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Abstract

To date the design of membranes for gas separations has relied on isotropic mate-
rials that control the magnitude of mass flux. However, mass flux is a vector quan-
tity and controlling its direction is essential for complete manipulation of diffusion
processes. In this article, we show how anisotropic materials enable control of mass
flux direction in membranes and allow for novel mechanisms for gas separation. We
present a detailed study of the design parameters that control membrane selectiv-
ities and permeances and demonstrate that this new class of membranes can pro-
vide a new avenue to obtain significant improvements with respect to isotropic
materials. We also discuss how the proposed anisotropic membranes can be con-
structed using isotropic materials. Mass diffusion principles for gas separations in
anisotropic membranes are different from those in isotropic materials and this novel
strategy for the design of membranes can open new opportunities in membrane

separation processes.
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1 | INTRODUCTION

Separations in the chemical industry are responsible for 10-15% of the
total world energy consumption and the emission of more than 100 mil-
lion tons of CO, per year in the United States.! This high energy
demand is due to the predominance of energy-intensive separation pro-
cesses such as distillation and drying which require phase change. A
more efficient alternative for separation is the use of membranes where
the energy demand can be an order of magnitude lower than distilla-
tion.? In the case of gas separations, the ability of membranes to selec-
tively permeate gases has been studied for more than a century.
However, the use of membranes in commercial applications has started
nearly 40 years ago.>~> The gradual advancement from scientific dis-
covery to fully developed technologies can be partially explained by the
lack of materials and fabrication processes that can produce membranes
with large efficiencies.*> Despite the success of membranes in the sep-
aration of gas mixtures such as N,/O,, CO,/CHg4, Ho/CO, and N,/Ar,
widespread use of membranes is still far from reaching several impor-
tant systems such as CO,/N,, CO,/H,, and Olefin/paraffin.®*¢ Chal-

lenges hindering the use of membranes in new separation processes

anisotropic mass transfer, gas separation, polymeric membranes

include efficiency, stability, and processability.>*”~1° In particular, being
able to improve membrane efficiency is one of the challenges that has
received significant attention in recent years, with several works aimed
at designing membrane materials that simultaneously maximize selectiv-
ity and permeability.®~*2

The first generation of membranes for gas separations can be
characterized by the use of homogeneous and isotropic materials.”®
These membranes have been widely used in gas separation processes
due to their ease of fabrication and material availability. Membranes
made of homogeneous isotropic materials have spatially-independent
scalar diffusion coefficients.*>*3 Depending on their structural prop-
erties, homogeneous isotropic membranes for gas separations can be
divided into dense membranes and molecular sieves. Dense mem-
branes are comprised of flexible polymers (rubbery and glassy) or
semi-rigid polymers (such as polymers of intrinsic micro porosity PIM
and thermally rearranged polymers).1? In polymer membranes, chemi-
cal modifications to the polymer material can result in changes in poly-
mer backbone mobility, chemical affinity for the different gases,
and/or packing efficiency. All these physical properties provide an
avenue to manipulate the solubility and diffusivity of the gas species
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in the polymer. The ultimate goal is to establish the relation between
chemical functionalization and the resultant transport properties such
that permeabilities can be chemically tuned.”® On the other hand, in
molecular sieves such as zeolites, metal organic frameworks, and car-
bon molecular sieves, the transport of gas is governed by the size of
the nanopores in the sieve. In these nanoporous membranes, chemical
functionalization is used to control the nanopore dimensions with the
aim of tuning the membrane permeability.?"*4-1¢ Despite of the wide
use of homogeneous isotropic membranes for gas separations, flexible
and semi-rigid polymers present limitations in terms of trade-off rela-
tions between selectivity and permeability, while molecular sieves
often require difficult manufacturing processes.?”

