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ABSTRACT: Measurements of dissolved CO, concentrations from Champagne bottles initially holding the same CO, level after
having been elaborated (close to 11.5 g L"), but having experienced different periods of aging after having been corked with natural
cork stoppers, were done. Losses of dissolved CO, close to 3.5 g L™ " experienced by the oldest Champagne samples aged for about
75 months were reported. This very significant loss of dissolved CO, was logically interpreted as a consequence of the continuous
diffusion of gaseous CO, through the pores of the cork stopper. By combining the diffusion principle through a porous medium with
Henry’s law (which links the solubility of a gas species in a liquid medium with its partial pressure in the vapor phase),
amultiparameter model was built that provides the dissolved CO, content found in Champagne during its whole aging period. Both
Champagne temperature and bottle volume were found to be key parameters with regard to the kinetics of CO, losses through

the cork.
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B INTRODUCTION

From a strictly chemical point of view, Champagne and
sparkling wines elaborated according to the meéthode traditionnelle
are multicomponent hydroalcoholic systems supersaturated with
CO, dissolved gas molecules formed together with ethanol
during the second fermentation process, called prise de mousse
(promoted by adding a certain amount of sugar inside bottles
filled with a base wine and sealed with a cap). Actually, during this
second fermentation process, which occurs in cool cellars, the
bottles are sealed, so that the CO, molecules cannot escape and
progressively dissolve into the wine."? Therefore, dissolved CO,
molecules in the wine and gaseous CO, molecules under the cork
progressively establish equilibrium (an application of Henry’s
law, which states that the partial pressure of a given gas above a
solution is proportional to the concentration of the gas dissolved
into the solution). Champagne or sparkling wines therefore hold
a concentration of dissolved CO, proportional to the level of
sugar added to promote this second fermentation (see, for
example, ref 3 and references cited therein). The concentration
of dissolved CO, in Champagne (in grams per liter) is roughly
equivalent to half of the concentration of sugar (in grams per
liter) added into the base wine to promote the prise de mousse.
Traditionally, 24 g/L sugar is added in the base wine to promote
the prise de mousse. Therefore, a standard Champagne holds close
to 12 g/L dissolved CO, molecules after the Frise de mousse, that
is, about 9 g per each standard 75 cL bottle.' >

After the prise de mousse, Champagne ages in a cool cellar for at
least 15 months to develop its so-called bouquet. Bottles then
undergo disgorging. Caps are removed to remove the sediment
of dead yeast cells. Specific liquor, which consists of a mixture of
sugar and old wines, is then added to replace the bit of wine lost
during disgorging. A bit of dissolved CO, is also inevitably lost at
this step, but bottles are quickly corked with traditional or
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technical cork stoppers to prevent an excessive loss of CO,.
Experiments with early disgorged Champagne samples were
done recently, and the characteristic concentration of dissolved
C4026inside the bottle was found to be of the order of 11.5 g/
L™

In Champagne and sparkling wine tasting, the concentration
of dissolved CO, is a parameter of wide importance because it
directly affects the four following sensory _/properties: (i) the
frequency of bubble formation in the glass;” * (i) the growth
rate of rising bubbles;’ ® (iii) the mouthfeel, that is, the
mechanical action of collapsing bubbles as well as the chemo-
sensory excitation of nociceptors in the oral cavity (via the
conversion of dissolved CO, to carbonic acid);'®"'* and (iv)
the nose of Champagne, that is, its so-called bouquet.'*'*
Consequently, keeping the dissolved CO, molecules as long as
possible inside the bottle during aging is a challenge of wide
importance for Champagne wine elaborators.

