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Abstract

Techniques for micro-oxygenation of wines are now accepted practices in wine manufacturing. But, at present time, only wine tasting and
empirical know-how are used to control the oxygen input. Our work aims at a better control of oxygen input in wine, where oxygen plays a role
through its solubilization and its consumption by various substrates in the wine. This work aims at implementing concepts from conventional
chemical engineering, i.e., mass transfer between two fluid phases, to rationalize, quantify and master the oxygen input during or just after
vinification, in respect to the quantities demanded by the wine processing. In particular, the work presented here concerns the incidence of
dissolved carbon dioxide in wine on oxygen transfer. This parameter must be considered when the micro-oxygenation is applied during or after
alcoholic fermentation. This study shows that the presence of dissolved carbon dioxide affects strongly the efficiency of the transfer of oxygen
to the liquid: it almost decreases one order of magnitude when carbon dioxide concentration changes from 0 to 1.4 g/L. For convenience and
reproducibility, experiments were performed on synthetic solutions, but part of the results was validated on real wine. An explanation based
on a simplified physical description is proposed.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

All along vinification and ageing, as well as during ageing of
the bottled wine, oxygen is a major actor in the wine transfor-
mation. It has a beneficial role in many steps of the wine making
process (increase of the yeast population, colour stabilization,
etc.), but oxygen may also be detrimental when present during
specific steps (oxidation, growth of micro-organisms, etc.).

Solubilization of oxygen into broths or wines occurs when
gaseous oxygen is brought into contact with the liquid. This is
on purpose, as when aerated withdrawals are operated, (where
oxygen concentration from 3 mg/L up to saturation can be
obtained, (Moutounet and Mazauric, 2001)), or when hyper-
oxygenation or micro-oxygenation are operated. This may also
be an unavoidable side effect of filtration, cooling or bottling
operations (Castellari et al., 2004).

Oxygen of the surrounding air may easily dissolve into
grape broths and wines. But, in contrast with nitrogen or
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carbon dioxide, oxygen, when dissolved, is quickly consumed,
as it is involved in numerous mechanisms of oxydo-reduction
reactions. Phenolic components from the grape are the main
consumers of oxygen (around 60%) (Fabre, 1994). There-
fore, red wines exhibit faster consumption kinetics than white
wines (Moutounet and Mazauric, 2001). Other components
may be involved in this consumption, like ethanol (around
20%), resulting in the formation of ethanal, and sulfur dioxide
(around 12%).

Oxygen input to wine, and therefore its consumption, may
vary all along the vinification. White wine broths are very ox-
idation sensitive, because of their low antioxidant content. To
insure better stability for these wines, hyper-oxygenation, a
technique using vigorous oxygen bubbling, is operated to in-
duce browning reactions due to polyphenol oxidation (Getaz
and Fabre, 1990; Schneider, 1991, 1998). The consequences of
this technique upon the vinification process, used only on white
broths, has been described (Artajona et al., 1990; Blanck, 1990;
Dubourdieu and Lavigne, 1990; Meistermann, 1990).

During alcoholic fermentation, oxygen input improves fer-
mentation kinetics and decreases the risks for fermentation fail-
ure, by increasing cell viability at the end of the fermentation
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(Strehaiano, 1990; Sablayrolles, 1990; Lafon Lafourcade and
Larue, 1981).

During maturing of the wine, oxygen input may have a struc-
turing effect, namely by favouring colour stabilization, degra-
dation of vegetal characteristics and disappearance of reduction
taste. Traditionally, wine breeding is conducted inside barrels,
and measurement of dissolved oxygen usually shows that oxy-
gen concentration remains always very low (< 50 �g/L). In-
deed, oxygen is consumed faster than it is provided because the
maturing in barrels corresponds to a slow and continuous disso-
lution of oxygen due to permanent oxygen diffusion through the
wood barrel walls and technological inputs (racking, topping-
up, etc.). But quantification and control of oxygen input during
these conventional maturation processes have never been con-
trolled.

Considering ageing of the wine inside bottles, Lopes
et al. (2005) have evidenced different diffusive oxygen inputs
through the bottle stopper, depending upon the kind of stopper
used.

