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A new microporous titanosilicate AM-3 has been synthesized on alumina tubular support by seeded
hydrothermal synthesis. The dynamic characterization has been carried out by permeation assays of
single gases at fixed and programmed temperature, and for several transmembrane pressure drops. The
mechanisms involved in the gas transport have been investigated, namely viscous, Knudsen, activated
gaseous and surface diffusions. Results published for the first AM-3 membrane have been modelled as
well in order to comprise all transport contributions occurring in porous media. The obtained results
pointed out the existence of macro-, meso- and micro-defects. The representation of the experimental

AM-3 data was achieved successfully with absolute average relative deviations between 1.5% and 2.5%.
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1. Introduction

Inorganic membranes generally exhibit a high thermal and
chemical stability, and resistance to high transmembrane pres-
sure differences which make them promising materials for
gas separation applications [1]. Microporous titanosilicates are
novel materials that may broaden the scope of application of
classical zeolites. The structure of these materials consists of
interlinked octahedral and tetrahedral frameworks. Similarly to
zeolites, microporous titanosilicates exhibit a well-defined three-
dimensional crystalline structure with the channel of molecular
dimensions, being able to separate mixtures based on differences
in affinity and sieving effect [2-5]. Moreover, they offer impor-
tant benefits over classical zeolitic membranes, namely: (i) they are
generally synthesized in the absence of organic templates, avoid-
ing usual subsequent calcination treatments (at nearly 500°C),
which often cause irreversible defects and/or loss of active surface
groups; (ii) they are usually prepared under moderate pH condi-
tions, reducing chemical attack to the support; (iii) they exhibit
novel possibilities of isomorphous framework substitution, allow-
ing for fine-tuning catalytic and adsorption properties; and (iv)
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generally, they have strong alkalinity, complementing the acid
properties of classic zeolites [6].

AM-3 (Aveiro-Manchester number 3) is a synthetic microp-
orous titanosilicate analogue of mineral penkvilksite-20, with an
ideal formula Na;TiSizO11-2H,0 [3]. Its structure consists of SiO4
tetrahedra chains connected by individual TiOg octahedra form-
ing a three-dimensional framework with 6-ring channels [7]. In a
previous work it was shown that AM materials do not adsorb any
significant amount of nitrogen but do adsorb water in relatively
large quantities [3]. In addition, AM-3 was demonstrated to be sta-
ble up to ca. 600 °C, loosing water and rehydrating reversibly after
being kept in air for a few hours at room temperature. A detailed
morphological characterization of AM-3 was first reported by Lin
et al. [3] and later by Rocha and Anderson [2].

The molecular sieving action of microporous zeolites, together
with their large specific surface areas and controlled host-sorbate
interactions, are important motivations in zeolitic membranes. In
particular for small gases separation, narrow pore materials are
crucial for an effective molecular sieving effect. For instance, hydro-
gen is nowadays considered an alternative clean fuel for future
sustainable energy economy. Zeolite membranes offer excellent
thermal and hydrothermal stability, but the pore size of most
applied materials is generally not sufficient narrow for highly
selective H, separations. Titanosilicate membranes may become
especially competitive for industrial applications due to their
small pores, promoting an effective size-exclusion separation. The
small dimensions of AM-3 pores could anticipate the potential of
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Nomenclature

AARD  Average absolute relative deviation (%)

B Mobility of diffusing gas (molm?2]-1s-1)

b Equilibrium adsorption constant (Pa~1)

D Self-diffusion coefficient (m2s~1)

b Maxwell-Stefan (MS) diffusivity (m2 s—1)

dp Pore diameter (m)

Ea Activation energy (Jmol~1)

g Geometrical factor

AH,4s  Enthalpy of adsorption (Jmol~1)

J Molar diffusion flux (molm—2s-1)

Iq Diffusion length (m)

P Total pressure (Pa)

Qst Isosteric adsorption energy (J mol-1)

q Molar concentration of adsorbed species in the solid
(molkg—1)

N Universal gas constant (Jmol~1K-1)

T Temperature (K)

V4 Number of adjacent active sites

z Distance coordinate (m)

Greek letters

8 Membrane thickness (m)

e Porosity

T Tortuosity

r Thermodynamic factor

0 Fractional occupancy

A Mean free path (m)

" Chemical potential (Jmol-1)
v Jump frequency (s 1)

n Viscosity (Pas)

I Permeance (molm—2s-1Pa-1)
Pp Density (kgm~3)

Subscripts

f Feed side

g Gaseous

kn Knudsen

p Permeate side

s Surface

v Viscous

Superscripts

o Reference condition

these membranes for real applications concerning purification of
hydrogen-containing streams.

The understanding of mass transport mechanisms is essential
for an accurate modelling of the permeances. Modelling is funda-
mental for interpretation of experimental data and as a predictive
tool. Prediction and correlation of permeation requires knowledge
on diffusion, adsorption and structure parameters, which may be
determined by experimental methods and adequate modelling of
transport phenomena.

