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I Abstract

In this work, the main aspects regarding the permeation of mixtures containing CO, and permanent gases such as H,, N, and CH, through zeolite membranes have been investigated,
focusing on the description of the mass transport mechanisms taking place inside the pores. First, a brief overview about the performance of the main zeolite membranes used in gas
separation (e.g. DDR, CHA, AEI, FAU, etc.) was provided, which was expressed in terms of permeability and selectivity of CO,/CH,, CO,/H, and CO,/H, mixtures. The core of this
work is an overview of the mass transport through the zeolite pores, with particular attention to the last achievement given by the modelling approach. Moreover, the permeation of
binary mixtures has been analyzed; specifically, the effect of temperature, feed pressure and mixture composition on permeance and selectivity has been investigated. The increment
of temperature and feed pressure negatively affects the separation performance of zeolite membranes, reducing both CO, permeance and selectivity. Moreover, the increment of CO,
permeance observed in mixture, paired to the reduction of that of H,, N, and CH,, provides an important improvement in membrane selectivity (e.g., 6 times for CO,/H, in SAPO-
34). Thus, the knowledge of the appropriate operating conditions to be set, associated to the improvements in membrane reproducibility and fabrication cost, will allow to extend the
applications of zeolite membranes on industrial scale.

© 2020 MPRL. All rights reserved.
1. Introduction

The need to face the big issue of global warming, associated to the [2]. In gas separation, membranes can be typically divided into polymeric,

increment in energy demand (that is expected to grow to 30% by 2040 [1])
and the depletion of fossil fuels reserves, requires concrete actions of the
international community in terms of reduction of CO, emissions and use
of greener industrial technology, based on renewable sources and Process
Intensification principles. Membrane technology moves in this direction,
having the potentiality to achieve better performance, lower energy
consumption and volume of equipment compared to the traditional processes

inorganic and mixed matrix [3], in which inorganic materials (e.g., zeolites)
are used as fillers to be incorporated in a polymeric structure. Polymeric
membranes are widely used, presenting a low fabrication cost, associated to
ease processing, tuneability and scalability. Nevertheless, they do not assure
high chemical and thermal stability and, moreover, have important limitations
related to the permeability/selectivity trade-off, as shown by the Robeson’s
upper bound [4]. On the contrary, inorganic membranes, which are divided
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into dense (i.e., metallic and perovskite) and porous structures (e.g., carbon,
amorphous silica and zeolite), show high chemical and thermal stability, even
though have a lower packing density, and in some cases their scalability is
more complex than for polymer membranes. Porous inorganic membranes, as
the zeolite ones, assure higher flux and chemical stability than the dense
structures [3]. The major drawbacks that limited their applications in the past
were the high fabrication costs and difficult in reproducibility. However,
some efforts are made to reduce the fabrication costs of support, which may
constitute the 70% of the total membrane cost [3]. The difficulty in scale-up
of zeolite membranes for development of membrane modules, which was a
big problem in the past [5], is now overcome in liquid separation as
demonstrate several applications especially regarding water/alcohol
pervaporation [6,7,8,9,10]. As discussed by Caro et al. [6] and, more recently,
by Feng et al. [11], LTA membranes are applied for de-hydration of mixtures
containing water and bioethanol. Also in gas separation, some attempts to
scale up were carried out [12, 13]. In particular, Himeno et al. [12] set up a
pilot plant for biogas produced in a sewage plant for CO,:CH, separation
using a DDR membrane. The authors obtained a CH, purity of 90% and 97%
of CO,, respectively, without loss of performance under operation up to 40 h.
Li et al. [13] demonstrated the possibility to scaled-up a SAPO-34 membrane
from 5 to 25 cm of length, maintaining the CO,/CHj, selectivity of the shorter
membrane (about 250). However, further efforts will have to be made in
reduction of fabrication cost and improvements in reproducibility to allow an
ever-growing development of membranes for gas separation on industrial
scale.

