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ABSTRACT: The permeability of gases through uncompressed cork was investigated. More than 100 samples were assessed from
different plank qualities to provide a picture of the permeability distribution. A novel technique based on a mass spectrometer leak
detector was used to directly measure the helium flow through the central area of small disks 10mm in diameter and 2mm thick. The
permeability for nitrogen, oxygen, and other gases was measured by the pressure rise technique. Boiled and nonboiled cork samples
from different sections were evaluated. An asymmetric frequency distribution ranging 3 orders of magnitude (roughly from 1 to
1000 μmol/(cm 3 atm 3 day)) for selected samples without macroscopic defects was found, having a peak below 100 μmol/(cm 3
atm 3 day). Correlation was found between density and permeability: higher density samples tend to show lower permeability.
However, boiled cork showed a mean lower permeability despite having a lower density. The transport mechanism of gases through
cork was also examined. Calculations suggest that gases permeate uncompressed cork mainly through small channels between cells
under a molecular flow regime. The diameter of such channels was estimated to be in the range of 100 nm, in agreement with the
plasmodesmata size in the cork cell walls.
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’ INTRODUCTION

The balance between flexibility and low permeability makes
cork a suitable material for sealing purposes. Cork also lasts
several years without apparent loss of its sealing performance,
and its nontoxicity is well-known. Therefore, it is understandable
why it is so largely used in wine closures and sealing gaskets.

Permeability is the property that describes the amount of
material (gas or liquid) that flows trough a seal toward the
opposite side. Although formany applications permeability as low as
possible seems to be preferable, in others some controlled permea-
tion is desired. This seems to be the case in wine bottling, where
oxygen permeation through the closure apparently plays an im-
portant role in the development of wine, particularly red wine.1,2 A
key debate on this subject was raised in recent years.3�5 Although
consensus seems to be difficult, most authors suggest that the non-
negligible permeation of oxygen through a cork stopper may be a
factor of preference for cork over less permeable aluminum screw
caps or more permeable synthetic closures.1 The main routes for
oxygen ingress through different closures were addressed by Lopes
et al. in ref 6. A very comprehensive review on this subject was
recently published by Karbowiak et al.7

However, cork has applications other then wine closures.8

Therefore, permeability is amatter of interest in any applicationwhere
cork is used because of its suitability as a seal to gases or liquids.

Cork is a cellular material; its cells are hollowed of cytoplasm,
being composed of only the cell wall and gas inside. The cell
walls' structural components are suberin, lignin, and the poly-
saccharides cellulose and hemicelluloses. Cork is usually referred
to as impermeable, this characteristic being attributed to the
suberin, a highly hydrophobic lipid material. Although the inner
volume of the cells is basically closed, very small channels
(plasmodesmata) between cells were found9 that might play an
important role in the transport of gases through cork.

The cork structure is similar to a hive, in which the cells
resemble a prism with an average of six sides, oriented according
to the tree radius. Cork has several major inhomogeneities such
as large pores and channels, most of them parallel to the tree
radius and well visible macroscopically.10

The aim of this work was to provide a comprehensive
characterization of the permeability to gases of this alveolar material
in the absence of compression. We performed permeability mea-
surements for different qualities of corkwith andwithout the boiling
treatment used in the manufacturing industry for the preparation of
raw cork material used in the production of wine stoppers. We also
performed measurements in the three different sections to evaluate
the permeability anisotropy. Moreover, the use of different gases in
this work, therefore varying the permeant mass, provided an
understanding of the transport mechanism of gases through cork.

However, the goal of this work was not to study cork as a
closure in real conditions as, for instance, in wine stoppers. We
intended to characterize the permeability of cork as a natural
material, without compression, and to get some insight into the
transport mechanisms of gases under such conditions. The basic
idea was to determine how and to what extent the bark cell walls are
permeable to gases. In other experiments we measured the effect of
compression on the permeation and characterized the permeation
of liquids and vapors through cork. Moreover, the total permeation
of cork stoppers in bottlenecks was also studied using the technique
described here.

