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ABSTRACT

Hydrogen and multi-gas permeation through ruthenium-impregnated alumina tubular
membranes with nominal pore sizes of 15 nm and 6000 nm was investigated under non-
reactive conditions at 100 °C and transmembrane pressure differences of 20-300 kPa.
Single-gas permeation experiments using Hz, He, N2, CO:, and air were conducted to
evaluate the influence of pore architecture and ruthenium incorporation on gas transport
behaviour. For the 6000 nm membrane, the hydrogen flow rate increased from 1.09 to 8.39
L min™', whereas the 15 nm membrane exhibited hydrogen flow rates ranging from 0.97
to 4.61 L min™' over the same pressure range. Despite the 400-fold difference in nominal
pore size, the larger-pore membrane exhibited only a modest increase in hydrogen
permeation, indicating that gas transport was governed by the overall membrane
architecture rather than nominal pore diameter alone. This experimentally observed
deviation from ideal pore-size scaling highlights the important influence of pore
connectivity, tortuosity, support-layer resistance, and effective transport pathways in
asymmetric ceramic membranes. Knudsen number analysis showed that the 6000 nm
membrane operated predominantly within the viscous-flow regime, whereas the 15 nm
membrane exhibited transitional Knudsen—viscous transport with enhanced molecular
discrimination. SEM, EDX, contact-angle measurements, and gravimetric catalyst-loading
analysis confirmed successful ruthenium incorporation without severe pore blockage or
structural degradation. The results demonstrate that membrane architecture and Ru-
induced surface modification exert a greater influence on gas permeation behaviour than
nominal pore size alone under the non-reactive operating conditions investigated. These
findings provide new insight into structure—transport relationships in Ru-modified ceramic
membranes and offer guidance for the design of hydrogen-selective ceramic membrane
systems.

Keywords: Hydrogen permeation; Ceramic membranes; Ruthenium impregnation, Gas
transport; Knudsen diffusion;, Membrane architecture

1.0 INTRODUCTION

Hydrogen is widely regarded as a promising energy carrier for low-carbon energy
systems because of its high gravimetric energy density and environmentally benign
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combustion products, producing primarily water [1-3]. The growing demand for clean
energy technologies has increased interest in efficient hydrogen production, purification,
and separation processes, particularly for hydrogen-rich gas streams generated from
reforming, gasification, and related industrial processes [4—6].

Conventional hydrogen separation methods, including pressure swing adsorption and
cryogenic distillation, are often associated with high energy consumption, complex
operation, and significant capital costs [7, 8]. Membrane-based gas separation has
therefore emerged as an attractive alternative due to its lower energy requirements,
operational simplicity, and potential for continuous processing. Among available
membrane materials, porous ceramic membranes have attracted considerable attention
because of their excellent thermal stability, mechanical strength, and chemical resistance
under harsh operating conditions [9].

Among ceramic materials, o-alumina (a-Al-Os) membranes are widely employed as
robust supports for gas separation applications because of their well-defined pore
structures, controllable morphology, and excellent thermal stability [10]. Ruthenium (Ru)
was selected as the membrane modifier because of its high thermal stability, excellent
catalytic activity towards hydrogen-related reactions, strong metal support interactions
with alumina, and its ability to modify membrane surface physicochemical properties
without significantly compromising the porous structure [11]. Although Ru has been
widely employed in catalytic membrane reactors and heterogeneous catalysis, its influence
on the intrinsic gas transport behaviour of porous ceramic membranes under non-reactive
permeation conditions remains comparatively underexplored [12].

Recent studies have demonstrated that surface modification of ceramic membranes
using metallic or catalytic phases can influence gas permeation by altering pore
accessibility, surface energy, adsorption characteristics, and transport resistance.
Ruthenium, palladium, nickel, and other transition metals have been investigated for
hydrogen-related membrane applications because of their catalytic activity and favourable
interactions with hydrogen species. However, most published studies have focused either
on catalytic membrane reactors involving simultaneous reaction and separation or on
dense metallic membranes operating via solution—diffusion mechanisms. Consequently,
comparatively few studies have systematically investigated the intrinsic gas transport
behaviour of Ru-modified porous ceramic membranes under non-reactive conditions,
where the individual effects of membrane architecture and surface modification can be
isolated and evaluated [11, 12].

Gas transport in porous ceramic membranes is generally governed by a combination of
viscous (Poiseuille) flow and Knudsen diffusion, depending on pore size and operating
conditions. Macroporous membranes are typically dominated by viscous flow, whereas
mesoporous membranes often operate within a transitional regime in which both transport
mechanisms contribute simultaneously [13]. As the pore diameter decreases, gas—wall
interactions become increasingly important, resulting in a greater contribution from
molecular diffusion mechanisms. Figure 1 illustrates the dominant transport mechanisms
expected in ruthenium-impregnated a-alumina membranes with different pore structures,
highlighting the predominance of viscous flow in the 6000 nm membrane and mixed
Knudsen—viscous transport in the 15 nm membrane.
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Figure 1. Schematic representation of gas transport mechanisms in ruthenium-
impregnated a-alumina membranes: (a) viscous flow in macroporous (6000 nm) structures
and (b) combined Knudsen—viscous transport in mesoporous (15 nm) membranes

Unlike catalytic membrane reactor studies involving simultaneous reaction and
separation, the present work focuses specifically on non-reactive gas permeation in Ru-
impregnated ceramic membranes. This approach enables the influence of pore
architecture, ruthenium incorporation, and surface modification on intrinsic gas transport
behaviour to be investigated independently of catalytic reaction effects under well
controlled operating conditions [14].

Although viscous and Knudsen transport mechanisms are well established theoretically
[12], their application to practical multilayer ceramic membranes frequently deviates from
ideal transport predictions because gas permeation is governed by coupled structural
factors, including pore connectivity, tortuosity, support-layer resistance, pore-size
distribution, and gas—surface interactions. Consequently, membrane performance cannot
always be predicted solely from nominal pore diameter. Furthermore, relatively few
studies have directly compared Ru-impregnated mesoporous and macroporous ceramic
membranes under identical non-reactive operating conditions [15]. As a result, the relative
contributions of nominal pore size, membrane architecture, and ruthenium-induced surface
modification to hydrogen and multi-gas transport behaviour remain insufficiently
understood [16—18].

Understanding these non-ideal transport effects is important for the design and
optimisation of hydrogen-selective ceramic membrane systems. In particular, identifying
the relative contributions of pore size and membrane architecture is essential for improving
membrane performance in hydrogen separation applications [19, 20].

This study therefore investigates hydrogen and multi-gas permeation through
ruthenium-impregnated a-alumina membranes with nominal pore sizes of 15 nm and 6000
nm under identical operating conditions. The work focuses on: (i) evaluating gas transport
behaviour across a transmembrane pressure difference range of 20-300 kPa; (ii)
examining deviations from classical viscous and Knudsen transport predictions; (ii1)
assessing the influence of pore architecture and ruthenium impregnation on membrane
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permeation behaviour; and (iv) determining whether practical membrane transport is
governed primarily by nominal pore diameter or by the combined effects of membrane
architecture and transport-pathway characteristics.

