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A B S T R A C T

Here we report evidence for substantial changes in the separation efficiency of nanoporous anodic alumina
membranes with nanochannel diameters ranging from 10–100 nm modified with octadecylphosphonic acid in
the transitional flow regime. Softening of surface by alkyl groups with a surface density ∼2 groups/nm2 leads to
a general permeance decrease in 3–500 times, depending strongly on the penetrant gas nature and the channels
diameter. The divergence of the permeance, for different gases, increases with the decreasing diameter of the
pores. For a surface-functionalized membrane, with 10-nm channel diameters, it results in n-C4H10/CH4 ideal
and mixed gas separation factors up to 32.3 and 9.0 respectively at a n-C4H10 permeance up to 3.5m3/
(m2·bar·h). The effect is related to the changes of the ratio of molecule travelling time to residence time in the
adsorbed state, as well as a strong influence of surface saturation by the absorbed molecules on the tangential
momentum accommodation coefficient, which is supported by the derived model. Synergetic contribution of
these two factors allows to enhance the separation factor of permanent and condensable gases strongly beyond
the Knudsen limit, while maintaining a high permeance of porous membranes.

1. Introduction

Selective gas transport in membrane materials is commonly asso-
ciated with two general factors: sorption and diffusion of molecules
through specific binding sites or structural fragments. Dissolution of gas
molecules in the membrane material plays a crucial role on the per-
meance of rubbery polymeric membranes [1]. However, for rigid glassy
polymeric materials [2] and inorganic membranes, this factor is com-
monly omitted being superseded by the diffusion rates [3]. However,
for inorganic membranes, the diffusion rates are still strongly affected
by the interaction of penetrants with the surface. Two special cases can
be considered here depending on the ratio of molecule travelling to
residence times: small lengthscale of the diffusive jump (hopping or
configurational diffusion, characteristic for microporous materials) and
large jump lengths (Knudsen diffusion, characteristic for mesoporous
solids) [4,5]. The latter case is known to provide very high permeance
of membranes but very low selectivity, governed by molecules velocity,
which is inversely proportional to the square root of the molecular mass
[6]. Low Knudsen selectivity strongly limits technological utilisation of
porous membranes. On the other hand, the control of gas-wall inter-
action, adjusting the ratio of molecule travelling time to the time of
residence in the absorbed state, seems to be a prospective way for

increasing the separation factor beyond the Knudsen limit.
Currently little attention is paid to this way of improving membrane

performance. Despite modification of mesoporous membranes being
proposed for controlling gas-wall interaction [7] or surface flow of
adsorbed species [8], there has been no consideration given to the role
of diffusion jump length on membrane selectivity.

Typically, organosilane compounds such as chlorosilanes or alkox-
ysilanes are utilized for the modification of porous ceramic or Vycor
porous glass membranes. Polycondensation of functional groups of
modifiers, with surface hydroxyl groups, leads to the linking of orga-
nosilane molecules with the membrane surface by covalent bonds and
the formation of a grafted molecular monolayer. The chemical nature,
and the length of alkyl chain, of the modifier molecules have a strong
influence on the properties of the modified membranes. For example,
modification of porous Vycor membranes, with an average pore dia-
meter of 4 nm, with long chain alkylchlorosilanes leads to the increased
adsorption of hydrocarbons. This, in turn, leads to a huge increase of
membrane selectivity [9–11]. The same effect was observed for CO2

adsorption in grafted fluorosilane layers, leading to enhanced CO2

transport through modified ceramic and glass membranes [12,13]. The
effect of specific interaction of the modifier functional group with gas
molecules can be also utilized for increasing membrane selectivity.
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Typically, modification of the membrane surface with aminosilanes
leads to an increase of membrane selectivity towards acidic gases, such
as CO2. The increase in carbon dioxide transport rate was explained
previously, by the reaction of CO2 with surface amine groups leading to
the formation of carbamate species and surface “hopping” of carbon
dioxide [14–19].