All studies found on the permeability of cork were performed
using oxygen with the purpose of characterizing cork as a wine
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closure. Therefore, cork stoppers were used, fitted in bottles or
bottle-like conditions. Such studies were done using the Mocon
method or by an especially developed colorimetricmethod.11One of
the main drawbacks of these methods is the long time required to
achieve a steady state and, therefore, stable measurements.12 Those
studies are well summarized in refs 7 and 13 and were always per-
formedon cork stoppersfitted in bottles or bottle-like conditions. For
that reason it is difficult to get insight into the permeability of cork in
the absence of compression. Moreover, the influence of the orienta-
tion on the cork section was not studied in any of those works
(stoppers are always cut across the same section).

In this work, we used a heliummass spectrometer leak detector
to measure the gas flow. This equipment provides a direct measure-
ment of He flow rate in a very wide range (≈10 orders of
magnitude). Furthermore, the measurements provided by the leak
detector are easily traceable, using calibrated reference leaks. These
leaks can be purchased in a wide range of values, well below (and
above) the values we found.However, this type of detector is suitable
only for helium. For that reason,measurementswith other gaseswere
few and performed according to the standard pressure rise method
commonly used to measure the permeability of plastics.14,15 The
mass spectrometer leak detector allowed measurement of the
permeability of more than 100 samples, and the pressure rise
technique revealed a relationship between the permeation for helium
and the permeation for other gases such as nitrogen and oxygen.

’EXPERIMENTAL PROCEDURES

Sampling. The permeability was measured in selected cork samples
without macroscopic defects. Some of these natural defects are large
pores or channels through which the gas flow has almost no restrictions
and may lead to unmeaningful results regarding the true permeability of
the cork cell tissue. Moreover, because we were dealing with a natural
product, a large variability of results was expected.

This wasminimized using small-sized samples where we could easily find
a quasi-homogeneous and defect-free spot of a few millimeters in diameter.

Samples were taken from planks of reproduction cork with a 9-year
production cycle. The three plank thickness classes of 22�27 mm
(thin), 27�32 mm (half-standard), and 32�40 mm (standard) were
sampled, coded as types 1, 2, and 3, respectively, which correspond to
different average annual cork growths (Table 1). These planks are the
raw material used in the production of wine stoppers (types 2 and 3) or
of disks for composite stoppers, that is, for sparkling wines (type 1).10

The planks were subdivided, and one part was treated by immersion
in boiling water during 1 h. This is the usual preprocessing step that the
raw cork planks undergo industrially.5 This boiling process typically
expands the plank volume, predominantly increasing the plank thickness
by about 15% and releasing residual stresses in the cell walls.8 The letter
“B” refers to the boiled cork samples.

Cylinders of 10mmdiameter were cut from the planks along the three
main axes in relation to the tree stem (axial, radial, and tangential). Then,
cylinders were sliced in disks about 2 mm thick. Finally, a visual inspection
was performed to select samples without visible defects in a central area of
approximately 3mm indiameter. Sample rejectionwas between50 and 80%
or evenmore in the case of radial sections. Table 1 summarizes the details of
the analyzed samples. Prior to testing, every sample was weighed and its
thickness measured.

Designation of the cork disk sections follows the usual nomenclature
in plant anatomy and cork studies:5 a transverse section is perpendicular
to the axial tree direction, a tangential section is perpendicular to a tree
radial direction, and a radial section contains a tree radius and the vertical
axis. Cork stoppers are cut from the transverse section.
Methods. Samples were mounted on a specially made sample holder

illustrated in Figure 1. The cork disk was wedged between the holder body
and a screwable cylinder, both having a drilled aperture of 3.5 mm in
diameter. The lower part of the holder was replaceable, allowing easy
modification of the sampled area (together with the screwable cylinder).
This lower piece was built on a standard CF16 flange sealed with a copper
gasket as used in ultrahigh-vacuum systems. The holder was fitted with two
standard KF40 flanges for quick assembling and disassembling in the leak
detector and gas filling system.

The sample holder was leak tested with a thick neoprene disk, and no
leaks were detected (<10�10 cm3 (STP)/s).

Efforts were made to ensure that every sample was well sealed
between the two surfaces and the gas flowed through the sampled area.
Samples were tested with different torques applied to the upper cylinder.
Above a torque of ≈1 N m, no change in the flow was detected. We
assumed that in such conditions the gas flowwasmainly due to permeation.
Thereafter, all samples were tightened with a torque well above the
aforementioned limit, but below the point of sample destruction
(however, every tested sample was permanently modified). The transition
area between the compressed and uncompressed sample parts was
disregarded and included the sampled area.