Natural cork stoppers are commonly used for Champagne
corking because of their remarkable impermeability to liquid and
air (thus delaying wine from oxidation), elasticity, resiliency
combined with compressibility, and chemical inertness.'>'® Never-
theless, despite all of these remarkable properties, the natural cork is
not completely hermetic with regard to gas transfers. Cork is a
porous material. Gas species are therefore able to slowly diffuse
through the cork along their respective inverse partial pressure
gradients. In the case of a corked Champagne bottle, the huge
difference in CO, partial pressure between the headspace (close to
6 barat 12 °C) and the ambient air (of the order of only 0.0004 bar)
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Table 1. Various Periods of Aging, Corresponding Dissolved CO, Concentrations, Lengths of Cork, and Cross Sections of the
Bottle Neck Found in Both Champagne Types*

type of period of aging before concentration of dissolved CO, in length of cork penetrating into cross section of the bottleneck (equivalent
Champagne  uncorking, £ (months)  the corresponding wine, ¢" (g L") the bottleneck ¢ (cm) to the cork section), S (cm?)
YC 2 11.6£ 03 2.6+0.1 24
ocC 75+1 82403 25401 2.4

¢ Uncertainty of -1 month concerning the period of aging of old samples is due to the fact that the disgorging and bottling of those samples was spread
over 2 months. To enable a statistical treatment, six bottles of each Champagne type were used to determine an average dissolved CO, concentration
corresponding to each Champagne type (with standard deviations corresponding to the root-mean-square deviations provided by the six samples).

forces CO, molecules to slowly diffuse through the cork. Therefore,
during its aging period, a corked Champagne bottle progressively
loses its gaseous CO, content. Moreover, Champagne inevitably
loses its dissolved CO, content as well (because gaseous CO, and
dissolved CO, both experience equilibrium through Henry’s law).
In this paper, losses of dissolved CO, from Champagne bottles
having experienced significant periods of aging were reported. This
very significant loss of dissolved CO, experienced by samples aged
for several years was logically interpreted as a consequence of a
continuous diffusion of gaseous CO, through the cork’s pores. By
combining the diffusion principle through a porous media with
Henry’s law (which links the solubility of a gas species in a liquid
medium with its partial pressure in the vapor phase), a multi-
parameter model was built that describes the dissolved CO,
content found in Champagne during its whole aging period.

B MATERIALS AND METHODS

Champagne Samples. Standard commercial Champagne wines,
provided by our industrial partner (Champagne Vranken-Pommery,
Reims, France), were used for this set of experiments. Champagne wines
elaborated in standard bottles (75 cL) were chosen. Bottles having
experienced two significantly different periods of aging (after having
been corked with natural cork stoppers) were chosen and compared to
each other with regard to their dissolved CO, contents, namely, (1) a
young Champagne wine, recently elaborated (vintage 2007, disgorged
and corked in 2009), stored in a cool cellar at 12 °C since, and referred to
as YC in the following; and (2) an older Champagne wine, elaborated in
the late 1990s (vintage 1998, disgorged and corked in 2001), stored in a
cool cellar at 12 °C since, and referred to as OC in the following.

It is worth noting that both Champagne types were elaborated with
24 g/L sugar added in the base wine to promote the prise de mousse, so
that the same amount of about 12 g/L of CO, was initially dissolved into
both Champagne types. This was definitely a crucial condition to
correctly evaluate the loss of dissolved CO, during the aging process.

Measuring Concentrations of CO, Dissolved in Cham-
pagne Samples. Concentrations of dissolved CO, in the various
Champagne samples were determined using carbonic anhydrase
(labeled C2522 Carbonic Anhydrase Isozyme II from bovine erythro-
cytes and provided from Sigma-Aldrich). This is the official method
recommended by the OIV (namely, the International Office of Vine and
Wine) for measuring the dissolved CO, concentration in Champagne
and sparkling wines.'” This method is thoroughly detailed in a recent
paper by Liger-Belair et al.* The concentration of dissolved CO, in
bottles was carried out immediately after uncorking the bottle (to
prevent a loss of dissolved CO, due to the progressive and ineluctable
diffusion once a bottle is uncorked). To enable a statistical treatment, six
bottles of each Champagne type were used to determine an average
dissolved CO, concentration corresponding to each Champagne type
(with standard deviations corresponding to the root-mean-square
deviations provided by the six samples).

