impregnation, the DO 
reading in Figure 2b shows that oxygen consumption by oak compounds is taking place. 
The oxygen still grows until day 3 when oxygen consumption seems to be similar to 
oxygen release from oak, so that the DO content stabilizes (Figure 2b). From that moment 
the dissolved oxygen in the model wine begins to fall as a consequence of the slowdown 
in the transfer of oxygen from the wood and the consumption of the oxygen released. This 
consumption is high and leaves the model wine without oxygen in 55 days. 
 
This result indicates that after 5 days the consumption of the oxygen transferred from the 
chips by the substances released from wood (mainly ellagitannins) is clearly detectable 
and after 55 days there is practically no oxygen in the wine. This situation reproduces the 
normal scenario in an aging process of a finished red wine with oak chips and micro-
oxygenation, in which the quantity of oxygen added to the wine in the first few weeks is 
exclusively that transferred from the wood chips with which it ages. Afterwards, 
depending on the process, small quantities of oxygen are added using the micro-
oxygenation technique, which provides the oxygen required for the wine to evolve 
appropriately. The dose varies according to the type of wine and the alternative product 
used (size, type of wood…).15,16 
 
Oxygen kinetics in the model systems.  
It has been possible to adjust by least squares the evolution of the total DO in the model 
system where the impregnation test was carried out (Figure 3a) and in model system OW 
(Figure 3b) to a kinetic model that comprises the two main processes that have been 
observed to occur in the present study: (1) oxygen release from oak wood (O2 released 
from wood) and (2) oxygen consumption (Ccon). Both processes can occur simultaneously 
and it was assumed to follow a first order kinetics.  
 
Regarding oxygen release from wood (Cwood), it can be assimilated to two different sub-
processes, on one hand the oxygen adsorbed on the chips´ surface together with the 
oxygen released when the first mm thickness of the oak chips wets over 30% MC (Cde). 
On the other hand, the oxygen entrapped in the void space of the wood (porosity) when 
it floods with the model wine and the trapped air is displaced outside of the wood (Cfl) 
(Figure 3a). Thus, the DO concentration released from oak wood could be calculated at 
each moment by the following equation (Eqn.1):  
 

Cwood = Cde*(1-e-Kde*t) + Cfl*(1-e-Kfl*t)  (Eqn.1) 
 

Cde and Cfl are the dissolved oxygen concentrations (mg/L) involved in each process (de: 
desorption; fl: flood) and kde and kfl (day-1) are the kinetic constants of these processes.  
Figure 3a shows the adjustment of the model to the real data in the model system where 
the impregnation test was carried out as well as the curves of the two oxygen release 
processes (desorption Cde =1.712; kde =0.833, and oxygen displaced by model wine when 
flood Cfl =0.443; kfl =0.043) from oak wood shown separately. In all cases the goodness 
of the adjustment is higher than 0.96.  
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When modeling the real dissolved oxygen present in OW model wine it is necessary to 
adjust by least squares the evolution of the total DO content (C) to a kinetic model that 
comprises the two main processes that have been observed to occur in the present study: 
the oxygen release from wood (Cwood) which has been described before, and the oxygen 
consumption (Ccon). Hence, the total DO content could be calculated at each moment by 
the following equation (Eqn.2):  
 
C = Cwood - Ccon*(1-e-Kcon*t)= Cde*(1-e-Kde*t)+Cfl*(1-e-Kfl*t)-Ccon*(1-e-Kcon*t) (Eqn.2) 
 
Ccon is the dissolved oxygen concentrations (mg/L) involved in consumption and kcon 
(day-1) is the kinetic constant of this process.  
 
Figure 3b shows the adjustment of the model to the real data in the OW model system as 
well as the curves of the oxygen release and the oxygen consumed by oak wood 
compounds (Ccon =2.18; kcon =0.059), the goodness of the adjustment is higher than 0.99. 
Thus it has been possible to determine the kinetics of oxygen consumption by the 
compounds released by the wood. 
 
