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Microporous silica membranes have enormous potential to contribute to clean-energy applications by Hj sepa-
ration, yet their separation performance is severely constrained by the presence of membrane pore defects due to
traditional thin-film drying techniques. In this work, a mathematical modeling approach based on activation
energy derived from empirical measurement of membrane gas permeation is proposed to quantitatively estimate
the pore size distribution of amorphous silica membranes prepared by freeze-drying, demonstrating a synthesis-
structure-transport property correlation. The synthesis of cobalt-doped silica membranes was performed through
evaporation drying and freeze drying, and the membranes were tested using He and Ny single-gas permeation at
200-500 °C. Apparent activation energies were determined using an activated transport assumption based on the
Oscillator model and Effective Medium Theory (EMT) to estimate the relative roles of siloxane ring sizes in the
amorphous silica network. The reconstructed pore size distribution was validated by the modeled activation
energies and gas permeances that were in close agreement with the experimental values. The results showed that
freeze-dried membranes had a higher percentage of 5- and 6-membered rings (98.5% collectively) and a reduced
contribution of larger rings, which suggests a more compact and homogeneous microporous structure. These
findings indicate that freeze drying can effectively regulate the pore structure of silica membranes and that
activation-energy-based analysis is an effective method to determine the pore size distribution of amorphous
silica membranes.

alternative to traditional purification technologies [6] because of their
low material and processing cost, structural tunability, low energy

1. Introduction

The global targets of sustainability and low-carbon energy systems
for major industries have boosted the economic interest in Hj as a clean
and versatile energy carrier [1,2]. Even though the technological use of
methane steam reforming has been the common practice to manufacture
Ha [3], the gas streams that are generated have to undergo an efficient
purification process to eliminate the content of CO5, Ny, and other by-
products [4,5]. Microporous silica membranes are an appealing
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expenditure, compact system construction, and high-temperature
compatibility [7,8].

To achieve efficient gas transport in microporous membranes, it is
crucial to understand and control the pore size distribution of the
amorphous silica network during the manufacturing process [9]. Silica
matrix is a disordered network of interconnected siloxane (Si-O-Si)
basic units with sub-nanometer pores that can selectively discriminate
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gas molecules with different kinetic diameters [10]. In narrowly
distributed pores in the molecular sieving regime, small gases like Hy
and He are selectively permeated, and larger or more strongly adsorbing
molecules experience limited gas transport [11]. In molecular sieving,
permeation is dominated by activated diffusion, and gas permeance
tends to increase with temperature [12]. The transport mechanisms, like
Knudsen diffusion or viscous flow, can, however, play a role in reducing
selectivity when the pore size distribution becomes broadened due to
larger voids [13]. Although Knudsen diffusion offers limited selectivity,
viscous flow is non-selective; thus, it is imperative to have a small and
tight microporous network to facilitate high selectivity in silica mem-
branes [14].

On an atomic scale, amorphous silica pore structure is based on the
structure of the tetrahedra of SiO4 linked to each other by shared oxygen
atoms [15]. The fundamental Si—O bond lengths and interior O-Si-O
angles are closely similar to those of crystalline silica, but due to the lack
of long-range order, the structure becomes highly disordered [16,17].
The differences in the number of Si-O-Si bonds cause the formation of
siloxane rings of dissimilar sizes that cumulatively determine the
effective pore sizes of the membrane [18]. These rings may be of various
members of interconnected tetrahedra, either as few as a three-
membered ring or larger multi-membered structures [19]. Five- to
nine-membered rings are usually recognized as the most common ring
types within amorphous silica membranes, as they create sub-nanometer
apertures (Fig. 1). Previous structural studies have revealed that the
effective pore sizes of amorphous silica membranes increase with ring
sizes. For instance, according to the geometries of 4-8-membered
siloxane rings, the distance from the ring-center to the oxygen atom is
approximately 0.191, 0.228, 0.265, 0.304, and 0.344 nm, respectively,
showing that the diffusion apertures are progressively increasing within
the silica network. These geometrical properties offer the structural
basis to correlate siloxane ring size with the effective transport apertures
in amorphous silica membranes [20]. The relative proportion of these
ring populations within the silica network creates the available pore
structure, hence decisively governs permeation behavior, selectivity,
and transport phenomena.

The fabrication pathway is a key factor in determining the resulting
pore structure of silica membranes. The sol-gel process has become one
of the most common synthesis methods, especially because of the low
cost, compositional versatility, and molecular-level capability to modify
the silica network [21]. In a typical sol-gel route, a porous support is dip-
coated with a silica precursor solution, dried, and then subjected to
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calcination to form the membrane [22]. The drying stage is a crucial step
in the fabrication of the membranes, as during this stage, the structural
evolution of the silica network mainly occurs. During traditional evap-
oration drying, the solvent is removed from liquid-vapor interfaces, and
this results in the creation of capillary forces due to the surface tension
that causes the fragile silica network to experience a high level of me-
chanical stress [23]. This stress can induce shrinkage and structural
rearrangement of the silica network, causing the pore collapse, or the
development of cracks or pinholes [24], eventually compromising the
structural integrity and membrane selectivity. Conversely, after the
membrane has been dried and the silica structure has solidified, further
high-temperature calcination can largely facilitate condensation re-
actions of silanol groups (Si-OH) to produce siloxane bonds (Si-O-Si),
causing the stabilization and slightly condensing the structure. There are
no liquid-vapor interfaces formed during the calcination, and therefore,
there are no capillary stresses, and the structural changes are dominated
by the solid-phase reactions and not extensive pore restructuring.

