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a b s t r a c t

Mesoporous inorganic structures with mean pore diameters of 26 nm are prepared by extrusion based on
a yttria stabilized zirconia nanopowder. The sintered capillary membranes serve as model structures to
investigate the influence of an alkyl-chain (C16) surface functionalization on the gas diffusion kinetics of
argon (Ar), nitrogen (N2) and carbon dioxide (CO2) in mesopores. The density of the C16 alkyl-chains
immobilized on the membrane surface has an effect on both, gas flow as well as gas selectivity. For
low functional group densities (<4 groups nm�2), the gas flow is reduced without having an effect on the
selectivity. In contrast, for high alkyl-chain densities (>4 groups nm�2) the mean distance between the
C16-chains is reduced to the order of magnitude of the gas molecules leading to a reduction in gas flow
and a significant change of the gas selectivity. The selectivity is found to be influenced depending on the
molecular diameter of the gas species, being more evident for CO2 compared to Ar and N2, suggesting a
separation mechanism more comparable to molecular sieving than to surface diffusion.
1. Introduction

Gas-solid interactions within porous materials are important for
many processes and applications such as solid oxide fuel cells,
catalysis, gas chromatography, gas separation or gas adsorption on
solid sorbents [1e7]. The pore size of the material can be very
different ranging from several micrometers to nanometers.
Nevertheless, the performance of a process and its characteristics
are often defined or driven by nanoscale interactions of gas mole-
cules with the solid material surface, for example in the capillary of
a gas chromatography column or at the pore walls of an inorganic
membrane. Depending on the pore size and the Knudsen number
(Kn), various transport mechanisms dominate inside the porous
structures. Asymmetric inorganic membranes are a very good and
versity of Bremen, Am Bio-
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well known example of porous materials where different transport
mechanisms can occur simultaneously. They usually consist of a
macroporous support structure (>50 nm, usually 1e10 mm), one or
two mesoporous intermediate layers (10e50 nm) and a micro- or
mesoporous top layer with pores <10 nm [8,9]. Determined by the
structural proportions, the gas transport is dominated by viscous
flow in the macropores of the support structure (Kn > 1), Knudsen
diffusion in mesoporous intermediate layers (Kn > 1), and surface
diffusion or molecular sieving in the top layer (Kn > 10) [10e16].
The transitions between the transport mechanisms are fluid, but
under ambient pressure and room temperature (RT) viscous flow
can be neglected in pores <50 nm and surface diffusion is negligible
in pores >10 nm. In particular in gas chromatography as well as in
membrane separation based on surface selective flow, the gas-wall
interactions define the properties of the material [17e19]. Despite
the difference in pore dimensions which are in the micrometer
range for chromatography columns and in the nanometer range for
membranes, in both cases the selective properties depend on the
surface functionality. Therefore, different surface functionalization
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strategies with numerous functional groups are used to alter the
surface chemistry and influence the gas-solid interactions
[4,20e22]. For example, alkyl-functionalizations have been suc-
cessfully applied in both, chromatographic applications [23] as well
as membrane separation [24e28]. Especially in membrane sepa-
ration, it is often observed that the membrane flux is reduced by
several orders of magnitude as a result of the surface functionali-
zation, independent of functional group type [20e22,24e30].
Usually this is explained by the reduction in pore size and porosity
due to the functional groups immobilized on the pore walls. Sur-
prisingly, the decrease in pore size and porosity is seldom in the
order of magnitude of the decrease in flux. This indicates that the
full impact of surface functionalizations on the gas flow through a
porous material has not been completely understood yet. Asym-
metric membranes are often used for the investigation of surface
functionalizations and their impact on gas flow properties. But, the
total gas flow of the membrane will be a superposition of multiple
transport phenomena, because they consist of multiple layers with
pore sizes over several length scales. For this reason, asymmetric
membranes are not the most favorable structures for the analysis of
transport phenomena depending on surface functionality as well as
pore size. To achieve fundamental understanding about nanoscale
interactions of gas molecules with functional layers and their re-
lations to pore size and porosity, the gas transport mechanisms
need to be studied separately for each length scale. This study aims
to experimentally investigate the impact of the surface functional
group density on the gas diffusion dynamics in mesopores between
10 and 50 nm, where Knudsen diffusion is dominating. The study is
focused on the experimental determination of the gas transport
with high accuracy, without the development of analytical or semi-
empirical gas transport models. For this purpose, mesoporous
ceramic capillary membranes are prepared by an extrusion process
using yttria stabilized zirconia nanopowder. These membranes
serve as model structures which are functionalized in a second step
with varying amounts of an alkyl-silane showing a C16-chain as
functional group (hexadecyltrimethoxysilane, HDTMS). All mem-
branes are characterized concerning their pore size, open porosity,
specific surface area and alkyl-chain density on the surface. Single
gas permeation measurements using argon (Ar), nitrogen (N2) and
carbon dioxide (CO2) are performed to investigate the impact of the
functional group density on the gas diffusion kinetics within the
mesoporous structures.