Another model system in which liquid was saturated with air (OS) was also studied. This 
is an unusual situation during wine aging, but possible in a winery scenario whose study 
could help to understand the phenomena occurring when oxygen availability is at a 
maximum. From the results obtained and shown in Figure 3c, it can be deduced that the 
substances transferred from the wood chips gradually consume the oxygen available in 
the wine, thus producing an oxygen consumption kinetic which is described by the 
tendency shown in the figure.  
 
The substances transferred from the dosed wood (10 g/L) to an air-saturated model wine 
(OS) needed almost 4 months to exhaust the oxygen. In the model system OS, with air-
saturated model wine but also with the oxygen released from oak wood chips, the oxygen 
release from the chips can be either considered or neglected. In this second case, it can be 
considered that all the oxygen present in the model system is dissolved from the 
beginning. In both cases the degradation would be similar, and the oxygen concentration 
(C) in the model system OS could be calculated at each moment by the following equation 
(Eqn.3): 
 

C = Cini - Ccon*(1-e-Kcon*t)    (Eqn.3) 
 

Cini is the initial oxygen concentration in the model system OS (Cini = 10.86 mg/L), Ccon 
is the oxygen consumed (mg/L) and kcon (day-1) is the kinetic constant of this consumption 
process (Ccon = 10.86; kcon = 0.03). The goodness of the adjustment is higher than 0.99. 
Furthermore, the kinetics of that consuming process is very slow in relation to that 
observed in model OW, which can be related to the higher DO content in model system 
OS in relation to OW (up to five times higher than the oxygen potentially released from 
wood in model system OW). 
 
Evolution of oak ellagitannins and related compounds in the model systems.  
The preliminary studies carried out in the oak chips powder and directly in the oak chips 
(Supporting Information section 1) revealed the presence of ellagitannins and 
ellagitannin-related compounds, ellagic acid and compounds related to the thermal 
degradation of lignin,17 such as coniferaldehyde and sinapaldehyde. The ellagitannins and 
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ellagitannin-related compounds constituted the majority of the extractable compounds, 
accounting for almost 80% of the total area of the chromatogram of the oak chips extracts 
recorded at 250 nm. Bearing this fact in mind and taking into account that they can take 
part in oxidation reactions,18 it might be hypothesized that ellagitannins could be the main 
oxygen consumers in the model systems. In order to verify this hypothesis, the evolutions 
of the levels of these compounds were monitored along all the study in all the three model 
systems.  
 
As is mentioned above model system F will serve as the reference for the behavior of the 
ellagitannins in absence of oxygen. In this system, dissolved oxygen content was close to 
zero (values below 0.01 mg/L) throughout the test. Thus, differences in the evolution of 
the ellagitannins in model systems OW and OS in relation to model system F could be 
attributed to the presence of different levels of oxygen.  
 
Figure 4 shows the evolution of the total ellagitannin content in the three model systems. 
These total ellagitannin contents were calculated as the sum of the four main oak 
ellagitannins detected in the oak chips (castalagin, vescalagin, grandinin and roburin E). 
Castalin and vescalin, which were also present in the oak chips but can be formed from 
the other ellagitannins, were monitored separately in order to evaluate the involvement of 
oxygen in their formation during the experiment. 
 
In model system F, the evolution of the ellagitannins can be divided into three steps: first, 
a fast increase of the levels followed by a somehow stabilization and then, by a decrease 
at two different rates. In that model system, it can be deduced that the only processes that 
are taking place during the first stage are the extraction of the ellagitannins from the oak 
chips and their diffusion to the model solution. First, the evolution until the moment of 
the maximum content (Figure 4, Inset) is in accordance with the two-steps kinetic model 
recently proposed by García-Estévez and co-workers (2015)3 to explain the extraction of 
ellagitannins from wood. Thus, at the very beginning of the experiment, ellagitannins 
were already detectable (52 mg/L) in model system F, which might correspond to the 
amounts extracted during the washing step (extraction of the ellagitannins from the 
surface of the chips). Then, the levels increased until day eight (the day when the 
maximum content was reached) but at two different rates, one faster until the fifth day 
and the other slower from that day to the eighth day, which fits well with the diffusion 
process at two different rates proposed by the kinetic model. Second, the maximum 
content of total ellagitannins reached in this model system (627.6 mg/L) was almost the 
same as that detected in the preliminary study on the exhaustive extraction of the oak 
chips (637.9 mg/L) with methanol:water (50:50). 
 
