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Membrane separation processes are efficient and sustainable alternatives to energy intensive distillation op-
erations. In gas separations, polymeric membranes dominate the landscape of industrial applications and many
improvements in performance hinge on the ability to tailor the chemistry of polymeric materials. The basic goal
in membrane separations is to control the solubility and diffusivity of the chemical compounds in order to tailor

the relative magnitude of the fluxes of the chemical species across the membrane. In this paper, we introduce a
fundamentally new separation device that uses an anisotropic polymeric membrane to guide molecular transport
to specific spatial locations. Our proposed separation device enables to manipulate the flux direction of com-
pounds, in addition to the flux magnitude, thus adding a new tool to separate chemical species. We report
unprecedented selectivities for O,/N» separation — up to two orders of magnitude larger than conventional

membranes.

1. Introduction

Membrane separation technologies are critically important for the
development of sustainable industrial processes for global chemical
production [1-4]. Separations based on membranes are less energy
intensive than typical separation operations such as distillation and
drying because membranes do not require phase changes [2-5]. Im-
portantly, during the last decades, gas separation based on non-porous
membranes have attracted considerable attention due to their low costs
and improved efficiencies [5-8]. In non-porous membranes, separations
are generally described by a solution-diffusion model involving a two-
step mechanism: initial molecule absorption into the membrane fol-
lowed by diffusive molecular transport under a chemical potential
gradient [9]. The membrane efficiency for separating a binary mixture
made of compounds A and B is generally measured by the ratio a5 of
the normalized fluxes with respect to the driving forces across the
membrane (i.e. selectivity). The basic principle fueling most research
on membrane separations is that large selectivities a4, can be achieved
by manipulating the diffusivity and solubility of compounds A and B
such that the flux of A is increased while the flux of B is reduced
[4-7,10-13]. An established approach to achieve such enhanced
membranes is to tailor chemical and structural properties of the
membrane material in order to affect the physical mechanisms that
govern the diffusivities and solubilities of compounds A and B
[4-6,13-16]. In the ideal case, the engineered material would yield a

membrane where the selectivity a,,p and the flux Ja of the compound of
interest are both maximized. This principle has been successfully used
for the design and fabrication of membranes that are at the commercial
stage and also under research development [5-8]. Additionally, process
engineering using multistage modules or internally staged permeators
has been applied to increase the purity of the products [17-19].

Here we propose the development of a new class of separation
processes by designing anisotropic membranes that can guide mole-
cular transport to specific locations. We note that established ap-
proaches for mass separation assume that the membrane material is
isotropic. This means that mass-flow cannot be “guided” in controlled
ways to perform separations. In contrast, we propose rationally de-
signed anisotropic membranes that purposely guide molecular diffusion
to specific places and this translates into a completely new physical
mechanism to improve current separation processes. Contrarily to
conventional isotropic membranes, the use of anisotropic membranes
allows controlling both direction and magnitude of the mass flux.
Significantly, using our anisotropic design we found remarkable se-
lectivities for O5/N, separations, up to two orders of magnitude higher
than those obtained with the best available isotropic polymer.

We show in Fig. 1(b) how our separation device that controls the
direction of mass flow using an anisotropic membrane operates sig-
nificantly different from typical isotropic membranes such as planar,
hollow fibers, or dual-layer hollow fiber membranes. In the isotropic
case, membranes separate two compounds by selectively permeating
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Fig. 1. (a) Isotropic hollow fiber working for
separation in countercurrent flow. The cylind-
rical membrane is highly selective for com-
pound A (spheres) thus creating a permeate
enriched in A. Inset shows the radial flux lines
due to the cylindrical symmetry. (b) Proposed
anisotropic membrane separation device con-
sisting of an isotropic cylindrical core of radius
R; covered by an anisotropic cylindrical shell
with internal radius R; and external radius R.
In this case, the two molecules (spheres and
cubes) permeate in the membrane. The sche-
matics show the ideal case where one com-
pound (cubes) is directed around the core and
the other compound (spheres) is focused to-
wards the core. We are interested in collecting