2. Experimental

2.1. Materials

The mesoporous ceramic structures are fabricated using a yttria
(3 mol%) stabilized zirconia nanopowder (YSZ, primary particle size
30 nm, VP Zirkonoxid 3-YSZ, Lot. 3157061469) purchased from
Evonik Industries, Germany. 3-aminopropyltriethoxysilane (APTES,
�98%, product number A3648, Lot. WXBB5181V) and polyvinyl
alcohol (PVA, fully hydrolyzed, product number P1763, Lot.
SLBD2875V), used as additives, are obtained from Sigma-Aldrich
Chemie GmbH, Germany. For the surface functionalization, sulfu-
ric acid (H2SO4, 95e97%, product number 30743, Lot SZBF0330V) as
well as hydrogen peroxide ((H2O2, �35%, product number 95299,
Lot SZBE2740V) are provided from Sigma-Aldrich Chemie GmbH,
Germany, whereas acetone (�99%, product number 20063.365, Lot.
16E041994) is obtained from VWR International, Belgium, and
hexadecyltrimethoxysilane (HDTMS, 90%, product number
AB111166, Lot. 1270013) is purchased from ABCR, Germany. For all
experiments, double deionized water with an electrical resistance
of 18 MU (Synergy®, Millipore, Germany) is used. All materials are
used as received and without further purification.
2

2.2. Processing and functionalization

2.2.1. Membrane preparation
Mesoporous membranemodel structures are prepared based on

an established extrusion process [31,32]. In short, using water as
solvent (21 wt%), the YSZ nanopowder (79 wt%) is mixed with
APTES (5 dwb.%) serving as dispersant as well as sintering additive
and PVA (6 dwb.%) serving as temporary binder. All ingredients are
mixed and homogenized using a planetary ball mill (PM400 from
Retsch, Germany). Prior tomilling, the PVA is dissolved in hot water
(z80 �C) using a microwave (MD14482 Studio, Medion, Germany)
to ensure a homogeneous slurry and avoid membrane defects due
to PVA granules. The preparation process is schematically shown in
Fig. 1A. After mixing, the homogeneous slurry is shaped into cap-
illaries using a self-made lab extruder with a 2 mm die and a 1 mm
pin [33]. After drying the green bodies for 2 days at room tem-
perature, the membranes are finally sintered for 2 h at 1050 �C (the
sintering program is given in Ref. [34]).

2.2.2. Surface functionalization
To alter the surface chemistry of the membrane, the surface is

functionalized with HDTMS (C16-chain) molecules based on a wet
chemical functionalization process [35]. The process consists of the
surface activation by acidic hydroxylation followed by a chemical
functionalization using the silane HDTMS as indicated in Fig 1B. The
surface activation is carried out by immersing the membranes into
freshly prepared Piranha solution (95e97% H2SO4:35% H2O2, 3:1, v/
v). After 30 min of incubation the membranes are washed with
double deionizedwater until reaching neutral pH and subsequently
dried at 70 �C for 30 h. For the drying process, the membranes are
placed in an open glass petri dish which is finall0.15y put into a
drying oven. It should be pointed out at this point, that it is of high
importance for the functionalization process that all membranes
are completely dry before continuing with the surface silanization.
After successful drying of the membranes, the membranes are
immersed into a HDTMS solution with an acetone-water mixture
(95:5, v/v) as solvent. The surface functionalization is carried out by
boiling under reflux for 16 h aiming at monolayer formation of
HDTMS molecules. In this study, the HDTMS concentration of the
solution is varied from 0.01 to 0.2 M to adjust the loading capacity
of immobilized alkl-chains on the surface. Finally, the membranes
are washed with acetone and dried for 2 h at 70 �C. The samples are
named according to the HDTMS concentration of the stock solution
used as subscript, namely M0.01, M0.05, M0.1, M0.125, M and M0.2,
samples without a surface functionalization are named Mnon�f.

2.3. Membrane characterization

2.3.1. Structural characterization
Nitrogen adsorption/desorption measurements as well as ther-

mogravimetric analysis (TGA) are carried out to obtain information
about the porous membrane structure (i.e. pore size distribution,
pore volume and porosity) and the functional group density of
immobilized alkyl-chains per membrane surface area as schemat-
ically shown in Fig. 1C. Nitrogen adsorption measurements are
performed at �196 �C using a BELSORP-mini II (Bel Japan Inc.,
Japan). Prior to the measurement, the samples are degassed at
120 �C for at least 3 h under reduced pressure (�2 Pa) followed by
cooling to RT under argon atmosphere. Based on the adsorption
isotherms, the mesopore size distribution and mean pore diameter
are determined according to the BJH-method [36]. Furthermore,
the specific surface area is calculated according to BET-method [37]
and the open porosity is obtained based on the true density
determined by helium pycnometry (Pycnomatic ATC, Porotec,
Germany). All measurements are performed three times to ensure



Fig. 1. Schematical overview over membrane preparation (A), membrane functionalization (B), structural characterization (C) and gas permeation measurements (D). The pictures
of the membrane structures are modeled based on transmission electron microscopy images of the YSZ powder.
reproducibility. The amount of alkyl-chains on the surface is char-
acterized by TGA aswell as differential thermal analysis (DTA) using
a STA503 (B€ahr-Thermoanalyse GmbH, Germany). Between 70 and
100 mg of membrane sample is placed in a crucible and heated
from 20 to 900 �Cwith a heating rate of 10 �Cmin�1 operating in air
with a constant air flow rate of 10 L min�1. All measurements are
performed three times to ensure reproducibility. The quantitative
analysis of the measurement data is performed similar to our
previous study [30]. In short, it is assumed that the weight loss
below 200 �C is predominantly caused by water desorption and the
weight loss above 600 �C is not caused by organic decomposition.
Therefore, the weight loss between 200 and 600 �C is taken into
account to calculate the amount of immobilized alkyl-chains. For
reference, the average weight loss of non-functionalized mem-
branes between 200 and 600 �C is used. Furthermore, the final
results are correlated with the specific surface area determined by
nitrogen adsorption and the molecular mass of the organic com-
pounds of an HDTMS molecule (ideally) covalently bound to the
3