The second stage ranged from day 8 to day 17 and corresponded to a somehow “plateau” 
(above all in the case of castalagin, as it will be shown below) or slow decrease of the 
levels. At this stage, the extraction and disappearance of the ellagitannins were quite 
balanced. However, during the last stage of the ellagitannin evolution in model system F, 
the disappearance rate increased, which was due to fact that the reactions leading to the 
disappearance of the oak native ellagitannins were more important than their extraction 
from the oak chips. Since in that model system oxygen was absent, the ellagitannins 
themselves can be at the origin of their disappearance probably through auto-oxidation 
reactions (from now onwards “oxygen-independent” reactions). Despite this decrease in 
the total ellagitannin content, at the end of the study (more than three months) 60% of the 
maximum content was still detectable in the model system.  
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Respecting the evolution of the total ellagitannin content in model system OW, it can be 
seen in Figure 4 that the “plateau” stage is absent and only the increase and decrease 
phases can be observed. Regarding the increase stage, the maximum level is lower and is 
reached earlier (day 6) than in model system F. Since the chips employed in both model 
systems are the same as well as the model solution, the only difference between model 
systems F and OW is the absence of oxygen in the former and the availability of the 
oxygen trapped into the chips in the latter one. In model system OW, two processes are 
occurring simultaneously when the oak chips are getting wet: the extraction of the 
ellagitannins and the dissolution of the oxygen adsorbed in the surface of the oak chips 
and of that released from the first mm thickness. Consequently, ellagitannins can 
encounter oxygen in the solution from the very beginning and react with it, causing a 
decrease in the levels of both types of compounds. As it was mentioned above and shown 
in Figure 2, the maximum DO level determined in model system OW was quite lower 
than the theoretical oxygen level that should be reached if the release from oak chips were 
the only process occurring in the model system. This can be interpreted as a rapid 
consumption of part of the oxygen released from the oak chips. Thus, ellagitannins, the 
only compounds present in the solution from the very beginning, might be the main 
consumers of this oxygen and this would explain the lower levels at the maximum. 
Furthermore, the absence of the “plateau” phase and the earlier beginning of the decrease 
phase in model system OW in relation to model system F can be explained by the co-
existence of two different types of reactions: i) the ellagitannin degradation through 
reactions that do not involve oxygen directly (oxygen-independent reactions), which also 
occurred in model system F, and ii) the oxygen-dependent reactions in which oxygen and 
ellagitannins take part (direct effect). Furthermore, oxygen itself can also can boost the 
oxygen-independent reactions through the formation of products of the ellagitannin 
oxidation, which, in turn, can react with the native ellagitannins in absence of oxygen 
(indirect effect). This influence of the oxygen can be observed during all the decreasing 
phase and there seems to be a correlation between the disappearance rates and the levels 
of dissolved oxygen. In fact, the highest rates were observed when there was more oxygen 
available (from day 6 to 20), decreasing then from day 20 to day 40, as the availability of 
the oxygen decreases (from 30% to 7% of the maximum oxygen content). From day 40 
till the end of the experiment, when the already reduced oxygen levels fell until 
disappearance, the rate was similar to that observed in model system F, which is 
indicative of a reduction of the influence of oxygen-dependent reactions in model system 
OW during this period.  
 
