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ABSTRACT

The use of membrane technologies for separation processes is an alternative approach to reduce the environmental impact and energy demand of separations. The
development of new membrane materials plays a central role to overcome the limitations of membranes in terms of selectivity, permeability, and stability. Most
membrane materials in the past have been engineered to control the relative magnitude of the flux of the species diffusing through the membrane. However, mass
flux is a vector and controlling its direction can open new opportunities to design separation processes. In this paper we characterize the separation capabilities of
metamaterial-inspired anisotropic planar membranes by studying the development of spatially dependent permeabilities and selectivities as a consequence of
manipulating the flux direction within the membrane. Specifically, we show how the performance of anisotropic planar membranes for separations can be char-
acterized in terms of permeability, selectivity, and the collected permeate proportion. In contrast to isotropic membrane materials, we show how the selectivity under
single stage operation can be increased beyond the selectivities of the constituent materials by reducing the permeate proportion that is collected. Our work provides

new opportunities for the design of alternative separation processes that take advantage of flux directional control within membrane materials.

1. Introduction

Alternative separation methods that use reduced amounts of energy
are critically needed since separation of chemicals account for a large
fraction of the world’s energy consumption and CO, emissions [1,2].
Highly efficient separation methods hold the promise of improving
energy and environmental planning, process economics, and product
quality [2-4]. In the last decades, significant attention has been di-
rected towards membrane-based separations due to their lower energy
demands. Membrane separations require energies that are generally
orders of magnitude smaller than conventional separation operations
such as distillation. Such low energy requirement makes membranes
ideal candidates to replace dominant energy-intensive separation pro-
cesses [1,2,4-8]. In recent years, remarkable improvements in fabri-
cation methods have played a major role in the synthesis of new
membrane materials with enhanced separation capabilities [3,4,8,9].
Of particular importance has been advances in polymers and molecular
sieves [6,10-12]. Despite this significant progress, the selectivities,
fouling, and stability properties of membrane materials need to be
improved to better leverage their separation capabilities and make
them more suitable to general mixtures and separation processes [3-5].

To date most membrane materials are designed on the principle that
the membrane needs to selectively allow the passage of one species and
reject the other species in the mixture [Fig. 1(a)]. That is, conventional
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membranes, although chemically diverse, share a common basic prin-
ciple for operation: the membrane controls the flux magnitude of the
species diffusing through the material. We note however that mass flux
is a vector and it is certainly possible to move beyond controlling the
flux magnitude and to design membrane materials that also manipulate
the flux direction [13-15]. Importantly, being able to control the di-
rection of flux can provide a new principle for separations where dif-
ferent species are guided to different spatial regions after they cross the
membrane [Fig. 1(b) and (c)] [13-15]. We note that manipulating the
flux direction within the membrane requires consideration of aniso-
tropic materials, which is in contrast to conventional membranes gen-
erally made of isotropic materials. Importantly, the design of aniso-
tropic membrane materials that can direct the diffusion paths of the
species and provide a new principle for separations has been largely
unexplored.

A starting point for the rational design of anisotropic membrane
materials for separations is metamaterials engineering [16-20]. Meta-
materials are rationally structured composites with physical properties
significantly different from those of their constituent materials [21]. In
recent years, metamaterials have been applied to control heat and mass
diffusion in diverse engineered structures [14,17,19,21-27]. Inspired
by metamaterials theory, we have recently postulated the possibility of
designing anisotropic membrane materials that reroute the trajectory of
diffusing chemical compounds in a prescribed way [13,15]. In this work
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Fig. 1. Schematic representation of a planar membrane. (a) Isotropic mem-
brane: Difference in flux magnitude creates a permeate enriched in species A.
(b) Anisotropic membrane: the directional control of species B towards the right
side creates a permeate depleted on species B on the left side. (¢) Anisotropic
membrane: the directional control of both species A and B creates a permeate in
which the flux of A is larger on the left and the flux of B is larger on the right.