So, the principle of a micro-oxygenation technique is to in-
corporate continuously small controlled oxygen amounts into
the wine, stored inside tanks. As for barrel wine breeding, these
amounts must be always inferior to the instantaneous consump-
tion, in order to prevent from any accumulation of oxygen
(Moutounet et al., 1995).

So, it is obvious that, for the wine maker, the ability to con-
trol the oxygen input in the broth would be a great help to mas-
ter the vinification process. Ageing in barrels is mainly done
because this technique delivers the adapted oxygen flux for the
maturation process. But this technique is not convenient and not
cost effective, and ageing in large tanks is without any doubt
more adapted to large productions, provided the same qual-
ity is obtained. Up to now the most used micro-oxygenation
technique consists in generating microbubbles of pure gaseous
oxygen in the wine tank using a porous gas distributor. Oxy-
gen perfusion through membranes, as used in animal cell cul-
ture, was never proposed. The microbubbling technique is now
the accepted practice in wine manufacturing. But, up to now,
the oxygen input is only monitored by tasting, and no rational
technical analysis of the transfer efficiency of this process has
been done. Implementation of chemical engineering concepts
to these oxygenation techniques, to obtain modelling of the
mass transfer phenomena between the gaseous oxygen and the
liquid phase, should allow better understanding. So, scientific
rules to master the technique could be proposed.

Many works in chemical engineering literature have been
devoted to oxygenation techniques, especially concerning fer-
mentation processes, but very few have specifically addressed
their application to the wine process. Indeed, influence upon
the transfer of oxygen, of the specific superficial tension of
the wine, due to the tensio-active properties of certain of its
constituents, has been pointed out (Painmanakul et al., 2005).
Farines et al. (2005) have studied the oxygen transfer in wine,
and have characterized the oxygen transfer using the conven-
tional KLa parameter, the volumetric mass transfer coefficient,
which does not dissociate transfer area and diffusional resis-
tance. In this first approach, using synthetic solutions, Farines

et al. (2005) identified prominent parameters influencing this
transfer coefficient, taking into account the ethanol concentra-
tion and the sugar concentration. In particular, they pointed out
the surprising dramatic influence of the dissolved carbon diox-
ide. Indeed, when the liquid was carbon dioxide saturated, a
strong decrease of KLa values was observed, and no satisfying
explanation was proposed. The works presented here address
this issue, and especially attempt to a better understanding of
the incidence of dissolved carbon dioxide in wine upon oxy-
gen transfer. Indeed, during or after alcoholic fermentation,
high concentrations of carbon dioxide, up to saturation (1.4 g/L
at 20 ◦C), are present in the liquid, and this parameter must
be considered when the micro-oxygenation is applied. The
study will first present a preliminary set of experiments, per-
formed in a 3 L agitated reactor and in a bubble column, and
are devoted to validate the methods, experimental as well as
mathematical, to obtain values of KLa on the experimental
device. This latter was chosen to be representative of the ac-
tual micro-oxygenation operation in large tanks. Indeed, gentle
bubbling in an immobile liquid phase in a column (4 or 20 L,
either filled with a synthetic solution, or real wine), using
specific porous distributors used for micro-oxygenation, was
considered to achieve this goal. Even imperfect, this situation
allows analysis of KLa values for further understanding of the
phenomenon, especially concerning the influence of carbon
dioxide. For convenience and reproducibility, the experiments
were performed on synthetic solutions, but part of the results
was validated for real wine oxygenation.

2. Material and methods

2.1. Experimental setup

Preliminary tests to validate the method were done using a
3 L glass tank stirred at 700 rpm, where gas is injected at the
bottom via a high density polyethylene distributor (Porex) with
pore mean diameter between 7 and 12 �m. Every run is done
with 2.5 L of solution.

For the study itself, as mentioned in the introduction, a bub-
ble column (height: 2.5 m, diameter: 0.1 m) was used, where
gas injection is done at the bottom using ceramic type porous
distributors, specifically designed for micro-oxygenation. The
experimental apparatus is shown in Fig. 1.

Two kinds of distributors were tested: a cylindrical distrib-
utor (Enodev) with a mean pore diameter of 2 �m and a plate
distributor (Parsec) with a mean pore diameter of 3.5 �m. Pre-
vious works in the laboratory have shown very similar perfor-
mance, in terms of transfer, for these two devices. With this
column, experiments were performed using two configurations:
4 or 20 L of liquid.

