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Mesoporous ceramic capillary membranes with mean pore sizes of about 20 nm are prepared as model
structures to investigate the influence of an altered surface chemistry on the flow behavior of gases. To
modify the membrane surface, a wet chemical silanization process with hexadecyltrimethoxysilane
(HDTMS) is used to gain an alkyl-functionalized surface. Structural and surface characterizations show
that the surface chemistry is altered without affecting the mean pore diameter. For the non-
functionalized membrane, single gas permeation measurements at 20 °C reveal ideal permselectivities
which are in good agreement with the Knudsen theory. In contrast, the HDTMS-functionalized mem-
brane shows permselectivities regarding carbon dioxide (CO,) which deviate about 20% from Knudsen
theory. The gas permeation measurements further indicate a relative flow enhancement for CO; in
comparison to nitrogen (N3), argon (Ar) and methane (CH4). Adsorption and desorption isotherms of CO;
and N; at 20 °C show a decreased specific adsorption capacity for both gases, while the adsorption
selectivity for CO,/N; is increased. This indicates a weaker interaction of gas molecules and membrane
surface due to HDTMS functionalization. This weaker gas—solid interaction along with the increased
adsorption selectivity is proposed as reason for the experimentally observed deviation of the permse-
lectivities from Knudsen theory.

1. Introduction

of surface-selective flow, which is attributed to selective adsorption
and diffusion, can be utilized. Surface modifications are applied to

In microfluidic systems, biotechnology and separation science,
surface modifications of inorganic substrates are an active field of
research. Especially in membrane science, this concept is applied to
develop new and improved materials, for example to enhance the
selectivity of porous, inorganic membranes for gas separation [1].
Mass transport in such mesoporous membranes is mainly governed
by Knudsen diffusion, which results only in small separation fac-
tors. To increase the separation beyond Knudsen limit, the principle
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increase the concentration of a specific adsorbable gas species on
the surface to favor surface diffusion [2].

Processes using silane precursors provide a versatile tool to
functionalize and tailor the membrane surface [3]. The surface
functionality can be adjusted easily due to a broad spectrum
of available silane molecules with different functional groups
for example amino-, carboxyl- or alkyl-groups and spacer
length, often ranging from C3—Cig [4—6]. In particular, when
focusing on CO, adsorption, amine-functionalizations show a
high potential and are therefore subject in recent investigations
[7,8]. For example, Stoltenberg and Seidel-Morgenstern [2], along
with Ostwal et al. [9] and Sakamoto et al. [1] used an amine-
modification to increase the CO;/N, selectivity of mesoporous
silica membranes. Furthermore, the effect of a membrane
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functionalization with organosilanes showing different alkyl-
chain lengths on the selectivity of especially heavier hydrocar-
bons [3,10,11] or for purification of aggressive gases such as chlo-
rine [12] has been investigated.

According to Koros and Mahajan [13], the key requirements for
membranes are durability, productivity and separation efficiency.
The aimed performance optimum for membranes is therefore a
high flux combined with a high selectivity. In general, a bigger pore
size and a higher porosity results in a higher flux (permeability).
Nevertheless, the contribution of surface diffusion is decreasing
with increasing pore sizes, thus limiting an optimization. Therefore,
the used membranes in the aforementioned studies possess pore
sizes in the lower mesoporous region around 2—10 nm, since high
separation factors are aimed. According to the general opinion in
the literature, surface diffusion is supposed to be negligible in pores
in the upper mesoporous range (10—50 nm) as well as macropores
(>50 nm) [12,14,15]. In fact, solely Knudsen diffusion is considered
as the main governing transport mechanism in the upper meso-
porous region >10 nm [16].

In the Supporting Material of asymmetric inorganic mem-
branes gas transport usually occurs in pores >10 nm. Until now,
adsorption effects such as surface diffusion are neglected in such
pores. In this study, deviations from the general rule stated above
are observed by investigating the gas diffusion in inorganic
membranes with pore sizes in the upper mesoporous region
(>10 nm). Here, yttria stabilized zirconia (YSZ) as ceramic mate-
rial and a well-established extrusion process are used to fabricate
capillary membranes serving as model structures for gas
permeation measurements. To affect the gas transport, a wet-
chemical silanization process is used to immobilize an alkyl
silane (hexadecyltrimethoxysilane, HDTMS) onto the surface
showing a Cyg-chain as functional group. Both, the non- and
HDTMS-functionalized membranes are characterized by micro-
structural analysis with focus on pore size, porosity and specific
surface area to ensure comparability. Single gas permeation
measurements are conducted with argon (Ar) and nitrogen (N3)
as representatives for inert gases, as well as carbon dioxide (CO;)
and methane (CH4) as gases with a more complex molecule
structure and a higher interaction potential. Furthermore,
adsorption/desorption measurements using N, and CO, are per-
formed at 20 °C.