The sample holder was mounted directly on the leak detector. The
upper flange was fitted to a gas filling system. The upper volume was
pumped down to pressures below 1 mbar and then filled with pure
(99.99%) helium to a monitored pressure of 1.0 atm. The leak detector
was switched on before gas filling and connected to a computer for

Table 1. Sample description Summary

plank treatment nonboiled boiled

no. of samples 38 69

sampled sections radial, transverse,

and tangential

plank thickness (mm) type 3 = 42 ( 5 type 3B = 48 ( 5

type 2 = 33 ( 4 type 2B = 38 ( 4

type 1 = 17 ( 3 type 1B = 18 ( 3

sample dimensions disks of ≈2 mm thick

and 10 mm diameter

permeation area 9.6 mm2 (L 3.5 mm)

Figure 1. Cork sample compressed between two flat stainless steel
surfaces. The permeation area was 3.5 mm in diameter.
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continuous acquisition (every second). Typical acquisition timewas about 1
h per sample.

A modern leak detector, type ASM 142 from Adixen, was used. This
detector is fully automated and has an internal reference leak for periodic
calibration. This reference leak has temperature correction and was
calibrated externally in our ISO/IEC 17025:2005 accredited laboratory
with an uncertainty of 10% (k = 2).

For the pressure rise method, the same holder was used. The lower
side was connected to a high-vacuum system via a valve. Prior to pumping,
the holder and fittings (without sample) were baked for more then 10 h at
temperatures above 80 �C under vacuum to ensure proper degassing. After
cooling and with a disk of negligible permeability, the pressure rise was
monitored to evaluate the contribution of residual degassing to the pressure.

Then the sample was assembled, the lower volume was evacuated to a
pressure below 10�5mbar, and the valve was closed. The upper volumewas
filled with the testing gas in a procedure similar to that used with the leak
detector. The pressure in the lower volume was monitored with a high-
accuracy pressure gauge (MKS 690A Baratron) for a time long enough to
have a constant slope pressure increase (typically a few hours).

Because the sample was exposed to vacuum well below the water
vapor pressure (≈0.1 mbar) in all measurements, it was considered void
of water. This is a limitation of the technique that cannot be overcome
(controlled relative humidity is not possible).

The volumetric gas flow rate, Q, is given by the relationship (for
constant volume)

Q ¼ V
dp
dt

where p is the pressure, V the closed volume, and t the time. Therefore,
the volume has to be known. It was measured fitting an extra (known)
volume via a valve and producing an adiabatic expansion (or compression).
The initial and final pressure was measured, and the volume was then
calculated with an estimated uncertainty of better than 5%. All measure-
ments were done at room temperature.

One of the experimental concerns within the framework of this study
was to demonstrate that the value read by the leak detector would be the
same as that acquired from the pressure rise technique. Therefore, we
measured the permeability for He in the same sample using both
methods to achieve method validation. Figure 2 shows the results for

the worst of three samples for which we did this comparison. Even in the
worst case, the difference in the slope lies well within the uncertainty of
the reference leak.
Calculations. All measurements were acquired in terms of volu-

metric gas flow rate and thereafter converted to permeability. Considering
volumes at standard temperature and pressure (STP), the following
conversion may be convenient for flow rate units:

1 mbar 3 L=s � 1 mL ðSTPÞ=s
Permeability (Pe) was calculated from the measured flow rate (Q) by
taking into account the thickness of the sample d, the permeation area A,
and the testing pressure difference Δpt, by the following relationship:

Pe ¼ Q � d
A� Δpt

For convenience, the permeability was converted to what seemed a
better-suited unit, μmol/(cm 3 atm 3 day): 1 μmol/(cm 3 atm 3 day) is the
total amount of gas flow through a section of 1 cm2 and 1 cm thick under
a pressure difference of 1 atm after 1 day. A temperature of 300 K was
used in the conversion calculations.

’RESULTS

Figure 3 illustrates typical results for three different samples
acquired by the leak detector. The He flow was well within the

Figure 2. Method validation. The graph shows the He flow as acquired
by the leak detector (left scale) and its comparison after integration in
time with the pressure rise technique (right scale); the difference lies
within the uncertainty of the reference leaks used. This example shows
the larger difference found among tests; the arrows indicate the
corresponding axis of the plotted lines.

