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The efficacy of nanoporous crystalline materials in separation applications is often influenced to a signif-
icant extent by diffusion of guest molecules within the pores of the structural frameworks. The Maxwell–
Stefan (M–S) equations provide a fundamental and convenient description of mixture diffusion. The M–S
formulation highlights two separate factors that cause mixture diffusion to be intrinsically coupled: cor-
relation effects, and thermodynamic coupling.

By careful and detailed analyses of a variety of published experimental data on (a) mixture permeation
across nanoporous membranes, (b) transient uptake of mixtures within crystals, and (c) transient break-
through characteristics of fixed bed adsorbers, we identify conditions that require the use of M–S equa-
tions including both correlation effects and thermodynamic coupling. Situations are also identified in
which either of the coupling effects can be ignored.

Correlation effects cause slowing-down of more-mobile-less-strongly-adsorbed molecules by tardier-
more-strongly-adsorbed-partner species; such slowing-down effects are often essential for modeling
mixture permeation across nanoporous membranes. Overshoots in the transient uptake of the more
mobile partners in single crystals are essentially the consequence of thermodynamic coupling, originat-
ing from sizable off-diagonal elements of thermodynamic correction factors Cij.

In the case of transient breakthrough of hexane isomers in a fixed bed of MFI zeolite, we show that
thermodynamic coupling effects lead to a significant improvement in the separation performance.

� 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Ordered crystalline nanoporous materials such as zeolites
(crystalline aluminosilicates), metal–organic frameworks (MOFs),
zeolitic imidazolate frameworks (ZIFs), covalent organic frame-
works (COFs), and porous aromatic frameworks (PAFs) offer con-
siderable potential for a wide variety of separations. The
technologies used in such separations are either fixed bed adsorp-
tion units (examples listed in Table 1), or membrane permeation
devices (examples are listed in Table 2). The separation perfor-
mance is dictated by a combination of adsorption and diffusion
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Notation

ci molar concentration of species i in gas mixture, mol m�3

ci0 molar concentration of species i in gas mixture at inlet
to adsorber, mol m�3

ct total pore concentration in adsorbed mixture, mol m�3

Ði Maxwell–Stefan diffusivity, m2 s�1

Ð12 M–S exchange coefficient for binary mixture, m2 s�1

Di Fick diffusivity of species i, m2 s�1

fi partial fugacity of species i, Pa
L length of packed bed adsorber, m
n number of species in the mixture, dimensionless
Ni molar flux of species i, mol m�2 s�1

pi partial pressure of species i in mixture, Pa
pt total system pressure, Pa
qi component molar loading of species i, mol kg�1

qi spatially averaged component molar loading of species
i, mol kg�1

r radial direction coordinate, m
rc radius of crystallite, m
R gas constant, 8.314 J mol�1 K�1

Sperm permeation selectivity, dimensionless
t time, s
T absolute temperature, K
u superficial gas velocity in packed bed, m s�1

v interstitial gas velocity in packed bed, m s�1

xi mole fraction of species i in adsorbed phase, dimension-
less

yi mole fraction of component i in bulk vapor phase,
dimensionless

Vp pore volume, m3 kg�1

z distance along the adsorber, and along membrane layer,
m

Greek letters
d membrane thickness, m
dij Kronecker delta, dimensionless
e voidage of packed bed, dimensionless
Cij thermodynamic correction factors, dimensionless
[C] matrix of thermodynamic correction factors, dimen-

sionless
li molar chemical potential, J mol�1

Pi permeance of species i in mixture, mol m�2 s�1 Pa�1

Hi loading of species i, molecules per unit cell
Hi,sat saturation loading of species i, molecules per unit cell
Ht total molar loading of mixture, molecules per unit cell
q framework density, kg m�3

s dimensionless time, dimensionless

Subscripts
i referring to component i
t referring to total mixture
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characteristics, that can be manipulated by proper choice of pore
size, pore topology, connectivity, and interactions (both van der
Waals and electrostatic) of the guest molecules with the frame-
work atoms. While membrane permeation units are commonly
operated under steady-state conditions, the operations of fixed
bed adsorption units are intrinsically transient in nature, i.e., the
gas (or fluid) phase concentrations vary both with distance along
the adsorber, z, and time, t [1–3]. The uptake within any crystallite
in the fixed-bed adsorber has also a transient character. The
description of transient mixture diffusion places a greater burden
on process modeling than the corresponding description of stea-
dy-state characteristics.

During the last decade, there been a considerable amount of
information and insights gained from Molecular Dynamics (MD)
simulations to underscore the persuasive advantages in adopting
the Maxwell–Stefan (M–S) diffusion equations [4–6], that can be
written for a binary mixture as follows

� q
q1

RT
rl1 ¼

x2N1 � x1N2

Ð12
þ N1

Ð1

� q
q2

RT
rl2 ¼

x1N2 � x2N1

Ð12
þ N2

D2
:

ð1Þ

There are three M–S diffusivities that characterize binary mix-
ture diffusion. The M–S diffusivities: Ð1 and Ð2 portray the interac-
tion of species 1 and 2 with the pore walls. The exchange
coefficient, Ð12 reflects correlation effects in binary mixture diffu-
sion [7].

The chemical potential gradients can be related to the gradients
in molar loadings

qi

RT
rli ¼

Xn

j¼1

Cijrqj; Cij ¼
qi

fi

@fi

@qj
; i; j ¼ 1; ::::n ð2Þ
The elements Cij can be determined from models describing
mixture adsorption equilibrium such as the Ideal Adsorbed Solu-
tion Theory (IAST) [8].

Eqs. (1) and (2) can be combined to yield explicit expression for
the fluxes

N1

N2

� �
¼� q

1þ x1 Ð2
Ð12
þ x2 Ð1

Ð12

Ð1 1þ x1 Ð2
Ð12

� �
x1 Ð1 Ð2

Ð12

x2 Ð1 Ð2
Ð12

Ð2 1þ x2Ð1
Ð12

� �
2
64

3
75 C11 C12

C21 C22

� � rq1

rq2

� �
: ð3Þ

Eq. (3) demonstrates that there are two different factors that
contribute to strong ‘‘coupling’’ in mixture diffusion. Values of
Ði=Ð12 in the range of 1–20 imply strong correlation effects; this
results in significant contribution of the off-diagonal elements in
the first matrix to the right Eq. (3). Often, but not always, strong
correlation effects cause slowing-down of more-mobile-less-
strongly-adsorbed molecules by tardier-more-strongly-adsorbed-
partner species. Such is the case, for example, for diffusion of
H2/CO2, CH4/C2H6, CH4/C3H8, and CH4/nC4H10 mixtures structures
such as MFI, FAU, and MgMOF-74 [9]. As illustration, Fig. 1a
shows MD simulation data on Ð1=Ð12 for H2/CO2 mixtures in
MgMOF-74, IRMOF-1, MFI, and LTA-Si, expressed as a function
of the total concentration, ct = (q1 + q2)/Vp, of the adsorbed mix-
ture within the pores. The use of pore concentrations ct rather
than the molar loadings affords a fairer comparison of different
host materials as explained in previous works [4,5,10]. For any
guest/host combination, Ð1=Ð12 is seen to increase as the pore
concentration increases; this implies that correlation effects are
expected to be stronger for separations operating at higher pres-
sures. Correlations are strongest in one-dimensional (1D) channel
structures (e.g., MgMOF-74), intersecting channels (e.g., MFI), and
‘‘open’’ structures (e.g., IRMOF-1, FAU, NaX) consisting of large
cages separated by wide windows. For such cases, the more



Table 1
Examples of PSA separations using ordered nanoporous crystalline materials. The four categories of materials A, B, C, and D are explained in the main text. Detailed analysis,
including breakthrough simulations for each of the separations listed here are provided in the Supplementary material.

Process Mixtures Category of materials Literature

Natural gas purification CH4/CO2

CH4/CO2/H2S
CH4/CO/CO2

A: NaX, Cu-TDPAT, MgMOF-74, NiMOF-74, CuBTC, UTSA-16, SIFSIX-2-Cu,
MIL-47(V), amino-MIL-53, Amino-MIL-125(Ti), MIL-100(Cr), MIL-140(Zr)
B: LTA-5A, SAPO-34, KFI

[50,51,58,66,68,70,90,113–
119]

Natural gas upgrading for
meeting pipeline
specifications

N2/CH4 C: LTA-4A, ETS-4, BaETS-4 [38–40,120]

Recovery of H2 from steam
methane reformer off-gas
(SMROG)

H2/CO2,
H2/CO/CH4/CO2

H2/CH4/CO2

A: MgMOF-74, MOF-177, NaX, CuBTTri, Cu-TDPAT, SIFSIX-2-Cu, Cu-
TDPAT, Zn(bdc)dabco,UiO-66, UiO-67, ZJU-35a, ZJU-36a
B: LTA-5A

[60,66,70–72,114,116,121]

CO2 capture from flue gas N2/CO2

N2/CO2/CO/O2

N2/CO2/SO2

A: MFI, MgMOF-74, NiMOF-74 NaX, MOF-177, EMC-1, SIFSIX-2-Cu, PCP-1,
NOTT-300
B: LTA-5A

[49,68,116,122–125]