The second generation of membranes can be characterized by the
use of nonhomogeneous materials. These membranes have recently
been developed with the aim of partially overcoming the limitations
of homogeneous membranes.*®-2° In this case, two or more materials
are combined to yield an effective isotropic composite material with
tailored transport properties and separation efficiencies. Ideally, the
resultant composite material should have the advantages of its con-
stituents and none of its limitations.?” In nonhomogeneous isotropic
membranes, the diffusion coefficient is spatially dependent and effec-
tive medium approaches are generally used to predict the effective
properties of the membrane.t>*® One type of nonhomogeneous
membranes, known as mixed matrix membranes (MMM), consists of
molecular sieves dispersed in a polymer matrix (either flexible or semi-
rigid). MMM are expected to have high selectivity and permeability as
the molecular sieves and be easily processed as the polymer matrix. In
practice, however, challenging issues associated with polymer-sieve
interactions often limit their performance.®2°-22 The effective mem-
brane permeability is typically calculated by using Maxwell's effective
medium formulation.*® Another type of nonhomogeneous membranes
consists of connecting in series two materials whose performances
are in the upper bound of a Robeson plot. In this case, the resulting
composite bilayer membrane has improved permeability relative to
the material with the lowest permeability and similar selectivity rela-
tive to the material with the highest selectivity.'?

To date most research efforts for membrane gas separation have
been focused on isotropic membrane materials. In these materials,
mass transfer occurs isotropically meaning that it is difficult to guide
mass flow paths in controlled ways. Recent progress in mass diffusion
metamaterials, however, has begun to create unprecedented ways to
manipulate the direction of mass flux.2328 A membrane that manipu-
lates mass flux direction can control the trajectory of the compounds
of interest and create spatial areas where the flux of the desired mole-
cule is focused, or alternatively spatial areas where undesirable mole-
cules are prevented from penetrating. Importantly, the rerouting of
molecules to different locations provides a new physical principle that
can be exploited to design gas separations. Such directional control of
mass flux can be achieved in practice by means of engineered aniso-
tropic membrane materials.2>28 In practice, fabrication of these aniso-
tropic membrane materials involves the use of layered arrangements

of isotropic materials. Despite their unique potential, the design,

operation, capabilities, and limitations of anisotropic membrane mate-
rials to achieve gas separations are still largely unexplored.

In this article, we demonstrate novel anisotropic membranes that
show significant performance improvements for gas separations. We
reroute mass diffusion by engineering the local anisotropy of the
membrane in order to guide molecules to specific areas. We also
address some fundamental design questions associated with aniso-
tropic membranes. For example, which structure geometries can be
used and how are they operated to take advantage of flux directional
control? What are the governing variables determining the perfor-
mance of these membranes? And how these variables affect the per-
formance and structure requirements for gas separation? The
predictions and insights in this work pave the way for a new genera-
tion of membranes where mass diffusion and separation efficiencies

are controlled by means of locally anisotropic materials.

2 | RESULTS AND DISCUSSION

We first present the theoretical and analytical approach that allows
designing and enhancing the performance of separation processes
using anisotropic membranes. Since separation principles in aniso-
tropic systems are different from those in typical isotropic systems,
rationally designed geometries (different from isotropic membranes)
need to be considered in the anisotropic case. Specifically, in separa-
tion processes using isotropic membranes, separation occurs due to
the different flux magnitudes for compounds crossing the membrane
and a single permeate develops across the membrane. Flat sheets and
hollow fibers are examples of membrane geometries generally used in
separation processes involving isotropic materials.® In contrast, in the
separation processes considered here using anisotropic membranes,
both magnitude and direction of mass flux are manipulated and sepa-
ration occurs due to the different spatial rerouting of molecules A and
B (Figure 1). In this case, two permeates develop with compositions
that are functions of the position on the permeate side. As a result,
when designing anisotropic membranes one has to define the region
where the permeate is collected (e.g., Permeate 1 or Permeate 2) in
order to take advantage of the rerouting of molecules trajectories.
The basic role of the anisotropic shell is to manipulate the flux direc-
tions such that separation efficiency is maximized either for Permeate
1 or Permeate 2. Thus, in the anisotropic case, it is necessary to
design new membrane geometries and operational strategies in order
to collect the permeate fraction of interest. In our membrane designs,
we consider the collection of the permeate from the core region
(i.e., Permeate 1 in Figure 1). The membrane composite consists of a
half-cylindrical core region surrounded by a cylindrical shell. The core
(c) region (r < R4) is made of an isotropic material with diffusivity D
and solubility S for compound i, whereas the cylindrical shell (sh)
(Ry < r < Ry) consists of an anisotropic material with diffusivity Dsngo
in the azimuthal direction, diffusivity Dsy), in the radial direction, and sol-
ubility Ssn;). Permeation across the membrane develops due to a chemical
potential driving force, where a constant partial pressure p; is applied at

