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Micro- and meso-porous materials such as zeolites, metal-organic frameworks (MOFs), covalent-organic
frameworks (COFs), zeolitic imidazolate frameworks (ZIFs), Vycor glass, MCM-41, and SBA-15 are used in
membrane separation in a wide variety of applications such as CO, capture. For process development and
design purposes the Maxwell-Stefan (M-S) equations are widely used for modeling mixed gas perme-
ation. In the M-S formulation we have basically two types of diffusivities: (a) b;, that characterize species
i-wall interactions in the broadest sense and (b) exchange coefficients D;; that reflect how the facility for
transport of species i correlates with that of species j. Such correlations have the effect of slowing-down
the more mobile partner species in the mixtures. In many cases the D; corresponds to the value of the pure
component i; consequently these can be estimated from unary permeation data. The D, on the other hand
are not directly accessible from experimental data. The major objective of this communication is to stress
the importance of proper estimation of the exchange coefficients Dj;. To achieve this objective, and to
illustrate the variety of issues involved, we consider permeation of CO,/H;, CO,/N,, CO,/CH4, and CH4/H;
mixtures across membranes with crystalline layers of four different materials: MFI (intersecting channels
of 5.5 A size), BTP-COF (one-dimensional hexagonal-shaped channels of 34 A), LTA-Si zeolite (11.2 A cages
separated by 4.11 A x 4.47 A sized windows), and MgMOF-74 (1D hexagonal-shaped channels of 10.4 A
size). The required data on pure component adsorption isotherms are obtained from configurational-bias
Monte Carlo (CBMC) simulations. The M-S diffusivities are determined from molecular dynamics (MD)
simulations.

Our studies show that the permeation selectivities are crucially dependent on the proper modeling
of the correlation effects. Increased upstream feed pressures lead to significant enhancement in perme-
ation selectivities; this enhancement is directly traceable to the increase of the correlation effects with
increased loadings. Use of some commonly used approaches, suggested in the published literature, lead
to severe underestimation of permeation selectivities.
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1. Introduction

A wide variety of micro- and meso-porous materials are of poten-
tial use in separation applications, such as CO, capture [1-11].
Examples of micro-porous materials include zeolites (crystalline
aluminosilicates), metal-organic frameworks (MOFs), covalent-
organic frameworks (COFs), zeolitic imidazolate frameworks (ZIFs),
carbon nanotubes (CNTs), carbon molecular sieves (CMS), and
titanosilicates (such as ETS-4, and ETS-10). Examples of meso-
porous materials include SBA-16, MCM-41, and Vycor glass. In the
case of mixed matrix membranes, zeolites, MOFs, ZIFs, or CNTs are
embedded within a polymer or silica matrix [12-15].
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For the development of membrane separation technologies,
there is a need for proper modeling of mixture permeation across
the chosen membrane material. The appropriate models to describe
mixture permeation must take proper account of the influence each
of the diffusing species exerts on its partner molecules. Generally
speaking, the tardier species has a retarding influence on the more
mobile species. For illustration purposes consider the experimental
data of Sandstrém et al. [ 16] for permeances of CO, and H; across an
MFI zeolite membrane of 0.7 wm thickness. MFI zeolite consists of
a set of intersecting channels of approximately 5.5 A in size. Fig. 1a
presents a comparison of the permeances of CO, and H, for CO,/H,
mixture permeation with the corresponding data on unary per-
meances. We note that the permeance of the tardier CO, in the
mixture is practically the same as that for unary diffusion for the
entire range of upstream (feed) partial pressures. For H,, the per-
meance in the mixture is about an order of magnitude lower than
for unary diffusion. Furthermore, we note that the H, permeance in
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Fig.1. Comparison of the permeances of CO, and H, for CO,/H, mixture permeation
with data on unary permeances for (a) MFI and (b) SAPO-34 membranes. The MFI
permeation data are from Sandstrom et al. [16]. The SAPO-34 permeation data are
from Li et al. [17-19].

the mixture is progressively reduced as the upstream (feed) pres-
sure is increased. Sandstrom et al. [16] consider the reduction in
the H, permeance to be a result of “blocking” by the partner CO,
molecules.