In all experiments, gases (nitrogen, synthetic air, pure oxy-
gen or carbon dioxide) come from pressurized bottles and, in
all cases, their flow rate was set to 0.05 L/min, at Normal Con-
ditions. Synthetic air is composed of 20% oxygen and 80%
nitrogen.

The synthetic solution is a hydroalcoholic mixture (12% vo-
lumic) containing 5 g/L tartric acid (pH = 3.5) and different

https://www.researchgate.net/publication/222413984_Effect_of_Surfactants_on_Liquid_Side_Mass_Transfer_Coefficient?el=1_x_8&enrichId=rgreq-09f5f876-037e-4935-b2a3-8709b8d1412f&enrichSource=Y292ZXJQYWdlOzIyMjgyNzE4ODtBUzoxMDI1NTU2Nzc4ODg1MTJAMTQwMTQ2MjU4ODA3Nw==


A. Devatine et al. / Chemical Engineering Science 62 (2007) 4579–4588 4581

Fig. 1. (a) General view of the experimental bubble column. (b) Detailed view of the ceramic gas distributor.

concentrations of dissolved carbon dioxide (from 0 to 1.4 g/L).
Experiments with a real wine, were done using a red wine with
the following characteristics: 12% v/v ethanol, pH = 3.5, to-
tal acidity = 5.1 g/L of tartaric acid and two concentrations of
dissolved CO2 (0 and 1.4 g/L).

For all experiments, except those of Section 3.1.3, oxygen
concentration was measured using an LDO optical oxygen
probe (0.01–20 mg/L; Hach Lange). Indeed, our experiments
require a probe with low response time in order to make a
correct determination of KLa. The optical probe fulfils this re-
quirement with a response time of around 5 s, while the polaro-
graphic probe (Cellox 325 (20–50 mg/L; WTW) exhibits a 90 s
response time. When performing saturation with pure oxygen,
the limited range of the optical probe (20 mg/L) does not allow
obtaining the complete curve (up to 41 mg/L), but this draw-
back was judged negligible. It was also noted that accumulation
of rising gas bubbles was likely to influence the measurement;
therefore, the probe was set in an inverse position, i.e., its head
directed upwards. The oxygen probe is located at 0.37 or 2 m
from the bottom of the column, depending on the volume of
solution in the column (4 or 20 L). In Section 3.1.3, for com-
parison of absorption experiments with air or pure oxygen, the
polarographic probe was used.

Carbon dioxide concentration is obtained from discrete
chemical assays using a conventional method (Caputi et al.,
1970).

2.2. Methods

Volumetric transfer coefficient is obtained from a conven-
tional dynamic method: first, oxygen is desorbed by nitrogen
injection, and when the oxygen probe indicates zero oxygen
concentration, nitrogen is replaced by synthetic air or pure oxy-

gen, at the same flow rate. The oxygen concentration increase
is then recorded. This kind of experiment is termed “absorp-
tion experiment”. From the conventional model, that assumes
homogeneous concentration in the vessel and constant satura-
tion concentration, C∗, in time and space, KLa is obtained from
the slope of the curve:

ln
C∗ − Ci

C∗ − C
= KLat , (1)

where Ci is the initial oxygen concentration (0 in this case),
and C, the instantaneous oxygen concentration.

This method can be extended to “desorption experiments”,
where nitrogen is injected to strip dissolved oxygen from a
saturated solution, and where decrease of the initial oxygen
concentration is recorded. This method is claimed to be more
accurate (Wild et al., 1994), because knowledge of C∗ is not
needed (this feature proved to be useful when interpreting re-
sults upon the influence of dissolved carbon dioxide). In this
case, KLa values are here obtained from the equation:

ln
Ci

C
= KLat . (2)

The estimation of the transfer efficiency can be quantified by
the value of the oxygen transfer yield Y , defined as the ratio of
the maximum transferable oxygen flux, KLaC∗Vc, to the oxy-
gen flux entering via the gas flow, D(PO2/PT )(1/Vmol)MO2 .
Introducing Henry’s constant, from Henry’s law, written as
PO2 = HC∗, it is obtained:

Y = KLaV cPT Vmol

DMO2H
. (3)