The transport mechanisms involved in porous media are pri-
marily related with pore diameter, d,. Accordingly, viscous flow
dominates in macropores (dp >50nm), where the fluid flows as
a whole under a pressure gradient. In mesopores and microp-
ores (2 <dp <50 nm and dp <2 nm, respectively), collisions between
molecules and pore surface are fundamental. When the mean free
path, A, (i.e. the average distance traversed by a molecule between
collisions) is comparable or larger than the pore diameter, trans-
port falls in the Knudsen regime. In small micropores, pore size

approaches molecular dimensions and the molecules are not as free
as in Knudsen diffusion, where the effect of the potential field of the
solid surface is minimal [8]. In this case, commonly described as
configurational diffusion, molecules may never completely escape
from the force field of the surface [9] and diffusion becomes an
activated process. Based on the mode of translational motion of
molecules inside the pores, two distinct mechanisms may be dis-
tinguished here: molecules may retain their gaseous state (gas
translational or activated gaseous diffusion) or lose their gaseous
entity due to strong interaction with the solid framework and move
as an adsorbed phase [9].

Several approaches have been proposed in literature to describe
surface diffusion [8,10,11], including the hopping model, by which
molecules move over the surface by hopping between adjacent
adsorption sites (minima in the potential energy field of the pore)
[9,12-14], the hydrodynamic model, in which adsorbed molecules
are considered as a fluid film, which merely slide along the surface
[12,15], and the random walk model, based on the two-dimensional
form of Fick’s first law. Nonetheless, the hopping model is the most
frequently adopted for modelling surface diffusion in micropores
[9,13,16-22], being adopted as well in this paper.

Similarly to the surface diffusion, the activated transport of
gaseous molecules inside the pore may be assumed to occur by
a sequence of jumps from site to site, restricted by the energy
barrier imposed by the surface. Several authors reported the acti-
vated gaseous diffusion as an activated process analogous to a
Knudsen mechanism, denoting it by activated Knudsen diffusion
[8,10,23,24]. However, Burggraaf and Cot [8] presented a slightly
different concept to describe this mechanism. In their description,
molecules are assumed to move freely between adsorption sites,
involving an activated sub-step and a Knudsen diffusion step. This
situation is reported for a ratio between pore diameter and kinetic
molecular diameter around two. Moreover, the configurational dif-
fusion regime is reached with decreasing pore size, where the
remaining gaseous state within the pore is assumed to be vanished
and only surface diffusion may occur.

In this work a new microporous titanosilicate AM-3 membrane
(hereafter denoted by AM-3-1) was synthesized and character-
ized by single gas permeation measurements. The permeation
data obtained were modelled based on the several transport
mechanisms involved in porous media, which are presented and
discussed in the following section. Data for a distinct AM-3 mem-
brane (henceforth labelled AM-3-2) were also modelled as well
in order to complement the analysis of these new titanosilicate
membranes.

2. Modelling gas transport mechanisms
2.1. Viscous flow

In macropores the molar flux, Jy, under a pressure gradient may
be described by a Hagen-Poiseuille type-law:

__¢ el 1
b=-7 320 9T dz )
where 7 is the gas viscosity, P and T are the total pressure and
temperature, respectively, % is the universal gas constant, and z is
distance coordinate. The factor ¢/t is introduced in the flux equa-
tion to account for geometrical effects of the porous structure, being
& and t the porosity and tortuosity, respectively. At steady state,
the permeance through a porous membrane may be obtained after
integration of Eq. (1) over the membrane thickness, §:

2
sdp Pm

_ N Pm
v=7p= 32T ST 2)
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where Py, is the arithmetic mean pressure between two sides of the
membrane.

2.2. Knudsen diffusion

Knudsen diffusion prevails in mesopores, where the mean free
path of diffusing species is close to the pore diameter [25]. Under
this regime, molecule-pore wall collisions are important, being
responsible for diffusion. The Knudsen diffusivity, Dg,, may be
expressed as [9]:

dp (8RT\ O
Dyn = ?(nM) (3)
where M is the molecular weight of the diffusing gas; the geo-
metric factor 1/3 is introduced since only those molecules moving
in the direction under consideration must be taken into account.
The expression for Knudsen diffusion flux, Jx,, may be obtained by
combining Eq. (3) with Fick’s first law [26,27]:

edy /1 8 \%%dp
Jon=-= (T)mw) @ (4)

The Knudsen permeance through a porous membrane may be
found after integration of Eq. (4) over the membrane thickness:

_Jxn _ &dp 8 \0°
M ="3p =335 (mvm) )