Zeolites represent an important class of the inorganic materials and
consist of aluminosilicates with a microporous and crystalline structure. Their
framework is characterized by tetrahedral building block TO,, in which two T
atoms (silicon or aluminum) are connected by oxygen in T-O-T bonds to form
pores and channels [14,15]. In the zeolite structure, a SiO, group results
neutral, whereas the AIO, group has a negative charge of -1. Thus,
exchangeable cations (e.g., Na*, K*, etc.) can be located in the structure to
compensate this charge. IZA, International Zeolite Association [16] classified
zeolites with a three letters identification code. Based on the pore size,
zeolites are distinguished into small, medium, large and ultra large structures.
The Si/Al ratio, on which the adsorption capacity strongly depends, ranges
from 1 (as in the case of zeolite X) to infinity (for ZSM-5 [17]). Zeolites
improve their capacity to adsorb molecules when the aluminum content in its
framework is higher (i.e., Si/Al is lower), since their structure become more
polar [3]. Microporous character, uniform dimension of pore size, ability of
ion-exchange, high thermal stability and surface area make zeolites suitable in
several applications, such as adsorbent in pressure swing adsorption, catalysts
for several chemical reactions, separation of liquid and gas mixtures [14]. In
gas separation field, zeolites can be used in membrane shape for the
separation of mixtures containing CO,, exploiting their preferential adsorption
of carbon dioxide compared to the other components that permits to achieve a
high selectivity.

Here, it is discussed the possibility to use zeolite membranes for
separation of CO, from CH,4, H, and N, which is very important in the
industrial field. Specifically, removal of CO, from CH, in biogas and natural
gas is necessary since CO, reduces their energy content, generating problems
of transport and compression, also owing to its corrosive character [18]. In
fact, CH, streams require a CO, concentration below 2% to be injected in the
pipeline [19]. CO, and H, are the main products of syngas upgrading; their
separation is needed in several processes, such as methanol and ammonia
production. Finally, CO, and N, are the main components of the exhausted
flue gas, whose release in the atmosphere without capturing CO; is the one of
the main contributors to greenhouse gas emissions.

The objective of this work is to analyze the mass transport of gas
mixtures through zeolite membranes, focusing on the mutual effect exerted by
the strongly and weakly adsorbed species on the multicomponent permeation,
as in the cases of CO, mixed with H,, N, or CH,. It is highlighted not only
the hindering exerted by the strongly adsorbed CO, on the permeation of
another species more weakly adsorbed, but also the positive or negative effect
that such species have on the CO, permeation, based on the mass transport
mechanisms taking place inside the pores. After a brief description of the
topology of the most used zeolites and their separation performance
(expressed in terms of permeance and selectivity) when used as supported
membranes, the mass transport taking place through membrane pores is
studied in deep, presenting the most recent achievements in the modelling
analysis. Lastly, the effect of the main operating conditions (i.e., temperature,
feed pressure and composition) that influence the separation performance is
discussed, demonstrating the potentiality of zeolite membranes in separating
CO,-containing mixtures.

2. Permeation properties

Zeolite membranes consist of a thin zeolite layer, which is typically
deposited on a porous support (as a-alumina) to obtain a membrane with high
mechanical stability that can be used for separation of CO,, light gases and
hydrocarbons (Figure 1). Most of resistance to mass transport is given by the
zeolite selective layer, even though porous support provides a further
resistance, which depends on the pore size. This resistance may affect the
separation performance of the membrane, especially when the ratio of the
support permeance over the zeolite permeance is lower than 10 [3]).
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Fig. 1. Schematic view of a supported zeolite membrane.

The permeation properties of a zeolite membrane can be expressed in
terms of permeance and selectivity of the components present in the feed
mixture. Permeance is defined as the ratio of the permeating flux over the
driving force of component i (Eq.1). Selectivity provides information
regarding the ability of the membrane to separate one desired component
from a mixture, being defined as the ratio between permeance of two
components (Eq.2).

p PermeatingFlux;
ermeance; =
i Driving force; (1)
Permeance;
Selectivity;; = F ——— 2
ermeance;

il

However, permeance provides a measure of the permeation of a
component through a specific membrane layer and not allow a real
comparison of the separation properties among different materials, since the
membrane thickness can be different. On the contrary, this comparison can be
done using the permeability (Eq.3), which is a property of the material:

Permeability; = Permeance; - Thickness ©)

3. Zeolite membranes in CO, separation

DDR, CHA, T, MFI, FAU and AEI types are the most suitable zeolites to
be used as membranes for removal of CO, from streams containing CH., N,
and H,. Topology of these zeolites is reported in Table 1.