Figure 3. (a) Three typical He permeation measurements as acquired
by the leak detector; (b) same as (a) but converted to the equivalent
pressure rise in 1 L volume. Note the differences in time lag. θ1 = 678 s;
θ2 = 536 s; θ3 = 107 s.
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measuring range of the leak detector in the “fine” mode
(10�4�10�11 mbar 3 L/s). The permeated flow starts very small
and then increases to a steady state value. Sample 1 was from
plank 2B with a tangential section, sample 2 from plank 3B with
radial section, and sample 3 from plank 3. The corresponding
permeabilities are in the inset of Figure 3.

The time needed to get a constant value can be described by
the so-called time lag obtained by the intersection of the tangent
with the time axis when a constant slope is achieved, as shown in
Figure.3b. In those samples the time lags were θ1 = 678 s, θ2 =
536 s, and θ3 = 107 s.

Although the flow rate of these three samples was of the same
order of magnitude, they could range up to 3 orders as shown by
Figures 4�6. In Figure 4 the mean permeability is plotted for
every plank class. We note that samples from thinner planks on

average permeate less than those from thicker planks. The mean
permeability for plank 1B is 10 times lower than samples from
plank 3 (or 3B). Also, it is clear that the boiling process reduces
the mean permeability.

Figure 4 also plots the standard deviation for those classes.
Although the permeability axis is in a log scale, it can be noted that
standard deviations are larger than average for almost all classes. Only
class 1 shows a lower value, but it is also the class with less population
(only nine samples). This huge standard deviation suggests that the
distribution of this property under study is not normal and, therefore,
the standard deviation has no meaning in this case.

No systematic difference was found among sections. Any
eventual small difference was hindered by the high dispersion
of results.

The frequency distribution for all sample types is shown in
Figure 5. To minimize the effect of a limited number of samples,
the results were grouped in permeability classes of increasing
ranges. The left scale refers to the frequency density, and the right
scale provides an idea of the cumulative probability.

The permeability values range >3 orders of magnitude (see
Table 2). The distribution displays a clear peak at very low values
(<100 μmol/(cm 3 atm 3 day)), but also makes a significant con-
tribution at much higher values. This behavior is similar to the
known γ distribution used in statistics. However, in our case the
contribution at high values seems to be more significant than in γ
distributions.

The difference between boiled and nonboiled samples is
perceptible in Figure 5. Almost 40% of the boiled samples have
permeabilities of <100 μmol/(cm 3 atm 3 day), whereas in the case of
nonboiled samples only 7% are in the same set. The contribution at
higher values is more noticeable for nonboiled samples.

The 95% percentile provides a useful figure for permeability. It
describes the number below which we have 95% probability
of having the permeability of a sample. The 95% percentile is
670 μmol/cm/day for boiled cork, but it is more than double this

Figure 4. Mean permeability and standard deviation for samples from
different planks. The variability is so large that the standard deviation is
larger than the average in five of six classes.

Figure 5. Distribution of permeabilities for boiled and nonboiled samples. Boiled samples show lower permeabilities. Note the position of average and
95% percentile. The upper distribution shows the similarity with a γ distribution.



3594 dx.doi.org/10.1021/jf200491t |J. Agric. Food Chem. 2011, 59, 3590–3597

Journal of Agricultural and Food Chemistry ARTICLE

value for nonboiled samples. However, it is >1 order of magni-
tude higher than the decade mode (Table 2).

A closer look at the frequency distribution can be done if data are
grouped as shown in Figure 6. Note that classes now have conti-
nuously duplicated permeability widths. The huge range of values is
evident. Also, the difference between the two sets of samples and the
significant contribution at values well above average and above the
mode are again clear.

The permeability was also measured for nitrogen, oxygen,
carbon dioxide, and tetrafluoroethane (R-134a, refrigerant gas)
using the pressure rise technique. These experiments were done
on the same sample to avoid sample variability. The measurements
were performed aminimumof three times per gas type. The result is
represented in Figure 7.

The permeability for heavier gases is considerably lower, as
expected. The ratio ofQN2/QHe is 0.36, andQO2/QHe is 0.32. These
ratios may be used to convert all of the permeabilities measured for
helium to permeabilities for nitrogen or for oxygen. Therefore, the
scales in Figures 4 and 5 can be converted to describe the permeation
for these gases. The permeation is roughly one-third of that for He.