It is important to describe in detail the procedure to obtain
oxygen absorption and desorption curves in presence of CO2.
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First, all dissolved gases are desorbed by nitrogen injection.
Then, the column is carbon dioxide saturated by injecting pure
CO2, and final CO2 concentration is assayed. Pure oxygen
or synthetic air is injected, and recording of the increase of
the oxygen concentration by the LDO probe (up to 20 mg/L,
which is the maximum range of the probe), provides the ab-
sorption curve. When oxygen concentration has reached the
value 20 mg/L, gas injection is stopped and carbon dioxide is
then assayed; its concentration has dropped because of its con-
comitant desorption during the previous oxygen loading. Then
nitrogen is injected, and recording of the decrease of oxygen
concentration by the LDO probe provides the desorption curve,
referred to an initial CO2 concentration corresponding to the
previous assay. By essence, this procedure does not allow to
obtain a desorption curve referred to a saturated carbon dioxide
concentration, because oxygen loading will inevitably desatu-
rate the solution, in respect to carbon dioxide.

3. Results and discussion

3.1. Preliminary validation tests

3.1.1. Evaluation of the oxygen saturation concentration
The value of the saturation concentration for oxygen C∗ in

a given liquid is a key parameter for the determination of KLa

using absorption experiments. Indeed this value is involved in
the evaluation of the potential of transfer (C∗ −C). For a given
temperature, C∗ depends on the nature of the liquid and its
dependence upon the partial pressure of oxygen in the gas is
given by Henry’s law, PO2 = HC∗. To insure better accuracy,
instead of using values of Henry’s constant from the literature,
specific experiments were performed to determine its value, for
our synthetic solution and the wine. So, saturation experiments
were performed with ambient air (from a compressor, partial
pressure of oxygen 0.2095 atm), and equilibrium oxygen con-
centration is measured in the liquid (LDO probe) after suffi-
cient time to insure equilibrium between gas and liquid in the
agitated 1L becher.

So, at ambient temperature, 19 ◦C, the experimental values
obtained for the Henry’s constant are then H = 2.47 MPa L/g
for the synthetic solution, and H = 2.72 MPa L/g for the wine.
From these results, computed values of the saturation concen-
tration of the synthetic solution, with synthetic air and pure
oxygen are then C∗ = 8.2 and 41.1 mg/L, respectively. For
wine, computed values of the saturation concentration for syn-
thetic air and pure oxygen are then C∗ = 7.4 and 37.2 mg/L,
respectively.

3.1.2. Comparison of KLa values obtained from absorption
or desorption experiments

In Fig. 2a is shown an example of dissolved oxygen con-
centration curves for an absorption experiment (with synthetic
air, increasing curve) and a desorption experiment (with ni-
trogen, decreasing curve). Fig. 2b presents the mathematical
processing of the data to obtain KLa from the slopes of the
curves. Note that for desorption experiment C∗ is taken as 0
in the equation. As expected, it is shown that KLa values from

desorption experiments or absorption experiments are very sim-
ilar (around 5 × 10−3 s−1) and this result validates the method.

Same type of experiments were done in the 4 L column, using
pure oxygen. Figs. 3a and b show that, in this case also, KLa

values are similar (3.69 × 10−3 and 4.09 × 10−3 s−1).
Same type of experiments were also done in the 20 L column,

using synthetic air, and similar values for KLa are also found
(1.26×10−3 and 1.58×10−3 s−1, for absorption and desorption
respectively, see Figs. 4a and b).

In both cases (4 and 20 L column), it can be suspected here
that absorption KLa values suffer from the inaccuracy upon
C∗, that is not constant in the column, due to the hydrostatic
pressure. Conversely desorption experiments are not affected
by this hypothesis of spatial constancy of C∗, because C∗ is
not involved in the calculation (Eq. (2)). Another explanation
may also lie in a deviation for the hypothesis of perfectly mixed
liquid phase. At this point, the accuracy of the conventional
method of determination of KLa, for this configuration, i.e.,
the bubble column, may be discussed.