2. Experimental

In this section the used materials are briefly presented, followed
by an introduction into the processing and functionalization route.
Afterwards, the used material characterization methods are
described, including structural analysis, characterization of the
surface functionalization, as well as gas permeation and adsorption
measurements.

2.1. Materials

The zirconia powder and reagents were purchased from com-
mercial sources and used without further purification. The yttria
(3 mol%) stabilized zirconia powder (YSZ, VP Zirkonoxid 3-YSZ,
Lot. 3157061469) was obtained from Evonik Industries, Germany.
Furthermore, for slurry preparation, 3-aminopropyltriethoxysilane
(APTES, 99%, product number 440140, Lot. SHBC8357V) as disper-
sant and polyvinyl alcohol (PVA, fully hydrolysed, product
number P1763, Lot. SLBC9027V) as binder were obtained from
Sigma—Aldrich Chemie GmbH, Germany. Sulfuric acid (Hy SOy,
95—-97%, product number 30743, Lot SZBD2030V) as well as
hydrogen peroxide ((Hy O,, >35%, product number 95299, Lot
SZBD2410V) for membrane surface hydroxylation were provided

from Sigma—Aldrich Chemie GmbH, Germany. For membrane sur-
face modification acetone (>99%, product number 00585, Lot.
SZBB0100V) used as organic solvent was purchased from VWR In-
ternational, Belgium, and hexadecyltrimethoxysilane (HDTMS, 90%,
product number AB111166, Lot. 1010563) was provided by ABCR,
Germany. Double deionized water with an electrical resistance of
18 MQ (Synergy®, Millipore, Germany) was used for all
experiments.

2.2. Capillary membrane preparation

To prepare YSZ capillary membranes an extrusion process is
used as described by Werner et al. [17]. A schematic overview of
the processing route for membrane fabrication is given in Fig. 1A.
Four ingredients are used for slurry preparation, namely YSZ-
nanopowder (79 wt.%, primary particle size 30 nm), double
deionized water as solvent (21 wt.%), APTES as dispersant (5
dwb.%) and PVA as binder (6 dwb.%). Here, dwb refers to "dry
weight basis” of the YSZ nanopowder. Accordingly, all additives
are specified based on the powder content in relation to
dwb.%=m,qditive/Mpowder* 100. In contrast to Werner et al. [17],
first, PVA is slowly dissolved in hot water (=80 °C). Afterwards,
YSZ powder, PVA-solution and APTES are mixed in a planetary
ball mill (PM400 from Retsch, Germany) for 3 h at 350 rpm
changing the rotation direction every 5 min. The obtained ho-
mogeneous slurry is then shaped into capillaries using a self-
made lab extruder, equipped with an extrusion die of 2 mm
diameter and a pin of 1 mm [18,19]. The resulting green bodies are
dried at room temperature (RT) for at least two days, followed by
final sintering for 2 h at 1050 °C (the detailed sintering program is
given in [19]).

2.3. Membrane surface functionalization

The membrane surface modification is performed by a two-
step, wet-chemical process consisting of surface activation by
hydroxylation followed by surface functionalization via silaniza-
tion as schematically shown in Fig. 1B. A silane molecule is
supposed to condensate and bind covalently onto an existent
surface hydroxyl group using a water molecule as reaction
partner [4]. To increase the amount of available hydroxyl groups
and therefore increase the amount of bonding sites on the
membrane surface, the membranes are primarily treated with
freshly prepared Piranha solution (95—97% H, S04:35% Hy Oo,
3:1, v/v) for 30 min as suggested by Kroll et al. [20]. Afterwards,
the membranes are washed with double deionized water until
neutral pH is reached, subsequently followed by drying at 70 °C
for 24 h.