The small pore Decadodecasil-3R (DDR) was one of the most
investigated for the separation of carbon dioxide from methane [20, 21, 22,
23, 24, 25, 26, 27], providing the highest selectivity values (up to 500
[20,21]). DDR consists of eight-membered ring with openings that form a
two-dimensional pore framework, with apertures of 3.6 A x 4.4 A [28].

Chabazite type (CHA), including SSZ-13 and SAPO-34, is considered
one of the best candidates for separating mixtures of flue gas and natural gas
[29]. CHA presents an eight-membered rings structure with a pore diameter
of 3.8 A x 3.8 A (Figure 2 [30]). The small pore size, comparable with the
dimension of several gases, associated to its strong adsorption capacity
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towards CO,, makes this material suitable for CO, separation from other
permanent gases. In particular, Wang et al. [31] prepared high-quality SSZ-13
membranes on mullite supports and tested these membranes for CO,/CH,,
CO2/N,, H,/CH,4 and No/CH, equimolar mixtures obtaining selectivity of 406,
32, 43 and 16 at 25°C and 0.2 MPa. SAPO-34 is a silicoaluminophosphate
belonging to the zeotype, consisting of SiO4, AlO, and PO, tetrahedra. This
material also provides interesting results for separation of CO,/CH, [13, 32,
33, 34], CO4/H; [35, 36] and CO,/N, [37]. Li et al. [32, 37] obtained CO,/CH,4
and CO./N, selectivity values of about 170 and 32, considering an equimolar
feed stream at room temperature. In CO,/H, separation, Hong et al. [35]
measured a selectivity towards CO, greater than 100 at -20°C, which
decreases to about 15 at 25°C. This value is similar to that measured by Mei
et al. [36] of 17.6.

The AEl-type AIPO-18 has a three dimensional 8-membered rings
framework with a diameter of 3.8 A [28, 38]. Wang et al. [39] obtained
CO,/CH,4 and CO,/N; selectivity values of 220 and 45 for equimolar mixtures.

Mordenite framework inverted (MFI) belongs to medium structures, with
a 10-membered rings pore channels possesses an orthorhombic symmetry. It
presents a 3-dimensional pore network, in which sinusoidal (a-direction) and
straight channels (b-direction) are intersected to give a pore size of about 5.5

MFI structure includes silicalite and ZSM-5, whose difference is
represented by the silicon aluminium ratio, which is higher than 1000 for
silicalite and ranges from 10 to infinity for ZSM-5 [40]. Silicalite was largely
investigated for separation of CO, and permanent gases [41,42,43, 44, 45, 46,
47, 48, 49, 50, 51, 52]. Recently, Guo et al. [41] measured separation
selectivity of 69 and 17 for CO./N; and CO./H, respectively, feeding
equimolar mixtures at 20°C. Sjoberg et al. [42] tested silicalite-1 and ZSM-5
membranes prepared on graded a-alumina supports at high pressure for
separation of carbon dioxide from hydrogen. The authors obtained the best
performance with silicalite-1, achieving a selectivity of 48 at 273 K and 8 bar.

Zeolite T presents an intermediate framework between erionite and
offretite, having a pore size of 3.6 A x 5.1 A and 6.7 A x 6.8 A [28, 53]. This
material was found to be appropriate not only for water/organic liquid
mixtures, but also for CO,/CH,4 and CO,/N, separation as reported by Cui et
al. [53], who measured a CO,/N; selectivity of 104 and a much higher value
of 400 for CO,/CH, in case of equimolar mixtures at 35°C, since CH,
permeates slower than N, owing to its bigger size.

Low-silica FAU zeolites X- and Y-types (Figure 3) belong to the have a
three-dimensional structure consisting of sodalite units connected by six
membered double rings to give supercages. The polar structure that make
them highly selective towards CO,, which is much more adsorbed than
permanent gases as H, and N; [54, 55, 56, 57, 58]. White et al. [55] obtained
very high CO,/N, selectivity (>550), which is counterbalanced by a too low
CO; permeance value. The hydrophilic character of FAU zeolites provokes an
important CO, permeance reduction in humid conditions. Thus, this material
loses the capacity of separating CO, from N, in the moderate temperature
range, whereas selectivity increases with respect to the dry condition only
above 110°C [56].

However, selectivity is not the only parameter to be considered. In fact,
the selection of the most appropriate membrane for a certain separation is also
based on the possibility to have a high permeability. Thus, a fair compromise
between selectivity and permeability is necessary, as reported in the
Robeson’s diagrams [4].