Surface modification of mesoporous solids by organosilanes has
been used to control gas-solid interaction in Knudsen or transitional
flow regime by B. Besser and co-authors [7,20,21]. The correlation
between the kinetic diameter of gas molecules and permeance reduc-
tion in surface-modified YSZ (Yttria-stabilized zirconia) membranes has
been investigated. Authors attributed enhanced CO2/N2 selectivity to
surface diffusion and have suggested that immobilized alkyl chains
limit the adsorption-desorption direction of molecules colliding with
the pore wall. This leads to an increase in the diffusion path with a
corresponding reduction of the membrane permeance. However, the
authors didn’t consider the role of residence times on the separation
efficiency and attributed the observed effects to surface diffusion and
steric effects. The same effect has been previously proposed theoreti-
cally by Krishna [22]

Notably, all the earlier studies on examining the effect of gas-wall
interactions on transport characteristics of surface functionalized na-
noporous membranes, were carried out using porous systems with ir-
regular porosity, which strongly limits quantitative assessment of the
collision frequency. Meanwhile, current progress in membrane tech-
nology enables easy design and manufacture of anodic aluminum oxide
(AAO) membranes with strictly defined pore diameters and regular
through porosity. Thus, this current study used AAO membranes, with
pore diameters ranging from 10 to 100 nm, for evaluating the role of
gas-wall interactions and diffusion jump lengths on gaseous diffusion
rates in surface-functionalized nanochannels. In this pore diameter
range, Knudsen diffusion is usually dominant amongst other gas
transport mechanisms.

To attain maximal grafting density on the alumina surface, alkyl-
phosphonic acid was utilized rather than organosilanes, which are
normally used for modifying silica surfaces [23]. The phosphoryl group
of organophosphonic acids is effectively bound with Lewis acid sites on
alumina surface, resulting in the anchoring of modifier molecules.
Previously, alkylphosphonic acid (n-dodecylphosphate) was used for
surface modification of ceramic membranes resulting in a strong en-
hancement of propane/nitrogen selectivity coefficient due to the
blocking of pore necks with alkyl chains [24].

2. Experimental

2.1. Membrane preparation

Anodic alumina membranes were prepared using conventional
procedures described elsewhere [25,26]. After surface pretreatment, by
electropolishing, metallic aluminum was anodized in a two-electrode
cell in 0.3M H2C2O4 at a voltage range from 10 to 120 V. To obtain a
hierarchical structure, with the macroporous layer branching into se-
lective layer, the anodization voltage was gradually reduced from 40 V
to 10 V. The thickness of membranes (or thickness of supporting and
selective layers) was controlled by the total electric charge passed
during anodization. After anodization, membranes with open through
porosity were prepared by selective dissolution, of any remaining alu-
minum, in copper chloride (0.5M CuCl2 dissolved in 5 vol% HCl) fol-
lowed by chemical etching of the barrier layer in 3M H3PO4 aqueous
solution with electrochemical detection of pore opening [27].

2.2. Membrane modification

A saturated solution of octadecylphosphonic acid C18H37PO3H2

(ODPA, Aldrich, 97%) in ethanol with a concentration of ∼2.3mM was
used for membrane modification [28]. To avoid fouling, with

undissolved ODPA, the solution was prefiltered through Chromafil Xtra
0.2 μm filter. For membrane modification, prefiltered solution of ODPA
in ethanol was passed through an anodic alumina membrane placed in a
dead-end Teflon filtration cell, under a transmembrane pressure equal
to 2 bar [29]. The total volume of passed solution was equal to 5ml per
membrane area of 0.5 cm2. After modification, membranes were wa-
shed twice by passing 5ml of pure ethanol and then dried at 60 °C in
argon atmosphere.