Secondly, the activated membranes are functionalized with
HDTMS according to previous works [21]. The modification is car-
ried out using a 0.2 M HDTMS solution where a acetone-water
mixture (95:5, v/v) served as solvent. The membranes are incu-
bated for 16 h at 80 °C under reflux. After incubation, the mem-
branes are washed three times with acetone followed by drying for
2hat70°C

2.4. Membrane characterization

2.4.1. Membrane structure

To ensure the comparability between the untreated and the
HDTMS-functionalized material, detailed structural analyses are
carried out. Therefore, the membranes are characterized in terms
of pore size distribution, mean pore size (dsg), relative pore vol-
ume, open porosity and specific surface area. The pore size dis-
tribution and the resulting mean pore diameter, along with the
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Fig. 1. Schematic overview of the slurry preparation, extrusion and sintering process (A), as well as the illustrated membrane functionalization process (B) through activation by

hydroxylation and subsequent silanization using hexadecyltrimethoxysilane (HDTMS).

relative volume and the open porosity are determined by mercury
intrusion porosimetry using a Mercury Porosimeter Pascal 140
and 440 (POROTEC GmbH, Germany). The specific surface area is
measured by nitrogen adsorption at —196 °C according to BET
method using a BELSORP-mini II (Bel Japan Inc., Japan). Prior to
the gas adsorption measurements the membrane samples are
degassed for at least 3 hat 120 °C and reduced pressure (< 2 mbar)
followed by cooling to RT under argon atmosphere (>30 min).
Furthermore, the membrane microstructures are visualized by
scanning electron microscopy (SEM) using a field-emission SEM
SUPRA® 40 (Zeiss, Germany).

2.4.2. Membrane surface functionalization

The surface functionalization is characterized by thermog-
ravimetry (TGA) and carbon content measurements. Thermog-
ravimetry and differential scanning calorimetry (DSC) experiments
are performed with a TGA/DSC1 Star System (Mettler Toledo, Ger-
many). About 70 mg of the membrane samples are placed in an
alumina crucible and heated from 30 to 900 °C (heating rate 10 °C/
min) while flushing the sample with O, (30 mL/min). The amount
of total carbon (TC) and inorganic carbon (IC) is measured using an
SSM-500A solid sample module (Shimadzu, Japan). For TC mea-
surements, about 50 mg membrane material is placed in a crucible
and heated to 900 °C operating in oxygen (O;) atmosphere. The IC is
determined by placing about 100 mg membrane material in a
crucible, adding sulfuric acid, and heating the sample to 200 °C. The
amount of CO, formed during TC and IC experiments, respectively,

is determined by an infrared (IR) detector (TOC-V, Shimadzu, Japan)
and normalized to the exact sample weight.

2.4.3. Single gas permeation measurements

Single gas dead-end permeation measurements are per-
formed with four different gases, namely argon (Ar), nitrogen
(N3), carbon dioxide (CO;) and methane (CHg4), as schematically
shown in Fig. 2A. A detailed description of the used measure-
ment system is given by Veltzke et al. [22,23]. The samples are
prepared by integrating the membrane capillaries into an alloy-
sample holder using a two-component epoxy resin adhesive
(UHU Plus endfest 300, UHU GmbH & Co. KG, Germany) as shown
in Fig. 2B. For each membrane type, three different samples from
separate processing batches, including all processing steps as
depicted in Fig. 1 and indicated in Fig. 2C are used. Prior to the
gas permeation measurements the membranes are heated to
120 °C for 3 h to desorb moisture. To ensure purity of the applied
gas for the measurement, the whole system is evacuated and
purged three times with the ongoing test gas. Afterwards, the
membrane is flushed with the test gas for 60 s. All measurements
are performed at 20 °C and 800 mbar dead-end pressure. As
indicted in Fig. 2A, temperature and pressure on both sides, as
well as the molar flow rate are measured and the data is logged
at a frequency of 6 Hz. For each measurement the flow is
measured at nine different pressure drops. After adjusting a
certain pressure difference and waiting until the system has
reached a steady-state condition, the data is averaged over 120 s.
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In total, each measurement is performed three times to ensure
reproducibility. The relation between the pressure difference and
the molar flow is used for data evaluation. Particularly, after
linear regression of the molar flow onto the pressure difference,
the ratio of the slopes from two different gases is used to
calculate the ideal permselectivity, as:

_ (ifop)
= (ort/op); W

with 1 as the molar flow rate of gas i or j.