surface. For this, we assume that (ideally) all methoxy-groups of the
HDTMS molecules (total, C19H42O3Si) are reacted with the water
molecules to form methanol which left the HDTMS in a hydrolyzed
state (C16H36O3Si, schematically illustrated in Fig. 2). This
assumption is supported by observations in the lab when adding
HDTMS to the solvent mixture. The HDTMS molecules will then
condense in this state on the ceramic surface during the function-
alization process. It is assumed that all atoms are degraded during
the heating process except Si and Owhich form silica. Therefore we
assume 229.5 g mol�1 (C16H36) as the molar mass of all degradable
compounds of a HDTMS molecule covalently bound to the surface.
The resulting values given in the number of alkyl-chains per
membrane surface area are presented in groups nm�2 and further
referred to as functional group density or alkyl(C16)-chain density.
2.3.2. Single gas permeation measurements
Gas permeation measurements are performed to investigate the

influence of the functional group density on the gas transport of the
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Fig. 2. Schematical overview of the model used to calculate the mean distance be-
tween C16-chains. Nonoverlapping circles are randomly distributed within a radius
r ¼ 10 nm (A). For all circles within a r ¼ 5 nm the distances to their nearest neighbors
are calculated (B). After repeating the process for 100 iterations the data is statistically
analyzed (C).
mesoporous structures analyzed in terms of gas flow and selectivity
as indicated in Fig. 1D. Single gases, namely argon (Ar), nitrogen
(N2) and carbon dioxide (CO2) are used with the system operating
in dead-end mode [30,38]. The temperature is kept constant at
20 �C and the applied dead-end pressure is 80 kPa. In general, the
dead-end pressure remains constant over the measurement time
and non-stationary effects are considered negligible due to the very
large dead-end volume compared to the total volume of the mea-
surement system. Before integrating the membranes into the
measurement system, they are heated for 3 h at 120 �C to desorb
moisture. To ensure a high purity of the gas phase within the
measurement system, thewhole system is washed three timeswith
the ongoing gas species by reducing the pressure to around 0.3 kPa
and refilling to 160 kPa. Prior to measurement, the membrane
sample is flushed with the used test gas for 1 min with a pressure
difference of around 160 kPa. The measurements are performed by
measuring the gas flow rate over nine different pressure drops
applied over the membrane. After reaching steady state conditions,
gas flow, pressure and temperature are averaged over 120 s. Each
measurement is performed three times to ensure reproducibility.
The results of the gas permeation measurements are analyzed in
terms of ideal selectivity and gas flow in comparison to the
Knudsen theory. Ideal selectivities ai,j of gas i and j are obtained by
linear regression of the flow rates against the pressure drop ac-
cording to Equation (1).

ai;j ¼
ðv _n=vpÞi
ðv _n=vpÞj

: (1)

According to the Knudsen theory, the molar flow _ni;j through a
porous mediawith porosity ε, pore diameter dPore and tortuosity t is
directly proportional to the pressure drop Dpi of a gas i possessing
the molar mass Mi at a given temperature T (see Equation (2)).

ni_

A
¼ 4εdPore

3t2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pRTMi

p Dpi
d

: (2)

Here, R is the universal gas constant and A and d represent
membrane area and thickness, respectively. Following this equa-
tion and assuming constant temperature and pressure as well as
similar gas and membrane properties, theoretical selectivities can
be calculated as shown in Equation (3). These so called Knudsen
selectivities are used as reference.

aKn;ij ¼
ffiffiffiffiffiffi
Mj

Mi

s
: (3)

To analyze the gas flow of membranes possessing different
densities of alkyl-chains, gas flow rate and pressure drop are
recalculated to dimensionless terms using the relation for the
Knudsen flow and the maximum applied pressure as given in
Equation (4).

3dni_
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pRTMi

p
4AεdPore

1
pi;max

¼ 1
t2

Dpi
pi;max

: (4)

Here, the porosity (ε) and pore diameter (dPore) are obtained
from nitrogen adsorption measurements and temperature (T),
molar flow (ni_) as well as pressure (pi) are determined during the
gas permeation measurements. The membrane wall thickness is
determined by measuring the inner (dinner) and the outer diameter
(douter) in eight different directions at the membrane cross section
using a digital microscope (VHX-600DSO, Keyence, Japan). The
mean thickness is defined as d ¼ douter�dinner

2 using themean inner and
outer diameters. The membrane surface area is calculated using the
mean outer diameter and the average length l of the capillary
4

membrane measured from four sides using a micrometer table (Plm
2300, Sensofar technology, Spain), where themeanmembrane area
is defined as A¼pdouterl.
2.3.3. Modeling of alkyl-chain distance
To theoretically analyze the functional group density, a simple

modeling approach is used to calculate the mean distance between
C16-chains immobilized on the membrane surface as schematically
shown in Fig. 2. For each iteration step, uniform and non-
overlapping circles, each representing a single alkyl-chain, are
distributed randomly over a circular region with the chosen radius
of 10 nm representing an ideal fraction of the membrane surface
area (see Fig. 2A). The number of circles depends on the desired C16-
chain density per membrane surface area. The diameter of the
circles is chosen according to the kinetic diameter of methane to
380 p.m. [39], assuming a similar kinetic diameter along the C16-
chain. To exclude boundary effects, only the circles within a radius