An exactly analogous situation occurs for CO,/H; mixture per-
meation across a SAPO-34 membrane; SAPO-34 consists of 8.5 A
size cages separated by 3.8 A x 4.2 A size windows. Fig. 1b presents
the data from experiments data of Li et al. [17-19]. We note that
the permeance of CO, in the mixture is practically identical to that
for unary diffusion. In sharp contrast, the permeance of H, in the
mixture is about an order of magnitude lower than for pure H, dif-
fusion. As in the case of MFI membrane, the permeance of H; in the
mixture falls progressively below that for unary diffusion as the
upstream feed pressure is increased.

Slowing-down effects are the root cause of the decrease in the
H,/CO, selectivity of Matrimid membrane with increasing pro-
portion of CO, in the CO,/H, mixture in the upstream (feed)
compartment [20]. Blocking, slowing-down, or “hindering” effects
also manifest for mixtures other than CO,/H,, and appear to be

a generic characteristic of mixture permeation across a variety
of porous membrane materials [19-27]. For water-alcohol and
alcohol-acetone mixtures, there is mutual slowing-down of each
of the components due to hydrogen bonding effects [28-33].

For modeling n-component mixture permeation inside either
micro- or meso-porous membranes, it is commonly accepted that
the fundamentally correct approach is to relate the fluxes Nj,
defined in terms of the cross-sectional area of the membrane, to
the chemical potential gradients V ; by use of the Maxwell-Stefan
(M-S) equations [17,26,34-37]:

d ® xN: —xN N,
Ci Al g T A i
—)—=— = — 1:1,2,...n 1
RT dz Z b;j * D; M

i=1

j#i

where ¢ represents the fractional pore volume of the porous mate-
rial, and the concentrations c; are defined in terms of moles per m3
of accessible pore volume. The x; in Eq. (1) is the component mole
fractions of the adsorbed phase within the micropores:

Gi.

= i=1,2,...n (2)

Xi

The D; characterize species i-wall interactions in the broadest
sense. In many cases the b; corresponds to the value of the pure
component i; consequently this can be estimated from unary per-
meation data. In some cases where molecular clustering occurs,
the D; in the mixture can be lower than that of pure components
[30,31]. The b;; are exchange coefficients representing interaction
between components i with component j. At the molecular level,
the Dj;; reflect how the facility for transport of species i correlates
with that of species j. Conformity with the Onsager reciprocal rela-
tions prescribes:

Djj = Dj; (3)

In the M-S formulation (1), the exchange coefficients D;; account
for slowing-down effects. In order to illustrate this, Fig. 2 presents
MD simulation data for the M-S diffusivities, D¢, D,, and D4, for
diffusion of equimolar (cq =c3) CO; (1)/H; (2) mixtures at 300K in
four different materials: (a) MFI zeolite, (b) all-silica LTA-Si (11.2 A
cages separated by 4.11 A x 4.47 A sized windows), (c) MgMOF-74
(1D hexagonal-shaped channels of 10.4 A size [8,9,37,38]), and (d)
BTP-COF (1D hexagonal-shaped channels of 34 A size [39]). The MD
simulation methodology is described in Supplementary Material
accompanying this publication. In the limit of low concentrations,
say ¢; <1kmolm~3, we have P;, > D, >P;. Consequently, the con-
tribution of the first right member of Eq. (1) can be considered
to be negligible, and the permeation fluxes at very low loadings
will correspond to that for unary permeation. For all topologies the
exchange coefficient D1, shows a significant reduction in magni-
tude with increasing pore concentration; consequently correlation
effects increase with increasing pore concentrations. For all four
pore topologies, the M-S diffusivity of CO,, b1, is significantly lower
than the binary exchange coefficient b,,. Consequently, the influ-
ence of the first right member of Eq. (1) on the flux of CO, is
relatively small, i.e. coupling effects are not expected to have a sig-
nificant effect on CO, permeation flux in the mixture. This is the
reason that the permeance of CO; in the mixture is practically the
same as for pure components (cf. Fig. 1).