2.3. Membrane characterization

Scanning electron microscopy (SEM) images were recorded using a
Leo Supra 50VP instrument. Determination of pore size distribution and
membrane porosity was performed by statistical analysis of SEM images
using ImageJ software. Fourier transformed infrared spectroscopy stu-
dies were performed using a Spectrum One spectrometer (Perkin Elmer)
in range 500–4000 cm−1. All spectra were acquired in the transmission
geometry. Raman spectroscopy studies were performed on a Renishaw
InVia spectrometer using He-Ne laser excitation (633 nm). Thermal
analysis with EGA-MS was performed, using STA 209 PC Luxx instru-
ment equipped with QMS 403 Aeolos mass spectrometer (Netzch,
Germany), in air by heating to 1200 °C at 5 °C/min heating rate.

Gas permeance of the membranes was measured using two schemes
– a differential scheme, described earlier in [5], for membranes with a
permeance higher than 1m3/(m2·bar·h) and an integral scheme, de-
scribed earlier in [30], for membranes with a permeance lower than
1m3/(m2·bar·h). In the case of the differential scheme, gas flux through
the membranes was measured by mass-flow controllers Brooks SLA
5850 and the pressure difference on the membrane was measured by
Carel SPKT00E3R pressure transducers. In the integral scheme mea-
surements, a pressure growth rate, in the preliminary vacuumed
permeate chamber of calibrated volume, was registered. The mea-
surements performed for the same membrane using different schemes
showed identical results.

Mixed gas permeation experiments for binary CH4/C4H10 mixtures
were performed using both normal and isobutane. The methane con-
centration in the feed stream was 90 vol%. The upstream side of the
membrane was in contact with a steady state flow of feed mixture at
1 bar, while the downstream side was swept by a carrier gas (He). The
concentrations of methane and butane in the sweep stream and in the
feed stream were determined using a Clarus 600 (Perkin Elmer) gas
chromatograph equipped with a thermal conductivity detector.

3. Results and discussions

An accurate determination of porosity and average pore diameter
was performed by statistical analysis of SEM images of both top and
bottom surfaces of the membranes. The obtained SEM images and re-
levant pore size distributions are shown in Fig. 1. Average pore dia-
meter and AAO membranes porosity are listed in Table 1. For the
asymmetrical membrane AAO-40-10, the parameters of selective layer
formed at 10 V are given.

Gas permeance characteristics of pristine membranes were mea-
sured for both non-condensable (He, N2, CH4) and condensable gases
(C2H6, C3H8, n–C4H10, i-C4H10). An analysis of the membrane’s per-
meance was performed using the protocol reported earlier in Ref [5].
The dependences of membrane permeance vs. Knudsen number, were
fitted by a combination of Knudsen diffusion and viscous flow. Knudsen
numbers for all experimental conditions were calculated using up-
stream and downstream pressures, gas characteristics (viscosity and
molecular weight) and membrane average pore diameter:

= =K λ
d

η
Pd

πRT
M¯ 2n
r (1)

where η – gas viscosity, d – average pore diameter, P̄ – average
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pressure, calculated as a half-sum of the feed and the permeate pres-
sure, Mr – gas molecular weight.

Typical dependencies of membrane permeance, multiplied by the
square root from the gas molecular weight vs. Knudsen number, are
plotted in Fig. 2. In these coordinates the normalized permeances for all
gases should degenerate into a single dependence on Knudsen numbers
if no additional flow contributions occur. Obtained results were fitted
using the following equation:

⎜ ⎟ ⎜ ⎟= ⎛
⎝

+ ⎞
⎠
= ⎛

⎝
+ ⎞
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F M F M π
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where =FKn
εd
RTL
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8

r
– membrane permeance in Knudsen diffusion

regime and Kn – Knudsen number. This equation considers additive
contributions of viscous flow ( )termπ

K
3

128· n
and diffusive molecular

fluxes (Agas coefficient). The fitted values of Agas,for different gases and
membranes, are listed in Table 1. It can be seen that the obtained
coefficients decrease with increasing gas collision diameter, as was
mentioned earlier in [5]. One can see that the data for different gases
closely arrange into a single dependence for the AAO-120 membrane,
while they separate in a series for AAO-40-10. Such behavior has been
attributed to self-diffusion of penetrant gases due to intermolecular
collisions, or slip enhancement due to tangential momentum accom-
modation growth with decreasing molecule’s effective collision area.