Layered
anisotropic shell l

molecules A (spheres) at the core region (—R; < x < R;, ¥y = 0). Inset shows the flux lines for the two compounds, which are bent as a consequence of the
anisotropicity of the shell. Simultaneous control of the flux trajectory for the two compounds is the basic principle of operation of the anisotropic membrane. (c) The
anisotropic shell can be constructed using multilayer structures made of two isotropic materials M; and M, with mass resistances adding in series in the radial

direction and in parallel in the azimuthal direction.

one compound through the membrane while rejecting the other one
[Fig. 1(a)]. As a result, two streams with different compositions develop
- a permeate enriched with the permeated compound and a retentate
enriched with the rejected compound [7,9]. In contrast, the proposed
separation device using an anisotropic membrane [Fig. 1(b)] is selective
for one of the compounds by simultaneously guiding the molecules that
have permeated into the membrane toward different locations on the
“permeate” side. Three streams develop: the retentate and two
permeate fractions, with compositions that depend on the effectiveness
of the anisotropic membrane to reroute the different species. Also note
that our separation device does not possess a hollow core but rather a
solid material core, in contrast to hollow fiber membranes. Further-
more, separation processes in hollow fiber membranes occur under a
one-dimensional radial concentration gradient [Fig. 1(a)], while our
device requires a two-dimensional concentration gradient for operation
[Fig. 1(b)]. It is important to highlight that control over flux direction
as considered in this paper has already been proven both experimen-
tally and theoretically for mass and heat diffusion but has not been used
for gas separation [20-25]. A number of fundamental questions arise
when considering anisotropic membranes for separation. What struc-
tural geometry would allow taking full control of the direction of mass
flux and separation capabilities? How does an anisotropic membrane
perform in comparison with a typical isotropic membrane? And how
can we construct such anisotropic membrane considering that most
currently available membrane materials are isotropic? In this paper, we
address these questions in the context of gas separations and prove that
anisotropic layered structures made of isotropic materials can be used
to enhance the separation performance of typical isotropic membranes
breaking the limits imposed by the conventional upper bound relation.
Specifically, we discuss these findings in the case of O,/N, separation
where we propose a structure/material design consisting of rationally
arranged isotropic polymeric materials. Enhancing O,/N, gas separa-
tion is important since highly-efficient O,/N, separation has been
challenging with current membrane materials. The large amount of
tabulated data for the diffusion properties of O, and N, in different
polymers facilitates material selection to achieve O, and N, anisotropic
diffusion and separation. Clearly the proposed concept for separation
can also be applied to other gas mixtures.

2. Methods

Diffusive transport processes in isotropic membranes are commonly
described by Fick's theory, which establishes that the flux J of species i
across a planar membrane and the selectivity a are given by
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where D; is the diffusivity, S; the solubility, Ap; the driving force, and L
the membrane thickness [1,13-16]. In contrast, in our proposed device,
anisotropic material properties are engineered to obtain a specific
functionality. This can be achieved by engineering the mass diffusivity
tensor [21,26-30]
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In order to design separation processes using engineered anisotropic
membranes, the first task is to define a suitable structural geometry. In
the case of isotropic membranes, this selection is performed by con-
sidering that the system should fit standard module designs and be easy
to manufacture and maintain [1,5,8]. In anisotropic membranes,
however, it is also necessary to find a structural geometry that allows
the easy collection of the permeate fraction of interest. Towards this
end, we introduce a membrane separation device consisting of two
concentric half-cylinders as shown in Fig. 1(b). The cylindrical core of
radius R; is made of an isotropic material I with solubility S;; and
diffusivity D;; for compound i. On the other hand, the cylindrical shell
with internal radius R; and external radius R, is made of an anisotropic
material with solubility Sy ;) and tensorial diffusivity 5”@. The role of
the anisotropic shell is to manipulate the trajectory of the molecules of
interest. For example, an ideal anisotropic shell for separation of a
binary mixture should detour one compound around the core and focus
the other compound towards the core [26,31]. The effectiveness of the
anisotropic shell for separation will thus depend on the ability of the
shell to differently promote the diffusion of the compounds along the
radial and azimuthal directions. Note that in our proposed design, the
permeate fraction enriched with the compound of interest is collected
at the planar lower surface of the cylindrical core, i.e. at the line
-R; <x < Ry,y=0.