’DISCUSSION

One of the main findings in this work is the outstanding
variability of cork permeability, even in the absence of macro-
scopic inhomogeneities. Although the boiled cork samples show
a higher proportion at low values, in both cases permeability
ranges 3 orders of magnitude. This result suggests that such cork
samples are still quite inhomogeneous.

A similar large variability was also noted by other authors (see,
for example, refs 7 and 16 and references cited therein). As stated
before, all published data concerning permeability are related to
the permeance of oxygen through compressed cork as in a wine
closure. From the permeance data one can infer the permeability
by taking the typical closure dimensions, 44 mm long and 18.5
mm in diameter (in the bottleneck).

Godden et al., using the Mocon technique, measured a
thousand-fold variation ranging 0.0001 to 0.1227 mL/day/
closure (0.05�64 mg/year/closure) in 12 samples 3 years after
bottling.17 Lopes et al. used an improved colorimetric method to
measure the oxygen ingress into the bottle under conditions similar
to those of wine bottling. For natural cork closures he found values
between 0.24 ( 0.16 and 0.50 ( 0.30 mg/L/month (10 times
variation) in 16 samples fitted in bottles of 0.35 L.18 In a different
work, the same authors studied the kinetics of the oxygen ingress
over time as a function of the bottle storage position (vertical or
horizontal).19 In vertical position they measured rates ranging from
0.1 to 2.7 μL/day (27 times variation) in 8 samples of 2 different
types of cork over a period between 2 and 12 months after bottling.

In another paper, Hart cites a work performed by SouthcorpWines
inwhich the oxygen permeation of 35 closureswas assessed, display-
ing high variability ranging from <0.001 to 1.0mL/day.20 Silva et al.,
in a study comparing the performance of synthetic and natural
closures, found an oxygen transmission rate of 0.078�0.083 mL/
stopper/day for one-piece cork stoppers.21

Data from these studies were converted to permeabilities and
compared with our data in Figure 8. Our results overlap 2 orders of
magnitude data from other authors and have a similar thousand-fold
variation. However, our work shows that uncompressed and dry
cork has about 10 times higher permeability. This is reasonable
because compression should partially close flow paths, therefore
increasing flow resistance.

No correlation was found between the sample section and
permeability. However, it was much more difficult to find “good”
samples with tangential sections becausemost defects are across this
plane. This is why cork stoppers are always drilled to keep such
defects perpendicular to the stopper cylindrical axis.10

FromTable 1 we note that boiling typically reduces cork density.
When boiled, cork samples increase their volume, mostly through
expansion in the radial direction.22 This suggests that permeability
may correlate with sample density. This is plotted in Figure 9 for all
samples grouped as shown in Figure 4. Boiled samples are indeed
less dense and, for both sets (boiled and nonboiled), the higher the
density, the lower the mean permeability.

Thinner planks possess typically higher densities, and the
thinner plank 1 shows the lowest mean permeability. It was shown
that in thin planks there is a higher proportion of smaller cells and
thicker cell walls.23 Therefore, more cell walls are present, which
increases the barrier reducing the gas flow. Consequently, it is
understandable why such samples showed lower permeability.

In natural cork the cell walls are corrugated due to growth
stresses.23 Under boiling, walls release their stress, partially returning
to their original volume. This explains the cell expansion and the
lower density of such samples, but not the observed decrease in the
mean permeability. The reason behind this requires further research
because it seems that boiling also affects the gas permeation paths.

Therefore, it is important to understand the permeation
mechanism through cork. Data in Figure 7 are fitted with a function
that describes the molecular regime of flow in very thin channels or
capillaries. This flow occurs when the mean free path of the
molecules is higher than the channel diameter.24 The molecular
flow rate, Qmol, was calculated by Knudsen as

Qmol ¼ a
T
M

� �1=2D3

L
Δpt

where a is a constant, T the gas temperature,M the molecular mass,

Figure 6. Frequency histogram of permeability. Class ranges were chosen to span constant log intervals.
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D the channel diameter, and L the channel length; Δpt is the
pressure difference between the channel entrance and exit.

The fit in Figure 7 considers massM to be the only variable, all
the rest being fitting parameters. The high correlation suggests
that we are indeed in the presence of this kind of flow, which is
typical of porous membranes and well described in the literature.

Therefore, the transport of gas through cork seems to be done
mainly via small channels across the cell walls. The size of theseT
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Figure 7. Permeation through cork follows the model for molecular gas
flow in porous media. The pressure rise technique was used to measure
the flow of He, N2, and O2 through the same sample.