> Agglomerated
cork granules

Two massive
cork slices
stuck together

Lenticel channels running axially
through the cork slices

Figure 1. Side view of a natural cork stopper freshly uncorked from a
standard “young” Champagne bottle; it clearly appears that it is composed
of two different parts: (i) a upper part composed of agglomerated cork
granules and (ii) a lower part made of two massive cork slices stuck
together (where several lenticel channels clearly appear).

B RESULTS AND DISCUSSION

Concentrations of Dissolved CO, Found Inside Both Cham-
pagne Types. Table 1 compiles the concentrations of dissolved
CO, found in both Champagne types. It is worth noting that the
average concentration of dissolved CO, in the young Champagne
is quite close to the one found recently in other Champagne wines
recently elaborated, by use of the same technique,* © and through a
nondestructive and unintrusive method based on a nuclear mag-
netic resonance technique.'® As clearly displayed in Table 1, the
average concentration of dissolved CO, found in the old Cham-
pagne is significantly lower than the one found in the young one
(despite the same initial amount of dissolved CO, after the prise de
mousse). This observation betrays the fact that CO, dissolved
molecules progressively escape from Champagne during aging.

Actually, the thick glass of a Champagne bottle being perfectly
hermetic with regard to gas exchanges, the cork stopper is therefore
logically the only way for gaseous CO, molecules to escape from
inside the bottle to reach the ambient air. The aim of the following
paragraph is to propose a theoretical model that links the con-
centration of dissolved CO, in a Champagne bottle during aging
with several physicochemical and geometrical parameters of the
wine, cork, and bottle itself.

Toward a Multiparameter Modeling of the Dissolved CO,
Concentration during Aging. During aging, gaseous CO,
molecules can escape from inside the bottle to reach the ambient
air by pushing their way through two distinct “pathways”, namely,
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Figure 2. Scheme of the bottleneck and compilation of the various cork,
bottle, and wine parameters (see Abbreviations Used for more details
about each parameter).

(i) through the porous cork bulk or (ii) through the cork/
bottleneck interface, that is, the frontier between the cork and the
glass. Moreover, the traditional cork stopper for Champagne and
sparkling wines is neither a homogeneous nor an isotropic
“object”. It is composed of two distinct parts. The mushroom-
shaped upper part of the cork is composed of agglomerated cork
granules, whereas its lower part is made of two massive cork slices
stuck together, as illustrated in the photograph displayed in
Figure 1. These two distinct cork parts certainly present various
mechanical and porous properties. For example, because the
lower part of the cork is made of two massive cork slices, several
lenticels (i.e., quasi cylindrical channels composed of dead cell
walls and intercellular spaces) cross the slices axially and certainly
provide a specific way for gas diffusion (see Figure 1). Never-
theless, the diameter and number of lenticels significantly varies
from one type of cork to another. In the paper by Lequin et al,,
scanning electron microscope pictures of the cork cell structure
are displayed, including several views of lenticels."” For all of the
aforementioned reasons, it seems very difficult to propose a
model that depicts the details of each mechanism by which CO,
molecules progressively diffuse through the cork during aging.
This is why we have decided to adopt a more global approach,
which simply considers the natural cork stopper as a nonhermetic
closure that enables the gas diffusion process (no matter how and
where CO, molecules push their way at the molecular scale, in a
first step).

Molecular diffusion is actually the mechanism behind the
diffusion of gas species through a porous medium. Molecular
diffusion classically obeys the first Fick’s law, which stipulates that
the flux of a given gas species through a porous material is
proportional to its concentration gradient along the porous
material, as

J= —-DxVc (1)

where D is the diffusion coefficient of the gas species in the
porous material (including the various pathways by which CO,
molecules can diffuse through the cork in the present work,
namely, the cork bulk and the cork/bottleneck interface) and V¢
is its gradient concentration along the porous material (i.e., from

the headspace under the cork to the open atmosphere in the
present case).

By assuming a linear gradient of gaseous CO, between the
headspace under the cork and the open atmosphere, V¢ may be
rewritten as Ac/0, with 0 being the length of the cork and Ac
being the concentration difference in gaseous CO, between the
headspace under the cork and the open atmosphere. The number
n of CO, moles that cross the porous cork per unit of time is
therefore ruled by

dn Ac

cork section

where S is the cross section of the cork that separates the
headspace of the Champagne bottle from the open atmosphere
(equivalent indeed to the cross section of the bottleneck).