2.3. Diffusion in micropores

Mass transport of single gases is generally described by the Fick’s
first law, where a concentration gradient is assumed to be the driv-
ing force. However, the true driving force for diffusion is believed
to be the chemical potential gradient [28], which is most relevant
in microporous systems. Accordingly, the permeation flux of a sin-
gle gas in micropores (in the z-direction), in isothermal conditions,
should be:

o
J=-Bpq— (6)
where B is the mobility of diffusing gas, g is its molar concentration
in the particle, p is the particle density, and w is the chemical poten-
tial. Assuming the gas phase as ideal, the following relationship may
be obtained:

dlnP
J=-pab— (7)

where D=BRT is a corrected diffusion coefficient equivalent
to a Maxwell-Stefan diffusivity [13,18,29]. Similarly to the
Maxwell-Stefan formulation, a thermodynamic factor may be
defined as I"=9d1nP/d1Inq, and the expression for permeation may
be written as:

dg

]=7,ODFE (8)

As may be easily observed, Fick and corrected diffusivities are
related by the thermodynamic factoras D=D I".

2.4. Activated gaseous diffusion

The diffusivity of gaseous molecules may be given by [9]:

1, /8RT\%> —E
Dy= (7)) o0 (5r) (9)

where l; is the distance between two adjacent sites of low energy,
1/Z is the probability of a molecule moving in the direction under
consideration, being Z the number of adjacent sites, and E,g, is
the energy required for molecules to surmount the attractive con-
straints imposed by the pore structure. Since there is no formal

adsorption, the flux may be expressed in terms of pressure. Hence,
one may obtain, after integration over membrane thickness:

_Js 8 1\ —Eag
i :ﬁ_%(anT) eXp( RT ) (10)

Eq. (10) shows an exponential dependence of gas permeance on
the temperature, differently from that of the Knudsen model.

2.5. Surface diffusion

For surface diffusion of adsorbed molecules, Fick diffusivity may
be expressed as [9]:

1 —E —E,
Di(a) = la*v(@exp (22 ) = Dd@exp (2 (11)

being E,s the activation energy for surface diffusion and v(q) the
jump frequency. According to the relation between Fick and cor-
rected diffusivities, it follows:

Di(q) =Dl = DT exp (12 ) (12)
N
In order to determine the thermodynamic factor, I', the
isotherm must be known. The adsorption of gas molecules in
microporous membranes occurs frequently in monolayer, being
accurately described by the Langmuir isotherm. In this case, the
thermodynamic factor reduces to:
1
r=—— 13
T o (13)
The permeance of adsorbed molecules in micropores may be then
obtained, after integration over the membrane thickness:

_J _»p 0 (—Ea,s> 1-6p 1
= 3p = staDsexp (57 )0 ( 75, | =7, (14)

where subscripts f and p identify feed and permeate conditions,
respectively. At low pressures the Henry's regime for adsorption is
frequently valid, i.e.:

qg=Kkp (15)

where K is the Henry’s constant. The dependence of K on tempera-
ture may be also given by a van’t Hoff-type relation:

_ Qst ~ *AHads
K = Ky exp (.‘)tT) = Ko exp (T) (16)
Accordingly, the permeance under the Henry’s regime is given by:

s _Pro AH,gs — Eas
M, = 35 = E0lKgexp (T) (17)

2.6. Gas permeation through microporous membranes

It is generally found that both surface and activated gaseous
diffusion mechanisms contribute to the overall mass transport
through microporous membranes. The individual contributions to
the total permeation depend mainly on the adsorption properties
of the system, as well as on the conditions of temperature and
pressure [30,31,32]. Moreover, in real membrane systems, Knud-
sen diffusion and/or viscous flow may be expected to contribute to
the total permeation flux as well, owing to the presence of defects
in the crystalline structure.

Assuming the permeances from different diffusion mechanisms
are additive, the total permeance through microporous membranes
may be written as follows:

Htotal = Hdefects + Hmicropores =TI, + Hl(n + HS + Hg (18)

It is worth noting that the effect of the support must be taken
into account in the calculation of the effective [Ty, since only
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a fraction of the total area is available for permeation. Thus, Eq.
(18) must be multiplied by a support geometric factor, which is
commonly associated to its porosity.

The transport mechanism controlling the permeation pro-
cess may be discriminated from the permeance-temperature
behaviour, in agreement with the previous discussion. For instance,
diffusion of non-adsorbable gases in micropores is expected to
increase monotonically with temperature. However, a minimum
in the permeance is frequently found at low temperatures, which
can be ascribed to the presence of defects, since permeation flux
resulting from both viscous and Knudsen mechanisms decreases
with increasing temperature. The transport of strongly adsorbable
molecules at low or moderate temperatures is dominated by sur-
face diffusion, while activated gaseous diffusion may prevail at
high temperatures [33-35]. In this case, a maximum followed by a
minimum in the permeance should be anticipated [16,36-38]. At
low temperatures, permeance increases because the diffusivity of
adsorbed molecules is enhanced by temperature, even though the
surface coverage simultaneously decreases; at a given temperature,
the decrease in the adsorbed concentration becomes the determin-
ing factor, so that the overall permeance will start to decrease.
At higher temperatures, adsorption could be negligible and per-
meance would be expected to exponentially increase, given the
activated nature of diffusion through micropores [39]. Once more
aminimum in the permeance is commonly observed at lower tem-
peratures, which may be attributed to an additional contribution
of viscous and/or Knudsen mechanisms.