To overcome the limitations associated with conventional drying,
our previous study investigated freeze-drying as a viable approach to
minimize the defects caused by surface tension during the drying process
[25]. Unlike evaporation drying, the freeze-drying approach eliminates
the solvent via sublimation. In this process, the membranes undergo
rapid freezing followed by solvent removal in the solid state under
vacuum, avoiding capillary stresses and structural deformation of the
silica matrix [26]. Rapid freezing through liquid nitrogen promotes the
formation of small ice crystals and inhibits phase separation, leaving a
finer, more homogenous pore structure after sublimation [27]. In our
recent freeze-drying investigation, it was established that freeze-dried
silica membranes have far fewer microporous defects and are better at
small gas separation as compared to evaporation-dried silica mem-
branes. These advancements have been credited to high structural
integrity, low density of silanol groups that form tighter pore structures
[25]. However, in spite of these promising experimental results, quan-
titative insight into the effect of freeze drying on the pore size distri-
bution of amorphous silica membranes remains limited.

Determining pore size distribution in sub-nanometer silica mem-
branes proves to be very challenging. Traditional methods like nitrogen-
physi-sorption [28] are usually ineffective since the N3 molecules fail to
reach the tiniest pores in dense silica networks. Conventional Trans-
mission Electron Microscopy (TEM) techniques have limited capability
to resolve such extremely small (<1 nm) and highly disordered micro-
porous structures. Other characterization techniques, such as nano-

Amorphous silica network (5-, 6-, 7-, 8-, & 9-membered rings)
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Fig. 1. Schematic of the amorphous silica network formed by siloxane rings with hydroxyl terminations.
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permporometry [29] and positron annihilation lifetime spectroscopy
(PALS) [30,31], offer valuable insights into pore structure but involve
complex experimental systems, specialized instrumentation, and sample
processing limitations that can limit their application for thin film
membranes. This leads to an increased interest in indirect methods that
determine pore size distribution based on gas transport behavior [32].
Gas permeation measurements offer an effective and non-destructive
way of investigating the nature of the membrane structure, especially
when analyzed by relevant transport models [33]. The apparent acti-
vation energy of gas transport among the parameters obtained by car-
rying out permeation experiments is particularly important. The
apparent activation energy, unlike permeance, is determined by the
inherent properties of gas molecules and the pore network, rather than
the thickness of the membrane and experimental conditions. It depends
mainly on the size of the permeating species and the interaction po-
tential within the pores. As a result, activation energy is relatively in-
dependent of uncertainties in membrane thickness and provides a
powerful parameter to measure the pore size distribution [34].

The pores in amorphous silica membranes can be modeled as a dis-
tribution of siloxane rings of varying sizes, which are associated with a
specific pore dimension. Through the sufficient correlation of the
experimentally obtained activation energies and the modeled energy
values given to each ring size, a reconstruction of the pore size distri-
bution that most accurately predicts the real structure of the membrane
can be deduced. This activation-energy-mechanism method offers a
physically sensible and computationally efficient mode of connecting
membrane structure with transport characteristics. It has been proven in
previous modeling research that this concept can be applied and is
practicable [34,35], but the technique has not been extended to gain
insight into calculating the pore size distribution of silica membranes as
a comparative study to investigate differences in drying methods.

This paper presents an experimental and modeling study that ex-
amines the size distribution of pores in amorphous silica membranes
produced by freeze drying and conventional drying. Cobalt-doped silica
membranes were prepared by employing the conventional evaporation
drying and freezing drying to investigate the effect of drying methods on
the structure of silica membranes. Single-gas permeation experiments
from 200 to 500 °C were conducted to determine apparent activation
energies of He and Nj. These experimentally obtained values were
further used as inputs in an activated transport model to reconstruct the
pore size distribution of the amorphous silica network. The modeled and
experimental activation energies and permeances were compared sys-
tematically to validate the reconstructed pore networks of the silica
membranes. The current research explains how freeze drying alters the
pore structure of amorphous silica membranes and provides a strong
framework for determining the size distribution of pores in microporous
membranes through a combination of both experimental and modeling
processes.