CO2 capture from ambient air CO2/O2/N2 A: mmen-CuBTTri, PPN-6, mmen-Mg2(dobpdc) [126–128]
Fischer–Tropsch tail gas

separation
H2/CO2/CO/CH4/N2 A: Cu-TDPAT, CuBTC, NaX, MFI

B: LTA-5A
Recovery of He from natural gas He/N2/CH4/CO2 A: CuBTC, MFI
Recovery of Xe and Kr from

process off-gases
Xe/Kr/N2/CO2 A: NiMOF-74 [79]

Separation of hexane isomers for
production of 92+ RON
product

nC6/2MP/3MP/22DMB/
23DMB

B: Fe2(BDP)3, ZIF-77, UiO-66, Zn(bdc)dabco, ATS, CFI, MWW, Co(BDP),
ZnMOF-74, MgMOF-74
C: ZIF-8
D: MFI

[56,87,99]

Separation of C8 hydrocarbons o-xylene/m-xylene/p-
xylene/ethylbenzene

A: BaX, Co(BDP), MIL-47, MIL-53, MgMOF-74, NiMOF-74, MIL-125(Ti),
Amino-MIL-125(Ti)
B: UiO-66, Zn(bdc)dabco

[52,91,92,110,129–133]

Separation of C8 hydrocarbons Ethylbenzene/styrene A: MIL-47, MIL-53 [134,135]
Separation of aromatics from

non-aromatics
Benzene/
cyclohexanebenzene/n-
hexane

A: Na-Y, Pd-Y, Ag-Y, H-USY, PAF-2 [136,137]

Separation of alkene/alkane C2H4/C2H6 C3H6/C3H8 1-
octene/nC8

A: CuBTC, MgMOF-74, NiMOF-74, CoMOF-74, NaX
B: ZIF-7, ZIF-8

[3,55,57,75,78,138–140]

Separation of C1, C2, C3
hydrocarbons

CH4/C2H2/C2H4/C2H6/
C3H6/C3H8

A: M’MOFs,MgMOF-74, CoMOF-74,FeMOF-74, CuBTC, UTSA-30a, UTSA-
35a

[3,55,141–143]

Production of C2H2 CO2/C2H2 A: UTSA-30a, UTSA-50a, CuBTC [143–146]
Separation of C4 hydrocarbons nC4/iC4 A: CuBTC [80]
Separation of butenes is-2-butene/trans-2-

butene/1-butene
B: RUB-41 zeolite [85]

Removal of dienes from C4 gas
stream

1,3 butadiene/1-butene A: Ag-Y zeolite [147]

Dehydration of alcohols Water/ethanol B: LTA-K, LTA-Na, LTA-Ca, FAU-Na [148]
Separation of 1-alcohols Methanol/ethanol/1-

propanol/1-butanol/1-
hexanol

D: SAPO-34 [45,46,94]

Production of pure O2 N2/O2 A: LiX, LiLSX
B: LTA-5A

[81–84,149]

Production of pure N2 N2/O2 A: FeMOF-74
C: LTA-4A

[95–97]

Separation of
chlorofluorocarbons

CFC-115/HFC-125 D: MFI [150]
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mobile species is slowed down significantly by the tardier part-
ner. The influence of correlations is best illustrated by the MD
simulation data [11,12] presented in Fig. 1b on the self-diffusivi-
ties of H2 and CO2 in H2/CO2 mixtures of varying composition of
CO2 in the adsorbed phase. We note the severe reduction, by a
factor of five, of the self-diffusivity of H2 with increasing amount
of CO2 within the channels of MFI. The more strongly adsorbed
CO2 does not vacate adsorption sites quick enough for H2 to occu-
py. Consequently, there is a slowing-down of the more mobile H2

in the mixture. The self-diffusivity of CO2 is influenced to a much
smaller extent. Generally speaking, correlation effects have a
strong retarding influence of the permeation of more-mobile-
less-strongly-adsorbed molecules. Conversely, correlation effects
are of lesser importance for tardier-more-strongly-adsorbed
species.

For the special case of dominant correlations, i.e.,
Ð1=Ð12 !1; Ð2=Ð12 !1, we can derive the following simple flux
expressions [13]
N1

N2

� �
¼� q

x1
Ð1
þ x2

Ð2

x1 x1

x2 x2

� �
C11 C12

C21 C22

� � rq1

rq2

� �
; correlations dominant

ð4Þ

The dominant correlations scenario provides an excellent
description of mixture diffusion in carbon nanotubes [6,13,14].

Extensive Molecular Dynamics (MD) simulations have shown
that correlation effects are of negligible importance for mixture
diffusion within materials such as ZIF-8, CHA, LTA, DDR, ERI that
consist of cages separated by windows in the 3.4–4.2 Å size range
[4,5,9,15]; molecules jump one-at-a-time across the narrow
windows, and the assumption of negligible correlations is often
justified. The experimental data of Chmelik et al. [16] on self-,
M–S, and Fick diffusivities of methanol, ethanol, and ethane in
ZIF-8 provide direct experimental verification of the absence of
correlations in such structures. Values of Ði=Ð12 ! 0, imply negli-
gible influence of correlations; in this case, the first members on
the right of Eq. (1) can be ignored, yielding



Table 2
Examples of nanoporous membrane separations. Category E represents materials for which correlation effects and thermodynamic coupling effects are both of importance.
Category F represents materials for which correlation effects are of minor significance. Detailed analysis, including membrane permeation simulations for each of the separations
listed here are provided in the Supplementary material.

Process Mixtures Category of materials Literature

CO2 capture from flue gas CO2/N2 E: NaY, NaX, MFI, ZIF-69
F: SAPO-34, DDR

[25,151–155]

CO2 removal for natural gas purification CO2/CH4 E: MFI, NaY, NaX, MgMOF-74, amino-MIL-53,
ZIF-69
F: SAPO-34, ZIF-8, DDR

[9,11,12,24,25,151,154,156–
159]

N2 removal for natural gas purification N2/CH4 F: SAPO-34, DDR [25,151]
CO2-selective purification of H2 H2/CO2 E: MFI, NaX, MgMOF-74,

F: SAPO-34
[9,11,12,19,152]

H2-selective purification of H2 H2/CO2 E: amino-MIL-53(Al)
F: ZIF-7, ZIF-22

[160–162]

H2-selective separation from
hydrocarbons

H2/CH4

H2/C3H8

E: amino-MIL-53(Al)
F: ZIF-7, ZIF-8, ZIF-22, SAPO-34

[25,160–164]

Alkene/alkane C2H4/C2H6

C3H6/C3H8

E: NaY, FeMOF-74
F: ZIF-7, ZIF-8

[27–29,55,165]

Pervaporation Water/methanol
Water/ethanol
Water/2-propanol
Water/NMP

E: MFI F: LTA-4A, CHA, H-SOD, DDR, ZIF-8 [166–169]

Separation of light alkanes CH4/C2H6/C3H8 E: MFI [20]
Separation of C4 hydrocarbons iC4/1-butene

nC4/iC4
E: MFI [35,170,171]

Separation of C5 hydrocarbons nC5/isoprene E: MFI [172]
Separation of hexane isomers nC6/2MP

nC6/22DMB
E: MFI [34,47,173–175]

Separation of C8 hydrocarbons o-xylene/m-xylene/p-xylene/
ethylbenzene

E: MFI [35,174]

Separation of aromatics from aliphatics Benzene/nC6
Benzene/nC7
benzene/cyclohexane

E: NaY, NaX [22,176]
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N1

N2

� �
¼�q

Ð1 0
0 Ð2

� �
C11 C12

C21 C22

� � rq1

rq2

� �
; negligible correlations ð5Þ

While there are a large number of publications that highlight
the significance of correlation effects in mixture diffusion
[12,17,18], far fewer publications are devoted to highlighting the
influence of ‘‘thermodynamic coupling’’, originating from contribu-
tions of sizable off-diagonal elements of [C].

In the special case of dilute mixtures and operations at low
loadings, we may invoke the simplification Ci ¼ dij, the Kronecker
delta, signifying absence of thermodynamic coupling:

N1

N2

� �
¼�q

Ð1 0
0 Ð2

� �
1 0
0 1

� � rq1

rq2

� �
; negligible correlations; no thermo coupling ð6Þ

The differences in the estimations using Eqs. (5) and (6) can be
attributed to the influence of thermodynamic coupling.