Table 2 summarizes selectivity and permeability of some zeolite
membranes used in the literature for separation of CO,-containing mixtures.

Table 1
Structure of several zeolite used as membranes for separation of CO. containing
mixtures.

Structure  Material Structure Pore size, A x A

AEI AIPO-18 8-ring 3.8x3.8/3.8x3.8/3.8x3.8
SAPO-34

CHA 8-ring 3.8x3.8
SSZ-13

DDR DD3R 8-ring 3.6x 44

ERI/OFF T 8-ring/12-ring 6.7x6.8/3.6x4.9/36x5.1
Silicate

MFI 10-ring 5.1x55/53x5.6
ZSM-5
NaX

FAU 12-ring 74x74

NaY

Fig. 2. Schematic view of the small pores CHA structure [30].

Fig. 3. Schematic view of the large pores FAU structure [30].

Table 2
Selectivity and permeability values of several zeolite used as membranes for separation
of CO2 containing mixtures.

Mixture  Material f::]e;::i;;t_y;;r:éhe ;e()rln:sil;illi:)yz;_l Reference
DD3R 17 0.14 - 10%2 [27]
CO2/H: SAPO-34 15 0.19 - 10%2 [35]
Nay 28 2.3-107%2 571
DD3R 500 0.23 - 10" [20]
DD3R 500 0.30 - 102 [21]
§SZ-13 406 2.0- 10" [31]
CO2/CHa4
AIPO-18 220 5.2-107% [39]
T 400 0.92 - 10" [53]
SAPO-34 170 0.60 - 102 [32]
DD3R 28 0.11 - 10%2 [27]
S§S§Z-13 32 16101 [31]
SAPO-34 32 6.0 - 10%2 [37]
CO2/N
AIPO-18 45 5.0 - 10%2 [39]
T 104 0.76 - 1012 [53]
Nay 100 1.0 - 10122 [58]
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Another important issue is that most of the industrial streams contains
water vapor, which significantly reduces the permeation of the other species.
When the amount of water vapor is significant, a pretreatment (e.g., a
membrane condenser [59]) is necessary to remove it from the gas stream.
Nevertheless, even low percentage of water vapor can drastically reduce the
permeation of the gas species and modify selectivity of the membrane [20, 56,
60]. A possible solution can be to choose hydrophobic zeolite membranes to
reduce the penetration of H,O inside the pores. A DDR membrane showed a
CO,/CHj, selectivity value of 80 at 303 K under moist conditions [20].

4. Mass transport through zeolite membranes
4.1. Single gas permeation

Permeation through zeolite layer takes place with surface diffusion at a
low temperature, consisting in adsorption of the molecules onto the zeolite
surface and their diffusion from site-to-site by molecular hopping [61]. The
generalized Maxwell-Stefan equation was used for describing surface
diffusion in zeolite pores [62, 63, 64]. In single gas conditions, the driving
force for diffusion, which is represented by the potential gradient of chemical
potential V¢, is balanced by the friction between the component and the
zeolite matrix (Eq.4). For systems operating at a low pressure, chemical
potential gradient can be correlated to the adsorption coverage by using the
thermodynamic correction factor I, representing the deviation from the ideal
behavior.

Ngp=-pCDgpl'VE ()]

Specifically, I =1 for the ideal condition, whereas for the non-ideal one is a
function of the mixture composition [65]. In case of Langmuir adsorption
model (Eq.5), thermodynamic factor is described by Eq.6 [46].

0= bP 5
~ 14bP ®
_omP_ 1

T dne 1-0 ®)

The Maxwell-Stefan surface diffusivity Dsp can depend or not on
coverage. The former condition is the so-called weak confinement scenario,
whereas the simplest dependence on coverage is the linear reduction of
diffusivity (i.e., strong confinement scenario). However, Reed and Ehrlich
[66] proposed a different expression for diffusivity, based on the
intermolecular repulsions, which can reduce the energy barrier for diffusion.
Considering the single gas permeation through a flat membrane, molar flux
(Eq.7) can be expressed as follows in case of weak confinement scenario.