2.4.4. Evaluation of gas permeation measurements

In order to compare the non-functionalized and the HDTMS-
functionalized membranes the Knudsen theory is used, which
represents the dilute gas flow in mesoporous structures. According
to Knudsen [24], molecular diffusion in porous solids is driven by
diffuse reflection of the molecules from the pore walls, predom-
inating when the pore diameter (d) is smaller than the mean free
path of the gas molecules (4). The rarefaction of a gas is quantified
by the Knudsen number. Based on the kinetic theory of gases
assuming a Maxwell—Boltzmann distribution, the Knudsen num-
ber can be defined as:

A kBT
Kn 4~ VIro2pd’ (2)
where kg is the Boltzmann constant, T is the temperature, ¢ is the
collision diameter of the gas molecule and p is the pressure.
Furthermore, d is a representative physical length scale, in this case
the mean pore diameter of the membrane (dsp). According to the
Knudsen theory it can be shown that the molar flow of a gas is

inversely proportional to the square root of its molar mass,
assuming constant temperature and pressure. Therefore, Knud-
senselectivities can be calculated for specific gas pairs, knowing
their molar mass M, according to:

M;
A ij = —MJ (3)
1

In the following, the molar mass of the heavier gas is defined as
numerator (M;), resulting in Knudsenselectivities always >1. Ac-
cording to this definition and the definition of indexes in Equation
(1) in Section 2.4.3, the slope of the heavier gas is therefore defined
as the denominator ((8r1/dp);) for the calculation of the permse-
lectivity. To compare the non-functionalized and HDTMS-
functionalized membranes, the permselectivity and the Knudsen-
selectivity are used as key values.

2.4.5. Gas adsorption and desorption measurements

To investigate the interaction between gas and surface under
conditions similar to the gas permeation measurements (see
Section 2.4.3), adsorption/desorption isotherms of N, and CO,
are performed at 20 °C using a Belsorp-Max (Bel Japan Inc.,
Japan). Additionally, to identify the existent specific surface area,
nitrogen adsorption at —196 °C according to BET method are
performed with the same measurement device. To analyze the
adsorption capacities, the adsorption/desorption isotherms at
20 °C are normalized to the measured specific surface area and
recalculated to gmol/m?. For the above mentioned experiments,
about 350 mg membrane material is used and pretreated by
degassing for at least 3 h at 120 °C and reduced pressure
(< 2 mbar), followed by cooling to RT under argon atmosphere
(> 30 min).



3. Results and discussion
3.1. Membrane structure

As given in Equation (2), the Knudsen number describes the
relation between the condition of the gas and the porous struc-
ture. Accordingly, the governing transport mechanism is highly
dependent on the porous structure represented by the mean
pore diameter of the membrane. For this reason, a detailed
structural analysis is essential to ensure comparability of the non-
functionalized and HDTMS-functionalized membrane structures.
In Fig. 3, a non-functionalized (part A) and an HDTMS-
functionalized (part B) membrane are compared, showing quan-
titative pore size distributions and open porosities derived from
mercury intrusion porosimetry as well as SEM micrographs for
qualitatively analysis (insets). Both, the non-functionalized and
the HDTMS-functionalized membrane show similar monomodal
and narrow pore size distributions in the mesoporous range with
a sharp increase in the relative pore volume below 30 nm. This
indicates that the basic, overall pore structure of the membrane is
not influenced by the applied surface functionalization using
HDTMS, which can also be confirmed by the corresponding SEM
micrographs of the membrane surfaces as shown in the insets in
part A and B of Fig. 3. Due to the applied moderate sintering
temperature of 1050 °C for 2 h, a relatively high open porosity of
the non-functionalized membrane of around 44% is achieved. By
functionalization using HDTMS a significant decrease of about
one-fourth in open porosity is obtained, as shown in part B of
Fig. 3. For this particular measurement, a small content of open
porosity (3%) is already detected at bigger pore diameters
> 0.1 um, which is attributed to measurement artifacts, since no
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pores are detected in this region for the untreated membrane
material (see Fig. 3A). Nevertheless, the characteristic shape of the
pore size distribution with a sharp increase in the relative pore
volume below 30 nm remains after functionalization.

Table 1 summarizes the results derived from mercury poros-
imetry and BET measurements of non- and HDTMS-functionalized
membranes from individual processing batches (n = 3) and sur-
face functionalizations (n = 3). For specifying the pore size range
based on the distribution of relative pore volume, a threshold of
2% is set to exclude artifacts. The pore size ranges of both mem-
brane types are similar, but slightly shifted to smaller pore sizes
after functionalization with HDTMS. This results in a smaller mean
pore diameter (dsg) of 18.1 nm for the HDTMS-functionalized
membrane compared to the non-functionalized membrane
(22.2 nm). Based on the molecule length of HDTMS of around
2 nm a decrease of the mean pore diameter of around 4 nm is
plausible due to the surface functionalization. In agreement with
the open porosity results (Fig. 3), the specific surface area of the
membrane is decreased by 39% due to applied HDTMS function-
alization. This behavior is also described by Kuraoka et al. [11] for
surface functionalizations using organosilanes with long alkyl
chains, where a decrease of about 96% in specific surface area is
attributed to a Cyg-chain functionalization of porous glass mem-
branes with pore sizes of about 4 nm. As a reason for the decrease
in specific surface area, pore filling and blocking by immobiliza-
tion of the long chain molecules is identified by Kuraoka et al.
Accordingly, this is also assumed being a reason for the reduction
of the porosity and specific surface area due to HDTMS function-
alization in this study. Introducing a certain amount of molecules
into a limited pore volume inevitable causes a reduction of vol-
ume which is represented by the decrease in porosity.
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Fig. 3. Pore size distributions and open porosities of the non-functionalized (A) and the HDTMS-functionalized membrane (B) obtained from mercury intrusion porosimetry along
with SEM micrographes of the corresponding membrane surfaces (inset). The membranes feature a very narrow pore size distribution which is not influenced by the surface