we explore the use of metamaterial-inspired anisotropic planar mem-
branes for the separation of gas mixtures. Gas separations are of par-
ticular importance with applications ranging from natural gas sweet-
ening, and CO, capture, to the production of highly pure nitrogen used
in the microelectronics industry [3,9]. Three common technologies to
perform gas separations are cryogenic distillation, pressure swing ad-
sorption (PSA), and membranes [5,28]. Cryogenic distillation is highly
energy intensive, while PSA and membranes offer the possibility of
reducing the energy demand of the process [5,8,28,29]. Economically,
the preferred technology depends fundamentally on the required purity
and amount of product [5]. In recent years, advances in the synthesis of
membrane materials have broaden the range of applicability of mem-
brane based separation processes [4]. Our work is based on tile gen-
eralization of Fick’s law for anisotropic materials J; = —Dg)VCi),
where different components of the diffusivity tensor are rationally de-
signed such that diffusing molecules follow specific trajectories within
the membrane. We demonstrate large selectivities for benchmark se-
parations O»/N, and H,/CH,4 by incorporating anisotropy in separation
processes and discuss existing trade-off relations between the variables
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characterizing the performance of anisotropic membranes: selectivity,
permeability, and collected permeate proportion. We show how the
introduction of a fundamentally different separation mechanism into
the design of membrane materials may provide new avenues to enhance
separation capabilities. We study the separation of binary mixtures
made of two species A and B by using two different types of anisotropic
planar membranes. In the first case, the planar membrane is designed to
reroute one of the species in the mixture (e.g. species B) [Fig. 1(b)]
while in the second case the membrane simultaneously guides both
species A and B [Fig. 1(c)]. The basic goal in both cases is to have
species A and B at different spatial areas after they cross the membrane.
Importantly, note that the flux of species B in Fig. 1(b) and species A
and B in Fig. 1(c) are spatially dependent on the permeate side, i.e.
J»(@). This is in contrast to isotropic membranes where the fluxes of
species A and B are spatially constant under the same conditions (i.e.
spatially constant high pressure on the top and low pressure on the
bottom) [Fig. 1(a)]. The spatial dependence of the permeate flux J;(x)
is the fundamental property that will be leveraged to achieve separa-
tions.

2. Methods

In this work we study the diffusion of chemical species in aniso-
tropic metamaterial membranes. In anisotropic materials the mass
diffusion coefficients are represented by a tensor

@

and the mass diffusion differential equation (i.e. second Fick’s law) is
given by

ac {Dm ny][aC/&bc]

S _yy=v.

where C is the concentration and J is the mass flux. Materials with
anisotropic diffusion coefficients are generally not common in nature.
Here we design multilayer composites with effective anisotropic prop-
erties by making use of effective medium theory (see SI for further
details). The governing equation associated with the mass transport
processes (Eq. (2)) is difficult to be solved analytically and we thus
employ a numerical procedure. Specifically, numerical solutions to
mass diffusion processes are obtained with the software COMSOL
Multiphysics®, which uses a finite element based approach to solve the
mass diffusion differential equation. Importantly, we refine the spatial
discretization of the systems such that the resultant numerical predic-
tions are mesh independent. In our simulations, we consider Henry’s
law (i.e. C»s = p;)Sw where C; is the interface concentration, p the
partial pressure of species i and S; the solubility) to establish boundary
conditions at the top and bottom boundaries of the membranes and also
consider no flux boundary conditions on the sides.

3. Results and discussion
3.1. Rerouting one species (Ideal case)

We first study the separation of A and B by modifying the trajectory
of B [Fig. 1(b)], and engineer the membrane anisotropy such that the
flux of B is bent to the right as B crosses the membrane. We employ a
multilayer structure made of two homogeneous isotropic materials M
and M, where the plane of the layers is rotated by an angle 6 with
respect to the direction of the driving force (Fig. 2). Such multilayer
structure enables anisotropic mass diffusion due to the different mass
diffusion properties along the parallel Il and perpendicular L directions
to the layers (i.e. parallel and series, respectively). The effective mass

«>
diffusion tensor Dy for multilayer structures is given in SI [27]. Recent
advances in layer-by-layer assembly are paving the way toward
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Fig. 2. Separation of A-B mixture using an anisotropic planar membrane that reroutes species B toward the right while not affecting the diffusion of A. Performance of
isotropic systems and their series and parallel arrangements are also shown. (a) and (b) Permeability of B as a function of x for D(g);/Ds), = 100 and Dgyi/Dy: = 4,
with Dyi/Deay, = 1. (c) and (d) Selectivities a, 5 as a function of the length s of a collection area on the left side of the membrane. Color maps show concentration of

A and B.

Table 1

Material properties for separation of species A and B (left), and O, and N,
(right). For O,/N, separation M; is PDMS and M, is PSF. Units [D] = m?/s,
[S] = mol/m>Pa.