Thus, the gas permeance of pristine anodic alumina membranes can be
described as a combination of viscous and diffusive fluxes, with a
contribution of slip flow enhancement due to tangential momentum
accommodation coefficient changes. The contribution becomes more
pronounced with decreasing pore diameters, down to several nan-
ometers. A strong increase in membrane permeance for n- and iso-
butane at low Kn values for AAO-40-10 membrane, can be explained by
a capillary condensation effect, discussed in detail in [31,32].

Further modification of membranes with a highly flexible surface
layer of octadecyl chains was performed to reveal the effect of gas-wall
interactions and residence times on the separation performance. To
confirm grafting of octadecylphosphonic acid at the membrane’s mod-
ification stage, IR- and Raman spectroscopy studies were carried out.
Fig. 3a shows the FT-IR spectra of initial and modified membranes. The
presence of C-H stretching modes can be clearly seen in the spectra of
the modified membrane. Peaks at wavenumbers 2961, 2924 and
2853 cm−1 correspond to symmetric valence vibration of CH3- and
-CH2- groups, and asymmetrical valence vibration of -CH2- group in
octadecyl chain, respectively [33]. At the same time, FT-IR spectro-
scopy, in transmission geometry, didn’t provide information on the
distribution of the modifier agent over the membrane thickness. Thus,
confocal Raman spectroscopy was applied to acquire spectra from the
top and the bottom surfaces of the membranes (Fig. 3b,c). No

Fig. 1. Microstructure and pore size distribution of the studied membranes: (a) AAO-40-10, (b) AAO-20, (c) AAO-40, (d) AAO-120.

Table 1
Microstructural parameter and normalized gas permeance for pristine membranes.

Membrane Pore diameter, nm Porosity, % Normalized gas permeance (A), m3·kg0.5/(m2·bar·h·mol0.5)

He N2 CH4 C2H6 C3H8 n-C4H10 i-C4H10

AAO-40-10 11 ± 3 7 2.82 2.55 2.41 2.37 2.32 2.26 2.29
AAO-20 16 ± 3 10 2.35 2.04 1.93 1.89 1.83 1.75 1.78
AAO-40 54 ± 5 22 7.2 7.05 6.68 6.50 6.20 5.89 5.99
AAO-120 102 ± 9 13 9.20 8.51 8.31 8.03 8.39 8.29 8.21
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Fig. 2. Dependence of membrane permeance multiplied by the square root of penetrant molecule weight vs. Knudsen number for initial AAO-40-10 (a), AAO-40 (b)
and AAO-120 (c) membranes.

Fig. 3. IR spectra for initial and modified AAO-120 membrane (a). Raman spectra of initial and modified AAO-40-10 (b) and AAO-120 (c) membranes.
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characteristic ν(C-H) vibrations were observed for the pristine mem-
branes, while well-defined peaks at 2924 cm−1, 2852 cm−1, 2882 cm−1

and 2908 cm−1 corresponding to symmetric -CH2- and asymmetric
-CH2- and -CH2-P valence vibrations, appear in the spectra of modified
membranes. Raman signal intensities, from the top and bottom sides of
membranes, are very similar in the case of the AAO-120-C18 sample but
vary for the AAO-40-10-C18 membrane. This suggests some in-
homogeneity in depthward distribution of octadecylphosphonic acid in
membranes with low diameter pores (side of membrane with 10 nm
pore diameter was positioned to the feed volume of modifier solution
during modification stage). However, a strong difference in active
surface area of membrane sides having 10- and 40 nm pores is notice-
able, which can explain the difference in scattering intensity by the
quantity of modifier agent grafted to the surface. In every instance,
Raman spectroscopy confirms an in-depth modification of AAO surface
by octadecylphosphonic acid.