The situation with regard to H, is completely different. With
increased pore concentrations ¢, the binary exchange coefficient
D15 is lowered to values below that of the M-S diffusivity of Hj,
D,. Consequently, the influence of the first right member of Eq.
(1) on the flux of H; is non-negligible. This is the reason that the
permeance of H, in the mixture is progressively lower than that for
the pure component (cf. Fig. 1).
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Fig. 2. The Maxwell-Stefan diffusivities, Py, P,, and Dy, for diffusion of equimolar (c; =c;) CO»(1)/H2(2) mixtures at 300K in (a) MFI, (b) LTA-Si, (c) MgMOF-74, and (d)
BTP-COF as a function of the total concentration, c¢;. The M-S diffusivities Py, and D, are from unary MD simulations. The concentration dependence of the M-S diffusivities
are described using the Reed and Ehrlich model [23,36,53], using the parameters specified in Supplementary material. The binary exchange coefficient D1 is determined
from mixture MD simulations, using the methodology described in Supplementary material, which also contains analogous data comparisons for b1, b,, and D1, for a much

wider variety of guest/host combinations.

The key to the accurate modeling of mixture permeation lies in
the proper estimation of the exchange coefficients D1,, especially
its concentration dependence. This is a challenging task because
there is no direct experimental procedure for its estimation from
membrane permeation data. PFG NMR experimental studies on the
self-diffusivities in mixtures [40] give an indication of the mutual
influence of one adsorbed species on its partner molecules; these
experiments do not yield information on the exchange coefficients
D15. The major objectives of the present communication are: (1)
to use MD simulations for providing insights into the magnitude
of D1, in a variety of porous materials of practical importance, (2)
to suggest practical procedures for estimation of P15, and (3) to
point out pitfalls in some procedures suggested in the published
literature for estimation of P15.

Supplementary material accompanying this publication gives
information on the specific force fields used, unit cell dimensions,
accessible pore volume, characteristic pore dimensions, molecular
simulation methodologies, pore landscapes and snapshots, along
with the entire database of simulation data on isotherms, heats of
adsorption, and diffusivities. Besides BTP-COF, MgMOF-74, LTA-Si,
and MFI, adsorption and diffusion data for a variety of other host

materials (CHA, FAU-Si, NaY, NaX, IRMOF-1, and MOF-177) are also
presented in Supplementary material in order to stress the generic
nature of the conclusions drawn in this work.

2. Estimation of the Maxwell-Stefan exchange coefficients
D12

An important advantage of formulating the M-S equations (1)
in terms of concentration ¢; within the pores is that the exchange
coefficient D, are relatable to the corresponding M-S diffusivity
in the binary fluid mixture, with species 1 and 2. This is illustrated
in Fig. 3 which presents data on D1, as a function of the total con-
centration, ¢, for six different binary mixtures in a variety of other
host materials. In mesoporous BTP-COF, the values of the exchange
coefficient P, are the nearly the same as the binary fluid phase
M-S diffusivity, D1 g, over the entire range of pore concentrations.
Asimilar result holds for mesopores in the 20-100 A size range [35].

For micro-porous materials, the P, are lower than the corre-
sponding fluid phase diffusivity Dy, g by a factor, F, that depends on
the degree of confinement within the micropores. The stronger the
degree of confinement, the smaller is the value of F [35,36]. Within
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Fig. 3. The Maxwell-Stefan exchange coefficients D, for diffusion of equimolar (¢ =c;) (a) CO2/H3, (b) CO2/CHy, (c) CO2/N3, (d) CH4/H>, () CH4/C2Hg, and (f) CH4/C3Hg
mixtures at 300K in a variety of host materials, as a function of the total concentration, c;. The D;, 5 for binary fluid phase mixture diffusion, obtained from independent MD
simulations, are also presented in square symbols. The data presented included MD simulations of binary mixture diffusion in FAU-Si, NaY, NaX, IRMOF-1, and MOF-177, and
details of these structures are available in Supplementary material accompanying this publication.
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the 5.5 A channels of MFI zeolite, the P is about a tenth of the value
for the corresponding fluid mixture, when compared at the total
molar concentration ¢; within the pores, i.e. F~0.1. Within the 1D,
10.4 A sized hexagonal-shaped channels of MgMOF-74, the degree
of confinement of the guest molecules is lower, and the value of
F~0.7. For FAU-Si, NaY, and NaX that has 7.4 A sized windows sep-
arating 11A sized cages, the values of F are in the range 0.4-0.7.
Procedures for estimation of the Dy, 7 are available in Poling et al.
[41], and therefore this provides a convenient starting point for the
estimation of the Dq,.