2. Methodology
2.1. Experimental

The detailed description of experimental methodology has been re-
ported in our previous study [25]. A cobalt-doped silica sol was prepared
using tetraethyl orthosilicate (TEOS) as the silica precursor, distilled
water as the hydrolysis agent, absolute ethanol as the solvent, hydrogen
peroxide (H20-) as the oxidizing agent, and cobalt nitrate hexahydrate
(Co(NO3)2.6H20) as the cobalt source for enhancing membrane hydro-
thermal stability. The components were combined at a molar ratio of
4:200:170:9:0.4, respectively. Initially, distilled water and ethanol were
mixed with Co(NO3)2.6H20 under vigorous stirring until complete
dissolution was achieved. The solution was then cooled to <5 °C, after
which H305 and TEOS were introduced dropwise in sequence. The
resulting mixture was continuously stirred for 5 h to promote controlled
hydrolysis and condensation reactions, yielding a homogeneous Co-
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silica sol. Two cobalt-doped silica membranes were fabricated, one of
which was prepared by using the traditional evaporation drying method,
and the other utilized a customized freeze-drying method. They were
both prepared on MFI nanosheet intermediate layer coated on a-alumina
tubular supports via the dip-coating technique. Each coating cycle
involved dipping the substrates vertically in the precursor sol at a rate of
0.33 mm/s. The substrates were withdrawn at the same constant speed
after 1 min to ensure the complete wetting of the substrates. The
evaporation-dried membrane was left undisturbed in ambient condi-
tions for 10 min.

Conversely, the membrane to be freeze-dried was quickly frozen by
placing the freshly coated support into a Teflon container and putting it
in liquid nitrogen for 20 min. The frozen sample was then put into a
freeze-dryer and allowed to undergo low-pressure (<10 Pa) sublimation
at a condenser temperature of —50 °C for 24 h. Each of the deposited
layers was then calcined separately in a vertical tubular furnace, irre-
spective of the drying method. The calcination was carried out at 600 °C
for 2.5 h at a heating and cooling rate of 1 °C/min. The six cycles of
coating-calcination were repeated to achieve the final thickness of the
membranes. The membranes were then assessed for single gas perme-
ation performance within a custom-designed permeation rig. The
membrane module was placed in a furnace with a controlled tempera-
ture, and the end sealing was done by using leak-tight stainless-steel
fittings fitted with graphite ferrules. Helium (He) and nitrogen (N5) were
used as test gases to determine membrane transport properties at a
temperature between 200 and 500 °C and at a transmembrane pressure
difference of 500 kPa. The use of He (kinetic diameter 2.6 A) instead of
H, (2.89 10\) was due to the laboratory safety limits, whereas N2 (3.64 108)
was selected as a representative larger gas because its kinetic diameter
approximates those of other relevant gases, including Ar (3.40 A), CO,
(3.30A), CO (3.76 A), and CH, (3.80 A), allowing evaluation of diffusion
resistance and pore size characteristics of the membranes.

A bubble flow meter was used to measure the flow of gas on the
permeate side and to measure the temperature-dependent permeance of
each gas. For each drying method, three membranes were independently
fabricated and tested to ensure reproducibility. For every membrane
sample, multiple permeance measurements were collected at each
temperature, and the reported values correspond to the average of these
measurements.

2.2. Modeling

As is known, the micro-structure determines the transport of gas
molecule in the silica matrix; in turn, molecular transport determines the
permeation data, and the permeation data determines the activation
energy. The different activation energies measured in the permeation
experiments originate from the differences in the structure. Therefore,
there is a correspondence between the microstructure and the activation
energy. This model will follow the above order and establish this cor-
respondence. The purpose of the model is to establish a quantitative link
between experimentally measurable transport properties and the effec-
tive structural features that control gas diffusion in the membrane.

2.2.1. Kinetic model for activated gas permeation

Amorphous silica is typically permeable to light gases (e.g., Hy, He)
through a thermally activated transport pathway [36,37]. The molar
flux (J) in the membrane gas separation is caused by the difference in
transmembrane pressure (AP) and presents a reverse relationship with
membrane thickness (L), which can be expressed as in Eq. 1. The flux can
further be formulated under Fick's law of diffusion (Eq. 2), with the
velocity of transport being controlled by a diffusion coefficient (D) and
concentration gradient (c) across the membrane [38].

p

J=1Ap (€]
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dc
J=-D— 2
ax (2)
To understand dilute adsorption in microporous solids, it is conve-
nient to describe the concentration of adsorbed molecules in terms of gas

pressure by Henry's law as follows:
c=Kp 3)

The temperature dependence of the Henry constant (K) satisfies the
Van't Hoff relation, with Qs representing the isosteric heat of adsorption
[13]:

Qs
K = Koexp| = 4
0€Xp ( RT (C)]

A common Arrhenius expression (Eq. 5) of temperature variation is
used to describe the temperature dependence of diffusion, where Dy is a
pre-exponential factor, and Ey, is the migration barrier between adjacent
sorption positions.

—E
D = Dyexp <ﬁ) 5)

The combination of Egs. 2 to 5 gives the temperature-dependent flux
expression in Eq. 6:

B\ A
J = DoKoexp (Q“T> Tp 6)

This expression provides directly an apparent permeation activation
energy, denoted in Eq. 7, in which the adsorption and migration terms
are interrelated:

Ey=En—Qq (@)

A rearrangement of Eq. 1 leads to the expression of permeance,
expressed in Eq. (8); an application of logarithmic transformation then
leads to Eq. 9, used to extract the activation energy E,, by plotting the
graph on an Arrhenius-type plot.

P\ DKo E,

(i) i exp(‘ﬁ) ®
P\ . (DoKy\ E,

i(2) < (20 B ©

Sign of E, can either be positive or negative, depending on the
comparison of the adsorption and mobility contributions. When Ej, is
positive, it means that flux rises with temperature, and when E, is
negative, it means flux falls with temperature. Notably, the differenti-
ation of Eq. 9 results in Eq. 10, thus illustrating that E, does not depend
on the membrane thickness, because L is constant, which leads to d(InL)/
d(—1/RT) = 0. Thus, E, is considered a natural characteristic of the
membrane gas system.

