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ABSTRACT

Separations of mixtures using microporous crystalline materials are normally achieved by exploiting
differences in the adsorption strengths of the constituent species. The focus of the current investigation
is on diffusion-selective separations that exploit differences in intra-crystalline diffusivities of guest
molecules. A number of experimental investigations report overshoots in intra-crystalline loadings of
the more mobile species during transient mixture uptake. Analogous overshoots in fluxes occur for
mixture permeation across thin microporous membrane layers. The attainment of supra-equilibrium
loadings is a common characteristic of diffusion-selective separations; this allows the over-riding of
adsorption selectivities. The primary objective of the current investigation is to demonstrate that the
Maxwell-Stefan diffusion formulation, using chemical potential gradients as driving forces, is capable
of providing a quantitative description of the temporal and spatial overshoots found in the diverse
experimental works. The origins of the overshoots can be traced to thermodynamic coupling effects that
emanate from sizable off-diagonal contributions of the matrix of thermodynamic correction factors. If
thermodynamic coupling effects are neglected, the overshoots are not realized. It is also demonstrated
that while the transport of the more mobile partner is uphill of its loading gradient, its transport is
downhill the gradient of its chemical potential. The deliberate exploitation of uphill diffusion to achieve

difficult separations is highlighted.
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1. Introduction

Microporous adsorbents such as zeolites, carbon molecular sieves, metal-organic frameworks
(MOFs), and zeolitic imidazolate framework (ZIFs) have potential in a variety of applications such as
CO, capture, natural gas purification, and O,/N, separations.”” Such separations are commonly
conducted in fixed bed adsorbers.” The fixed bed devices are operated in a cyclical manner with
adsorption and desorption cycles; the operations are intrinsically transient in nature, i.e. the
concentrations in the bulk fluid phase, and within the particles, vary both with distance along the
adsorber, z, and time, £.*7 Most commonly, the separation performance in a fixed-bed adsorber is
dictated by mixture adsorption equilibrium. Intra-particle diffusion limitations cause distended
breakthrough characteristics and usually lead to diminished separation effectiveness.” ’ However, there
are some instances in which diffusional effects over-ride the influence of mixture adsorption
equilibrium and is the prime driver for separations.” **°

For the separation of O,/N; mixtures using LTA-4A, LTA-5A, or NaX, the adsorption selectivity is in
favor of N, due to the larger permanent quadrupole moment of N, compared to that of O,.” ' This
implies that an adsorption based process would selectively adsorb N,, and pure O, can be produced in
the adsorption cycle.'" ' For production of purified N, it is desirable to selectively adsorb O,.
Selectivity towards O, can be achieved by choosing LTA-4A zeolite or carbon molecular sieve
(CMS).9']3 Due to its smaller cross-sectional dimension, 3.1 A for O,, compared to 3.3 A for N,, the
intra-particle diffusivity of O, is significantly higher than that of N, in both LTA-4A and CMS.> """
The significantly lower diffusivity of N, has the consequence that purified N, breaks through earlier in a
fixed bed adsorber and can be recovered in purified form during the initial stages of transient
breakthroughs.” *°

Another example is the separation of N/CH4 mixtures that is important in the context of natural gas

upgrading because the presence of N, reduces the heating value. Some natural gas reserves contain up
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to 20% Ny; reduction to less than about 2% is required in order to meet the pipeline specifications for
natural gas. For most known adsorbents, the adsorption selectivity favors CH, that has a higher
polarizability.” '© A practical approach is to rely on diffusion selectivities by using microporous
adsorbents such as LTA-4A zeolite and Ba-ETS-4.'*'¢ The cross-sectional dimension of CH,is 3.7 A,
which is higher than that of N, (3.3 A); consequently, the diffusivity of N, is significantly higher in
LTA-4A and Ba-ETS-4. Purified natural gas can be recovered during the early stages of transient
breakthroughs in fixed-bed adsorbers packed with LTA-4A and Ba-ETS-4.>’

A common characteristic of diffusion selective separations is that the transient mixture uptake within
a porous particle exhibits overshoots in the loading of the more mobile component. The experimental

data of Chen et al."®

for transient uptake of O,/N, mixture within a CMS particle shows an overshoot for
the more mobile O,; see Figure 1a. For transient uptake of N,/CH4 mixtures, overshoots in the loading
of the more mobile N, have been reported for LTA-4A zeolite;'* see Figure 1b. The experimental data
of Titze et al.'” for transient uptake of n-hexane(nC6)/2-methylpentane(2MP) mixtures in MFI zeolite
crystal, exposed to an equimolar binary gas mixture at constant total pressure (= 2.6 Pa) shows a
pronounced overshoot in the uptake of the more mobile linear isomer nC6; supra-equilibrium loadings
of nC6 are attained during transient approach to equilibrium; see Figure 1c.

The experimental data of Saint-Remi et al.'® for transient uptake of ethanol/l-propanol mixtures
within SAPO-34 crystals, that is the structural analog of CHA zeolite, are shown in Figure 1d. The more
mobile ethanol exhibits a pronounced overshoot in the uptake transience, exceeding the final
equilibrated loading.

In more recent experimental investigations using interference microscopy (IFM), Binder et al."” and

Lauerer et al.”°

have monitored the uptake of CO,, and C,Hg within crystals of DDR zeolite exposed to
a bulk gas phase consisting of 1:1, 2:1, and 3:1 CO,/C,H¢ mixtures. In all three sets of experiments,
supra-equilibrium CO; loadings are attained during transient equilibration. A significant aspect of the

Binder, and Lauerer experiments, is that both the spatial loadings (along the radial direction of crystal;

see Figures 2a, and 2b) and spatial-averaged uptakes (see Figures 3a, 3b, and 3c) of guest molecules
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have been monitored. Their experiments show overshoots, both spatial and temporal, in the loadings of
the more mobile CO,. The radial profile for 2:1 CO,/C,Hg mixtures, for example, (Figure 2a) shows that
the CO, peaks migrate to the crystal interiors as time progresses; the magnitude of the peaks reduce in
magnitude until equilibration.