Esp
g ——30
NSD= pcPﬁDSDe RT In (1 - aazanllta) (7)

5zreolite 1- eFeed

However, several experimental trends of permeance as a function of
temperature suggest the presence of different contribution to mass transport,
especially at sufficiently high temperatures, where an adsorbed phase is not
present anymore onto the inner zeolite surface, thus surface diffusion cannot
describe the gas permeation. In this conditions, Xiao and Wei [67] suggested
a mechanism based on permeation in the gas phase, in which molecules
maintain their gaseous character passing from site-to-site by overcoming an
energy barrier imposed by the presence of the channel. The so-called gas
translation diffusion assumes the expression as in Eq.8 in case of negligible
resistance of support.

1 |BRT Ect

| ——e’T {PfElEll‘i - P?JEI?"?‘J‘IEIEE‘EI} ®)

N, =—A—
TP T Ozgolits RT-\I nM

Several authors explained their results considering a combination
between surface diffusion (at a low temperature) and gas translation diffusion
(at a high temperature), whose transition is represented by a minimum in
permeance [61, 68, 69, 70]. The single gas overall flux through a zeolite layer
of porosity ¢ and tortuosity z can be expressed, therefore, as the sum of
surface and gas translation diffusion (Eq.9), supposing negligible effect of
support.

0 -IsD
N:i PCIJSDSDE RT

n ( 1+bPreeq )
T Bzeolite 1+bppermeate

A |8RT Eer
— |[—e'rr | P, — P
+ 82e0liteRT 2 TM ( feed permeate)]

Other authors did not find the presence of gas translation diffusion,
attributing the mass transport to surface diffusion even at a high temperature
[71, 72]. They attributed the increment of flux and permeance with
temperature to the presence of inter-crystalline pore openings in the
membrane structure, owed to the difference in thermal expansion coefficient
between support and zeolite, which can enlarge the effective pore in the
polycrystalline zeolite layer, creating defects. Synthesis of membrane having
a smaller crystal size (0.5 — 1 um) should reduce this effect. Nevertheless,
some experimental tests carried out on zeolite membranes having small
crystals (less than 1um) confirmed the presence of a minimum followed by an
increasing trend of flux and permeance [68]. Moreover, in our opinion, the
presence only of surface diffusion at a high temperature is not plausible in
case of weakly adsorbed species as H,, which present a low coverage even at
moderate temperature. For these reasons, as reported in recent publications
[73, 74, 75], the simultaneous presence of surface and gas translation
diffusion in the whole temperature range was considered for describing the
gas permeation in mixture and single gas (Figure 4). This model, which takes
into-account the gas translation dependence on surface coverage as discussed
in the next section, was validated for membranes of different zeolites (e.g.,
NaY, SAPO-34, 4A) in mixture under dry and wet conditions.

As aforementioned, a zeolite layer is deposited on a porous support to
increase the mechanical stability of the membrane. The porous support can
provide a further resistance to mass transport, which is associated to the
Knudsen diffusion or Poiseuille flow. In a previous paper, Zito et al. [73]
estimated the support influence on CO, permeation through a DD3R
membrane. The authors found that an effective further resistance owed to
support is present only at a low temperature (Figure 5), where the CO,
permeance through the zeolite layer is high because of its strong adsorption,
reducing the ratio between zeolite and support permeances. Differently,
zeolite permeance approaches the membrane one above 400 K, since
adsorption is lower and this ratio becomes very high.

©)

4.2. Permeation in mixture

In case of a multicomponent mixture, Maxwell-Stefan equation considers
the balance between the driving force attributed to the chemical potential
gradient V4 of the component i and its friction with the other species present
in the mixture (Eq.10) [62-64, 76].

_pe E _ Enspecies CLL'NSD,I —C|,L,I Nsp,;
; =
RT

=1 Cpi=,jCus,iDsD 10)
Nsp i Nspecies
+—2 =—p). I:.Ve.
Cus,iDsD,i Plijz R

It can be observed the presence of the binary diffusivity Dspj,
representing the interaction between components i and j, which depends on
the mixture composition and the single gas diffusivity. In fact, it is comprised
between D; (for 6;=1 and 6;=0) and D; (for 6;=0 and 6;=1). The binary
exchange diffusivity can be evaluated using the Vignes’ correlation (Eq.11).

8; &
9[+8j 9[+8j (11)
DSD,iJ'_DSD,i SD,j

An alternative expression is obtained using the self-exchange diffusivity
of each component (Eq.12).