Respecting model system OS, the evolution of the ellagitannins was similar to that 
observed in model system OW, with a first stage where the levels increased, reached a 
maximum at day 5 and then decreased. As it could be expected from the different levels 
of dissolved oxygen detected in them, the ellagitannin contents were lower in all the 
stages in model system OS. However, differences were lower than expected if we take 
into account that the dissolved oxygen detected in model system OW represented during 
most of the experiment less than 10% of the dissolved oxygen detected in model system 
OS. For example, at the moment of maximum ellagitannin levels the total medium content 
was 627.6 mg/L, 495.7 mg/L and 393.4 mg/L for model systems F, OW and OS, 
respectively, whereas the DO determined were 0 mg/L, 1.19 mg/L and 9.23 mg/L, 
respectively. Thus, the increase from 0 mg/L to 1.19 mg/L caused a reduction of 21% of 
the total content in model system OW in relation to F, whereas an additional increase of 
8 mg/L in model system OS in relation to OW only caused an additional decrease of 21% 
of the total content despite the greater increase in the oxygen levels. As it was previously 
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indicated for model system OW, the initial moment when both the ellagitannins and the 
oxygen are extracted from the oak chips to the model solution seem to be a crucial step. 
At this moment, the oxygen-to-ellagitannins ratio has to be very similar in both model 
systems (the oak chips are the same in both cases and consequently, the ellagitannin 
contents and the oxygen trapped in them) and it has to be probably much higher than later 
on, when ellagitannins and oxygen are diffusing to the model solution. Thus, the oxygen-
dependent reactions will start in both model systems simultaneously and the small 
differences in their ellagitannin levels might be explained by the differences in the oxygen 
present in the model solution of model system OS. Furthermore, the presence of oxygen 
in the model solution can decrease, in turn, the rate of oxygen release from the chips, 
since the concentration gradient is smaller than in the case of model system OW. This 
hypothesis would explain why the ellagitannin levels are not so different in both model 
systems during the increase phase despite the differences in the DO contents. On the 
contrary, during the decrease phase the higher oxygen levels in model system OS would 
affect the ellagitannin levels since ellagitannins encounter more oxygen molecules during 
their diffusion to the solution than in model system OW, where oxygen was initially 
absent in the solvent. 
 
The influence of the higher levels of dissolved oxygen in model system OS can be more 
clearly observed in the fastest stage of the decrease phase (Figure 4), which lasted 35 days 
in that model system and only 15 days in model system OW. Furthermore, the slope of 
this fastest stage is higher in model system OS than in model system OW. In addition to 
the higher direct effect of oxygen on the ellagitannin levels, the higher oxygen levels have 
probably promoted the oxygen-independent reactions, thus contributing to the greater 
disappearance of ellagitannins in model system OS during all the experiment. 
Nevertheless, the differences between ellagitannin levels were not, again, as great as it 
could be expected from the differences in the DO. It seems that the influence on the 
ellagitannin levels of the oxygen released from the chips is higher than the influence of 
the oxygen present in the model solution.  
 
It is also important to remark that from day 40 to the end of the study the slope of the 
decrease is the same in both model systems and very similar to that observed in model 
system F, despite the relatively high DO levels in model system OS (circa 3.5 mg/L) and 
the almost absent oxygen levels in model system OW. As indicated for model system 
OW, the decrease observed from day 40 to the end is mainly governed by the same 
oxygen-independent reactions that occurred in model system F, although in the case of 
model OS there is oxygen still available. This fact points to a small direct influence of 
this still available oxygen on the ellagitannin levels at this late stage of the experiment. 
However, oxygen continues disappearing from day 40 to the end, probably by taking part 
in reactions with the products of the oxygen-independent reactions. 
 
It has been possible to adjust by least squares the evolution of the total ellagitannin content 
in the three different model systems to a kinetic model that comprises the three main 
processes that have been observed to occur in the present study: extraction (1), oxygen-
dependent reactions (2) and oxygen-independent reactions and/or degradation (3). The 
three processes can occur simultaneously and it was assumed to follow a first order 
kinetics. According to the proposed model, the ellagitannin concentration could be 
calculated at each moment by the following equation (Eqn.4):  
 

[Elag]=Cext*(1-e-Kext*t)-Cox*(1-e-Kox*t)-Cdeg*(1-e-Kdeg*t) [Eqn.4] 
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Cext, Cox and Cdeg are the ellagitannin concentrations (mg/L) involved in each process (ext: 
extraction; ox: oxygen-dependent reactions; deg: oxygen-independent reactions) and kext, 
kox and kdeg (day-1) are the kinetic constants of these processes.  
 