The scheme displayed in Figure 2 compiles the various
physicochemical and geometrical pertinent parameters of the
model. Because the present work specifically deals with the
dissolved CO, concentration found in Champagne samples,
and to facilitate the reading of the paper, the subscript CO,
found in the formulas will be omitted in the following.

The total number of CO, moles, denoted n™**!, found in the
whole bottle is the sum of the number of dissolved CO, moles
found in the Champagne bulk, denoted n", and the number of
gaseous CO, moles found in the headspace under the cork,
denoted n™". Moreover, as shown in Figure 2, the dissolved CO,
concentration found in the Champagne bulk, denoted ¢, and
the pressure of gaseous CO, under the cork, denoted PY
experience equilibrium through the so-called Henry’s law. Final-
ly, by considering the gaseous CO, in the headspace as an ideal
gas, the following system of equations may be written

ntotal — nW + ﬂH
CW — HWPH (3)
PHVH — 4HRT

with R being the ideal gas constant (8.31 J K ' mol "), T being
the absolute temperature (in K), V"' being the volume of the
gaseous headspace under the cork, and V"V being the volume of
the Champagne liquid phase.

By replacing in the preceding system ¢’ by n"¥/V* and P"' by
n"RT/V", the eq 3 may be rewritten as follows:

ntotal — ﬂw+l’lH
H“RT (4)

W _ W
=V VHn

n

The total number of CO, moles that crosses the cork is ruled by
eq 2, with Ac &~ ¢ &~ n"/V™ (because the concentration of
gaseous CO, in the open atmosphere is negligible in comparison
with that found in the headspace under the cork). Therefore

dntotal - an N dnH B s nH (5)
e dt At © OVH

Bz[ combining systems of eqs 4 and 5 and by replacing n™ by
Py RT, eq S transforms as

- VWHYRT | dP" L DSy ©)
vH ¢ ovih
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The partial pressure of gaseous CO, in the headspace under the
cork is finally ruled by the differential equation

dpH N DS
dt  O(VH + VWHWRT)

P =0 (7)
which admits the following analytical solution:
t

O(VH + VWHWRT)
DS

(8)

7 is the characteristic time scale of an exponential decay law, and
Py is the initial partial pressure of gaseous CO, in the headspace
under the cork.

In the present work, it is worth noting that evaporation of the
liquid phase (which may sometimes occur during long aging
periods of time) was considered as being negligible, thus keeping
the respective volumes of Champagne liquid phase and gaseous
headspace constant.

By considering that the concentration of dissolved CO, and
the partial pressure of gaseous CO, in the headspace experience
equilibrium all along the aging of Champagne, the concentration
of dissolved CO, found in the Champagne bulk also follows an
exponential decay law with the same characteristic time scale 7:

Mo~ Fen(-f) 0
with ¢y’ being the initial concentration of dissolved CO, found in
the Champagne bulk after bottle corking.

It is worth noting that, from eq 9, it becomes indeed possible to
access an experimental determination of the diffusion coeflicient
of the natural cork, in situ. Actually, for both Champagne types,
the concentrations of dissolved CO, found in the Champagne
bulk after uncorking were determined at two steps of the
Champagne aging process, respectively, after 2 months and after
75 months of aging (see Table 1). The two periods of aging were
denoted t; and t,, respectively. Following eq 9, the concentra-
tions of dissolved CO, theoretically found inside the Cham-
pagne, after these two distinct periods of aging, may be assessed

by

w
1

2
Ohs
Y
ae}
/|\
Qs
N~

w
)

2
[¢]
5

" (_%) (10)