Fig. 3. Exemplary nitrogen adsorption/desorption isotherms (A) and pore size distri-
butions according to BarretteJoynereHallenda model (B) for a non-functionalized and
functionalized membranes treated with varying HDTMS concentrations. Sample name
subscripts according to the HDTMS concentration (M) used for functionalization.
of 5 nm are used for further analysis. For each circle within this
radius all nearest neighbors which are directly facing are deter-
mined and the distances are calculated (see Fig. 2B). This procedure,
randomly distribution and determining all neighbor distances for
all circles within 5 nm, is repeated 100 times for each chosen C16-
chain density to ensure a sufficient amount of data for a statistical
distribution (see Fig. 2C). The results are presented in mean value
and standard deviation using the distances from all considered
circles in 100 iterations. Based on the experimental determination
of the alkyl-chain density by TGA, functional group densities
ranging from 0.1 to 4.4 groups per nm2 with a step size of 0.1 are
used for calculation.

3. Results

3.1. Structural characterization

Porous capillary membranes made of YSZ with a mono-modal
pore size distribution are prepared by extrusion to serve as meso-
porous model structures. To verify the pore structure, nitrogen
adsorption/desorptionmeasurements are performed. Fig. 3A shows
exemplary nitrogen adsorption/desorption isotherms for mem-
branes functionalized with varying C16-chain concentrations (sub-
scripts according to HDTMS concentration 0.01e0.2 M). All
adsorption/desorption isotherms feature a hysteresis loop which
can be classified as type IV according to IUPAC classification [40].
With increasing HDTMS concentration of the applied stock solution
the total pore volume of the functionalized membranes decreases
from 69.9 ± 4.8 (Mnon�f.) to 42.1 ± 1.1 cm3 (STP) g�1 (M0.2).
Following the BarretteJoynereHallenda (BJH) model [36], Fig. 3B
shows the corresponding incremental pore volume distributions
depending on the pore diameter. All membranes show a similar,
mono-modal pore size distribution with the maximum of incre-
mental pore volume between 20 and 30 nm. The total mesopore
volume (data not shown) is nearly identical with the total pore
volume which indicates a pore structure solely consisting of mes-
opores. In addition, scanning electron microscopy images of the
cross section of the membrane show a highly homogeneous pore
network throughout the whole membrane thickness (data not
shown).

In Table 1 the results for the structural analysis derived from
nitrogen adsorption/desorption measurements are summarized.
Following the trend indicated by the isotherms in Fig. 3A, both, the
specific surface area as well as the open porosity decrease with
increasing HDTMS concentration of the stock solution. Here, the
decrease in specific surface area of 47% is higher than the reduction
in open porosity, which decreases by 29% comparing Mnon�f. and
M0.2. Furthermore, the mean pore diameter determined by the BJH-
method is reduced due to the C16-functionalization from 26 nm to
around 21 nm. It is especially noticeable, that the decrease in mean
pore diameter is similar for all functionalized membranes (M0.01 to
M0.2) and therefore independent from the HDTMS concentration in
the stock solution as well as the correlating decrease in open
porosity and specific surface area.

To analyze and quantify the amount of C16-chains immobilized
on the membrane surface depending on the HDTMS concentration
of the applied stock solution, TGA/DTA measurements are carried
out. Fig. 4 shows the TGA curves of exemplary measurements for
the functionalized membranes with varying HDTMS concentra-
tions (M0.01 to M0.2) in comparison to a non-functionalized mem-
brane (Mnon�f.) for a temperature ranging from room temperature
(20 �C) to 650 C. Mnon�f. shows only a small weight loss (~0.5%),
mostly below 200 �C (~0.4%). In turn, all C16-functionalized mem-
branes show little amount of weight loss up to 200 �C (~ 0.2%),
which significantly increases when the temperature exceeds 200 �C
5

(> 2%). At small concentrations (M0.01�0.1), an increase of the
HDTMS molecules in the solution leads to a significant increase in
weight loss. However, this dependency stagnates at higher HDTMS
concentrations (M0.1�0.2). While the total amount of weight loss
differs depending on the HDTMS concentration, all curves possess a
similar shape. All corresponding DTA signals are very similar (data
not shown), showing exothermal reactions for all functionalized
membranes when the temperature exceeds 200 �C. In general, the
results are in good agreement with measurements performed on
non-functionalized and 0.2 M C16-functionalized membranes using
TGA and differential scanning calorimetry method as well as total
organic and inorganic carbon content tests presented in our pre-
vious study [30].

The measured weight loss between 200 and 600 �C obtained
from three individual measurements is given in Table 2. Further-
more, the weight loss is recalculated to a functional group density
per surface area using the amount of organic compound of the
HDTMS molecules (229.5 g mol�1) and the specific surface area
determined by nitrogen adsorption/desorption. As already



Table 1
Structural properties of the non-functionalized and C16-functionalized membranes measured by nitrogen adsorption/desorption. Sample name subscripts according to the
HDTMS concentration (M) used for functionalization.