The link between the exchange coefficient D, with the corre-
sponding fluid phase diffusivity D, g is of vital importance because
it paves the way for developing an interpolation formula using
unary diffusion data, using the Vignes interpolation formula for lig-
uid mixtures as a guide [42]. This approach results in the following
formula [35,36]:

D12 = (B11)" (P22)? (4)

For diffusion within porous materials, the D;; are the self-exchange
coefficients, that are determinable from MD simulations of unary
diffusion of both B;, and the self-diffusivity, D; s, by use of the
following relationship:

L, (5)

Diser ®i Dy

The interpolation formula (4) has been verified on the basis
of MD simulations for a wide variety of guest-host combinations
[35,36]; evidence of the validation for selected guest-host com-
binations are available in Supplementary material accompanying
this publication. The ratio D;/D;; can be viewed as a measure of the
degree of correlations for unary diffusion of species i. For any given
material, P;/P;; increases with increasing pore concentration. As
illustration, Fig. 4a shows MD simulated data on the degree of corre-
lations, B;/Dj;, for diffusion of CH4, CO5, N», and H, in MFI zeolite. As
the concentration within the pores increases, the jumps of individ-
ual molecules become increasingly correlated because the number
of vacant sites will decrease, and the probability of unsuccessful
jumps will increase.

The degree of correlations also depends on the pore size, connec-
tivity and topology. Fig. 4b and c presents a comparison of b;/D;; for
H, and CH,4 diffusion in a variety of host materials. Broadly speak-
ing, the highest degree of correlations is for 1D channel structures,
such as MgMOF-74 and BTP-COF, because of the difficulty of by-
passing of molecules. The smallest degree of correlations is realized
in structures such as LTA-Si, CHA, SAPO-34, DDR, ITQ-29, and ZIF-
8 that have cages separated by windows that are in the 3.4-4.1A
size range. In such structures, the inter-cage hops across the win-
dow occur one-molecule-at-a-time and correlations are practically
negligible at pore concentrations ¢; < 10 kmolm~3 [6,23,43-47]. A
qualitative appreciation of the molecular hops across the windows
of LTA-Si, and CHA is obtained by examination of video ani-
mations available as Supplementary material accompanying this
publication. For concentrations c; > 10 kmol m~3, intra-cage motion
becomes limiting leading to sizable correlation effects.

The self-exchange coefficients Dj;; are relatable to the self-
diffusivities in the corresponding fluid mixture, ;g [35,36] (see
Fig. 4d-f). For mesoporous materials such as BTP-COF, D;; ~Dj; g
For MFI zeolite, the D;; are about an order of magnitude lower than
the D;; . Engineering estimation procedures for the fluid phase self-
diffusivity D;;q are available [41], and therefore it is possible to
make reasonable estimates of Dj; in a given host material on the
basis of the information provided in Fig. 4.
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Fig. 6. The influence of different calculation procedures for the degree of correlations, b;/D;;, on the permeation selectivity, Sperm, for (a) CO2/Hz, (b) CH4/Ha, (c) CO2/N>, and
(d) CO,/CH4 mixture permeation across an MFI membrane at 300K, plotted as a function of the total upstream pressure, p;o =p1o + p20. For (a), (b) and (c) the partial pressures
in the gas phase in the upstream compartment satisfy pio/p20 =15/85 along with the adsorption selectivity, Syq4s. In (d), p10 =p20. The downstream partial pressures were
maintained at 10 Pa for each species in all cases. The thickness of MFI crystalline layer, £ =50 wm. The data on diffusivities, correlations, and dual-site Langmuir-Freundlich
parameters for fitting of the pure component isotherms are specified in Supplementary material accompanying this publication. Video animations of the motion of mixtures
of molecules across MgMOF-74, LTA-Si, and BTP-COF membranes are available as Supplementary material.