Property A/B separation 0,/N, separation

A B A B 0, N,
Dy 1 19.95 1 3.73 3.4 x107° 3.4 x107°
Swmy 1 1 1 1 7.9 x107° 4.0 x 107°
Dy 1 0.05 1 0.27 4.4 x 10712 1.2 x 1072
Sm, 1 1 1 1 1.1x10°* 6.6 x 107°
Dy 1 10 1 2 1.42 x 107° 1.28 x 107°
Dy 1 0.1 1 0.5 1.02 x 1071 2.98 x 10712
Sefr 1 1 1 1 9.45 x 107° 5.30 X 107°
6 45 45 45 45 45 45
Dy/Dy 1 100 1 4 139.2 429.5

engineered multilayers for various energy applications, including
membranes [30-33]. We first consider that the layered structure is
made of two ideal homogeneous isotropic materials M; and M, whose
diffusivities and solubilities are selected such that the membrane
modifies only the trajectory of species B to the right. We consider two
cases D)i/Dy1 = 100 and Dy/Deys = 4, with Dey/Diayr =1
(Table 1). We show in Fig. 2(a) and (b) the predicted permeability
P (x) for species B as a function of the position x on the permeate side.

The permeability Py = J;)H/Apg, of species i is defined as the flux Jy
times the membrane height H normalized by the driving force 4p;
across the membrane [4,34]. Note that for isotropic membranes F is
also equivalent to D S(;). For calculations, we assume a partial pressure
of 1atm on the upper side and complete sweeping on the lower
(permeate) side. The height of the membrane is H=1um and the
lengths are L = 1 pm, 2 pm, and 5 um. Fig. 2(a) shows the development
of a position dependent permeability profile Pg(x) for the controlled
species B due to the engineered bending of the trajectory of species B.
Specifically, we observe species B depletion on the membrane left side
(low local permeability Pg), and enrichment of species B on the right
side (high local permeability Pg). Clearly, the magnitude of the deple-
tion of species B on the left side is dependent on the ratio Dg); /D) ;.
On the other hand, the permeability P, of species A remains constant for
all positions x on the permeate side since the trajectory of species A is
not modified. Importantly, we note that due to the rerouting of species
B there exist a spatial area on the permeate side of the membrane (left
side) where the permeability of B is dramatically reduced. This lack of
species B will be leveraged next to perform separations. To quantify the
strong reduction in the permeability of B on the left side, we compare in
Fig. 2(a) the position-dependent metamaterial permeability Ps(x)
against the constant permeabilities corresponding to membranes made
of the constituent homogeneous isotropic materials M; or M, as well as
the permeabilities of membranes consisting of series and parallel
composite structures made of materials M;andM,. Note that all the
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membranes are operated under the same conditions such that adequate
comparisons between the physical effects arising from the use of ani-
sotropic and isotropic membranes can be drawn. Fig. 2(a) shows that,
due to thererouting of species B viaanisotropy, the permeability of B on
the left side can be orders of magnitude smaller than that corresponding
to the constituent materials as well as the series and parallel arrange-
ments.

We next exploit this unconventional permeation behavior to per-
form the separation of A and B. To obtain a mixture enriched in species
A, the area where the products are collected should be on the left side of
the membrane (where B is depleted). On the other hand, to obtain a
mixture enriched in species B, the collection area should be placed on
the right side. Note that in contrast to isotropic membranes, in our
anisotropic membranes the selectivity a4/ = (Pa))/(P)) depends on
the size and location of the collection area due to the spatial depen-
dence of the permeability Pz(x). We show in Fig. 2(c) and (d) the se-
lectivities a,,p for the membranes in Fig. 2(a) and (b) for different
collection areas on the permeate side. We consider that the collection
area starts from the left side of the membrane (i.e. we are interested in a
permeate enriched in species A) and we collect the permeate leaving
the membrane through the area defined by 0 < x < s, where s is the
length of collection area. For a permeate enriched in species B the
collection area starts from the right. We find that the ability of the
membrane to produce a permeate enriched in the species A significantly
increases when the collection area is decreased [Fig. 2(b)]. Importantly,
note that depending on the size of the area where the permeate is
collected, it is possible to achieve selectivities a4,p that are orders of
magnitude larger than those of the constituent homogeneous isotropic
materials as well as the series and parallel composite structures. These
large selectivities ay/p are a consequence of the low permeability of B
on the left side of the membrane due to anisotropy.

