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Abstract

Highly porous framework materials are of large interest due to their broad

potential for application, for example, as sensors or catalysts. A new approach is

presented to investigate, how deep plasma species can penetrate such materials.

For this purpose, a polymer (ethylene propylene diene monomere rubber) is used

as marker material and covered with the porous material during plasma exposure.

Water contact‐angle and X‐ray photoelectron spectroscopy measurements are

used to identify changes in the polymer surface, originating from the interaction

of plasma species with the polymer. The method is demonstrated by studying

the plasma permeability of tet-

rapodal zinc oxide framework

materials with a porosity of

about 90% in an oxygen low‐
pressure capacitively coupled

plasma. Significant differences

in the penetration depth rang-

ing from roughly 1.6–4mm are

found for different densities of

the material and different treat-

ment conditions.
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1 | INTRODUCTION

The properties of zinc oxide (ZnO) such as for example,
being a high band gap semiconductor, chemically stable,
and biocompatible resulted in extensive research and a
wide range of applications such as gas sensing or
catalysis.[1–5] Tetrapodal zinc oxide (t‐ZnO) became a
focus of research as individual tetrapod‐shaped ZnO
crystals can interconnect and form a network of
interconnected tetrapods.[6] This results in a 3D struc-
tured, highly porous framework material with a large
surface‐to‐volume ratio.

Controlling the crystal morphology and defect
structure of the t‐ZnO enables adaptation to the different
applications. Plasma treatment of ZnO showed promising
results in modifying ZnO by, for example, plasma
etching[7–15], to improve its properties[16–18], such as p‐
type conductivity[17]. To combine the advantages of the
3D highly porous t‐ZnO with modifications gained by
plasma treatment, plasma penetration into the 3D
structure is necessary.

Further, the plasma itself can be strongly affected by
plasma‐surface‐interactions like secondary electron emis-
sion.[19–24] Thus, usage of the large surface‐to‐volume
ratio of t‐ZnO as electrode material could enhance
plasma properties, especially, for microplasmas, where
the surface‐to‐volume ratio is already quite large.[25–27]

Other examples, like plasma catalysis[28–31], also
showcase applications where the penetration of plasma
species into the highly porous t‐ZnO material is favorable
if not necessary. Thus, in this study, we present a simple
and convenient approach to determine the plasma

permeability of highly porous materials using the
example of t‐ZnO framework materials.

In the past, investigations were made to study, for
example, the transmission of N‐atoms in the afterglow of
a microwave discharge through porous materials like
sterilization pouches (2D structured materials).[32,33]

Canal et al. used hydrophobic textiles as indicator
material behind the porous sheet. For those textiles, the
wetting time was measured after plasma exposure.[33]

The t‐ZnO framework materials, which were studied in
this work, feature a truly 3‐dimensional porous struc-
ture.[6] The hydrophobic textile was replaced with a
suitable polymer as marker material, which offers an
even easier method to determine the plasma permeability
of porous materials. Figure 1 shows the idea
schematically.

The interaction of plasma with polymer surfaces has
been described in many publications and textbooks.[34–40]

Oversimplified summarizing, high energy plasma parti-
cles and UV‐radiation lead to dissociations of the C–C‐
and C–H‐bonds. Thus, other atoms or groups can be
attached to the C‐radical sites, depending on the reactive
species in the plasma. Exposing a polymer to an oxygen
plasma leads to functionalization of the polymer surface
by the attachment of oxygen‐containing polar groups, as
sketched with OH‐groups as an example in Figure 1. One
expects to detect C–O–C, C–O–H, C–O–O–H, and C ═O
bonds within the C 1s‐Peak of an XPS high‐resolution
(HR) scan of the surface.

This functionalization leads to a decreased water
contact angle (WCA) and a higher oxygen ratio on the
surface of the polymer. Depending on the chosen

FIGURE 1 Schematic illustration of the
indirect approach. If plasma species permeate
the highly porous tetrapodal zinc oxide (t‐ZnO)
framework material, they will modify the
surface of the polymer marker material. In the
real setup, the gap between the t‐ZnO and the
polymer does not exist (see Figure 2b).