functionalization.

Table 1

Structural properties of the non-functionalized and HDTMS-functionalized membranes measured by mercury porosimetry and nitrogen adsorption. While the open porosity
and the specific surface area are decreased after HDTMS-functionalization, the mean pore diameter is not significantly influenced by the surface functionalization.

Membrane Pore size range in nm Mean pore diameter dso in nm Open porosity in % Specific surface area in m?/g
Non-f. 17.0 + 0.5-29.1 + 3.2 222+14 43.7 + 0.6 20.1 £ 0.5
HDTMS-f. 142 + 03-213 £ 05 18.1 +2.0 323 +20 123 +£09




Furthermore, small pores and narrow interconnections may be
blocked due to steric hindrance of the long HDTMS molecules,
resulting in a decrease of specific surface area. The Knudsen
number and the ideal selectivity (see Equations (2) And (3)) are
not influenced by the open porosity or specific surface area.
Therefore, the governing transport mechanism for gases is inde-
pendent of these two membrane properties. In contrast, the mean
pore diameter directly influences the Knudsen relation and plays
an important role for the analysis of gas transport mechanisms in
porous structures. The results show that the mean membrane
pore diameter is decreased only slightly due to HDTMS-
functionalization and therefore the governing transport mecha-
nisms within both membrane types are considered comparable.

3.2. Surface functionalization

The decrease in porosity and specific surface area indicates a
successful HDTMS functionalization and the presence of HDTMS
molecules on the membrane surface. For further characterization of
the membrane functionalization and for quantification of the
silane-molecules attached to the surface, additional analysis are
performed including TGA, as well as total- and inorganic carbon
content measurements. Fig. 4A shows an exemplary TGA/DSC
measurement of a non-functionalized and an HDTMS-
functionalized membrane from the same processing batch. The
non-functionalized membrane only shows little weight loss, mainly
below 200 °C, which is related to water desorption. After HDTMS
functionalization, the TGA signal shows a significant increase in
weight loss above 200 °C, in particular 3.72 wt.% between 200 °C
and 600 °C. Likewise, the associated DSC measurement shows a

high heat-uptake above 200 °C. In contrast, the DSC signal obtained
from the non-functionalized membrane shows no heat-uptake. In
summary, considering the TGA and DSC results for both membrane
types, a degradation of the HDTMS molecule above 200 °C is sug-
gested. For additional analysis of the weight loss, carbon content
measurements are performed to further detect the degradation
of the Cyg-chains from the HDTMS molecules. Fig. 4B compares
the results of the TGA and TC measurements. Using the
non-functionalized membrane as reference, the specific weight
loss due to HDTMS degradation determined by TGA is
mrca = 3.62 + 0.19 wt.%. In contrast, the amount of carbon (TC)
measured by the IR detector can be quantified to 3.13 + 0.22 wt.%.
Since the TC measurement only detects carbon, the hydrogen
atoms from the desorbing HDTMS molecules (Cig H33) are not
considered by this technique. Therefore, to estimate the total mass
loss due to HDTMS desorption, the TC result (mcrc) is recalculated
with respect to the C/H relation (n¢ = 16 and nyg = 33) according to
Myprms;Tc = Mcrc- (Mc-Mc + Ny -my)/(nc-mc) using me = 12.011
and my = 1.008 as atomic weights. The resulting calculated total
mass loss of myprmstc = 3.67 + 0.26 wt.% based on the TC detection
is in good agreement with the measured weight loss by TGA
measurements (mrca = 3.62 + 0.19 wt.%).