The major objectives of this article are listed below. By careful
detailed analyses of a variety of published experimental data on
(a) mixture permeation across nanoporous membranes, (b) tran-
sient uptake of mixtures within crystals, and (c) transient break-
through characteristics of fixed bed adsorbers we identify
conditions that require the use of Eq. (3) including both correlation
effects and thermodynamic coupling. We aim to demonstrate that
thermodynamic coupling effects, originating from finite off-diago-
nal elements of [C], are of particular importance in transient per-
meation, uptake and breakthroughs. In the case of the separation
of hexane isomers in a fixed-bed of MFI zeolite, we shall show that
inclusion of thermodynamic coupling effects leads to a significant
improvement in the separation performance. We identify situa-
tions in which the uncoupled Eq. (6), ignoring both correlations
and thermodynamic coupling, are of adequate accuracy for use in
practice. Furthermore, we also identify situations and conditions
in which intra-crystalline diffusion effects have a negligible influ-
ence the separation performance.
The Supplementary material, accompanying this article in-
cludes (a) detailed derivation of the Maxwell–Stefan equations
for mixture diffusion, (b) characteristics of the M–S diffusivities
and procedures for estimation of correlations, (c) numerical proce-
dures used for simulation of transient uptake within single crys-
tals, transient breakthrough in fixed bed adsorbers, transient
permeation across nanoporous membranes, (d) molecular simula-
tion methodology and data for alkane isomers in MFI zeolite, and
(e) detailed comparisons of experimental data on uptake, break-
through and membrane permeation with simulation results.
2. Correlation effects in binary mixture permeation across
membranes

Generally speaking, intra-crystalline diffusion effects are of great-
er significance for membrane permeation than for transient break-
through in fixed-bed adsorbers. The influence of correlations is best
illustrated by considering the experimental data of Sandström et al.
[19] for permeances of H2 and CO2 in a MFI membrane, determined
both from unary and binary mixture permeation data; see Fig. 1c.
The permeance of species i is defined as the permeation flux Ni di-
vided by the trans-membrane partial pressure difference, Dpi

Pi �
Ni

Dpi
ð7Þ

We note that the permeance of the tardier CO2 in the mixture is
nearly the same as that for unary permeation for the entire range
of upstream (feed) partial pressures. For H2, the permeance in
the mixture is about an order of magnitude lower than from unary
experiments. The reduction of the permeance of H2 in the H2/CO2

mixtures is the consequence of two separate factors. Firstly, the
mixture adsorption favors the more strongly adsorbed CO2.
Secondly, the mobility of H2 in the mixture is reduced due to
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correlation effects in mixture diffusion, illustrated in Fig. 1b. This
implies that mixture permeation is CO2-selective, whereas the data
based on unary permeation demonstrates H2-selective
characteristics.

Calculations using Eq. (3), taking Ð1=Ð12 ¼ 20, along with the
values of qÐ1=d = 80 kg m�2 s�1, qÐ2=d = 2.7 kg m�2 s�1, both
determined from unary permeation data are shown in Fig. 1d.
There is good agreement of model calculations with the experi-
mentally determined permeation selectivities, Sperm, defined by
Mole fraction of C2H6 in feed gas mixture, y2
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Fig. 2. Experimental data of van de Graaf et al. [20] for the permeation selectivities
of CH4/C2H6, and mixtures as a function of the mole fraction of the tardier
component in the feed gas mixture. The total pressure at 101 kPa. Three different
scenarios for correlations are compared with experimental data on permeation
selectivities. The model for calculation of the permeation fluxes and permeances is
based on a simplified analytic solution [9]. The Supplementary material provides
further simulation details.
Sperm ¼
P1

P2
¼ N1=Dp1

N2=Dp2
ð8Þ

In order to underscore the significant influence of correlations,
Fig. 1d also present the model calculations using Eq. (5), in which
correlations are considered negligible. This simplified scenario,
using Eq. (5), under-estimates the Sperm by about an order of
magnitude. The dominant correlations scenario, Eq. (4), tends to
overestimate the CO2/H2 permeation selectivity; see Fig. 1d. Mem-
brane materials with high degrees of correlation are the best
choices for enhancing the CO2/H2 permeation selectivity. Con-
versely, if we require the membrane to be selective to H2 perme-
ation, the best choices are materials such as ZIF-7, ZIF-8 in which
correlation effects are of negligible importance.

Consider the experimental data of van de Graaf et al. [20] for
permeation of CH4/C2H6 mixtures across an MFI membrane,
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presented in Fig. 2. The experimental C2H6/CH4 permeation selec-
tivities data are plotted as functions of the mole fraction of the tar-
dier component in the feed gas mixture in the upstream
compartment. Increasing the proportion of the tardier component
in the feed mixture has the effect of progressively increasing Sperm.
The reasons are twofold: (a) due to mixture adsorption equilibrium
that favors the heavier alkane, and (2) slowing-down of the mobil-
ity of CH4 due to correlation effects. Ignoring correlation effects,
and using the flux Eq. (5) severely underestimates Sperm. The dom-
inant correlations scenario, Eq. (4), tends to overestimate the C2H6/
CH4 permeation selectivity. Use of the flux Eq. (3) including finite
correlation effects with Ð1=Ð12 ¼ 1 provides good estimates of
Sperm in accord with experiments, over the entire range of compo-
sitions in the upstream compartment.

Baertsch et al. [21] have compared component permeances of o-
xylene, m-xylene, p-xylene, ethylbenzene, toluene, and benzene
across MFI membrane obtained from unary permeation experi-
ments with those determined from a variety of binary mixture per-
meation data. The component permeances for mixed gas
permeation was found to coincide with the permeance of the tar-
dier species in the binary mixtures; this is clear demonstration of
slowing-down of the more mobile partner species. Several other
examples of the influence of correlations on mixture diffusion
available in the literature [4,5,9].
ZIF-8 membrane; 308 K;
propene/propane mixture;
Liu JMS, 2013
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Fig. 3. (a, b) Experimental data [24–26] on permeances of CO2(1) and CH4(2) for binary m
on permeances of C3H6(1), and C3H8(2) for binary mixture permeation across ZIF-8 me
mixtures. In (b), and (d) the composition in the upstream compartment is varied, keepin
flux Eq. (5), ignoring correlations, and using an analytic solution [9]. The Supplementary
Jeong et al. [22] report permeances of benzene and cyclohexane
across a NaY zeolite membrane, obtained from both unary and
mixture permeation experiments. The adsorption selectivity is
strongly in favor of benzene, whereas the diffusion selectivity fa-
vors cyclohexane. The lower diffusivity of benzene is most likely
attributable to the much stronger binding energy of benzene with
the cations in NaY [23]. From unary permeation data we note that
the membrane is selective to cyclohexane. However, the mixture
permeation is selective to benzene. Correlation effects tend to slow
down the more mobile cyclohexane and the permeation selectivity
is largely governed by adsorption selectivity that favors benzene.

Generally speaking, correlation effects are of minor significance
for mixture permeation across SAPO-34, ZIF-8, DDR, and LTA mem-
branes [9,24–26]; we shall demonstrate this by examining some
experimental data.

Consider permeation of CO2/CH4 separation using a membrane
made up of thin layers of SAPO-34 that consists of 316 Å3 sized
cages separated by 3.8 Å � 4.2 Å sized windows. Both adsorption
and diffusion selectivities are in favor of CO2. Experimental data
on permeances Pi of CO2 and CH4 determined from binary perme-
ation experiments [24–26] are compared in Fig. 3a and b, with the
M–S model estimations (denoted by continuous solid lines) using
flux Eq. (5), ignoring correlations. In this case, ðÐ1=Ð12Þ ! 0 is a
good assumption to make.
ZIF-8 membrane; 308 K;
pt = 202 kPa;
propene/propane mixture;
Liu JMS, 2013
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ixture permeation across SAPO-34 membrane at 295 K. (c, d) Experimental data [29]
mbrane at 308 K. In (a), and (c) the upstream compartment consists of equmolar

g the total upstream pressure constant. The solid lines are estimations based on the
material provides further simulation details.
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The separation of C2H4/C2H6, and C3H6/C3H8 mixtures using ZIF-
8 membranes [27–29] is primarily based on differences in the dif-
fusivities of the alkenes and alkanes; such differences arise due to
subtle differences in bond lengths and bond angles [30]. Experi-
mental data on diffusivities of C2H4, and C2H6 show diffusion selec-
tivities of the order of 5 in favor of C2H4 [27]. The ratio of the
diffusivity of C3H6 propene to that of C3H8 in ZIF-8 has a value of
125 based on the uptake data of Li et al. [31] A further confirmation
of the subtle influence of bond lengths and bond angles on diffusiv-
ities of alkenes and alkanes is provided by Ruthven and Reyes [32]
who report diffusion selectivity values for C3H6/C3H8 mixtures in
excess of 1000 for CHA and DDR zeolites.

The adsorption selectivities for C2H4/C2H6, and C3H6/C3H8 mix-
tures using ZIF-8 favor the saturated alkane; this implies that
adsorption and diffusion do not proceed hand in hand. The diffu-
sion selectivities over-ride the adsorption selectivties, yielding per-
meation selectivities in favor of the unsaturated alkene.