3. Material and methods
3.1. Membrane synthesis and characterization

AM-3 membrane (denoted by AM-3-1) has been prepared on
commercial tubular symmetric a-alumina (Inopor) support by sub-
jecting the seeded support to a secondary growth step, which
was performed in Teflon-lined autoclaves at 230°C under auto-
genous pressure without rotation. The a-alumina support used in
this experiment has a pore size of 3.0 wm and the thickness of ca.
1.5 mm. Before the hydrothermal synthesis, the support was seeded
by rubbing AM-3 seeds. AM-3 seed was made according to our pre-
vious work [3] and the XRD pattern and SEM image of AM-3 seeds
were shown in Fig. 1a. The inner side of the 8 cm long tube was not
seeded, reducing the crystal growth in this region. The seeded sup-
port was placed vertically in the bottom of a Teflon-lined autoclave
with Teflon holder where the growth (synthesis) gel was poured.
Sodium silicate solution (27 wt.% SiO,, 8 wt.% Na,0, Merck) and
titanium trichloride solution (15wt.% TiCls, 10 wt.% HCl, Merck)
are used as Si and Ti sources. The precursor for AM-3 membrane
synthesis was prepared as follows. 32.51 g of sodium silicate solu-
tion was diluted in 15.36 g of distilled water. Then, 6.40 g of sodium
hydroxide (Merck), 3.74 g of sodium chloride (Panreac) and 2.86g
of potassium chloride (Merck) were added. Finally, 29.50 g of tita-
nium trichloride solution was added with thorough stirring and
homogenised for more than 30 min. This process results in a vis-
cous mixture. This mixture, with a molar composition 5.4 Na,0:0.6
K,0:5.1 Si0,:1.0 TiO5:113 H,O0, was treated at 230°C for 48-96 h.
The autoclave was cooled down by flowing water and the sample
was washed with distilled water. Finally, the AM-3 membrane was
treated with 2 wt.% NaCl solution in Teflon-lined autoclave at 150 °C
for 5 h and washed with distilled water again. This process is used
to remove undesired residues in the pores and at the same time
to keep AM-3 in Na-form. The membrane can be reproduced with
similar morphological quality.

The phase was identified by X-ray diffraction at room tempera-
ture in a step-scan regime on an X'Pert MPD Philips diffractometer
using Cu Ko radiation in the 20 range 5-50°. Scanning electron

(b

20/°

Fig. 1. X-ray diffraction patterns and scanning electron microscopy images of (a)
AM-3 seed and (b) AM-3-1 membrane.

microscopy (SEM) images were recorded on a Hitachi S-4100
microscope.

3.2. Permeance measurements

Thermal pre-treatment. In order to remove adsorbed water and
eventually other compounds, a heating and cooling cycle was
always carried out up to ca. 200°C. During this pre-treatment, a
continuous He flow (20 cm3(PTN)/min) was imposed through the
membrane.

Measurement of nitrogen permeance at room temperature. This
experiment was firstly carried out to detect rough defects in
the membrane, which has been assumed for permeances higher
than 106 mol m~2 s Pa, since over-enhanced values denunciate the
presence of macro- or meso-defects. The membrane was placed
inside a stainless-steel module at constant temperature (25°C)
and sealed with viton o-rings in order to avoid the mixture of
permeate and feed streams. The retentate side was blocked dur-
ing experiments (dead-end mode) to promote total permeation of
nitrogen. The feed flow rate was fixed with a mass flow controller
(MFC), the permeate side was kept at atmospheric pressure, and
the resulting transmembrane pressure drop was registered. The
stationary state was detected when the mass flow meter (MFM)
located at permeate outlet confirmed the MFC display. Exper-
iments were repeated for different feed flows, between 5 and
20 cm3(PTN)/min, and the permeance obtained by the slope of the
permeation flux versus AP plot. The permeable area of the mem-
brane was 1.7 x 10~3 m?.
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Permeation of single gases at programmed temperature (PPT).
Studied gases: He, Hy, N5, and CO,. The membrane module was
placed inside the oven, the feed flow rate was fixed with the MFC,
the permeate side was kept at atmospheric pressure, and AP was
controlled by a backpressure regulator located at retentate out-
let. Experiments were conducted between 25 and 120 °C, at a fixed
heating rate of 1°Cmin~!, for transmembrane pressure drops of
100 and 200 kPa. Permeances were computed by the ratio between
the measured permeation fluxes and AP. It is important to refer
that no reproducibility problems were experienced during the per-
meation measurements.