2 of 10 | MARXEN ET AL.

 16128869, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ppap.202200118 by U

niversitatsbibliothek K
iel, W

iley O
nline L

ibrary on [12/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



polymer and plasma parameters, significant differences
in surface modification can easily be measured. Thus, a
suitable polymer can be used as an indicator material to
study, if plasma can permeate through highly porous 3D
structures, which are placed on top of it.

2 | EXPERIMENTAL SECTION

The experiments were performed in an oxygen (Air
Liquide, 99.9999% purity) low‐pressure CCP.[41–43] This
comes with the advantage of low mechanical impact on
the studied material samples compared to strong gas
flows using atmospheric pressure plasma jets.[44] The
walls of the plasma chamber are used as the grounded
electrode, which results in a large geometric asymmetry
(Figure 2a). Hence, a negative self‐bias occurs, which has
been described elsewhere.[41,45]

The change of the WCA of the EPDM surface due to
oxygen plasma treatment was found to be high in
comparison to other for us available polymers (e.g.,
polyethylene or polypropylene) in former, unpublished
measurements of our group. Hence, it was chosen as
suitable marker material. Untreated EPDM has a WCA of
about 130°. A parameter study was performed to
determine the pressure p, rf‐plasma power PRF, and
treatment time t, for which the maximum change in
WCA is observed. The smallest WCA (30°) was found for
p= 10 Pa, PRF = 80W and t= 6min. The selfbias is

roughly −700 V. These conditions were realized for all
further experiments.

To guarantee the same plasma conditions for t‐ZnO
samples of varying thicknesses, a sample holder was
constructed, which is schematically shown in Figure 2b.
A photograph of the holder when typically filled for the
experiment is shown in Figure 2c. The whole setup with
the sample holder in the plasma chamber is sketched in
Figure 2a.

To gain insight into the penetrating species (ions or
neutral components like atomic oxygen, molecular
oxygen or ozone), different holder potentials were
realized. One holder was made out of stainless steel,
one was made out of Teflon. The positioning inside the
chamber was varied between in the plasma sheath
(directly on the rf‐electrode, Figure 3a,b) and in the
plasma bulk. To lift the holder into the bulk, glass
cylinders (height about 4 cm, Figure 3c) were used. In the
bulk, the holder acts as a floating body with a floating
potential of approximately −10 V. On the rf‐electrode,
the stainless‐steel holder will adopt the negative self‐bias
potential. In contrast, the Teflon holder will be like a
dielectric barrier in front of the electrode. The changes in
the sheath configuration are even visible the naked eye
(Figure 3).

It was also investigated, if any change in the behavior
of the t‐ZnO samples is obtained, when they are exposed
to the plasma multiple times. For this, the stainless‐steel
holder was placed in the sheath and in the bulk.

FIGURE 2 (a) Setup for the plasma chamber. (b) Schematic of the sample holder for ethylene propylene diene monomere rubber
(EPDM) test polymer covered by tetrapodal zinc oxide (t‐ZnO). There is no possibility for the plasma species to reach the EPDM surface
directly without permeating the t‐ZnO sample. (c) Photograph of the filled stainless‐steel sample holder with t‐ZnO covers on two samples
(left and middle) and pristine EPDM on the right. (d) Photograph of a 2.5 mm thick t‐ZnO sample.
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WCA measurements were used as a fast and easy
method to determine changes in the surface tension due
to plasma species that have permeated the t‐ZnO
material.[46–48] The sessile‐drop method[46] was con-
ducted via a custom‐built setup. More precise informa-
tion was obtained by XPS.[46] It was performed for
samples in both holders for placement in the sheath. The
goal was to prove that the reduced WCA arises from
oxygen‐containing polar groups, which were formed on
the EPDM surface underneath the covering highly
porous 3D structures during the plasma exposure. The
XPS measurements were conducted with an XPS UHV
system (PREVAC Sp. z o. o.) at a pressure of 10−9 mbar.
An Aluminum anode X‐ray tube operated at 300W
(15 kV, 20 mA) was utilized as an X‐ray source. Survey
scans were conducted at three iterations and a pass
energy of 200 eV, while HR scans were performed at 20
iterations and a pass energy of 50 eV. The charge
correction was done with the C 1 s main peak at 284.8 eV.