. d ln(f)} _d(nP-InL) _ d(InP) _

() o(a) 9(a) a(n) o()

(10)

2.2.2. Potential in silica nanopores

An important step in the Oscillator model is obtaining the potential
field inside the pore [39]. The potential depends on the pore size and
Lennard-Jones (L-J) parameters. The L-J kinetic diameter (¢) modulates
gas diffusion in silica nanopores, but solubility is mainly determined by
affinity to adsorption, commonly the Lennard-Jones well depth (¢) of
gas-solid interactions [40].

Pore-scale diffusion was analyzed using the Oscillator model defined
by Bhatia et al. [41], which accounts for fluid-wall interactions of the
gas molecules through nanopores:
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2 < o)
D=———1— e kTdr
am [ re keTdr”°

re1 (F:Pr-Po) dr
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0

0 Teo(r.PrPo) pr(r‘v T”‘,Prvpe)

To infer the contribution of gas-pore wall interaction to sub-

nanometer separations, the intermolecular potential is characterized

by the L-J expression in Eq. 12, where ¢ denotes the interaction po-
tential, and r,., is the separation between atomic centers.

. 12 P 6
@(Taa) = 4e5 ) . 12)

To determine the Lennard-Jones parameters of cross interactions, the
Lorentz-Berthelot mixing rules are used to derive them [42,43]. The
parameter set used in this paper is summarized in Table 1 [39].

Eij = \/Ei&j (13)
(03 + 03)
oy =2 14)

Having the Lennard-Jones parameters (Table 1) and mixing com-
positions (Egs. 13 and 14), the interaction potential between the gas and
the pore wall was obtained in both He and Ny, in silica pores made of 5-9-
membered rings.

To characterize geometric confinement within the amorphous silica
network, pore sizes were modeled using characteristic diameters of 5-9-
membered rings of siloxane as represented in Table 2. These pore sizes
are in the sub-nanometer range, which is important in molecular sieving
of silica membranes. This ring-based representation offers a structural
connection between pore geometry and gas transport behavior, where
the transport-controlling network essentially consists of siloxane
(Si-0O-Si) linkages, with a limited number of Si-OH groups, which can
be found after calcination. These residual silanol groups are actually the
terminated sites and may influence the adsorption behavior. However,
their contribution to overall transport is minimal and is inherently re-
flected in the permeance-temperature relation and activation energy
analysis.

Fig. 2a compiles the computed central potential versus pore size, and
Figs. 2(b-f) show the radial profiles of potential across the individual
pore geometries, as formulated by Ji et al. [35]. Within the smallest
pores, which consist of 5 and 6-membered rings, the field of interaction
is characterized by a strong repulsion near the pore wall, thus creating
extremely undesirable energetic conditions for the larger-sized mole-
cules. As the pore size increases (7-9-membered rings), the repulsive
contribution decreases, allowing a deeper potential well to form, which
reflects a pore environment where attractive interactions dominate and
allow the easy accommodation of molecules. The following assessment
of adsorption and transport parameters used in the pore-network cal-
culations relies on these potential landscapes.

The adsorption equilibrium constant (K) of He and N for each pore
family was then calculated in the range of 200-500 °C (see Table 3). The
data show very weak adsorption in the relatively smaller pores, partic-
ularly for He (3.18 x 104 and N5 (4.77 x 107%1) in the 5-membered
ring, where K is negligible throughout the temperature range. This
finding is consistent with the strong exclusion expected in the presence
of strong repulsive intermolecular forces. Conversely, bigger pores have
much higher K values that are explicitly temperature dependent. These

Table 1
Lennard-Jones parameters used in the transport model.
Parameter He N, (o]
o (nm) 0.26 3.798 0.27

e/kg (K) 10.22 71.4 230
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Table 2

Characteristic pore diameters of siloxane ring structures in

amorphous silica.

Rings

Diameter (10\)

5-membered ring
6-membered ring
7-membered ring
8-membered ring
9-membered ring

4.558
5.306
6.076
6.886
7.720

o
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Radial coordinate (A)
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K values decrease with temperature across the 7-9-membered rings,
which is as expected of thermally weakened adsorption. Such pore- and
temperature-dependent K values are used directly as inputs in the
determination of pore-level conductance in the activated transport
model. Simultaneously, the diffusion coefficient (D) of He and N3 in each
of the pore sizes at 200-500 °C was obtained (see Table 4). The calcu-
lated D values grow gradually with temperature and pore diameter,
corresponding to decreased confinement and an increase in molecular
mobility in the larger pores. Both He and Ny gases show an increase in
diffusivity with pore size and temperature, while the former is much
higher than the latter, which is in accord with its smaller kinetic

6-membered ring
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Fig. 2. (a) Variation of the central potential of He and N, as a function of silica pore size; (b-f) distribution of gas-silica interaction potential within pores of different
sizes (positive and negative values correspond to repulsive and attractive interactions, respectively).