The fitting of the ellagitannin evolution of the three model systems studied in this work 
was performed at the same time, using randomly-selected starting values. Figure 5 shows 
the adjustment of the model to the real data in the three model system as well as the curves 
of the three processes described by the model separately. In all cases the goodness of the 
adjustment is higher than 0.99. Table 1 shows the values of the constants and of the 
theoretical maximum concentrations of ellagitannins involved in each process. 
Concerning the oxygen-dependent reactions it can clearly be seen that the maximum 
ellagitannin concentration susceptible of disappearing as a consequence of them is 
different in the different model systems. In model system F, where the oxygen is absent, 
this process is practically irrelevant in contrast to circa 270 and 350 mg/L susceptible to 
disappear as a consequence of this process in model systems OW and OS, respectively. 
Between model systems OW and OS there were also differences: as expected, Cox and 
kox were higher in the latter, which is in accordance with the dissolved oxygen levels. 
However, as previously commented, these differences were lower than it could be 
expected from the differences in the dissolved oxygen levels, which can be pointing out 
to the relevance of the oxygen trapped in the oak chips. Respecting the two types of 
reactions leading to the disappearance of the ellagitannins, the kinetics of the oxygen-
independent reactions were slower than the kinetics of the oxygen-dependent reactions in 
all the model systems. Moreover, whereas in model system F, disappearance of the 
ellagitannins were almost exclusively due to oxygen-independent reactions, in model 
systems OW and OS both the amount of ellagitannin that disappear and the rate of the 
disappearance due to both processes increased as the dissolved oxygen levels increased. 
This can be indicating again that the oxygen-independent reactions can be favored by the 
products of the oxygen-dependent reactions. 
 
Individual ellagitannins. The evolutions of the four main ellagitannins were also studied 
individually in the three model systems (Figure 6). They all showed the same stages as 
those observed for the total ellagitannin content. However, differences among the 
different compounds were detected mainly concerning the two major ellagitannins, 
castalagin and vescalagin, and their reactivity towards oxygen. The initial levels of 
vescalagin seem to be clearly affected by the presence of oxygen, since the maximum 
content was reduced in 20% and 45% in model systems OW and OS, respectively, in 
relation to F. On the contrary, the maximum content of castalagin was less reduced: 15% 
in OW and only 22% in OS in relation to that determined in F. This could indicate that 
vescalagin is the ellagitannin most involved in reactions with oxygen at the beginning, 
maybe partly due to its higher trend to be extracted from chips during the washing step.3 
However, the additional oxygen content existing in models system OS in relation to OW 
hardly affected the rate of the first part of the decreasing phase in the case of vescalagin, 
but provoked higher rates in the case of castalagin. This might be indicative of a different 
behavior of castalagin and vescalagin towards oxygen, which might be attributed to the 
different configuration of C1 (hydroxyl group in β configuration for vescalagin and in α 
for castalagin) as occurs for other types of reactions.19,20  
 
The present study has also confirmed the higher reactivity that is usually attributed to 
vescalagin in relation to castalagin.19,20 In fact, in model system F, where oxygen is 
absent, vescalagin started the decrease phase much early than castalagin and at the end of 
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the study, 33% of the maximum content of castalagin was reduced whereas the levels of 
vescalagin decreased 47%. 
 
Respecting grandinin and roburin E, they showed similar evolutions, which were more 
similar to that of vescalagin than to that of castalagin. This might be related to the 
configuration of C1, which is the same for these three compounds and different for 
castalagin. On the basis of the important losses from the maximum content observed in 
model system F, it can be deduced that the oxygen-independent reactions are quite 
relevant for grandinin and roburin E. Moreover, the presence of oxygen also caused 
important reduction of the maximum content (about 40% in OW and 55% in OS), thus 
indicating that grandinin and roburin E are more sensitive than vescalagin and castalagin 
to both oxygen-independent and oxygen-dependent reactions. 
 