Figure 8. Comparison of the equivalent oxygen permeability with data
from other authors. A closure 44 mm long and 18.5 mm in diameter was
considered to derive the permeability from the oxygen transmission rate
published in the following references: Silva,21 Lopes,18 Lopes,19 Godden,17

and Hart20 With the exception of the Lopes data, the permeability was
measured under dry conditions. Lopes data were obtained under
conditions similar to those of wine aging.
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channels can be roughly estimated from the measured flow rate
through samples of known thickness. The gas flow through a
restriction can be described in terms of a quantity known as
conductance, C. This quantity describes the ease with which gas
flows in such restrictions according to the following equation:

Qmol ¼ Ceq � Δpt

Here Ceq is the equivalent conductance of all the individual
channels in a sample. Every sample can be described as a series of
many single channels or conductances, these series being in
parallel among them. If we take, in a rough approximation, all
channels with the same diameter, one sample will have n channels
in series andm series of channels in parallel. It can be shown that
the equivalent conductance is then given by

Ceq ¼ m
n
Ci

with Ci the individual conductance for each channel. Combining
the previous equations, we reach a relationship between the
channel diameter and other quantities:

D3 ¼ L
a
� n
m
� Q
Δpt

� M
T

� �1=2

Making the rough approximation of a cork cell to a cube of
30 μm per side, one can estimate how many cells are in a sample
of known thickness and, therefore, how many individual con-
ductances are in series and in parallel.

The channel length can be sought from the literature as the
typical wall thickness, around 1.5 μm. Taking the gas flow shown
in Figure 3 for sample 2B (7 � 10�6mbar 3 L/s), we reach the
diameter of 60 nm. This diameter was estimated assuming that
there is only one channel between cells. For instance, if we
consider three channels instead of one channel, we reach a mean
diameter of 40 nm. Although this is a rough estimate, these values

are in the range of diameters of plasmodesmata observed by
electron microscopy crossing the cork cell walls.9

Figure 10 plots the diameter calculated by this process as a
function of the permeability. The shaded area of 30�100 nm
covers most of the measured permeability values. These calcula-
tions suggest that permeation through cork is essentially done by
channels between cells and not through the walls or by other
ways. The gas flow through solid cell walls should be much lower
than by channels (for uncompressed cork).

Another relevant parameter in permeation measurements is
the time lag as illustrated in Figure 3. Within the measured
samples, the time lag ranged from 8 to 5680 s and did not
correlate with the permeability. One could expect that the lower
the permeability, the higher the time to achieve a constant flow.
Although this was found in many samples, many others did not
exhibit this behavior. This finding may suggest that some cells are
completely closed or have smaller channels. This matches the
electron microscopy observations on the variation of plasmo-
desmata distribution across cell walls.9 Therefore, in such cells
the time to achieve equilibrium with the permeant gas is much
longer, leading to a delay in the steady state flow.

This work has allowed a comprehensive assessment of the
permeability of different gases through uncompressed cork. A
novel technique based on a helium mass spectrometer leak
detector was successfully used to measure the permeability,
providing a fast and quantitative measurement of the flow
through a sample in a range of many orders of magnitude, being
easily traceable to SI units.

Natural cork defects seemed to be not the major reason for the
variability of permeability found by other authors in thick
closures, because we found the same variability in thin selected
samples. However, cork density and boiling processing are
factors affecting the mean permeability.

The frequency distributions of permeability we measured
(boiled and nonboiled) are not Gaussian, having a long tail to

Figure 10. Range of channel diameters between cells as a function of the
permeability. The diameters of 30�100 nm fit the range of permeabilities
found in cork. Fits for one, three, and six channels per cell are shown.

Figure 9. Permeability as a function of the density for data grouped per
plank class as in Figure 4; the lower the density the higher is the mean
permeability. Boiled samples showed a lower permeability than non-
boiled samples, although having lower density.
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high values. The mean permeability has a limited significance
because it is several times the most probable value (mode).

The model of molecular transport through pores fits well to
the measured data for different gases. Further calculations
suggested that transport is made through small channels between
cells, the plasmodesmata, with diameters that can range from 30
to 100 nm.

It should be stressed that these results were obtained for
uncompressed cork and, therefore, cannot be directly applicable
to cork closures. However, they provide a clear picture of the
permeability of cork, as a natural material, to several gases.
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