The experiments of Bux et al. [27] for a ZIF-8 membrane show
that the C2H4/C2H6 permeation selectivity is in the range of 2–3.
For C3H6/C3H8 permeation across ZIF-8 membrane, the permeation
selectivities, Sperm, reported in the experiments of Liu et al. [29]
(Fig. 3c and d) show values in the range of 30–35. From the data
in Fig. 3d we note that the magnitude of Pi is hardly influenced
by the mixture composition in the upstream compartment; corre-
lation effects have negligible influence. The experimental data on
component permeances for C3H6/C3H8 mixture permeation are
adequately described by the M–S model estimations (denoted by
continuous solid lines) using flux Eq. (5).
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Fig. 4. (a, b, c) Simulations of transient permeation of CH4(1)/nC4H10(2) mixture
across MFI membrane at 300 K, using three different scenarios for the fluxes. In (a)
we use the flux Eq. (3), including both correlations and thermodynamic coupling. In
(b) we use the flux Eq. (5), ignoring correlations, but including thermodynamic
coupling. In (c) we use the flux Eq. (6) ignoring correlations and also ignoring
thermodynamic coupling, with Cij = dij. The Supplementary material provides
further simulation details.
3. Overshoot phenomena in transient membrane permeation

Diffusional coupling effects often lead to unusual phenomena
such as overshoots in the flux of the more mobile partners during
transient mixture permeation across nanoporous membranes.
Geus et al. [33] report experimental data on transient permeation
CH4/nC4H10 mixture across MFI in which the flux of the more mo-
bile CH4 exhibits a pronounced maximum during the initial stages
of the transience. In order to rationalize their experimental results
we carried out simulations to determine the transient permeation
fluxes by solving the set of partial differential equations

@qiðz; tÞ
@t

¼ � 1
q
@

@z
ðNiÞ ð9Þ

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

The simulation results for transient permeation CH4/nC4H10

mixture are shown in Fig. 4a–c for three different scenarios. In
the simulations presented in Fig. 4a we use the flux Eq. (3), includ-
ing both correlations and thermodynamic coupling. The flux of the
more mobile-less-strongly-adsorbed-CH4 shows a pronounced
maximum, whereas the tardier-more-strongly-adsorbed- nC4H10

exhibits a monotonous approach to steady-state. In the simula-
tions presented in Fig. 4b we use the flux Eq. (5), ignoring correla-
tions, but including thermodynamic coupling. In this scenario too,
we note that the flux of CH4 exhibits a maximum during the early
phase of the transience. It is noteworthy that the maximum in the
flux of CH4 is more prominent when correlations are ignored. This
is because correlations tend to slow down the more mobile CH4.
Ignoring correlations, results in no slowing-down effects, and the
steady-state flux of CH4 is higher than for the scenario in which
correlations are included. In the simulations presented in Fig. 4c
we use the flux Eq. (6) ignoring correlations and also ignoring ther-
modynamic coupling, with Cij = dij. In this scenario too we note
that the maximum in the CH4 fluxes vanishes. The maximum in
the transient CH4 flux is traceable to thermodynamic coupling ef-
fects; the results presented in Fig. 4a afford the best representa-
tions of the experiments of Geus et al. [33].

For permeation of nC6/2MP, and nC6/23DMB mixture across an
MFI membrane, Matsufuji et al. [34] have reported experimental
data showing overshoots in the nC6 flux during transient approach
to steady-state; these maxima are the caused by thermodynamic
coupling. The experimental data of Matsufuji et al. [35] for tran-
sient pervaporation of binary m-xylene/p-xylene, and ternary 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
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the three isomers; the origin of the maximum in the flux of p-xy-
lene can be traced to the influence of thermodynamic coupling. For
permeation of benzene/p-xylene mixtures across an MFI mem-
brane, Kolvenbach et al. [36] have reported an overshoot of the
benzene flux during the early stages of the transience. For nC4/
iC4 mixture permeation across a MFI membrane, curious over-
shoots, and undershoots, in the transient retentate and permeate
concentrations have been reported in the experiments of Courthial
et al. [37]; such phenomena are also ascribable to thermodynamic
coupling effects.

Generally speaking, diffusional coupling effects have greater
influences on transient permeation, than on the steady-state char-
acteristics of membranes.
4. Overshoot phenomena in transient mixture uptake in
crystals

We now examine experimental data published in the literature
where transient overshoots of the component loading of one of the
components for binary mixture uptake within crystals have been
reported.

The first example we consider is the separation of N2/CH4 mix-
tures, that is important in the context of natural gas upgrading. For
transportation purposes, the pipeline specifications usually de-
mand that the amount of N2 in natural gas is less than about 3%,
because the presence of N2 reduces the heating value. For purifica-
tion of natural gas streams, that is commonly available at high
pressures, it is desirable to use adsorbents in pressure swing
adsorption (PSA) units that are selective to N2, that is present in
quantities that are often as high as 20%. For most known adsor-
bents, the adsorption selectivity favors CH4. One practical solution
to this problem is to rely on diffusion selectivities by using nano-
porous materials that have significantly higher diffusivities of N2,
compared to that of CH4 [38,39].

The earliest study demonstrating the possibility of utilizing dif-
fusion selectivities for separating N2/CH4 mixtures is contained
in the classic paper of Habgood [40] that presents experimental
data on transient uptake of N2/CH4 mixtures in crystallites
of LTA-4A; see Fig. 5a. The N2/CH4 mixture constitutes a combina-
tion of more-mobile-less-strongly-adsorbed-N2 and tardier-more-
strongly-adsorbed-CH4. The diffusivity of N2 is a factor 22 higher
than that of CH4, but it has an adsorption strength that is a factor
2.2 lower. During the initial stages of the transient uptake, the
pores of LTA-4A are predominantly richer in the more mobile N2,
but this is displaced by the more strongly adsorbed, tardier CH4

molecules at longer times; this results in an overshoot in the N2

uptake.
For modeling the transient mixture uptake we need to deter-

mine the radial distribution of molar loadings, qi, within a spherical
crystallite, of radius rc, by solving

@qiðr; tÞ
@t

¼ � 1
q

1
r2

@

@r
r2Ni
� 	

ð10Þ

At any time t, during the transient approach to thermodynamic
equilibrium, the spatially averaged molar loading within the crys-
tallites of radius rc is calculated using

qiðtÞ ¼
3
r3

c

Z rc

0
qiðr; tÞr2dr ð11Þ

The qiðtÞ can be compared directly with experimental transient
uptake data. The continuous solid lines in Fig. 5a are the calcula-
tions of the M–S model using the flux Eq. (5); this model success-
fully captures the overshoot in the uptake of the more mobile N2.
The dashed lines in Fig. 5a are the M–S model simulations using
Eq. (6) in which the matrix of thermodynamic correction factors is
assumed to be the identity matrix, i.e., taking Ci = dij. Neglect of
thermodynamic coupling results in uptake profiles that do not ex-
hibit an overshoot in N2 uptake. The simulation results presented
in Fig. 5a confirm that thermodynamic coupling is the cause of
the N2 overshoot.

The transient uptake data of Majumdar et al. [39] for 10/90, and
50/50 N2/CH4 mixtures in Ba-ETS-4 show overshoots in the uptake
of the more mobile N2. As demonstrated by the uptake simulations
presented in the Supplementary material, the cause of the over-
shoot is traceable to thermodynamic coupling effects. The same
rationalization holds for the overshoots of the more mobile part-
ners in the uptake of benzene/p-xylene in ZSM-5 [41,42] (cf.
Fig. 5b), benzene/ethylbenzene in ZSM-5 [41,42], CH4/C2H6 in
LTA-4A [43], and n-heptane/benzene in NaX [44].

The maximum in the ethanol uptake from ethanol/1-propanol
mixtures in SAPO-34 [45] (cf. Fig. 5c) deserves special mention.
In this case, both adsorption and diffusion favor the more mobile
ethanol and this synergistic aspect manifests in the transient
breakthrough of 1-alcohol mixtures in fixed bed units [46].
Fig. 5d shows the calculations of (C12 q2/C11 q1), and (C21 q1/C22

q2), that signify the relative influences of thermodynamic coupling
on the uptakes of components 1, and 2, respectively. Uptake of eth-
anol is strongly influenced by the uptake of 1-propanol. Con-
versely, the uptake of 1-propanol is oblivious to the uptake of
ethanol. We also note that (C12 q2/C11 q1) exhibits a maximum
at a total uptake qt � 3 mol/kg; this is the same loading for which
the maximum in the transient uptake of ethanol is observed exper-
imentally. The significant off-diagonal contribution of C12 q2 is the
root cause of the overshoot in the flux of the more mobile ethanol;
detailed simulation results are presented in the Supplementary
material.

For uptake of binary nC6/3MP and nC6/22DMB mixtures in MFI
crystals, simulations [47] show overshoots in the uptake of the
more mobile nC6; this is attributable to thermodynamic coupling.
The strong influence of thermodynamic coupling on hexane iso-
mers separation with MFI was first underscored in 1998 [48].

5. Intra-crystalline diffusion influences on transient
breakthrough in fixed bed adsorbers

Fixed bed, packed with crystals of nanoporous materials, are
commonly used for separation of mixtures (see schematic in
Fig. 6); such adsorbers are commonly operated in a transient mode,
and the compositions of the bulk fluid phase, and within the crys-
tals, vary with position and time. Experimental data on the tran-
sient breakthrough of mixtures across fixed beds are commonly
used to evaluate and compare the separation performance of zeo-
lites and MOFs [49–59]. For a given separation task, transient
breakthroughs provide a more realistic evaluation of the efficacy
of a material, as they reflect the combined influence of adsorption
selectivity, and adsorption capacity [60]. Furthermore, transient
breakthroughs are influenced by both mixture adsorption equilib-
rium, and intra-crystalline diffusion. In order to determine the ex-
tent of the relative importance of adsorption and diffusion in
determining the separation performance we perform transient
breakthrough simulations, and compare these with experimental
data. Our objective here is to reach conclusions regarding the level
of sophistication that is required in properly capturing the tran-
sient breakthrough characteristics of fixed bed adsorbers.