We note that as the collection area is reduced on the permeate side
in order to obtain high selectivities one is reducing the collected
permeate proportion (CPP) which is given by
CPP = ‘/(;S Jox)dx/ j(;L Jiy(x)dx. Note that in conventional isotropic
membranes, the entire permeate fraction (with spatially constant
composition on the permeate side of the membrane) is collected and
thus CPP = 1. On the contrary, in anisotropic membrane materials,
selecting the size of the collection area is critical to incorporate the
advantages of flux directional control and enhanced selectivities,
therefore CPP < 1. In other words, anisotropic membranes enable a
novel property since one can increase the selectivity while reducing the
CPP under single stage operation (note there are no intermediate
pressures in our membrane), which is contrast to isotropic membranes.
Note that if the collection area comprises the entire anisotropic mem-
brane on the permeate side, there is no advantage in rerouting the flux
lines and the permeate composition obtained lies between the limits
imposed by the constituent materials [Fig. 2(c) and (d), for x = L].

3.2. Rerouting one species (Real case)

After studying separation of mixtures by ideal anisotropic planar
membranes, we next focus on a real separation process and study the
permeability and selectivity of oxygen and nitrogen through anisotropic
membranes made of realistic materials. To achieve different anisotropic
properties for the diffusion of oxygen and nitrogen [15], we consider
layered membranes made of PDMS [35] and PSF [36] (Table 1). In
Fig. 3(a)-(c) we show the predicted permeability for nitrogen Py, (x)
and oxygen Po, () as a function of the position x along the membrane
on the permeate side, as well as the selectivities ao,/n, as a function of
the size of the collection area. In contrast with the idealized systems
discussed in the first part of this work, in this case, the diffusion paths of
the two species are influenced by the anisotropic membrane. That is, for
the realistic material case under study, the trajectories of both oxygen
and nitrogen are modified by the anisotropic membrane and the species
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Fig. 3. Separation of a binary mixture of O, and N, using an anisotropic planar
membrane that preferentially reroutes N, to the right. (a) and (b) Permeabilities
of N, and O, as a function of the position x on the permeate side. (c) Selectivity
@o,/N, as a function of the length s of a collection area placed at the left side of
the membrane. Inset shows collected permeate proportion (CPP).

are rerouted toward the right edge. Note however that the rerouting is
more pronounced for nitrogen since Py, (x) < Po, (x) on the left side.
We show in Fig. 3(c) that the preferential rerouting of nitrogen toward
the right side causes a significant increase in the oxygen selectivity
ao,/N, When the collection area is located at the left side of the mem-
brane. Importantly, the selectivity of the anisotropic membrane can be
made larger than the selectivities of the isotropic materials comprising
the membrane. In fact the selectivity values obtained in this work are
orders of magnitude higher that those obtained with any other available
material. As mentioned previously, the obtained selectivities are
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correlated to the CPP which is shown in Fig. 3(c)-inset. The relation
between permeability, selectivity, and CPP for the separation of oxygen
and nitrogen using an anisotropic membrane material made of layered
PDMS and PSF materials is shown in Fig. 4. This representation is a 3D
expansion of the Robeson plot allowing for a complete characterization
of the anisotropic membrane [37,38]. Note that in this plot it is possible
to compare the performance of anisotropic materials, isotropic mate-
rials, and the upper bound. Isotropic materials have fixed selectivity vs.
permeability values. On the other hand, the upper bound for isotropic
materials appears as a plane [37,38]. Fig. 4 clearly shows the trade-off
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Table 2

Material properties for separation of species A and B (left), and H, and CH,4
(right), which are designed to independently control the diffusion trajectory of
the two species. For H,/CHy separation M; is PTMSP, M, PDMS, M; PIM-7, and

M, PMDA-BATPHF. Units [D] = m?/s, [S] = mol/m°Pa.

Property A/B separation H,/CH, separation
A B H, CH,4

Dy 19.95 19.95 2.60 x 1078 3.60 x 107°
Smy 1 1 1.74 x 107* 1.25 x 1073
D, 0.05 19.95 1.29 x 1078 217 x 107°
Swp 1 1 1.98 x 10°° 1.67 x 1074
D 19.95 0.05 1.10 x 107° 5.10 x 107 "2
S 1 1 241 x107* 3.62x 1072
Dy 0.05 0.05 2.20 x 1071 6.90 x 10713
Smy 1 1 6.94 x 107> 422 x107*
Dy 0.1 10 2.03 x 107° 2.45 x 1071
D, 10 0.1 2.10 x 107° 1.37 x 107"
Seff 1 1 1.26 x 107* 1.40 x 1073
] 45 45 45 45
Dy/Dy 0.01 100 1.05 0.056

between selectivity a and CPP, which is a property exclusive of aniso-
tropic membranes. Note that in isotropic membranes made of PDMS,
PSF or their series and parallel combinations, a reduction in the CPP
does not cause an increase in the selectivity. These results demonstrate
the novel properties of anisotropic membranes in terms of selectivity
values that depend on the area where the products are recovered, and
more importantly, achieving enhanced selectivities beyond the values
of corresponding to the constituent materials.
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3.3. Rerouting two species (Ideal case)