In all the above mentioned sets of uptake experiments, with diverse guest/host combinations, the
attainment of supra-equilibrium loadings signals uphill diffusion.?'

Diffusion-selective separations can also be achieved in membrane constructs, by allowing the feed
mixture to permeate through thin microporous films. Such membrane devices are normally operated
under steady-state conditions. Experimental data on transient permeation of CH4/nC4H10,22 Hz/nC4H10,23
nC4H,0/is0-C4Hjo,2* nC6/2MP,* nC6/2,3-dimethylbutane (23DMB),* benzene/p-xylene,*® m-xylene/p-
xylene,”” and o-xylene/m-xylene/p-xylene®’ mixtures across MFI membranes show overshoots in the
flux of the more mobile partners during the transient approach towards steady-state.

The primary objective of this article is to demonstrate that the spatial and temporal overshoots in the
afore-mentioned sets of uptake and membrane experiments can be modelled quantitatively using the

Maxwell-Stefan (M-S) diffusion formulation.” !

The secondary objective is to show that while the
more mobile species experiences transport uphill of the gradient of its molar loading, it is downhill the
gradient of its chemical potential.

The Electronic Supporting Information (ESI) accompanying this publication provides details of fitting
of pure component isotherms, modelling of mixture adsorption equilibrium, calculations of chemical

potential gradients, solution of the partial differential equations describing intra-crystalline diffusion,

and details of simulations of transient uptake, membrane permeation, and fixed-bed breakthroughs.

2. The Maxwell-Stefan formulation for micropore diffusion
The key to modelling overshoots in transient mixture diffusion lies in the proper choice of driving
forces for diffusion of constituent species. Within microporous materials, the guest molecules exist in

the adsorbed phase, and the Gibbs adsorption equation®® in differential form is
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Adr = Zqid,ui (1)

The quantity 4 on the left side of Equation (1) is the surface area per kg of framework, with units of
m’ per kg of the framework of the crystalline material; g; is the molar loading of component i in the
adsorbed phase with units moles per kg of framework; £ is the molar chemical potential of component
i. The spreading pressure, 7, has the same units as surface tension, i.e. N m’'; indeed, the spreading
pressure is the negative of the surface tension.”

30, 31

For describing the unary transport of bound moisture in wood, Babbitt suggested the use of the

gradient of the spreading pressure 07/0r as thermodynamically correct driving force. Essentially, he
postulated that the force exerted per mole of adsorbate, —(4/q,)07/dr), is balanced by friction, or

drag, between the mobile adsorbates and the material surface

_Aon _RT, o
q, or D,

1

where u; is the velocity of motion of the adsorbate with respect to the framework material. The unary
diffusivity D,, with the units m* s™', is interpreted as an inverse drag coefficient between the adsorbate

and the surface. If we define N as the number of moles of species i transported per m” of crystalline

material per second
N; = pqu; (3)
where p is the framework density with units of kg m™, we obtain the flux relation

A or N,
_, A or _ N 4
pRT or D @)

l

In view of Equation (1), the Babbitt equation (4) is equivalent to the Maxwell-Stefan (M-S)

7,21,32

formulation, commonly written for unary diffusion in the form

ou. N,
_piﬁ__l (5)

RT or D

l
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The use of chemical potential gradients as proper driving forces has also been emphasized in the
classic text of Ruthven.”®
In extending Equation (5) to describe binary mixture diffusion in micropores, we need to include

32-35

interactions between the guest species. The M-S equations are usually written in the following form

—p 4 Ou =x2N1 -xN, +&.

2

RT or D, D, ©
_pq_26:u2 _ x N, —x,N, +£
RT or D, D,

The diffusivities D, and D, retain the same physical significance as for unary diffusion; these are
inverse drag coefficients of the respective species experienced with the material surface. Indeed, a

persuasive advantage of the M-S formulation over the Onsager formulation is that the D, often retain

the same magnitude and loading dependence characteristics as the corresponding unary micropore
diffusivities.”> **3® The Py, is the exchange coefficient representing interaction between component 1
with component 2. At the molecular level, the P, reflects how the facility for transport of species 1
correlates with that of species 2. For mesoporous materials with pores in the 20 A to 100 A size range
the values of the exchange coefficient P, are the nearly the same as the binary fluid phase M-S

32,33,37,38

diffusivity, P, 5, over the entire range of pore concentrations. Procedures for estimation of the

Do g are available in Poling et al.,* and therefore this provides a convenient starting point for the
estimation of the Pj,. For microporous materials, the exchange coefficients P, are lower than the
corresponding values of D2 by a factor that depends on the pore size, connectivity and topology.’> **
37 3% Alternative Maxwell-Stefan formulations for mixture diffusion in microporous maerials are

5, 40-42

available in the literature; these use occupancies 6, =¢,/q,,, instead of the adsorbed phase mole

fractions, x;; for further details see the ESI.
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. . ey . . . ou, Oln p, 1 op,
For microporous crystals in equilibrium with an ideal gas mixture, % =RT % =RT —% . The
r r p; or

gradients in the chemical potential can be related to the gradients of the molar loadings, gi, by defining
thermodynamic correction factors I'j;