The kinetic model proposed for the total ellagitannin content was also applied to the 
individual contents in order to evaluate the relevance of the three processes in the 
evolution of the different ellagitannins (Supporting Information Table S2). For 
comparative purposes among the different ellagitannins, the ratio between the values of 
Cox and Cdeg and that of Cext were calculated for each compound in each model system. In 
model system F, where oxygen-dependent reactions were absent, roburin E was the 
ellagitannin most affected by oxygen-independent reactions, followed by grandinin and 
vescalagin. Castalagin, on the contrary, showed higher stability towards this type of 
reactions. The increase of DO levels from model system F to OW and from OW to OS 
caused an increase in Cox in all the ellagitannins, thus corroborating again the influence 
of the oxygen in the evolution of the ellagitannins. 
 
Evolution of castalin and vescalin. The evolution of castalin and vescalin, which were 
already detected in the oak extracts, remind to an extraction process but their contents 
seem to be also conditioned by the oxygen levels, since important differences were 
observed among model systems (Supporting Information Figure S2). During all the study, 
model system OS showed the highest contents, followed by OW and F. At the end of the 
study, the levels of castalin were ca. 1.7 and 2.5-fold higher in the model systems OW 
and OS, respectively, than in model system F, whereas the content of vescalin was ca. 
1.5 and 3-fold higher in model systems OW and OS than in F. Thus, it seems that castalin 
and vescalin could be formed during the experiment and that their levels depend on the 
levels of oxygen. This influence of oxygen might be either direct, if the oxygen were the 
agent promoting the hydrolysis reactions among the ellagitannins or indirect, if the agent 
were the oxidation products of the ellagitannins.  
 
Moreover, the formation of vescalin seems to be more affected by the oxygen levels than 
the formation of castalin, above all during the first stages. Thus, in absence of oxygen 
(F), the percentages of castalin and vescalin evolved from 97:3 at the first day to 69:31 at 
the end of the study. In model systems OW and OS, this ratio was, respectively, 70:30 
and 60:40 after 24 hours and it remains quite stable during all the study. This fact confirms 
the correlation of the greater disappearance of vescalagin as the oxygen levels increase 
and the greater formation of hydrolysis products, pointing out again to the possible 
involvement of oxygen in the hydrolysis reactions of the ellagitannins. Moreover, due to 
the large number of hydroxyl groups in their structure, these hydrolysis products may 
react, in turn, with oxygen, which would partly explain the trend to stabilization observed 
in model systems OS and OW, respectively, despite the decrease observed for the parent 
compounds during this same period. 
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Evolution of other compounds extracted from oak chips. Ellagic acid (Supporting 
Information Figure S3) can be formed after hydrolysis of the ellagitannins but it was also 
already present in the oak chips. For this reason, during the first five days the levels of 
ellagic acid increased in all the model system as a consequence of the extraction from the 
chips. From this point onwards, although a slight increasing trend could be observed, 
oscillation in the levels occurred in all the model systems. Furthermore, and unlike 
ellagitannins and castalin and vescalin, the evolution and the levels of ellagic acid were 
hardly affected by the presence of the oxygen trapped in the oak chips. Only in model 
system OS slightly higher contents could be observed, which could be pointing out to a 
higher involvement of the dissolved oxygen than the oxygen released from the chips in 
the formation of ellagic acid. However, from these results it seems that ellagic acid would 
not be a relevant oxygen consumer.  
 
The possible role as oxygen consumers of other non-ellagitannin compounds extracted 
from wood, such as coniferaldehyde and sinapaldehyde, has been also evaluated. These 
compounds showed similar evolutions, and there are no differences between the different 
model systems during the first 20 days. Thus, it can be deduced that the evolution of these 
compounds was not directly influenced by the DO levels. However, at the end of the 
study, the contents of coniferaldehyde and sinapaldehyde were, respectively, 1.4- and 1.2-
fold higher in model systems OW and OS than in F, due to an increase at fastest rates in 
the oxygen-containing model systems than in F and faster in OS than in OW. This could 
point out an indirect involvement of oxygen in the formation of these compounds, that is, 
it might be favored by the oxidation products of the ellagitannins. Nevertheless, the levels 
seemed to be higher for model system OW than for OS, which might be due to the 
simultaneous formation and subsequent loss of these aldehydes by oxidative reactions in 
OS due to the high levels of oxygen. In fact, a great reactivity of coniferaldehyde towards 
oxidants has been reported.21 In addition, the possibility of the formation of the benzoic 
aldehydes from these cinnamic aldehydes by chemical oxidation in hydroalcoholic 
medium has already reported.17  
 