Since experimental data on the exchange coefficients are rarely
available, the assumption that b;/D;; =1 is often invoked [26,34,48],
leading to the interpolation formula:

P12 = (p1)1(P2)" (6)

We shall demonstrate later that use of Eq. (6) leads to severe
underestimation of correlation effects in mixture permeation.

3. Binary mixture permeation

In order to underscore the importance of proper modeling of
correlation effects we first consider permeation of (a) CO,(1)/H2(2),
(b) CH4(1)/H3(2), (c) CO5(1)/CH4(2), and (d) CO,(1)/N2(2) mixtures
across a MFI zeolite membrane with microporous crystalline layer
of thickness £ =50 pwm. For all four mixtures the species 1 has the
higher adsorption strength, while the species 2 has higher mobility.
A qualitative appreciation of the motion of the molecules within the

intersecting channels of MFI zeolite is obtained by examination of
video animations of MD simulations, available as Supplementary
material accompanying this publication.

The first step is to rewrite the chemical potential gradients in
Eq. (1) in a more practically usable form. The chemical potential
gradients can be related to the more conventional gradients of con-
centrations within the pores by defining thermodynamic correction
factors I';:

2
&dﬂ“i: FdCJ F—Ci%'

RT dz i,j=1,2 (7)

: szs ij= 171 BCj ’ s
j=1

For determination of the adsorbed phase pore concentrations c;
and the elements I'j;, in the binary mixtures, the Ideal Adsorbed
Solution Theory (IAST) of Myers and Prausnitz [49] was used. For
application of the IAST, pure component isotherm fits are required.
For this purpose the dual-site Langmuir-Freundlich fits of the CBMC
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simulated pure component isotherms were employed (see Fig. 5a).
In order to verify the accuracy of IAST calculations, we carried out
CBMC simulations for the binary mixtures. Fig. 5b and ¢ presents
comparisons of the IAST predictions with the CBMC simulation data
for component loadings. We see excellent agreement of the IAST
with CBMC data; this confirms the applicability of IAST for prac-
tical purposes. Similar good agreement was earlier established for
adsorption of a wide variety of mixtures in different zeolites [50,51].
At steady-state, the fluxes N; obey:

o, _
0z
The steady state permeation fluxes N; were determined by solv-
ing the set of Egs.(1),(7)and (8) subject to the boundary conditions:

0 (8)

z=0; p;=Dpio;
z=4; p;=Dpi;

using the numerical procedures described in earlier works [52-54].

The M-S diffusivities B; were obtained from MD simulations; the
concentration dependence of the D; follows the Reed and Ehrlich
model, is described in detail in the published literature [23,36,53].
The binary exchange coefficient P1,, in the mixtures was estimated
on the basis of the pure component self-exchange coefficients,
bj;, using Eq. (4) [35,45]. The data on D; were obtained by fitting
the D;/D;; data plotted in Fig. 4a. All the data inputs are speci-
fied in Supplementary material accompanying this publication. For
comparison purposes, we also carried out permeation calculations
assuming D;/P;; =1, with Eq. (6), and neglecting coupling effects,
Di/Dii — 0.

Fig. 6 shows the calculations of the permeation selectivity, Sperm
defined by:

N1/Np
P10/P20

where pjg are the partial pressures in the upstream (feed) compart-
ment. Also shown in Fig. 6 are IAST calculations of the adsorption
selectivity, Syqs:

Ci = Cip
Ci=Cy

(9)

(10)

perm =

C10/C20
_ 11
P10/P20 an

where cjg are the adsorption phase concentrations at the upstream
face.