4. Results
4.1. Membrane and crystal characterization

Fig. 1a shows the XRD pattern and SEM image of AM-3 seeds.
This figure points out the intergrowth of high crystalline AM-
3 plates with the average thickness of 500nm. XRD and SEM
characterizations confirmed the formation of an AM-3 membrane
(Fig. 1b). Well crystalline and pure AM-3 is the only phase present
on the support surface, although some peaks corresponding to the
a-alumina support were also observed. SEM images displayed a
typical crystal shape of AM-3 phase. Details may be found in Refs.
[3,40].

A thermogravimetry analysis of AM-3 crystals was carried out
in air between 25 and 170°C at 2°Cmin~—!. The obtained results,
shown in Fig. 2, reveal that the weight loss and gain were rel-
atively fast, indicating rapid moisture adsorption and desorption
kinetics. Such finding evidences the absence of important water
diffusion limitations, which ensures that the heating and cooling
cycles performed before the permeation tests are effective.

4.2. Single gas permeation

The synthesized AM-3-1 membrane was firstly analysed by
measuring N, permeance at room temperature, in order to inves-
tigate the existence of rough defects in AM-3 layer. The kinetic
diameter of N, (0.346nm) is larger than AM-3 pore diameter
(0.3 nm), thus ideally no permeance should be detected at all. How-
ever, a perfect microporous membrane is difficult to achieve and
macro-, meso- or even micro-defects may be always present in
real systems. The permeance obtained, 3.14 x 10~8 molm~2 s Pa, is
inferior to the reference range taken for small gases permeances
through microporous membranes (106 mol m~2s Pa), which point
out the absence of a considerable amount of rough deficiencies.

After that, the permeances of He, Hy, N, and CO, were mea-
sured along with temperature. Fig. 3 shows the PPT results for these

6.95 180
6.9 1 L 160
6.85 F140
6.8 | | 120
6.75 1 .
- 100 ©
B 67 f
E reo
6.65 1
L 60
6.6
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6.5 1 r20
6.45 ‘ ‘ ; s . . : 0
0 1 2 3 4 5 6 7 8

Fig. 2. Thermogravimetry analysis of AM-3 crystals.
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Fig. 3. Permeances of He, H,, N, and CO, measured at programmed temperature in
the AM-3-1 membrane for AP=1 bar; experimental results (symbols) and modelling
(lines).

gases, measured under the same transmembrane pressure drop of
1 bar. As may be observed, CO, and N; show similar permeances
of 0.2-0.4 x 10~7 mol m~2 s Pa, which are significantly lower than
those of He and H; (0.7-1.2 x 10~7 mol m~2 s Pa). It should be noted
that the permeation of bulkier N, and CO, molecules may be only
attributed to the transport through defects larger than the AM-3
pores, since their kinetic diameters (0.364 and 0.33 nm, respec-
tively) are larger than the AM-3 pore size (0.3 nm). On the other
hand, since H, and He are smaller than the pore diameter, one
could expect they add an activated diffusion contribution. How-
ever, in membranes with significant defect density the influence of
the defects may overcome the activated contribution in the micro-
pores. Therefore, the descending pattern of this membrane may be
considered a reliable indicator of the presence of defects.

Fig. 4 compares the permeance of He, H,, and N, obtained for
two distinct transmembrane pressure drops: 1 and 2 bar; results for
CO, are not since they practically overlapped those of N». It is clear
that AP has only a mild effect on the permeance, especially for He
and H,. However, an increase of the permeance with pressure was
found for all the gases, corroborating the contribution of viscous
flow to the total permeation. It is important to note that He and H,
diffusion is less dependent on the pressure, since their transport

x10

12F 1
© 10t 1
G
NE AP = 2bar
§ 8t AP = 1bar 1
8 . ‘ AP = 2bar
8 AP = 1bar
£
5]
o 4 1

‘ AP = 2bar
ol T AP = Tbar _

20 40 60 80 100 120 140 160 180
T(°C)

Fig. 4. Permeances measured at programmed temperature in the AM-3-1 mem-
brane under AP=1 and 2 bar for He, H,, and N,.
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Fig. 5. Dependence of He, H,, N, and CO, permeances at 40°C and AP=1bar in the
AM-3-1 membrane on (a) gas molecular diameter and (b) molecular weights data.

may occur through micropores and defects simultaneously, while
N, and CO, diffuse uniquely through defects given their kinetic
diameters larger than AM-3 pore size. Accordingly, the contribu-
tion from viscous flow is expected to be more important for N, and
CO,. In particular, Fig. 4 presents two almost overlapped perme-
ation curves for He at AP=2bar, one measured up to 120°C, and
the otherup to 170 °C. The results for the second PPT experiment are
consistent with those after 120 °C, and reveal the predominance of
gas transport through macro- and/or meso-defects even for higher
temperatures. In addition, the membrane is found to be stable
during repeated heating and cooling cycles in this temperature
range.