Assuming plug flow of an n-component gas mixture through a
fixed bed maintained under isothermal conditions, the partial pres-
sures in the gas phase at any position and instant of time are ob-
tained by solving the following set of partial differential
equations for each of the species i in the gas mixture [1,2,61–65].
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Fig. 5. (a) Experimental data of Habgood [40] on transient uptake of N2(1)/CH4(2) mixture within LTA-4A crystals, exposed to binary gas mixtures at partial pressures
p1 = 50.9 kPa; p2 = 49.1 kPa at 194 K. The continuous solid lines calculations using Eq. (5) for fluxes. The dashed lines are the calculations using uncoupled flux Eq. (6) with
Cij = dij. (b) Experimental data of Niessen and Karge [41,42] for uptake of benzene/p-xylene mixtures in MFI zeolite (H-ZSM-5). (c) Experimental data of Saint-Remi et al. [45]
for transient uptake of ethanol/1-propanol mixtures within SAPO-34 crystals, that is the structural analog of CHA zeolite. (d) Calculations of (C12 q2/C11 q1), and (C21 q1/C22

q2), for ethanol(1)/1-propanol(2) mixture, expressed as a function of the total mixture loading qt = q1 + q2. The Supplementary material provides further simulation details in
all cases.
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Fig. 6. Schematic of a packed bed adsorber.
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In Eq. (12), t is the time, z is the distance along the adsorber, q is
the framework density, e is the bed voidage, v is the interstitial gas
velocity, and q

�
iðt; zÞ is the spatially averaged molar loading within

the crystallites of radius rc, monitored at position z, and at time t.
The q

�
iðt; zÞ is determined by combining Eq. (11) with the appropri-

ate M–S model for the fluxes, Eqs. 5 and 6. In other words, the up-
take calculations need to be performed at every position along the
adsorber.
If the value of Ði=r2
c is large enough to ensure that intra-crystal-

line gradients are absent and the entire crystallite particle can be
considered to be in thermodynamic equilibrium with the sur-
rounding bulk gas phase at that time t, and position z of the
adsorber
The molar loadings at the outer surface of the crystallites, i.e., at
r = rc, are calculated on the basis of adsorption equilibrium with the
bulk gas phase partial pressures pi at that position z and time t.
The adsorption equilibrium can be calculated on the basis of the
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IAST. Typically, the assumption of thermodynamic equilibrium
leads to ‘‘sharp’’ breakthroughs, as illustrated by a variety of exam-
ples in Fig. 7.

For any mixture separation, the influence of diffusion can be
subdivided into four categories A, B, C, and D, as follows.

Category A: In this case, there is only minor influence of intra-
crystalline diffusion on breakthrough characteristics. The hierarchy
of breakthroughs, when compared to equilibrium simulations, is
not affected.

Category B: Here we have a strong influence of intra-crystalline
diffusion on breakthrough characteristics. The productivity or cap-
ture capacity is reduced due to diffusional influences. The hierar-
chy of breakthroughs, when compared to equilibrium
simulations, is not affected, however.

Category C: Strong influence of intra-crystalline diffusion on
breakthrough characteristics. The hierarchy of breakthroughs is al-
tered; the components with lower diffusivities break through sig-
nificantly earlier, when compared to equilibrium simulations.

Category D: Strong influence of intra-crystalline diffusion, and
specifically thermodynamic coupling effects, on breakthrough
characteristics. The productivity is enhanced by thermodynamic
coupling effects.

Examples of separations in each of the four categories of mate-
rials are listed in Table 1. The Supplementary material contains de-
tailed simulations for each of the listed separations. We discuss
below some of the highlights of our analyses.

Fig. 7a presents experimentally determined breakthrough
curves obtained for 50/50 CO2/N2 mixture using activated sample
of Cu-TDPAT [66]. The continuous solid lines represent break-
through simulations assuming thermodynamic equilibrium, i.e.,
invoking Eq. (13). The agreement between the two sets is reason-
ably good; it is particularly noteworthy that the breakthrough
times are correctly captured in the simulations. It has also been
demonstrated by Wu et al. [66] that inclusion of intra-crystalline
diffusion effects, invoking the flux relations (6), leads to break-
throughs that are practically indistinguishable from those obtained
using Eq. (13).

Similarly, the experimentally determined breakthrough charac-
teristics of CO2/CH4 mixtures in MgMOF-74 [67], and CO2/N2 mix-
tures in NiMOF-74 [68] can be adequately modeled assuming
thermodynamic equilibrium, and invoking Eq.(13).

Yang et al. [58] have presented experimental data or transient
breakthrough of 40/60 CO2/CH4 mixtures through fixed bed adsor-
ber packed with K-KFI zeolite. The experimental data are in good
agreement with breakthrough simulations that assume thermody-
namic equilibrium, invoking Eq. (13); see Fig. 7b.

Fig. 7c compares the experimental data (symbols) of Silva et al.
[69] on the breakthrough characteristics of 3-component 35.5/47/
17.5 H2/CO2/CH4 mixture in an adsorber packed with CuBTC with
simulations that assume thermodynamic equilibrium (continuous
solid lines). The agreement between the two sets is very good. Silva
et al. [69] also present a detailed model for breakthrough that in-
clude: intra-crystalline diffusion, axial dispersion in the fixed
bed, along with a rigorous energy balance. Their simulation results
(presented in Fig. 4a of their paper) are hardly distinguishable from
our own simulations invoking Eq. (13). Equilibrium breakthrough
simulations are particularly useful for screening adsorbents for
H2 purification [66,70–74]. In this context, it must be remarked
that the Banu et al. [71] have employed a detailed model, including
intra-particle diffusion and axial dispersion in the fixed beds, to
simulate the breakthroughs of 5-component H2/CO2/CO/CH4/N2

mixtures with several materials; as demonstrated in the Supple-
mentary material, simulations invoking Eq. (13) produce nearly
the same results and conclusions.

The characteristics of the experimentally determined transient
breakthrough of an equimolar C3H6/C3H8 mixture in an adsorber
bed packed with FeMOF-74 (=Fe2(dobdc) = CPO-27-Fe) [55], that
has one-dimensional hexagonal-shaped channels of 11 Å size, can
be essentially captured by equilibrium simulations ignoring diffu-
sion; see Fig. 7d. It has been established that alkenes are more
strongly bound (the attachment is side-on to the Fe(II) atoms
[55]), when compared to the alkanes; consequently, the alkanes
are eluted first.

Transient breakthroughs of C2H4/C2H6 and C3H6/C3H8 mixture
in an adsorber bed packed with CoMOF-74 [75], a structural analog
of FeMOF-74, show similar sharp, near-vertical, breakthroughs that
are indicative of absence of diffusional limitations; see Fig. 7e. An
important feature of the alkane/alkene separations with CuBTC, Fe-
MOF-74, MgMOF-74 and CoMOF-74 is that the desired alkene prod-
uct, required for production of polymer grade polyethene and
polypropene, can only be recovered in the desorption phase. For such
materials we need to operate with multiple beds involving five dif-
ferent steps; the alkene product of the desired purity is recovered
in the final step by counter-current vacuum blowdown [76,77].

The experimental data of Yoon et al. [78] for transient break-
through of C3H6/C3H8 mixtures in a packed bed of CuBTC crystal-
lites are presented in Fig. 7f. The unsaturated propene molecules
bind more strongly with the Cu atoms than the saturated C3H8.
The transient breakthrough characteristics are reasonably well
represented by breakthrough simulations in which intra-crystal-
line diffusion effects are considered to be negligible and Eq. (13)
is invoked.

Similarly, the separation of Xe and Kr from process gases from
nuclear plants using NiMOF-74 [79] can be adequately described
using equilibrium simulations. The selective removal of C2H2 from
hydrocarbon mixtures in fixed beds of FeMOF-74, MgMOF-74, and
CoMOF-74 is properly modeled assuming thermodynamic equilib-
rium [3,55]. The separation of isobutene/isobutane mixtures is
fixed beds of CuBTC [80] can be adequately described assuming
thermodynamic equilibrium, i.e., invoking Eq. (13). For the above
mentioned examples, further details are provided in the Supple-
mentary material.

If the guest molecules are strongly constrained within the
framework, the values of Ði=r2

c for guest molecules are such that in-
tra-crystalline diffusion resistances lead to less-sharp, more ‘‘dif-
fuse’’, breakthroughs. To illustrate this let us consider the
separation of O2/N2 for production of purified O2, required, for
example, in medical applications [1,81]. Using LTA-5A, the O2/N2

separation essentially relies on the fact that the adsorption
strength of N2 is 3.6 times that of O2. The diffusion selectivity is
in favor of O2, with ÐO2=ÐN2 ¼ 2. The cations within the framework
do not block the window regions and diffusional limitations are
adequately quantified by taking ÐO2=r2

c = 0.01 s�1 [81–83]. The con-
tinuous solid lines in Fig. 8a are simulations that include diffu-
sional effects invoking the flux relations (6), ignoring
thermodynamic coupling effects. Inclusion of thermodynamic cou-
pling effects leads to practically identically breakthrough charac-
teristics; this is because the differences in the adsorption
strengths of O2 and N2 in LTA-5A are small. Pure O2 can be recov-
ered in the early stages of the breakthrough. The dashed lines in
Fig. 8a are breakthrough simulations in which diffusional influ-
ences are ignored, and thermodynamic equilibrium is assumed to
prevail within the crystals, invoking Eq. (13). Diffusional influences
serve to produce more diffuse breakthrough characteristics and, as
a consequence, the production capacity for pure O2 is reduced. As
illustration, let us say we need to enrich O2 from 21% feed mixture
to yield 85% O2 in product gas. In absence of diffusional limitations
the 85% pure O2 productivity of LTA-5A is 1.58 mol L�1. Taking in-
tra-crystalline diffusion into account has the effect of reducing the
productivity to 0.43 mol L�1.