9, Ot _~r 94 4, o . . .
ALy L =2 T =12 7
RT or 25 or Y b/ @

= ey

The thermodynamic correction factors I'j; can be calculated by differentiation of the model describing
mixture adsorption equilibrium. Generally speaking, the Ideal Adsorbed Solution Theory (IAST) of
Myers and Prausnitz” is the preferred method for estimation of mixture adsorption equilibrium,
especially for cases in which the saturation capacities of the constituents are largely different.” * The
IAST may however fail in case of segregated adsorption and occurrence of molecular clustering. In

special cases, the mixed-gas Langmuir model

4 o_g__ b i=1.2 (8)

l

9 sar 1+b,p +b,p, ’

may be of adequate accuracy. If Equation (8) is used to describe mixture adsorption equilibrium, the

elements I';; can be calculated explicitly from

r=g+| Lo | O 1 )
qj,sat 1_61 _02

Combining Equations (6), and (7) we obtain®>>*

Bl[l N xlﬂzJ x, DD, %
N, P 12 D, LTI O or
=- (10)
N, 1 D, n D, x,Db, bl x,D, L, I, %
D, D, D 2 or
12 12

The ratios B,/P,,, and P,/D,, quantify the degrees of correlations.”> ** As illustration, Figure 4

shows Molecular Dynamics (MD) data on B,/D,, for equimolar binary Hy(1)/CH4(2) mixtures in a
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variety of host materials. The data are compared as function of the total pore concentration,

c, = (q1 +q, )/ V, where ¥ is the accessible pore volume.”’ For any guest/host combination, P, /Dy, is

seen to increase as the pore concentration increases; this implies that correlation effects are expected to
be stronger at higher pressures. We consider correlation effects to be strong when

D, /1912 >1; D, /1912 >1; this scenario holds for mixture diffusion in mesoporous materials, one-

dimensional (1D) channel structures (e.g. MgMOF-74), intersecting channels (e.g. MFI, BEA zeolite),
and “open” structures (e.g. NaX zeolite, CuBTC, IRMOF-1) consisting of large cages separated by wide
windows. Strong correlation effects cause slowing-down of more-mobile-less-strongly-adsorbed
molecules by tardier-more-strongly-adsorbed-partner species.** **

Conversely, when D,/P,, <<1; B,/D,, <<1, correlation effects are of negligible importance. This

scenario holds for materials such as LTA, ZIF-8, CHA, DDR, and ERI that consist of cages separated
by windows in the 3.4 A — 42 A size range.””>* ** Molecules jump one-at-a-time across the narrow

windows, and the assumption of negligible correlations is justified; in this scenario, Equation (10)

simplifies to yield”*!
a(rllql +F12%) a(FZIql +F22q2)
N, =-pb, or s Ny=-pb, or (11)

The quantities T},q, +T,q,, and T,,q, +T,,q, have the units mol kg and may be regarded as the

“thermodynamically corrected” measures of component loadings of components 1 and 2. The intra-
crystalline fluxes N;, and N, are, respectively, proportional to the gradients of these corrected loadings.
Round et al.*® were the first to use Equation (11) to model transient uptake in zeolites and provide an
provide a theoretical basis for transient overshoots. Equation (11) has also been used by Brandani et
al.*’ to interpret co- and counter-diffusion of benzene and xylenes in MFI zeolite.

Depending on the specific guest/host combination that is under consideration, either equation (10) or
(11) is used to describe the fluxes for binary mixture diffusion. The theoretical framework is valid for

any type of microporous material, such as zeolites, MOFs, ZIFs or activated carbon. For ordered
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crystalline materials, molecular simulations may be used as guidelines for determining the diffusivities

and adsorption equilibrium.’

3. Transient CO,/C,Hg mixture uptake in DDR crystals

We begin with modeling of CO,/C;Hs mixture uptake in DDR zeolite crystals with the objective of
simulating the Binder, and Lauerer experiments.'” *° DDR is a cage-type zeolite with 278 A’ sized
cages separated by narrow windows with dimensions 3.65 A x 4.37 A; see Figures S12, S13, and S14 of
the ESI. Molecular Dynamics (MD) simulations® *> ** * have established that CO, molecules jump
lengthwise across the windows. The cross-section dimension of a CO, molecule is 3.03 A, significantly
lower than that of C,Hs that has a cross-section of 3.76 A; see Figure S15. Using MD simulations' ** *>
% as guidelines, we anticipate the diffusivity of CO, to be about 1-3 orders of magnitude higher than
that of C,He. Inter-cage hopping of guest molecules in DDR occur one-at-a-time across windows; 1i.e.

d,** *>* and equation (11) is the appropriate flux expression to

the molecular jumps are not correlate
use.

The accuracy of the use of the mixed-gas Langmuir model (8) to describe CO,/C,H¢ mixture
adsorption equilibrium in DDR is established by comparison with calculations using the Ideal Adsorbed
Solution Theory (IAST);* see Figure S17. The agreement between the mixed-gas Langmuir and IAST
model is good because of the limited range of loadings considered. Consequently, Equation (9) is used
to determine the elements I'j;. Figure 5 presents calculations of I'j;, expressed as a function of total
mixture loading, ¢, for 3:1 ratio of partial pressures of CO,(1) and C,He(2) in the gas phase. The off-
diagonal elements I'y,, and I'2; become increasingly important with increased mixture loadings, g;. In
particular, it is noteworthy that the ratio I'j5/I";; gets progressively closer to unity as the mixture
loading, ¢, increases. This implies that thermodynamic coupling effects are of particular significance
for the uptake of CO, from CO,/C,H¢ gas mixtures.