Cui Cuj
_ CpitCpu; CpitCp;
Cus,jDspg =(Cus i Dspii) ¥ 87 (CusiDsp, ) w1

= Cys,iDspy

(12)

I is expressed as follows (Eq.13).
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_ Cusi Cui 91y

ii = (13)
Cusi by 9C;
Eq.14 provides the fluxes in matrix form.
— -1
(N sn}—P [ij] [B J [rl(ve) (14)
where the elements of the matrix B are given by Eqs.15 -16.
Nzperie:
N B,
i (15)
" Dapy Dspji
B, =0
i 16
! DSD,L]' (16)

Gas translation diffusion flux of the generic component ith in the mixture
has a similar expression as in single gas (Eq.8). Thus, surface and gas
translation diffusion are considered to compete in permeation through the
zeolite pores. Specifically, gas translation and surface diffusion of the weakly
adsorbed species in mixture are hindered by the presence of an adsorbed
phase and, therefore, by surface diffusion. This hindering effect is expressed
in terms of a change of coverage, effective porosity and tortuosity. In
particular, gas translation was considered to be dependent on surface diffusion
in terms of a reduction of the effective porosity and an increment of the
effective tortuosity owing to the presence of an adsorbed phase, as suggested
by Caravella et al. [77] in presence of Knudsen coupled to surface diffusion.
Afterwards, Zito et al. [73] demonstrated that the presence of gas translation
competing with surface diffusion can describe very well the gas permeation
through NaY membranes, much better than that of Knudsen. The effective
porosity decreases because of the presence of an adsorbed phase, which
reduces the free volume available for diffusion (Figure 6). Considering the
permeation of a weakly adsorbed component as H, (red spheres of Figure 6),

the effective porosity in single gas coincides with the nominal value of the
zeolite &. Differently, an increasing amount of a strong adsorbed component
(blue spheres) on the active sites makes smaller this available volume. In the
expression of effective porosity (Eq.17), the adsorbed molecules are assumed
as spheres having a diameter equal to their kinetic diameter dy. However, the
effective volume occupied by the adsorbed molecules is considered
equivalent to that of the corresponding cube, since additional volume is not
accessible by the bulk molecules (i.e., between the lower part of the sphere
and the zeolite surface and at the upper part of the sphere).

Nzperies

E{Cu}:EU'P"Zi'EU}NAv Z dﬂ,icm an
i=1

Differently, the effective tortuosity is increased by adsorption, since the
actual path followed by the species is supposed longer than the nominal pore
length owing to the presence of an adsorbed phase (Figure 6). However, when
the complete surface coverage is reached, the actual path returns to the zero-
loading tortuosity z, since the channel assumes the same shape of the zero-
loading channel again. Therefore, the effective tortuosity tends to the nominal
value 7 in the limits of zero and complete loading of the covered surface
fraction o, which represents the surface fraction occupied by the adsorbed
molecules (Eq.18).

T Mepecies , 7
TNy T d2 . C,
o(C) =2 - e 18)
g

In Eq.18, Sy0 is the specific surface area at zero loading, defined as follows
(Eq.19):

4'5'[:,
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a0 P('l - El}}d'po?"ﬂ,l}

(19)
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Fig. 4. Single COzand H2 permeance as a function of temperature through a SAPO-34 membrane: experimental values (open symbol) of [68], surface diffusion contribution (magenta
dotted lines), gas translation diffusion contribution (brown dotted lines) and overall permeance (solid lines). Reprinted from [74], Copyright (2020), with permission from Elsevier.
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Fig. 5. CO2 permeance through a DD3R membrane including the porous
support (blue solid line) and without it (red dashed line). Reprinted from [73],
Copyright (2018), with permission from Elsevier.

In addition, there is no effect of adsorption on effective tortuosity if pore
size is much larger than kinetic diameter of the permeating species. In this
case, effective tortuosity tends to the nominal value of the material . By
defining y as the ratio of the kinetic diameter over the pore one (Eg.20),
Caravella et al. [77] proposed the following expression for the effective
tortuosity (Eq.21).