Our initial objective is to show how the anisotropic shell affects
separation of a binary mixture of arbitrary compounds A and B. The
diffusion of species i (A or B) in the core and shell regions can be de-
scribed using continuity and Fick's law Egs. (1) and (2), which yields
the following differential equations for diffusion

D@y Dy
Dyc@y Dy

oG i aZC i

10 PtV 1740 = 0 for the core

rar’ or ) r? 062 3
3Cu 1¢) 8*Curq

19 (,nw) , ®FCMO _ o the shell

ror\' or r: 06* C))

where l(zi) = Dg(;)/Dri), Doy and D, are the azimuthal and radial
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diffusion coefficients of the shell, respectively. Egs. (3) and (4) have
solutions C;(r, 6) = Y;(r)G;(6) in the form of Fourier's series expansion
[32]. By considering the mirror symmetry with respect to x = 0 and a
non-divergent concentration at r = 0, the spatial concentrations C;(r, 0)
can be written as

Crpy(r, 6) = C})(l-) + Z a,@r"  sin (n6)
n=1 )

0
Cuay (r 0) = Cly + D, [Byyr™® + capr™0]  sin (n6)

n=1 (6)
where the constants Cfy;), Cff;) and the coefficients a,, by and c,q)
are obtained by applying the following boundary conditions. We con-
sider a partial pressure p; on the upper side (r = R;) and zero at the
bottom of the device (6 = 0). Note we use only two pressures in contrast
to multistage membrane permeators. At the interface between shell and
core (r = R) we enforce the continuity of the radial flux and the dis-
continuity in concentration by considering the partition coefficient
Ky = Srw)/Suq). We thus have

8Cr 8Ci
Dy 31,(1) = Dy ;:(1)’ CI(i) = Kicn(i) at r=R
Cu) = PaySua at r=R,
CGop=0, Cyy=0 at 6=0 %)

The above boundary conditions yield the following expressions for
the concentration of each compound i

G, 0) = i an(zKlD;)(R;)n sin(né)
n=1

1

0 nl —nl
Cu(r, )=, an[(lD,’ +K)(i) + (D] —K)(L) ] sin(nd)
n=1 R R

n nl —nl
o, = PSy %[#] [(ID,’ + K)(%) + (D, — K)(%) ]
1 1

-1

(8

and Cf;, = Chy = 0, where D/ = Dy@/Dr@. We validated the con-
centrations C;(r, 6) given by Eq. (8) against numerical predictions via
COMSOL Multiphysics and obtained excellent agreement. For series
solutions we use enough terms to achieve convergence and numerical
results are verified to be independent of mesh discretization.

For operation of the anisotropic membrane, we are interested in the
average flux J leaving the core along the line -R; < x < Ry, y =0
(Fig. 1b), which is given by

ac, -
() = =Dy <7l< =-D; zn:l a R

dy 9

Calculation of the fluxes for compounds A and B allow us to predict
the selectivity o, /p
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and permeance P, of the membrane
P, = U@
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An analysis of Eq. (10) reveals that the anisotropic separation device
introduces a new physical mechanism that can be used to enhance se-
paration. Note that the selectivity can be written as the product of three
factors

Dray \[ Sty | Qua
awp=l~ < |~

Dy )\ Srwy )\ Q)
where the third factor Qu)/Q) depends on structural and material
properties of the anisotropic shell. The ratio Q4)/Q(s) is equal to one for
an isotropic membrane and its existence in our design opens up a
number of possibilities in the sense that combinations of structural and

material parameters Ry, R,,,D/,K can make its value greater than one,
thus generating an improvement in the selectivity.