Sample name Specific surface area in m2 g�1 (BET) Open porosity in % Mean pore diameter in nm (BJH)

Mnon�f. 21.17 ± 0.40 37.86 ± 2.21 26.07 ± 2.23
M0.01 16.83 ± 0.26 34.69 ± 0.13 21.23 ± 0.00
M0.05 15.10 ± 1.04 32.21 ± 0.80 21.23 ± 0.00
M0.1 12.21 ± 1.28 30.16 ± 0.47 21.23 ± 0.00
M0.125 10.95 ± 0.19 28.75 ± 0.03 19.80 ± 2.02
M0.15 10.95 ± 0.88 27.91 ± 1.03 21.23 ± 0.00
M0.2 11.22 ± 0.63 26.73 ± 0.47 22.40 ± 1.78

Fig. 4. Exemplary measurements of weight loss determined by TGA of functionalized
membranes with varying HDTMS concentration (M) in the stock solution indicated by
the subscripts in the sample names.

Table 2
Alkyl-chain density obtained from TGA for samples functionalized with different
HDTMS concentrations. Sample name subscripts according to the HDTMS concen-
tration (M) used for functionalization.

Sample name Weight loss in wt% Alkyl-chain density

In mmol m�2 In groups nm�2

Mnon�f. 0.13 ± 0.03 e e

M0.01 1.58 ± 0.03 3.25 ± 0.01 1.96 ± 0.01
M0.05 2.64 ± 0.16 5.44 ± 0.23 3.28 ± 0.14
M0.1 3.28 ± 0.08 6.74 ± 0.04 4.06 ± 0.02
M0.125 3.3 ± 0.04 6.8 ± 0.04 4.1 ± 0.03
M0.15 3.34 ± 0.02 6.88 ± 0.09 4.14 ± 0.05
M0.2 3.43 ± 0.01 7.07 ± 0.11 4.25 ± 0.06
indicated by Fig. 4, the weight loss increases rapidly within rela-
tively low applied HDTMS concentrations (M0.01�0.1) and stagnates
at higher concentrations (M0.1�0.2). Based on the weight loss
determined by TGA, the calculated C16-chain density on the
membrane surface varies between 2 and 4 groups per nm2.

3.2. Single gas permeation measurements

To investigate the influence of the alkyl-chain density on the
membrane surface on the gas transport, gas permeation measure-
ments are carried out under isothermal conditions using Ar, N2 and
6

CO2. Fig. 5 shows the results for permeation measurements per-
formed at 20 �C and 80 kPa dead-end pressure. In Fig. 5A the
dimensionless molar flow rate is plotted against the dimensionless
pressure difference according to Equation (4). For each membrane
type indicated by different colors, three consecutive measurements
for Ar (◊), N2 (D) and CO2 (B) are shown. The standard deviations
include the errors for temperature, membrane thickness, mem-
brane area, pore diameter and porosity based on the propagation of
uncertainty. Especially noticeable for the non-functionalized
structures, the most significant impact on the standard deviation
are caused by pore size, porosity and membrane surface area and
thickness. The deviations deriving from the gas permeation mea-
surements are comparably small. All membrane types showa linear
behavior of the gas flow depending on the pressure drop. However,
the higher the C16-chain density on the membrane surface, the
smaller the slope becomes. After considering the molar mass of the
gases, non-functionalized membranes and membranes with a
small alkyl-chain density show a gas flow which is independent of
gas species.

Fig. 5B shows the slopes obtained by linear regression of the
data presented in Fig. 5A depending on the C16-chain density on the
membrane surface determined by TGA (see Table 2). The standard
deviations presented here include further the deviations from
linear regression. Following the Knudsen theory, the slope repre-
sents t�2. It should be pointed out, that in this study the parameter
t�2 is not analyzed by means of the conventional definition of
tortuosity. This value is used here for interpretation of the mea-
surement results and only serves as an indicator for the mass
transport kinetics. It is used to explain effects caused by a C16 sur-
face functionalization on the gas flow after considering all mem-
brane parameters such as the change in pore structure according to
known relations. As already indicated in Fig. 5A, the slope of linear
regression decreases with increasing C16-chain density. Here, a
non-linear behavior of t�2 depending on the alkyl-chain density is
observed. This is indicated by two linear fits through the data points
of the particular region. At very high densities of the surface
functionalization (M0.1�0.2), the decrease in t�2 is steeper.
Furthermore, comparing the slopes of the normalized gas flow for
all gas species, CO2 shows slightly higher values at very high C16-
chain densities than Ar and N2. To analyze the relation between the
different gas species, the ideal selectivities for all three gas pair
combinations are calculated according to Equation (1). Fig. 6 shows
the resulting selectivities, namely N2/Ar (A), Ar/CO2 (B) and N2/CO2

(C) again depending on the C16-chain density per surface area (see
Table 2). The non-functionalized membranes show ideal selectiv-
ities in agreement to the Knudsen theory (see Equation (3)) rep-
resented by the dashed lines for all gas pairs. Similar results are
obtained for membranes possessing low alkyl-chain densities
(M0.01�0.05). However, increasing the number of C16-chains on the
surface of the membranes towards high values of around 4 groups
per nm2 leads to a deviation of the ideal selectivities from the
Knudsen relation (M0.1�0.2). Especially noticeable is the effect on



Fig. 5. Dimensionless gas flow versus dimensionless pressure drop (A). Part B shows the slope of linear regression of the data presented in (A) depending on the alkyl-chain density
determined by TGA. The slope represents t�2 according to the Knudsen theory. Results are obtained from single gas permeation measurements at 20 C+ and 80 kPa dead-end
pressure.