We also study the permeability and selectivity of anisotropic planar
membranes that manipulate the diffusion paths of both species A and B
[13]. Specifically, we consider planar membranes made of materials
M, M,, M3 and M, spatially arranged as shown in Fig. 5(a), which
allows to reroute species A and B toward opposite directions after they
cross the membrane. The diffusivities along each principal axis D and
D, are obtained by using a resistors network analogy (see SI). The

material properties are presented in Table 2. Importantly, note that in
this case we have Dy/D), < 1 and D) /D@y, > 1, allowing us to
reroute species A and B toward different places. Fig. 5(a) and (b) show
the permeabilities P4(x) and Pz(x) as a function of the position on the
permeate side, where it can be seen how the species A is depleted near
the right edge (low P4(x)) and the species B is depleted near the left
(low P(x)). That is, species A is directed to the left while species B is
directed to the right. These opposite trends cause an interesting result in
terms of selectivities. If one collects the permeate near the left side, the
membrane is selective in species A [Fig. 5(c)]. On the other hand, if one
collects near the right side the membrane is selective in species B
[Fig. 5(d)]. Note that in contrast to the case where only B was rerouted,
in this case the membrane is able to achieve selectivities that are higher
than any of the constituent materials for both species A [Fig. 5(c)] and
species B [Fig. 5(d)]. This is a consequence of the development of si-
multaneous spatially-dependent permeability profiles for A and B,
where P4 (x) is low on the right and Pz(x) is low on the left. Another
important advantage of this anisotropic planar membrane is the in-
crease in the CPP factor, note that if only B is rerouted, a linear CPP vs
collection area is established. In contrast, we see in Fig. 5(c) that by
rerouting the two species yields a non-linear profile. The increase is a
direct consequence of the additional rerouting to species A toward the
collection area.

3.4. Rerouting two species (Real case)

In Fig. 6 we study the performance of the proposed structure for the
separation of a binary mixture of Hy and CHy. In this case, the aniso-
tropic membrane is made of PTMSP [39], PDMS [35], PIM-7 [40] and
PMDA-BATPHF [41] (Table 2). These materials have been selected such
that the effective medium has Dg,) /Dy, > 1  and
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D(cug/Dcnyy: < 1, and CHy is rerouted to the right and H; to the left
side of the membrane. The permeability profiles shown in Fig. 6(a) and
(b) show that in the membrane made of realistic materials CH, (species
B) is detoured toward the right side and H, (species A) essentially
moves in the vertical direction. This effect is significant since it proves
that independent control of the trajectory of diffusing molecules can be
obtained in our membrane (e.g. we reroute CHy to the right without
affecting H,). In terms of CPP of H,, note that the dependence with
respect to the collection area size [Fig. 6(c), inset] follows a nearly
linear dependence. This result is in sharp contrast with the case of O,
separation [Fig. 3(c), inset] where the CPP is non-linear with respect to
the collection area size. This is because in the present case, H, is not
being rerouted to the right side. A summary of the relation between
selectivity, permeability, and CPP is shown in Fig. 7 where we can
observe the described trade-off between selectivity and CPP. Ad-
ditionally, it is also possible to observe that in contrast to Fig. 4 there is
not a significant change in the permeability of the membrane when the
CPP is reduced, i.e. when the collection area decreased. This is also a
consequence of the fact that H, is not being rerouted to the right side.

4. Conclusions

In summary, we presented a complete framework for the char-
acterization of anisotropic planar materials for gas separations. We used
metamaterials theory to design and study anisotropic planar membrane
materials in which the flux direction of the species is controlled as the
species diffuse within the membrane. We showed that the incorporation
of this new physical mechanism leads to significant changes in the
performance of the membrane. Due to the development of spatially-
dependent permeability profiles, we found selectivities that are larger
than the selectivities of the constituent materials and corresponding
series and parallel models under single stage operation. Our results also
show the existence of a trade-off relation between the selectivity and
the collected permeate proportion for anisotropic planar membranes, a
relation that is absent for isotropic membranes in single stage opera-
tion.
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