Table 3

Adsorption equilibrium of He and N3 in pores of different sizes at various temperatures.

Rings Adsorption equilibrium K
200 °C 300 °C 400 °C 500 °C
He Ny He Ny He Ny He Ny
5-membered ring 3.50 x 107° 3.53 x 10777 9.20 x 107° 6.06 x 10781 1.86 x 10°* 1.60 x 107%° 3.18 x 10°* 4.77 x 10°%
6-membered ring 4.14 x 1072 1.88 x 1071¢ 3.98 x 1072 3.47 x 10714 3.93 x 1072 1.39 x 10712 3.94 x 1072 2.19 x 1071
7-membered ring 0.1817 0.02417 0.1569 0.0197 0.143 1.75 x 1072 0.1345 1.62 x 1072
8-membered ring 0.2943 5.292 0.2572 2.089 0.2356 1.106 0.2218 0.6982
9-membered ring 0.3717 7.849 0.3321 3.391 0.3083 1.899 0.2928 1.244
Table 4
Diffusion coefficients of He and N, in pores of different sizes at various temperatures.
Rings Diffusion coefficient D (m?s™!)
200 °C 300 °C 400 °C 500 °C
He N, He N, He N, He N,
5-membered ring 13.85 1.029 16.66 1.247 19.38 1.468 22.1 1.69
6-membered ring 32.84 2.688 38.7 3.261 44.37 3.817 49.77 4.405
7-membered ring 63.5 6.397 73.11 7.691 82.24 8.978 90.85 10.22
8-membered ring 102.1 14.23 115.7 16.8 128.6 19.26 140.7 21.63
9-membered ring 131.4 28.24 149.5 32.34 166.3 36.2 182.2 39.88
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diameter and weaker attraction toward the pore wall. Note that the
obtained necessary temperature-dependent adsorption and diffusion
inputs (K(rp), D(r)), in Tables 3 and 4, can be, in turn, fed into the pore-
network transport calculations in the next section.

2.2.3. Transport phenomena in nano-porous networks

One of the challenges in using diffusion theory to microporous ma-
terials is that the process of transport is controlled not by individual
pores, but by a network in the sense of pore connectivity and differing
size distributions of pores. In order to determine the overall permeation
behavior using such nano-porous media, transport at the pore scale is
initially defined, and then it is further extended to the network level. The
Oscillator model in this study is applied at the level of an individual
pore, and we assume a stochastic, interconnected network of pores in
which each junction is characterized by a coordination number, N, the
number of pores meeting at an intersection. The value of N is assumed to
be constant across the network. This is then applied to the disordered
network with pores having a homogenized conductance to obtain the
approximate value, using effective medium theory (EMT) [44].

Permeation (mol/s) across the pore radius (rp) is dominated at the
pore level by a pseudo bulk pressure gradient (P), defined by Eq. 15,
where [ is the pore length. The equilibrium constant, K(r},), is calculated
based on the hypothesis of local thermodynamic equilibrium of the
nanoscale, which results in the formula given in Eq. 16. Value of pore
diffusivity D(rp,) is then determined using the oscillator model (Eq. 6). A
combination of these expressions gives the pore conductance (1) as
found in Eq. 17. With effective medium theory (EMT), the effective
conductance (4¢) due to an array of pores can be calculated using Eq. 18,
and hence the bulk permeate flux, expressed in Eq. 19, can be calculated
with the porosity (¢) and the average cross-sectional area of pores 1 < rzp
> as input parameters. The tortuosity parameter of a disordered pore
network is defined by Eq. 20, and the EMT consequently results in the
association between bulk permeability, as shown in Eq. 21. It is the
theoretical framework that defines membrane pore size distribution
based on the contribution of gas transport.

i— ry?K(rp) D (1)

RTI (—Ap) (15)
_2 [T —o(r)
K(rp) 7%/0 exp( kT )rdr (16)
- ”TEK(rp)D(rp)
A=TTRM an

<m> -0 as)

—EAe
= (ﬁ)w %
3(N+1
w0 @0

ele

P= tr7(rp2)RT @D
2.2.4. Role of structural imperfections in gas transport

In real-world membrane modules, achieving a perfectly selective
layer is rare. Small flaws can be attributed to several factors, such as
diffusion of dust during the coating, gel contraction during drying,
thermal incompatibility during calcination, or stresses generated during
sealing [45]. These non-ideal routes, e.g., cracks, pinholes, or sealing-
related leaks, present other means for gas to flow across the high-
pressure to the low-pressure side [46]. The gas transportation follows

Separation and Purification Technology 395 (2026) 137736

the viscous flow model (Eq. 22) when the channels in the membranes are
even wider than the mean free path of gases. Knudsen flow is the
dominant mode of transport when the characteristic width of these
imperfections is smaller than the mean free path of these gas molecules
[47], represented in the corresponding Eq. 23. Although Knudsen flow is
inherently non-selective compared to molecular sieving, there can be a
narrow level of selectivity based on molecular mass. In the current
model, the overall measured flux is taken to be a sum of transport
contributions by the silica pore network and structural defects [48]:

&> pdp e 12 p Ap

Jyi == o 22
veew T 7,87, RTdz 1,87, RT L (22)
2 g1y 8 dp 2 gy 8 Ap
=__2r°P ==_""PF = 2
howtsen = =3 = "\RTM dz ~ 3 v, \aRTM L (23)
Jtotal = Jpore +JKnudsen +Jviscous (24)

Thus, the temperature dependence of this composite transport
mechanism is summarized in the experimentally determined apparent
activation energy. This relationship is formalized in Eq. (25), which
correlates the measured E, and cumulative permeation behavior.

dln (?)
T O(—RT) @

a

Due to the difficulty associated with the direct experimental deter-
mination of a specific pore size distribution and a defect contribution, an
inverse method is used. In particular, the apparent activation energies
obtained through gas permeation experiments were used to determine
the most likely pore size distribution and assess the defect contributions.