(12)

3. Results and discussion

We show in Fig. 2(a) and (b) the selectivity and permeance of the
proposed anisotropic membrane in the case of a binary mixture con-
sisting of oxygen and nitrogen. The isotropic core is considered to be
polydimethylsiloxane (PDMS) and the homogeneous shell has aniso-
tropic diffusion coefficients D, and D, that correspond to a layered
structure made of isotropic polymeric materials PDMS and PSF. This will
be discussed in detail in the next section. We note that anisotropic
membranes are more general and not restricted to layered polymer
structures (e.g. they can be made of oriented nanoparticles in a matrix
or zeolites). The solubilities and diffusion coefficients for the core and
shell materials are summarized in Table 1. The anisotropic shell is
purposely designed to detour N, around the PDMS core, thus collecting
O, at the core. This is done by carefully selecting the materials such that
the diffusivity ratio Dyo2)/Dyn2y is much larger than the
ratioDg(o2)/Dev2)- Fig. 2 clearly shows how the structural properties
play a fundamental role on the selectivity and permeance. We observe
that for a constant value of R; the larger the anisotropic shell (i.e. in-
creasing values of R,/R;), the higher the selectivity and the lower the

10° : 10* Fig. 2. (a) Selectivity and (b) permeance for
Anisotropic Shell s — R=1um our anisotropic membrane device as a function

4 :Sgiﬂghsﬂle” / 10 of Ry/R; in the case of separation of a binary
10" 71 1009\ —1%um_ mixture of oxygen and nitrogen. The cylind-

rical core is made of PDMS. Red, blue, and

Anisotropic

Tum green lines correspond to anisotropic, PSF, and

Selectivity oLo,m,
=
Permeance F,, (gpu)
3 3
v
/
/
77—

PDMS shells respectively. The anisotropic shell
is made of layered PSF and PDMS materials.
For the permeance, two R; values are con-
sidered 1 um and 10 pm.

10°4
1074
10" Isotropic 1071
Isotropic 104
10° T T 10 T
1.0 1.5 2.0 25 3.0 1.0 1.5
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Table 1

Journal of Membrane Science 566 (2018) 301-306

Solubilities and diffusivities for polydimethylsiloxane (PDMS), polysulfone (PSF) [Refs. [42,43]] and for an anisotropic shell made of layered PDMS (M;) and PSF

(M>) with fopms = 0.5.

S02) Doz Sz D2y Dy (02 Do (02) Dr (n2) Do 2y
[mol/m?® Pa] [m?/s] [mol/m?® Pa] [m?/s] [m?/s] [m?/s] [m?/s] [m?/s]
PDMS 7.9 x107° 3.4x107° 4.0 x 107° 3.4x107°
PSF 1.1 x 1074 4.4 x 1072 6.6 x 107° 1.2 x 1072
Shell 9.45 x 107° 5.30 x 107° 1.02 x 10711 1.42 x 107° 2.98 x 10712 1.28 x 107°
Table 2

Permeabilities for polydimethylsiloxane (PDMS), polysulfone (PSF) and for an anisotropic shell made of layered PDMS (M;) and PSF (M) with fppms = 0.5.

P2y Pr 02

[mol/m-Pa-s]

Po2)
[mol/m-Pa-s]

[mol/m-Pa-s]

PG (N2)
[mol/m-Pa-s]

Pr 2
[mol/m-Pa-s]

PH (02)
[mol/m-Pa-s]

PDMS 2.68 x 1072 1.36 x 107*3
PSF 4.84 x 107¢ 7.92 x 1077
Shell

9.64 x 1071°

1.34 x 10713 1.58 x 1071° 6.78 x 1074

permeance. These results can be understood by considering that by
increasing the thickness of the shell, the anisotropic path for the dif-
fusing compounds becomes longer and the effects of the shell on de-
touring N, around the core increase, which increases the selectivity.
The increased R,/R; ratio also causes a decrease in the number of
molecules that reach the core, thus lowering the permeance. For com-
parison, we also show the selectivity and permeance in the case that the
shell is made of a single isotropic material (either PDMS or PSF). We
can see that the separation properties of the proposed device using an
anisotropic shell are significantly different from those corresponding to
isotropic shells, indicating the possibility of using anisotropic diffusion
mechanisms to enhance the separation of O, and N, Table 2.