To evaluate the quantity of immobilized octadecylphosphonic acid a
thermal analysis of the modified sample was performed using EGA-MS.
Fig. 4 shows the relative weight loss and ionic currents for mass num-
bers 18 (H2O) and 44 (CO2) in the evolved gases for initial and modified
membranes. The difference in weight loss between the initial and
modified membrane appears from ∼220 to 550 °C, being accompanied
by H2O and CO2 evolution. This temperature range corresponds well to
the decomposition of immobilized alkyl chains, allowing an estimation
of the grafting density from the weight loss difference. Taking into
account the specific surface area of anodic alumina of 9.1m2/g [31]
and the difference in weight loss of 0.62%, one can calculate an alkyl-
chain density of 1.6 molecules per nm2. The value is substantially
smaller when compared to the areal density for OH-groups on alumina
of 5–8 nm−2 [34]. Nevertheless, the obtained value is considered high
enough to have an influence on gas-wall interactions and gas accom-
modation coefficients due to specific adsorption of molecules in the
grafted layer.

Gas permeance of modified membranes was studied and processed
in the same manner to the initial membranes (Fig. 5). The permeance
for all the membranes generally decreased upon modification. How-
ever, the permeance reduction coefficient was found to depend strongly
on the gas nature and channel diameter. On Fig. 6 the permeance loss
factors for different gases, normalized to the permeance loss factor for
helium, are plotted for modified nanoporous membranes. Helium was
utilized as a reference gas as it provides minimal interaction between
gas molecules and grafted compounds. The divergence of the per-
meance reduction, for different gases, increases with diminishing pore
diameter. Moreover, for the membranes with minimal channel dia-
meters (AAO-40-10-C18 and AAO-20-C18), the permeance of perma-
nent gases falls to very low values of 0.03–0.1 m3/(m2·bar·h).

A direct mathematical description of the experimental data for

modified membranes, using Eq. (2), could not be calculated due to an
inequivalent growth of the dependences for permanent and con-
densable gases. Hence, an additional independent parameter, ac-
counting for different Kn dependence for different gases has been in-
troduced:

⎜ ⎟= ⎛
⎝

+ ⎞
⎠

F M A
B
K

· · 1r gas
gas

n (3)

The fit was performed using the same ratio of Agas parameters to
pristine membranes. Fitting results for AAO-40-C18 and AAO-120-C18
membranes are listed in Table 2.

According to the fitted results, experimental permeances for the
AAO-120-C18 membrane are reasonably described by a simple combi-
nation of viscous flow and Knudsen diffusion with the Bgas parameter
close to 3π/128 for all gases. This is explained by the large diameter of
the pores (∼100 nm) exceeding the mean free path of penetrant mo-
lecules. However, for the AAO-40-C18 membrane, an enhancement of
transport for hydrocarbons is clearly seen, which is due to increasing
Bgas coefficients with gas molecular weight and decreasing of saturation
pressure. To quantify the additional contribution, the difference be-
tween experimental permeance values and the values predicted by Eq.
(2) (Knudsen and viscous flow), was analyzed. The Agas parameters used
in the calculations were extracted from fitting of experimental data
with Eq. (3). The resulting maximal values for this contribution (at
lowest Kn) for AAO-40-C18 membrane, equal 9% for CH4, 11% for
C2H6, 25% for C3H8, 43% and 34% for n- and isobutane, respectively.

Typically, such contributions are associated with surface flow of
adsorbed molecules in the grafted layer. Thus, we attempted to evaluate
the maximal value of surface flux, considering the flow of liquid con-
densate in the grafted layer with a thickness of 2 nm and using the
pressure difference of feed and permeate sides taking into account
Poiseuille flow in a plane layer, was carried out:

=F
εξ ρV
η LdM3surf

m

cond r

3

. (4)

where ε- membrane porosity, ζ – the thickness of adsorbate layer, ρ –
condensate density, ηcond. – condensate viscosity, L – membrane thick-
ness.