In addition to the TC detection, inorganic carbon content
measurements are performed to ensure an organic origin of
the detected total carbon. Table 2 summarizes the results of
the carbon content and weight loss measurements for the non-
and HDTMS-functionalized membranes based on three process-
ing batches and HDTMS-functionalizations. For all IC measure-
ments, the signal is below detection limit (<0.01 wt.%),
confirming that the measured TC content is organic carbon. In
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Fig. 4. Comparison of the estimated weight loss (resulting from total carbon (TC) content measurements) with the weight loss determined by TGA measurement (A), as well as
two exemplary TGA/DSC measurements of a non-functionalized and an HDTMS-functionalized membrane (B). The results from both measurement techniques are in good

agreement.

Table 2

Carbon content of the non-functionalized and HDTMS-functionalized membranes derived from total carbon and inorganic carbon measurements as well as the calculated
(based on TC measurements) and the measured weight loss from TGA along with the calculated functional groups per membrane surface area.

Membrane Carbon content in wt.% Weight loss in wt.% Functional groups in

Total Inorganic Calculated” Measured” wmol/m? Groups/nm?
Non-f. <0.01 <0.01 0 0.11 + 0.05 0 0
HDTMS-f. 3.13 £0.22 <0.01 3.67 £ 0.26 3.73 £0.19 5.20 + 0.07 3.13 £ 0.04

@ Calculated amount of functional groups using specific surface area and measured weight loss from TGA.
b Calculated weight loss due to degradation of HDTMS (C;¢ Hs3) based on the measured total carbon content.

¢ Measured weight loss by TGA measurement (weight loss between 200 and 600 °C).



general, the results from both types of measurements are highly
reproducible and show similar results, suggesting that both
techniques are suitable for quantification of HDTMS molecule
contents. Table 2 also presents the calculated amount of func-
tional groups in pmol/m? and groups/nm?. Here, the TGA mea-
surement results are normalized to the specific surface area of the
non-functionalized membranes (a) and recalculated according to
CHDTMS = MtGa-Mupmrs/a using the molar mass of HDTMS
(Myptwms = 346.63 g/mol). Accordingly, the calculated amount of
functional HDTMS groups on the surface of the membrane is
cHpt™s = 3.13 + 0.04 groups/nm?.

Due to steric reasons, a condensation reaction of one HDTMS
molecule with only one hydroxyl group can be assumed [4].
Therefore, a hydroxyl concentration on the membrane surface of at
least 3.13 + 0.04 groups/nm? can be approximated. According to
literature data, this is a reasonable value compared with 8—15
hydroxyl groups/nm? determined by water adsorption [25—27] on
ZrO, and 1.2 hydroxyl groups/nm? for a porous YSZ membrane,
determined by potentiometric titration [20].

3.3. Single gas permeation measurements

The membrane structures are evaluated according to their
permselectivities «;; and the Knudsenselectivities aky i as defined
in Section 2.4.4. As described in Section 2.4.3, the gas permeation
data is analyzed by linear regression of the molar flow onto the
pressure difference. The results show a linear dependency be-
tween molar flow and pressure difference, whereas the coeffi-
cient of determination for linear regression is R?> > 0.999 for all
measurements. This indicates solely Knudsen flow as transport
mechanism with no viscous contribution, which would result in a
quadratic dependency. Furthermore, multiple measurements
with CO, as well as N, at different dead-end pressures according
to the measurement protocol given in Section 2.4.3 are per-
formed. The results obtain pressure independence, assuring
Knudsen flow as the governing transport mechanism (see
Fig. A1). Besides, it should be noticed that a decrease in flow is
observed due to HDTMS-functionalization. This behavior is
already known from literature as a result for silane functionali-
zations [3,2,28].

In Fig. 5 the measured permselectivities are plotted against the
theoretical Knudsenselectivities. The Knudsen theory is therefore
represented by the bisecting line. Accordingly, measurements with
membrane structures which feature solely Knudsen diffusion
should show results close to the bisecting line. The higher the de-
viation of the measurement results from the bisecting line, the
higher the contribution of an additional transport mechanism that
is not described by Knudsen theory.

The non-functionalized membranes show a good agreement
with the Knudsen theory and all permselectivities are very close to
the bisecting line. Hence, all investigated gases (Ar, N, CO, and
CH4) propagate through the membrane following the principle of
Knudsen diffusion.