By combining gas permeation measurements with Knudsen number analysis,
wettability measurements, catalyst loading evaluation, and SEM—EDX characterisation,
this work provides an integrated experimental assessment of how membrane architecture
and ruthenium-induced surface modification jointly influence gas transport behaviour
under non-reactive conditions. Unlike previous studies that primarily emphasise catalytic
membrane reactors or ideal transport models [21], the present work demonstrates
experimentally that overall membrane architecture exerts a stronger influence on
permeation behaviour than nominal pore diameter alone. These findings contribute to an
improved understanding of structure—transport relationships relevant to the design and
optimisation of hydrogen-selective ceramic membranes.

2.0 MATERIALS AND METHODS

This section describes the membrane materials, ruthenium impregnation procedure,
thermal activation, gas permeation measurements, and characterisation methods used to
evaluate gas transport behaviour through Ru-impregnated ceramic membranes.

2.1 Materials

Commercial asymmetric tubular ceramic membranes composed of alumina (Al.Os) and
titania (TiO2) were supplied by Ceramiques Techniques et Industrielles (CTI SA). The
support composition was approximately 77 wt.% alumina and 23 wt.% titania. Two
membranes with nominal pore sizes of 15 nm and 6000 nm were investigated.

The 6000 nm membrane had a total length of 446 mm, a permeable length of 378 mm,
an outer diameter of 25 mm, and an inner diameter of 20 mm. The 15 nm membrane had
a total length of 733 mm, a permeable length of 665 mm, and outer and inner diameters of
25 mm and 20 mm, respectively. Both membranes were supplied with glazed end sections
for sealing during permeation experiments.

Ruthenium(IIl) chloride hydrate (RuCls-xH20, >99.9%, Sigma-Aldrich) was used as
the catalyst precursor. Deionised water was used for membrane preparation and
impregnation. Hydrogen (99.999%), helium (99.999%), nitrogen (99.999%), carbon
dioxide (99.995%), and compressed dry air were supplied by BOC (UK) and used without
further purification.

2.2 Membrane Preparation and Ruthenium Impregnation

Prior to catalyst impregnation, the ceramic membranes were thoroughly rinsed with
deionised water to remove dust, residual manufacturing contaminants, and loosely adhered
surface particles that could interfere with catalyst deposition. The cleaned membranes
were dried in a convection oven at 65 °C for 24 h to eliminate residual moisture. After
cooling to room temperature in a desiccator, each membrane was weighed using an
analytical balance (£0.1 mg) to obtain the initial support mass required for subsequent
catalyst-loading calculations. To prevent catalyst deposition within the membrane lumen,
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both glazed ends were sealed with polytetrafluoroethylene (PTFE) tape, ensuring that
impregnation was confined to the permeable membrane region.

Ruthenium was deposited using a single-cycle wet impregnation method. The precursor
solution was prepared by dissolving 30.0 g of ruthenium(Ill) chloride hydrate
(RuCls'xH20) in 100 mL of deionised water, corresponding to a concentration of
approximately 300 g L'. Prior to impregnation, the membranes were immersed in
deionised water for 2 h to ensure complete wetting of the pore network and facilitate
penetration of the precursor solution into the accessible porous structure. The pre-wetted
membranes were subsequently immersed in the ruthenium precursor solution for 24 h
under static conditions at ambient temperature without external agitation, allowing Ru**
ions to infiltrate the porous network through capillary action and molecular diffusion.

Following impregnation, the membranes were removed from the precursor solution,
allowed to drain for approximately 10 min to remove excess solution from the external
surface, and air-dried under ambient conditions for 24 h. The membranes were then dried
in a convection oven at 65 °C for 6 h prior to thermal treatment. This controlled drying
procedure minimised rapid solvent evaporation during subsequent calcination and
promoted stable deposition of the ruthenium precursor within the membrane pores.

The amount of deposited ruthenium was determined gravimetrically from the difference
between the membrane mass before and after impregnation according to:

Catalyst loading following ruthenium impregnation was determined gravimetrically using
Equation (8):

%
Loading (%) = Wz x 100 (1)

where Wi is the initial support mass, W is the final membrane mass after ruthenium
impregnation and thermal treatment, and W3 (=W2— W) represents the mass of ruthenium
deposited within the membrane structure.

The gravimetric analysis indicated ruthenium loadings of approximately 0.08 wt.% for
the 15 nm membrane and 0.33 wt.% for the 6000 nm membrane, demonstrating greater Ru
uptake by the larger-pore membrane because of its higher accessible pore volume during
the impregnation process.

2.3 Calcination and Reduction

After drying, the membranes were calcined in air at 400 °C for 4 h using a heating rate
of 5 °C min". The furnace was then allowed to cool naturally to room temperature.
Prior to permeation testing, the calcined membranes were reduced in a stainless-steel
tubular reactor. The system was first purged with nitrogen at 100 mL min™* for 30 min to
remove residual air. The temperature was increased to 300 °C at a heating rate of 5 °C
min', after which hydrogen was introduced at 100 mL min™" for 30 min to reduce
ruthenium oxide species according to:

RuO;, +2H, — Ru + 2H,0
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Following reduction, helium was passed through the system for 30 min before cooling to
the permeation test temperature of 100 °C.

2.4 Gas Permeation Setup

Single-gas permeation experiments were conducted using a custom-built tubular
membrane permeation system comprising high-purity gas cylinders, pressure regulators,
mass flow controllers, pressure gauges, a stainless-steel membrane module, an electrically
heated chamber with proportional-integral-derivative (PID) temperature control, and a
calibrated volumetric flow meter. A schematic of the complete experimental arrangement
is presented in Figure 2.

As shown in Figure 2, the feed gas was introduced through the lumen side of the tubular
membrane, while the permeate was collected from the shell side. Feed pressure was
regulated using a precision pressure regulator, whereas the permeate side was maintained
at approximately atmospheric pressure throughout the experiments. The membrane
module temperature was maintained at 100 °C using a PID-controlled heating system.
Permeation measurements were performed over transmembrane pressure differences
ranging from 20 to 300 kPa. Gas flow rates were recorded after steady-state conditions had
been established at each pressure level to ensure reproducible evaluation of pressure
dependent permeation behaviour.

Figure 2. Experimental setup showing the gas permeation apparatus, including the
pressure gauge (1), membrane module wrapped with heating tape (2), gas regulator (3),
gas cylinder (4), temperature controller (5), volumetric flow meter (6), and temperature
indicator (7).

2.5 Permeation Measurement Procedure

Hydrogen, helium, nitrogen, carbon dioxide, and dry air were tested individually under
non-reactive permeation conditions. Prior to each experiment, the system was purged with
the test gas for 10 min to ensure steady-state composition within the membrane module.
Permeation measurements were conducted over transmembrane pressure differences
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ranging from 20 to 300 kPa. At each pressure step, the system was stabilised for
approximately 3—5 min before flow measurements were recorded. Three replicate
measurements were obtained for each condition and averaged.