The production of the t‐ZnO (Flame Transport
Synthesis) was described by Gedamu et al. elsewhere.[49]

It was pressed into 10 × 10mm samples of varying
thickness, which were then sintered for 5 h at 1150°C
(Figure 2d contains a 2.5 mm thick sample as an

example). Figure 4 shows pictures of a 0.3 g cm−3 density
t‐ZnO framework in different scales, obtained by
scanning electron microscopy (SEM). The randomly
distributed arms of the ZnO tetrapods form an
interconnected network, creating a completely
open porous framework material. The porosity of this
framework material in % can be calculated by comparing
the network's density with the bulk density of
ZnO (ρ = 5.61ZnO g cm−3) using the formula

( )ϕ = 1 − *100
ρ

ρ
network

ZnO

.[44]

Most of the investigated t‐ZnO framework material
samples have mass densities of 0.3 g cm−3, which
corresponds to a porosity of ϕ = 94.7%. For the
stainless‐steel holder in the sheath, t‐ZnO samples of
thicknesses between 1.0 and 2.5 mm were investigated.
For the Teflon holder in the sheath, the t‐ZnO samples
had thicknesses from 1.0 to 5.0 mm. Measurements for
multiple usages of the same t‐ZnO samples in the sheath
and in the bulk were made for t‐ZnO with a thickness of
1.6 mm. For 1.3 mm thick t‐ZnO samples, densities of
0.45 g cm−3 (ϕ= 92.0%) and 0.6 g cm−3 (ϕ = 89.3%) were
studied. They were placed in the sheath using the
stainless‐steel holder.

FIGURE 3 Different materials of the sample holders and different positions in the plasma chamber lead to different sheath
configurations in front of the tetrapodal zinc oxide (t‐ZnO)/ethylene propylene diene monomere rubber (EPDM) substrate. (a) Stainless steel
holder on the rf‐electrode/in the sheath. (b) Teflon holder on the rf‐electrode/in the sheath. (c) Stainless steel holder on glass cylinders and,
thus, lifted into the plasma bulk. There is no visible sheath for this configuration.

FIGURE 4 Scanning electron microscope pictures of the investigated tetrapodal zinc oxide (t‐ZnO) samples with a mass density of 0.
3 g cm−3 at different scales
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3 | RESULTS AND DISCUSSION

For placing the stainless‐steel holder directly on the rf‐
electrode, the thickness of the covering material is varied
between 1.0 and 2.5 mm. The samples have a mass
density of 0.3 g cm−3. In Figure 5, the results for the
EPDM examination after the plasma exposure are shown.
All depicted results for the performed WCA measure-
ments include error bars originating from repetitions of
the experiments. The WCA and XPS values for uncov-
ered (dark green in Figure 5, WCA of [24 ± 6]°) and
untreated (red, WCA of [136 ± 5]°) EPDM markers can
be considered as references. Figure 5a illustrates the
increasing WCA if thicker t‐ZnO samples cover the
EPDM during the plasma exposure. Starting at (24 ± 6)°
for the uncovered EPDM, the WCA increases to
(56 ± 16)° for 1.0 mm, to (70 ± 19)° for 1.3 mm, and to

(84 ± 25)° for 1.6 mm, until it reaches values between
130° and 140 for covering thicknesses of 1.9 mm and
thicker. A WCA in this region means no significant
change in the surface tension of the marker polymer.
These results are very intuitive, as they reveal a better
permeability for thinner covers. There are large error
bars when a treatment effect underneath the cover
occurs (1.0–1.6mm). The reason for this is probably that
the treatment effect on the covered EPDM changes
dramatically for little inhomogeneities of the porous
material samples. Nevertheless, there is a nonneglectable
increasing trend of the WCA in the data for thicker
covers.