r = R, and complete sweeping p; = O is imposed at =R, < x < Ry, y =0
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FIGURE 1 Schematic of the proposed anisotropic membranes. The core region is isotropic while the surrounding shell is anisotropic. The role
of the shell is to reroute compounds A and B through the membrane. The driving force is the chemical potential difference at the top and bottom
of the membrane. Separation of A from B is obtained for permeate 1 leaving the core. A schematic of a prototype module design is shown on the
right where independent collection channels are used for the two generated permeate streams

for all compounds leaving the system. At the interface between the core
and the shell (r = Ry), flux continuity in the radial direction is enforced
and the partition coefficient Kj = S¢;)/Ssh() is used to account for concen-

tration discontinuities due to changes in solubilities. By considering Fick's
law Ji) = —ﬁ(i)VC(;) and continuity equations, the concentration distri-
bution for species i in the anisotropic membrane is given by the Fourier

series expansions?®

o0

Ceiy(r,0) = Zan(,-)r" sin(no) (1)

n=1

o0

)(r,0) =Z

n=

“’m + oy ’U)] sin(no) (2)

where I Dsh(iyo/Dsh(iyr- By applying the boundary conditions, we

find that the series coefficients can be written as

n(iy = P(.’)Sm(i)‘;1 [%_1)"} K i)6ni)Ry" (3)

bnii =) Sshii) % {%_l)n} (1+80))0ny Ry (4)

Cn(i) = p<f>55h<i)§ [%_l)n} (1-80))0n R " (5)

Oni) = {(1 +5) (ﬁj)% +(1-6) (ﬁ—j) o } ) (6)

where ;) =D.;)S Dsn(iyoDshiyr Sshiiy- Using this analytical solution,

we calculate the average fluxes (J;,) for compound i leaving the core
along the y-direction (Permeate 1) and obtain analytical expressions
for normalized permeance (Equation (7)) and ideal selectivity
(Equation (8)) of the anisotropic membrane.

Poy _ [ 1\ oy _4=[1-(-D)"
Pi _<P?> Ap; _;Z{ n }9"(') 7

aws _ - 1[ "]9(A>
Tp anl[l 0 )n]ﬁnw) ©

where PZ) =D¢(i)Sc(iy/R1 is the isotropic core permeance and "Z/B:

DeaySe
Dc(g)Sc(p)

is the isotropic core selectivity. Note that P(")/PZ‘) and
aA/B/aZ/B measure the changes in permeance and selectivity due to
the anisotropic shell with respect to the permeance and selectivity of
the core.

It is interesting to note that a small number of nondimensional
variables is required to characterize the membrane in terms of normal-
ized selectivities and permeances [Equations 7-8]. In particular, for
the separation of two gases A and B, the variables are: Ry/Ry, lia), Is),
8, and &g). That is aa/s/ay 5= fRo/R1, Iy ey da,58) and P /P; =

8(R2/R1,1i3),54). The first nondimensional variable R»/Ry is geometri-
cal and represents the relative thickness of the shell. The variable & is
the ratio between the core material intrinsic permeability (i.e., D¢Sc)
and the intrinsic permeability of the anisotropic material (i.e.,
v/DsniieDshiiyr Sshii)

ables that characterize the anisotropicity of the shell. The variables I(4

. In addition, Is) and g are nondimensional vari-

and I are of special interest because they determine the specific
anisotropic mass diffusion of A and B induced by the shell. We show
in Figure 2 (left panels) the preferred trajectories of A and B for differ-
ent values of Is) and I when a binary mixture is diffusing through
the anisotropic membranes. Note that when [ > 1 (i = A, B), we have
Dshio > Dshir and the anisotropic shell causes compound i to mainly
detour around the core, whereas for I < 1, we have Dgpig < Dsnyr
and the shell causes compound i to mainly focus toward the core.
Therefore, depending on the values of I and I there exist four dif-
ferent scenarios. The membrane can (a) focus molecules of A toward
the core and shield molecules of B from the core (s < 1, lg) > 1;
Figure 2a), (b) detour both A and B around the core (ln) > 1, I > 1;
Figure 2b), (c) focus both A and B () < 1, Ig < 1; Figure 2c), and
(d) shield A and focus B (la) > 1, g < 1; Figure 2d). Note that most
materials used in membrane science and technology are isotropic and