Gas permeability was calculated using:

_ oL

= p )
where Q is the measured volumetric gas flow rate (m® s™'), L is the effective thickness of
the membrane layer through which gas permeation occurred, A is the effective permeation
area corresponding to the exposed cylindrical membrane surface available for gas transport
(excluding the glazed sealing sections), and AP is the transmembrane pressure difference.
The effective membrane area was calculated from the permeable length and external
diameter of each tubular membrane, while the membrane thickness corresponded to the
active porous membrane wall supplied by the manufacturer. This expression is consistent
with conventional membrane permeation analysis reported in the literature [22]. Ideal
selectivity was determined from:

= 2 (3)

where P, and Pg are the permeabilities of gases A and B, respectively. The ideal selectivity
represents the permeability ratio obtained from individual single-gas permeation
measurements and provides an indication of the membrane's intrinsic gas discrimination
in the absence of competitive adsorption or multicomponent diffusion effects [22].

2.6 Contact Angle Measurement

Surface wettability was evaluated using dynamic contact angle measurements to
investigate the effects of pore structure and ruthenium impregnation on membrane surface
behaviour. Water droplets (5 plL) were deposited onto the membrane surfaces and
monitored as a function of time to evaluate droplet spreading and wetting characteristics.
The droplet volume was selected to minimise curvature effects associated with the tubular
membrane geometry. Wettability behaviour was interpreted qualitatively using the
Young—Wenzel and Cassie—Baxter wetting models [23, 24].

The Young—Wenzel relationship is expressed as

Cos 6, =rcos 0, (4)
where:
Ow is the apparent contact angle on the rough surface,
Oy is the intrinsic Young contact angle,
r is the surface roughness factor.

The Cassie—Baxter relationship is given by [24]
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cosOcp = f(cosO,+ 1) -1 (5)

where:

Oca is the apparent Cassie—Baxter contact angle,
fs 1s the solid-liquid contact fraction,

Oy is the intrinsic Young contact angle.

These models were used to assist in the qualitative interpretation of the wettability
behaviour observed for the Ru-modified ceramic membranes.

2.7 Transport Regime Analysis

Gas transport behaviour was interpreted using the Knudsen number:

A
Kn=— (6)

dy

where A is the molecular mean free path and d, is the nominal membrane pore diameter.
The molecular mean free path was estimated from standard kinetic gas theory as a function
of gas temperature and pressure using published gas kinetic relationships. Because the
mean free path is inversely proportional to gas pressure, increasing operating pressure
reduces A and consequently decreases the Knudsen number. The calculated values
therefore provide an estimate of the dominant gas transport regime under the experimental
operating conditions.

For Kn <« 0.01, viscous flow dominates; for Kn > 1, Knudsen diffusion dominates; and
for 0.01 <Kn < 1, transitional transport is expected [25, 26].

Under the present experimental conditions, the 6000 nm membrane was expected to
operate predominantly within the viscous-flow regime, whereas the 15 nm membrane was
expected to exhibit mixed Knudsen—viscous transport behaviour.

The transport regime analysis was used to interpret the relative contributions of viscous
flow and Knudsen diffusion to gas permeation behaviour in the membranes. Comparison
between theoretical transport expectations and experimentally measured permeation
behaviour enabled assessment of the influence of pore architecture and ruthenium
impregnation on gas transport characteristics.

2.7 Surface and Structural Characterisation

Surface wettability of the membranes was evaluated using an optical tensiometer
(OneAttension ThetaLite, Biolin Scientific). Approximately 5 pL deionised water droplets
were deposited onto the membrane surface at ambient conditions, and static contact angles
were determined using image analysis software integrated with the instrument.
Measurements were performed at three different surface locations for each membrane
sample, and the reported values represent the average of three independent measurements
to ensure reproducibility.
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The droplet volume was selected to minimise gravitational distortion and maintain
stable droplet geometry during measurement. Although the membranes possessed a curved
tubular geometry, the droplet diameter remained sufficiently small relative to the
membrane curvature, such that curvature effects on contact angle determination were
considered negligible.

Surface morphology, microstructural features, and elemental composition of the
membranes were characterised using scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDX). Prior to imaging, membrane samples were
mounted on conductive carbon stubs and sputter-coated with a thin gold layer to minimise
surface charging during electron beam exposure.

SEM analysis was performed using an accelerating voltage of 20 kV, working distance
of approximately 8.5 mm, and probe current of 350 pA. Representative micrographs were
obtained at multiple magnifications to examine surface morphology, pore architecture, and
structural integrity following ruthenium impregnation and thermal treatment. SEM
observations were used for comparative morphological assessment rather than evaluation
of catalyst distribution. The SEM observations were used primarily for comparative
morphological assessment rather than direct nanoscale pore-size quantification.

EDX point analysis was performed simultaneously with SEM imaging to verify the
presence of ruthenium together with the major support elements (aluminium, titanium, and
oxygen) on the membrane surface. The EDX analysis provided qualitative confirmation of
catalyst incorporation following the impregnation and thermal treatment processes.
However, elemental mapping of ruthenium distribution was not performed; therefore, the
EDX results were used only to confirm elemental composition and the presence of Ru
rather than to evaluate its spatial dispersion within the membrane structure [27].

3.0 RESULTS AND DISCUSSION

The results presented in this section focus on the influence of ruthenium impregnation
and membrane pore architecture on non-reactive gas permeation behaviour in asymmetric
alumina ceramic membranes. Structural characterisation, surface analysis, and single-gas
permeation experiments were performed to evaluate the relationship between membrane
morphology, surface modification, and pressure-driven gas transport under controlled
operating conditions. Particular attention was given to the influence of pore architecture
on permeation behaviour and gas transport mechanisms.

3.1 Membrane Characterisation

The ruthenium-impregnated ceramic membranes were characterised using scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), contact angle
measurements, and single-gas permeation analysis to establish relationships between
membrane structure, surface modification, and gas transport behaviour.

SEM observations indicated that both membranes retained their asymmetric porous
structures following ruthenium impregnation, calcination, and reduction treatment. No
obvious macroscopic structural defects, such as cracking, delamination, or structural
collapse, were observed after thermal processing. The membrane with a nominal pore size
of 6000 nm exhibited an open macroporous support structure with interconnected flow
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channels favourable for pressure-driven bulk gas transport. In contrast, the 15 nm
membrane exhibited a denser selective surface layer supported by a more porous
substructure, consistent with asymmetric ceramic membrane architectures commonly
employed for selective gas transport applications [28].

Although the SEM magnifications employed were not sufficient to directly resolve
individual 15 nm pores, the observed surface morphology remained consistent with the
nominal membrane characteristics specified by the manufacturer. Accordingly, the SEM
observations were used primarily to assess overall structural integrity and comparative
morphology rather than to quantify pore dimensions or determine the extent of pore
blockage following ruthenium impregnation. The approximately linear gas permeation
behaviour observed over the investigated pressure range nevertheless indicates that the
accessible transport pathways remained functional after membrane modification.