For transient mixture uptake under conditions of finite loadings, Equations (7), and (9) imply that the

chemical potential gradient of species i is influenced by the gradients in the loading of both species in

MS 10
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the mixture; this influence is termed thermodynamic coupling. Thermodynamic coupling is always of
importance for mixture uptake in microporous materials under conditions of finite loadings.
For most crystal geometries, model representation as an equivalent sphere is an acceptable
approximation for modelling transient uptake.”® The hexagonal-shaped crystals of DDR zeolite, used in

19, 20

the Binder, and Lauerer experiments are modelled as spherical crystals of radius .. The radial

distribution of molar loadings, g, is obtained from a solution of a set of differential equations describing

the uptake’**
M:_l%ﬁ(ﬁ]\fi) (12)
Ot pr-or

The fluxes N, in turn, are related to the radial gradients in the molar loadings by equation (11). At time ¢

=0, i.e. the initial conditions, the molar loadings ¢,(r,0) at all locations » within the crystal are uniform

(zero loadings). For all times # > 0, the exterior of the crystal is brought into contact with a bulk gas

mixture at partial pressures p,(r.,¢) that is maintained constant till the crystal reaches thermodynamic

equilibrium with the surrounding gas mixture.
t20; gq,(r.,t) in equilibrium with the initial values p.(7.,¢) (13)

At any time ¢, during the transient approach to thermodynamic equilibrium, the spatial-averaged

component loadings within the crystallites of radius 7, are calculated by integrating over the volume of

the crystal
- 3 o R
ql.(t)zr—SL g,(r,tydr (14)

The experimental a (¢) data of Binder, and Lauerer'® ?° with 1:1, 2:1, and 3:1 CO,/C,H¢ gas mixtures
are indicated by the symbols in Figure 3, panels a, b, and c. For each data set, the parameters D, / rf ,
and D, / r? were chosen to get a good match with the experiments; the simulation results with use of
equation (11) are shown by the continuous solid lines in Figure 3. The fitted values of D, / r’, and
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D, / 1’ , appear to correlate with the corresponding loadings, ¢1, and ¢», in the adsorbed mixture at final
equilibration; see Figure 6. The overshoots in the spatial-averaged CO, loadings in all three
experimental campaigns are captured adequately by the M-S model equations (11), in conjunction with
the fitted diffusivity values.
In the Henry regime of adsorption, where the fractional occupancies are vanishingly small, we have
the special case that elements of the matrix of thermodynamic factors I';; equals the Kronecker delta

5, L0 0y (15)

6 -0, T.—>0;
/ " RT or or

In this scenario of negligible thermodynamic coupling, equation (11) reduces to yield the uncoupled

flux relations

N, =—pD, %; i=1,2; neglecting thermodynamic coupling (16)
r

The simulation results neglecting thermodynamic coupling effects are indicated by the dashed lines in
Figures 3, panels a, b, and c. In this scenario, the overshoots in the spatial-averaged CO, loadings
disappear. The inescapable conclusion to be drawn is that thermodynamic coupling effects are the root
cause of the transient overshoots of the more mobile species in binary mixture uptake in DDR crystals.

Figures 7a, and 7b present the simulation results for the transient development of component loadings
along the radius of DDR crystal (center, » = 0; surface of crystal, » = ) monitored at different times for
uptake from 2:1 CO,/C,Hg gas mixtures; analogous data for 1:1, and 3:1 CO,/C,Hs gas mixtures are
provided in Figures S25, and S27. Video animations of transient development of spatial loadings have
been uploaded as ESI; these animations provide some feel of the spatio-temporal overshoots
experienced by CO, during transient uptake.

The CO, peak migrates from the surface regions to the crystal interiors as time progresses, in

qualitative agreement with the corresponding experimental profiles in Figure 2a. Despite the fact that
the values of P, /r?, and D, / 1’ are fitted to match the spatial-averaged 51. (t), we should not expect a

one-to-one correspondence in the data on the ¢,(7.¢), and ¢»(r.?); this is because of the use of a spherical
MS 12
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geometry to model the hexagonal DDR crystals employed in the experiments. Due to the presence of
surface barriers, the experimentally determined surface loadings change with time. However, in our
simulations instantaneous equilibration at the surface is assumed; consequently, there are quantitative
differences in the radial profiles obtained in the two sets. The spatial overshoot of CO, loadings is a
clear indication of uphill transport. In order to determine its origins, we need to examine the mixture
adsorption thermodynamics in further detail. From the data on the ¢,(7,f), and g.(7,f) we determined the

quantities I,q,(r,t)+1,,q9,(r,t), and T,,q,(r,t)+1I,,q,(r,t) that are thermodynamically corrected

measures of component loadings of components 1 and 2. Figures 7c, and 7d show the transient
development of corrected loadings along the radius of DDR crystal. In terms of corrected loadings,
there is no spatial overshoot of CO;; this implies that CO; is not transported uphill of the gradient of its
chemical potential.

It now remains to demonstrate that the use of corrected loadings serves to rationalize the
experimentally observed spatio-temporal overshoots in the CO, loadings in the Binder, and Lauerer

19, 20

experiments. From the experimental data on the q(r,f), and g»(r.f) in Figure 2, we determined the

quantities I,,q,(r,t)+1,,q9,(r,t), and T,,q,(r,t)+1I,,q,(r,t) that are thermodynamically corrected

measures of component loadings of components 1 and 2; the results are presented in Figures 8a, and 8b.
In terms of corrected loadings, there are no spatio-temporal overshoots for CO,. Indeed, the
equilibration of both CO,, and C,H¢ proceeds in the same, conventional, manner. Both simulations
(Figure 7), and experiments (Figure 8) confirm that the transport of CO; is downhill of the chemical
potential gradient.