lie at the origin of the plot (i.e., ;) = 1, and Dsngyo = Dsh(y)-
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FIGURE 2 Schematic for the effect of the anisotropic shell on the trajectory of compounds Aand B(a)[a < 1,lg>1(b)Ia > 1,1 > 1(c)ls < 1,
Ig < 1(d)Is > 1,15 < 1. The shell structures made of isotropic materials that can create such mass diffusion trajectories are shown on the right

We also show in Figure 2 (right panels) the corresponding shell
structures that provide the anisotropic properties required to obtain
the mass diffusion trajectories for A and B. We note that the shell
structures are made of homogeneous and isotropic materials. The
anisotropic structures made of isotropic materials are designed by
using effective medium theory.2?~3! For example, to obtain Iy > 1
(i-e., Dshiyo > Dshiiy), @ multilayer shell made of alternating materials M
and M, aligned along the azimuthal direction provides the required
anisotropic shell structure where compound i prefers the azimuthal
direction for diffusion (Figure 2b).2 In this case, the azimuthal diffu-
sivity Dgpe of the shell is given by a parallel diffusion model
(Equation 9) while the radial diffusivity Dgn) is given by a series model
(Equation 10). The diffusivities D¢ and D5 and solubilities Sy and
Sy of the constitutive materials M; and M, that yield the anisotropic
structure with properties Dsp(iy, Dsh(ig, and Sqhiy, can be found by solv-

ing the effective medium equations

Parallel _ 1

allel o = (f1Dyj +fok Dy 9
ol (f1+f2k§)(f1 1) * f2k; D2(i) ©)

1 w [ f1 f2
——— = f1 + fzk + (10)
Dgise ( ) <D1(i) ki Dzm)
Seniiy = F1S11 + F2So0 k*:% 11)
sh(i) = F1S16) + 125207, K; 51 (

where f1 and f, are the volume fractions of materials My and M, and
k'(*,-) is the partition coefficient for compound i between materials My
and M,. Analogously, to obtain I < 1 (i.e., Dspie < Dshgy) @ multilayer
shell made of materials M, and M, aligned along the radial direction
(i.e., in series in the azimuthal direction and in parallel in the radial

direction) provides the anisotropic shell structure where the radial

direction is preferred for diffusion (Figure 2c). To obtain sy < 1,1 > 1
(Figure 2a) or la) > 1, Iigy < 1 (Figure 2d) different structural arrange-
ments are required. In the first case, compound A should effectively
see shell layers aligned along the radial direction (Dspay < Dsheay)
while compound B should see shell layers along the azimuthal direc-
tion (Dsng)e > Dshigy), (and vice versa for the second case). The
required shell material properties for compounds A and B can be
obtained simultaneously by arranging four materials My, M, M3, and
M, as shown in Figure 2a,d. The properties of these materials must be
selected such that for sy < 1,1 > 1

Dia) =Dy« S1a) =Sy D1 =D S1e) =S+ M1
D2a) =Diayes S2a) =Seay» Do) =Digyr» S28) =Sgyr M2 (12)
Ds(a) =Diayt Saa) =Swayr» Dse) =Diey«» Ssg) =Sy Ms
Daay =Dayr Saa) =Syt Daw) =Dy, Sa) =5@): Ma

while for lia) > 1, Ig) < 1 « should be exchanged by ; (and vice versa) in
the properties of materials M, and Ms. The symbols * and t indicate
the diffusion coefficients that are required to be similar. An alternative
approach to design and calculate the anisotropic properties of the
multilayer shells is included in Supporting Information.