Difffusional effects are of lesser importance for O2/N2 separa-
tions using LiX (with Si/Al = 1, referred to as LiLSX) [84], that has
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Fig. 7. (a) Experimentally determined breakthrough curves obtained for 50/50 CO2/N2 mixture using activated sample of Cu-TDPAT [66]. (b) Experimental data of Yang et al.
[58] for transient breakthrough of 40/60 CO2/CH4 mixtures through fixed bed adsorber packed with K-KFI zeolite. (c) Adsorption/desorption breakthrough characteristics of 3-
component 35.5/47/17.5 H2/CO2/CH4 mixture in adsorber packed with CuBTC at 303 K operating at a total pressure of 0.2 MPa [69]. The desorption phase is initiated at time
t = 6550 s; the 3-component mixture is switched to pure H2. (d) Experimentally determined transient breakthrough of an equimolar C3H6/C3H8 mixture in an adsorber bed
packed with FeMOF-74 [55]. (e) Experimental data on transient breakthrough of C2H4/C2H6 and C3H6/C3H8 mixtures in an adsorber bed packed with CoMOF-74 [75]. (f)
Transient breakthrough of equimolar C3H6/C3H8 mixtures in packed bed adsorber with CuBTC crystallites [78]. The continuous solid lines represent breakthrough simulations
assuming thermodynamic equilibrium, i.e., invoking Eq. (13). Further details are available in the Supplementary material.
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wider 7.4 Å windows separating cages; cf. Fig. 8b. The break-
through characteristics are less ‘‘diffuse’’, and breakthrough times
are longer than is the case with LTA-5A; this leads to higher pro-
ductivities of purified O2 using LiLSX.

Tijsebaert et al. [85] have demonstrated the potential of RUB-
41, an all-silica zeolite that has the RRO structural topology, for
separation of cis-2-butene and trans-2-butene from 1-butene; this
separation is of industrial importance because 1-butene is needed
in the production of e.g., linear low density polyethylene (LLDPE).
RUB-41 comprises a 2-dimensional intersecting channel system
consisting of an 8-membered ring channel (0.27 � 0.5 nm) along
[001], and a 10-membered ring channel (0.4 � 0.65 nm) along
[100]. The measured data on adsorption indicates that the satura-
tion capacities at adsorption equilibrium follow the hierarchy
cis-2-butene > trans-2-butene� 1-butene. This hierarchy is, we
believe, ascribable to entropy effects dictated by molecule ‘‘footr-
prints’’, such as that demonstrated for hexane isomer separation
within 12-ring channels of AFI and MOR zeolites [86–88]. The
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Fig. 8. (a, b) Influence of diffusional limitations on the breakthrough characteristics of O2/N2 mixture in a fixed bed adsorber packed with (a) LTA-5A, and (b) LiX. (c, d)
Influence of diffusional limitations on the breakthrough characteristics of (c) cis-2-butene/1-butene, and (d) trans-2-butene/1-butene mixtures using RUB-41 zeolite,
operating in the liquid phase. The dashed lines are equilibrium breakthrough simulations, i.e., invoking Eq. (13). The continuous solid lines represent breakthrough
simulations including diffusional limitations, using uncoupled flux Eq. (6). Further details are available in the Supplementary material.
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footprint of 1-butene is longer than that of either cis-2-butene or
trans-2-butene. As a consequence it is possible to pack more mol-
ecules of either cis-2-butene or trans-2-butene within a given
length of the 10-ring channels of RUB-41. Differences in molecular
lengths provides the rationale for the hierarchy of saturation load-
ings that follows cis-2-butene > trans-2-butene� 1-butene.
Breakthrough experiments of Tijsebaert et al. [85], carried out in
the liquid phase, indicate that 1-butene breaks through earlier than
either cis-2-butene, or trans-2-butene. Using the fits of the pure
component isotherms, the experimental breakthroughs can be rea-
sonably well described by breakthrough simulations that include
the influence of intra-crystalline diffusion. Fig. 8c and d demon-
strate the influence of intra-crystalline diffusion on transient
breakthroughs. The sequence of breakthroughs is unaltered when
diffusional influences are accounted for.

The experimental data of Remy et al. [89] for breakthroughs for
CO2/CH4 mixtures in K-KFI, and Na-KFI zeolites exemplify the dif-
fuse breakthroughs that are characteristic of diffusional influences;
see Fig. 9a and b. The continuous solid lines in (a) and (b) represent
breakthrough simulations allowing for intra-crystalline diffusion
using flux Eq. (6) that ignore both correlations and thermodynamic
coupling. The simulations capture all the essential characteristics
of the experimental breakthroughs. Since the values of the Ði=r2

c

used in the breakthrough simulations are essentially ‘‘fitted’’ to just
one data set, there is no real justification for adopting more rigor-
ous M–S model Eq. (5), accounting for thermodynamic coupling.
The CO2 breakthroughs are predicted reasonably well by use of
the flux Eq. (6). For CH4, there are differences between the break-
through times predicted by simulations and the experimental data;
these differences are most likely due to delay times in the experi-
mental data sets.

At first sight, the two sets of results presented in Fig. 9a, and
Fig. 7b, appear to infer different conclusions with regards to the
influence of intra-crystalline diffusion effects in K-KFI. However,
these data sets can be rationalized as follows. In the experiments
of Yang et al. [58] the size of the crystals packed into the break-
through tube were in the 40–80 mesh range, corresponding to
crystallite sizes in the range of 180–420 lm; this size range is low-
er than the size range of 500–650 lm that was used in the exper-
iments of Remy et al. [89]. A larger crystallite size is indicative of a
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stronger influence of intra-crystalline diffusion, since the diffu-
sional influences scale with r2

c . A further reason that thermody-
namic equilibrium is a good assumption in the experiments of
Yang et al. [58] is that the contact times in their experiments are
significantly higher, as compared to the breakthrough experiments
of Remy et al. [89]; this is evidenced by the fact that the break-
throughs of CO2 occurs at a significant later time in Fig. 9a in com-
parison to the data in Fig. 7b. Longer contact times ensure that the
component loadings within the crystals are closer to equilibrium
conditions.

Further evidence that the influence of intra-crystalline diffusion
could alter when the operating conditions are changed is provided
by the experimental breakthrough data of Peter et al. [90] for CO2/
CH4 mixtures in amino-MIL-53(Al). These data indicate that intra-
crystalline diffusion becomes of importance for operations at
3 MPa, while operations at pressures lower than 0.5 MPa show
no discernible influence of diffusion limitations; see breakthrough
simulations presented in the Supplementary material.

Experimental data on breakthroughs of ethylbenzene/o-xylene/
m-xylene/p-xylene mixtures using MIL-47 [91], MIL-53 [92],
Zn(bdc)dabco [93], and NiMOF-74 [52] can be essentially captured
by breakthrough simulations allowing for intra-crystalline diffu-
sion. To illustrate this, Fig. 9c compares the transient breakthrough
experiments of Peralta et al. [52] for m-xylene/p-xylene mixtures
in NiMOF-74, with breakthrough simulations allowing for intra-
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Fig. 9. (a, b) Experimental data on breakthrough of equimolar CO2/CH4 mixtures thro
Experimental breakthrough of m-xylene/p-xylene mixture in NiMOF-74 bed [52]. (d) Ex
adsorber packed with ZIF-7 [57]. The continuous solid lines represent breakthrough sim
available in the Supplementary material.
crystalline diffusion using flux Eq. (6) that ignore both correlations
and coupling. From a technological point of view, the above men-
tioned materials are not the best choices for xylene isomer separa-
tion because we desire MOFs that selectively adsorb p-xylene.
Based on the evidence presented in the Supplementary material,
it appears that Co(BDP) is better suited for this separation, but
experimental confirmation is required.

In Fig. 9d, the experimental data of Gücüyener et al. [57] on
transient breakthrough of C2H4/C2H6/H2 mixtures in a fixed bed
adsorber packed with ZIF-7 are compared with simulations that in-
clude intra-crystalline diffusion effects using flux Eq. (6); there is
good agreement between the the two sets. Adsorption favors the
saturated C2H6, and therefore the desired C2H4 product can be
recovered during the adsorption phase. Gücüyener et al. [57] char-
acterize the breakthrough characteristics of ZIF-7 as being ‘‘turned
on its head’’, with attendant practical advantages over materials
such as CuBTC, FeMOF-74, MgMOF-74, and CoMOF-74. The exper-
imental data of Böhme et al. [75] for transient breakthrough of
C2H4/C2H6, and C3H6/C3H8 mixtures demonstrate that it is also pos-
sible to recover pure alkene in the adsorption cycle using ZIF-8. It is
also to be noted that the alkane diffusivity in ZIF-7 and ZIF-8 is ex-
pected to be lower than that of the corresponding alkenes, due to
subtle differences in bond lengths and bond angles [30]; if the dif-
ferences in the diffusivities are sufficiently large, then we should
expect the alkanes to break through earlier [3]. We need MOFs that
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Fig. 10. (a, b, c) Experimental breakthrough (symbols) for (a) nC6/3MP, (b) nC6/22DMB, and (c) 3MP/22DMB mixtures in ZIF-8 [54] compared with simulations (continuous
solid lines), using flux Eq. (6) ignoring thermodynamic coupling. (d) Breakthrough experimental data of Remy et al. [46] for separation of ethanol/1-propanol mixtures in a
fixed bed adsorber packed with SAPO-34. Further details are available in the Supplementary material.
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display adsorption selectivity towards the alkanes, but do not suf-
fer from strong diffusion limitations; this is a fruitful area for fur-
ther research.