It is yet to validate that this effect truly is due to
oxygen‐containing functional groups generated at the
EPDM surface and, thus, it is a plasma treatment effect.
The XPS measurement (Figure 5b) delivers this

FIGURE 5 Results for different thicknesses of tetrapodal zinc oxide (t‐ZnO) covers. The mass density of the t‐ZnO is 0.3 g cm−3, the
stainless‐steel holder was used and placed directly on the rf‐electrode. (a) Water contact‐angle (WCA) and (b) X‐ray photoelectron
spectroscopy (XPS) data for the ethylene propylene diene monomere rubber (EPDM) surface after the plasma exposure. (a, b) Include data
for untreated EPDM (red bars) and uncovered EPDM (dark green bars), which can be regarded as reference values. (c) High resolution (HR)
scan of the C 1s‐peak for uncovered EPDM after the plasma exposure. (d) HR scan of the C 1s‐peak for EPDM, which was covered with 1.
6 mm t‐ZnO during the plasma exposure.

MARXEN ET AL. | 5 of 10

 16128869, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ppap.202200118 by U

niversitatsbibliothek K
iel, W

iley O
nline L

ibrary on [12/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



information. Data were acquired for pristine EPDM
before (untreated) and after plasma exposure (uncov-
ered) as well as for EPDM that was covered with t‐ZnO
samples. The samples had thicknesses of 0.8 mm and
1.6 mm and a mass density of 0.3 g cm−3. The results
show an extreme increase in the O/C ratio for the
uncovered EPDM from 11.4%–82.0%. For the covered
EPDM, there is still a significant increase in the O/C
ratio. A value of more than 26% was observed for both
t‐ZnO thicknesses. The Zn/C ratio is in the same range
(4.5%–7%) for all EPDM samples. This reveals only a
small ZnO contamination of the EPDM surface. HR XPS
scans of the C 1s‐peak (Figure 5c,d) show that C–O
(~286 eV[40]) and C=O (~289 eV[40]) bonds were formed
at the EPDM surface. Hence, the large increase in the O/
C ratio will originate from oxygen‐containing functional
groups (and not from ZnO contamination). These results
allow concluding that plasma species can permeate
through the highly porous t‐ZnO networks.

Summarizing the above, the larger wettability of the
EPDM surface, measured by WCA, can be attributed to
functionalization of the polymer and does not originate
from ZnO leftovers on the surface. Furthermore, the
penetration depth of plasma species into the t‐ZnO
framework material of 0.3 g cm−3 can be estimated as
approximately 1.6 mm under these conditions.

Considering that plasma species (in particular:
oxygen radicals/ions) can permeate the porous frame-
work material, parameters and experimental conditions
were varied. The t‐ZnO density, the material of the
sample holder, and the position in the plasma chamber
are changed to investigate their influence on the
permeability.

A higher mass density of the t‐ZnO cover should lead
to a weaker plasma treatment effect on the EPDM
surface. Figure 6 confirms at least the trend for this
expectation. Taking the large error for frameworks of
0.3 g cm−3 density into account (70± 19°), it can be
concluded that the assumption should be right. The
highest studied mass density of a t‐ZnO sample is
0.6 g cm−3, which hardly leads to any effect on the
EPDM surface (127± 6°).

Figure 7 shows that the holder material plays a major
role in the permeation through the t‐ZnO samples. The
Teflon holder was used in the sheath to gain insight into
the influence of the holder's potential. The different
sheath configurations for the two holders are visible by
the naked eye (Figure 3a,b). The WCA for a thickness
variation of the t‐ZnO samples is depicted in Figure 7a.
The blue bars show the values for the Teflon holder. A
much better treatment effect on the EPDM surface for all
thicknesses (including uncovered EPDM treatment)
relative to the stainless‐steel holder is observed. For the

t‐ZnO in the stainless‐steel holder, there is no change in
the WCA compared to the untreated EPDM for covering
thicknesses larger than 1.9 mm. In contrast, there is just a
relatively small change between uncovered treated
EPDM (8 ± 5°) and a cover thickness of 1.9 mm
(24 ± 5°) in the Teflon holder. Even for a thickness of
4 mm, there is still a small effect in the contact angle of
the EPDM (126 ± 7°) if using the Teflon holder.