From an experimental perspective, the realization of the proposed
structures should take advantage of the recent advances in the manu-
facture of multilayer systems at the nanoscale, which offer an avenue
for the experimental realization of the systems.®273¢ We also note
that multilayer composites are one alternative to achieve anisotropic
systems but other routes, which are also consistent with the proposed
theoretical development, include the use of oriented nonspherical

inclusions in a matrix material.%”

The use of intrinsically anisotropic
materials, if available, constitutes an additional experimental route.
We also note that the particular design shown in Figure 2b should not
be confused with a multistage process. Our devices use a single pres-

sure difference (Pyign — PLow), in contrast to multistage systems,
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where a set of pressure differences (one at each stage) is employed.
We also stress that the proposed theoretical development applies to
all the structures in Figure 2 and more generally to any anisotropic
shell (i.e., beyond layered materials as in Figure 2b). In addition, the
spatial dependence of the flux magnitude on the permeate side allows
us to collect the permeate fraction of interest in a region that maxi-
mizes the selectivity or permeance of the device, which is in contrast
to isotropic systems, where all the permeate that leaves the mem-
brane is typically collected. Clearly, by collecting a fraction of the per-
meate in our devices there is an implicit trade-off between purity and
recovery.

We calculate in Figures 3 and 4 the performance of the proposed
anisotropic membranes in terms of the normalized selectivity and
permeance as a function of the design variables ), Iig) 6(a), and g, for
an aspect ratio R,/R, = 2. Figure 3a,b present the relative selectivity

* . .
aA/B/aA/B measuring the increase (or decrease) of the membrane

selectivity with respect to the selectivity of the isotropic core without
the shell. From the plots it can be seen how, for a fixed value of

&) and &g the selectivity for A increases when ) decreases and I

‘)és

S L0 = 4
Qd; \ A ,‘x-ii\\\‘(\;_\\\\

: ‘ SR _

E| o e 2

FIGURE 4 Normalized permeance as a function of Iy and & for a
ratio Ry/Ry = 2
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Normalized selectivity as a function of the nondimensional variables I; and & for a shell/core ratio R,/Rqy = 2. (a) I = 0.1,

increases. This increase in selectivity can be explained by considering
that a higher a, /g is obtained when molecules of A are focused toward
the core and molecules of B are detoured around it. In other words, to
improve the performance it is necessary to favor the transport of A in
the radial direction with respect to the azimuthal direction (i.e., small
lia)) and simultaneously hinder the radial transport of B (i.e., large Ig).
In terms of the structure of the shell, this means that the membranes
shown in Figure 2a offer the best performance. Note that in the oppo-
site case when ) > 1, lig) < 1, the anisotropic shell favors the trans-
port of B toward the core instead of A, this results in an inversion of
the selectivity, such that B instead of A is collected at the core of the
device (Figures 2d and 3c). Note that the performance is characterized
under ideal conditions where boundary conditions are constant in
space and time, assuming perfect mixing in the fluid, and neglecting
concentration polarization. The shielding effect created when the
magnitude of |; is increased can also be observed in Figure 4, where
we plot the normalized permeance P(,-)/P'Zi) as a function I and &. It
can be seen from the plot that for a fixed value of §; the normalized
permeance of i from the core decreases as I increases, which corre-
sponds to a stronger shielding shell. Note that the selectivity increases
when permeance of A is high (I sy small) and the permeance of B is low
(Ig) large).

The performance of the system is also determined by the values
of the nondimensional variables &), and §g. We can see from

Figure 4 that for a constant value of Ij the normalized permeance of

i increases when the value of §; decreases. Therefore “A/B/"’Z/B
should increase for small &) (large permeance of A) and large 5
(small permeance of B), which agrees with the selectivity plots shown
in Figure 3. This behavior can also be analyzed by considering a fixed
core material (D and Sg; are constant) and noting that in order to
make &) small (such that normalized permeance of A increases) it is
required to increase the intrinsic permeance /Dsn(a)9Dsha) Ssh(a) Of
the anisotropic shell, thus causing an increase in the amount of com-
pound A that enters the shell and therefore the permeance at the core

P(A)/PTA). Analogously, to obtain a large &), we need to reduce the
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FIGURE 5 Selectivity versus permeance for different values of
the nondimensional variables &), §g), lia), and Ig

shell permeance for B. This reduction causes a smaller amount of com-
pound B to enter the shell and in the limiting case the normalized
permeance tends to zero at the core, in agreement with the trend
observed in Figure 4.