For CO,/H,, and CH4/H, mixtures, S,4s decreases with increas-
ing upstream feed pressure; this is due to the significantly higher
saturation capacity of H, and the important role of entropy effects
at high pressures [55]. For CO3/N,, and CO,/CH4 mixtures, S,qs,
increases with increasing py. It is remarkable, therefore, to note
that Sperm is significantly increased with pyo for all mixtures. This
increase is directly attributable to the increase in the degree
of correlations with increased loadings within the membrane.
Put another way, with increased upstream feed pressure, the
slowing-down effect is enhanced, resulting in a higher permeation
selectivity. Correlation effects are beneficial and contribute sig-
nificantly to increased values of Sperm. This conclusion is further
underscored in the calculations of Sperm using the two simplified
assumptions (1) P;/D;; =1, and (2) b;/P;; = 0 (i.e. no coupling effects).
The latter two simplified approaches lead to severe underestima-
tions of Sperm wWhen py exceeds 0.5 MPa.

For CO,/H, mixture permeation the component permeances,
calculated from:

Dio — Die
are compared in Fig. 7a with the corresponding data determination
for unary permeation. For the mixture permeation calculations pre-
sented in Fig. 7a, the ratio of the partial pressures in the upstream

ads

(@) 104 . .
—@— CO, in CO,/H, mixture
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107
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Fig. 7. (a) Influence of increase in the upstream partial pressures, p;p, on the perme-
ances of CO; and H,. The data shows permeance data for unary permeation, along
with permeation for CO,(1)/H2(2) mixtures for which p1o/p20 =15/85. (b) Influence
of increase in the upstream partial pressure of CO-, p1o, on the permeances of CO,
and H, for CO,(1)/H2(2) mixtures with a total upstream pressure held constant at
Pro =Pp10 +P20=1MPa.

(feed) compartment were held constant p1o/p2o = 15/85. The trends
in Fig. 7a are in close correspondence with the corresponding
experimental data of Sandstrém et al. [16]; cf. Fig. 1a. The perme-
ance of the tardier CO, in the mixture is practically the same as that
for unary diffusion for the entire range of upstream (feed) partial
pressures. For the more mobile H,, the permeance in the mixture
decreases by an order of magnitude below that for unary diffusion
when the upstream feed pressure is increased to 5 MPa. The good
agreement in the trends in Figs. 1a and 7 can be taken as an indi-
cation of the validity of the M-S formulation, and the model used
for correlations. The absolute values of the permeances in Fig. 7a
are about a factor 50 lower than the corresponding ones in Fig. 1a
because of the significantly higher thickness of the crystalline layer
assumed in our permeation calculations, 50 pum instead of the value
of 0.7 wm in the Sandstrém experiments.



R. Krishna, .M. van Baten / Journal of Membrane Science 383 (2011) 289-300 297

(@) 0,

100

T T T TTTT

MgMOF-74; 300 K;
CO,/H, mix;
P4o/Py =15/85

-
o
g

Permeation selectivities, Sperm

T

—@— S, figorous model
L —a— Sperm’ Di /Dii =1
—O— S,em- NO coupling

1 Ll Lol Lol I

0.01 0.1 1 5

Permeation selectivities, S,

Total upstream pressure, p, // MPa

—
(2)
~—
[e)]

1

—@— S,em figorous model
5 —&— Sperm’ Di /Bii =1
—O— Spem» NO coupling

T T 1T

w N
TT T T T T T 11T

TT 1T

Permeation selectivities, S,

- LTA-Si; 300 K; CO,/H, mix;
[ Pyo/Pyy =15/85

0 1 1
0.1 1 10

L1l 1 Lol

Total upstream pressure, p, / MPa

(b) 5.

| —@— S, rigorous model
- Sperm’ Bi /Bii =1
F —C— Spermy NO coupling

| BTP-COF; 300 K; CO,/H, mix;
P4o/Pyo =15/85

0 1 Lol 1 Lol I

0.01 0.1 1 2

Total upstream pressure, p, // MPa

—@— S, figorous model

—— Sperm' Di /Dii =1
—O— Spem» No coupling

T T T T

—
» Sperm [*)
—
~
o
o

10

Permeation selectivities

F CHA; 300 K;
CO,/H, mix; p,./p,,=15/85

1 Lol Lol Lol

0.01 0.1 1 10

Total upstream pressure, p, ,/ MPa

Fig. 8. The influence of different calculation procedures for the degree of correlations, D;/P;;, on the permeation selectivity, Sperm, for CO2/H, mixture permeation across (a)
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dual-site Langmuir-Freundlich parameters for fitting of the pure component isotherms are specified in Supplementary material.