The XPS measurements in Figure 7b confirm the
WCA results. The O/C ratio of the EPDM, which was
covered with 1.6 mm thick t‐ZnO in the Teflon holder, is
32.55%. This is about 6% higher than in the stainless steel
holder. Another important result of the XPS measure-
ment is the fluorine ratio F/C. Since Teflon is not inert to
plasma[50], fluorine compounds could also be responsible
for the smaller WCA values. However, there is no
significant F/C ratio for the EPDM that was covered with
the t‐ZnO. Figure 7c shows an HR XPS scan for binding
energies, at which fluorine would be detected.[51,52] A
clear peak is found only for the uncovered EPDM sample
in the Teflon holder. In Figure 7d, C–O and C=O bonds
can be found as subpeaks in the C 1s‐peak of the EPDM,
which was covered with 1.6 mm t‐ZnO during the plasma
exposure. C‐Fx bonds would have been detected at
binding energy between 293 and 294 eV.[51] They are not
found in these measurements. Hence, the smaller WCA
originates from the higher oxygen ratio and not from
fluorine compounds. Additional EDX (energy dispersive
X‐ray spectroscopy)[53] measurements also showed no
significant fluorine concentration in the t‐ZnO samples,
which were used in the Teflon holder. Thus, released
fluorine will not be responsible for the enhanced plasma
permeability in the Teflon holder.

FIGURE 6 Variation of the mass density of the tetrapodal zinc
oxide (t‐ZnO) samples The samples were used in the stainless‐steel
holder in the sheath
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A possible explanation for better surface activation
in the Teflon holder compared to the stainless‐steel
holder could be the following. The stainless‐steel holder
on the rf‐electrode adopts the self‐bias potential of
roughly −700 V. The t‐ZnO samples, instead, will not
adopt this potential and will be less negatively charged.
Thus, positive ions are deflected in their trajectories and
attracted toward the stainless‐steel of the holder. This
could work similar as a defocusing ion lens. It would
result in fewer ions arriving at the top t‐ZnO and
permeating it towards the bottom EPDM. The Teflon
holder instead works like a dielectric barrier in front of
the electrode and will not influence the trajectories of
the arriving species as much.

To investigate changes in the plasma permeability of
the t‐ZnO for multiple plasma exposures, four samples of
1.6 mm thickness were used three times each. An unused
EPDM sample was placed underneath the t‐ZnO for

every run. Figure 8a shows the WCA results. It holds
values for positioning in the sheath (light green) and in
the bulk (darker green). The different positions result in
different sheath configurations (Figure 3). The uncovered
EPDM has a WCA of (79 ± 5)° after being treated in the
bulk. In the bulk, the ions, which arrive at the samples,
have smaller kinetic energy compared to sample
placement in the sheath. This explains, why the overall
WCA values are higher for treatment in the bulk. The
covered EPDM showed a WCA of about 120° for all three
usages of the t‐ZnO in the bulk. In contrast, for treatment
in the sheath, the WCA decreases with every usage of the
t‐ZnO samples. (Note: The value for the first use in the
sheath differs from the value for 1.6 mm in Figure 5a.
That is, because only those samples were considered
here, which were truly used multiple times). For the first
use, the WCA of the EPDM underneath is (76 ± 8)°, for
the second use (57 ± 12)° and for the third use (44 ± 9)°.

FIGURE 7 Comparison of the Teflon (tef.) holder (blue bars) and the stainless‐steel (s.‐s.) holder (green bars). Both holders were placed
in the sheath. (a) Water contact‐angle results. For values ≤15°, the water drop was covering almost the complete ethylene propylene diene
monomere rubber (EPDM) surface. (b) X‐ray photoelectron spectroscopy (XPS) examined surface composition. (c) High resolution (HR)
scan of the F 1s‐peak. (d) HR scan of the C 1s‐peak for EPDM which was covered with 1.6 mm t‐ZnO during the plasma exposure in the
Teflon holder.
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Thus, plasma exposure of the t‐ZnO in the sheath
enhances its plasma permeability.