EDX spectra confirmed the presence of ruthenium together with aluminium, titanium,
and oxygen, demonstrating successful incorporation of Ru into both membrane structures.
Because elemental mapping was not performed, the spatial distribution of ruthenium across
the membrane surface could not be assessed directly. Nevertheless, the detected Ru peaks,
together with the gravimetric catalyst loading measurements presented in Section 3.6,
provide complementary evidence that catalyst incorporation was successfully achieved.
Therefore, the EDX analysis confirms the presence of ruthenium but does not permit
conclusions regarding the uniformity of catalyst distribution.

Contact angle measurements revealed moderate changes in surface wettability
following ruthenium treatment, indicating alteration of membrane surface properties by
the deposited metal species. These changes may influence gas—surface interactions,
adsorption behaviour, and local transport characteristics, particularly for CO., which
exhibits relatively stronger surface affinity than the other gases investigated.

Overall, the characterisation results confirm successful ruthenium incorporation while
preserving the macroscopic integrity of both membrane architectures. Although higher-
resolution SEM imaging and EDX elemental mapping would provide a more detailed
assessment of catalyst dispersion and local pore coverage, the combined SEM
observations, EDX spectra, gravimetric catalyst loading measurements, and permeation
results consistently indicate that Ru impregnation did not significantly impede the
accessible gas transport pathways responsible for membrane permeation.

3.2 Single Gas Permeation Behaviour
Figures 3 and 4 present the permeation rates of Hz, He, N2, air, and CO: through the

ruthenium-impregnated 6000 nm and 15 nm alumina membranes, respectively, at 100 °C
over transmembrane pressure differences ranging from 20 to 300 kPa.
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Figure 3. Single-gas permeation rates of Hz, He, N, air, and CO- through ruthenium-
impregnated alumina membrane with 6000 nm nominal pore size at 100 °C under
transmembrane pressure differences of 20—300 kPa.
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Figure 4. Single-gas permeation rates of Hz, He, N, air, and CO- through ruthenium-
impregnated alumina membrane with 15 nm nominal pore size at 100 °C under
transmembrane pressure differences of 20-300 kPa

For both membranes, permeation rates increased approximately linearly with increasing
transmembrane pressure difference, indicating that pressure-driven transport was the
dominant permeation mechanism over the investigated operating range. The observed
linear behaviour is consistent with combined viscous and molecular transport mechanisms
commonly encountered in porous ceramic membranes, where gas flux increases
proportionally with the applied pressure gradient [29].
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For the 6000 nm membrane, hydrogen permeation increased from 1.09 to 8.39 L min™*
as the transmembrane pressure increased from 20 to 300 kPa. Over the same pressure
range, helium permeation increased from 0.98 to 7.61 L min™’, nitrogen from 0.91 to 6.52
L min™', and carbon dioxide from 0.62 to 2.27 L min'. The relatively high permeation
rates and similar pressure-dependent trends for the different gases indicate that viscous
(Poiseuille-type) flow was the dominant transport mechanism within the macroporous
membrane, where gas transport is governed primarily by the applied pressure gradient,
pore accessibility, and gas viscosity. The consistently higher hydrogen permeation
suggests that the Ru impregnation procedure preserved the accessible gas transport
pathways while modifying the membrane surface, thereby maintaining favourable
hydrogen transport characteristics.

In contrast, the 15 nm membrane exhibited lower permeation rates for all gases.
Hydrogen permeation increased from 0.97 to 4.61 L min™', nitrogen from 0.68 to 2.74 L
min~', and carbon dioxide from 0.51 to 1.64 L min' over the same pressure range.
Although permeation increased linearly with pressure, greater separation between lighter
and heavier gases was observed compared with the 6000 nm membrane. The enhanced
molecular discrimination suggests that the smaller effective pore size reduced the
contribution of bulk viscous flow while increasing the relative importance of Knudsen
diffusion and transitional transport mechanisms [12, 30, 31]. Under these conditions, gas
transport becomes increasingly dependent on molecular weight, kinetic diameter, and gas—
wall interactions, resulting in improved hydrogen-selective permeation relative to the
heavier gases.

A notable observation is that the 6000 nm membrane did not exhibit the extremely large
increase in permeation that would be expected from ideal pore-radius scaling alone.
Classical viscous-flow theory predicts that gas flux should increase strongly with
increasing pore diameter; however, the experimentally observed difference in permeation
between the two membranes was considerably smaller than that predicted by the idealised
Poiseuille relationship.

This behaviour indicates that nominal pore diameter was not the sole parameter
governing overall membrane transport resistance. Instead, additional structural
characteristics, including membrane thickness, pore connectivity, tortuosity, effective
porosity, entrance and exit losses, and support-layer resistance, contributed significantly
to the observed permeation behaviour [32]. In particular, the asymmetric architecture of
the 15 nm membrane may have reduced effective transport resistance through
interconnected transport pathways despite its much smaller nominal pore diameter.

Comparison of the individual gases further illustrates the influence of molecular
properties on membrane transport. Hydrogen consistently exhibited the highest
permeation rates owing to its low molecular weight, high molecular velocity, and small
kinetic diameter, which favour rapid transport through porous membranes. Helium, despite
its lower molecular weight, exhibited slightly lower permeation than hydrogen, reflecting
differences in gas—surface interactions and transport behaviour within the Ru-modified
membrane. Nitrogen and air exhibited comparable permeation rates because air consists
predominantly of nitrogen (approximately 78 vol.%), causing its transport behaviour to
closely resemble that of nitrogen under the present non-reactive conditions. Carbon
dioxide consistently exhibited the lowest permeation despite its relatively small kinetic
diameter. This behaviour is attributed to its higher molecular weight together with stronger
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adsorption and gas—surface interactions within the Ru-modified membrane pores, which
reduce its effective transport rate.

These results demonstrate that gas permeation is governed by the combined effects of
pore architecture, membrane structure, and transport regime rather than by nominal pore
diameter alone. The findings further indicate that controlled ruthenium impregnation
modified the membrane surface without compromising accessible transport pathways,
thereby preserving favourable hydrogen permeation while maintaining the structural
characteristics responsible for gas transport.

3.3 Knudsen Number Analysis

For the 15 nm membrane, the Knudsen number decreased from 13.3 at 20 kPa to 0.67 at
300 kPa, reflecting a gradual transition from Knudsen-dominated transport towards mixed
Knudsen—viscous flow with increasing pressure. By contrast, the 6000 nm membrane
exhibited Knudsen numbers below 0.01 over most of the investigated pressure range,
confirming that viscous flow was the dominant transport mechanism. These theoretical
predictions are consistent with the experimentally observed permeation behaviour, in
which the 15 nm membrane exhibited enhanced molecular discrimination, whereas the
6000 nm membrane displayed higher pressure-driven permeation rates. The calculated
Knudsen numbers, corresponding flow regimes, and estimated molecular mean free paths
for hydrogen at different operating pressures are summarised in Table 1.