The upper-bound estimation of surface flux for n-butane gives
∼0.2%, which is negligible compared to the experimental results. Thus,
surface diffusion can’t explain the huge enhancement of hydrocarbons
transport at low Knudsen numbers.

Substantial decrease of the permeance for modified membranes and
the relative increase of hydrocarbons transport can be either explained
by an increase of the molecules residence time at the surface, or by
increasing the flight path due to a narrowing of the desorption angle
distribution as suggested earlier in [7]. Neither of the reasons can be
unambiguously preferred, at the current stage, due to the lack of ex-
perimental data. Further studies with different modifier chain lengths
or permeance temperature dependences could help to resolve the issue.
Nevertheless, an attempt to describe experimental results with a model,
considering timing parameters only and without taking into account the
changes of the desorption angles total flight path due to strong diffi-
culties of including those parameters into mathematical formulation,
can be made.

To describe permeance changes with surface modification, one can
suggest a decrease of desorption constants shifting an equilibrium of
free ([Sfree]), and occupied ([Sad]), sites at the surface with corre-
sponding of increase of surface residence time:

= = =S
S

k
k

P
P

k
P
P

τ
k S

[ ]
[ ]

, 1
[ ]

ad

free

ads

des

gas

gas

gas
res

des ad0 0 (5)

where kads and kdes denote reaction constant for adsorption and deso-
rption processes, respectively, Pgas – is the absolute gas pressure, P0 – is
the gas saturation pressure and τres corresponds to an average molecular

Fig. 4. Thermal analysis results and MS-signal for mass number 44 (CO2) and
18 (H2O) for initial and modified membranes.
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residence time in the adsorbed state on the pore wall.
The gas flux through the membrane can be formulated as the

number of molecules inside pore (Nmolec) divided by an average in-pore
retention time for the molecule (tin-pore):

∼F N
t
molec

in pore- (6)

The total duration a molecule spends in the pore can be considered
as a sum of average molecular free flight time (τfly) and residence time
in the adsorbed state on the pore wall (τres) multiplied by the number of
gas-wall collisions (Ncol):

= + =t N τ τ τ d πM
RT

(Π · ),
8inpore col ads res fly fly (7)

where Πads represents the probability of molecule adsorption by a free
surface site and τfly is found by division of an average pore diameter by
the average thermal speed of the molecules.

Obviously, an effective absorption of condensable gases, with low
saturation pressure, results in high surface coverage (θ) and substantial
reduction of the available surface. Collision of gas molecules with the
absorbed surface layer, at high saturation, should result in molecular
reflection without loss of tangential momentum. Thus, the term Πads

,describing the probability of molecule adsorption by a free surface site
or specular reflection by an occupied site, has been introduced into Eq.
(6). If an equal number of collisions and equal total traveling distance of
molecules, in pristine and modified membrane, is now assumed, the
relation between their gas permeances as an inverse ratio of the total
duration molecules spend in the pore for pristine and modified mem-
branes can be written:

= =
+
+

F
F

t
t

τ τ
τ τ

Π ·
Π ·

inpore

inpore

ads res fly

ads res fly0

,0 ,0 ,0

(8)

Furthermore, assuming negligible residence time for pristine mem-
brane (τres,0) the expression can be simplified to:

≈
+

F
F

τ
τ τΠ ·
fly

ads res fly0 (9)

Fractional occupancy of the adsorption sites is easily introduced, with
Langmuir adsorption isotherm, with the probability of molecule ad-
sorption calculated as:

= − = −
+

=
+

θ
k

k k
Π 1 1

1

1

1
ads

gas
P
P

gas
P
P gas

P
P

gas

gas gas
0

0 0 (10)

Fig. 5. Dependence of membrane permeance multiplied by square root of penetrant molecule weight vs Knudsen number for modified AAO-40-10-C18 (a), AAO-40-
C18 (b) and AAO-120-C18 (c) membranes.