Though not mentioned in the papers by Binder, and Lauerer,'*

the results in Figures 3 suggests that
CO; removal from C,He-rich streams can be achieved in fixed beds packed with DDR particles; in this
case the separations rely both on differences in intra-crystalline diffusivities and thermodynamic
coupling effects. Figure 9 shows the simulations of transient breakthrough of 10/90 CO,/C,H¢ mixtures
through fixed bed adsorber packed with DDR crystals operating at 298 K, and total pressure p; = 100

kPa. We note that C,Hg breaks through earlier and can be recovered in purified form during the early

MS 13
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stages of the transient operations. The separation relies on the significantly higher intra-crystalline
diffusivity of CO,. If there is no intra-crystalline diffusional limitation, CO, breaks through earlier and

the purification strategy will be ineffectual.

4. Transient mixture uptake in other guest/host combinations
Precisely analogous conclusions can be drawn by comparison of M-S model simulations with the
experimental data for O,/N; uptake in CMS," N,/CH,4 uptake in LTA-4A," and n-hexane (nC6)/2-

methylpentane (2MP) uptake in MFI zeolite;'’

see Figure 1, panels a, b, and c. The experimentally
observed overshoots in the three experimental sets are adequately captured by the M-S equation (11)
that includes thermodynamic coupling; these are indicated by the continuous solid lines in Figure 1.
Video animations of the transient development of loadings along the crystal radius show spatio-
temporal overshoots of the more mobile N,, O,, and nC6 in the three respective experiments. If
thermodynamic coupling effects are neglected, the more mobile species displays a monotonous
approach to equilibrium, as indicated by the dashed lines in Figure 1.

Overshoots in the transient uptake of the more mobile partner species have also been reported for
benzene/p-xylene in ZSM-5,"" °! benzene/ethylbenzene in ZSM-5,"" °! n-heptane/benzene in NaX,”
ethane/n-butane, ethane/n-pentane, and n-butane/n-pentane mixtures in extrudates of activated carbon
(AC);> these data are amenable to interpretation in the same manner as in the foregoing examples.” !
Simulation results for these systems confirm that the experimental observed overshoots are ascribable to
thermodynamic coupling influences; see Figures S46-S50.

Transient overshoots of the mobile species may also occur for adsorption-diffusion-reaction within

MFTI catalysts; see Figures S86 — S94.

5. Influence of the ratio of M-S diffusivities, D,/D,, on overshoots
From a practical standpoint, it is of interest to know under what set of conditions transient overshoots
may be expected to occur. To get some insights into this question, we investigated binary

CsHe(1)/CsHg(2) mixture uptake in ZIF-8. In ZIF-8, the adsorption strength of the saturated propane is
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slightly higher than that of propene; at 303 K, the ratio of Langmuir constants, b,/b, = 1.07. The
windows of ZIF-8 have a dimension of about 3.3 A. Due to subtle differences in bond lengths and bond
angles of propene, and propane (see Figure 10), the diffusivity of C3Hs is higher than that of C3Hg.”* In

the experimental study of Li et al.,”” a value of the ratio B, /B, =125 has been obtained based on the

data on pure component uptakes. The membrane permeation experiments of Pan et al.’® and Liu et al.”’

indicate permeation selectivities in the range 30 — 35, that are consistent with the choice D, /D, =~ 40.

We undertook a parametric study of the influence of the ratio of D, /D, ; three values for the ratio were
chosen: 2, 10, and 125. In these three scenarios the diffusivity of the saturated alkane was held constant

at the value D, / r? =1.2x10™"s"'. The simulation results are shown in Figure 10. The overshoot in the
uptake of the unsaturated propene persists for the ratios D,/D, =10 and B,/D, = 125; see video

animations of the transient development of loadings. However, for the choice D, /P, =2, the overshoot

in the CsHg uptake is practically non-existent. We conclude that for sizable overshoots to occur, the
diffusivity of the more mobile species must be significantly higher than that of the tardier partner

species. Interestingly, C3He exhibits undershoot phenomena during desorption; see Figure S55.

6. Separating mono- and di-branched alkanes by exploiting uphill
diffusion in MFI zeolite

The isomerization of alkanes, for the purposes of octane improvement, is a process of importance in

the petroleum industry.” = >*

The product from the isomerization reactor consists of an equilibrium
distribution of linear alkanes, mono-branched alkanes, and di-branched alkanes with carbon numbers in
the 5-7 range. The values of the Research Octane Number (RON) increases with the degree of
branching; for hexane isomers: the RON values are: nC6 (n-hexane) = 30, 2MP (2-methylpentane) =
74.5, 3MP (3-methylpentane) = 75.5, 22DMB (2,2-dimethylbutane) = 94, 23DMB (2,3-dimethylbutane)
= 105. Therefore, the di-branched isomers 22DMB and 23DMB are preferred products for incorporation
into the high-octane gasoline pool. The separation of di-branched 22DMB and 23DMB from linear nC6

can be achieved by molecular sieving using, say, LTA-5A zeolite. The separation of di-branched
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isomers from mono-branched isomers is much more challenging. An important strategy that is effective

for this separation is the exploitation of configurational entropy effects,” **

combined with uphill
diffusion of the more mobile guest species in MFI zeolite. As illustration, consider the separation of a
ternary gaseous 2-methylbutane (2MB)/2MP/22DMB mixture. The adsorption and diffusivity data for
MFI extrudates are reported by Jolimaitre et al.°®” ®" The adsorption hierarchy that is dictated by

configurational entropy considerations” ***° is 2MP > 22DMB > 2MB. The diffusivity hierarchy is also

dictated by subtle differences in molecular configurations: B,,, /r’ = 7.5x10° s > D, [r? = 5x107
s'>> P, Jrr=625x107 57

Transient uptake inside MFI extrudates exposed to a ternary 2MB/2MP/22DMB gas phase mixture
shows overshoots for the two mono-branched isomers 2MB, and 2MP; see Figure 1la. If
thermodynamic coupling effects are ignored, the component loadings of all three components exhibit
monotonous approaches to equilibrium. Both mono-branched alkanes 2MB, and 2MP experience uphill
diffusion that allows the attainment of supra-equilibrium loadings. As a consequence of uphill diffusion,
the transient breakthrough experimental data (indicated by symbols in Figure 11b) show the elution
sequence 22DMB, 2MB, followed by 2MP. This sequence is the desirable one, because the high-octane
di-branched 22DMB can be recovered from the gas mixture exiting the adsorber for incorporation into
the gasoline pool, during the initial transience.