By dividing ¢}’ by ¢’ and by developing the characteristic time
scale 7, the exponential decay law may by assessed by
tz —
R — e 11
NEYEY =
Finally, by retrieving the theoretical multiparameter determina-
tion of 7 given in eq 8 and by replacing 7 by its expression given in
eq 11, the diffusion coefficient D of CO, molecules in the natural
cork may be indirectly assessed as follows:
b O(VH + VWHWRT) In(c)¥/cyY) (12)
S(t,—t1)
By replacing each parameter in eq 12 by its numerical expression
(see Abbreviations Used for more details), it becomes possible to

determine a reasonable experimental value for the diffusion
coefficient of CO, molecules in the natural cork (each parameter
in eq 12 should be given in the MKSA system)

DEXP
2.6 x107%(2.5X 1075 +7.5 X 107 *x 4.5 X 107*x 8.3 x 285) In(11.6/8.2)
n 2.4 % 1074(1.9 x 10%)

~L6x10 Omis ! (13)

From the theoretical model built hereafter, and from experi-
mental data about the loss of dissolved CO, molecules during
aging, it has been possible to indirectly propose an experimental
approximation of the diffusion coefficient of CO, molecules
through the porous cork. This diffusion coeflicient is logically
much smaller than the one of CO, molecules in ambient air,
which is 1.8 x 107> m”> s, at 0 °C.*° To the best of our
knowledge, this is the first attempt to determine in situ the CO,
diffusion coefficient through the natural cork (including the
various pathways by which CO, molecules can diffuse through
the cork in the present work, namely, the cork bulk and the cork/
bottleneck interface).

Actually, the theoretical model built above enables the exam-
ination of the impact of some pertinent parameters on the losses
of dissolved CO, during aging. The goal of the two following
paragraphs is to discuss the theoretical role of both Champagne
temperature and bottle volume on the progressive loss of
dissolved CO,, during aging.

Role of Temperature. The temperature appears in the
characteristic time scale 7 of the exponential decay law given in
eq 8. Moreover, it is worth noting that the temperature is also
“hidden” in another parameter, which is indeed strongly tem-
perature dependent, namely, the Henry’s law constant, denoted
H", which reflects the solubility of CO, in the wine. The
temperature dependence of the CO, solubility in a typical
Champagne wine was already determined, for a wide range of
Champagne temperatures.”" It is well described with a van’t Hoff
like equation as

AHgo (1 1

HY(T) = Hlgy exp [— Rd (T_298ﬂ (14)
where Hygg is the solubility of CO, in a typical Champagne
wine at 298 K and AHy is the dissolution enthalpy of CO,
molecules in the liquid medium (in J/mol). The best fit to
experimental data was found with AHy, =~ 24800 J/mol and
with Hyggx &~ 121 g L™ " bar !, that is, Hyogx &~ 2.75 x 10~ *
mol m > Pa ",

For modeling purposes, the diffusion coefficient of CO,
molecules in the natural cork is supposed to be slowly tempera-
ture dependent (in a “reasonable” range of Champagne aging
temperature), and the experimentally approached value deter-
mined in the previous paragraph will be used hereafter. The
graph displayed in Figure 3 shows the theoretical loss of dissolved
CO, during Champagne aging, for a standard Champagne bottle
stored at three different temperatures, namely, 4, 12, and 20 °C.
Following Figure 3, it is clear that the lower the temperature
during Champagne aging, the lower the losses of dissolved CO,
through the cork stopper.

Role of Bottle Volume. Champagne wines can be elaborated,
disgorged, and corked in bottles of various shapes and volume
content. Most commonly, Champagne is elaborated in three
various types of bottle, namely, the standard bottle (with a volume
of 75 cL), the magnum bottle (with a volume of 150 cL), and the
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Figure 3. Following eq 9, theoretical concentrations of dissolved CO,
found in the wine during the aging process (in a standard 75 cL bottle)
and for three distinct cellar temperatures, namely, 4, 12, and 20 °C,
respectively. Our experimental measurements of dissolved CO, found in
both Champagne types also appear.

half-bottle (with volume of 37.5 cL). It is worth noting that these
three various bottles present indeed different volume contents, but
the same headspace volume V*, as well as similar cork stoppers (in
terms of length, O, and cross section, S). The graph displayed in
Figure 4 shows the theoretical loss of dissolved CO, during
Champagne aging, for the three above-mentioned contents (at a
given aging temperature of 12 °C). Following Figure 4, it is clear
that the larger the volume content, the lower the losses of dissolved
CO, through the cork stopper. It is indeed well-known from
Champagne connoisseurs that Champagne and sparkling wines age
longer and better in magnums than in smaller bottle types.”