Fig. 3 outlines the iterative modeling process where pore size dis-
tribution and Knudsen flow contribution are optimized in an iterative
procedure until the corresponding apparent activation energy matches
empirical results. The oscillator model was used to compute the
apparent activation energy per single pore, as shown in Table 5. The

Contribution from
Knudsen flow

Membrane pore
size distribution

Ny
Inputa
temperature

Calculate Knudsen
permeate flow

Calculate membrane
permeate flow

Calculate the total
permeate flow

Input a new temperature

1f200-500° have
been calculated

contribution from imperfections

Calculate the apparent
activation energy

Update the membrane pore size distribution and

Ifit fits the
experimental Ea?

PSD and flow contribution throug?l
imperfections are found

Fig. 3. Schematic overview of the modeling framework.
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data shows that in the 5-membered ring, the E, of both gases are positive
with considerably large values of Ny. In the six-membered ring, He has a
negative value, while N3 shows a positive value, indicating a transition
in the dominant transport mechanism with increasing pore size. This
difference in the magnitude and sign of the apparent activation energy
with varying sizes of the rings is in agreement with the fact that gas
permeation must be occurring through pores of more than one charac-
teristic dimension, thus providing direct evidence of portraying a pore
size distribution.

The pore network here is modeled by a supposed population of
5,000,000 pores grouped in 5-9-membered ring families, which enabled
estimating a hypothesized pore size distribution. By using the hypoth-
esized distribution, the gas permeance at a given temperature was
calculated according to Eq. 19 with the associated network perme-
ability. This permeance was then determined at various temperatures,
and the apparent activation energy was determined using Eq. 11. The E,
calculated was then compared with the experimentally obtained E,.
Concurrently, experimental data of gas permeance at different temper-
atures were also compared with those calculated. When there was a
significant difference between calculated and experimental values, the
pore distribution was readjusted, and the calculation was reiterated. On
the other hand, when the deviation was sufficiently small and the
mismatch in E; was negligible, the respective pore size distribution was
considered representative of the membrane structure. To consider both
He and N, at the same time, an error metric erota) Was used as follows:
EHe _ EHe

a,mod a,exp

EHe

a,exp

EN2 _EN

a,mod a,exp

N
Ea.exp

(26)

€rotal =

where modeled and experimental activation energies for He and N are
denoted Eﬁ,:wd, Eyfnod, and nggxp, Egexpz, respectively. The estimated
pore size distribution with minimum erq, was selected as the most
representative of the actual membrane structure.

3. Results and discussion

3.1. Gas permeance of evaporation-dried and freeze-dried Co-silica
membranes

The temperature-dependent single-gas permeance of He and N for
both evaporation-dried and freeze-dried Co-silica membranes is sum-
marized in Table 6. For both membranes, He permeance increased
steadily with temperature from 200 to 500 °C, indicating thermally
activated transport through the microporous silica network. Permeance
of He in the evaporation-dried membrane increased to 6.20 x 107, with
a relatively weak temperature dependence of N, permeance with only a
small rise over the same temperature range. Conversely, the freeze-dried
membrane had significantly lower permeance values of both gases at all
temperatures, with He permeance rising from 1.98 x 1078 t0 9.14 x
1078, whereas N, permeance was nearly two orders of magnitude lower
than that of He. The difference in the values of permeance between He
and Ny was much higher for the freeze-dried membrane, which corre-
sponds to greater size-selective transport. These patterns of permeance
allow the experimental foundation of future analysis of apparent acti-
vation energies, which further clarify the underlying pore structure and

Table 5
Pore-size-dependent gas permeation activation energies (kJ mol!) of He and
Nz.

E, (He) Ea (N2)
5-membered ring 21.6 843.3
6-membered ring -15 117.6
7-membered ring —4.5 —4.8
8-membered ring —4.5 -21.6
9-membered ring —4 —20.2
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Table 6
Gas permeance of evaporation-dried and freeze-dried Co-silica membranes.

Temperature Permeance (mol m 25! Pa~!)

co Evaporation-dried Freeze-dried membrane
membrane
He N2 He Ny

200 242 %107  712x10% 1.98x10°® 6.75 x 1071°
+7.26 x +1.54 x +5.94 x +1.10 x
107° 107° 10710 1071

300 295x1077  7.37x10% 377 x10°® 9.13 x 10710
+ 8.85 x +1.42 x +1.13 x +1.97 x
107° 107° 107° 1071

400 450 x 1077 845x10% 637 x10°® 1.09 x 107°
+1.35 x +1.55 x +1.91 x +1.19 x
1078 107° 107° 1071

500 6.20 x 1077 860 x10% 914 x10°® 1.50 x 107°
+1.86 x +1.17 x +2.74 x +1.73 x
1078 107° 107° 107!

the dominant transport mechanisms in each type of membrane.