For all the examples presented in Figs. 8 and 9, the introduction
of diffusional resistances does not alter the hierarchy of break-
throughs and the diffusional influences are of a quantitative nat-
ure, often lowering the productivity.

Diffusional effects may also serve to enhance the separation per-
formance in fixed bed adsorbers. This is illustrated in Fig. 10 by the
experimental breakthrough data of Peralta et al. [54] for (a) nC6/
3MP, (b) nC6/22DMB, and (c) 3MP/22DMB mixtures in ZIF-8. The
three sets of breakthroughs can be adequately modeled by simula-
tions using flux Eq. (6) with the diffusivity values of ÐnC6=r2

c =
0.004 s�1; Ð3MP=r2

c = 2 � 10�6 s�1; Ð22DMB=r2
c = 8 � 10�7 s�1.

For nC6/3MP separation, the ratio ÐnC6=Ð3MP = 1333 ensures
that 3MP breaks through significantly earlier than predicted on
the basis of adsorption equilibrium, thereby improving separa-
tions; see Fig. 10a. Similarly, the separation of nC6/22DMB and
3MP/22DMB mixtures is improved by the significantly lower diffu-
sivity of the hexane isomer with the higher degree of branching.

The breakthrough experimental data of Remy et al. [46] for sep-
aration of ethanol/1-propanol mixtures in a fixed bed adsorber
packed with SAPO-34, shown in Fig. 10d, are quite remarkable be-
cause the component that is eluted first from the adsorber is the
alcohol with the longer chain length. The rationalization of these
experimental data can be traced to the entropy effects that favor
the shorter alcohols under conditions such that the bulk fluid
phase is in the liquid state [94]. When operating under conditions
such that the bulk fluid phase is a liquid mixture, both adsorption
and diffusion favor the uptake of the shorter alcohol, and the long-
er alcohol is rejected in a fixed bed adsorber. Breakthrough simu-
lations taking proper account of adsorption, diffusion, and
thermodynamic coupling are required to capture the experimen-
tally observed behaviors; see Supplementary material.

In the extreme case, differences in diffusivities can serve to re-
verse the hierarchy of breakthroughs anticipated on the basis of
mixture adsorption equilibrium. To illustrate this, consider the
production of pure N2 from O2/N2 mixtures using LTA-4A. Diffusion
limitations are much more severe in LTA-4A, as compared to LTA-
5A, because the window regions are partially blocked by the cat-
ions [4,15]. The production of pure N2 relies on the significantly
lower diffusivity of N2 as compared to O2. The continuous solid
lines in Fig. 11a are simulations include diffusional effects with
ÐO2=r2

c = 2 � 10�3 s�1; ÐO2=ÐN2 = 100 [95,96]. Pure N2 can be recov-
ered during the early stages of the breakthrough, albeit for a brief
period. The dashed lines are breakthrough simulations in which
diffusional influences are ignored, and thermodynamic equilibrium
is assumed to prevail within the crystals. Introduction of strong
diffusional limitations serves to reverse the hierarchy of break-
throughs, that is essential for N2 production with LTA-4A.

A completely different strategy for N2 production is to use Fe-
MOF-74 as adsorbent; in this case O2 binds selectively with the
Fe atoms of the framework that consists of hexagonal-shaped
one-dimensional channels of 11 Å size. The O2 binding with Fe(II)
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atoms has been demonstrated to be reversible up to temperatures
of 211 K [97]. Diffusional influences are of negligible importance in
FeMOF-74 and higher N2 productivity is expected as compared to
LTA-4A; this is evidenced by the breakthrough simulations in
Fig. 11b that indicate significantly longer breakthrough times.
Further experimental work is required to confirm the potential of
FeMOF-74 for N2 production.

6. Transient breakthrough of alkane isomers in MFI packed bed

The isomerization of alkanes, for the purposes of octane
improvement, is a process of importance in the petroleum industry
[47,54,56,98,99]. The product from the isomerization reactor, that
commonly uses MOR zeolite as catalyst, consists of an equilibrium
distribution of unreacted n-hexane (nC6), along with its mono-
branched isomers 2-methylpentane (2MP), 3-methylpentane
(3MP) and di-branched isomers 2,2-dimethylbutane (22DMB)
and 2,3-dimethylbutane (23DMB). In current industrial practice
the linear nC6 is separated from the branched isomers using LTA-
5A in an adsorption separation step that relies on molecular sieving
[98]. The 4.1 Å sized windows of LTA-5A only allow the diffusion
and adsorption of the linear isomer, and the branched isomers
are rejected and removed as higher-octane product. The unreacted
nC6 is recycled back to the isomerization reactor.

The values of the Research Octane Number (RON) increases
with the degree of branching; for hexane isomers, we note that
the RON values are: nC6 = 30, 2MP = 74.5, 3MP = 75.5,
22DMB = 94, 23DMB = 105. Therefore, di-branched isomers are
preferred products for incorporation into the high-octane gasoline
pool. An improved process would require the recycle of both linear
and mono-branched isomers to the reactor; see Fig. 12. The sepa-
ration of 22DMB and 23DMB from the remaining isomers is a dif-
ficult task because it requires distinguishing molecules on the
degree of branching. Typically, in such a processing scheme the
aim would be to produce a product stream from the separation
step with RON value higher than 92. This requirement of 92+
RON implies that the product stream will contain predominantly
the di-branched isomers 22DMB and 23DMB, while allowing a
small proportion of 2MP and 3MP to be incorporated into the prod-
uct stream. Sharp separations between mono- and di-branched
isomers is not a strict requirement, provided the 92+ RON require-
ment is met.

We shall now demonstrate that MFI zeolite has great potential
for the use in the separation step in Fig. 12, because of the syner-
ation using MFI in the separation step.
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gistic effect of adsorption and intra-crystalline diffusion. Further-
more, we aim to show that thermodynamic coupling effects cannot
be ignored for description of intra-crystalline diffusion, because
such effects enhance the 92+ RON productivity. The separation of
hexane isomers with MFI falls into the Category D listed in Table 1.
The separation of CFC-115/HFC-125 mixtures with MFI has a sim-
ilar character.

MFI appears in the list of materials patented by Universal Oil
Products (UOP) for separation of hexane isomers [86,100–102].
The separation relies essentially on configurational entropy effects;
mono-branched and di-branched isomers prefer to locate at the
intersections of MFI, because these are too bulky to locate within
the channels [103]; Fig. 13a is a snapshot of the location of nC6
and 22DMB. There are 4 intersection sites per unit cell of MFI,
and when the intersections are fully occupied, no more branched
isomers can be adsorbed. Loadings Ht > 4 per unit cell can only
be realized by adsorption of the linear nC6, at the expense of the
branched isomers. CBMC simulations of component loadings in
nC6/2MP/3MP/22DMB/23DMB mixtures demonstrates that config-
urational entropy effects manifest at total mixture loadings Ht > 4,
causing the hierarchy to be nC6 > 2MP > 3MP > 23DMB > 22DMB;
see Fig. 13b. Details of the CBMC simulation methodology,
including detailed experimental validation, are available in the
Supplementary material.

Schuring et al. [104] have reported experimental data on the
self-diffusivities of both nC6 and 2MP in in C6/2MP mixtures; see
Fig. 13c. The data show that both self-diffusivities are reduced with
increasing loading of 2MP in the mixture. The preferential location
of 2MP at the intersections causes blocking of molecular traffic in
the intersecting channel system of MFI. MD simulations show that
such intersection blocking effects also manifest in nC6/22DMB
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mixtures [105]. We also note that the linear nC6 has a diffusivity
that is about an order of magnitude higher than that of the
branched 2MP. The right axis of Fig. 13c presents the data on the
ratio of the self-diffusivities. With increased 2MP loading, the ratio
of diffusivities of nC6–2MP increases. This implies that there are no
slowing-down effects of nC6 due to the presence of the tardier
2MP. Rather, there is a relative enhancement of the mobility of
nC6 with respect to 2MP with increased loading. Put another
way, when analysing mixture diffusion of hexane isomer mixtures
correlation effects can be ignored as a conservative estimate. The
diffusion of nC6/2MP mixture in MFI has very special and unusual
characteristics; nC6 is much more mobile, by about one order of
magnitude. Furthermore, as a consequence of configurational en-
tropy effects, the more strongly adsorbed species is also nC6. We
therefore have a mixture of more-mobile-more-strongly-ad-
sorbed-nC6 and tardier-less-strongly-adsorbed-2MP. There is
uncommon synergy between adsorption and diffusion of alkane
isomers in MFI zeolite.