3.1.3. Comparison of KLa values obtained from absorption
experiments with air or pure oxygen

hboxFig. 5b presents the processed curve for an absorp-
tion experiment with pure oxygen, using a polarographic probe
in the 3 L agitated reactor, where KLa is determined equal
to KLa = 5.24 × 10−3 s−1. This value compares with simi-
lar experiments of Fig. 2 where synthetic air was used, and
where KLa = 4.82 × 10−3 s−1 was obtained. Note that for ex-
periment of Fig. 5a, oxygen concentration was measured us-
ing the polarographic probe, whose response time is not very
small in respect to the duration of the experiment. Indeed, for
this experiment, KLa is obtained from the last points of the
curve of Fig. 5a (after 100 s) where concentration evolution is
slowed enough to be compatible with the low dynamics of the
probe. Anyway, these experiments confirm, as expected, that the
mass transfer conductance KLa, is not dependent on the oxy-
gen partial pressure in the gaseous stream. Nevertheless, note
that using pure oxygen obviously achieves higher transferred
fluxes.

3.2. Influence of the dissolved carbon dioxide concentration
upon oxygen transfer

3.2.1. Oxygen absorption and desorption in presence of
dissolved carbon dioxide

The tests are at first done in the 4 L column and Fig. 6a
presents the influence of initial dissolved carbon dioxide con-
centration upon the values of KLa, when injection of pure
oxygen in the synthetic solution is done. These values are
determined either from absorption (� curve) or desorption
(• curve) experiments, using the model described above,
where it is reminded that saturation concentration C∗ is as-
sumed to be constant in time and space. Values of KLa, for
absorption experiments, show a strong decrease when initial
carbon dioxide concentration is increased. Conversely, and
very surprisingly, the opposite variation occurs for desorption
experiments.
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Fig. 6b presents the computed values of the oxygen transfer
yield for absorption, where it is seen the correlative loss of
oxygen transfer efficiency when carbon dioxide is present.

Using the 20 L column, with injection of synthetic air in
a synthetic solution, similar results were found (Fig. 7a) and
same variation of KLa values is observed, depending on the

direction of transfer, i.e., absorption or desorption. Fig. 7b
presents the same decrease of the absorption transfer yields,
which proved to be nevertheless higher than for the 4 L col-
umn (almost 100% for carbon dioxide free solution). This is
probably due to the longer residence time of the gas bubbles
in the column.
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3.2.2. Carbon dioxide desorption during oxygen absorption
In Fig. 8a is presented an experiment, performed in the 20 L

column saturated with CO2 (corresponding to the last point of
the decreasing curve in Fig. 7a), where desorption curve of CO2
is shown in parallel with the absorption curve of oxygen. From
these curves, very similar KLa values for oxygen and CO2 were
obtained (respectively 0.94 × 10−4 and 0.83 × 10−4 s−1, see
Fig. 8b). This could indicate that these cross transfers follow
the same path, i.e., carbon dioxide does desorb via the oxygen
bubbles, and that no parallel path, as nucleation for instance, is
present.

3.3. Oxygenation of wine in presence of dissolved carbon
dioxide

In Fig. 9a are presented the absorption curves performed
with red wine, saturated or carbon dioxide free, with pure
oxygen, in the 20 L column. The same trends, as in Section 3.2
are observed, i.e., a strong decrease in the transfer rates when
carbon dioxide is present, which is reflected by much smaller
values of the “apparent” KLa, decreasing from 1.10 × 10−3 to
1.29 × 10−4 s−1, as seen on Fig. 9b. Nevertheless, note that,
in the case of wine, the determination of KLa is likely to be
affected by the oxygen consumption from certain constituents
of the wine, as mentioned in the introduction. Specific con-
ventional methods for determination of KLa, developed for
fermentation processes, can be proposed to account for this
phenomenon (Atkinson and Mavituna, 1983). In our case, for
the sake of simplicity, oxygen consumption was assumed to
be low enough to slightly affect the results.

Whatever the explanation around the KLa values, presence
of dissolved carbon dioxide does result in a significant decrease
of the transfer efficiency, where the oxygen transfer yield drops
from 77%, when the wine is initially carbon dioxide free, to
9%, when it is initially carbon dioxide saturated.