Fig. 6. Permeance loss factors of different gases normalized to permeance loss
of helium for modified nanoporous membranes, depending on the pore dia-
meter.
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Using (10), Eq. (9) can be rewritten in the following manner:

= −
+ +( )

F
F

τ

τ τ k
1

1
res

res fly gas
P
P

0 gas

0 (11)

The provided model describes the decrease of the permeance of mem-
branes proportional to the characteristic ratio of molecule travelling
and residence times. The flight times are governed by gas velocities and
the diameter of the pores, while residence times, in the absorbed state,
are obviously dependent on the chemical nature of the penetrant mo-
lecules and the modifier agent. Generally, the tendencies defined by Eq.
(11) are well supported by the experimental results. Moreover, due to
strong interaction of hydrocarbons with alkyl chains, significant surface
coverage in modified membranes, by C1-C4 hydrocarbons, can be ex-
pected. Thus, further analysis of the tangential momentum accom-
modation coefficient (TMAC), corresponding to the fraction of the
specular reflections during molecular-wall collisions has been con-
ducted. TMAC values (α) were extracted from experimental data in
terms of slip flow using Eq. (19) from Ref. [5]. This equation corre-
sponds to the combination of Knudsen diffusion and viscous flow (si-
milar to Eq. (2)) and involves an additional term, accounting for the
contribution of specular reflections of gas molecules from the pore
walls:
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A strong correlation for TMAC values on the normalized pressure (P/P0)
for different gases has been obtained for the AAO-40-C18 sample,
providing strong evidence of the proposed concept (Fig. 7). The fraction
of specular reflections, increasing linearly with the reduced pressure,
fits well with the Langmuir adsorption isotherm and the proposed Eq.
(10).

For the membranes with smaller pore diameters (AAO-20-C18 and
AAO-40-10-C18) the effects are enhanced several times. A drastic drop
of permeance for non-condensable gases (300–400 times) and moderate
decrease of the permeance of hydrocarbons (3.5–50 times) was ob-
served (see Figs. 5 and 6). Despite these tendencies are principally
described by the proposed model, absolute values are not fitted with
unique timing parameters. Extracted residence times for helium vary
from ∼5·10-11 to ∼2·10-9 s for membranes with different pore dia-
meters. Large values of calculated residence time, obtained for mem-
branes with minimal channel diameters, can be associated with possible
blocking of pore necks by the overlapping alkyl chains of modifier
molecules. Notably, the length of the octadecyl tail is 1.6 nm which
gives a total modifier layer thickness of ∼2 nm. This value is strongly
below the radius of the pores of AAO-40-10 and AAO-20 membranes.

However, possible blocking of the channels is supported by an increase
of O2/N2 selectivity to the factor of 2. Nevertheless, an appearance of
such necks in the channels has much less effect on the permeance of
hydrocarbons, having large solubility and diffusivity in paraffins, which
still allows an analysis of their permeance with the proposed model.
The utmost values of hydrocarbon TMACs, extracted using the model,
increase with decreasing pore diameters from ∼1 for membranes with
100 nm pores to values below 0.5 for membranes with 10 nm pores.
Despite providing some predictive power for permeance of surface
modified membranes quantitative assessment of the model is still re-
quired. Further data acquisition, and analysis for membranes with small
pore diameters, is necessary to provide a full theoretical description.

According to the proposed model, the maximum effect of surface
modification can be attained at low pore diameters using modifier
agents providing large residence times. Moreover, an additional en-
hancement of membrane selectivity, for condensable gases, can be ac-
quired by an increased quantity of specular reflection and slip flow of
penetrant. Synergetic contribution of these two factors allows to obtain
membrane with ideal selectivity for n-butane/methane pair up to 32,
with butane permeance of 3m3/(m2·bar·h) (Table 3), exceeding the
Knudsen limit (0.52) by over 60 times. The selectivity for the i-C4H10/
CH4 pair is lower than for the n-C4H10/CH4 pair due to the lower oc-
cupation density of isobutane molecules in the grafted layer, leading to
a decreased number of specular reflections. The reported performance
exceeds that reported for Vycor glass modified with octadecyl-
chlorosilane [35].