This also hints toward the species that play a major
role in the functionalization of the polymer surface
underneath the t‐ZnO. In the bulk, the ions are not
accelerated to the samples as much as in the sheath (the
potential of the holder is roughly −10 to −20 V in
comparison to −700 V). On the other hand, neutral
species like atomic and molecular oxygen or ozone are
barely affected by the different electrical configurations
in the bulk. They will even be present at higher densities.
Thus, one can assume that ions from the discharge are
the major species permeating the porous t‐ZnO material.
Further, the role of UV‐photons will be negligible for the
same reason and EPDM was found to be resistant to UV
radiation within the short treatment times used in this
study.[54]

In Figure 8b, photos of the t‐ZnO samples are shown.
The samples in the upper row were exposed to the
plasma in the sheath, in the lower row in the bulk. The
left photos were taken after the first use and the right
photos after the third use of the samples. For positioning
in the sheath, an increasing yellowish color change is
visible. In contrast, the samples in the bulk do not
change in color. A yellowish color change indicates an
increase in excess zinc ions in the t‐ZnO crystal
structure.[55] The enrichment in zinc ions can occur
due to oxygen radicals and ions in the plasma, which are
binding oxygen atoms from the zinc oxide. The resulting
change in conductivity of the t‐ZnO could also influence
the permeability of the material. Proving this hypothesis
could be a subject of future experiments.

One could also imagine a sputtering effect for the
position in the sheath, which would lead to an increase

in porosity. This would enhance the plasma permeability
as well. However, SEM of the used samples did not reveal
any mechanical changes to the network structure.

4 | CONCLUSION

Summarizing the performed experiments, this study can
be regarded as a proof of principle for the method of
using polymers as marker materials to study the plasma
permeability of highly porous framework materials. The
results by WCA and XPS measurements emphasize that
porous framework materials produced from t‐ZnO
possess a plasma permeability in an oxygen low‐
pressure CCP. The permeability decreases with increas-
ing sample thickness and mass density of the t‐ZnO
framework. XPS examination validates that oxygen ions
and/or radicals modify the covered polymer. The O/C
ratio increases from roughly 11% for untreated EPDM to
more than 26% for EPDM, which was covered with
1.6 mm thick t‐ZnO during the plasma exposure. C–O
and C=O bonds on the EPDM surface were detected in
HR XPS scans. It was found that the treatment
conditions, such as positioning in the plasma chamber
and material of the sample holder, play a significant role.
The penetration depth was found to be approximately
1.6 mm for t‐ZnO (mass density 0.3 g cm−3) when placed
in a stainless steel holder directly on the rf‐electrode.
Using a Teflon holder instead, showed a much larger
penetration depth between 2.5 and 4mm. Exposing
t‐ZnO samples to the plasma directly on the
rf‐electrode multiple times enhances the permeability.
This was observed by a decreasing WCA from (76 ± 8)°
(first use) to (44 ± 9)° (third use). This effect was not

FIGURE 8 Multiple usage of the same tetrapodal zinc oxide (t‐ZnO) samples. The samples had a thickness of 1.6 mm and a mass
density of 0.3 g cm−3. The stainless steel holder was used. (a) Water contact‐angle results. A comparison is made for plasma exposure in the
sheath/directly on the rf‐electrode (light green) versus in the bulk (darker green). (b) Photos of the t‐ZnO samples after the plasma exposure.

8 of 10 | MARXEN ET AL.

 16128869, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ppap.202200118 by U

niversitatsbibliothek K
iel, W

iley O
nline L

ibrary on [12/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



obtained for positioning in the plasma bulk. The smaller
effects on the covered EPDM in the bulk in general hint
toward the ions as being the dominant species for the
permeation of the porous network structures. Further
understanding of the plasma permeability could be
gathered, for example, by covering a mass spectrometer
instead an EPDM marker with the porous framework
materials to quantify the permeating species.
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