In Figure 5, we plot the normalized selectivity versus permeance
of our proposed membranes. For reference, we show with a black star
the selectivity and permeance of the core material, which corresponds

to “A/B/a:;/s =1and P(A>/PFA) =1. We can see how different values of

selectivities and permeances can be obtained for different values of

the nondimensional variables lia), lg), ) @) Figure 5 shows that the

selectivity and permeance of this system can be broadly manipulated
through the structural design of the shell. Note that in many cases,
higher selectivity values are achieved in the case of the anisotropic
membrane. We note that the feasible region in Figure 5 depends on
the mix to be separated and needs to be established for each gas pair
based on the properties of the available materials for that specific mix.
It is also interesting to note that under certain conditions similar per-
formances can be achieved with different structures. For example,
black and blue squares in Figure 5 represent membranes with =10
and =107 The black squares have l4=10 while the blue squares
have [4=0.1 and the performance is modulated by &) Note that
there exist overlapping regions where similar performances can be
achieved by using different structures.

To provide insight on the dynamics of anisotropic mass separation
membranes, we show in Figure 6 the concentrations profiles (color
maps where red corresponds to high concentration and blue to low
concentration) and flux lines (white arrows) for compounds A and
B within the membrane for the systems shown in Figure 2a,d. The
concentration profiles were obtained using finite-element software
COMSOL Multyphysics®. On the upper panels, we consider mem-
branes made of homogeneous anisotropic materials, while in the
lower panels, we consider the corresponding layered membranes
made of isotropic materials, which are obtained via effective medium
theory (Equations 9-12). The imposed boundary conditions are p; = 1
atm at the upper boundary and p; = 0 atm at the bottom of the struc-
tures. The plots clearly show the functionalities of the structures,
since it can be seen in Figure 6 how compounds A and B are focused
toward the core or shielded from the core depending on the values of

liay and lg). For simplicity, we assume constant solubility across the
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FIGURE 6 Color maps for concentration distribution of compounds A (left) and B (right) inside the anisotropic membranes. We show both
homogeneous anisotropic shells (top) and the corresponding multilayer shells (bottom) obtained by effective medium theory (a) 4 < 1,1 > 1
(b)la>1,l5>1(c)la<1,lg<1(d) s> 1,5 < 1. For simplicity, the materials are assumed to have similar solubilities
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core. (c) Both CH, and H, are focused toward the core. (d) CH, is focused toward the core and H, is shielded from the core. The black stars

correspond to homogeneous anisotropic shells. Results are presented for Ry = 1 pm

constituent materials. Importantly, we can see that the flux trajecto-
ries followed by compounds A and B in the homogeneous anisotropic
material and the effective multilayer composite are similar showing
that the layered structures can reproduce the required anisotropy to
redirect the flux of A and B. Clearly, this similarity asymptotically
increase with increasing number of layers per unit volume.?838

We next apply our proposed approach to a realistic system and
introduce anisotropic membranes for separation of the binary system
H,/CHg. This binary mixture was selected due to its relevance in the
recovery of hydrogen.® We found four isotropic materials PTMSP,*?
PDMS,*® PIM-7,* and PMDA-BATPHF*? which allow to obtain the
shell structures with the different anisotropies for H, and CH,4 as
shown in Figure 7. These materials have been selected such that the
effective properties of the resulting composites satisfy the constraints
in terms of the magnitude of |4 and Iz in each of the shells (e.g., in
Figure 7b I, > 1 and Ig > 1). The physical properties of the materials

are listed in Table 1 (additional results for PSF*® and PDMS are pres-
ented in Supporting Information). We show in Figure 7 our numerical
predictions for selectivity ay, cH, versus permeance Py, for the differ-
ent types of membranes as a function of the number of building-
blocks. In Figure 7b we plot a versus P (blue lines) for membranes with
increasing number of bilayers N arranged in the azimuthal direction
while in Figure 7c the membranes have increasing number of bilayers
m arranged in the radial direction. On the other hand, the membranes
in Figure 7a,d are described in terms of the total number of bilayers
N and m in the azimuthal and radial directions respectively. For refer-
ence, we also show the selectivity and permeance values when the
shells are made of a homogeneous anisotropic material (black stars),
which corresponds to the limiting case of a large number of bilayers
N and m. We note that the performance of the multilayer membranes
approaches that of a homogeneous anisotropic system when the
number of bilayers N and m increases. In terms of performance for