The relationships between the permeances and the kinetic
diameters and molecular weights of the diffusing gases are pre-
sented in Fig. 5. The figure shows a permeance dependence on both
parameters. Moreover, as previously discussed, a pronounced per-
meance decline may be observed for gases with kinetic diameter
superior to the AM-3 pore size (CO, and N, in contrast to He and
H,), reporting at least some molecular sieving effect (see Fig. 5a).
Observed results also point out a clear trend of decreasing per-
meance with increasing molecular weight, following the typical
behaviour of Knudsen diffusion (see Fig. 5b and Eq. (5)). The dom-
inance of the Knudsen mechanism can be further verified in Fig. 6,

-8
it , : . .

(a) H

N
1

11r

10 1

He

Permeance (mol/(mzsPa))

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
M—O.S (g},mol)—(}.s

He

Permeance (mol/(mzsPa))
~

2 . . . ;
0.01 0.02 0.03 0.04 0.05 0.06
difMO“r’ nmz(glmol)'o‘5

Fig. 6. Permeances of He, Hy, N;, and CO, at 40°C and AP=1 bar in AM-3-1 mem-
brane as function of (a) the inverse of the square root of their molecular weight and
(b) the ratio between the square of kinetic diameter and the inverse of the square
root of their molecular weight.

where the permeance of the four studied gases shows a linear trend
with the inverse of the square root of the molecular weight (see
Fig. 6a), as expected for this transport mechanism (according to Eq.
(5)). Concerning the viscous flow mechanism, its dependence on
gas viscosity implies a dependence on both kinetic diameter and
molecular weight. Following, for instance, the method of Chung et
al.[41] for estimating gas viscosity, based on the theory of Chapman
and Enskog, such dependence corresponds to ) oc M%-> /d2. It is clear
from Fig. 6b that our permeances follow this relation, indicating as
well some contribution from viscous flow.

According to the previous results, it may be concluded that gas
transport through this AM-3-1 membrane is clearly dominated by
both Knudsen and viscous flow mechanisms.

Experimental data for single gas permeation were modelled
based on the transport mechanisms described previously in the
modelling section. Transport through macro- and meso-defects
was described by both Knudsen and viscous flow, while micropore
diffusion was assumed to occur by the activated gaseous mech-
anism. Previous studies [3] have revealed that N, is practically
non-adsorbed on AM-3. Since all permeation results do not evi-
dence the contribution of surface diffusion, (i.e. the presence of
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Table 1
Model parameters obtained for AM-3-1 and AM-3-2 membranes.

ed? d 0.5
sup T35y S 55 (%)
(mmolK/J) Eq. (2) (mol K/J)°5 Eq. (5)

gSUP IZ% (%)
(mol K/])*> Eq. (10)

0.5
Eag (K]/mol) Eq. (10)

Hz He Nz COZ 02
AM-3-1 2.309 x 1016 7.244 x 1078 1.719 x 10~ (N, and 13.3 11.0 1.7 4.0 =
COy)
2.148 x 10719 (H, and
He)
AM-3-2 1.285 x 1014 3.869 x 107 4.916 x 1075 (N, CO,, 10.0 - 3.0 4.6 5.5
02)

1.769 x 1075 (Hy)

a minimum followed by a maximum in the IT —T curve), for the
remaining gases it was not taken into account.

Eq.(18)was adopted to fit the experimental data of Fig. 3, by tak-
ing I1s =0 as aforementioned. A geometric factor, gsup, was included
in order to take the support effect into account. The membrane
geometrical parameters for Knudsen and viscous flow mechanisms
were considered equal for all gases, since they depend uniquely
on membrane features. In contrast, for activated diffusion one dis-
tinct constant accounting for geometrical parameters was fixed
for molecules capable of permeating AM-3 pores (H, and He) and
another one for molecules larger than AM-3 pore diameter (N, and
CO,). This distinction is due to the fact that N, and CO,, and H,
and He diffuse through different microporous pathways: the first
molecules through larger intercrystalline micropores, whereas H;
and He permeate also AM-3 structural pores.

Fig. 3 shows model results together with experimental data. The
calculated parameters are compiled in Table 1. The figure points
out the reliable agreement between modelling and experimen-
tal data, corresponding to an average absolute relative deviation
AARD =5.9%, being the higher deviations found for the lower tem-
perature range. The contributions of each individual transport
mechanism for Hy permeation are illustrated in Fig. 7. As may
be observed, H, permeance takes place mainly by Knudsen dif-
fusion, with a minor contribution from viscous flow. Besides, as
expected from the decreasing trend of permeance against tem-
perature, the activated gaseous diffusion is not significant. These
results are in total agreement with the previous discussion around
Figs. 5 and 6.