3.2. Apparent E, of evaporation-dried and freeze-dried Co-silica
membranes

The apparent E, calculated from experimental permeation data and
mathematical modeling is graphically compared in Fig. 4. Both mem-
branes fabricated by evaporation and freeze-drying exhibited the ex-
pected trend of activation energies, with N, showing a considerably
lower E, as compared to He, reflecting its higher polarizability and
stronger gas surface interactions. Both evaporation-dried and freeze-
dried membranes exhibit strong consistency in the apparent E, that
are obtained both experimentally and by modeling. In the case of
evaporation-dried membrane, the modeled E, values (9687.6 J mol~'in
the case of He, and 2128.7 J mol™! in the case of Ny) are in perfect
statistical agreement with the experimental values of 9598.2 J mol *
and 2128.7 J mol ™}, respectively. An equally close correlation can also
be identified in the case of freeze-dried membrane, where the modeled
E, values (15,522 J mol ™! of He, and 7700.9 J mol~! of N5) are well in
accord with the experimental values of 15,579.7 J mol~! and 7700.9 J
mol L. The differences between modeled and experimental values in
both membranes were within a negligible range, clearly indicating that
the activated transport model is highly reliable in predicting the trans-
port resistance of He and Ny permeation. In general, the statistical
consistency of the modeled and experimental values of E, shows the
effectiveness of the modeling method and confirms its applicability to
membranes fabricated through evaporation drying and freeze-drying
methods (See Fig. 4).

The pore size distribution estimated using the apparent activation
energies shows that there are notable structural variations between the
evaporation-dried and freeze-dried Co-silica membranes. In both
membranes, small rings dominated the formation of the network, but the
smaller pores are more concentrated in the freeze-dried membrane, as
demonstrated in Fig. 5. In the evaporation-dried membrane, 5- and 6-
membered rings contribute approximately 66.1% and 31.8% of the
total population, respectively; the rest are distributed among 7-, 8-, and
9-membered rings at insignificant but appreciable levels. In contrast, the
freeze-dried membrane has an even greater contribution of 5- and 6-
membered rings, which are 66.6% and 31.9% of the total population,
respectively, and the percentage of 7-, 8-, and 9-membered rings
declined accordingly. Thus, the obtained results suggest that freeze
drying forms a more densely packed, microporous network, where
transport is dominated by the smaller siloxane rings, as compared to
evaporation drying, which gives a more extensive pore-size distribution
with a marginally higher contribution shifted toward larger rings. The
compact pore structure observed in freeze-dried membranes can be
attributed to the fact that the capillary stresses are inhibited during the
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Fig. 4. Comparison of modeled apparent activation energy to the experimental apparent activation energy of (a) evaporation-dried membrane and (b) freeze-

dried membrane.
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Fig. 5. Pore size distribution (PSD) of (a) evaporation-dried membrane and (b) freeze-dried membrane.

removal of the solvent. When using the conventional evaporation drying
method, liquid-vapor interfaces arise within the gel pores during the
process of solvent evaporation. The interfaces create capillary pressure,
which may cause significant mechanical stress in the silica gel network.
Freeze-drying, on the other hand, eliminates the solvent through the
sublimation of frozen solvent crystals, thus preventing the development
of liquid-vapor interfaces during the drying process. Consequently, the
capillary pressure on the silica framework is considerably decreased,
which enables the gel network to maintain its original structure. This
preservation of the silica matrix promotes the formation of a more
uniform microporous structure and reduces the probability of defect
formation.

3.3. Gas transport through imperfections

The transport model presented here was developed to consider a
number of potential transport mechanisms, such as activated diffusion,
Knudsen diffusion, and viscous (Poiseuille) flow. Macroscopic defects or
sealing imperfections would be considered as a measurable viscous flow
contribution due to the presence of large transport channels. During the
iterative fitting of the permeance data, the viscous flow coefficient al-
ways converged to zero, representing that the experimental permeance
behavior can be explained without considering macroscopic defect
pathways. To evaluate the relative contribution of Knudsen diffusion
within the overall transport mechanism, the Knudsen coefficient was
determined from the model. For both membranes, the contribution of
the Knudsen diffusion to the overall transport is minimal. For the
evaporation-dried membrane, the Knudsen coefficient is approximately

1.0 x 10~*, whereas for the freeze-dried membrane, it is even reduced to
1.0 x 107, indicating a one order of magnitude reduction in the relative
contribution of Knudsen transport. This reduction indicates the sup-
pression of transport through larger pore openings, and is consistent
with the activation energy and permeance data. Furthermore, the
temperature-dependent permeance data exhibited activated transport
properties, demonstrating that the gas transport is dominated by diffu-
sion through the intrinsic microscopic silica structure. Collectively,
these results indicate that the freeze-drying method, by eliminating the
capillary stresses, generated a membrane with tighter diffusion path-
ways, increased dominance of activated transport, and less non-selective
Knudsen flow than the evaporation-dried method.