Table 1. Estimated Knudsen Number for Hydrogen at 100 °C

Pressure | Mean Free | Kn (15 | Kn (6000 | Flow Regime Flow Regime
(kPa) Path A (um) nm) nm) (15 nm) (6000 nm)

20 0.20 13.3 0.033 Knudsen/Transition | Slip/Viscous

50 0.08 53 0.013 Transition Slip

100 0.04 2.7 0.0067 Transition Viscous

200 0.02 1.3 0.0033 Transition Viscous

300 0.01 0.67 0.0017 Transition Viscous

The calculated Knudsen numbers support the experimentally observed gas transport
behaviour. The 15 nm membrane operated predominantly within the transitional flow
regime, where both Knudsen diffusion and viscous flow contributed to gas transport.
Consequently, the membrane exhibited lower permeation rates but improved molecular
discrimination owing to the greater influence of gas—wall interactions within the smaller
pore structure.

By comparison, transport through the 6000 nm membrane was governed predominantly
by viscous flow, where bulk gas movement through the macroporous structure produced
substantially higher permeation rates with lower selectivity characteristics [31-33].

Figure 5 illustrates the variation of Knudsen number with operating pressure for
hydrogen permeation through both membrane structures. In both cases, the Knudsen
number decreased with increasing pressure as a consequence of reduced molecular mean
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free path at higher gas density. The clear separation between the two membrane behaviours
demonstrates the strong influence of pore architecture on gas transport regime under
otherwise identical operating conditions [34].

Knudsen Number vs Pressure for Hydrogen at 100°C
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Figure 5. Variation of Knudsen number with operating pressure for hydrogen permeation
through the 15 nm and 6000 nm ceramic membranes at 100 °C

3.4 Comparison with Ideal Viscous Flow Predictions

To assess the extent to which the experimental permeation behaviour followed classical
viscous-flow theory, the hydrogen permeation data were compared with predictions based
on the classical Poiseuille relationship, which was used as a theoretical benchmark for ideal
cylindrical capillaries [35].

Qur ()

where Q is the volumetric flow rate and r is the pore radius. This relationship predicts a
strong dependence of permeation on pore size.

The membranes investigated in this study possessed nominal pore diameters of 15 nm
and 6000 nm, corresponding to a pore-size ratio of 400. Applying the classical Poiseuille
relationship to these nominal pore diameters yields a theoretical permeation ratio of:

6000
- =400 (8)

For an ideal capillary system described by Poiseuille flow, the theoretical permeation ratio may
be estimated as:
(6000)4
15
400* =2.56 x101° (9)

Thus, classical viscous flow theory predicts that the 6000 nm membrane should exhibit
a permeation rate approximately (2.56 x 10'") times greater than that of the 15 nm
membrane.
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The experimental results differed substantially from this prediction. At a
transmembrane pressure difference of 300 kPa, hydrogen permeation was 8.39 L min™ for
the 6000 nm membrane and 4.61 L min! for the 15 nm membrane, corresponding to an
experimental permeation ratio of only 1.82. Similar behaviour was observed at lower
pressures, where the measured permeation rates differed by less than a factor of two.

A comparison between the theoretical permeation ratio predicted by classical Poiseuille
flow and the experimentally measured hydrogen permeation behaviour is presented in
Table 2. The results highlight the large discrepancy between ideal pore-radius scaling
predictions and the observed transport behaviour of the multilayer ceramic membranes
investigated in this study.

Table 2. Comparison between theoretical viscous flow prediction and experimental
hydrogen permeation behaviour

Parameter 15 nm Membrane 6000 nm Membrane
Nominal pore size (nm) 15 6000

Hydrogen flow rate at 300

kPa (L min") 4.61 8.39

Experlmental permeation 1.00 1.82

ratio

Theoretical Poiseuille ratio 1.00 2.56x 101

The substantial difference between theoretical and experimental permeation ratios
demonstrates that nominal pore diameter alone does not govern gas transport behaviour in
the investigated ceramic membranes. The Poiseuille model assumes straight cylindrical
capillaries of uniform radius and negligible structural resistance. In contrast, the
membranes examined in this study possess asymmetric multilayer architectures
comprising interconnected pore networks, tortuous flow pathways, support structures, and
non-uniform pore geometries.

Consequently, gas transport is influenced by the combined resistance of the entire
membrane structure rather than by nominal surface pore diameter alone. Factors including
pore connectivity, tortuosity, support-layer resistance, pore-size distribution, and effective
transport pathways all contribute to the overall permeation behaviour. Similar deviations
from 1deal pore-size scaling have been reported for multilayer ceramic membranes, where
permeability frequently exhibits a weaker dependence on nominal pore diameter than
predicted by simplified capillary flow models [36, 37].

Although the two membranes differed by a factor of 400 in nominal pore diameter, the
experimentally observed hydrogen permeation rate increased by only approximately 1.8-
fold. This result demonstrates that overall membrane architecture, including pore
connectivity, tortuosity, support-layer resistance, and effective transport pathways, exerts
a much greater influence on gas transport behaviour than nominal pore size alone under
the investigated operating conditions.
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3.5 Gas Transport Behaviour, Selectivity and Flow Resistance

The combined permeation, Knudsen-number, and theoretical flow analyses demonstrate
that gas transport through the Ru-impregnated ceramic membranes was governed by the
interaction between membrane architecture, transport regime, and gas molecular properties
rather than by nominal pore diameter alone. While Sections 3.2—3.4 describe the individual
permeation behaviour and transport mechanisms, the present section integrates these
findings to explain the overall membrane performance.

The 6000 nm membrane consistently exhibited higher permeation rates than the 15 nm
membrane for all gases investigated. Its very low Knudsen numbers confirmed that
transport was dominated primarily by viscous (Poiseuille-type) flow, resulting in high gas
throughput but relatively limited molecular discrimination. By contrast, the 15 nm
membrane operated within the transitional Knudsen—viscous regime, where increased gas-
wall interactions enhanced molecular discrimination while reducing overall permeance
[31, 38].

For both membranes, the permeation sequence remained:
Hz>He > N: = Air > CO2

This trend reflects the combined influence of molecular weight, kinetic diameter,
molecular velocity, and gas—surface interactions. Hydrogen exhibited the highest
permeation because of its low molecular weight, high molecular velocity, and small kinetic
diameter. Helium permeated slightly more slowly despite its lower molecular weight,
indicating that transport was also influenced by interactions between the gas molecules and
the Ru-modified membrane surface. Nitrogen and air exhibited similar permeation
behaviour because air consists predominantly of nitrogen, whereas carbon dioxide
consistently showed the lowest permeation, which is attributed to its higher molecular
weight together with stronger adsorption and gas-surface interactions within the membrane
pores [39].

The comparison between the two membrane architectures clearly illustrates the
permeability—selectivity trade-off characteristic of porous ceramic membranes. At a
transmembrane pressure difference of 300 kPa, hydrogen permeation through the 15 nm
membrane reached approximately 4.61 L min™' compared with 2.74 L min™" for nitrogen
and 1.64 L min" for carbon dioxide, demonstrating improved molecular discrimination. In
contrast, the 6000 nm membrane exhibited smaller differences among the investigated
gases because transport remained dominated by bulk viscous flow through the larger
interconnected pore network [40].