In summary, this study reports, for the first time, the kinetics of oxygen release from 
French oak chips, comprising two main processes at different rates: a) the desorption of 
the oxygen adsorbed in the surface of the chips and that trapped in the first mm of 
thickness of the chips and b) the release of the oxygen entrapped in the void space of the 
wood. Furthermore, this study is the first report on the kinetics of oxygen consumption 
by oak components at two different levels of dissolved oxygen (oxygen released from the 
oak chips in a deoxygenated model wine and in an air saturated model wine). The study 
of the phenolic composition of the oak chips has revealed a clear quantitative 
predominance of ellagitannins and ellagitannin-related compounds. In addition the 
evolutions of their levels in absence and in presence of oxygen have confirmed their role 
as the main oxygen consumers among the phenolic compounds released by oak chips. 
The maximum ellagitannin levels were reduced in presence of oxygen and in a greater 
extent when the oxygen levels were higher. However, the differences were not as great 
as they might be expected from the different oxygen contents. This fact has highlighted 
the relevance of the oxygen that is released from the oak chips on the evolution of the 
ellagitannins. Furthermore, this study has also underlined the relevance of oxygen-
independent reactions (related to the auto-oxidation of the ellagitannins) in the evolution 
of the ellagitannin levels. These reactions were the main cause of the decrease observed 
in the oxygen-free model system and were also important in the oxygen-containing model 
systems, clearly observable when the levels of oxygen were reduced. This study also 
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reports, for the first time the influence of oxygen in the formation of castalin and vescalin. 
From all these results it can be concluded that although oxygen is not the only agent 
responsible for the disappearance of the ellagitannins, the oxygen amounts supplied by 
the oak woods chips to a wine during an alternative aging process can play a relevant role 
in consuming the ellagitannins provided by the wood or in boosting their auto-oxidative 
reactions, thus affecting the final levels of ellagitannins in the wine.  
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Figure captions 
Figure 1. Experimental design. Deoxygenated model wine with chips (OW) or with 
deoxygenated chips (F), model wine saturated with air and with chips (OS) and test of 
impregnation of chips (impregnation test). 

Figure 2. Increased weight of the chips over the time spent in the model wine (a) and 
Evolution of the dissolved oxygen in model system OW (DO content) together with the 
calculated oxygen amount released from wood (O2 released from wood). (b). 
Figure 3. Evolution of the oxygen calculated as being transferred from the chips on 
impregnating the model wine (model O2 from wood), and the oxygen desorption (Cde 
model), flood (Cfl model) and total oxygen release from wood models (Cwood) (a) 
Evolution of the consumed oxygen (Ccon model) calculated as difference between 
oxygen release from wood and dissolved oxygen content (b) and  evolution of the oxygen 
consumption kinetics during the aging of air-saturated model wine in the presence of oak 
chips (Model system OS) (c). 

Figure 4. Evolution of the total ellagitannin contents (mg/L) in model systems F (green), 
OW (brown) and OS (red) during all the experiment. The inset shows a detail of these 
evolutions from day 0 to day 13. 

Figure 5. Adjustment of the kinetic model to real data in model systems F (a), OW (b) 
and OS (c). The curves of the three processes described by the kinetic model (extraction, 
oxygen-dependent and oxygen-independent reactions) are also shown separately for each 
model system. 

Figure 6. Evolution of the individual ellagitannin contents (mg/L) (castalagin, a; 
vescalagin, b; grandinin, c; roburin E, d) in model systems F (green), OW (brown) and 
OS (red) during all the experiment. 
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Table 1. Values of the constants and of the theoretical maximum concentrations involved in 
each process in model systems F, OW, OS. 

Total Ellagitannins F OW OS 

Cext  777.01 776.71 777.76 

kext  0.328 0.465 0.467 

Cox 0.10 268.81 354.86 
kox 0.014 0.180 0.225 

Cdeg 434.71 330.51 371.79 
kdeg 0.028 0.033 0.040 

C (mg/L); k (1/day) 
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