The key separation in the process scheme presented in Fig. 12 is
that between the mono-branched and di-branched isomers. We first
seek experimental verification that this separation can be achieved
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details are available in the Supplementary material.
in a fixed bed filled with MFI zeolite. For this purpose, we analyzed,
and simulated, a set of experimental breakthrough experiments
reported by Jolimaître et al. [106] for binary and ternary mixtures
containing 2-methylbutane (2MB), 2MP, and 22DMB mixtures. Se-
ven different experimental campaigns of Jolimaître with wide vari-
ation in the inlet partial pressures could be simulated with very
good accuracy assuming the values Ð2MB=r2

c = 0.0075 s�1;
Ð2MP=r2

c = 0.005 s�1; Ð22DMB=r2
c = 0.0000625 s�1 for each of of seven

experimental runs. As illustration, Fig. 14a compares the experi-
mental breakthroughs in Run 20 for 2MB/2MP/22DMB ternary
mixtures with breakthrough calculations using Eq. (5) for fluxes
that takes account of thermodynamic coupling. The inclusion of
thermodynamic coupling is vital; if thermodynamic coupling is ig-
nored (i.e., using flux Eq. (6)) the agreement between the experi-
ment and simulations is significantly poorer; see dashed lines
Fig. 14b. The same conclusion is valid for each of the seven experi-
mental campaigns; the evidence is contained in the Supplementary
material.

Having established the potency of our breakthrough simulation
methodology for alkane isomer separations with MFI, we proceed
further to determine the 92+ RON productivity of MFI for separa-
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re in a fixed bed adsorber packed with MFI operating at a total pressure of 100 kPa
pling. (b) Simulations using flux Eq. (5) that includes thermodynamic coupling. (c)
f diffusional limitations on the RON of product gas exiting the MFI adsorber. Further
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tion of an equimolar 5-component nC6/2MP/3MP/22DMB/23DMB
mixture of hexane isomers in a fixed bed adsorber. For an operat-
ing temperature of 433 K, and total pressure of 100 kPa, the break-
through simulations are presented in Fig. 15a, and b for two
different scenarios: (a) ignoring thermodynamic coupling (i.e.,
using flux Eq. (6)) and (b) including thermodynamic coupling
(i.e., using flux Eq. (5)). For both scenarios, the sequence of break-
throughs is 22DMB, 23DMB, 3MP, 2MP, and nC6; this hierarchy is
dictated by a combination of two factors: (a) hierarchy of compo-
nent loadings in the CBMC mixture simulations (cf. Fig. 13b) and
(b) the diffusivities of the isomers that are chosen to be
ÐnC6=r2

c = 0.002 s�1; ÐnC6=Ð2MP = 5; ÐnC6=Ð3MP = 5; ÐnC6=Ð22DMB = 25;
ÐnC6=Ð23DMB = 25. The considerations leading to this choice of the
diffusivities are provided in the Supplementary material. For both
scenarios, the high RON products 22DMB and 23DMB are recov-
ered in the earlier stages of the breakthrough. Inclusion of thermo-
dynamic coupling causes the breakthroughs of all isomers to be
delayed. Fig. 15c compares the dimensionless breakthrough times,
sbreak of each isomer for the two different scenarios; here sbreak is
defined as the time at which the composition of the isomer at
the outlet exceeds 1% of the value at the inlet, i.e., (ci/ci0) > 0.01.
The differences in the breakthrough times for the mono-branched
3MP and di-branched isomer 23DMB is crucial for producing high
RON product gas. If we ignore thermodynamic coupling, the values
of sbreak for 3MP and 23DMB are 22.2 and 16.7, respectively. If we
take proper account of thermodynamic coupling the corresponding
values of sbreak for 3MP and 23DMB are 49 and 38.8. Consequently,
inclusion of thermodynamic coupling has the effect of widening
the gap between the breakthroughs of 3MP and 23DMB; this wid-
ening is beneficial for the producing high RON product. Fig. 15d
presents calculations of the RON of the product gas exiting from
the MFI adsorber. Three different breakthrough calculation scenar-
ios are used in the calculations of the product RON: (a) equilibrium
simulations, invoking Eq. (13) (b) using flux Eq. (6), ignoring ther-
modynamic coupling, and (c) use flux Eq. (5) that includes thermody-
namic coupling. Introduction of diffusional influences leads to earlier
breakthroughs of the di-branched isomers with respect to the mono-
branched isomers, leading to higher RON values for earlier times.
Inclusion of thermodynamic coupling in the flux equations, leads to
higher RON product in the later stages of the breakthrough. From a
material balance the productivity of MFI for producing 92+ RON
product, expressed per L of crystalline material, are: (a)
0.205 mol L�1, (b) 0.51 mol L�1, and (c) 0.64 mol L�1. Remarkably,
the use of the rigorous M–S model including thermodynamic cou-
pling effects results in significantly higher 92+ RON productivity. This
is a clear demonstration of the beneficial effect of the synergy be-
tween adsorption and diffusion in MFI zeolite.

We now compare the performance of MFI with that ZIF-77 and
Fe2(BDP)3 that have emerged as the ‘‘best’’ adsorbent for separa-
tion of hexane isomers in the recent comprehensive studies of
Dubbeldam et al. [99] and Herm et al. [56], respectively. Fig. 16
presents a plot of 92+ RON productivities obtained with assump-
tion of thermodynamic equilibrium (x-axis) versus that obtained
with inclusion of diffusion limitations (y-axis) for MFI, Fe2(BDP)3,
and ZIF-77. The inclusion of diffusional influences is beneficial
for the 92+ RON productivity of MFI. For both Fe2(BDP)3, and ZIF-
77, inclusion of intra-crystalline diffusion results in a severe reduc-
tion in 92+ RON productivity. When thermodynamic coupling ef-
fects are properly accounted for by use of flux Eq. (5), the 92+
RON productivity is significantly higher than either Fe2(BDP)3, or
ZIF-77. The 92+ RON productivity of MFI is also higher than that
obtained with several other materials such as ZIF-8 [54], BEA
[107], Zn(bdc)dabco [108], ZnHBDC [109], UiO-66 [110], CFI
[111] and ATS [112], that have been suggested in the literature
for this separation task; further details are provided in the Supple-
mentary material.
7. Conclusions

The main objective of this article was to underscore the need to
adopt the Maxwell–Stefan formulation for modeling intra-crystal-
line diffusion in ordered nanoporous materials. The M–S formula-
tion clearly differentiates between two types of coupling: (a)
coupling due to correlation effects, modeled by the exchange coef-
ficient Ð12, and (b) thermodynamic coupling effects quantified by
sizable off-diagonal elements of [C]. The major conclusions of this
article are summarized below.

(1) Correlation effects need to be properly modeled for mixtures
of more-mobile-less-strongly-adsorbed and tardier-more-
strongly-adsorbed species as exemplified by permeation of
H2/CO2 CH4/C2H6, CH4/C3H8 mixtures across MFI mem-
branes. Correlation effects generally cause the slowing-
down of the more mobile partner species.

(2) Generally speaking, correlation effects are of negligible
importance when modeling permeation of mixtures across
structures such as ZIF-8, SAPO-34, DDR, and LTA that consist
of cages separated by narrow windows in the 3.4–4.1 Å
range. Molecules hop one-at-a-time across the windows,
and are largely uncorrelated.

(3) For transient mixture permeation, thermodynamic coupling
effects can lead to maxima in the fluxes of the more mobile
partner species in early stages of the transience.

(4) For transient uptake of binary mixtures within a nanoporous
crystal, overshoots in the uptake of the more mobile partner
species is traceable to the influence of thermodynamic cou-
pling effects, quantified by sizable off-diagonal elements of [C].

(5) Generally speaking, simulations of breakthroughs of mix-
tures in fixed-bed adsorbers assuming thermodynamic equi-
librium and invoking Eq. (13) lead to sharp breakthroughs.
Equilibrium simulations are adequate for modeling break-
throughs when the guest molecules are weakly confined
within the pores of the framework.

(6) Intra-crystalline diffusion effects lead to more ‘‘diffuse’’,
non-sharp, breakthrough characteristics in fixed bed
adsorbers.

(7) Intra-crystalline diffusion effects can enhance separations in
fixed beds; this is exemplified by nC6/3MP, nC6/22DMB, and
3MP/22DMB separations with ZIF-8.
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(8) For separation of ethanol/1-propanol and ethanol/1-hexago-
nal mixtures with SAPO-34, there is unusually strong syn-
ergy between adsorption and diffusion.

(9) By appropriate choice of the host material, we can exploit
differences in the diffusivities to reverse the hierarchy of
breakthroughs. This strategy is adopted to obtain pure N2

from O2/N2 feed mixtures with LTA-4A.
(10) Use of the simplified M–S flux Eq. (6), ignoring thermody-

namic coupling, is adequate to model most breakthrough
experiments. Exceptional circumstances prevail for the
separation of hexane isomers using MFI zeolite; in this case
the inclusion of thermodynamic coupling is important and
has a beneficial effect on the separations. Due to synergy
between adsorption and diffusion, MFI has the best produc-
tivity in separation of hexane isomers for octane
enhancement.
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