TABLE 1 Diffusion properties of the shell materials in Figure 7
SH2) D(12) SicHa) Diciay Dsp(h2)r Dshiriz)0 Dsp(cayr Dshicrao
(mol/m®Pa)  (m?/s) (mol/m3Pa)  (m?/s) (m?/s) (m?/s) (m?/s) (m?/s)
PTMSP 174 x10™* 260x10% 125x10° 3.60 x 1077
PDMS 241 x10* 110x1077 3.62x107° 510x 10°*?
PIM-7 198 x 107 129 x107®  1.67 x 10™* 217 x 1077
PMDA-BATPHF 694 x 107> 220x107'° 422x10* 6.90x 1073
Shell Figures 2a-7a  1.26 x 10~ 1.40 x 1078 210x107° 203x1077 137 x107 245x107%
Shell Figures 2b-7b  1.22 x 107* 8.36 x 10~ 250 x 1071° 186 x 1078  6.95x 107 269 x 1077
Shell Figures 2c-7c  1.22 x 107 8.36 x 107* 186 x 107  250x1071° 269 %1077 6.95x 107
Shell Figures 2d-7d ~ 1.26 x 10™* 1.40 x 1072 203x10° 210x 1077 245x107° 137x 107"

The effective properties for the shells are calculated using effective medium theory (Supporting Information).
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hydrogen separation, the membranes shown in Figure 7a offer both
large selectivities and permeances. On the other hand, the membranes
in Figure 7b,c show very high selectivities and low permeances
(Figure 7b) and high permeances and low selectivities (Figure 7c).
Interestingly, in Figure 7d we obtain a selectivity inversion where the
membranes become CH, selective. Importantly, this selectivity inver-
sion is achieved by only changing the arrangement of isotropic mate-
rials, thus changing the effective medium properties, and not by
chemical modifications of the constituent materials. The above results
show the rich behavior in terms of selectivities and permeances that
can be obtained by considering anisotropic mass diffusion membranes
for separation.

3 | CONCLUSIONS

In this work we studied a new type of membrane materials for gas
separations. These novel membranes are achieved by tailoring aniso-
tropic material properties for mass diffusion in order to manipulate
the trajectory of the diffusing molecules. This is in contrast to conven-
tional chemical modifications of membrane materials for separations,
which only modify the flux magnitude. The required anisotropicity for
mass diffusion is obtained in practice by considering composite mate-
rials and using effective medium approaches to design their effective
anisotropic properties. As shown in our article, anisotropic membranes
can have an important impact on the separation performance since
manipulation of mass diffusion via anisotropic materials provides new

mechanisms to perform membrane gas separations.
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NOTATION

Cp) concentration of species i

Ceiy concentration of species i in the core

Cshii concentration of species i in the shell

ﬁ(v‘) diffusivity tensor of species i

D diffusion coefficient of species i in the core

Dshiye Azimuthal diffusion coefficient of species i in
the shell

Dshiiyr radial diffusion coefficient of species i in the
shell

D1y Dagy, D3y, Day  diffusion coefficient of species i in materials

My, M3, M3, and M,

Dfﬁ(’g”e’ effective shell diffusion coefficient for materials
connected in parallel

ng(':ﬁfs effective shell diffusion coefficient for materials
connected in series

f material volume fraction

Jiy flux of species i

K partition coefficient between the core and the
shell for species i

k; partition coefficient between two constituent
shell materials

’(2;) ratio of azimuthal to radial diffusion coefficient
for species i

m number of bilayers arranged in the radial direc-
tion in the shell

N number of bilayers arranged in the azimuthal
direction in the shell

pi partial pressure of species i

P permeance of species i for anisotropic device

P?,-) permeance of species i for isotropic core

R1 radius of the core

R> external radius of the shell

Seii) solubility of species i in the core

Sshii) solubility of species i in the shell

Sa) S20) S3y Sa) solubility of species i in materials My, My, Ms,
and M,

ap/B selectivity of the anisotropic device

a:\/s selectivity of the core material

) core/shell material permeability ratio
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