A remarkable result from our numerical predictions is that the
performance of the proposed anisotropic membranes is above the upper
bound limit for most of the permeability spectrum. We show in Fig. 3
the selectivity vs. permeance plot of the device, which is analogous to
the well-known Robeson plot [11,12]. A representative value of R;
= 1um is chosen for the calculations. The most significant result in
Fig. 3 is that the use of an anisotropic shell (red solid line) can make the
device to have selectivities significantly higher than the upper bounds
(black solid line). For example, for Ry/R; = 2, the selectivity is two
orders of magnitude larger than that from conventional membranes.
This demonstrates that control of the direction of the mass flux via
anisotropy, as proposed here, can be an important factor in the design

10° 3 .
E Anisotropic Shell
] ’ —— PSF Shell
10* 4N This|work —— PDMS Shell
E \ —— Upper bound
~ Ry/R,=2
g\‘ , \ Increasing R,/R
s 107 3 AN
2
= , Core
8 10° 4 Uupper|bound
Q I -
» ] P |
] \Q‘ -
10" 3 —=
10° T
10° 10? 10" 10° 10’ 10 10°

Permeance £, (gpu)

Fig. 3. Modified Robeson plot for selectivity vs. permeance for anisotropic
(red), PSF (blue), and PDMS (green) shells respectively where R; = 1 um. Black
solid and dashed lines shows selectivity vs. permeance upper bounds for a
planar isotropic membrane of thickness 1 um and 0.1 um respectively. We note
that if R, is increased (reduced) the plot will shift to the left (right).

304

of separation processes by providing membranes with increased effi-
ciencies. We have also evaluated the collected fraction for increasing
R,/R; ratios in the range 1.0 < R,/R; < 3.0 and found a recovery
between ~10% and 0.001%. This indicates that increasing selectivity is
accompanied by a reduction in the oxygen recovery. If higher re-
coveries are needed, larger membrane area and operational costs will
be required. For comparison, we also show in Fig. 3 the cases where the
shell is made of isotropic materials PDMS (green) and PSF (blue). It
should be noted that, in contrast to the anisotropic shell, the selectivity
of isotropic shells is bounded by the intrinsic properties of the con-
stituent materials.

As mentioned previously, we propose to manufacture the aniso-
tropic shell using a layered structure made of commonly available
isotropic materials. Achieving anisotropic properties by means of bi-
layer structures has been extensively discussed in the literature
[21,26,31,33,34]. According to effective medium theory, it is possible
to construct a multilayer structure made of thin layers of alternating
materials M; and M, with different solubilities and diffusivities, which
behaves as an anisotropic medium when the number of layers is large
enough. The origin of the anisotropicity arises from the fact that, in a
layered structure, the resistances to molecular diffusion add in series in
one direction and in parallel in the other direction. In our proposed
membrane, we have a set of concentric cylinders of alternating mate-
rials M; and M,, in which resistances add in series (parallel) in the
radial (azimuthal) direction [Fig. 1(c)]. Effective medium theory es-
tablishes the effective radial D, (; and azimuthal diffusivities Dy of the
layered shell as well as its effective solubility Sj;(;) in terms of the
properties of the isotropic materials and their volume fractions
[27,28,35-38], which are given by