3.4. Gas permeance of evaporation-dried and freeze-dried Co-silica
membranes

The experimental permeance of both membranes is well-matched
with the predicted permeance trends based on reconstructed pore-size
distributions (Fig. 6). In the evaporation-dried membrane, closely
matched experimental and modeled permeances of He and N
throughout the entire temperature range validate that the differences in
the size of rings, especially the larger pore sizes, were well represented
in the pore-size distribution. Likewise, in the freeze-dried membrane,
the close modeled and experimental He and N, permeances indicate the
prevalence of small rings within this membrane, further confirming that
the compact pore network obtained by activation-energy analysis is
physically feasible. The high consistency between experimental and
modeled permeances confirms that the calculated pore-size distributions
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Fig. 6. Comparison of modeled permeance to the experimental permeance of (a) evaporation-dried membrane and (b) freeze-dried membrane.

are accurate and that the structural difference between evaporation-
dried and freeze-dried membranes was appropriately modeled.

3.5. Sensitivity of 5-membered rings in Co-silica membranes

Interestingly, the tenfold reduction in Knudsen coefficient of freeze-
dried membranes, despite their nearly similar pore size distribution to
evaporation-dried membranes, resulted in gas permeation differences
exceeding one order of magnitude. This behavior is consistent with the
gas transport in sub-nanometer silica membranes, which is highly sen-
sitive to small shifts in the balance between 5 and 6-membered rings
population. To examine this sensitivity, a systematic analysis was con-
ducted by fixing the number of 7-, 8-, and 9-membered rings, the
Knudsen coefficient, and the pore connectivity value of each gas and
only varying the population of 5- and 6-membered rings. Both
evaporation-dried and freeze-dried membranes showed identical sensi-
tivity curves for each gas.

As illustrated in Fig. 7, the E, of He (Fig. 7a) and Ny (Fig. 7b)
exhibited a pronounced non-linear dependence on the number of 5-
membered rings. Importantly, the relevant 5-membered ring pop-
ulations of the evaporation-dried (66.1%) and freeze-dried (66.6%)
membranes fall within the steep transition region of these sensitivity
curves. In this region, small shifts in the balance of 5/6-membered rings
cause significant changes in the activation energy. Even with the only
0.6% difference in the combined fraction of the 5-6-membered rings

(a) 25000
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E, of He (J mol")

5000 -

(b) 35000

50 55 60 65 70 75 80
5-membered rings (%)

between the two membranes, the localization of each of the membranes
within this super-sensitive regime provides greatly different activation
energies and permeance values. These results indicate that the gas
transport becomes super-responsive to small shifts in the population of
the dominant ring structures when the pore network lies in the sensitive
region. Therefore, membranes with pore-size distributions that closely
resemble each other can still have significantly different transport
characteristics.

4. Conclusions

This paper successfully integrated experimental results of gas
permeation with an activation-energy-based modeling framework to
quantitatively clarify the difference in pore size distribution of amor-
phous silica membranes synthesized by traditional evaporation drying
and novel freeze drying. Directly correlating apparent activation energy
with siloxane ring populations gave a powerful structure-transport
relationship that was not dependent on membrane thickness or the
traditional limitations of pore characterization. Modeled and experi-
mental activation energies were statistically compared, and excellent
agreement was obtained in both types of membranes. In the case of the
evaporation-dried membrane, the modeled E, values of He (9687.6 J
mol™1) and N3 (2128.7 J mol~1) were close to the experimental values of
9598.2 J mol ! and 2128.7 J mol~}, respectively. Likewise, the freeze-
dried membrane had strong consistency, where modeled E, values of
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Fig. 7. The E, of (a) He and (b) N, as a function of the number of 5-membered rings obtained from sensitivity analysis.
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15,522.0 J mol~! (He) and 7700.9 J mol ! (Ny) were close to the
experimental values of 15,579.7 J mol~! and 7700.9 J mol~!. These
findings confirm that the activated transport model is effective in
describing the inherent activation thresholds that govern gas perme-
ation in both membranes. Determination of the pore size distribution
showed clear structural variations in both membranes caused by the
different drying method. The evaporation-dried membrane had a larger
pore size distribution, with about 97.9% 5- and 6-membered rings. By
contrast, the freeze-dried membrane exhibited a more compact pore
structure comprising a higher percentage of smaller 5- and 6-membered
rings (98.5%), with fewer 7- to 9-membered rings than the evaporation-
dried membrane. This structural refinement was directly mapped into
transport behavior, which is verified by permeance validation. In gen-
eral, the present work shows that freeze drying can be successfully used
to reduce structural defects caused by surface tension to produce more
uniform and compact silica membranes with better pore size control.
The model provides a physically meaningful framework to interpret and
relate membrane structure to transport behavior, and it provides
structural bases for predicting relative separation performance.
Furthermore, the presented activation-energy-based method represents
a powerful and widely applicable methodology to determine pore size
distribution in sub-nanometer membrane systems, which is of valuable
guidance in the rational design of high-performance silica membrane
systems for the Hj separation and membrane reactor applications.
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