1 Mepecies
.. . 4i=1 i
Y= species (20)
dpm"a,l}
yo(1l-a)
T{cu}=Tu+ T (21)
5. Discussion

5.1. Effect of temperature

Temperature significantly affects the membrane performance, modifying
the behavior of both strongly and weakly adsorbed species in mixture, whose
permeation is governed by surface and gas translation diffusion, respectively.
Considering the strongly adsorbed species (e.g., COy), the increment of
temperature provokes a decrease of permeance owing to the reduction of
adsorption coverage as shown in case of SAPO-34 (Figure 7). CO; trend is
quite similar to the single gas one, but a higher permeance in mixture can be
observed since the reduction of its driving force in mixture is more relevant
than that of permeating flux. This behavior in mixture is present in various
experimental and simulation works for different zeolites and mixtures (e.g.,
[27, 39, 53, 68, 73,74]). However, a similar CO, permeance compared to the
single gas condition was found in other cases (e.g., [21, 22, 58, 78]). In
addition, for a fixed temperature and total feed pressure, CO, permeance is
favored by the presence of H,, followed by N, and CH,. This phenomenon
occurs because H, is the weakest adsorbing species among those investigated
and, thus, does not compete with CO; in adsorption. Unlike CO,, permeance
of H,, N, and CH, in mixture is hindered by the presence of adsorbed CO,.
Hydrogen is the most negatively affected, presenting the strong deviation
from the single gas behaviour. This phenomenon is more evident at a low
temperature, where CO, adsorption is stronger and tends to vanish when
temperature increases.
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Fig. 6. Scheme of the effective porosity and tortuosity change in presence of
an adsorbed phase inside the zeolite pores.
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The low temperature makes zeolite membranes very selective (Figure 8).
Considering a SAPO-34 membrane, CO,/H; and CO,/N; selectivity values are
6 and 3 times greater in mixture at 25°C, passing from 2 to 12 and from 7 to
22, respectively [74]. The increment of temperature strongly reduces
selectivity values, which approach the single gas one owing to the reduction
of CO, adsorption. However, selectivities are much higher than the Knudsen

values (i.e., 0.21, 0.80 and 0.60 for COy/H,, CO,/N, and CO,/CH,). This
occurs since the quite low pore size of zeolite membranes (in general,
between 0.4 and 1.2 nm), which is comparable to the dimensions of the
permeating gases, causes a non-null activation energy for gaseous diffusion
that takes place by gas translation instead of Knudsen.

5.2. Effect of driving force

The effect of driving force can be expressed by a variation of total feed
pressure for a fixed composition or feed composition at a fixed pressure. In
the former case, a negative effect of the higher feed pressure on permeance is
obtained for all the components as showed in case of SAPO-34 (Figure 9),
since the chemical potential gradient of the adsorbed species decreases when
coverage approaches the saturation value [68]. CO, permeance is the most
negatively affected, being the most strongly adsorbed species. Thus,
selectivity is disadvantaged by the higher feed pressure. As already observed
for temperature, CO, permeance in mixture results higher than in single gas at
the same total feed pressure. The other components show a weak dependence
on pressure since their diffusion partially takes place with gas translation
diffusion, which is pressure-independent.

The dependence of permeance on mixture composition, which
corresponds to the partial pressure of the specific component, can be
expressed in terms permeance ratio, defined as the permeance of each
component in mixture over that in single gas (Eq.22).

Mixed gas
i
Single gas’ (22)

i

Permeance

Permeance ratio; =
Permeance

Both experimental and modelling analysis showed that CO, permeance
decreases with increasing its composition, especially in presence of Ho,
followed by N, and CH, (Figure 10). As aforementioned, this increment
occurs because the reduction of driving force prevails on that of molar flux
for a fixed feed pressure. Nevertheless, fixing the same CO, driving force,
which states a higher overall feed pressure in mixture than in single gas, Zito
et al. [74] predicted CO, flux and permeance in mixture much higher, similar
and lower in the presence of H,, N, and CHy,, respectively (Figure 11). The
authors attributed this trend to the increment or reduction of the Maxwell-
Stefan binary diffusivity Di; (Eg.11) compared to the single CO, diffusivity
Dj, changing its permeation in mixture (promoting or slowing effect in
presence of H, or CHy, respectively). In particular, the faster H, (D; = 13-10%°
m? s1) encourages the CO, diffusion (D; = 1.2:10° m? s1) in mixture
increasing the binary diffusivity. On the other hand, the slower CH, (D; =
0.2:10° m? s%) slows down CO, diffusion and N, (D; = 1.8-10"° m? s) has
slight influence on Dj. Unlike carbon dioxide, H,, N, and CH,4 in mixture
show a permeance lower than in single gas and reduced by the increasing CO,
composition owing to the most important hindering effect.
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The selectivity versus permeability values in single gas and mixtures can
be better appreciated using the upper bounds [4,79] for different pairs of
gases. The single gas condition (open symbols of Figure 12) is characterized
by lower CO, permeability and selectivity, thus, a minor possibility to
overcome the upper bound at room temperature. On the contrary, a significant
increment of selectivity towards carbon dioxide can be achieved in mixture,
since the strong CO, adsorption hinders the diffusion of the other component.
Moreover, a higher CO, permeability in mixture can be observed, as revealed
by the positive slope of each line connecting single gas and mixture values,
favoring the possibility to exceed the upper bound.