3.4. Discussion

The dependence of KLa, during oxygen absorption or des-
orption experiments, in respect to initial dissolved carbon diox-
ide concentration, as seen in Figs. 6a or 7a, is quite puzzling,
and the conventional modelling of the dynamic experiments
used here may be questioned. Indeed, in these experiments,
massive desorption of carbon dioxide into the bubbles of the
oxygen or air stream, decreases significantly the partial pres-
sure of oxygen in the bubble, and hence the saturation concen-
tration C∗. Therefore, for absorption experiments, the values
of KLa obtained from a model that assumes constant C∗, are
“apparent KLa” values, because the actual difference of poten-
tial for transfer (C∗ −C) has been reduced. Indeed, the oxygen
transfer rate does decrease when carbon dioxide is present, but
the actual mass transfer conductance, which is represented by
the parameter KLa, is probably not affected in the way readily
deduced from the values of the “apparent KLa”.

Conversely, in the case of desorption experiments, the oxygen
dilution effect inside the bubble does not exist (oxygen partial

pressure in the nitrogen bubbles is always close to zero, with
or without CO2), and, here, the observed flux increase can
be attributed to an actual augmentation of the mass transfer
conductance KLa.

An analysis of the situation, using simple physical consider-
ations is proposed here, and reasoning using rough estimations
will help assessing and comparing the quantitative influence of
the different phenomena.

For instance, to estimate the decrease of the oxygen transfer
driving force during absorption, i.e., the dilution effect, a simple
calculation for the partial pressure of oxygen in the leaving
gas stream can be done. Indeed, the carbon dioxide flux in
the leaving gas stream is the desorbed carbon dioxide flux,
and considering the beginning of the experiment, it could be
obtained from the derivative of the desorption curve at t = 0,
or more simply from:

FsCO2 = (KLa)CO2CCO2i
Vc (4)

(note, it is similar to the maximum transferable flux, as defined
in the Method section) where CCO2i

is the initial dissolved
carbon dioxide concentration.

Similarly the transferred oxygen flux is

FtrO2 = (KLa)O2C
∗Vc. (5)

So, the leaving oxygen flux FsO2 is equal to the oxygen flux en-
tering via the gas flow FeO2 from which the oxygen transferred
flux is subtracted:

FsO2 = FeO2 − FtrO2 . (6)

The oxygen flux entering via the gas flow, FeO2 , is given by

FeO2 = D
PO2

PT

1

Vmol
MO2 . (7)

When injection of pure oxygen is considered:

FeO2 = D
1

Vmol
MO2 . (8)

Now the molar fraction of oxygen in the leaving gas is given by

ysO2
= FsO2

FsO2 + FsCO2

= FeO2 − FtrO2

FeO2 − FtrO2 + FsO2

, (9)

which gives

ysO2
=

D
1

Vmol
MO2 − (KLa)O2C

∗Vc

D
1

Vmol
MO2 − (KLa)O2C

∗Vc + (KLa)CO2CCO2i
Vc

.

(10)

The partial pressure of oxygen in the leaving gas stream is then
simply given by

PsO2 = ysO2
PT . (11)

As already seen, in experiment of Fig. 8b, when CCO2i
=

1400 mg/L, KLa values for CO2 and O2 are similar, and in the
range of 10−4 s−1. So, using and C∗ = 41.1 mg/L, the value
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ysO2
= 0.26 is obtained, that indicates that the partial pressure

of oxygen in the leaving gas has been divided by 4, due to the
transfer of CO2. So, this means that the average driving force
in the column (which is also related to the state of mixing in
the gas and in the liquid) has been strongly reduced.

An attempt to explain the modification of the mass transfer
conductance, KLa, is possible if effects upon the specific in-
terfacial area, a, and those upon diffusional resistance, related
to KL, are uncoupled.

Because of the significant input of gaseous CO2 into the
bubble, the bubble diameter increases. For instance, in the case
considered here, the four-fold-decrease of the oxygen partial
pressure in the bubble is related to a four-fold increase of the
bubble volume (because the transferred oxygen quantity is
small in front of the transferred carbon dioxide quantity). This
results in a 41/3 = 1.58-fold increase for the bubble diameter.
This modification of the diameter induces two phenomena:
(i) an increase of the bubble rising velocity, decreasing cor-
relatively its residence time, (ii) an increase of the external
area of every bubble. These two phenomena are antagonist in
respect to the specific interfacial area, a, and it is expected

that it will result in a weak modification of this latter, because
the decrease of the bubble residence time is compensated by
the increase of every bubble area. Indeed, the interfacial area
inside the column is the sum of the areas of every bubble:

A = nB�d2
B , (12)

where nB is the number of bubbles in the column (the volume
of which constitutes the hold-up). The bubble production rate
(number of bubbles per second) at the distributor is given by

rB = D

(4/3)�d3
Bi

(13)

and assuming that it is the same, with or without CO2 transfer.
Therefore the number of bubbles in the column is

nB = rBtres, (14)

where tres is the residence time of the bubbles in the column.
A simple expression for tres is

tres = L

vB

(15)
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and the interfacial area, A, is then

A = rB
L

vB

�d2
B . (16)

In particular, if the bubble rising velocity is assumed to follow
the Stokes’ law (because of their small size, around 400 �m):

vB = gd2
B

�L − �G

18�
, (17)

the residence time is proportional to the inverse of the square
of the diameter, while the bubble area increases proportionally
with the square of their diameter. As expected, it results in
an almost constant specific interfacial area, as deduced from
Eq. (16).

So, we can now only suspect that the observed mass transfer
flux augmentation is related to a modification of the liquid side
mass transfer coefficient. This could be attributed, for instance
to the increase of the bubble rising velocity, due to the bubble
diameter increase with CO2 desorption. Indeed, this velocity
increase may affect positively the mass transfer coefficient.

With the light of these semi-quantitative considerations, it
can be proposed that, for oxygen desorption experiment, the
observed increase of the oxygen transfer flux is almost directly
related to an increase of the mass transfer coefficient KL. Con-
versely, in the case of absorption experiments, the antagonist
dilution effect is the strongest, and results in a global decrease
of the flux. Note that, in the case of absorption, because gaseous
oxygen is leaving the bubble, its diameter increase is weaker
than in the case of desorption, hence a weaker KL enhancement.

This very simplified approach has the merit to justify the
sense of variation of KLa, and allows comparison of the quan-
titative influence of these phenomena.

4. Conclusion

This study has attempted to provide experiments likely to
be representative of the mass transfer occurring during micro-
oxygenation of wine in tanks. Their interpretation, using the
conventional KLa analysis, has been presented and the validity
of the approach has been discussed all along the text. Concern-
ing the evolution of the transfer parameters when carbon diox-
ide is present, certain results remain insufficiently explained,
and, especially, the influence of the direction of the concomitant
oxygen and carbon dioxide fluxes is only partly understood. A
deeper study, involving careful modelling of the coupled trans-
fers occurring during these dynamic experiments for KLa de-
termination, would certainly make it possible to uncouple the
effects of an actual modification of the transfer conductance
and those of the modification of the transfer driving force. In-
deed, analysis and understanding of gas–liquid transfer proved
to be not easy in the case of concomitant transfer of two gases,
especially when they exhibit very different solubilities (remem-
ber CO2 is almost 35 times more soluble than O2). In this situ-
ation, the KLa approach, through dynamic experiments, must
be interpreted with caution. Anyway, the undeniable result is
that, during micro-oxygenation, oxygen transfer fluxes do de-
crease in presence of dissolved carbon dioxide. It was shown

here that this affects directly the transfer yield, and this is of
great importance in the actual operation of micro oxygenation
of wines in tanks, because this could invalidate the hypothesis
of total transfer that is always done.

Notation

A specific interfacial area, m2/m3

C instantaneous oxygen concentration, kg/m3

C∗ oxygen saturation concentration, kg/m3

dB bubble diameter, m
D flow rate of the injected gas, m3/s
Diff diffusion coefficient, m2/s
Fe flux in the entering gas stream, kg/s
Fs flux in the remaining gas stream, kg/s
Ftr transferred flux, kg/s
g gravity acceleration, m/s2

H Henry’s constant, Pa m3/kg
KL liquid mass transfer coefficient, m/s
KLa volumetric transfer coefficient, s−1

L height of liquid in the column, m
M molar mass, kg/mol
nB bubble number
P partial pressure, Pa
PT total pressure, Pa
rB bubble production rate, s−1

t time, s
vB bubble rising velocity, m/s
Vc volume of the column, m3

Vmol molar volume of a perfect gas, m3/mol
ys molar fraction in the remaining gas stream
Y oxygen transfer yield

Greek letters

� viscosity of the liquid, Pa s
� volumic mass, kg/m3

Subscripts

CO2 referred to carbon dioxide
G gas
i initial
L liquid
O2 referred to oxygen
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