Hydrogen selectivity was therefore evaluated using H2/N2> and H2/CO: permeability
ratios, as these gas pairs are directly relevant to hydrogen purification and carbon-
containing process streams. H>/He selectivity was not evaluated because both gases are
light, weakly adsorbing molecules with similar transport behaviour, making helium
primarily a reference gas rather than a practical separation target. Likewise, Ho/air
selectivity was not determined because air is a multicomponent gas mixture rather than a
single gas, and its permeation behaviour closely followed that of nitrogen under the present
non-reactive conditions. At 300 kPa, the 15 nm membrane exhibited H>/N2. and H2/CO:

* Corresponding to: Muktar M. Ramalan (email: muktarmramalan@gmail.com)
DOLI: https://doi.org/10.11113/jamst.v30n2.350


mailto:muktarmramalan@gmail.com

J. Applied Membrane Science & Technology, Vol. 30, August 2026, 151-179 167
©Universiti Teknologi Malaysia

selectivity values of approximately 1.7 and 2.8, respectively, whereas the corresponding
values for the 6000 nm membrane were approximately 1.3 and 3.7. The higher H2/Na
selectivity obtained for the 15 nm membrane is consistent with the greater contribution of
Knudsen diffusion within the finer pore structure [41, 42].

The moderate selectivity values obtained are characteristic of porous ceramic
membranes operating under non-reactive conditions, where gas transport is governed by
viscous flow and Knudsen diffusion rather than molecular sieving. Consequently,
hydrogen selectivity remains lower than that reported for dense palladium-based
membranes but agrees well with values commonly reported for porous ceramic membrane
systems [43—46]. Similar behaviour has also been reported for metal-modified porous
ceramic membranes, where surface modification alters gas—surface interactions while the
dominant transport mechanism remains controlled primarily by membrane pore
architecture [47, 48].

The combined experimental evidence further demonstrates that the large difference in
nominal pore diameter between the two membranes did not produce the extreme
permeation difference predicted by ideal Poiseuille theory. Instead, the overall transport
behaviour reflects the combined influence of pore connectivity, tortuosity, support-layer
resistance, effective transport pathways, and membrane architecture [37, 49]. These
observations reinforce the conclusion that practical gas transport in asymmetric ceramic
membranes cannot be predicted from nominal pore diameter alone.

Ruthenium impregnation modified the membrane surface without fundamentally
altering the governing transport mechanism. The SEM observations, EDX spectra, contact-
angle measurements, catalyst-loading analysis, and permeation results collectively indicate
that Ru incorporation altered the surface physicochemical properties and gas—surface
interactions while preserving the accessible pore network responsible for gas transport.
Accordingly, ruthenium acted primarily as a surface modifier rather than as a structural
transport barrier. This behaviour provides a useful foundation for future investigations
under reactive operating conditions, where the catalytic activity of ruthenium may
contribute directly to hydrogen production and separation [49, 50].

The results demonstrate that gas transport in Ru-impregnated ceramic membranes is
governed by the combined effects of membrane architecture, transport regime, gas
molecular properties, and surface modification. While the 6000 nm membrane maximised
permeance, the 15 nm membrane provided improved molecular discrimination, confirming
that optimisation of pore architecture remains the primary design parameter for hydrogen-
selective ceramic membranes.

3.6 Catalyst Loading and Ru Distribution
The catalyst loading values obtained for the 15 nm and 6000 nm membranes are

presented in Table 3. Catalyst loading was determined gravimetrically using the procedure
described in Section 2.2.
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Table 3. Catalyst loading for 15 nm and 6000 nm membranes

Membrane pore size lllfn 2(:1)0
Fresh support Wi (g) 483.5 268.8
Final mass W> (g) 483.9 269.7
Deposited Ru W3 (g) 0.4 0.9
Loading (%) 0.08 0.33

168

The 6000 nm membrane exhibited a higher overall ruthenium loading than the 15 nm
membrane. This difference is attributed primarily to the larger accessible pore volume and
greater pore accessibility, which facilitated increased uptake of the Ru precursor during
the impregnation process.

SEM-EDX analysis confirmed the presence of ruthenium on both membrane surfaces
following impregnation and thermal treatment. However, as elemental mapping was not
performed, the spatial distribution of Ru within the membrane structure cannot be
determined from the present EDX analysis. Accordingly, the gravimetric loading values
indicate differences in the total amount of deposited ruthenium but do not provide
information regarding catalyst uniformity or dispersion.

The approximately linear increase in gas permeation with transmembrane pressure after
impregnation indicates that ruthenium incorporation did not introduce significant transport
limitations within the accessible pore network. Although the available SEM resolution
does not permit direct assessment of nanoscale pore blockage, the permeation results
suggest that the deposited Ru did not substantially obstruct the transport pathways
responsible for gas flow.

The lower catalyst loading observed for the 15 nm membrane is consistent with its finer
pore structure and lower accessible pore volume, whereas the larger pore architecture of
the 6000 nm membrane facilitated greater precursor uptake during impregnation.

These results demonstrate that controlled ruthenium impregnation was successfully
achieved in both membrane architectures while preserving the gas transport characteristics
required for subsequent permeation measurements.

3.7 Structure Transport Relationship and Design Implications

The combined experimental and characterisation results demonstrate that membrane
architecture is the primary factor governing gas transport behaviour in the Ru-impregnated
ceramic membranes investigated in this study. Although ruthenium modified the
membrane surface, the observed permeation behaviour remained controlled principally by
pore architecture and the associated transport regime.

The 6000 nm membrane exhibited substantially higher permeation rates than the 15 nm
membrane, consistent with transport dominated by viscous (Poiseuille-type) flow through
its interconnected macroporous structure. The larger pore channels facilitated greater
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volumetric gas throughput, whereas molecular discrimination was comparatively limited
because gas transport depended primarily on pressure-driven bulk flow.

In contrast, the 15 nm membrane exhibited lower permeation rates but improved
hydrogen-selective transport behaviour. The finer pore structure increased the contribution
of Knudsen and transitional transport mechanisms, enhancing gas—wall interactions and
improving molecular discrimination between hydrogen and the heavier gases. This
behaviour is consistent with the well-established permeability—selectivity trade-off
commonly observed in porous membrane systems [43, 51], where reducing pore size
generally improves selectivity at the expense of permeance. Comparison with the
theoretical Poiseuille-flow analysis further demonstrates that nominal pore diameter alone
does not adequately predict gas transport behaviour in practical asymmetric ceramic
membranes. Although the membranes differed by a factor of 400 in nominal pore diameter,
the experimentally measured hydrogen permeation rates differed by less than a factor of
two. This discrepancy confirms that gas transport is governed by the combined effects of
pore connectivity, tortuosity, support-layer resistance, effective transport pathways, and
overall membrane architecture rather than by nominal pore size alone.

The characterisation results further support this interpretation. SEM observations
confirmed that both membranes retained their macroscopic structural integrity following
ruthenium impregnation and thermal treatment, while EDX analysis verified the presence
of ruthenium within both membrane structures. Although the available SEM resolution and
EDX analysis do not permit direct assessment of nanoscale pore coverage or catalyst
distribution, the approximately linear permeation behaviour indicates that ruthenium
incorporation did not introduce significant transport limitations within the accessible pore
network. Contact-angle measurements further demonstrated that Ru impregnation
modified the membrane surface properties by altering wettability, indicating changes in
the physicochemical environment experienced by permeating gas molecules.