The experimental breakthrough data are in good agreement with breakthrough simulations that take
take proper account of thermodynamic coupling, using the flux relations Equation (11); see continuous
solid lines in Figure 11b. If thermodynamic coupling effects are ignored (i.e. no uphill diffusion), the

separation is less effective and is indicated by the dashed lines in Figure 11b.

7. Separating linear alcohols by exploiting uphill diffusion in CHA zeolite
The quantitative modelling of the transient uptake of ethanol/1-propanol mixtures in SAPO-34, shown
in Figure 1d, is not possible because the required unary isotherm data are not available. For this reason,

we carried out uptake simulations in CHA zeolite that has the same topology as SAPO-34; the unary
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isotherms for adsorption of I-alcohols in CHA, determined from Configurational-Bias Monte Carlo

(CBMC) simulations have been reported in the literature.” ** ¢

Transient uptake simulation results
taking the mobility of ethanol to be 10 times that of 1-propanol are presented in Figure 12a. The
continuous solid lines are transient uptake simulations use Equation (11); in this scenario, substantial
overshoots of ethanol are found. The dashed lines are the calculations using uncoupled flux equation
(16); in this scenario, no ethanol overshoot is detected.

The uphill transport of ethanol can be exploited for ethanol/l1-propanol separations in fixed beds
carried out under pore saturation conditions. At pore saturation conditions, the ethanol/1-propanol
mixture adsorption equilibrium favors the shorter alcohol because of the higher packing efficiency of
the shorter alcohol within the cages of CHA.” ** % Uphill transport of ethanol enhances the efficacy of
this separation, and the component that elutes first in fixed-bed adsorbers is the longer chain alcohol;

see Figure 12b. The breakthrough experimental data of Remy et al.** for separation of ethanol/1-

propanol mixtures in a fixed bed adsorber provides confirmation of the simulated elution sequence.

8. Overshoots in mixture permeation across microporous membrane
layers

Geus et al.*? report experimental data on transient 50/50 CH4/nC4H;¢ mixture permeation across an
MFI membrane; the flux of the more mobile CHy4 exhibits a pronounced overshoot during the approach
to steady state. Simulations were undertaken to rationalize the Geus experiments. Molecular Dynamics
(MD) simulation data,** ** indicate that correlation effects for CH4/nC4H, mixture diffusion within the

intersecting channels of MFI are particularly strong; using the MD data as guidelines we choose P, /D,
= 10; and P,/P,, =2 for quantitative modelling. The mixture adsorption equilibrium is determined

using the IAST. The transient permeation fluxes »j, defined in terms of the cross-sectional area of the
membrane, need to take account of both correlations and thermodynamic coupling; Equation (10) is the
appropriate flux expression to use. The N; are determined by solving the set of partial differential

equations

MS 17



Physical Chemistry Chemical Physics Page 18 of 42

dq,(z,t) _ 10
— = paZ(N,») (17)

where z is the distance coordinate along the direction of membrane thickness.

The boundary conditions are the partial pressures and component molar loadings at the upstream (z =
0) and downstream (z = 9) faces of the membrane

zZ = 0’ .= . ; i = i

Pi=Pio> 4 =40 (18)
=8, pi=Dis 4=
The continuous solid lines in Figure 13 are the numerical simulations to Equation (17), in conjunction

with the fluxes determined using Equation (10), Equation (11), or Equation (16). The plot shows the

normalized fluxes N,/(pg,,P,/5), and N, /(pg,,P,/5) as steady-state is approached. The inclusion of

of correlations in the flux calculations serves to reduce the magnitude of the overshoot in CHy; this is
because of the slowing-down of the more mobile within the intersecting channels of MFI zeolite. We
conclude that correlation effects cannot cause overshoots; indeed, their inclusion only serves to smear
them out. If both correlations, and thermodynamic coupling effects are neglected, the overshoot in CHy
disappears altogether; thermodynamic coupling is the sole cause of transient permeation overshoots.

Figure 14a shows the transient development of CHy4 loadings, ¢,, along the MFI membrane thickness,

monitored at different times from start of the permeation. The CH4 loadings display spatio-temporal
overshoots during the transient approach to steady-state, indicative of uphill transport; this is clearly

evidenced in the video animations included as ESI. In terms of corrected loadings, I7,q, +1},9,, the

loading profiles of CH4 displays monotonous characteristics; see Figure 14b. These results prove that
CH,4 permeation is downhill of the chemical potential gradient.

The experimental data of Bakker®® for transient permeation H,/nC4H;y mixture across an MFI
membrane shows a maximum in the flux of the more mobile H,; the rationalization these experiments
proceeds along identical lines as in the foregoing analysis; the detailed simulation results are

summarized in Figures S72 —S74.
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For permeation of nC6/2MP mixtures across an MFI membrane, Matsufuji et al.> report experimental
data showing overshoots in the nC6 flux during transient approach to steady-state. The overshoot in the
nC6 flux is precisely analogous to the nC6 loading overshoot observed in the Titze experiments (see
Figure Ic). Indeed, the nC6 flux overshoot manifests in membrane permeation simulations using the
same diffusivity data used to model the Titze mixture uptake; see Figures S75-S78.