After functionalization with HDTMS, not all permselectivities
are in agreement with the Knudsen theory (Fig. 5). The permse-
lectivities regarding Ar, N, and CH4 meet their theoretical expec-
tations, showing good agreement for ay, an ach,/N, and ach, /ar
respectively. In contrast, the permselectivities regarding CO, show
lower values as shown for aay/co,, an,/co, and acy,/co,. Here, all
permselectivities of gas pairs containing CO, deviate about 20%
from the theoretical values. According to the definitions in Section
2.4.4, CO, serves as denominator regarding these particular selec-
tivities, since CO, is the heaviest gas investigated. Therefore, these
smaller permselectivities in relation to CO, represent an enhanced
flow of CO, compared with Ar, N and CH4 due to HDTMS-
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Fig. 5. Permselectivity versus Knudsenselectivity of the non-functionalized and
HDTMS-functionalized membranes. The black line represents the Knudsen selectivity
proposed by the Knudsen theory. The selectivities regarding CO, deviate from the
theory after functionalization with HDTMS.

functionalization, since all other permselectivities show a
behavior according to the Knudsen theory.

In Section 3.1 (Fig. 3 and Table 1) the membrane structures of
the non-functionalized and the HDTMS functionalized mem-
branes are discussed. The results show similar pore sizes
(dsonon—f. = 22.2 nm, dsouprms—f. = 18.1 nm), ensuring the
comparability of the governing gas transport mechanism in both
membrane types. Furthermore, Section 3.2 examines the presence
of HDTMS molecules in the functionalized membranes, which can
be estimated to 3.13 + 0.04 functional groups/nm?. By summari-
zing the microstructural and membrane surface analysis, the
membrane surface chemistry is altered without changing the
important membrane parameter for Knudsen flow. According to
the literature, gases propagating through such mesoporous
structures with pores >10 nm should follow the laws of Knudsen
diffusion [16]. A potential surface diffusion is supposed to affect
the gas flow significantly at smaller pores in the lower meso-
porous region [12,14,15] and not at pore sizes as big as 20 nm.
Nevertheless, an unexpected deviation regarding CO is observed
due to the surface functionalization with HDTMS. The decreasing
permselecitivities for CO, indicate an enhanced gas flow of CO;
compared to Ar, N and CHy4. Accordingly, there is no influence of
the surface functionalization on the gas flow of Ar, N, and CHg.
Both, the non-functionalized and the HDTMS-functionalized
membrane structures are considered comparable, because the
pore size distributions remain similar. Thus, the decrease in
selectivity regarding CO; represents a specific influence of the
surface chemistry on the gas flow of CO,. This indicates that
Knudsen diffusion may be the governing transport mechanism in
both membrane types, but for an HDTMS-functionalized mem-
brane it seems not to be the only one. A changed adsorption
behavior of the CO, molecules with the surface functional groups
is proposed as the influencing factor. It is hypothesized that the
change in adsorption dynamics due to HDTMS-functionalization
affects the gas flow of CO,. These assumptions are further dis-
cussed based on gas adsorption/desorption measurements.



3.4. Gas adsorption and desorption measurements

An alternation of the surface functional group composition due
to the functionalization with HDTMS changed the flow behavior of
CO; in comparison to Ar, N, and CHy4 (Fig. 5). To further investigate
the impact of HDTMS functionalization on the interaction between
gas molecules and membrane surface, adsorption/desorption
measurements are performed. The thermal conditions are kept
similar to the gas permeation measurements (20 °C) using CO, and
N, as test gases. Fig. 6 shows the adsorbed amount of molecules,
given in gmol/m?, in relation to the equilibrium pressure (in kPa).
For both membrane types, a higher adsorption capacity is observed
for CO, in contrast to Ny. This result is reasonable, since N> is an
inert gas. Nevertheless, both applied test gases show significantly
lower values for the HDTMS-functionalized membranes than for
the untreated material. Stoltenberg and Seidel-Morgenstern [2]
also detected a decrease in the adsorbed amount of CO; per unit
volume after an amine functionalization of a mesoporous glass
membrane (mean pore diameter of 3.3 nm). The decrease in spe-
cific surface area after functionalization is suggested as reason for
the decreased amount of adsorbed CO,. In the present study, the
exact amount of surface area of the measured membrane pieces is
determined by BET method and used as a reference value. There-
fore, the decrease of the specific surface area due to the applied
HDTMS-functionalization can be excluded as reason for the
decreased amount of adsorbed CO,. In summary, considering a
finite surface area fraction, less molecules will adsorb on a surface
with HDTMS-functionalization than without functionalization.
Besides the decrease of the total amount of adsorbed molecules,
the adsorption selectivity of CO,/N, is significantly increased.
Comparing the maximum amount of adsorbed molecules for CO,
and N, given in Fig. 6, the ratio of CO,-molecules/N,-molecules
is around four times higher for the HDTMS-functionalized
membrane.