Fig. 6. Ideal selectivities of the non-functionalized and C16-functionalized membranes
depending on the alkyl-chain density determined by TGA. The dashed black line
represents the Knudsen selectivity proposed by the Knudsen theory. Results are ob-
tained from single gas permeation measurements at 20 C+ and 80 kPa dead-end
pressure.
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the selectivity of both inert gases N2/Ar which decreases at high
C16-chain densities. Nevertheless, the ideal selectivities regarding
CO2 are affected to a greater extent, where the highest deviations
are obtained for N2/CO2.
3.3. Modeling of the alkyl-chain distance

To analyze and understand the influence of the C16-chain den-
sity on the gas flow characteristics, the distances between alkyl-
chains depending on their density is theoretically calculated by a
random distribution approach. Fig. 7 shows the mean distance
between the C16-chains on the membrane surface depending on
the C16-chain density as a result from theoretical calculations. For
low densities (< 2 groups nm2�), the mean distance between the
functional molecules on the surface is several nanometers large. In
turn, for high densities (>4 groups nm�2), the mean distance drops
into the sub nanometer range, specifically, for a density of 4 groups
per nm2 the mean distance is calculated to be 0.73 ± 0.14 nm.
Fig. 7. Distance between the C16-chains in nm depending on the alkyl-chain density on
the membrane surface as a result of the theoretical model.



Fig. 9. Open porosity determined by nitrogen adsorption/desorption versus C16-chain
density obtained from TGA.
4. Discussion

4.1. Structural properties and surface functionalization

To ensure comparability of the porous structures before and
after functionalization with HDTMS, nitrogen adsorption/desorp-
tion isotherms are carried out. The results show a decrease in
porosity and mean pore diameter when functionalized with alkyl-
chains. While the open porosity decreases with an increase in
HDTMS concentration, the mean pore diameter is similar for all
functionalized membranes M0.01 to M0.2. Fig. 8 illustrates the
capillary condensation of nitrogen in pore structures with different
alkyl-chain densities aiming to explain the decrease in pore
diameter. A homogeneous distribution of the C16-chains on the
pore walls of the membrane surface as well as mono-layer forma-
tion with straight oriented alkyl-chains is assumed. Accordingly, a
relatively small amount of molecules will already lead to a decrease
in pore radius by the length of the C16-chains (M0.01). Additional
alkyl-chains at higher densities(M0.05�0.2) will fill up the free space
between the existing chains on themembrane surface. This leads to
a decrease in the amount of nitrogen molecules which can be
introduced into the porous structure, i.e. resulting in a decrease in
open porosity while the pore radius will remain the same. The
measurements show that the mean pore radius is decreased by
around 2.4 nm due to the C16-functionalization which indicates a
mono-layer formation given by the size of the C16-chains of around
2.3 nm assuming straight orientation of the alkyl chains from the
pore wall surface.

Fig. 9 combines the decrease in open porosity determined by
nitrogen adsorption/desorption and the alkyl-chain density ob-
tained by TGA. Depending on the HDTMS concentration of the stock
solution, the open porosity decreases and the C16-chain density
increases. For high concentrations (M0.125�0.2), the open porosity
decreases by a high content, whereas the increase in C16-chain
density is rather small. Following the illustrative condensation
model presented in Fig. 8, introducing C16-chains with a low den-
sity (M0.01�0.1) will lead to a decrease in open porosity. Incremen-
tally added alkyl-chains (M0.125�0.2) will fill and eventually close the
gaps between the already immobilized C16-chains. Closing the gaps
will result in a high decrease in open porosity caused by a
comparably small amount of additional alkyl-chains, which can be
observed in Fig. 9. For some polar surface functionalizations, for
example silanes showing amino-groups, it is assumed that they are
able to form multi-layers when the functional groups react with
each other or the silane-hydroxyl groups, which eventually results
in pore blocking [41]. Of course, pore blocking as well as multi-layer
formation may be a possible explanation for the decrease in open
r1 r2

Alkyl-ch

Fig. 8. Schematical illustration of the capillary condensation during nitrogen a
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porosity here as well. But in this case, the hydrolyzed HDTMS
molecules present a structure similar to amphiphilic fatty acids
with a hydrophobic tail and a hydrophilic head, which interacts
with a hydrophilic membrane surface obtained by acicid hydrox-
ylation (activation). Accordingly, a mono-layer formation similar to
a self assembly of lipids on an oil-water interface is more likely than
a multi-layer formation or extensive pore blocking. An additional
random test with a membrane functionalized using a 0.3 M HDTMS
solution showed no further decrease of open porosity or pore
diameter nor an increase in weight loss which supports this
assumption (data not shown). Therefore, it is assumed that M0.2

possesses a functional group density close to the maximum
possible surface coverage. This is supported by the alkyl-chain
density values obtained from TGA of around 4.3 groups per nm2

(see Table 2). In comparison, literature values obtained from water
adsorption show a hydroxyl group density of 8e15 groups nm�2 on
ZrO2 [42e44]. Taking into account the size of a HDTMS molecule
compared to water, 4.3 groups nm�2 is considered rather high and
close to the maximum possible packing density due to steric rea-
sons, assuming that one HDTMS molecule can covalently bond to
one hydroxyl group.
r3

C16-chain

Nitrogen

Pore wall

r4

ain density

r1>r2=r3=r4

dsorption/desorption on membranes with different alkyl-chain densities.