6. Conclusions

Zeolite membranes can successfully separate CO, from mixtures
containing CH,, H, and N, because of CO, preferential adsorption that favors
its permeation and hinders that of the other species weaker adsorbed. An
analysis of the state-of-the-art revealed that CO, can be more selectively
removed from H, and N, using NaY membranes, which allow very high
selectivity at room temperature owing to the NaY polar structure that favors
the strong CO, adsorption with respect to the permanent gases. Differently,
CO,/CH, mixtures can be better separated using small or intermediate pore
structures (i.e., DDR, AIPO-18, SAPO-34 and T), exploiting the pore size
comparable to the CH, dimension, which slows down its diffusion.

Mass transport of mixtures through zeolite membranes can be
successfully described using a model considering the simultaneous presence
of surface and gas translation diffusion, which are considered to be in
competition. In particular, the presence of a strongly adsorbed component
(e.g., CO,) not only impedes the possibility to another component to be
adsorbed, but also reduces the volume available to its diffusion (i.e., effective
porosity) and increase the real path to be followed in the gas phase (i.e.,
effective tortuosity), impeding the free gas translation contribution to mass
transport. Thus, permeance and selectivity highly vary passing from single
gas to mixture conditions. Moreover, the mutual influence between the
permeating components on the binary diffusivity encouraged CO, permeation
in presence of H,, whereas slowed it in presence of CH,. Lastly, N, does not
significantly affect CO, permeation, having a diffusivity similar to carbon
dioxide. The combined effect of adsorption and diffusion makes selectivity in
mixture improved with respect to the single gas value. Increments of
temperature, feed pressure and CO, composition have a negative effect on
CO, permeance and, in addition, reduce the membrane selectivity. The
knowledge of permeance and selectivity and their dependence on the
operating conditions is a first important step in the design of a separation unit.
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Notation

B Inverted diffusivity matrix in the Maxwell-Stefan model, s
m-Z

Bii Element of matrix [B], defined by Eq.15, s m™

Bii Element of matrix [B], defined by Eq.16, s m™

b Langmuir’s affinity constant, Pa

C, Molecular loading, mol-kg™*

Cus Saturation molecular loading, mol-kg™*

C,s0 Saturation loading of component i at the reference
temperature, mol-kg*

D%p Pre-exponential factor for surface diffusivity, m? s

Dsp Surface self-diffusivity, m? s

Dsp;ii Self-exchange diffusivity of component i , m? s*

Dspiii Binary diffusivity of surface diffusion, m?s?

Dspiji Self-exchange diffusivity of component j, m? s

d Kinetic diameter of the molecules, m

dpore,0 Mean pore diameter at zero-loading conditions, m

Ecr Activation energy for gas translation diffusion, J mol*

Esp Activation energy for surface diffusion, J mol*

M Molar mass, kg mol!

N Molar flux, mol s* m?

Nay Avogadro’s number, mol™

P Pressure, Pa

R Gas constant, 8.314 J-mol™*-K™!

Sg0 Zero-loading specific area, m? kg

T Temperature, K

To Reference temperature, K

z Coordination number, -

Greek letters

r Thermodynamic factor, -

y Parameter described by Eq.20, -

v Gradient operator, m™

) Membrane thickness, m

Seolite Zeolite layer thickness, m

& Porosity at zero-loading conditions, -

£ Effective porosity, -

A Diffusional length, m

i Chemical potential, J mol*

0 Loading degree, -

P Zeolite density, kg m3

o Covered surface fraction, -

P Tortuosity at zero-loading conditions, -

T Effective tortuosity, -

Subscripts / Superscripts

i Generic i-th and j-th species
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