The measured decrease of adsorption capacity is assumed to be
caused by a weaker interaction between gas molecules and surface
due to the functionalization with HDTMS. This can be supported by
quantum calculations conducted by Yu et al. [29], which show a
smaller binding energy of CO, with alkyl-chains in comparison to
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Fig. 6. N, and CO, adsorption—desorption isotherms at 20 °C for non-functionalized
and HDTMS-functionalized membranes. Filled symbols are used for adsorption,
empty symbols for desorption. The measured adsorbed amount is normalized to the
specific surface area of the particular membrane samples and given in umol/m?. The
adsorption capacity is decreased due to the surface functionalization.

functional groups with a higher polarity and therefore a smaller
adsorption enthalpy at a given pressure and temperature.

Analyzing the results from both measurement techniques, an
influence from the HDTMS-functionalization on gas permeation as
well as gas adsorption/desorption behavior is observed. The
HDTMS-functionalized membranes show a CO; flow which is
enhanced disproportionately with respect to Ar, N, and CHy4 (Fig. 5).
This leads to smaller permselectivities deviating from Knudsen
theory. Furthermore, these membranes show a lower specific
adsorption capacity for CO, and N, (Fig. 6). These altered in-
teractions between gas molecules and surface due to the HDTMS-
functionalization are claimed as reason for the change in permse-
lectivity in contrast to the Knudsen theory. One possible explana-
tion for the measured decrease of adsorption capacity is a weaker
interaction and a smaller binding energy of CO, with the alkyl-
functionalized surface [29] and therefore a smaller adsorption
enthalpy at a given pressure and temperature. According to the
literature, the amount of available adsorption sites, as well as the
adsorption enthalpy have a great influence on the mechanism of
surface diffusion [2,30—32]. In fact, there is an interplay between
adsorption sites, adsorption strength and the amount of molecules
which are adsorbed on a surface under certain conditions of pres-
sure and temperature. Under the applied conditions of 20 °C and
800 mbar, a surface functionalization with HDTMS results in a
decrease of the adsorbed amount of molecules on the surface, while
increasing the selective adsorption of CO,/N,, along with a
measurable influence on the gas permeation for CO,. According to
the general opinion from the literature adsorption effects and
surface diffusion are negligible in pores >10 nm. In this case, surface
diffusion may be a possible explanation for the observed deviations
in gas permeation, assuming that the altered surface chemistry
results in more favorable adsorption conditions for surface diffu-
sion. A definite statement or a prove for surface diffusion cannot be
given at this point, therefore this remains as an assumption. Further
research is needed to fully understand the gas—solid interactions
and diffusion mechanisms at these length scales.

4. Conclusion

Mesoporous YSZ capillary membranes with mean pore di-
ameters of around 20 nm are prepared to investigate the influence
of a surface functionalization with HDTMS on gaseous flows in
mesoporous structures. Before and after functionalization, the
membranes feature a similar pore structure with comparable mean
pore diameters. Therefore, the crucial membrane property for
quantification of gaseous rarefaction, the mean pore diameter, is
not affected, ensuring equal flow conditions in both membrane
types. Single gas permeation measurements at 20 °C are performed
to investigate the influence of the altered surface characteristics on
four different gases (Ar, Np, CO, and CH4). Whereas the non-
functionalized membranes show ideal Knudsen diffusion
behavior, the HDTMS-functionalized membranes show permse-
lectivities differing about 20% from the Knudsen theory regarding
CO,. This reveals an enhanced CO, flow compared to the other
gases due to HDTMS-functionalization. Adsorption/desorption
isotherms also measured at 20 °C show a significant reduction of
the specific adsorption capacity for CO, as well as N, after func-
tionalization with HDTMS, suggesting a weaker interaction of the
gases with the membrane surface. Furthermore, the adsorption
selecitvity of CO,/N; is increased. The detected adsorption effects
are proposed as a reason for the deviation of the gas flow from the
Knudsen diffusion theory. According to the literature, Knudsen
diffusion is supposed to be the driving mechanism for gas flows at
the present length scale and that adsorption effects along with
surface diffusion are negligible. In contrast, the presented results



lead to the conclusion that adsorption effects also play a role in
pores of the upper mesoporous region (10—50 nm) and that the
contribution of molecule—surface interactions to gas transport in
mesoporous structures is not fully understood yet. Surface diffusion
may be a possible explanation for the aforementioned deviation
from Knudsen theory. Even though, further research is needed to
clearly identify all mechanisms affecting the gas flow behavior in
this pore size range.
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