4.2. Gas transport through alkyl-functionalized structures

Gas permeationmeasurements are carried out to investigate the
influence of the C16-chain density on the gas flow behavior. The
measurements reveal a linear dependency between gas flow and
pressure drop which indicates that the predominant gas transport
mechanism is Knudsen diffusion without any influence of viscous
flow (see Fig. 5A). Applying the Knudsen relation, especially
regarding temperature and molar mass of the gas reveals good
agreement with the Knudsen theory because the normalized flow
is independent of gas species. Nevertheless, linear regression of the
permeation data shows a decreasing slope (t�2) with increasing
C16-chain density (see Fig. 5B). t�2

first linearly decreases with
increasing alkyl-chain density (Mnon.�f�0.05) until ~ 4 groups nm�2

after which, the decrease seems to follow a different trend
(M0.1�0.2). In summary, for high C16-chain densities (M0.2) the
normalized flow is about one order of magnitude lower which is
consistent with literature data [20e22,24e27,29,45]. The decrease
in gas flow is usually explained by the decrease in porosity and pore
size. Clearly, this cannot be suggested as a reason in this case,
because the decrease in porosity and pore diameter has already
been accounted for by normalizing the gas flow according to
Equation (4). This equation describes the porous structure as a
resistance to the gas flowdepending on porosity, pore diameter and
tortuosity. Being aware of the variety of proposed tortuosity re-
lations [46e49] also dependent on porosity, the measurement re-
sults lead to the conclusion that the resistance is not solely defined
by the pore morphology but also linked to the functional group
density. This suggests that the resistance to the gas flow is a com-
bination of a pore resistance characterized by structural pro-
portions and an additional surface resistance, induced by functional
molecules immobilized on the surface. This surface resistance
seems to be negligible for non-functionalized ”smooth surfaces”
but affects the gas flow if the surface is ”rough” as in the case of a
surface functionalization. Furthermore, its impact seems to depend
on the functional group density with strong effects present at high
functional group densities (M0.1�0.2). One possible explanation is
related to the altered surface topography caused by the long alkyl-
chains. The observed relation between the C16-chain density and
the reduction of gas flow supports this hypothesis. The Knudsen
relation assumes smooth surfaces and a diffuse desorption in
random directions where the probability is proportional to the
angle relative to the surface normal vector [50]. Grafting long alkyl-
chains onto the surface renders these assumptions inapplicable. In
principle, instead of facing a surface similar to a desert, the gas
molecules face an environment similar to a savanna (M0.01�0.05).
The ”free” Knudsen diffusion is still possible, because the distance
between the ”trees” is rather large. Still, the desorption angle is
limited in certain directions. Accordingly, the gas flow is reduced
due to longer diffusion paths for the gas molecules through the
porous structures. With increasing the C16-chain density
(M0.1�0.2), �the savanna turns into a dense forest, where the dis-
tances between the ”trees” are eventually within the order of
magnitude of the gas molecules (see Fig. 7). At this point, a ”free”
Knudsen diffusion is prohibited in almost all directions which re-
duces the diffusion to a great extent and may even force the mol-
ecules to diffuse through the forest without desorption into the free
pore volume. Of course, the alkyl-chains on the pore walls are not
strictly perpendicular to the surface. Most likely they will be bent
and rotated instead of showing a straight alignment and they will
be in constant movement when the temperature exceeds the
freezing point of the functional layer. Consequently, the tempera-
ture will have a direct impact on the movement of the alkyl-chains
and, in turn, also on the gas transport properties. The investigation
of the influence of temperature on the gas transport properties is
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not focused here but it is of high interest for further research.
Analyzing the ideal selectivities in Fig. 6 reveals a similar behavior
and supports this hypothesis. Here, the ideal selectivities follow the
Knudsen selectivity for low C16-chain densities (Mnon�f.�0.05), sug-
gesting that the governing transport mechanism is dominated by
Knudsen diffusion. Nevertheless, for high alkyl-chain densities of >
4 groups nm�2 (M0.1�0.2), the ideal selectivities begin to deviate
from the Knudsen selectivity. All gas species which are used in this
work are non-polar. They differ in “size”, number of atoms and
therefore mass, atom/electron configurations and therefore quad-
rupole moment (q~Ar 0 Cm2, q~N2 �4.65$10�40 Cm2,
q~CO2 �14.27$10�40 Cm2 [51]). In general, for pore sizes and
Knudsen numbers investigated within this work, only the molec-
ular mass of the gas should affect the gas flow and selectivity ac-
cording to the laws of Knudsen diffusion (see Equations (2)e(4)).
Besides that, the two other possible parameters are “size” and
quadrupole moment. The quadrupole moment is very closely
related to the atom/electron configuration and therefore related to
the adsorption behavior of the gas species. We can show that the
isosteric heat of adsorption for CO2 (highest q value) significantly
decreases from 28 to around 9 kJ mol�1 due to the alkyl-chains
(data not shown). This indicates that adsorptive interactions with
the material surface decreases significantly which leads to the hy-
pothesis that the change in selectivity for high functionalization
densities is related to the different kinetic diameters of the gas
molecules. Fig. 7 theoretically shows that for very high densities of
functional molecules (> 4 groups nm�2), the mean distance be-
tween the alkyl-chains gets within the order of magnitude of the
molecular diameter of the gases. In this case, different molecular
sizes will have an impact on the gas diffusion within the func-
tionalization layer. Following this assumption, larger gas molecules
will face a higher resistance due to a reduced mobility than smaller
ones which will result in an effect comparable to molecular sieving.
The three investigated gases possess kinetic diameters of dN2