In conclusion, losses of dissolved CO, from Champagne bottles,
initially holding the same CO, level after having been elaborated
(close to 11.5 g L™ ") but having experienced significant periods of
aging, were reported. This very significant loss of dissolved CO,
(close to 3.5 g L") experienced by samples aged for about 75
months after having been corked was logically interpreted as a
consequence of the continuous diffusion of gaseous CO, through
the pores of the cork stopper or through the cork/glass interface. By
combining the diffusion principle through a porous medium with
Henry’s law (which links the solubility of a gas species in a liquid
medium with its partial pressure in the vapor phase), a multi-
parameter model was built that provides the theoretical dissolved
CO, content found in a Champagne wine during its whole aging
period. Both Champagne temperature and bottle volume were
found to be key parameters with regard to the kinetics of CO,
losses through the cork.

This paper is considered as a first attempt to predict how a bottle
of Champagne or sparkling wine progressively loses its dissolved
CO, content during aging. Nevertheless, it is worth noting that this
model considers the diffusion coefficient of gaseous CO, through
the cork as a constant during aging, which may not be necessarily
the case. Actually, despite fantastic resiliency properties, the cork
alters as time proceeds. It progressively loses its elasticity, which
may in turn modify its porosity and therefore permeability with
regard to gas transfers (especially through the cork/glass interface).
Moreover, during the aging process, it is also well-known that the
pore space of the cork stoppers is progressively invaded by the

12 L Magnum Bottle |
L — — Standard Bottle |
——=—= Half Bottle 1
| W\ a YC
10 \\ . ocC
\
By ik
) L
S i
[&] L
6 -
i ~ S~
N, i 72
. 4
4 + \\\ - S wl
I o, Ty 1
2 -I 1 I 1 ‘H":
0 5 10 15 20
Years

Figure 4. Following eq 9, theoretical concentrations of dissolved CO,
found in the wine during the aging process (at a given cellar temperature of
12 °C) and for three distinct bottle types, namely, a magnum bottle, a
standard bottle, and a half bottle, respectively. Our experimental measure-
ments of dissolved CO, found in both Champagne types also appear.

liquid. This phenomenon could also progressively modify the way
CO, molecules diffuse from inside the bottle to the ambient air,
thus modifying in turn the model proposed in this paper. Deeper
experimental investigations about the way a cork stopper alters with
time in a bottleneck are needed. Such experiments are soon to be

conducted along that line.
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B ABBREVIATIONS USED
w

¢, dissolved CO, concentration found in the Champagne
bulk, in mol m?

o, dissolved CO, concentration initially found in the
Champagne bulk after bottle corking (i.e., at t = 0),
in mol m

D, diffusion coeflicient of gaseous CO, molecules through

the porous cork, in m” s~
HY, Henry’s law constant (i.e., solubility of CO, molecules
in Champagne), in mol m > Pa™"
. total CO, found in a Champagne bottle, in mol
n, gaseous CO, found in the headspace under the cork, in
mol

total
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n"”, dissolved CO, found in the Champagne bulk, in mol

0oC, old Champagne samples
H

P, pressure of gaseous CO, under the cork, in Pa

P initial pressure of gaseous CO, after bottle corking
(ie, at t = 0), in Pa

R, ideal gas constant, 8.31 ] K ' mol !

S, cross section of the cork stopper (equivalent indeed to
the cross section of the bottleneck), in m*

t, time, in s

T, temperature, in K

v volume of the gaseous headspace under the cork, in m?

v, volume of the Champagne liquid phase inside the
bottle, in m®

YC, young Champagne samples

0, length of cork penetrating into the bottleneck in m

T, characteristic time of the exponential decay law, in s
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