Total

0.8+ Knudsen

0.6 §

Permeance (mol/(mzsPa))

0.2l Viscous

Activateq
20 40 60 80 100 120 140

Fig. 7. Contributions of the different transport mechanisms for H, permeation
through AM-3-1 membrane at AP=1 bar.

The optimized parameter of the activated diffusion
gsupld\/S/mh‘/Z(S) of molecules larger than AM-3 pore size,

i.e. Ny and CO,, is one order of magnitude inferior to that of H,
and He (1.719 x 10~ versus 2.148 x 10~10), due to the relative
sizes of the molecules and the permeated pores. With respect to
the activation energies, the small values found for N, and CO, (1.7
and 4.0k]Jmol~!, respectively) in relation to those of H, and He
(13.3 and 11.0k] mol-1, respectively) rely upon the average pore
diameters where diffusion occurs, namely the inter- and intra-
crystalline micropores of the AM-3-1 membrane. In particular,
Eag(Hy)>E,g¢(He) reflects the same relation between their kinetic
diameters, since both molecules prevail on the same type of pores.

As aforementioned, single gas transport across porous mem-
branes occurs essentially by viscous, Knudsen, activated gaseous
and surface diffusions. The existence of macro- and meso-defects
in porous materials favours the first two mechanisms whereas
intracrystalline and structural micropores embrace the remaining
ones. In order to model all contributions in new AM-3 membranes,
the experimental results reported by Lin et al. [40] for the first AM-3
membrane (denoted by AM-3-2 membrane) will also be analysed in
this work. This membrane was synthesized on a tubular stainless-
steel support by seeded hydrothermal synthesis (see Ref. [40] for a
detailed description).

The experimental data published for the AM-3-2 membrane
with pure H,, Ny, CO,, and O, are given in Fig. 8 and point out
it contains not only macro- and meso-defects, but also intercrys-
talline micropores. In fact, the constant permeances of N,, COo,
and O, over temperature must rely on the necessary existence

2x10

-
(2]
T

-
N
T

-
N
T

-
T

Permeance (mol/(m?sPa))

o
o
:

20 40 60 80 100 120 140

Fig. 8. Calculated and experimental results for permeation of Hy, N3, O, and CO; in
AM-3-2 membrane for AP=0.2 bar.
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Fig. 9. Contribution of each transport mechanism for the H, permeation through
AM-3-2 membrane for AP=0.2 bar.

of an activated contribution to compensate the lowering effect of
the viscous and Knudsen components. Results revealed the mem-
brane has significant intercrystalline micropores, since N5, CO,, and
0, did permeate the membrane. On the other hand, the hydrogen
permeation exhibits the desired exponential behaviour with tem-
perature, since its small diameter superimposes the intracrystalline
activated diffusion which overlaps the negative contribution of vis-
cous and Knudsen fluxes: the IT values increase from 1.5 x 10-6
to 1.9 x 10~ mol m~2 s Pa, when temperature varies from ca. 80
to 120°C. The experimental data were once more modelled based
on the transport mechanisms proposed above. Also for this mem-
brane, surface diffusion was not taken into account. Fig. 8 shows
the good agreement found between modelling and data points,
corresponding to AARD=2.5%.

The contribution of each transport mechanism for the H, perme-
ation is illustrated in Fig. 9, which evidences identical components
of Knudsen and viscous flow to the transport through defects.
Besides, the activated gaseous diffusion is considerable, being more
important at higher temperatures, as expected. Table 1 compiles
the fitted model parameters. Also in this case, the activated diffu-
sion parameter of molecules larger than AM-3 pore size,i.e. N, CO>,
and O,, is one order of magnitude inferior to that of H, (4.916 x 10-6
versus 1.769 x 10~°). Moreover, they are significantly higher than
those of the membrane synthesized in this work, corroborating
the sound contribution of the activated diffusion for the transport
through AM-3-2 membrane. This result is also consentaneous with
the increasing trend of the /7 —T curves. Likewise AM-3-1 mem-
brane, the activation energies found for the molecules larger than
AM-3 poresize (3.0,4.6,and 5.5 k] mol~! for N, CO,, and O,, respec-
tively) are smaller than that of H, (10.0 k] mol~1), reflecting distinct
diffusing pathways.