¼360
p.m., dAr¼340 p.m. and dCO2

¼330 p.m. [39]. Accordingly, N2 will
face a higher resistance than Ar due to the larger molecular
diameter, in turn the selectivity N2/Ar will decrease when the dis-
tance between the alkyl-chains gets very small (i.e. high functional
group density, see Fig. 6). The same selectivity decrease is observed
for the selectivities regarding CO2 which can be explained in the
sameway. The higher deviations for Ar/CO2 and N2/CO2 may be due
to the linear shape of the CO2 molecule where the diameter
perpendicular to the longitudinal axis is significantly smaller than
the length. Based on simulations, Yu et al. showed that the CO2
molecule orients with its longitudinal axis parallel to an alkyl-chain
for a minimal energy configuration [52]. Assuming this orientation,
the effective molecular diameter of CO2 will be significantly smaller
than 330 p.m. which will lead to a smaller resistance and a higher
deviation from the Knudsen selectivities when compared to the
flow of other, more spherical gas species such as Ar or N2. Usually,
surface diffusion and viscous flow are the most obvious transport
mechanisms causing a deviation from the Knudsen theory. Viscous
flow can be excluded due to the linear flow rate as well as the
relation of the dynamic viscosity of the gas species (CO2< N2< Ar)
which will cause a different effect on the selectivities. Surface
diffusion seems to be unlikely in this case as well. In general, sur-
face diffusion is understood as a transport mechanism, which re-
sults from a selective adsorption and diffusion, increasing the flow
of a specific gas species. Here, the diffusion resistance is signifi-
cantly increased for all gas species, where slight differences are
observed depending on the molecular size of the gas. Furthermore,
alkyl-functionalizations are known to facilitate surface diffusion of
apolar gas species such as hydrocarbons with little affect on polar
gases such as CO2 [25,26,53]. A more appropriate description of the
mechanism will be analogue to the molecular sieving effect.



5. Conclusion

Model mesoporous structures are prepared using a yttria-
stabilized zirconia nanopowder to investigate the impact of the
surface functionalization density of alkyl-chains (C16-chains) on the
gas diffusion in mesopores. The inorganic non-functionalized
membrane structures feature a mono-modal pore size distribu-
tion with a mean pore diameter of 26 nm. Solutions containing
different concentrations of the surface functionalization molecules
(HDTMS) are used to achieve mesoporous membranes with
different alkyl-group densities on the surface. After functionaliza-
tion, the pore diameter is reduced to around 21 nm due to the C16-
chains immobilized on the membrane surface. While the reduction
in pore size is found to be independent from functional group
density, the open porosity decreases with increasing C16-chain
density. Assuming that the HDTMS molecules are distributed ho-
mogeneously on the membrane surface, an increase in the alkyl-
group density will result in filling the space between the immobi-
lized chains. Therefore, results obtained from nitrogen adsorption/
desorption measurements show a decrease in open porosity with
increasing functional group density whereas the determined pore
diameter remains constant. To determine the effect of the func-
tional group density on the gas diffusion behavior, single gas
permeationmeasurements are performed using Ar, N2 and CO2. Gas
diffusion in mesopores usually occurs according to the laws of
Knudsen diffusion which is confirmed for mesoporous structures
without surface functionalization. In contrast, membranes with a
alkyl-chain functionalization show gas diffusion kinetics where the
gas flow decreases with increasing chain density on the membrane
surface. It is proposed, that relatively long C16-chains (~ 2.3 nm)
attached to the surface lead to an increased resistance for the
Knudsen diffusion because the diffuse desorption of the gas mol-
ecules is limited to a certain extent by the chains acting as steric
barriers. For high functional group densities (> 4 groups nm�2)
where the mean distance of the chains is in the order of magnitude
of the size of the gas molecules, the gas flow is reduced dispro-
portional. At the same time the ideal selectivities of the function-
alized membranes begin to deviate from Knudsen selectivity. The
observed deviations in selectivity are not considered to be related
to surface diffusion, which is defined by selective adsorption and
diffusion increasing the flow of a specific gas species. Here, the
selective mechanism is caused by retention of the gas molecules
depending on their size which is better described by an effect
similar to molecular sieving. It is proposed, that the different mo-
lecular sizes of the gases gain importance when the mean distance
between the surface functional groups is in the range of the gas
molecular diameters. This leads to a size dependent separation
effect within the functional alkyl-layer with a higher retention for
large molecules compared to smaller gas species. Furthermore, the
results can lead to the conclusion, that the size of the surface
functional molecules play a significant role for the gas transport
properties. Following this assumption, the ”molecule of choice” for
a specific application does not solely depend on its functional group
type, but also on its size. Accordingly, molecules for a gas separation
membrane aiming at enhancing the surface selective flow should
be as small as possible whereas a gas chromatography application
may benefit from long functional molecules, maximizing the
retention effect. Further research may include the investigation of
temperature effects on the gas transport properties within these
structures. The alkyl-chains are not oriented in a perfect straight
manner from the surface, they will rotate, bent and move
depending on the applied temperature. This may lead to an
increased interaction between surface functional groups and gas
molecules which potentially has an effect on the gas flow and/or
the ideal selectivities.
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