Collectively, these findings indicate that ruthenium functioned primarily as a surface
modifier rather than as a structural transport barrier. Under the non-reactive conditions
investigated, Ru altered surface characteristics and gas—surface interactions while
preserving the dominant transport mechanisms established by the membrane pore
architecture.

From a practical membrane design perspective, the 6000 nm membrane is better suited
to applications requiring high gas throughput, such as porous support layers and pre-
separation stages in membrane-based processing systems. Conversely, the 15 nm
membrane is more appropriate for hydrogen-selective separation processes, where
improved molecular discrimination is prioritised over maximum permeance.

The present study demonstrates that optimisation of membrane architecture remains the
principal strategy for controlling permeation performance, while controlled ruthenium
impregnation provides an effective means of modifying membrane surface properties
without fundamentally altering the governing gas transport mechanism. These findings
provide useful design guidance for the development of Ru-modified ceramic membranes
for hydrogen separation and future catalytic membrane reactor applications [13, 48].
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3.8 Surface Wettability and Microstructural Characterisation

Surface wettability and microstructural characterisation were performed to evaluate the
effects of ruthenium impregnation and membrane pore architecture on surface properties
and their relationship with gas transport behaviour. Dynamic contact angle measurements
were used to evaluate the influence of Ru impregnation on membrane wettability, while
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
were employed to examine membrane morphology, structural features, and elemental
composition. The combined characterisation results provide complementary information
for interpreting the experimentally observed permeation behaviour and elucidating the
relationships between membrane structure, surface modification, and gas transport
performance.

3.8.1 Contact Angle Behaviour and Wettability

Figure 6 presents the dynamic contact angle behaviour of the ruthenium-impregnated
alumina ceramic membranes with nominal pore sizes of (a) 15 nm and (b) 6000 nm. Both
membranes exhibited a progressive decrease in contact angle with time, indicating gradual
wetting of the membrane surfaces. However, distinct differences in the wetting behaviour
were observed between the two membrane architectures, reflecting the influence of pore
structure and surface modification on wettability. However, distinct differences in wetting
behaviour were observed between the two membrane structures. The 6000 nm membrane
exhibited more rapid droplet spreading and lower contact angles throughout the
measurement period, indicating greater apparent wettability and enhanced capillary
infiltration through its macroporous structure. In contrast, the 15 nm membrane exhibited
higher contact angles and slower wetting kinetics, indicating greater resistance to liquid
penetration within the finer pore network.

15nm

0.56s

600nm

Figure 6. Dynamic contact angle behaviour of ruthenium-impregnated alumina ceramic
membranes: (a) 15 nm membrane and (b) 6000 nm membrane

The dynamic contact-angle measurements showed that both Ru-impregnated
membranes remained hydrophilic, with initial contact angles below 90°. The 15 nm
membrane exhibited a higher initial contact angle of approximately 72° at 0.11 s, whereas
the 6000 nm membrane exhibited an initial contact angle of approximately 59°. As the
droplets spread over time, the contact angles decreased for both membranes, reaching
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approximately 62° at 0.21 s for the 15 nm membrane and 49° for the 6000 nm membrane
before further decreasing as wetting progressed. The faster decrease observed for the 6000
nm membrane indicates more rapid droplet spreading and liquid penetration through its
larger pore structure, whereas the finer pore network of the 15 nm membrane delayed liquid
infiltration and maintained a larger apparent contact angle throughout the measurement
period.

The observed behaviour is consistent with the qualitative interpretation provided by the
Young—Wenzel and Cassie—Baxter wetting models introduced in Section 2.6. Surface
roughness, pore geometry, and partial air entrapment within the porous structure can
influence the apparent contact angle and the rate of droplet spreading on porous ceramic
surfaces [52].

These wettability characteristics have important implications for membrane operation.
The slower wetting behaviour of the 15 nm membrane suggests greater resistance to liquid
penetration, whereas the 6000 nm membrane promotes more rapid liquid infiltration
because of its larger and more accessible pore network. These differences in wettability
are consistent with the permeation results, where the finer membrane exhibited greater
molecular discrimination while the larger-pore membrane favoured higher gas throughput.
The contact-angle results indicate that both membrane pore architecture and Ru surface
modification influence surface wettability. Although both membranes remained
hydrophilic, the 15 nm membrane exhibited lower wettability than the 6000 nm membrane,
consistent with its finer pore structure and the gas-transport behaviour observed during the
permeation experiments.

3.8.2 SEM and EDX Characterisation

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX/EDAX)
analyses were performed to examine membrane morphology, structural integrity,
elemental composition, and ruthenium distribution within the impregnated alumina
membranes. These characterisation techniques provide complementary information for
interpreting the experimentally observed permeation and wettability behaviour [53].

Representative SEM micrographs of the ruthenium-impregnated 15 nm and 6000 nm
membranes are presented in Figure 7. The combined figure enables direct comparison of
the surface morphology of both membrane architectures following ruthenium
impregnation, calcination, and reduction. Corresponding EDX spectra and elemental
compositions for the two membranes are presented in Figure 8 to verify the elemental
composition and confirm successful ruthenium incorporation within the membrane
structures.
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Figure 7. Representative SEM micrographs of ruthenium-impregnated alumina ceramic
membranes following calcination and reduction: (a) 15 nm membrane, inner surface (100x
magnification); (b) 15 nm membrane, outer surface (1000x magnification); (c) 6000 nm
membrane, inner surface (100x magnification); and (d) 6000 nm membrane, outer surface
(1000x magnification). The images illustrate the surface morphology and structural

integrity of both membranes after ruthenium impregnation and thermal treatment
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Figure 8. EDX spectrum and elemental composition of ruthenium-impregnated (a)15 nm

and (b) 6000nm membrane
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The SEM micrographs indicate that both membranes retained their overall structural
integrity following ruthenium impregnation and thermal treatment. No obvious
macroscopic structural damage, such as cracking or delamination, was observed. The 6000
nm membrane exhibited a relatively open macroporous morphology consistent with
pressure-driven bulk gas transport, whereas the 15 nm membrane displayed a denser
surface characteristic of its finer pore structure and selective transport layer.

The SEM magnifications employed (100x and 1000%) were insufficient to resolve
individual nanoscale pores, and therefore the presence or absence of partial pore blockage
cannot be confirmed directly from the micrographs. Consequently, the SEM observations
are interpreted primarily as evidence of preserved membrane morphology and the absence
of major structural defects rather than as definitive proof of pore accessibility.
Nevertheless, the approximately linear permeation behaviour observed over the
investigated pressure range indicates that the accessible gas transport pathways remained
functional following Ru impregnation.