Slowing down effects on H, become increasingly significant
when the proportion of CO, in the upstream (feed) compartment
is increased. To demonstrate this, Fig. 7b presents calculations of
the permeances of CO, and H; for CO,(1)/H,(2) mixtures with a
total upstream feed pressure held constant, pig +p2o=1MPa. We
note that the H, permeance decreases by more than an order of
magnitude with increasing proportion of CO,. The data presented
in Fig. 7b provide a rationalization of the experimental data of
David et al. [20] that show a decrease in the H,/CO, selectivity with
increasing proportion of CO, in the upstream (feed) compartment
of Matrimid membranes.

For CO,/H, mixture permeation across MgMOF-74, and BTP-
COF membranes, the data presented in Fig. 8a and b demonstrate
the importance of proper modeling of correlation effects in these
materials as well. For MgMOF-74, correlation effects result in per-
meation selectivities that are about one order of magnitude higher
than those predicted by a model that neglects coupling. The results
are also dramatic for mesoporous BTP-COF; here we note that both
the scenarios (1) b;/D;; =1 and (2) B;/D;; = 0 (i.e. no coupling effects)
are seen to anticipate Sperm values lower than unity, i.e. H,-selective
operation. In sharp contrast, the rigorous approach taking into
account the increase of the degree of correlations with pore con-

centrations, predicts Sperm values greater than unity for upstream
feed pressures exceeding 0.3 MPa, i.e. CO,-selective operation.

Correlation effects in materials such as CHA, LTA, SAPO-
34, DDR, and ZIF-8 are often considered to be negligible
[6,17,19,22-24,46,47,56-58]. To test this assumption, we carried
out CO,/H, mixture permeation calculations for LTA-Si, and CHA
(see Fig. 8c and d). We note the differences between the rigorous
model and the scenario in which coupling is neglected are signifi-
cant only when the upstream feed pressures exceed 0.5 MPa. This
also rationalizes the results in Fig. 1b for permeances in SAPO-34
membrane where we note that for upstream feed partial pressures
above 0.5 MPa, the H, permeance in the mixture is significantly
lower than for the pure component.

For comparison of the CO,/H, separation performance of six
different materials, Fig. 9a

presents Robeson plot [59] of Sperm versus the CO, permeabil-
ity defined by I1;¢ with total upstream feed pressure p;y =2 MPa.
MgMOF-74 is the best of the four structures, offering both high
selectivity and permeability. The high permeability of MgMOF-74 is
of particular relevance to the economics of CO, capture, as has been
emphasized by Merkel et al. [3]. A part of the success of MgMOF-
74 can be traced to the high degree of correlations (cf. Fig. 4) that
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enhances Sperm. Analogous Robeson plots for CO,/CHy, and CO, /N,
mixtures are presented in Fig. 9b and c. For these separations too,
MgMOF-74 emerges as the best material with performance signif-
icantly higher than the Robeson “upper bound” [59].

4. Conclusions

Using molecular simulations of adsorption and diffusion, we
have investigated the influence of correlation effects on mixture
permeation across four different porous materials: MFI, LTA-Si,
MgMOF-74, and BTP-COF. The following major conclusions can be
drawn from this study.

(1) Coupling, or correlation, effects in binary mixture permeation
are embodied in the Maxwell-Stefan formulation (1) by the
exchange coefficient D15.

(2) Correlation effects are strong functions of the pore concentra-
tions, and the exchange coefficients D1, decrease by about an
order of magnitude with increasing pore concentrations; see
Fig. 2.