The results obtained point out a meaningful H, transport
through AM-3-2 micropores and, accordingly, surface diffusion has
beenalsoincluded in a second modelling step using Eq. (18). For this
purpose, the parameters corresponding to the Knudsen and viscous
mechanisms listed in Table 1 were fixed, while those for diffusion
through micropores were fitted to the H;, data. Fig. 10 illustrates the
calculated results together with the contributions of each mecha-

Table 2
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Fig. 10. Contribution of each transport mechanism for the H, permeation through
AM-3-2 membrane, including surface diffusion, for AP=0.2 bar.

nism. It is clear that the model performs quite better as confirmed
by the smaller deviation obtained (AARD=1.1%). Nonetheless, it
should be noted that a higher number of parameters was fitted,
which also contributes to the enhanced model results. The param-
eters obtained are listed in Table 2, and show that the activation
energy for diffusion is about two times higher than that obtained
assuming ITs=0:21.6 against 10.0k] mol~'. This is an expected
result since higher activation energies increase the permeation sen-
sibility on the temperature, and accordingly the expected increase
of permeance after approximately 80°C is more pronounced (see
Fig. 10).

The synthesis of similar narrow pore molecular-sieve materi-
als, suitable for small gases separation, has attracted considerable
interest. For instance, van den Bergh et al. [42] have recently
studied the permeation and separation characteristics of a DDR
zeolite membrane (pore aperture of 0.36nm x 0.44nm) and
obtained permeances of He, H,, CO,, and N, in the range of
1-10 x 10-8 molm~2 s Pa, which decreased monotonically with
temperature. This behaviour was attributed to the presence of sur-
face diffusion mechanism. Tomita et al. [43] measured permeances
between 10~° and 10~7 molm~2sPa for pure helium, hydrogen,
carbon dioxide, oxygen, and nitrogen at 301 and 373K on a DDR
type zeolite membrane formed on a porous alumina substrate by
hydrothermal process. Sebastian et al. [44] synthesized new micro-
porous titanosilicate membranes with an umbite structure (with
pore size around 0.3nm) on asymmetric TiO, tubular supports
by seeded hydrothermal synthesis and obtained H, permeances
around 4.6 x 10~ molm~2 sPa. Those membranes were able to
separate H, from N, with high selectivity. In addition, Guan et
al. [45] obtained permeances of Hy, CO;, O,, and N, in the range
(0.8-2.5) x 10-8 mol m~2 s Pa with an ETS-4 membrane (with pore
dimensions of 0.37 nm) prepared on a porous a-alumina support
tube by hydrothermal reaction. Notwithstanding, good quality AM-
3 membranes (with smaller pore diameter) could be expected to
exhibit excellent molecular-sieve properties and accordingly to ful-
fill the small gases separations demands.

Model parameters for H, diffusion in AM-3-2 membrane, after taking surface diffusion into account (Knudsen and viscous parameters may be found in Table 1).

Zsup § DKo (kgm—3 572 Pa) Eq. (17)

I 0.5
gansh (&) (molK[J)°® Eq.(10)

AH,gs — Eas (kJmol~1) Eq. (17) Eag (kfmol~') Eq. (10)

2.680 x 108 5.349 x 104

6.465 x 103 21.6
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5. Conclusions

In this work, a new AM-3 membrane (AM-3-1) has been synthe-
sized and characterized in detail by gas permeation experiments.
The results obtained here and those from a previous publica-
tion (membrane AM-3-2) were modelled taking into account
the various transport mechanisms involved in such microporous
titanosilicate: viscous and Knudsen flows through macro and
mesodefects, and both activated gaseous and surface diffusions in
micropores.

The experimental observations registered for the AM-3-1 mem-
brane with H,, He, N,, and CO, evidenced that the prevailing
transport mechanisms were viscous and Knudsen. The IT — T curves
were monotonously decreasing, which is typical of both contri-
butions. Furthermore, the Knudsen dominance was verified by
the linear trend found between permeances and the inverse of
the square root of the molecular weight (/T o 1/M%>). Concern-
ing the viscous flow contribution, its dependence on gas viscosity
implies a subsequent relationship with kinetic diameter and molec-
ular weight, which for Chapman-Enskog type equations writes
1 o M3 /d2. The measured permeances roughly followed a direct
proportionality to d2 /M°-, indicating some contribution from vis-
cous flow, once I1y is inversely proportional to viscosity. Modelling
of experimental /7T — T curves clearly supported the previous con-
clusions.

The analysis of the results for AM-3-2 with pure H;, N5, CO5,
and O, has been included to emphasize the role played by microp-
ores in diffusion. The results reported pointed out it contains also
intercrystalline micropores. The hydrogen permeation exhibited
the desired exponential behaviour with temperature, since its small
diameter superimposes an activated diffusion component, which
overlaps the negative contributions of viscous and Knudsen fluxes.

With respect to modelling, the embodied parameters have been
fitted to the experimental data. The calculated results are in good
agreement with measurements giving rise to absolute average rel-
ative deviations between 1.1% and 2.5%. The activation energies
found for molecules larger than AM-3 pore size (N,, CO,,and O, ) are
smaller than that for hydrogen, which reflects different diffusion
pathways. In fact, hydrogen permeates also inter and intracrys-
talline micropores. Moreover, the activation diffusion parameter
of N;, CO,, and O, is one order of magnitude inferior to that of H,.
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