The EDX spectra confirmed the presence of oxygen (O), aluminium (Al), titanium (T1),
and silicon (Si), consistent with the alumina—titania ceramic support composition. The
dominant oxygen peak reflects the oxide nature of the support matrix, while the aluminium
and titanium peaks confirm preservation of the ceramic framework following impregnation
and thermal treatment. Distinct ruthenium peaks were detected in both membranes,
confirming successful incorporation of Ru from the RuCls precursor. Quantitative EDX
analysis indicated Ru contents of approximately 11.54 wt.% (8.64 at.%) for the 15 nm
membrane and 11.63 wt.% (2.98 at.%) for the 6000 nm membrane, consistent with the
elemental compositions presented in Figure 8. Although the Ru weight percentages were
similar for both membranes, the difference in atomic percentages reflects the relative
elemental composition measured at the analysed locations. Because elemental mapping
was not performed, however, the EDX results confirm only the presence of Ru and cannot
be used to assess its spatial distribution or uniformity.

Minor traces of carbon and other elements were detected at low concentrations and are
attributed to residual contamination or instrumental artefacts commonly encountered
during EDX analysis. The absence of significant chlorine peaks indicates effective
decomposition of the RuCls precursor during the calcination and reduction processes.

The SEM observations confirmed preservation of membrane morphology, whereas the
EDX spectra verified successful Ru incorporation into both membrane types. Although the
available SEM resolution did not permit direct assessment of nanoscale pore blockage and
EDX elemental mapping was not performed to evaluate Ru dispersion, the combined
characterisation results, together with the approximately linear gas permeation behaviour
observed over the investigated pressure range, indicate that ruthenium modification did not
introduce severe structural deterioration or significant obstruction of the accessible gas
transport pathways responsible for gas permeation.

4.0 LIMITATIONS AND FUTURE RESEARCH DIRECTIONS

Several limitations of the present study should be acknowledged. The permeation
experiments were conducted under single-gas, non-reactive conditions using Hz, He, Na,
COz, and air to isolate the influence of pore architecture and ruthenium impregnation on
intrinsic transport behaviour. Consequently, competitive adsorption, concentration
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polarisation, and multicomponent diffusion effects encountered in practical hydrogen
separation processes were not investigated.

The experiments were performed at a fixed operating temperature of 100 °C over a
transmembrane pressure range of 20-300 kPa. Therefore, the influence of broader
operating conditions on transport-regime transitions, membrane stability, and long-term
permeation performance remains to be established. In addition, only two nominal pore
sizes (15 nm and 6000 nm) were investigated, providing a comparison between
mesoporous and macroporous transport behaviour but not intermediate pore structures,
graded porosity systems, or advanced asymmetric multilayer membrane architectures.

The present work employed a single ruthenium precursor and impregnation protocol.
The effects of precursor concentration, impregnation cycles, catalyst loading, reduction
conditions, and alternative metallic modifiers were beyond the scope of this study.
Furthermore, although SEM and EDX analyses confirmed successful ruthenium
incorporation and preservation of membrane morphology, higher-resolution
characterisation techniques such as transmission electron microscopy (TEM), X-ray
diffraction (XRD), Brunauer—Emmett-Teller (BET) surface-area analysis, X-ray
photoelectron spectroscopy (XPS), and EDX elemental mapping would provide more
detailed information on Ru particle size, catalyst dispersion, oxidation state, pore
characteristics, and metal-support interactions.

Another limitation is that the present investigation focused exclusively on non-reactive
gas permeation. Catalytic membrane reactor applications involving simultaneous reaction
and separation, including ammonia decomposition, methane steam reforming, and the
water—gas shift reaction, were not investigated. Likewise, long-term membrane durability,
catalyst deactivation, fouling behaviour, thermal cycling stability, and sealing performance
under continuous operation were beyond the scope of the present study.

Future work should therefore include mixed-gas permeation experiments under
industrially relevant operating conditions, broader temperature and pressure ranges,
optimisation of ruthenium loading and impregnation parameters, investigation of
intermediate pore sizes and advanced asymmetric membrane architectures, together with
high-resolution structural characterisation and long-term durability studies. Benchmarking
the permeation and selectivity performance of Ru-modified ceramic membranes against
other ceramic-supported metallic membrane systems would further clarify their practical
competitiveness for hydrogen purification applications. Recent studies have also
highlighted the potential of advanced ceramic membrane configurations, including
asymmetric structures, hollow-fibre membranes, and mixed protonic—electronic
conducting membranes, for improving hydrogen separation performance and facilitating
industrial implementation [13]. Such investigations would provide a more comprehensive
understanding of structure—transport relationships and support the development of Ru-
modified ceramic membranes for hydrogen separation and catalytic membrane reactor
technologies [13, 48].

Despite these limitations, the present study provides experimental evidence that
membrane architecture exerts a greater influence on gas permeation behaviour than
nominal pore diameter alone. The findings improve the understanding of gas transport
mechanisms in Ru-impregnated ceramic membranes and provide a useful foundation for
the future optimisation of hydrogen-selective ceramic membrane systems.
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5.0 CONCLUSIONS

Hydrogen and multi-gas permeation through ruthenium-impregnated a-alumina ceramic
membranes with nominal pore sizes of 15 nm and 6000 nm was investigated under non-
reactive conditions at 100 °C and transmembrane pressure differences of 20-300 kPa.
Permeation rates increased approximately linearly with pressure for all gases, confirming
that gas transport was predominantly pressure driven. The 6000 nm membrane exhibited
higher permeation rates, whereas the 15 nm membrane provided greater molecular
discrimination and improved hydrogen-selective transport behaviour.

Knudsen number analysis showed that transport in the 6000 nm membrane was
dominated by viscous flow, while the 15 nm membrane operated within the transitional
Knudsen—viscous regime. The experimentally observed permeation order (H> > He > Nz =
Air > CO») reflected the combined influence of gas molecular properties, pore architecture,
and transport mechanisms.

Comparison of the experimental results with classical Poiseuille-flow predictions
revealed that the influence of nominal pore diameter was considerably smaller than
expected from ideal capillary theory. Although the membranes differed by a factor of 400
in nominal pore diameter, the corresponding hydrogen permeation rates differed by less
than a factor of two. This demonstrates that gas transport in practical multilayer ceramic
membranes is governed primarily by the combined effects of pore connectivity, tortuosity,
support-layer resistance, and effective transport pathways rather than by nominal pore
diameter alone.

SEM observations, EDX analysis, contact-angle measurements, and catalyst-loading
analysis confirmed successful ruthenium incorporation while preserving membrane
morphology and maintaining accessible gas transport pathways. The results further
indicate that, under the non-reactive operating conditions investigated, ruthenium
primarily acted as a surface modifier by altering membrane surface characteristics,
wettability, and gas—surface interactions rather than as a transport barrier or catalytic
reaction medium. This surface modification contributed to the observed changes in
hydrogen transport behaviour without significantly reducing membrane permeability.

This study demonstrates that membrane architecture and ruthenium-induced surface
modification jointly govern gas transport behaviour in ceramic membranes. The work
provides experimental evidence that practical permeation behaviour deviates substantially
from ideal pore-radius scaling and highlights the importance of considering complete
membrane architecture, surface characteristics, and effective transport pathways when
designing hydrogen-selective ceramic membranes. These findings improve the
understanding of structure—transport relationships in Ru-modified ceramic membranes and
provide a foundation for the future optimisation of hydrogen separation systems under
mixed-gas and reactive operating conditions.
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