The experimental data of Matsufuji et al.”’

for transient permeation of (a) 50/50 m-xylene/p-xylene,
and (b) 24/50/25 p-xylene/m-xylene/o-xylene mixtures across MFI membrane show a maximum in the
flux of p-xylene which is the most mobile of the three xylene isomers; see Figure S79. The origin of the
flux overshoot of p-xylene can be traced to thermodynamic coupling effects; see Figure S80.

For nC4H;¢/iso-C4Hjp mixture permeation across a MFI membrane, curious overshoots and
undershoots, in the transient retentate and permeate concentrations have been reported in the

experiments of Courthial et al.**

As evidenced in the simulation results in Figure S81, the origins of the
nC4 overshoots can be traced to the influence of thermodynamic coupling.

Pervaporation of water/alcohol mixtures is an important process in the processing industry, and a
wide variety of membrane materials has been used, including polymers, zeolites (e.g. CHA, LTA, MFI,
FAU, DDR), ZIF-8, and mixed matrix membranes.**®® Due to the high mobility of water molecules,
uphill transport of water is evidenced in simulations of transient water/ethanol permeation across DDR

and LTA-4A membranes (see Figures S82 —S85), but there is no experimental confirmation of the

overshoot phenomena observed in these simulations.

9. Conclusions

The Maxwell-Stefan diffusion equations with chemical potential gradients as driving forces are able
to quantitatively reproduce the temporal and spatial overshoots in the loading of the more mobile guest
molecules for transient uptake in different guest/host combinations: CO,/C,H¢/DDR, N,/CH4/LTA-4A,
0,/N/CMS, nC6/2MP/MFI, and ethanol/1-propanol/CHA. The origins of the overshoots in the loadings
of the more mobile guests can be traced to thermodynamic coupling effects that emanate from sizable

off-diagonal contributions of the matrix of thermodynamic correction factors, [F] During transient
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approach to equilibrium, supra-equilibrium loadings within the particles are observed, signaling the

phenomenon of uphill transport. The use of the corrected loadings I7,q,(r.?)+1},9,(r,t), and

I,,q,(r,t) +T'»,q,(r,t) results in monotonous equilibration, without overshoots; see Figure 7, and Figure

8. While the transport of the more mobile species is uphill of the gradient in molar loading, the transport
is downhill the gradient of chemical potential. If thermodynamic coupling effects are neglected, no
overshoots are realized.

Our analysis also suggests the possibility of exploitation of uphill transport to achieve difficult
separations. For example, the results in Figure 9 suggests that CO, can be selectively adsorbed from
C,Hg in fixed beds.

Analogous conclusions hold for transient CH4/nC4H;9, Ho/nC4Hj9, nC6/2MP, and nC4H;¢/iso-C4H;¢
mixture permeation across MFI membranes. In these three cases, overshoots disappear when
thermodynamic coupling and correlation effects are both neglected. Transient overshoots in membrane
permeation can be exploited to recover more mobile species during the early stages of the transient
approach to steady-state.

The discussions and results presented in this article are of importance in the proper modelling of
diffusion-selective separations carried in fixed-bed adsorbers, catalytic reactors, and membrane

permeation devices.
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10.

qi
q i,sat
qt

q,(0)

Ve

N N

N

Physical Chemistry Chemical Physics

Notation

surface area per kg of framework, m” kg™

Langmuir adsorption constant for species i, Pa™'

molar concentration, mol m>

M-S diffusivity for molecule-wall interaction, m? s
M-S exchange coefficient, m* s™

partial fugacity of species i, Pa

forward reaction rate constant, s!

backward reaction rate constant, !

length of packed bed adsorber, m

molar flux of species i with respect to framework, mol m™ s™
partial pressure of species i in mixture, Pa

total system pressure, Pa

component molar loading of species i, mol kg™

molar loading of species i at saturation, mol kg™

total molar loading in mixture, mol kg™
spatial-averaged component uptake of species i, mol kg

radial direction coordinate, m
radius of crystallite, m
gas constant, 8.314 J mol” K!

time, s

velocity of motion of adsorbate species i with respect to the framework material, m s™

interstitial gas velocity in packed bed, m s™
pore volume, m’ kg™
absolute temperature, K

distance coordinate, m
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Greek letters

o thickness of microporous membrane, m

0j Kronecker delta, dimensionless

& voidage of packed bed, dimensionless

[ thermodynamic factors, dimensionless

[F] matrix of thermodynamic factors, dimensionless

Li molar chemical potential of component i, J mol™

10 molar chemical potential of component i at standard state, J mol”'
V4 spreading pressure, N m™'

6 fractional occupancy of component i, dimensionless
P framework density, kg m™

T time, dimensionless

Subscripts

i referring to component i

t referring to total mixture
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12.  Caption for Figures

Figure 1. (a) Experimental data of Chen et al."® for spatial-averaged transient uptake of O,(1)/N2(2)
mixture in carbon molecular sieve (CMS) at 300 K exposed to binary gas mixtures at partial pressures
p1 =109.6 kPa; p, = 432.56 kPa. (b) Experimental data of Habgood'* on transient uptake of
N»(1)/CH4(2) mixture within LTA-4A crystals, exposed to binary gas mixtures at 194 K and partial
pressures p; =50.9 kPa; p» = 49.1 kPa. (c) Experimental data (Run 1) of Titze et al.'” for transient
uptake of nC6/2MP mixtures in MFI zeolite. (d) Experimental data of Saint-Remi et al.'® for transient
uptake of ethanol/1-propanol mixtures within SAPO-34. The continuous solid lines are based on the
flux equation (11). The dashed lines are the calculations using uncoupled flux equation (16). Further

simulation details are provided in the ESI.

Figure 2. (a, b) Experimental data of Binder, and Lauerer'” *° for transient development of molar
loadings of (a) COy(1), and (b) C,H¢(2) along the radius of DDR crystal monitored at different times

from start of the uptake. In the bulk gas phase 298 K, p; = 40 kPa, p, = 20 kPa.