1
Doy = ————————[fo: Doy + for ki Daviay 15 D
0= kD) s Duvrwy + fuz ki D2y s [Dr)
_ K S Jue B T Sy
= (hn + k) —2— 5 Suw = finSma) + fuzSmzo
Dyi@y ki Dmagy

a3

where Dy iy Dz are the isotropic diffusion coefficients of compound i
in materials M; and M, respectively, fa, fue are the volume fractions,
and k; = Sya/Sui). Using the diffusivities and solubilities given in
Table 1 for Ny and O, in PDMS and PSF, Eq. (13) establishes that a
multilayer structure made of PDMS (M;) and PSF (M) with f; = 0.5
yields the anisotropic properties of the shell previously studied
(Table 1). In Fig. 4 we explore the selectivity and permeance as a
function of the volume fraction for R; = 1 um and R»/R; = 2. The re-
sults show that the volume fraction of the layered shell is another im-
portant factor on the performance of the device. The selectivity
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Fig. 4. Selectivity vs. permeance for a membrane separation device with R;
= 1um and Ry/R; = 2 for different volume fractions of PDMS in the shell.
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Fig. 5. Insets: Selectivity (left) and permeability (right) of our membrane de-
sign for separation of a binary mixture of oxygen (50%) and nitrogen (50%) as a
function of the number N of bilayers. The layered anisotropic shell is made of
isotropic PDMS and PSF materials. R; = 1 um (top line), R; = 10 pm (bottom
line) and Ry/R; = 2. Main panel: Modified Robeson plot of selectivity vs.
permeance for a layered anisotropic shell with R; = 1 um and Ry/R; = 2 and
increasing number of layers (orange line). For large numbers of bilayers (~ 20),
the performance corresponds to the continuous case (red dot). For reference,
PSF and PDMS shells are also shown in the figure. The thickness of each in-
dividual layer can be calculated as (R, —R;)/2N.

increases continuously from fy; = 0 until it reaches a maximum at
farn = 0.5 and decreases with further increase of the volume fraction. In
contrast, the permeance decreases monotonously until f; = 0.5 and
increases for larger volume fractions. These results show the richness of
behaviors that can be obtained by means of an anisotropic separation
device.

We note that another design aspect is the number N of bilayers of
materials M; and M, that are required to obtain an effective anisotropic
medium behavior for the shell (Fig. 1¢). We thus analyze the role of N in
detail in Fig. 5 for an anisotropic shell made of a PDMS-PSF multilayer
structure. As it can be seen in the insets, the selectivity increases while
the permeance decreases with increasing numbers of bilayers, both
showing an asymptotic behavior for a large number of layers. Note that
the difference between layered and continuous anisotropic shell is
minimal for a sufficiently large number of bilayers (N~20) [33]. Fig. 5
shows that one important consequence of the resultant selectivity/
permeance values obtained for different number of bilayers is that the
performance of the device in terms of the modified Robeson plot [12] is
also a function of N. As a result, N should be selected ensuring that the
performance is above the upper bound. Furthermore it is also possible
to tailor the number of layers N to tune the permeance of the device.
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That is, the number of layers N can also be a variable to control to a
certain extent the relation between selectivity and permeance.

We note that standard dip-coating or spray-coating techniques could
be used to fabricate prototype layered devices. Viscosity of polymer
solution and drying condition will play a role in ensuring uniform layers
[39-41]. Our devices however are robust to moderate deviations in
layer thickness since simulations show that + 20% variation in layer
thicknesses creates only ~ 5% variation in permeance and selectivity.
Minimization of void formation and polymer intrusion might also need
to be considered during the fabrication process.

4. Conclusions

We showed that engineered anisotropic structures can give rise to a
new class of membranes that can improve the performance of separa-
tion processes. By controlling the flux direction by means of anisotropy,
we introduced a new device for separation that allows increasing the
selectivity of membranes above the limits typically observed in iso-
tropic membranes. Interestingly, the anisotropic membranes proposed
here can be fabricated as multilayer structures made of two isotropic
materials with contrasting diffusivities. The effective diffusivities and
solubilities of the anisotropic structure can be obtained using effective
medium theory. Importantly, the present work is the first demonstra-
tion of a completely new physical system that breaks the separation
limits in membrane technologies. Future work would involve the de-
velopment of manufacturing and miniaturization techniques, as well as
strategies for membrane modules in order to fully take advantage of the
unprecedented opportunities provided by anisotropic membranes.
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