(3) For mesoporous structures such as BTP-COF, the exchange
coefficient Py, can be identified with the corresponding
fluid phase diffusivity, Dq, q. For microporous structure, the
exchange coefficient D1, can be an order of magnitude lower
than Dy q.

(4) The interpolation formula (4) provides a convenient approach
for estimation of the b1, for binary mixture using data on the
self-exchange coefficients b;; that can be derived from unary
diffusion.

(5) The degree of correlations in molecular motions, b;/Dj;,
increases as the pore concentration increases; see Fig. 4.

(6) The IAST is sufficiently accurate for estimation of binary
adsorption equilibrium for mixtures, using pure component
isotherm fits; see Fig. 5.

(7) The proper modeling of correlation effects, taking the con-
centration dependence of the P;/P;; into account, is essential
in the calculation of permeation fluxes and selectivities; see
Figs. 6 and 8.

(8) Use of the simplified interpolation formula (6) is not recom-
mended. This formula often under-estimates the importance
of correlation effects, see Figs. 6 and 8ab. For LTA-
Si, the use of Eq. (6) over-estimates correlation effects;
see Fig. 8c.

(9) The commonly made assumption that correlation effects in
cage-type-structures with narrow windows (such as CHA, LTA,
SAPO-34, DDR, and ZIF-8) can be considered to be negligible is
likely to fail for operation at pressures exceeding about 1 MPa.

(10) The results of our study also indicate the desirability of choos-
ing materials for CO, capture applications that have a high
degree of correlations. In this regard, 1D channel structure
of MgMOF-74 is particularly effective. The membrane perfor-
mance of MgMOF-74 is anticipated to significantly exceed the
Robeson “upper bound” [59].

Fig. 9. Robeson plots for separation of (a) CO,/Ha, (b) CO2/CH4, and (c) CO2/N;
mixtures, with total upstream pressure py =2 MPa, and T=300K. The permeation
selectivities, Sperm, for different materials are plotted against the CO, perme-
ability, IT;£. The SI units for the permeability is molmm~2s~' Pa~!. The more
commonly used engineering unit for permeability is the Barrer expressed in cm3
(STP) cmcm~2s~! (cmHg)~'. To convert to the commonly used engineering units
of Barrers we divide the value in molmm~2s~' Pa~! by 3.348 x 106, Also plotted
in (b and c) is the “upper bound” calculated using the parameters specified in Table
12 of Robeson [59].



R. Krishna, .M. van Baten / Journal of Membrane Science 383 (2011) 289-300 299

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.memsci.2011.08.067.

Nomenclature

Ci pore concentration of species i, mol m—3

Ct total concentration in mixture, mol m—3

Diser  self-diffusivity of species i, m? s~1

b; Maxwell-Stefan diffusivity, m2 s—1

bji self exchange coefficient, m2 s—!

D1a M-S exchange coefficient for binary mixture, m2 s~
Dijn M-S diffusivity in binary i-j fluid mixture, m? s~!

factor defined by F=Djj/D;; q, dimensionless
V4 thickness of membrane, m
n number of components in mixture, dimensionless
N; molar flux of species i defined in terms of the mem-
brane area, molm—2s!

Di partial pressure of species i, Pa

Dio partial pressure of species i in upstream compart-
ment (retentate), Pa

Dir partial pressure of species i in downstream com-
partment (permeate), Pa

Pro total system pressure in upstream compartment
(retentate), Pa

R gas constant, 8.314Jmol~1 K-!

Sads adsorption selectivity, dimensionless

Sperm permeation selectivity, dimensionless

T temperature, K

X; mole fraction of species i based on loading within
pore, dimensionless

z distance along the membrane, m

Greek letters

' thermodynamic factors, dimensionless
fractional pore volume, dimensionless

i molar chemical potential, ] mol~!

II; permeance of species i, molm=—2s~1Pa~!

Subscripts

0 referring to upstream face (retentate) of membrane

fl referring to fluid phase

b4 referring to downstream face (permeate) of mem-
brane

i referring to component i

t referring to total mixture
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