1% 20 (indicated by symbols) for spatial-

Figure 3. (a, b, ¢) Experimental data of Binder, and Lauerer
averaged transient uptake of (a) 1:1 (b) 2:1, and (¢) 3:1 CO,(1)/C,H¢(2) gas mixtures within crystals of

DDR zeolite. The continuous solid lines are based on the flux equation (11).The dashed lines are the

calculations using uncoupled flux equation (16). Further simulation details are provided in the ESI.
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Figure 4. MD simulation data for the degree of correlations, D,/D,,, for diffusion of equimolar binary
H,(1)/CH4(2) mixtures at 300 K in a variety of host materials, as a function of the total pore

concentration, ¢, = (g, + qz)/ V,.

Figure 5. Elements of the matrix of thermodynamic correction factors I';; as a function of total mixture
loading, ¢, calculated using the mixed-gas Langmuir model for binary CO,(1)/C;Hg(2) mixture
adsorption in DDR for 3:1 ratio of partial pressures in the gas phase. In these calculations the total gas

pressure, p;, was varied from 1 to 100 kPa.

Figure 6. The dependence of the diffusivities B,/r?, and B, /r? for COx(1), and C,He(2) in DDR on

the corresponding component loadings, ¢, and ¢», in the adsorbed phase at equilibrium.

Figure 7. Simulation results for transient development of (a, b) molar loadings, and (c, d) “corrected”
molar loadings of CO,(1), and C,H(2) along the radius of DDR crystal (center, » = 0; surface of crystal,
r =r,) monitored at different times from start of the uptake. In the bulk gas phase 298 K, p; = 40 kPa, p,

=20 kPa.

Figure 8. Experimental data of Binder, and Lauerer' *° for transient development of “corrected” molar
loadings of (a) COy(1), and (b) C,He(2) along the radius of DDR crystal monitored at different times

from start of the uptake. In the bulk gas phase 298 K, p; = 40 kPa, p, = 20 kPa.
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Figure 9. Transient breakthrough of 10/90 CO,/C,H¢ mixtures through fixed bed adsorber packed with

DDR crystals operating at 298 K, and total pressure p; = 100 kPa. The parameter values are: L = 0.3 m;
voidage of bed, &£ = 0.4; interstitial gas velocity, v = 0.1 m/s; radius of crystallite, . =40 um; D, / rf =
0.00125s7; b, /D, =1333. The y-axis is the gas phase concentration at the adsorber outlet, normalized
with respect to the feed concentrations at the inlet. The x-axis is the dimensionless time, 7 =tv/L,

obtained by dividing the actual time, 7, by the characteristic time, L/v. Further simulation details are

provided in the ESI.

Figure 10. Simulations of transient uptake of C3Hg(1)/C3Hg(2) within crystals of ZIF-8 at 303 K. In the

simulations B, /r? = 1.2x10™* s”'. The ratios D,/P, have three different values: 2, 10, and 125. The

three sets of simulations are based on the flux equation (11). Further simulation details are provided in

the ESI.

Figure 11. (a) Transient uptake inside MFI crystal exposed to a gas phase 2MB/2MP/22DMB mixture at
473 K. (b) Comparison of transient breakthrough experimental data of Jolimaitre et al.*' with transient
breakthrough simulations. The partial pressures of the components in the bulk gas phase at the inlet are

p1 =81 kPa; p, = 177 kPa; p» = 106 kPa. These conditions correspond to Run 20 of Jolimaitre et al.®'

Diffusional effects are quantified with D,,,,/r>=0.0075 s D,,,/r>=0.005 s'; B,/ Dyyprs = 80.
The continuous solid lines represent uptake simulations include thermodynamic coupling using the flux
relations Equation (11). The dashed lines represent uptake simulations ignoring thermodynamic
coupling and use uncoupled flux equation (16). See video animations of the transient uptake within

crystal and transient breakthrough in bed.
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Figure 12. (a) Simulations of transient uptake of ethanol(1)/1-propanol(2) mixtures within CHA
crystals, exposed to binary gas mixtures with partial fugacities fehanol = fi-propanol = 0.5 MPa. (b)
Breakthrough simulations for ethanol/1-propanol mixtures in a fixed bed adsorber packed with CHA.
The Maxwell-Stefan diffusivities: B, /r> = 4x10° s, D ropanol / r? =4x10” s, The continuous
solid lines are the calculations with flux relations Equation (11). The dashed lines are the calculations

neglecting thermodynamic coupling and using uncoupled flux equation (16).

Figure 13. Simulations of transient 50/50 CH4(1)/nC4H;0(2) membrane permeation. The diffusivity data
used are: pP, /5 =7.18x10° kg m™ 5™, pP,/s =7.18x10* kg m* s'; B,/D, =10; P, /D, =2;
membrane thickness 6 =200 um; partial pressures in upstream membrane compartment, pi9 = p2o = 50
kPa. The downstream compartment is placed under vacuum, i.e. pis = p2s = 0. The loadings at the

upstream face are: ¢1o = 0.0063 mol kg™, g20 = 1.638 mol kg™'. Three different flux expressions are used

in the calculations: Equation (10), Equation (11), and Equation (16).

Figure 14. Simulations of transient 50/50 CH4(1)nCsH;9(2) MFI membrane permeation: transient
development of (a) CHs loadings, ¢,, and (b) corrected loadings, I;,q, +I},q,, along the MFI
membrane thickness (upstream face, z = 0; downstream face, z = 0) monitored at different times from

start of the permeation. In these simulations, correlation effects and thermodynamic coupling effects are

accounted for by use of Equation (10).
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