Notably, the practical utilisation of membranes for separation of
hydrocarbons mixtures implies mixed gas selectivity rather than ideal
selectivity values. Mixed gas selectivity measurements of modified
membranes for gas mixtures containing 90% of methane and 10% of n-
or isobutane (Table 3) have been carried out. The mixed gas

Table 2
Fitting parameters for modified AAO-40-C18, AAO-120-C18 membranes.

Gas Membrane Condensation pressure (P0), bar at
T=25 °C

AAO-40-C18 AAO-120-C18

A B Contribution of additional flow at
Pfeed= 2 bar, %

A B Contribution of additional flow at
Pfeed= 2 bar, %

N2 3.01 0.074 – 2.46 0.074 – –
CH4 2.65 0.131 4.4 2.43 0.086 1.1% –
C2H6 2.54 0.122 8.4 2.33 0.065 – 41.8
C3H8 2.41 0.153 12.8 2.21 0.073 – 9.53
i-C4H10 2.32 0.205 21.8 2.12 0.086 2.3% 3.51
n-C4H10 2.26 0.328 37.2 2.07 0.064 – 2.43

Fig. 7. The dependence of calculated TMAC values on normalized feed pressure
for modified AAO-40-C18 membrane for different hydrocarbons.
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selectivities appear to be lower than ideal values for all the samples.
This can be explained due to lower partial pressure of butane or iso-
butane leading to reduction of their transport efficiencies in comparison
with the case of pure gases. However, the values obtained for the n-
butane/methane mixed gas separation factor are higher than the same
separation factors for PDMS membranes, which are widely used for
hydrocarbon separation [36]. Moreover, immobilisation of grafted
compounds on the rigid inorganic frameworks provides a solution to
the problem of membrane degradation and selectivity losses. Thus, the
suggested approach seems to be a prospective way for preparation of
stable membranes for conditioning and processing of natural gases.

4. Conclusions

In summary, surface modification of nanoporous anodic alumina
membranes with average pore diameter from 10 to 100 nm was suc-
cessfully accomplished using octadecylphosphonic acid. Surface mod-
ification was proved by IR- and Raman spectroscopy. The results of
thermal analysis, with EGA-MS, allowed the estimation of the grafting
density of ∼2 groups/nm2. Single gas permeation measurements were
performed for permanent (N2, He, CH4) and condensable gases (C2H6,
C3H8, n-C4H10, i-C4H10). After modification, the permeance for all
membranes generally decreased by over 3 times. In the case of mem-
branes with average channel diameters below 50 nm, an additional
contribution of hydrocarbons transport is clearly observed, which in-
creases with a decrease of hydrocarbon saturation pressure. Decrease of
pore diameters makes the effect more pronounced – for membranes
with pore diameter lower than 20 nm, a drastic drop of the permeance
for non-condensable gases (up to 400 times) and a moderate drop of
hydrocarbon permeance (3.5–50 times) appears. The effect is explained
by variation of the ratio of molecule travelling time and residence time
in adsorbed state and strong influence of surface saturation by absorbed
molecules on the tangential momentum accommodation coefficient,
which is supported by suggested model. These effects allow lifting of
the separation factor of permanent and condensable gases strongly
beyond the Knudsen limit, while maintaining high permeance of porous
membranes. Modified membranes. with 10-nm channel diameters,
possess 32.3 and 9.0 ideal and mixed gas separation factors for n-
C4H10/CH4 pair with n-C4H10 permeance up to 3.5m3/(m2·bar·h). Thus,
surface modification of nanoporous membranes can be considered as a
prospective way for the preparation of stable membranes for efficient
separation of hydrocarbons.
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